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Abstract—A monolithically integrated distributed feedback
(DFB) laser and traveling-wave electro-absorption modulator
(TWEAM) with ��� GHz � dBe bandwidth suitable for
Non-return-to-zero (NRZ) operation with on-off keying (OOK)
is presented. The steady-state, small-signal modulation response,
microwave reflection, chirp characteristic, and both data oper-
ation and transmission were investigated. The DFB-TWEAM
was found to be an attractive candidate for future short distance
communication in high bitrates systems.

Index Terms—High-speed modulator, integrated device, opto-
electronics, waveguide modulator.

I. INTRODUCTION

T HE monolithically integrated electroabsorption (EA)
modulator with a distributed feedback (DFB) laser has

become the most common high-speed transmitter in optical
networks. The compact size, excellent performance and nowa-
days a reasonable cost were achieved due to a long time of
outstanding research. This monolithical integration was crucial
to combine advantages of continuous wave (CW) light from
a laser with modulation property offered by external modu-
lator. It was a breakthrough in externally modulated lasers
(EML) for 10 Gb/s and 40 Gb/s [1]–[4] transmitter and it is
forecasted to reach a bandwidth suitable for 100 Gb/s [5] and
recently reported in [6]. In order to reach dBe bandwidth
of GHz with sufficiently low electrical reflection, the
traveling-wave electroabsorption modulators (TWEAM) were
proposed [4]–[7] and demonstrated with a recently shown
record low 2 V peak-to-peak (Vpp) driving voltage for 10 dB
optical extinction for 230 m total active length [8] and 2.5 Vpp
for 180 m length with improved impedance matching [9]. The
segmented structures were used to overcome the limit of RC
constant of long modulator. It is based on transformation of
the relatively low characteristic impedance of active segments
suitable for high speeds into a higher input impedance which
allowed us to achieve very low electrical reflections throughout
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Fig. 1. Schema of DFB integrated with non-periodic 3-segment TWEAM and
the biases connections.

the bandwidth. These devices have been demonstrated to be
useful in electrical time-division multiplexed (ETDM) transmit-
ters with on-off-keying (OOK) up to 80 Gb/s [7]. The bitrate has
been predicted to be extendable to 100 Gb/s which is the goal of
ongoing development for 100 Gb/s Ethernet transmission [5].
The progress on work related to other 100 Gb/s components
such as multiplexer (MUX), driver amplifier (TWA), receiver,
clock and data recovery circuit (CDR), and demultiplexer
(DeMUX) are reported elsewhere is indicated in [5].

This work presents more complete properties and details of
design and performance of the 100 GHz monolithically inte-
grated DFB-TWEAM device The paper is divided into the fol-
lowing parts. The integration, fabrication, and design are pre-
sented. Then the investigation of the steady state performance
of the laser and both the steady state and modulation properties
of the modulator are covered by the next section. The paper is
closed by conclusions and future work sections.

II. DESIGN AND DEVICE

The DFB-TWEAM and biasing schema are illustrated in
Fig. 1. The quantum wells (QW) were optimized separately for
the DFB laser and the EA modulator. Different designs and
number of wells were necessary to make a trade-off between
high gain for the laser material and high absorption in the
quantum confined Stark effect (QCSE) for the modulator. Both
gain and modulator materials were grown by metal vapour
phase epitaxy (MOVPE) using a constant flow of hydrides, as
described in [10]. The gain section consisted of 7 QWs 7 nm
thick, whereas the modulator had 12 QWs of 9 nm thickness.
These were integrated using a butt-joint technique. The grating
for the DFB-section was defined by e-beam lithography. After
the final cladding and contact re-growth the components were
formed in standard ridge waveguide structures. The formation
of ac-ground, BCB, electrodes, NiCr resistor, was similar to
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the components reported in [6]. The electrodes for DFB and
EA contacts were made in a single process run. The active
modulator segments were defined by the metal electrode struc-
ture and optimized -doping instead of diffusion, as published
earlier [6]. The doping level and thickness were carefully de-
signed to obtain resistance sufficiently low to provide charges
to/from electrodes and active sections, and at the same time
high enough to avoid current flow between the sections along
the mesa. An additional etching of the InGaAs contact layer
between sections was introduced to achieve even higher elec-
trical isolation (typically isolation along the mesa is on order of
kOhm/ m, resulting in kOhm resistance between DFB and
first TWEAM electrode, and kOhm between segments).
In order to eliminate potential crosstalk to the DFB, the input
signal electrode to the modulator is shielded from the laser by
vertical plating through the BCB from the input pad ground
electrodes to the ac ground.

