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Abstract—We report the fabrication of a first electro-absorption
modulated widely tunable DBR lasers (TEML) based on InGaAlAs
multi-quantum well (MQW) material, which is superior than In-
GaAsP MQWs for the fabrication of both modulators and lasers.
The device is fabricated by using butt-joint material growth tech-
nology and operates at a wavelength of 1.5 µm. An over 12 nm
wavelength tuning range can be obtained. The characteristic tem-
perature of the device is 83 K, which is notably higher than that for
a laser based on InGaAsP MQWs. At 25°, the electro-absorption
modulator (EAM) of the device has a small signal modulation
bandwidth exceeding 27 GHz, which is notably higher than the
bandwidth for a TEML device having the same structure but
InGaAsP MQW active material. At 25 Gb/s NRZ data modulation,
to achieve 10E-10 bit error rate (BER), the power penalty after
5 and 10 km fiber transmission are 1 and 3 dB, respectively. The
device is a promising low-cost light source for future high-capacity
wavelength division multiplexing (WDM) optical communication
systems.

Index Terms—Electro-absorption modulator, distributed Bragg
reflector (DBR) laser, multiple quantum wells.

I. INTRODUCTION

W ITH the rapid development of the Internet, there is an
escalating demand for increasing the capacity of optical
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Fig. 1. Quantum well band diagrams of InGaAlAs (a) and InGaAsP (b) [12].

networks [1], [2], [3], [4]. High quality light sources are key
components for optical communication systems. Semiconductor
lasers are widely used light sources, because of their advantages
including low power consumption, compact size, and high reli-
ability. Distributed feedback lasers, either directly modulated or
electro-absorption modulated can be adopted [5], [6], [7]. How-
ever, their wavelength tuning range is limited. For wavelength
division multiplexing (WDM) systems, which increase the data
capacity by transmitting multiple different wavelengths at the
same time, a number of these devices each having a different
wavelength have to be used, which would inevitably increase the
system’s construction costs. Distributed Bragg Reflector (DBR)
lasers have been gaining increasing attention due to their simple
tuning method and easy fabrication process, as compared to
the external cavity lasers [8] and sampled grating DBR lasers
[9]. High-speed modulated DBR lasers are promising low cost
devices to meet the demands for high capacity WDM optical
communication systems [10], [11].

Electro-absorption modulated tunable DBR lasers (TEML)
have been demonstrated in previous works [11], [13], [14]. High
speed data can be transmitted for a longer distance by using these
externally modulated lasers than using directly modulated DBR
lasers [10]. However, all the reported TEML devices are based
on InGaAsP/InP multi quantum well material up to now. In this
paper, we report for the first time to the best our knowledge, the
fabrication of TEML devices based on InGaAlAs MQW mate-
rial, which is superior than InGaAsP MQWs for the fabrication
of both the modulator and laser [15], [16], [17]. As shown in
Fig. 1, compared to InGaAsP MQWs, InGaAlAs MQWs have
larger conduction band offset between wells and barriers which
leads to a better electron confinement in the wells [18]. For
the fabrication of lasers, this leads to a better high temperature
performance. For EAM, the application of InGaAlAs MQWs
enhances the quantum confined Stark effect, thus leading to
a better modulator performance [19]. The device is fabricated
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Fig. 2. Device schematic structure (a). Optical image of the TEML laser (b).

using butt-joint material growth technology and operates at a
wavelength of 1.5 µm. The characteristic temperature of the
device is 83 K, which is notably higher than that of a laser based
on InGaAsP MQWs. At 25°, the electro-absorption modulator
(EAM) of the laser has a small-signal modulation bandwidth
exceeding 27 GHz, which is notably higher than that for a TEML
device having the same structure but InGaAsP MQW active ma-
terial. 25 Gb/s NRZ data modulations have been demonstrated at
different wavelengths in the 12.56 nm tuning range of the device.
To achieve 10E-10 bit error rate (BER), the power penalty after
5 and 10 km fiber transmission are 1 and 3 dB, respectively.

II. DEVICE FABRICATION

Fig. 2(a) shows a schematic cross-section structure of the
TEML device, which consists of a 200 µm long rear DBR
section, a 100 µm phase section, a 400 µm gain section, a 50 µm
front DBR section, a 500 µm semiconductor optical amplifier
(SOA) section, and a 150 µm EAM section. The SOA is used to
compensate the optical loss in the DBR and EAM sections.

