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Abstract—We present the first 40-Gb/s widely tunable electro-
absorption modulator (EAM)-based transmitters. The sampled-
grating Distributed Bragg Reflector (SG-DBR) laser/EAM devices
were fabricated using a multiple-band-edge-quantum-well-
intermixing (QWI) technique, which requires only simple blanket
regrowth and avoids disruption of the axial waveguide. Devices
were fabricated from two different multiple quantum well
(MQW) active-region designs for direct comparison. The SG-DBR
lasers demonstrated 30 nm of tuning with output powers up
to 35 mW. The integrated QW EAMs provided 3-dB optical
modulation bandwidths in the 35–39 GHz range, low-drive
voltage (1.0–1.5 VPtoP), and low/negative-chirp operation. Bit-
error-rate measurements at 40 Gb/s demonstrated 0.2–1.1 dB of
power penalty for transmission through 2.3 km of standard fiber.

Index Terms—Chirp, electroabsorption modulators (EAMs),
laser tuning, optical-fiber communication, quantum-well-
intermixing (QWI), semiconductor lasers, wavelength-division
multiplexing (WDM).

I. INTRODUCTION

E LECTROABSORPTION-MODULATED lasers are can-
didate sources for 40-Gb/s very-short-reach (VSR) router-

to-router interconnect applications, as they are compact,
potentially low-cost, and can facilitate low-drive voltages with
high-modulation bandwidth [1]. The monolithic integration
of electroabsorption modulators (EAMs) with widely tunable
lasers allows for inventory reduction and wavelength agile
functionality in communication systems based on wavelength-
division multiplexing (WDM). An EAM making use of a
quantum-well (QW) absorber region exploits the quantum-
confined Stark effect offering increased efficiency over bulk
Franz–Kelydsh-type EAMs [2]. Additionally, QW-EAMs can
enable negative-chirp operation for efficient transmission at
high bit-rates, where fiber dispersion is increasingly important.
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We present the first QW-EAM-based 40-Gb/s widely tunable
transmitter devices. Previous reports of 40-Gb/s QW-EAMs
either did not include an integrated laser or included a single-
frequency distributed-feedback laser [1], [3], [4]. In this paper,
we demonstrate widely tunable transmitters fabricated using a
simple and robust quantum-well-intermixing (QWI) processing
platform to avoid the traditional fabrication complexity nec-
essary for the integration of negative-chirp EAMs with diode
lasers.

The conventional method for the realization of a single-
chip-diode laser/QW-EAM transmitter involves the selective
removal of the as-grown multiple quantum well (MQW) for
use in laser gain regions followed by the regrowth of an MQW
with a higher band edge for use in the EAMs. This method is
commonly referred to as butt-joint regrowth [1], [5]. Although
the butt-joint regrowth process does facilitate high flexibility,
it requires etching and defining a regrowth interface in the
core of the optical waveguide. The difficulty associated with
matching the thickness and achieving the desired composition
to avoid reflection and loss at the interface is great [5]. Another
technique used to realize multiple band edges across a wafer is
selective-area growth. However, the abruptness of the transition
region is limited by the surface diffusion of the growth con-
stituents, which may be on the order of tens of micrometers.
Additionally, the optical mode overlap with the MQW may
not be ideal in all sections due to the thickness variation. The
relatively simple QWI process employed in this work enables
the precise placement of the band edge of each component
within the device, allowing for blue-shifted QWs to remain in
the modulator while leaving the axial waveguide undisturbed.

The widely tunable transmitters presented in this paper con-
sists of an EAM with partially intermixed QWs and a sampled-
grating DBR (SG-DBR) laser with as-grown QWs in the gain
region and severely intermixed QWs in the passive and tun-
ing sections. We explore two different centered-multiple QW
(c-MQW) active-region designs. The first design uses ten
6.5-nm wells to yield a confinement factor of 12.6% while the
second design makes used of fifteen 8.0-nm wells to yield a
confinement factor of 25.0%. The increased number of wells in
the 15 MQW is expected to result in improved EAM efficiency
at the expense of somewhat degraded laser performance.

