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Abstract—The progress toward integrated photonic devices by
selective-area metalorganic chemical vapor deposition (MOCVD)
is reviewed. Processing steps involved with fabricating buried het-
erostructures (BH’s) by a three-step technique are outlined, and a
computational model is presented that predicts the enhancement
behavior of selective-area MOCVD. Results are reviewed for
several discrete and integrated photonic devices. These include
low-threshold BH lasers, laser diodes integrated with either
intracavity or external cavity modulators, dual-channel emitters
integrated with both modulators and passivey-junction waveg-
uides, and broad-band light-emitting diodes (LED’s).

Index Terms— Crystal growth, integrated optoelectronics,
quantum-well lasers, semiconductor growth, semiconductor
lasers, semiconductor materials, strain.

I. INTRODUCTION

BURIED heterostructure (BH) lasers have been fabricated
by a variety of techniques [1]–[9]. The most common

method involves growing the entire laser structure, forming an
active region mesa by wet or dry etching, and regrowing the
burying layer [2]. For InGaAs–GaAs–AlGaAs quantum-well
(QW) lasers, this method exposes the easily oxidized AlGaAs
optical confining layer and requires the subsequent regrowth of
AlGaAs on AlGaAs. Since oxides of AlGaAs have desorption
temperatures much higher than normal growth temperatures,
they remain on the device causing poor crystalline quality
and an optically lossy interface region. Etched-mesa BH lasers
have been fabricated by hybrid growth techniques using either
metalorganic chemical vapor deposition (MOCVD) or molecu-
lar beam epitaxy (MBE) for the initial growth and liquid phase
epitaxy (LPE) for the regrowth [3]–[7]. All-MOCVD grown
etched-mesa strained-layer BH lasers have been reported that
require the use of low aluminum composition cladding layers
[1]. It is desirable to fabricate BH lasers without exposing
AlGaAs and without initiating regrowth with AlGaAs. This
can be accomplished using a three-step selective-area MOCVD
process [10]–[12].
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This selective-area epitaxy (SAE) technique gives the ad-
vantage of GaAs on GaAs regrowth for fabricating strained-
layer InGaAs–GaAs–AlGaAs BH QW lasers, and additionally
provides in-plane bandgap energy control to fabricate BH
devices [13] with different emission wavelengths on the same
wafer for photonic integrated circuit (PIC) applications. This
material variation can be accomplished in a single epitaxial
step using a growth-inhibiting mask [14], [15]. Selectively-
grown active regions have been utilized to integrate laser
diodes with other devices such as waveguides [11], modulators
[16]–[18], and detectors [19]. Broad-spectrum light-emitting
diodes (LED’s) [20], [21], laser arrays for wavelength-division
multiplexing (WDM) [22], [23], and ring lasers with-coupled
waveguides [24] have also utilized this in-plane bandgap
tailoring feature. SAE also enables the use of high-composition
AlGaAs for the burying layer, since no AlGaAs on AlGaAs
regrowth is necessary. Additionally, control of the mesa width
can be provided by the spacing between pairs of oxide stripes.
This gives improved width reproducibility over both wet
etched BH lasers where undercutting determines the width and
LPE regrown BH lasers where meltback affects the width.

In this paper, we describe the fabrication process, modeling
technique, and experimental results for photonic devices utiliz-
ing InGaAs–GaAs–AlGaAs BH’s fabricated using three-step
selective-area MOCVD. Monolithic BH lasers show a wide
range of emission wavelengths, which is essential for photonic
integration applications, from in-plane bandgap energy control
provided by selective-area growth rate enhancement of the
strained-layer InGaAs-GaAs active region.

II. BURIED HETEROSTRUCTUREFABRICATION PROCESS

The devices, fabricated in these studies, were grown by
atmospheric pressure MOCVD in a vertical reactor on (100)
GaAs:n substrates. The three-step growth process (see Fig. 1),
which avoids the difficulties associated with the growth of
AlGaAs over oxide, begins with the growth of a GaAs
buffer layer, a lower AlGaAs cladding layer, and a thin
layer of GaAs to prevent oxidation of the AlGaAs when the
sample is removed from the reaction chamber. Next, silicon
dioxide (SiO ) is deposited on the wafer, and the dual stripe
mask pattern is transferred using standard photolithographic
techniques. After patterning, the sample is returned to the
reactor for growth of the InGaAs–GaAs active region (
625 C). Following this step, the wafer is again removed from
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(a)

(b)

(c)

Fig. 1. Growth sequence used in the fabrication of three-step SAE photonic
integrated circuits.

the reactor, and the oxide is etched away in a buffered HF
solution. Finally, the sample is returned to the reactor for
growth of the upper AlGaAs cladding layer and GaAs:p
contact layer.

