IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 5, SEPTEMBER/OCTOBER 2007

1151

Short-Cavity 980 nm DBR Lasers
With Quantum Well Intermixed Integrated
High-Speed EA Modulators

Chad S. Wang, Member, IEEE, Yu-Chia Chang, Uppili Krishnamachari, James W. Raring, Member, IEEE,
and Larry A. Coldren, Fellow, IEEE

Abstract—Short-cavity, 980 nm distributed Bragg reflector
(DBR) lasers with integrated electroabsorption modulators
(EAMs) were designed and fabricated using a quantum-well in-
termixing (QWI) processing platform. Design curves are discussed
and the QWI fabrication details are presented. The transmitters
exhibited RF bandwidths of 20 GHz and demonstrated error-free
operation at 10 Gb/s.

Index Terms—Electroabsorption modulators, photonic inte-
grated circuits, quantum well intermixing, semiconductor lasers.

1. INTRODUCTION

OR PHOTONICS to replace copper-based electronics in
F applications such as board-to-board and chip-to-chip level
interconnects, there is a clear need for increased speed and
efficiency. Traditionally, vertical-cavity surface-emitting lasers
(VCSELSs) have been the technology of choice for deployment
in short-reach data link interconnect applications [1] because of
their low power dissipation, ease of coupling, and ability to be
integrated into arrays. However, in these traditional intercon-
nect systems, most of the power consumption occurs over the
receiver electronics, namely over transimpedance amplifiers. An
alternative method to reduce the overall power consumption of
the link is to use a “receiver”-less architecture to eliminate the
receiver electronics. This requires high-output power transmit-
ters to directly drive detectors controlling the decision circuits.

In order to achieve a high-power, high-speed, and low-power
dissipation single-mode transmitter, we propose a short-cavity
distributed Bragg reflector (DBR) laser structure with an in-
tegrated electroabsorption modular (EAM) to meet these re-
quirements. This design crosses the advantages of VCSELs and
edge-emitters. By reducing the active volume of the laser cavity,
the efficiency of the device is improved, to a point where the mir-
ror reflectivity must be increased. VCSELs have demonstrated
high efficiencies, but operation to higher data rates is challeng-
ing. For VCSELSs, the highest data rate reported is 25 Gb/s [2].
Edge-emitters with integrated EAMs have shown operation at 40

Manuscript received November 1, 2006; revised July 22, 2007. This work was
supported in part by the Defense Advanced Research Projects Agency under
Chip-to-Chip Optical Interconnects.

C. S. Wang, Y.-C. Chang, U. Krishnamachari, and L. A. Coldren are with
the Electrical and Computer Engineering Department, University of California,
Santa Barbara, CA 93106 USA (e-mail: cswang@engineering.ucsb.edu).

J. W. Raring was with the Materials Department, University of California,
Santa Barbara, CA 93106 USA. He is now with Sandia National Laboratories,
Albuquerque, NM 87123 USA.

Digital Object Identifier 10.1109/JSTQE.2007.905095

HR
COATING

GAIN DBR EAM

q

Fig. 1. Schematic cross section of DBR laser device with integrated EAM.
Indicated are the sections of the DBR laser-EAM transmitter.

Gb/s. We have previously demonstrated high efficiency, short-
cavity DBR lasers at 1.55 ym with integrated, high-bandwidth
(25 GHz) EAMs [3]. By using a quantum-well intermixing
(QWI) integration platform, the laser and modulator can be
simultaneously optimized for high performance. Recently, 980
nm DBR lasers with quantum well intermixed passive sections
have been demonstrated with output powers up to 400 mW [4].
Moreover, intermixed quantum well (QW) EAMs have also
shown promise to extend data rates up to 40 Gb/s and beyond [5].
Here, we present a short-cavity, 980 nm, DBR laser using a QWI
platform in the InGaAs/GaAs/AlGaAs material system, mono-
lithically integrated with a high-speed EAM demonstrating 20
GHz of 3 dB bandwidth. Design curves are discussed and the
QWI fabrication details are presented.