The 10- and 15-MQW transmitters exhibit 30 nm of tuning
with high output power. The 10-MQW EAMs demonstrated
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Fig. 1. Step-by-step schematic of the intermixing process. From left to right:
ion implantation; RTA; buffer-layer removal; and further annealing.

3-dB optical modulation bandwidths of up to 39 GHz,
1.5-VPtoP drive voltages, power penalties of 0.2–0.5 dB for
40-Gb/s transmission through 2.3 km of fiber across the tuning
range of the laser. The 15-MQW EAMs demonstrated 3-dB op-
tical modulation bandwidths of up to 35 GHz, 1.0-VPtoP drive
voltages, power penalties of 0.7–1.1 dB for 40-Gb/s transmis-
sion through 2.3 km of fiber across the tuning range of the laser.

II. BACKGROUND

A. QWI Integration Platform

QW intermixing allows for the strategic postgrowth tuning
of the QW band edge using a relatively simple procedure.
Since this technique enables the employment of c-MQW ac-
tive regions for maximized modal gain lasers and blue-shifted
QWs for use in EAMs, QWI breaks the complexity tradeoff
associated with the flexible butt-joint regrowth and SAG in-
tegration schemes. QWI makes use of the metastable nature
of the compositional gradient found at heterointerfaces. The
natural tendency for materials to interdiffuse is the basis for
the intermixing process. Since QWI does not change the av-
erage composition but only slightly changes the compositional
profile, there is a negligible index discontinuity at the interface
between adjacent sections. This eliminates parasitic reflections
that can degrade performance.

In this paper, we employ the implant-enhanced interdiffusion
QWI technique illustrated in the step-by-step diagram of Fig. 1.
This method has been shown to have good spatial resolution
and is controllable using anneal time, temperature, and implant
dose [6]. Furthermore, we can achieve any number of QW band
edges in the structure using selective removal of the catalyst. In
the first step of Fig. 1, a selective P+ implantation is performed
to introduce point defects in an unintentionally doped sacrificial
InP implant buffer layer grown above the MQW active region.
Next, a rapid-thermal-anneal (RTA) step is performed to shift
the MQW band edge to that desired in the EAM regions. Once
the EAM band edge is reached, the point defects are removed
in the EAM region by selective removal of the InP implant
buffer layer. The anneal is then continued until the desired band
edge is reached for the passive and tuning sections. Once all
the desired band edges have been defined, the remaining buffer

Fig. 2. PL peak shift as a function of anneal time, showing the initial linear
increase in the peak shift and the complete halting of the peak shift for
samples for which the implant buffer layer has been etched. Symbols indicate
nonimplanted (triangles), implanted (circles), and samples with partial anneal
followed by the removal of the implant buffer layer (squares).

Fig. 3. Material-absorption coefficient versus wavelength for photodiodes
fabricated from as-grown material and material intermixed to two different
levels.

layer is removed and the p-cladding regrowth is performed. The
buffer-layer etch and RTA sequence can be repeated to achieve
any number of band edges across the wafer. This capability
is demonstrated in Fig. 2 with a plot of photoluminescence
(PL) peak versus anneal time for samples with and without
implantation and samples with the implant buffer layer removed
at intermediate anneal steps.

To realize an optimized QW-EAM, it is crucial that the
QWI process does not significantly degrade the absorption
characteristics of the as-grown MQW. This effect was stud-
ied using photocurrent spectroscopy on photodiodes fabricated
with as-grown material (λPL = 1545 nm) and material inter-
mixed to two different levels, QWI 1 (λPL = 1500 nm) and
QWI 2 (λPL = 1430 nm). The absorption coefficient contours
versus wavelength for photodiodes biased from 0 to −6 V
in −0.5-V increments are shown in Fig. 3. The photodiode
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Fig. 4. (a) Top-view SEM of the device architecture, where the SG-DBR/EAM transmitter device is positioned on the lower ridge. (b) Cross-sectional schematic
of modulator sections.

devices contained seven 6.5-nm compressively strained QWs
and eight 8.0-nm barriers sandwiched between two 120-nm
waveguide layers. As expected, the exciton peak shifts to
shorter wavelengths as the degree of intermixing is increased
and the quantized energy levels are separated. The exciton
strength is somewhat decreased with intermixing due to the
wider/shallower nature of the intermixed well, which reduces
the exciton confinement. However, the exciton remains as a
dominant characteristic in the absorption spectra, especially in
the material shifted by only ∼45 nm (QWI 1), which represents
a band-edge detuning in the vicinity required for optimal EAM
performance.