After the growth of the structure is completed, the wafer
is patterned with stripes centered directly over the selectively
grown active region, and the GaAs:pcap is etched away
on either side of the buried ridge to provide additional lateral
confinement of the injected carriers. Next, SiOis deposited
on the wafer, and contact windows are opened in the oxide.
The substrate is lapped and polished to a thickness of125

m, and then n- and p-side metals are deposited. Finally, the
sample is cleaved into bars, perpendicular to the stripes, to
complete the processing. Shown in Fig. 2 are: (a) an SEM and
(b) a schematic cross section of a finished BH laser device.

III. SELECTIVE-AREA MOCVD MODEL

In this section, we present the details and simulation re-
sults of a computational model for selective-area MOCVD.
Diffusion equations and boundary conditions for selective-
area MOCVD are applied to predict column III metalorganic
source concentrations. Solutions for reaction parameters are
found using the finite element method and experimental data.
Thickness profiles of InP, GaAs, GaN, InGaAs, and InGaP
are accurately calculated with this model providing support
for both the validity of the model and the dominance of gas
phase diffusion on enhancement.

During selective-area MOCVD, a nonuniform deposi-
tion of material occurs across the growth area due to a
lithographically-defined growth-inhibiting dielectric mask.
Within a stagnant volume of gas (the boundary layer) [25],
[26], lateral variations in column III reactant concentrations
are induced by the growth mask and are responsible for a
nonlinear enhancement of the growth rate across the substrate
surface. The SAE model focuses on this boundary layer,
and a schematic diagram of the simulation cell with pertinent
boundary conditions is shown in Fig. 3. Theand directions
are labeled in the figure, is the boundary layer thickness,

Fig. 2. SEM photograph and corresponding schematic diagram of the cross
section of a three-step SAE BH laser.

Fig. 3. Schematic diagram of simulation cell used for modeling selec-
tive-area MOCVD. Noted in the figure are the boundary conditions applied in
the model. Also noted are thex- andy-axes labeled in the lower left corner.

is the column III source concentration, is the diffusion
coefficient, and is the reaction rate constant. The empirical
parameters , , and are all specific to each column III
metalorganic source.

For SAE at atmospheric pressure, gas phase diffusion is
widely accepted as the dominant method of enhancement,
rather than surface migration, when using growth mask di-
mensions greater than the surface diffusion length [14], [15],
[26]–[29]. Therefore, this SAE model considers only gas phase
diffusion of the column III reactants. The boundary layer
simulation cell is in general a three-dimensional system, but
the model outlined in this report is for only a simplified
two-dimensional geometry as demonstrated in Fig. 3. Zero
net diffusion is assumed along the length of the stripes, so
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the dimension can be eliminated from this analysis. The
two-dimensional version of Fick’s diffusion law is applied to
the simulation cell, and the concentration profiles for each
metalorganic reactant are calculated with a computer-based
finite element solver [30].

The diffusion and reaction characteristics are different for
each metalorganic source, so SAE affects not only the growth
rate but also the composition of ternary alloys consisting
of multiple column III atoms [27]–[29]. The thickness and
composition of ternary QW’s can be engineered by the SiO
growth mask which enables tailoring of effective energy
bandgaps across an entire substrate. To model ternary SAE,
growth rate enhancement profiles, , are derived for each
column III source, and this enhancement data is inserted into
the following equations to calculate the profiles of the thick-
ness, , and indium composition, . The nonselective
thickness and indium composition targets are noted asand

, respectively.

(1)

(2)

Empirical values for the reaction parametersand
are required for each metalorganic reactant and reactor con-
figuration to accurately predict enhancement profiles. The
trimethylgallium (TMGa) and trimethylindium (TMIn) param-
eters are found through selective growth thickness profiles
of the binary compounds GaAs and InP, respectively. Self-
consistent solutions to the reaction parameters are found
using two different SiO window widths of 50 and 125 m.
After defining the windows and removing the processing
damage, the appropriate material is deposited by selective-
area atmospheric pressure MOCVD. After growth, the SiOis
removed, and the thickness profiles are measured using surface
profilometry [31], [32].

As seen in Fig. 4, accurate predictions are obtained for
thickness profiles of InGaAs grown on InP 250 Å,
53% [31] and InGaP grown on GaAs 262Å, 48%
[32]. These two ternary growths were performed with different
gas velocities and reaction chamber sizes. The TMIn (TMGa)
parameters are found using the phosphorous- (arsenic-) based
compound InP (GaAs), but the arsenic- (phosphorous-) based
compound InGaAs (InGaP) is modeled accurately using these
values. Thus, selective growth enhancement is not dependent
on the column V reactant [31], [32]. These data support the
validity of the SAE model and verify the dominance of gas
phase diffusion on growth rate enhancement during selective-
area MOCVD.

