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Abstract—The progress toward integrated photonic devices by ~ This selective-area epitaxy (SAE) technique gives the ad-
selective-area metalorganic chemical vapor deposition (MOCVD) vantage of GaAs on GaAs regrowth for fabricating strained-
is reviewed. Processing steps involved with fabricating buried het- layer InGaAs-GaAs—AlGaAs BH QW lasers, and additionally
erostructures (BH’s) b_yathree-step techniql_Je are outlined, and a rovides in-olane bandaap ener. control, to fabricate BH
computational model is presented that predicts the enhancement p ' p i ) gap - ay
behavior of selective-area MOCVD. Results are reviewed for devices [13] with different emission wavelengths on the same
several discrete and integrated photonic devices. These includewafer for photonic integrated circuit (PIC) applications. This
low-threshold BH lasers, laser diodes integrated with either material variation can be accomplished in a single epitaxial
intracavity or external cavity modulators, d_ual-c_hanr_lel emitters step using a growth-inhibiting mask [14], [15]. Selectively-
integrated with both modulators and passivey-junction waveg- rown active regions have been utilizeé to integrate laser
uides, and broad-band light-emitting diodes (LED's). g_ ; g > - g

_ _ diodes with other devices such as waveguides [11], modulators
o ot et o, oo 16} 18] and detecors (18], Broadsspectru Iightemiting
lasers, semiconductor materials, strain. ' dlod_es (L_ED’S) [20], [21], laser arrays forwavel_ength-dlwsmn

multiplexing (WDM) [22], [23], and ring lasers witl-coupled
waveguides [24] have also utilized this in-plane bandgap
. INTRODUCTION tailoring feature. SAE also enables the use of high-composition

URIED heterostructure (BH) lasers have been fabricatédGaAs for the burying layer, since no AlGaAs on AlGaAs

by a variety of techniques [1]-[9]. The most commoriegrowth is necessary. Additionally, control of the mesa width
method involves growing the entire laser structure, forming &&n be provided by the spacing between pairs of oxide stripes.
active region mesa by wet or dry etching, and regrowing tiidis gives improved width reproducibility over both wet
burying layer [2]. For InGaAs—GaAs—AlGaAs quantum-weltched BH lasers where undercutting determines the width and
(QW) lasers, this method exposes the easily oxidized AIGaASE regrown BH lasers where meltback affects the width.
optical confining layer and requires the subsequent regrowth ofin this paper, we describe the fabrication process, modeling
AlGaAs on AlGaAs. Since oxides of AlGaAs have desorptioffchnique, and experimental results for photonic devices utiliz-
temperatures much higher than normal growth temperaturt¥] INGaAs-GaAs—-AlGaAs BH's fabricated using three-step
they remain on the device causing poor crystalline quangelective-area MOCVD. Monolithic BH lasers show a wide
and an optically lossy interface region. Etched-mesa BH laséa§ige of emission wavelengths, which is essential for photonic
have been fabricated by hybrid growth techniques using eitiBtegration applications, from in-plane bandgap energy control
metalorganic chemical vapor deposition (MOCVD) or molecwProvided by selective-area growth rate enhancement of the
lar beam epitaxy (MBE) for the initial growth and liquid phasétrained-layer InGaAs-GaAs active region.
epitaxy (LPE) for the regrowth [3]-[7]. All-MOCVD grown
etched-mesa strained-layer BH lasers have been reported thal: BURIED HETEROSTRUCTUREFABRICATION PROCESS

require the use of low aluminum composition cladding layers The devices, fabricated in these studies, were grown by
[1]. It is desirable to fabricate BH lasers without exposingtmospheric pressure MOCVD in a vertical reactor on (100)
AlGaAs and without initiating regrowth with AlGaAs. This Gaas:n substrates. The three-step growth process (see Fig. 1),
can be accomplished using a three-step selective-area MOC¥Rich avoids the difficulties associated with the growth of
process [10]-{12]. 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
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Fig. 1. Growth sequence used in the fabrication of three-step SAE photonic Alp s0Gag.40As c/Active Region
integrated circuits.
Alo.s0Gao 40As
the reactor, and the oxide is etched away in a buffered HF
solution. Finally, the sample is returned to the reactor for GaAs substrate
growth of the upper AlGaAs cladding layer and GaAls:p
contact layer. Fig. 2. SEM photograph and corresponding schematic diagram of the cross

After the growth of the structure is completed, the wafesection of a three-step SAE BH laser.
is patterned with stripes centered directly over the selectively
grown actlye region, an_d th_e GaAsL".pcap is etc_h_ed away No=constant outside boundary layer
on either side of the buried ridge to provide additional lateral . \ .
confinement of the injected carriers. Next, $if3 deposited ' | '

on the wafer, and contact windows are opened in the oxide. \ \ \ !
The substrate is lapped and polished to a thicknessi#5 N=f(x,y) inside boundary layer o
pm, and then n- and p-side metals are deposited. Finally, the 5
sample is cleaved into bars, perpendicular to the stripes, to - 8N N_g—» §
complete the processing. Shown in Fig. 2 are: (a) an SEM and 8x 8x =~
X . . . K
(b) a schematic cross section of a finished BH laser device. .o m“%‘ N §

Ill. 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- o ' _ _
area MOCVD are applid to predict column Il metalorganige, > SEsnste Serar, of snuiaion oo, s o moceiny e
source concentrations. Solutions for reaction parameters @€model. Also noted are the andy-axes labeled in the lower left corner.
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 suppai is the column Il source concentration) is the diffusion
for both the validity of the model and the dominance of gaoefficient, andk is the reaction rate constant. The empirical
phase diffusion on enhancement. parametersV, D, and k are all specific to each column llI