B. Device Architecture

The transmitters reported here were part of integrated-
transceiver devices. A top-view scanning-electron-micrograph
(SEM) image of the parallel-surface-ridge waveguide architec-
ture is shown in Fig. 4(a). The optical receiver [upper ridge
in Fig. 4(a)] consists of a low-confinement factor semicon-
ductor optical amplifier (SOA) followed by a unitraveling-
carrier (UTC) photodiode. In this paper, we focus on the
optical transmitter [lower ridge in Fig. 4(a)] consisting of a
five-section SG-DBR laser followed by a 250-µm-long out-
put SOA and a 125-µm-long EAM. The five sections of the
SG-DBR laser are, from left to right in Fig. 4(a): backside
absorber; rear mirror; phase; gain; and front mirror. The output
waveguide is simultaneously flared from 3 to 5.5 µm in width
and curved to reach a final facet angle of 6.5◦ to minimize
reflections.

C. SG-DBR Laser

The SG-DBR mirror is a special form of the DBR mirror,
where the gratings are periodically blanked in order to create a
comblike reflectivity spectrum [7]. The lithographically defined
SG mirrors make this laser ideal for monolithic integration. By
differing the sampling periods in the front and back mirrors, the
peak reflectivity spacing of the mirrors will differ so that only
one set of reflectivity peaks is aligned within the desired tuning
range. By differentially tuning the front and back mirrors, a
small amount adjacent reflectivity peaks can be aligned and the
laser will operate at this new widely spaced wavelength. The
simultaneous tuning of front and back mirrors allows wave-
length coverage between mirror reflectivity peaks. The phase
section provides cavity-mode tuning, which ensures that the
laser cavity mode is aligned with the mirror reflectivity peaks.
The tuning in the mirrors and phase sections is based on carrier
injection, producing a negative change in refractive index.

D. EAM

In an EAM, a reverse bias is used to shift the band edge
of the modulator section to a lower energy, thereby increasing
the absorption of that region. In our case, QWI only smears
the interfaces between the QWs and barriers, such that the
QWs still remain intact after the intermixing, although slightly
shallower and rounded. To achieve high-speed operation, we
minimize the capacitance associated with the EAM. The low-k
dielectric benzocyclobutene (BCB) is defined underneath the
p-electrode, a short dry etch is performed adjacent to the ridge
to eliminate a thin diffused Zn layer, and the diode length and
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p-electrode area are minimized. A cross-sectional schematic of
the EAM is shown in Fig. 4(b).

III. PROCESS

Two different epitaxial-base-structure MQW designs were
explored in this paper. The first consisted of 10 InGaAsP
6.5-nm compressively strained (0.9%) QWs and 11 8.0-nm
tensile-strained (0.3%) InGaAsP barriers yielding a
conduction-band offset of 115 meV. The 10 MQW was
centered within two 105-nm 1.3Q waveguide layers designed
for maximum modal confinement (12.6%). The second MQW
design consisted of 15 InGaAsP 8.0-nm compressively strained
(0.6%) QWs and 16 8.0-nm tensile-strained (0.3%) InGaAsP
barriers yielding a conduction-band offset of 85 meV. The lower
band offset of the 15-MQW design was intended to promote
the uniform filling of carriers in the wells under forward bias.
The 15 wells were centered within two 60-nm 1.3Q waveguide
layers designed for maximum modal confinement (25.0%).
The metal-organic chemical-vapor-deposition grown epitaxial
base structures initiated on a conducting InP substrate. The
growth sequence began with 1.8 µm of InP:Si, followed by the
c-MQW active region, a 25-nm InP regrowth layer, a 20-nm
1.3Q stop etch, and a 450-nm InP implant buffer layer.