IV. DISCRETE BH LASERS

BH lasers are desirable because of the strong index guid-
ing and current confinement provided by the heterostructure
discontinuity in the lateral direction. These features allow
BH lasers to operate with low threshold currents and high
efficiencies. Impurity-induced layer disordering (IILD) has
been used to fabricate low threshold BH lasers [33], [34], but
this technique has the disadvantage of a long anneal at high

Fig. 4. Measured (solid line) and predicted (dotted line) growth thickness
profiles of (a) InGaP on GaAs and (b) InGaAs on InP by selective-area
MOCVD. The dashed lines represent the nonselective growth thickness,to.

temperatures which can lead to interdiffusion at the InGaAs-
GaAs interface. Low threshold BH lasers have also been
grown on nonplanar substrates [35]. This method can produce
narrow as-grown active region widths, but the final structure
is nonplanar with deep grooves (2 m) which can cause
subsequent processing problems. The three-step SAE process
eliminates much of the difficulty associated with regrowth over
exposed AlGaAs.

Selective-area growth utilizing a patterned silicon diox-
ide mask was used to fabricate the strained-layer In-
GaAs–GaAs–AlGaAs SQW BH lasers. Regrown interfaces,
which increase the electrical and optical losses in a laser
heterostructure, are unavoidable in this three-step process.
These additional losses lead to a 10%–25% increase in
threshold current density [36], but surface preparation
techniques proir to regrowth can decrease this effect. The
chemical solution used for the surface preparation is of utmost
importance in the SAE process. Initially, a HSO –H O –H O
(1:8:80) solution was used to etch back the exposed crystal
just prior to regrowth. This process produced lasers with
thresholds as low as 10.5 mA and pulsed optical powers as
high as 200 mW [13]. The emission wavelength versus oxide
stripe width for 4- m-wide BH mesa devices are shown in
Fig. 5. Laser emission wavelengths range from 0.965 to 1.06

m for variation of oxide widths between 3 and 25m. The
measured wavelengths are consistent with expected values
considering the effects of strain, quantum confinement, and
SAE growth rate enhancement.

The H SO –H O –H O wet etch process prior to regrowth
resulted in rough growth surfaces and poor thickness control
of the residual GaAs layers on either side of the mesa. Both
factors produced large variations in the threshold currents of
the SAE devices [13]. Since the processing steps used to
fabricate the SAE devices contaminate but not significantly
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Fig. 5. Wavelength versus oxide stripe width for the selectively grown BH
lasers. Wavelengths range from 0.965�m to 1.06�m for oxide widths from 3
�m to 25�m. The measured wavelengths are consistent with values expected
considering the effects of strain, quantum confinement, and SAE enhancement.

damage the crystalline surface, a surface preparation which
does not etch the crystal is more desirable. Using a solution of
H SO –H O (1:80), one can remove the surface native oxides
without etching the crystal. This not only enables the surface
to be extremely smooth but also allows the crystalline layer
thickness to be defined solely by the growth and not by the
surface preparation etch. Precise thickness control is important
for the residual GaAs layers located on either side of the BH
mesa because the thinner the residual GaAs layers, the larger
the lateral optical confinement and lateral current confinement.

The three-step growth process using the HSO –H O sur-
face preparation [37] begins with the growth of a buffer
layer, a 1- m Al Ga As lower cladding ( 800 C)
and a thin (150Å) GaAs layer to prevent oxidation. The
sample is removed from the chamber, and a 600-Å SiO
mask is deposited on the sample and patterned by standard
lithographic methods. For the 2-m-wide BH lasers described
in this section, the dual oxide stripe widths are 14.5m
each. An HSO –H O (1:80) etch is used to remove process
contamination before the sample is returned to the reactor
for the selective growth of the active region. The lower and
upper GaAs barriers have thicknesses of 1020 and 2120Å,
respectively, and the InGaAs QW ( 625 C) has a
thickness of 94Å and an indium composition of 24%. The
oxide mask is then removed, and another HSO –H O (1:80)
etch is performed prior to the final growth, consisting of a 50-
Å GaAs layer, a 1-m Al Ga As upper cladding layer
( 800 C), and a 0.15-m GaAs p cap ( 650 C).
The design of the BH’s optimized the optical confinement of
the lateral mode. The residual 200-Å of GaAs on each side
of the BH mesa raises the effective index in this region only
slightly above the index of bulk Al Ga As, leaving the
lateral optical confinement largely unaffected.