II. EXPERIMENT
A. Short-Cavity DBR Laser Design

We propose a short-cavity DBR laser with integrated EAM
designed with three sections: gain, front DBR mirror, and EAM,
with a high reflectivity (HR) coating applied to the rear facet
of the DBR, as shown in the side-view schematic of Fig. 1.
In designing a short-cavity laser, tradeoffs exist between the
operating current as a function of mirror reflectivity and active
region length. We can begin by simulating the operating current
I as a function of front mirror reflectivity 12, or equivalently,
mirror length, as described by
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Fig.2. Design curve of operating current (solid lines) and on-chip temperature

rise (dotted lines) vs. front mirror grating length for a family of output powers at
1 mW (triangles), 10 mW (diamonds), 20 mW (squares), and 25 mW (circles).
The active region length was set at 110 zm and & of 650 cm™?.

where P, is the output power, «; is the internal loss, v, is the
mirror loss, F is the fractional power out the front mirror, 7); is
the injection efficiency, and Iy, is the threshold current [6]. i},
can be solved using the gain equation,

(aj + )L
Fg()Lllr

where w is the ridge width, L, is the active region length, L
is the total cavity length, N is the number of quantum wells,
Jiy 18 the transparency current density, I' is the confinement
factor, and g, is the material gain. Values of 15 cm~t, 90%,
70 A/em?, 50 cm™ !, and 80% were used for ay,n;, Jir, g,
and the rear HR mirror, Ry, respectively. As shown in Fig. 2,
I can be plotted as a function of front mirror grating length for
a fixed active region length. The on-chip temperature rise, AT,
can also be simulated as given in (3) and iterated with (4) to find
the equilibrium operating current [6].

Iiy = wLy NJy, exp 2)

AT:(I‘/d—’_IQRS_PO)Zf (3)
T

I=1Iy+I,pexp () . 4)
Ty

Assuming the light output power increases linearly with
injection current above threshold, (4) is a modified form of
the traditional temperature dependence equation for differen-
tial quantum efficiency, 1y (T') = 14, exp(s — T'/T}), obtained
by substituting the equation for output power, P, = n; (h v/q)
(I-Ltn). Itn can be represented by the threshold temperature
dependence, 1, (T) = Iy exp(T/Tp). Ty is the characteristic
temperature, 77 is the characteristic temperature for the above-
threshold current increment, Iy and Iy, are constants, and
Z; is the thermal impedance, which we have assumed to be
3.46/L, - °C/W, using a thermal conductivity of 0.45 W/cm-°C
[6]. We have assumed T and 77 to be 100 K and 200 K, re-
spectively. As can be seen from Fig. 2, there lies an ideal front
mirror length that gives the lowest operating current for a given
active region length. Solving for the ideal front mirror length of
each active region length, we can then solve (1) as a function
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Fig.3. Design curve of operating current (solid lines) and on-chip temperature
rise (dotted lines) vs. active region length for a family of output powers at 1 mW
(triangles), 10 mW (diamonds), 20 mW (squares), and 25 mW (circles). The
frontlmirror length was optimized for each active region length at a x of 650
cm .

of active region length, as shown in Fig. 3. This shows that the
active region length for a short-cavity DBR laser can be reduced
to as low as 50 pum before the operating current and on-chip
temperature rise begins to increase sharply.

From these simulations we have designed the gain section
of the device at 110 ym. A front DBR of 20 pym length was
chosen, making use of deep gratings aimed at 40 nm etch depth,
and targeting a coupling coefficient x of 650 cm~!. This DBR
length is chosen to be slightly larger than the optimum minimum
shown in Fig. 2 in order to compensate for fabrication and
regrowth error [7]. Lastly, the transmitters were fabricated with
125 pm long EAMs. Passive waveguides were also included to
facilitate postprocess cleaving and coating.

B. Quantum Well Intermixing Background

There are several main techniques used to accomplish
QWTI: ion-implantation enhanced interdiffusion (IIEI), impurity-
induced disordering (IID), and impurity-free vacancy-enhanced
disordering (IFVD). All are based on the generation of vacan-
cies and its diffusion through the QW active region by a rapid
thermal anneal (RTA). The IIEI method relies on the diffusion
of point defects created during an ion implantation. This method
can utilize implant energies ranging from tens of kiloelectron-
volts up to megaelectronvolts, and has been shown to have good
spatial resolution. The range of intermixing is also very control-
lable using anneal time, temperature, and implant dose [8], [9].
This process has been used with great success in developing
high functionality wavelength-agile PICs on InP [3]. Moreover,
impurity-free IIEI processes have also been translated to GaAs
with some success [10], [11].

The IID method uses impurities, commonly dopants, to
change the equilibrium defect concentration, which is dependent
on the Fermi level, to enhance the group III or group V self-
diffusion in the crystal, thereby promoting the intermixing [12].
Recently, IID has been applied to 980 nm VCSELSs with modest
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Fig. 4. Epitaxial base structure with three-QW active region.

success; however, the introduction of dopants used to promote
intermixing could have adverse effects on the electrical nature
of the devices structure [13], [14].