As mentioned the QWs composition for DFB was already
chosen and other parameters such as length, strength of grating,
phase shift were specially designed. The laser was 440 m long
with a grating designed to have most of the output power to-
wards the EA side. The RT photoluminescence peak was at
1.55 m. The wafer was cleaved into bars and then anti-reflec-
tive coated on the output side. The lasers were made at three dif-
ferent wavelength: 1.53; 1.54; 1.55 m by varying the grating
period and keeping same 50% duty cycle.

The design of the EA was based on earlier QW designs. The
PL peak was around 1.48 m as in [6]. The optimization was
mostly on the electrode part and segmentation. It took into ac-
count a few aspects, namely the return loss (electrical reflec-
tion, ), the optoelectrical bandwidth , and modulation
efficiency. TWEAM structures were designed with non-peri-
odic segmentation. However modulators with 2- and 3-active
segments were similar in layout to [8] and [9], respectively, but
this work highlights other aspects and hence a 3-segment device
was selected for investigations. A 30 Ohm on-chip termination
resistor was used to achieve the necessary low reflection for the
signal. A 10 Ohm on-chip series resistance at the input was in-
troduced in selected 3-segments components to have Ohm
(together with the metal electrode on top) input resistance at
low frequencies [9], which give rise to slightly higher drive
voltage. The total active length of a 3-segments EA was 180 m
(230 m for 2-segments), divided between the lengths of 40, 40
and 100 m (70 and 160 m for 2-segments), with the shorter
segments closest to the input pad. A periodic structure with two
or more segments will have a degenerate resonance due to the
active low-impedance segments and higher-impedance trans-
mission lines, while a non-periodic structure provides an extra
degree of freedom in the design which can be used to increase
either the bandwidth or the total active length. In a non-periodic
structure, the resonances can be separated and used to tune the
transfer function for increased bandwidth with a flat response
while the return loss can be kept relatively low throughout the
bandwidth (see, e.g., [8, Ref. [4]]). This increased bandwidth
can then be used to increase the length to improve efficiency.

In principle the active length in the 3-segments structure can
be longer, which will reduce driving voltage, but due to fabri-
cation simplicity the total size of the modulator was fixed and

Fig. 2. (A) Light (solid line) and voltage (dashed line) versus bias current char-
acteristic of typical DFB monolithically integrated with TWEAM. Curves mea-
sured at RT with non-biased modulator from EA facet. (B) optical spectra at �
equal (a) 25 mA and (b) 150 mA.

the electrical isolation between segments required some space.
The size of the input pads was increased (compared to [7]) and
formed as a taper (not shown) to decrease effective pad fringing
capacitance and allow probing, flip-chip or wire bonding for
subsequent packaging [5]. The metal thickness of the top elec-
trode was increased (to m) by electroplating to reduce the
microwave loss at high frequencies and to decrease the ratio
between electrode and mesa resistance. Both the DFB and the
TWEAM were designed to operate with TE-polarized light. The
different wavelengths of the DFBs were made in order to inves-
tigate the structures with respect to temperature and wavelength.

III. EXPERIMENTAL SETUP AND MEASUREMENTS RESULTS

The DFB-TWEAM bars were placed on a thermistor-
equipped heat sink, where the operating temperature was sta-
bilized. The steady-state performances were measured with a
large area detector (Agilent 81618A), and the modulation re-
sponses were tested with output light coupled into a singlemode
fiber (SMF), with a home made lensed fiber at room temper-
ature (RT). The optical spectra were measured and recorded
with an optical spectrum analyzer (OSA, Agilent 86140B).
The typical light-current-voltage (LIV) characteristic of laser
operated at RT with unbiased EA is shown in Fig. 2(A) (output
of EA side), where the optical spectra of laser biased at 25 and
150 mA, which is slightly above threshold and at maximum
power before rollover occurs [see Fig. 2(B)].
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Fig. 3. Room temperature (RT) steady-state performance on EA: (A) absorption photo-current �� �, (B) optical output power, (C) normalized transmission versus
bias voltage �� � with CW input light from integrated DFB laser. Curves a-d correspond to DFB bias currents �� � 0; 50; 100 and 150 mA.