A 500-nm SixNy mask layer was deposited using plasma-
enhanced chemical vapor deposition and lithographically pat-
terned such that it remained only over the active regions of
the samples. Next, ion implantation was performed using P+

at an energy of 100 keV, with a dose of 5E14 cm−2, yielding a
damage range of 90 nm, at a substrate temperature of 200 ◦C.
The point defects created during the P+ implant were then
partially diffused through the structure using a 675-◦C RTA step
to shift the as-grown MQW band edge (λPL = 1540 nm) to
the desired EAM band edge (λPL = 1505 nm). The implant
buffer layer above the EAM sections was removed using a
wet-etching process designed to terminate on the 1.3Q stop-
etch layer. The samples were then subjected to an additional
RTA step to severely blue-shift the passive and tuning sections,
where the implant buffer layer remained. The resulting peak
PL wavelength of these passive sections was 1440 nm in the
10-MQW sample and 1460 nm in the 15-MQW sample. Upon
completion of the QWI process, the PL spectra of the three
different bandgap regions was characterized from the actual
10-MQW and 15-MQW device samples. As shown in Fig. 5(a)
and (b), the as-grown and EAM PL peaks are nearly identical
in the 10- and 15-MQW devices.

Following the QWI process, two blanket regrowth and
etch sequences were performed for the definition of the low-
confinement SOA and UTC photodiode-receiver structures.
Details of these structures can be found elsewhere [8], [9].
Finally, the InP:Zn cladding and the InGaAs:Zn contact layers
were grown. Standard lithography and etch techniques were
carried out for the definition 3-µm-wide surface-ridge devices.
The wafers were thinned; the devices were cleaved into bars
and antireflection coated. The die were separated, soldered
to aluminum-nitride carriers, and wire bonded for characteri-
zation. A scanning electron micrograph (SEM) image of the
completed devices mounted on a carrier is shown in Fig. 6.

Fig. 5. PL spectra of active, EAM, and passive sections rendered using QWI
for the (a) 10-MQW and (b) 15-MQW devices. Data taken from actual device
chips previous to regrowth steps.

Fig. 6. SEM image of transmitter device mounted on a carrier.

IV. DEVICE RESULTS

To extract the laser parameters and determine the material/
processing quality, 3-µm-wide Fabry–Pérot (FP) active and
active/passive ridge lasers were fabricated on the same chip
as the transmitters and subjected to pulsed testing. The inverse
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Fig. 7. Plot of inverse differential efficiency versus active FP laser length for
lasers fabricated from 10- and 15-MQW base structures.

differential efficiency is plotted versus active FP laser length
in Fig. 7. As shown in the figure, the 10-MQW device demon-
strated an injection efficiency (ni) of 76% with a modal loss
(ai) of 18.9 cm−1 while the 15-MQW device demonstrated an
injection efficiency of 69% with a modal loss of 25.0 cm−1.
The higher confinement factor of the 15 MQW will lead to
an increased modal loss and the greater number of wells will
likely reduce the injection efficiency. However, the higher con-
finement factor of the 15-MQW device will increase the modal
gain and somewhat compensate the degraded loss and injection
efficiency.

The cleave-back method described in [10] was used to char-
acterize the passive and EAM loss in both MQW designs at a
wavelength of 1550 nm. The passive loss was extracted to be
1.8 cm−1 and the EAM loss was found to be 13 cm−1 in the
10-MQW design. This corresponds to a passive propagation
loss of under 1 dB/mm and an unbiased insertion loss of under
1 dB for a 125-µm-long EAM at 1550 nm. The passive propaga-
tion loss can largely be attributed to the free-carrier absorption
in the p-cladding and waveguide scattering. However, the stated
loss value is very acceptable in these devices as the total passive
waveguide length is less than 0.5 mm. In the 15-MQW design,
the passive loss was extracted to be 4.0 cm−1 and the EAM
loss was found to be 24.5 cm−1. This corresponds to a passive
propagation loss of under 2 dB/mm and an unbiased insertion
loss of under 1.5 dB for a 125-µm-long EAM. The increased
losses associated with the 15-MQW design is likely caused
by the increased band-tail absorption, which results from the
∼2× higher confinement within the wells and the slightly lower
band-gap energy in the passive sections.