The device material is grown by a four-step metal organic
chemical vapor deposition (MOCVD) process. During the first
MOCVD step, MQWs for the gain and SOA sections are grown
on an n-type InP substrate. The MQWs consist of six com-
pressively strained InGaAlAs quantum wells and seven tensile-
strained InGaAlAs barriers and are sandwiched between two
100 nm thick graded index separate confinement heterostructure
(GRIN-SCH) InGaAlAs layers. The peak of the photolumines-
cence spectrum of the MQWs is at 1535 nm. After the gain and
SOA sections are covered with a SiO2 film, the MQWs in the rest
area are removed selectively. In the second step MOCVD, EAM
MQWs with a bandgap wavelength of 1490 nm is grown. The
EAM MQWs consists of nine compressively strained InGaAlAs
quantum wells and ten tensile strained InGaAlAs barriers. In the
third step of MOCVD, a 450 nm thick InGaAsP bulk material
having 1.45 µm bandgap wavelength is grown to be butt-jointed
with the MQWs. As shown in Fig. 2(a), the InGaAsP material
is used for the isolation region between the EAM and SOA, the
phase and the DBR sections. Finally, p InP cladding layer and
InGaAs contact layer are grown after gratings are formed by
electron beam lithography and dry etching in the DBR sections.

Fig. 3. Optical power as a function of gain current at different temperature
when the SOA is set at 0 mA current (a) and at different SOA current at 25° (b).
For all the measurements, the EAM is not biased.

A surface ridge waveguide is adopted for the device. The ridge
waveguides are tilted at the SOA region for 7° to minimize the
facet reflection. The isolation resistance between EAM and SOA
is approximately 8400 Ω. A 2 µm thick SiO2 layer is placed
under the contact pad of the EAM to reduce the capacity thus
enhancing the modulation bandwidth. Fig. 2(b) shows an optical
graph of a fabricated device. For the device, the electrodes of
the two DBR sections are connected. For testing, the laser is
soldered onto an AlN heatsink and the device temperature is set
at 25 °C by a thermo-electric cooler unless specified.

III. RESULT AND DISCUSSIONS

Fig. 3(a) shows the optical power as a function of the gain
current measured from the unbiased EAM facet by an integrating
sphere at temperature ranging from 10 °C to 45 °C when the SOA
current is set to 0 mA. As can be seen, the threshold current of the
laser increases from 21 mA to 32 mA in the temperature range.
The corresponding characteristic temperature of the device is
83 K, which is notably larger than that for a laser having
InGaAsP MQWs as active material [13], [14] because of the
larger conduction band offset between well and barriers for
the InGaAlAs MQWs. When the EAM is unbiased, the output
power of the laser as a function of the gain current at different
SOA current is shown in Fig. 3(b). By setting the gain and
SOA currents to 100 mA and 120 mA, respectively, an over
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Fig. 4. Typical optical spectra obtained from the TEML laser at 25 °C.

7 mW optical power can be collected. The relatively low output
power can be attributed to the unoptimized butt joint interface
between each adjacent two sections of the device. This induces a
large optical loss in the device cavity. By further optimizing the
butt joint growth process, including material selective etching,
MOCVD growth parameters such as temperature, pressure and
growth rate, a low loss interface between different materials can
be obtained.

At the above bias condition, a wavelength tuning range of
12.56 nm which is from 1554.32 nm to 1541.76 nm can be
achieved when the DBR current is increased from 0 to 60 mA.
This tuning range is similar to the TEMLs having InGaAsP
MQWs as active material [13], [14]. The large tuning range
can be attributed to the InGaAsP DBR material having the long
bandgap wavelength. For a DBR laser, the inject current induced
wavelength change is proportional to the bandgap wavelength
of the DBR material [20]. A thin film heater can be formed
in the DBR section to enlarge the wavelength tuning range by
thermal tuning. For DBR lasers, by adjusting the DBR current
and the phase section current at the same time, any wavelength
within the tuning range can be accessed. Fig. 4 shows the typical
optical spectra obtained within the tuning range, all of which
have over 35dB side mode suppression ratio (SMSR), indicating
a good single mode emission performance. For the spectra
measurements, the DBR section current is varied between 0 and
60 mA. The phase current is also adjusted between 0 and 30 mA
to tune the wavelength finely.