Fig. 6 shows the longitudinal mode spectrum of a 330-m-
long BH laser ( 1.022 m) with as-cleaved facets.
The inset of Fig. 6 shows the light versus current (– )
characteristic of this device. A pulsed threshold current of 2.65
mA (401 A/cm ) and a differential slope efficiency of 0.392
W/A per facet were observed from this device which had an

Fig. 6. Longitudinal mode spectrum and power output versus current (inset)
of a three-step SAE BH laser with as-cleaved facets operating pulsed at room
temperature (�peak = 1.022�m, Ith = 2.65 mA).

Fig. 7. Pulsed output versus current at low-current levels for one facet of
a three-step SAE BH laser (Ith = 0.97 mA, length 180�m, active region
stripe width 2�m).

effective lateral index step of 0.19. With the application of HR
coatings, a submilliampere (0.97 mA) pulsed threshold current
is obtained with a similar 180-m-long laser, shown in Fig. 7.
Peak optical powers of 170 mW/facet are obtained from a
760- m-long 4- m-wide BH driven to higher currents. The
peak optical power of 170 mW/facet is limited by the onset
of catastrophic optical mirror damage (COMD).

V. INTEGRATED BH DEVICES

A. Lasers with Integrated Electroabsorption Modulators

Electroabsorption (EA) modulators which operate using the
quantum-confined Stark effect (QCSE) have been shown to
be important components for multigigabit transmission [38].
Discrete EA modulators have also been demonstrated with
high extinction ratios ( 15 dB) at low biases (3 V) [38],
[39]. Unfortunately, there are many inherent problems associ-
ated with using these discrete devices. These problems include
insertion loss (typically 3 dB), intracavity reflections, and
the need for large optical components for external coupling.
Monolithic integration of a laser diode with the EA modulator
solves many problems of using multiple discrete devices. In
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addition, the compactness of the integrated device results in
lower packaging costs.

The fabrication of monolithically integrated modulators
which are low loss when unbiased requires that the quantum-
confined-state wavelength in the modulator section be blue
shifted with respect to the lasing wavelength. One method to
obtain this blue shift is by growth on nonplanar substrates
[40]. This method has the advantage of only requiring a
one step epitaxial growth, but the final structure is usually
very nonplanar with deep groves (1 m). Another method
to produce a blue shift entails removing the active region
and regrowing higher bandgap material [41]. This method
allows for large bandgap differences between the laser and
the modulator, but precise growth control is required to
match the waveguides and to prevent coupled-cavity effects
between the sections. A third method to form integrated
waveguides involves disordering of the QW [42], [43], but this
method usually produces QW’s with relatively large transition
linewidths.

Recently, laser diodes with monolithically integrated EA
modulators fabricated using SAE in the InGaAs–InGaAsP
material system have received much attention for applications
in long-distance fiber communication [44]–[46]. These devices
exhibit extinction ratios up to 16 dB for an applied reverse
bias of 2 V and over 10-GHz modulation with a voltage
swing of 1 V . As of yet, little work has been done on
laser diodes with monolithically integrated EA modulators in
the InGaAs–GaAs material system that has compatibility to
GaAs VLSI technology. Applications for these devices include
backplane optical interconnections and local area networks
[47].

Intracavity Modulators: Fig. 8 is the schematic diagram of
a laser with a monolithically integrated intracavity modula-
tor fabricated by SAE. Each device is composed of a gain
section and a modulator section separated by a 50m wide
trench. The devices employ a single QW BH configuration
formed by the three-step selective-area MOCVD growth [13],
[37]. The laser structure in the gain section consists of a
0.15- m GaAs:n buffer layer, a 1-m Al Ga As lower
cladding layer, a 1300-Å GaAs lower barrier layer, a 100-
Å In Ga As QW, a 1200-̊A GaAs upper barrier layer,
a 1- m Al Ga As upper cladding layer, and a 0.1-m
GaAs:p contact layer grown on a GaAs:n substrate. To
reduce the lateral current spreading, the sample was etched
in H SO –H O (30%)–H O (1:8:80) for 100 s (etch depth

0.75 m) to form a 15- m mesa centered above the BH
mesa. This etch also forms the 50-m wide 0.75- m deep
trench providing an isolation resistance of1.5 k between
the gain and the modulator sections.