The continuous wave performance of the transmitters was
characterized at a stage temperature of 18 ◦C. The surface-ridge
SG-DBR lasers fabricated from the 10-MQW and 15-MQW
active-region designs both demonstrated over 30 nm of continu-
ous tuning from wavelengths of 1536–1569 nm. Superimposed
output spectrums for lasing wavelengths across the SG-DBR
tuning band are shown in Fig. 8 for a 10-MQW device with
the laser-gain section and a 250-µm-long output SOA biased at

Fig. 8. Superimposed output spectrums tuned to different lasing wavelengths
for SG-DBR lasers fabricated from 10-MQW base structure.

Fig. 9. Wavelength shift versus applied current to front mirror in SG-DBR
laser fabricated from 10-MQW and 15-MQW base-structure designs.

100 mA. The laser/SOA output light passed through the unbi-
ased EAM and curved/flared waveguide before being coupled
into a conical-tipped lensed fiber, with an estimated coupling
loss of 4.5 dB. As shown in Fig. 8, the device demonstrated
fiber-coupled output powers of up to 10 dBm with a side-mode
suppression ratio of over 35 dB for wavelengths from 1542 to
1569 nm. By design, a wavelength shift of over 5.4 nm must be
achieved through current injection to tune between the adjacent
reflectivity peaks for continuous tuning across the entire super-
mode spectrum. To characterize the tuning efficiency of both
active-region types, the wavelength shift was characterized as a
function of current injected into the front mirror. As shown in
Fig. 9, both MQW designs easily provide the required 5.4 nm of
shift for continuous tuning. However, the 15-MQW design fa-
cilitates increased efficiency requiring only ∼10 mA to achieve
such a value while the 10-MQW design requires ∼20 mA
for an equivalent shift. The increased tuning efficiency of the
15-MQW device can be explained by the ∼2× greater modal
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Fig. 10. On-chip laser output power versus gain current for SG-DBR lasers
fabricated from the 10-MQW and 15-MQW base-structures designs.

overlap with the lower bandgap QW material than that of the
10-MQW device [11].

By reverse biasing the SOA placed directly after the front
mirror of the SG-DBR laser, the on-chip light out versus applied
gain current can be measured. This is an excellent means to
evaluate the SG-DBR laser performance without the influence
of the EAM insertion loss, passive propagation loss, or fiber-
coupling loss, since the SOA is positioned immediately follow-
ing the laser in a continuous waveguide. In Fig. 10, the on-chip
light versus current is plotted for SG-DBR lasers fabricated
from the 10- and 15-MQW base structures. The 10-MQW
device demonstrated a threshold current of ∼30 mA while the
15-MQW SG-DBR laser required ∼55 mA to reach threshold.
The increased threshold current in the 15-MQW device scales
closely with the increase in active-region volume over the
10-MQW device indicating that nonuniform pumping of the
15 wells is not significantly degrading the device performance.

The on-chip light versus current measurement does not ac-
count for the EAM insertion loss or passive waveguide loss
that occurs before the light exits the chip and becomes useful
to the external world. To determine the net device output
power, the light is detected in an integrating sphere. In this
configuration, the light exits the laser or laser/SOA and is
then passed through the unbiased EAM, curved/flared output
waveguide, and captured into an integrating sphere. Fig. 11
plots the output power and voltage versus gain current (LIV)
for SG-DBR lasers fabricated from the 10-MQW active-region
design for a device with no output SOA and for a laser with a
250-µm-long SOA positioned after the front mirror. At a gain
current of 150 mA, the 10-MQW device demonstrates over
16 mW of output power with no output SOA and over 35 mW
of output power with an output SOA biased at 150 mA. At the
same gain current, the 15-MQW device produces 12 mW with
no output SOA and over 18 mW with an output SOA biased
at 150 mA. The lower output power of the 15-MQW device
with no SOA is a result of higher modal loss, reduced injection
efficiency, and the increased threshold current coupled with the
increased passive waveguide loss and EAM insertion loss. The

Fig. 11. Output power of 10-MQW SG-DBR laser captured in an integrating
sphere for the case with no output SOA and with a 250-µm-long SOA. The
voltage is depicted on the right-hand y-axis.