In this paper, we employ an impurity-free vacancy-enhanced
disordering method, using a SiO , dielectric cap. Previous litera-
ture has shown intermixing to occur with a variety of deposition
techniques, such as plasma-enhanced chemical vapor deposi-
tion (PECVD) or sputter deposition [12], [15]. All approaches
use the concept of Ga outdiffusion into the SiO » capping layer,
which creates vacancies in the group III sublattice which can
then diffuse down to the QW region. Similar to the other inter-
mixing techniques, IFVD can be performed on full laser struc-
tures, where the vacancies must diffuse long distances through
the entire upper p-cladding before reaching the quantum wells.
Although this is not detrimental to the intermixing itself, the
device performance may be hindered by the redistribution of
precisely placed doping interfaces. We have taken an approach
which uses a partially grown laser structure and a sacrificial
cap layer, which can be subsequently removed and the upper
cladding regrown [9]. This approach is also advantageous for
integrating gratings within the laser to precisely control the cou-
pling and reflectivity. Recent work has demonstrated high power
DBR lasers with intermixed passive sections [4].

We will show that by using a selective IFVD QWI process-
ing platform, a DBR laser with EAM can be monolithically
integrated into a single transmitter device.

III. PROCESS

The epitaxial base structure, as shown in Fig. 4, was grown
on a silicon doped GaAs substrate by molecular beam epi-
taxy (MBE). The active region consists of three 8 nm thick
Ing.18Gag g2 As quantum wells with 8 nm GaAs barriers centered
between Aly 3Gag 7As waveguide layers. The upper waveg-
uide also includes a 65 nm GaAs layer used as a gratings and
aluminum-free regrowth layer, followed by a 300 nm undoped
sacrificial InGaP layer.
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The intermixing process began by first subjecting the sample
to a blanket surface fluorination treatment. This was done in a
reactive ion etching plasma with SF ¢ gas to create In-F and Ga-F
bonds on the sample surface without etching the semiconductor
[16], [17]. Next, SiO2 was deposited by PECVD and used as a
hard mask. In the passive regions, or areas of the sample to be
intermixed, the SiO2 was etched off using BHF and a developer
(basic) solution was used to remove the fluorine bonds. Lastly,
another layer of SiO; was deposited by PECVD. Intermixing
then occurred during the RTA, whereby areas of the sample that
were in direct contact with the SiO5 yielded a blue-shift in the
photoluminescence spectra. The areas of the sample that still
possessed the fluorine bonds remained at the as-grown band-
edge because it prevented group-III outdiffusion into the SiOs.
The reason for covering the entire sample with SiOy was to
prevent arsenic decomposition from the sample during the high-
temperature RTA. Additional details of the intermixing process
can be found in [18].

Following QWI of the passive waveguide, DBR, and EAM
sections, the sacrificial InGaP layer is removed by wet selec-
tive etching, and first order gratings are patterned using an im-
mersion holography technique and dry etched into the GaAs
regrowth layer [7]. A 2 pum regrowth of the upper p-cladding
and p-contact was performed by MBE [7]. Ridge waveguides
3 pm wide were patterned, benzocyclobutene (BCB) was de-
fined beneath the EAM contacts for low capacitance, and iso-
lation was accomplished by proton implantation. The wafers
were thinned, backside metalized, and cleaved into bars. Subse-
quently, the front and rear facets of cleaved bars were AR and
HR-coated, respectively. Finally, the devices were mounted onto
AIN carriers and wire-bonded to RF pads for high-speed test-
ing. Including passive waveguides, the entire transmitter totaled
around 425 pm in length.

IV. EXPERIMENTAL RESULTS
A. OWI

The intermixing process was calibrated using several samples
cleaved from the base structure, as described in the previous sec-
tion. These samples were annealed at 800 and 850 °C for various
times ranging from 10 to 180 s and the extent of the intermix-
ing was measured by room-temperature photoluminescence. As
can be seen in Fig. 5, the intermixing occurs rapidly within the
first 30 s, then begins to saturate with increasing time. With
greater anneal temperatures, intermixing occurs at a faster rate;
greater overall amount of intermixing is obtainable due to an
increased diffusion coefficient and Ga outdiffusion in the SiO,.
Assuming intermixing occurs only on the group III sublattice
for InGaAs/GaAs QWs, we calculate the maximum obtainable
amount of intermixing to be 40 nm [19].