The geometry of the SiOmask used during the selective
growth of the active region is a symmetric dual stripe geome-
try. The spacing between the dual oxide stripes was 5m along
the entire device, which defines the BH mesa width. The oxide
stripe widths in the gain section and the modulator section are
24 and 18 m, respectively, resulting in emission wavelengths
of 1.072 and 1.05 m, respectively. Thus, the modulator
quantum-confined-state wavelength is blue shifted by200
Å with respect to the quantum-confined-state wavelength of

Fig. 8. Schematic diagram of a three-step SAE laser with monolithically
integrated intracavity loss modulator.

the gain section, causing the lasing wavelength to be just
outside the absorption edge of the unbiased modulator. This
allows the unbiased modulator to be transparent to the light
generated in the gain section while only a small reverse bias
across the modulator is required to shift the absorption edge of
the modulator into the lasing wavelength. Operating at small
voltages is an important feature of EA modulators due to
the absorption peak at the absorption edge decreasing with
increasing bias.

Fig. 9 shows the continuous-wave (CW) output power ex-
iting the modulator section versus gain section current for
different modulator biases for an uncoated device with a 500-

m-long gain section and a 290-m-long modulator section.
The device has a threshold current of 9 mA for a modulator
bias of 0 V. This figure shows that a bias of only 2 V across the
modulator section terminates the lasing of the device for a gain
section current of 25 mA. The static modulation properties for
three uncoated devices with gain section lengths of 500m
and modulator section lengths of 290, 620, and 1020m were
measured. The gain section of all three devices are biased to
produce 5 mW of optical power at a modulator bias of 0 V.
Extinction ratios of 16.5, 19.5, and 20.5 dB are observed for
devices with modulator biases of 2 V and modulator section
lengths of 290, 620, and 1020m, respectively. The CW
threshold currents are 9.0, 7.5, and 7.5 mA for devices with a
modulator bias of 0 V and modulator section lengths of 290,
620, and 1020 m, respectively. These low-threshold currents
show the very low loss of the unbiased modulator as well as the
efficient optical coupling between the gain and the modulator
sections. From the external differential efficiencies measured
at both facets, an optical coupling coefficient of90% is
calculated [48], [49]. Because of the low absorption by the
QW in the unbiased modulator section, the optical loss in
the unbiased modulator section is approximately equal to the
internal loss ( 8 cm ) obtained from external differential
efficiency versus cavity length measurements.

External Cavity Modulators:Wavelength tunable asym-
metric cladding ridge waveguide distributed Bragg reflector
(DBR) lasers with linewidths as low as 36 kHz have previously
been fabricated using an anisotropic grating etch into the
upper cladding [50]. These devices exhibit threshold currents
as low as 9 mA and slope efficiencies as high as 0.3 W/A. We
employ this grating etch along with SAE to fabricate multiple-
quantum-well (MQW) wavelength tunable DBR lasers with
nonabsorbing gratings and monolithically integrated external
cavity EA modulators.
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Fig. 9. CW output power exiting the modulator section versus gain section
current for various modulator biases.

Fig. 10(a) is the schematic diagram of a MQW wavelength-
tunable DBR laser with monolithically integrated external
cavity EA modulator. These devices employ a BH configura-
tion formed by a three-step selective-area growth process [13],
[37]. The laser structure consists of a GaAs:n buffer layer, a
1- m Al Ga As lower cladding layer, an 860-Å GaAs
lower guide layer, three 85-Å In Ga As QW’s separated
by two 110-̊A GaAs barriers, a 960-̊A GaAs upper guide layer,
a 0.4- m Al Ga As upper cladding layer, and a 0.1-m
GaAs:p contact layer. To reduce the lateral current spreading
as well as lower the parasitic capacitance, the sample was
etched in HSO –H O (30%)–H O (1:8:80) forming a 15-

m-wide 0.6- m-deep mesa centered above the BH mesa.
Second-order DBR gratings were formed by electron beam
lithography and reactive ion etching [50]. The gratings have
a 30% duty cycle, a 0.309-m period, and a 0.215-m etch
depth. The gratings are 100-m long and 50-m wide to span
the entire etched mesa width. A 4-m wide contact window
was then opened above the BH mesa along the entire device.
P-side metals consisting of Ti–Pt–Au (15-Å–15-Å–1500-Å)
[51] were deposited and patterned using a liftoff process to
provide separate contact pads to the laser, DBR, and modulator
sections. The pad separation is 15m, centered over the edge
of the DBR grating [see Fig. 10(a)] and allows the grating etch
to serve as isolation between the DBR grating and the laser,
and between the DBR grating and the modulator. The sample
was thinned to 120 m before the n-side metals (Ge–Au)
were deposited and alloyed. The sample was cleaved into bars
to finish the processing.