∼2× greater confinement factor of the 15-MQW active-region
design results in a reduced SOA saturation power, and hence,
further limits the output power of the 15-MQW SG-DBR/SOA
device. Thus, the 10-MQW device employing an output SOA
demonstrates a significantly higher output power than the
15-MQW device.

The dc extinction from 125-µm-long EAMs in both the 10-
and 15-MQW transmitters are shown in Fig. 12(a) and (b),
respectively. The 10-MQW device provides 20–30 dB of total
extinction with slope efficiencies of 14–16 dB/V for wave-
lengths from 1536 to 1560 nm. The 15-MQW device pro-
vides 25–33 dB of total extinction with slope efficiencies of
19–23 dB/V for wavelengths from 1542 to 1565 nm. The
efficient EAM extinction properties are due to the combination
of the high confinement factors associated with the c-MQW
designs and the intermixing process that allows for precise
placement of the modulator band edge.

The small signal-frequency response of the EAMs was mea-
sured using a 50-GHz network analyzer. The EAM electrodes
were directly probed using ground-signal probes with a 50-Ω
termination load. The stage temperature was again maintained
at 18 ◦C. The electrical to optical response of the 10- and
15-MQW 125-µm-long modulators is shown in Fig. 13. The
optical 3-dB modulation bandwidth was measured to be 39 GHz
in the 10-MQW EAM and 35 GHz in the 15-MQW EAM. The
slightly higher modulation bandwidth of the 10-MQW device is
a result of a thicker BCB layer used underneath the p-electrode.

The large signal chirp was measured for both device types at
10 Gb/s for wavelengths from 1541 to 1564 nm using Agilent’s
Time Resolved Chirp software. The chirp parameter was mea-
sured as a function of the dc bias applied to the EAM with a
1.5-VPtoP drive applied to the 10-MQW device and 1.0-VPtoP

drive applied to the 15-MQW device. As shown in Fig. 14,
the chirp parameter is reduced with increasing reverse bias
and decreasing wavelength. The measurement demonstrates
negative-chirp values for the 15-MQW device at reverse-bias
levels ranging from 1.5 to 2.8 V. An issue with the test set
limited the measurement range in the 10-MQW device such
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Fig. 12. Broadband dc extinction of a 125-µm modulator fabricated from the
(a) 10-MQW base-structure and (b) 15-MQW base-structure design.

Fig. 13. Electrical-to-optical small signal response of 125-µm EAMs using
10- and 15-MQW designs.

Fig. 14. Broadband large signal chirp parameter of EAMs using the 10-MQW
(1.5 VPtoP) and 15-MQW (1.0 VPtoP) designs with arrows indicating dc bias
used for 40-Gb/s eye diagrams shown in Fig. 15.

that the lowest measured chirp value was 0.15. However, the
chirp parameter approaches negative values in the reverse bias
range of 4.5–5.0 V. The lower required bias for negative chirp in
the 15-MQW design is a result of the wider/shallower wells al-
lowing for a greater Stark shift. The increased required reverse
bias with increasing wavelength correlates with that reported in
[12] and is perfectly reasonable when considering the proximity
of the modulator band edge to the laser-operating wavelength.
While the general shape of the absorption curves remain the
same, the onset of absorption with reverse voltage increases and
the absorption efficiency decreases somewhat with increasing
wavelength.

Nonreturn-to-zero eye diagrams were taken at 40 Gb/s with
a pseudorandom bit sequence (PRBS) of 231 − 1 over the
tuning range of the SG-DBR lasers for both MQW designs. In
Fig. 15(a), the back-to-back input eye along with device output
eyes are shown for the 10-MQW EAM with a 1.5-VPtoP drive.
As depicted in the figure, extinction ratios (ER) greater than
8.7 dB are demonstrated for wavelengths up to 1560 nm with
dc-bias levels ranging from 3.4 to 5.2 V. The average fiber-
coupled output power of this device ranged from −5 to 0 dBm.
In Fig. 15(b), the back-to-back input eye along with device
output eyes are shown for the 15-MQW EAM. Due to the in-
creased efficiency offered by the 15-MQW device, a 1.0-VPtoP