The DFB-laser exhibited a threshold current of 23 mA
and a side-mode-suppression-ratio (SMSR) of about 45 dB at

(see Fig. 2). The observed wavelength shifts were 0.02
and 0.03 nm/mA for low and high bias currents , respec-
tively. The output slope on the EA side was 8 mW/A, and with
assumed value of waveguide loss of the EA (6 dB/mm) and the
low light from the rear facet it was possible to estimate differen-
tial-quantum-efficiency of the laser (of %). The maximum
output from the chip was mW ( mW into EA) and the
laser was operating in singlemode over the entire bias range
[from to rollover, see Fig. 2(B)]. No mode hop occurred
when varying bias current. The resistance was 7 Ohm.

Steady-state transmission and current versus voltage (I-V)
characteristics of modulator are presented in Fig. 3(A)–(C). The
EA exhibited dark current of 0.47 mA (at RT, and 4 V re-
verse biased ) and is able to operate at of the DFB re-
sulting in absorption photo current mA (at RT and

V). The EA exhibited approximately linear character-
istic of versus input power (not shown), also at constant op-
tical input. The relation between and was similar until it
reaches the point where light was completely absorbed. The nor-
malized steady-state extinction is estimated to be about 15 dB
for 2 V voltage change. A deep analysis of internal heating
caused by the bias current of the DFB and of the mod-
ulator, other thermal properties of both parts of the component
and wavelength dependence of material parameters (gain and
absorption) are left for further study.

In the high speed tests the modulator was electrically con-
nected (see Fig. 1) by a high-frequency 75 m pitch ground-
signal-ground (GSG) probe attached to the input pads and via
the substrate, where the bias current to the DFB was fed by
dc-probe and substrate. Reverse dc bias was supplied to the
TWEAM via the ac ground (connected to the GSG probe) and
the substrate. The (CW) input light into the modulator was pro-
vided by the integrated laser and the optical output was coupled
to the measurement equipment with a home made lensed fiber.
The small signal modulation responses (electrical reflection
and electro-optical ) were measured with an incident elec-
trical signal power of dBm from a Precision Network An-
alyzer (PNA, Agilent E8361A). The EA was tested at RT with
various conditions of the optical power (varying between 0

Fig. 4. Measured and extrapolated small-signal transfer characteristics �� �
and electrical reflection �� � of TWEAM (on the top). The curves for �
show response of TWEAM without PD and with extrapolation (a). The (b) and
(c) curves show � and chirp (on the bottom, actual response scale is modi-
fied by fiber loss and EDFA gain and frequency limited to enhance visibility)
measurements, respectively. The region of uncertain PD response is indicated
by gray field, where the modeled response is in dark gray. Curves correspond
to measurements carried under 1.6 V (curves a, b) and 3 V (curve c) biases of
TWEAM, respectively, and DFB operating at 70 mA bias current.

and 150 mA) and bias voltage ( in range of to V).
As mentioned the , and the were measured up to 70 GHz.

For the optoelectrical conversion we used a commercial
50 GHz bandwidth photodiode (PD, u2t-XPD2020R) and a
6 dB/octave roll-off was assumed at higher frequencies. The
of the TWEAM was achieved by subtraction of PD response.
The typical responses of the and the resulting of the
modulator are shown on Fig. 4. The characteristic was flat from
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low frequencies to 70 GHz within the estimated accuracy of the
measurement setup ( dB) with a slight peak in the upper
part of the frequency range. We observed that the response level
is related to bias conditions, which could be concluded from
dc measurements, but there was no difference in the dBe
bandwidth. A circuit simulation model for the TWEAM [6],
[8] was used to estimate the roll-off of the TWEAM from 70
to 100 GHz to about 2 dB. We concluded that the dBe
bandwidth was GHz for the TWEAM, which makes this
result consistent with [6]–[9]. The measured (at mA)

was lower than dB up to 70 GHz, which indicates
that the 3-segments design with an extra series resistance
provides better matching to 50 Ohm systems with the expense
of a small increase in the drive voltage due to the voltage
division at the input (see Fig. 4 curve b). A small increase in
reflection loss (compared to dark current measurements) was
attributed to induced resistance, due to absorption of the light
in EA. The small signal chirp characteristic was performed
in fiber-transfer-function-method (FTFM) [11] with a 82 km
long SMF used as the frequency discriminator. The measured
response curve is exhibited in Fig. 4 (curve c) and the minima
of the response were used to extract the chirp factor ( , called

-factor). With the biases conditions mA; V the
has been obtained. The measured response is limited

to 50 GHz due to a drop of signal to noise ratio caused by
signal attenuation in the fiber. The scale is modified to increase
visibility of all curves. The dispersion length product of the
fiber and the first minima resonance indicated that transmission
of non return to zero (NRZ) on-off keying (OOK) 100 Gb/s
signal will be dispersion limited to 500 m long SMF cable.