Fig. 10(b) is the schematic diagram of the dual oxide stripe
mask used during the selective growth of the active region
for the device shown in Fig. 10(a). The distance between
the stripes is 4 m which defines the BH mesa width.
Each oxide stripe is 12 m wide in the modulator and
widens in the DBR laser to 16 m, resulting in quantum-
confined-state wavelengths of 0.999 m and
1.026 m for the modulator and the laser, respectively. Thus,
the wavelength tunability of SAE is used to blue shift the
modulator quantum-confined-state wavelength by250 Å
with respect to the quantum-confined-state wavelength of the
laser. The asymmetric growth mask produces a tapered active

(a)

(b)

Fig. 10. (a) Schematic diagram of a MQW wavelength-tunable DBR laser
with monolithically integrated external cavity EA modulator. (b) Schematic
diagram of the dual oxide stripe mask used during the selective growth of the
active region for the device shown in Fig. 10(a).

Fig. 11. CW output power from the cleaved laser facet versus laser cur-
rent for an uncoated monolithically integrated DBR laser/modulator. Inset:
longitudinal mode spectrum for the same device at a CW laser current of
2 � Ith.

region thickness, and thus a tapered effective index, near the
discontinuity in the oxide width. To prevent the DBR grating
from being highly chirped, the DBR gratings are positioned
150 m away from the change in oxide width [see Fig. 10(b)]
where the active region thickness is relatively constant (change
in active region thickness across the DBR section is calculated
to be 0.62% [31]). This positioning of the DBR grating also
enables the DBR grating to be nonabsorbing to the laser light.

Fig. 11 shows the CW optical output power from the
cleaved laser facet versus laser current for an uncoated device
with a 700- m-long laser, a 100-m-long DBR grating, and
a 490- m-long modulator. The device has a CW threshold
current of 10.5 mA ( 375 A/cm ) and a slope efficiency
of 0.21 W/A. For comparison, Fabry–Perot lasers fabricated
from the same selectively grown material exhibit similar CW
threshold currents (11 mA) and similar slope efficiencies
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Fig. 12. CW output power, measured with a broad-area detector, exiting the
modulator facet versus modulator bias for the same device tested in Fig. 11.
The device was tested with uncoated facets, as well as with HR/AR coated
facets.

( 0.2 W/A). The inset of Fig. 11 shows the longitudinal mode
spectrum of the same device at a CW laser current of .
The peak emission wavelength is 1.027m with a SMS ratio
of 40 dB. Many devices tested exhibit two or three dominate
emission wavelength peaks. We believe this is a result of the
4- m-wide devices operating with multilateral modes where
each lateral mode propagates with a slightly different effective
index [52]. Wavelength tuning of 7 nm is obtained by injection
current heating of the DBR section with a DBR section current
of 60 mA.

Fig. 12 shows the CW output power, measured with a
broad-area detector, exiting the modulator facet versus mod-
ulator bias for the same device tested in Fig. 11. All results
were obtained with an unbiased DBR grating. The device was
tested with uncoated facets, as well as with HR 95%
and AR 2.5% coatings deposited on the laser and the
modulator facet, respectively. The isolation resistance between
the laser and the modulator is 6.0 k. The uncoated device
(HR/AR coated device) operated with a CW laser bias of 50
mA (40 mA) and exhibited an extinction ratio of 18 dB (18
dB) for a low modulator bias of 1 V (1.1 V). The extinction
ratio saturating at 18 dB in Fig. 12 is the result of optical
scattering at the active region thickness taper as well as surface
emission at the second-order DBR grating impinging on the
broad-area detector. When coupled to a singlemode fiber the
extinction ratio for the HR/AR coated device increased to
22 dB for a modulator bias of 1 V and saturated at 40 dB
with a modulator bias of 1.25 V. These fiber coupled results
were obtained with a CW laser bias of 40 mA. The–
characteristics from the cleaved laser facet show only a 60-

W decrease in optical output power when the modulator bias
is increased from 0 to 1.5 V. This slight decrease in output
power is the result of 0.25 mA of leakage current through the
laser at a modulator bias of 1.5 V.