drive was used. As depicted in the figure, the ERs ranged from
6.8 to 7.8 dB for wavelengths from 1542 to 1559 nm with dc-
bias levels ranging from 1.6 to 2.6 V. The average fiber-coupled
output power of this device ranged from −10 to −5 dBm. The
dc bias points for the eye diagrams from both the 10- and
15-MQW EAMs in Fig. 15 are indicated with arrows in Fig. 14
to demonstrate the expected chirp at these operating points. As
shown, the predicted chirp for the 10-MQW EAMs range from
−0.1 to 0.3, and for the 15 MQW, the chirp parameter is neg-
ative in all cases. The discrepancy between the RF ERs shown
in Fig. 15 and the dc-extinction-efficiency data of Fig. 12 pre-
dicting 14–16 dB/V for the 10-MQW device and 19–23 dB/V
for the 15-MQW device indicates the presence of RF losses.
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Fig. 15. 40-Gb/s eye diagrams from the (a) 10-MQW device with a
1.5-VPtoP drive and (b) the 15-MQW device with a 1.0-VPtoP drive.

Fig. 16. BER measurements from 10-MQW device at 40 Gb/s with a
1.5-VPtoP drive and a wavelength of 1553 nm. The back-to-back eye diagram
along with the eye diagrams after transmission shown as insets.

This is most likely a result of the impedance mismatch between
the source and device causing significant electrical reflections.
This problem could be corrected with an impedance-matched-
electrode design to yield improved RF efficiency.

Bit-error-rate (BER) measurements were made for 40-Gb/s
transmission through 2.3 and 5 km of standard Corning SMF-
28 fiber. A PRBS of 27 − 1 was used due to a noise floor in the
BER test setup that manifested itself at longer word lengths. In
Fig. 16, the BER results and the respective eye diagrams are
shown for the 10-MQW device at a wavelength of 1553 nm

Fig. 17. Broadband 1E-9 BER power penalty for 40-Gb/s transmission
through 2.3 km of fiber for both the standard 10-MQW base structure and the
modified 15-MQW base-structure design.

using a 1.5-VPtoP drive and a dc bias of 4.9 V. As shown in
the figure, the transmitter demonstrated only 0.2 dB of power
penalty through 2.3 km and 2.3 dB of penalty through 5.0 km
at a BER of 1E-9. Fig. 17 plots the 40-Gb/s power penalty at a
BER of 1E-9 for transmission through 2.3 km of fiber across the
tuning band of both the 10- and 15-MQW transmitters. The dc
operating points are depicted in the figure. The 10-MQW device
demonstrates between 0.2 and 0.5 dB of power penalty for
transmission through 2.3 km of fiber at wavelengths spanning
from 1543 to 1565 nm, while the 15-MQW device demonstrates
between 0.7 and 1.1 dB of penalty. According to Fig. 14, the dc
operating points are expected to provide slightly negative chirp.

V. CONCLUSION

We have demonstrated the first widely tunable EAM-based
transmitters operating at 40 Gb/s. This paper was made possible
by a robust QWI technique for the precise placement of multi-
ple band edges to achieve high-modulation efficiency from rel-
atively short EAMs. Two different active-region designs were
explored. The 10-MQW SG-DBR lasers demonstrated thresh-
old currents of ∼30 mA, output powers up to 35 mW, and over
30 nm of tuning. The 15-MQW SG-DBR laser demonstrated
threshold currents of ∼55 mA, output powers up to 18 mW,
and over 30 nm of tuning. The 3-dB optical modulation band-
width of the 125-µm-long EAMs was 39 and 35 GHz for the
10- and 15-MQW devices, respectively. Although the addi-
tional wells of the 15-MQW design slightly degraded the laser
performance, the dc extinction efficiency was increased from
16 dB/V in the 10-MQW EAM to 23 dB/V in the 15-MQW
EAM. This allowed for slightly lower drive voltage at 40 Gb/s
with the 10-MQW EAM requiring 1.5 V to achieve a ∼9-dB ER
and 1.0 V for the 15-MQW EAM to achieve an ∼8-dB ER. Both
EAMs demonstrated low- to negative-chirp operation. Fiber-
transmission experiments demonstrated low-power penalties of
0.2–1.1 dB for 40-Gb/s transmission through 2.3 km of fiber
across the tuning range of the lasers.
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