At −5 V bias, the EAM has a larger than 14 dB static extinc-
tion ratio within the wavelength tuning range. A 50 GHz vector
network analyzer is used to analyze the small signal modulation
characteristics of the TEML device. The modulation signal is
applied onto the device through a GSG probe. The modulated
output optical signal of the laser is converted to electrical signal
by a PIN PD (Finisar XPDV2120R) before being fed into the
vector network analyzer. During the test process, the gain,
SOA, DBR, and phase currents are 100, 120, 0, and 0 mA,
respectively. The EAM bias voltage is −3 V. Figure 5 shows
the electro-optic response curve of the EAM of the laser, which
shows an over 27 GHz 3 dB modulation bandwidth. In contrast,
for the InGaAsP MQW TEML device having the same EAM
length and contact pad area [13], the modulation bandwidth is

Fig. 5. Curve of the TEML laser at 25 °C when the SOA section, gain
section, phase section, and DBR section were biased at 100, 120, 0, and 0 mA,
respectively.

Fig. 6. Experimental setup used to the NRZ transmission characteristics of
the TEML laser.

only 14 GHz though a 2 µm thick polymide is formed below
the EAM pad. The bandwidth can be further enhanced by
increasing the length of the wire between the EAM contact pad
and the matching resistance [14] and by replacing SiO2 under
the contact pad with materials having lower dielectric constant.
For different wavelengths, a similar bandwidth can be obtained
for the device. Compared to the InGaAsP MQWs, the InGaAlAs
MQWs have a larger conduction band offset and smaller valence
band offset, which leads to stronger confinement for electrons
and lower confinement for holes, favoring better high frequency
characteristics for modulators [21].

Data modulation and transmission tests of the TEML device
are then conducted. As shown in Fig. 6, non-return-to-zero
(NRZ) pseudo-random bit sequence with a byte length of 27-1
is generated by a commercial pulse pattern generator (PPG,
SHF-12125B). After being amplified by an RF power amplifier,
the signal is combined with a DC bias voltage by a Bias-T before
being fed to the EAM. The modulated optical signal, which is
transmitted through an optical fiber, is split into two parts by
an optical coupler. One part of the signal is fed into a sampling
oscilloscope for eye diagram measurement. The other part is
fed into a spectrometer for spectral monitoring. During the test
process, the output wavelength of the laser is tuned by varying
the DBR current.

Fig. 7 shows the 25 Gb/s eye diagrams obtained from the
TEML device for back-to-back (BTB), and after 5 km and 10 km
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Fig. 7. 25 Gb/s eye diagrams of TEML laser for BTB, 5 and 10 km transmission
when the tuned wavelength is 1554.32, 1548.16, and 1541.76 nm.

Fig. 8. BER performance at 25 Gb/s NRZ data modulation for wavelengths
of 1554.32 nm (a), 1548.16 nm (b), and 1541.76 nm (c).

of standard single mode fiber transmissions when the wave-
lengths are tuned to 1554.32 nm, 1548.16 nm, and 1541.76 nm,
respectively. As can be seen, clearly opened eye diagrams can
be obtained at all the three typical wavelengths for the BTB and
5 km conditions. After 10 km of fiber transmission, the eyes start
to be vague, but still distinguishable.

The BER performance of the device at 25 Gb/s NRZ data
modulation is shown in Fig. 8. A Finisar XPDV2120R PD is
used to convert the optical signals to electrical signals. As can
be seen, error free (10E-10) transmission can be obtained for all
the different conditions. The 5 km and 10 km transmission power
penalty when compared with the BTB transmission is less than
1 dB and 3 dB, respectively, for all the three tested wavelengths.
The data modulation performance is comparable to that for the
InGaAsP device reported in reference [14], whose bandwidth,
however, needs to be enlarged by a long bonding wire between
the EAM and the matching resistance.

IV. CONCLUSION

In summary, we report the fabrication of a first TEML device
based on InGaAlAs MQW material. The device operates at a
wavelength of 1.5 µm and an over 12 nm wavelength tuning
range can be obtained. The characteristic temperature of the
device is over 83 K, which is notably higher than that of a laser
based on InGaAsP MQWs. At 25 °C, the EAM of the device has
a small-signal modulation bandwidth exceeding 27 GHz, which
is higher than the bandwidth for a TEML device having the same
structure but InGaAsP MQW active material. At 25 Gb/s NRZ
data modulation, lower than 10E-10 bit BER can be obtained
for up to 10 km fiber transmission. The device is a promising
low-cost light source for future high capacity WDM optical
communication systems.
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