Large signal modulation was measured at the same bias
conditions. The 2 Vpp output modulation signal composed of
pseudo random bit sequences (PRBS,) of word length was
achieved by time domain multiplexing (TDM) of four 12.5 Gb/s
PRBS data streams. A 4:1 multiplexer (MUX, SHF5005) and
pulse-pattern-generator (PPG, Anritsu MP1758A) were used
to generate NRZ 50 Gb/s true PRBS signal. It can be deduced
from Fig. 3(C) and it was already pointed out in the note of
the response that the modulation level depends on the bias
conditions. Hence the extinction ratio (ER) for a given driving
voltage Vpp can be influenced by .

Higher results in larger slope dB/V but it decreases also
the average output power [see Fig. 3(B)–(C)]. Thus compromise
can be achieved with adjustment of the operating conditions.
The wavelength dependence as well as mentioned thermal im-
pact will be investigated in the future. The 50 Gb/s eye diagrams
for transmission over 0 km and 2.2 km long SMF are presented
in Fig. 5(A)–(B). The frequency dependent loss of a 0.5 m long
coax cable, the PD and 44 GHz bandwidth of the electrical port
of digital sampling oscilloscope (DSO, Agilent 86100B) con-
tributed to the overall bandwidth limit of the setup, but the eyes
were open indicating that the DFB-TWEAM has flat response
under large signal operation for frequencies up to GHz. The
estimated modulation input signal at the pads of the device was
lower than 1.8 Vpp (1.6 Vpp at 35 GHz) with a MUX output
of 2 Vpp and dB (2 dB at 35 GHz) cable loss. 4 dB ER
in the receiver was achieved at the chosen as a compromise
to reach an average output power (with 1 dB modulator optical

Fig. 5. Data operation under ���� Vpp modulation input signal with transmis-
sion over (A) 0 km and (B) 2.2 km long SMF. The achieved extinction ratio was
4 dB for 0 km. Scales are 10 ps/div and 3 mV/div. (C) OSA recorded spectra
(a) without modulation and (b) under modulation.

loss) which was high enough for the measurement system sen-
sitivity. The received ER was reduced by the limited bandwidth
of the receiver system, and the expected ER for the modulator
is dB at the transmitter output for 2 Vpp modulation signal
at the pads. Noise contribution to the transmission over 2.2 km
was observed.

The optical spectra with and without modulation input signal
are shown in Fig. 5(C). With inserted modulation signal a slight
broadening of the spectra was observed. It should be pointed out
that the data operation and transmission were performed without
use of optical amplifiers and filters. This was possible due to
sufficiently high output light delivered from the EA facet of the
integrated device. Transmission trial has been implemented to
investigate a cost effective solution of high bitrates and direct
connections in a short distance of an optical network for possible
future 100 GbE. By scaling of the bitrates and observation of
eyes after transmission over 2.2 km long fiber we estimated that
it should be possible to use m long SMF cable to send
100 Gb/s data streams with NRZ OOK modulation format.

IV. CONCLUSION AND FURTHER WORK

A high speed traveling-wave EA modulator monolithically
integrated with DFB laser was demonstrated. The devices were
fabricated with active segments defined only by electrode layout
and epitaxial growth of Zn-doped layer has been introduced to
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control the thickness of intrinsic layer and merge of laser and
modulator materials. The small-signal response measurements
and extrapolation resulted in modulation dBe bandwidth be-
yond 100 GHz. The electrical reflection loss is lower than 13 dB
over the measured 70 GHz frequency range. The TWEAM ex-
hibited steady-state extinction ratio of dB for 2 V voltage
change with laser operating at maximum power. The large band-
width combined with high output power and high modulation
efficiency makes the device an attractive candidate for next gen-
eration 100 Gb/s Ethernet. The same properties indicate that the
DFB-TWEAM can be a cost effective solution with a disper-
sion limited distance of about 500 m in SMF for 100 Gb/s data
rates with NRZ OOK modulation. In similar manner as in pre-
vious work [12] EA operation as detector will be investigated.
It is expected that new and better controlled epitaxial layers will
provide a higher detection bandwidth due to shorter transit time
of the photo-generated carriers.
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