B. Dual Wavelength Source

Multiple wavelength laser sources are of considerable im-
portance for a variety of applications, including optical color
printing [53], WDM [54], and remote sensing by differ-

Fig. 13. Schematic diagram of a dual wavelength source with monolithically
integrated EA modulators by selective-area MOCVD. The lengths of the gain
and modulator sections are 800 and 400�m, respectively, and the radius of
the y-junction s-bends is 400�m.

ential absorption measurements [55]. Several recent studies
have shown successful fabrication of such sources [22], [56],
[57]; however, many rely on a large spatial separation be-
tween elements, and therefore complex focusing optics are
required to align the individual lasers to optical fiber links.
By combining the optical signals monolithically on a wafer,
the alignment restrictions can be eliminated. Lammertet
al. have recently reported a dual wavelength source with
monolithically integrated waveguide coupler fabricated by
three-step selective-area MOCVD [58]. In this design, two
distinct wavelength sources (channels) are guided into two
closely spaced-bend transition waveguides that are separated
at the output facet by 2 m. This small separation allows
relatively efficient coupling of the two channels into a single
mode fiber. For larger channel densities, however, the coupling
efficiency for the outer channels dramatically decreases as a
result of misalignment of the lateral mode with the optical
lens system [59], [60]; accordingly, monolithic integration
of a single output waveguide is preferred. The introduction
of a -junction coupler into the above design appears to be
the simplest approach; however, optical crosstalk between the
channels prevents independent operation of the two sources.
For relatively small biases applied to the high energy device,
the low energy device is optically pumped above threshold. As
a result, both diodes operate simultaneously when only one is
pumped. By monolithically integrating an EA modulator into
each cavity to provide a voltage controllable loss, independent
and simultaneous laser operation can be obtained with a-
junction coupler configuration. In this section, we present the
design, fabrication, and results of a dual wavelength source
with monolithically integrated EA modulators and-junction
coupler by selective-area MOCVD.

Fig. 13 shows a schematic diagram of the dual wavelength
laser devices. Each device is separated by 125m and contains
four sections: a gain section, a modulator section, a-junction
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Fig. 14. L–I characteristics for a dual-channel source operating CW at room
temperature. The threshold current for channel 1 (channel 2) is 9.5 mA (10.1
mA). The inset shows the longitudinal mode spectra for the two channels
biased simultaneously at 15 mA with the indicated voltage applied to the
modulator sections.

coupler, and an output waveguide. The gain and modulator
sections form the active elements in the cavity, while the
passive -junction coupler is used to direct the two signals
into a single output waveguide. The length of the gain and
modulator sections for each device is 800 and 400m,
respectively. The radius of curvature of the-junction s-
bends is 400 m. Due to the strong lateral index guiding
in the BH configuration, the bend loss in the-junction
waveguides is small [61]. In addition, the passive-junction
coupler is designed to have a thinner QW than the gain and
modulator sections and therefore is transparent to the light
generated in either section. Electrical isolation between the
laser and modulator was obtained by etching through the GaAs
cap layer (and into the AlGaAs cladding) between the laser
and modulator sections. This 50-m-long, 0.7- m-deep trench
provides an isolation resistance of1.2 k . Another deeper
etch was performed in the region between the two channels
to provide a 7.5-k resistance between each channel. Finally,
a liftoff process was used to define separate p-contact metal
pads to the individual sections.

Two distinct laser emission wavelengths were obtained for
the two channels by incorporating different oxide mask widths
in the gain regions. The width of the BH (4m) is constant
along the enitre length of the device, and the oxide stripe
widths were designed to produce peak emission wavelengths
at 1.045 m (1.025 m) and 1.017 m (1.001 m) for
the gain and modulator sections of channel 1 (channel 2),
respectively. The modulator for each channel has a quantum-
confined energy state that is blue shifted with respect to the

1 optical transition of the gain section to insure that each
unbiased modulator is transparent to the light generated in
its corresponding gain region. The QCSE is used to shift the
absorption edge of the modulator into the lasing wavelength
of the gain section thereby introducing a voltage-controllable
loss into the cavity.

The devices were tested for light output power versus
current characteristics and spectra. Fig. 14 shows the CW–
characteristics for the two channels biased independently. The

threshold current value for channel 1 and channel 2 is 9.5 mA
and 10.1 mA, respectively. The inset of Fig. 14 shows the CW
longitudinal mode spectra from the same device under different
operating conditions. The three spectra were measured with a
15 mA driving current applied to the gain section of each
channel. Each channel was simultaneously coupled into a
single mode fiber, and the spectra were measured using an
optical spectrum analyzer. The lower spectrum, in Fig. 14,
shows channel 1 and channel 2 operating simultaneously with
modulator biases of 0 V, while the upper spectra show channel
1 “on” and channel 2 “off” and visa-versa. The “off” state
in both cases is achieved by applying a modulator bias of

2 V. A slight red shift of approximately 4 nm is observed
in the upper spectra as a result of junction heating from the
photogenerated current.