The DBR lasers with integrated EAMs fabricated using this
selective intermixing process had an active band-edge at A, =
977 nm and a passive band-edge at A, = 949 nm. The EAMs
used the same band-edge as the passive section. While this
process can be used to selectively achieve two band-edges on
chip, repeating the process to achieve multiple or intermediate
band-edges have not been successful as in [11].
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Fig. 5. Photoluminescence peak shift as a function of anneal temperature and
time. Open and closed symbols indicate intermixed and nonintermixed at anneal
temperatures of 800 °C (squares) and 850 °C (diamonds).
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Fig. 6. Room temperature CW light (solid) and voltage (dashed) character-
istics of the integrated DBR laser-modulator. The inset shows the single mode
lasing spectrum at 35 mA bias.

B. DBR Laser

Operating in continuous wave (CW) mode, the DBR laser
exhibited single mode lasing at 975 nm with greater than 30 dB
side-mode suppression ratio, as targeted from the design. The
mode spacing of ~6 A is slightly lower than the estimated
mode spacing of ~7 A, indicating weaker reflection from the
DBR section resulting in a longer cavity length. The additional
spurious modes are due to reflections from the front fact.

The lasers also exhibited a threshold current of 5 mA and
demonstrated output powers up to 6 mW at a gain section current
of 50 mA, as shown in Fig. 6. We believe the low output powers
of these devices are due to nonoptimal regrowth conditions,
where both interface cleanliness and gratings overgrowth can be
improved. Furthermore, we expect to see higher output powers
upon improving the low injection efficiency of these devices,
currently down at around 50%, which were measured from test
ridge laser structures fabricated on the same chip. The higher
voltage turn-on was due to high contact resistance resulting from
damage to the contact layer during processing.
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Fig. 7. Bandwidth curve showing 20 GHz of —3 dB bandwidth for a 125 um

long EAM. The inset shows the corresponding DC extinction curve.

The kinks in the output power were due to mode hopping.
This was observed in the lasing spectrum, and can be explained
from red shifting of the reflection spectrum with on-chip tem-
perature rise. Using (3), the kinks occurring at 22 and 38 mA
correspond to a 17 and 33 °C on-chip temperature rise, respec-
tively. Assuming the refractive index changes with temperature
by 1.2e-4/°C for AlGaAs, then the change in center wavelength
of the grating with change in the index is 6.1 and 11.8 A, re-
spectively, equal to the mode spacing of the laser. With future
improvement on the material quality, as well as reducing the ex-
cess voltage drop, less power would be dissipated in the device,
leading to lower on-chip temperature rise and fewer kinks in the
output power.

C. EA Modulator

As can be seen in the inset in Fig. 7, the 125 pym long in-
tegrated EAMs exhibited over 10 dB of optical extinction at
—5 V with a peak extinction efficiency of 5 dB/V at —3.5 V.
Fig. 7 also shows the small signal 3dB modulation bandwidth
measured to be 20 GHz. Large signal digital modulation ex-
periments were performed at 10 Gb/s using a nonreturn to zero
pattern and a pseudorandom-bit-sequence of 23! —1. Open eye
diagrams were achieved with 7.7 dB dynamic extinction at a DC
bias of —2.5 V and a 3 V peak-to-peak swing. Corresponding
bit error rate (BER) curve is plotted in Fig. 8, demonstrating
error-free operation down to 10710, Higher data rates were not
able to be tested due to equipment limitations; however, we ex-
pect data rates up to 30 Gb/s possible with the demonstrated
bandwidths. Extinction ratios and extinction efficiency can also
be improved with less intermixing of the EAM band-edge, re-
sulting in bringing the exciton peak and absorption edge closer
to the lasing wavelength [20], [21].

V. CONCLUSION

We have demonstrated short-cavity DBR lasers emitting at
980 nm with integrated QW-EA modulators fabricated using a
QWI platform. Short-cavity DBR lasers present a solution for
achieving higher power lasers for use in “receiver”-less data link
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interconnect architectures. A QWI processing platform is used
for integration and is capable of achieving greater than 30 nm
of shift between the active and passive band-edges on a chip.
The integrated QWI EAMs demonstrated 20 GHz bandwidth
and error-free operation at 10 Gb/s, with further optimization
possible for increased high-speed performance. With QWI, the
band-edge of each section of the device can be individually
optimized, resulting in monolithic integration of lasers with
high-performance QW-EAM:s.
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