C. Broad Spectrum Edge Emitting LEDs

LED’s and superluminescent diodes (SLD’s) with broad
spectral width [62], [63] are attractive light sources for a
number of applications, including fiber-optic gyroscopes and
sources used in conjunction with spectroscopic elements in
remote sensing applications. The fabrication of edge emitting
LED devices is usually based on the separate confinement
heterostructure laser design with the addition of a lossy region
to inhibit feedback in the cavity and thus suppress lasing. Since
the light emitted from these devices consists of spontaneous
radiation, the spectral width and appearance of the emission
pattern will resemble the gain spectrum. With single QW struc-
tures, however, the width of the gain spectrum, for a single

1 transition, is limited by both the source wavelength
[64] and the active region material used. Therefore,

in order to increase the spectral bandwidth of the device,
it is necessary to fabricate a structure which will broaden
the net optical gain spectrum. Several recent studies have
shown a broadening of the gain spectrum, and thus the spectral
width of the emission, by control of the active region design.
A number of approaches have been implemented, including
the use of stacked active layers and multiple asymmetric
QW’s [65]–[67]. Our approach to the problem is to increase
the width of the optical gain spectrum by varying the QW
thickness along the length of the device, in order to provide
additional broadening to the single QW gain profile. In this
section, we demonstrate an InGaAs–GaAs–AlGaAs single
QW broad-spectrum LED by selective-area MOCVD. This
device utilizes both a continuous variation in QW thickness to
produce broadband emission and a rear absorber configuration
to suppress lasing.

Fig. 15 shows the mask pattern used to define the selective
growth of the active region. The spacing between the stripes
defines the lateral dimension of the emitter, and the width of
the stripes at any point defines the quantum-confined-energy
state at that point. The tapered region is pumped to produce a
broadband of light emission, and the constant width dual oxide
stripe section, which has a lower quantum-confined-energy
state than the light produced in the tapered region, acts as
an absorber to suppress lasing. The basis of the LED structure
is the tapered oxide mask region. The variation in oxide width
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Fig. 15. Mask used to define the selective growth of the LED device. The
tapered section defines the pumped gain region, while the symmetric stripes
form the unpumped absorber. The lengths of the pumped and unpumped
regions are 200 and 500�m, respectively.

is designed to provide enough growth rate enhancement, and
corresponding composition variation, along the length of the
stripe to produce a large spectral range of light emission while
simultaneously insuring that the maximum QW thickness is
below critical thickness. All of the devices fabricated have
either a 4- or 10-m stripe opening and are 700m in length.
The lengths of the pumped and unpumped regions are 200 and
500 m, respectively. The oxide width, in the pumped region,
is linearly tapered from 2 m at the narrow end to 25 and
50 m at the wide end for the 4- and 10-m stripe openings,
respectively, to take full advantage of the broad tuning range
available with the selective growth process.

The devices were tested for light output power versus
current characteristics and spectra. Shown in Fig. 16 are the
output spectra from a 10-m-wide LED device tested at
several different pumping levels. At relatively low injection
currents, the emission from the LED exhibits a broad spectral
width of 84 nm centered at 1.0m with the spectral linewidth
of the emitted light determined by the net gain profile of
the tapered QW. As the injected current is increased, second
state emission from the InGaAs QW becomes evident in
the spectrum until the emission from the QW saturates, and
the carriers leak out into the GaAs barriers and undergo
recombination at shorter emission wavelengths. The optical
spectrum at this pumping level displays a broad spectral
linewidth of 165 nm. At higher pumping levels, emission
from the bulk GaAs, centered at 890 nm, dominates the
spectral appearance of the light emitted. The devices fabricated
in this work showed evidence of second state emission at
relatively low injection currents due to the short length of
the pumped QW region. By further optimizing the pumped
active region, the authors anticipate that the output power, and
spectral bandwidth can be maximized to achieve peak device
performance.

VI. CONCLUSION

Selective-area MOCVD technology has been reviewed, and
progress toward photonic applications has been discussed.
The behavior of selective-area growth is simulated with a
computational diffusion model, and accurate predictions for
the thickness and composition of selectively grown ternary

Fig. 16. Spectra of a 10�m wide LED tested at 15, 65, and 120 mA under
pulsed conditions. The above spectra were measured with a spectrometer
resolution of 1.5 nm.

compounds are obtained. High-performance results have been
presented from BH devices involving SAE during the deposi-
tion of their active regions. These include low-threshold BH
lasers, laser diodes integrated with either intracavity or external
cavity modulators, dual-channel emitters integrated with both
modulators and passive-junction waveguides, and broad-
band LED’s. The performance of these devices demonstrates
the utility of selective-area MOCVD in the fabrication of
future photonic integrated circuits.
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