During selective-area MOCVD, a nonuniform deposimetalorganic source.
tion of material occurs across the growth area due to aFor SAE at atmospheric pressure, gas phase diffusion is
lithographically-defined growth-inhibiting dielectric maskwidely accepted as the dominant method of enhancement,
Within a stagnant volume of gas (the boundary layer) [25jather than surface migration, when using growth mask di-
[26], lateral variations in column 1ll reactant concentrationsensions greater than the surface diffusion length [14], [15],
are induced by the growth mask and are responsible for{26]-[29]. Therefore, this SAE model considers only gas phase
nonlinear enhancement of the growth rate across the substdiffusion of the column lIl reactants. The boundary layer
surface. The SAE model focuses on this boundary laysimulation cell is in general a three-dimensional system, but
and a schematic diagram of the simulation cell with pertinetite model outlined in this report is for only a simplified
boundary conditions is shown in Fig. 3. Thendy directions two-dimensional geometry as demonstrated in Fig. 3. Zero
are labeled in the figurej is the boundary layer thickness,net diffusion is assumed along the length of the stripes, so
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the » dimension can be eliminated from this analysis. The 0.4
two-dimensional version of Fick’s diffusion law is applied to | (a) . InGaP
the simulation cell, and the concentration profiles for each 0.3
metalorganic reactant are calculated with a computer-based
finite element solver [30]. 0.2
The diffusion and reaction characteristics are different for .
each metalorganic source, so SAE affects not only the growth 5 0.1
rate but also the composition of ternary alloys consisting @
of multiple column 1l atoms [27]-[29]. The thickness and E 0.0
composition of ternary QW’s can be engineered by the,SiO fz:’ 0.3
growth mask which enables tailoring of effective energy -§
bandgaps across an entire substrate. To model ternary SAE, g

growth rate enhancement profilds(z), are derived for each 0.2
column Il source, and this enhancement data is inserted into
the following equations to calculate the profiles of the thick-
ness,t(x), and indium compositiong(x). The nonselective
thickness and indium composition targets are noted, asd
co, respectively. 0.0
-100 -75 -50 -25 0 25 50 75 100
t(z) = {EFrmm(®) - ¢o + Ermaalz) - [1 —co]} -t (1) Relative lateral position (um)

_ Erym(z) - ¢

Ermm(z) - ¢o + Ernvca(z) - [1 = ¢o]

0.1

(2) 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 thickngess,

c(x)

Empirical values for the reaction parametérsand D/k

are required for each metalorganic reactant and reactor C(f)enrhperatures which can lead to interdiffusion at the InGaAs-

figuration to accurately predict enhancement profiles. T L As interface. Low threshold BH lasers have also been

trimethylgallium (TMGa) and trimethylindium (TMIn) param- ;
eters are found through selective growth thickness profilggown on nonplanar substrates [35]. This method can produce

of the binary compounds GaAs and InP, respectively. gefjarrow as-grown active region widths, but the final structure

) . . IS nhonplanar with deep groove m) which can cause
consistent solutions to the reaction parameters are foun P P9 s% pm)

using two different Si@ window widths of 50 and 12mm. su s_equent processing .pr.oblems. Th_e three_—step SAE process
- . . ._eliminates much of the difficulty associated with regrowth over
After defining the windows and removing the processin

damage, the appropriate material is deposited by selecti\(/ge):(-posed AlGaAs,

area atmospheric pressure MOCVD. After growth, the,SiO Selective-area growth utilizing a patterned silicon diox-

removed, and the thickness profiles are measured using suri’é‘jcg%\maSk was used fto fabricate the strained-layer In-
profilometry [31], [32]. s—GaAs—-AlGaAs SQW BH lasers. Regrown interfaces,

R - . which increase the electrical and optical losses in a laser
As seen in Fig. 4, accurate predictions are obtained er . . )
eterostructure, are unavoidable in this three-step process.

gh;;l;)n[e;ﬁ ap:()jflllrel(ssg:;lns)svﬁso?qr%v;nﬁén_lmgézz AZ?Oé, :é’o/j) These additional losses lead to a 10%—25% increase in
g ° PO Preshold current density [36], but surface preparation

[32]. These two ternary growths were performed with diﬁerer% . . .

gas velocities and reaction chamber sizes. The TMin (TMGghn;g;fessolﬁ?c;rn Loscarggll‘(r)?ﬁg sCL?rrf]agee (;rr(:‘a?)zﬁag:)li iszolafcljinT:s?
f ing the phosph - ic- ) o

parameters are found using the phosphorous- (arsenic-) ba brtance in the SAE process. Initially, 8 80,—Hy,Oy—H,0

compound InP (GaAs), but the arsenic- (phosphorous-) bage :80) solution was used to etch back the exposed crystal

d InGaAs (InGaP) i deled tel ing these ™"~ : .
compouna in s (InGaP) is modeled accurately using ﬁ{ prior to regrowth. This process produced lasers with
A

values. Thus, selective growth enhancement is not depend% hold | 105 mA and pulsed optical
on the column V reactant [31], [32]. These data support tili esholds as fow as 1Y.o MA and puised optical powers as

validity of the SAE model and verify the dominance of gaQIgh as 200 mW [13]. The emission wavelength versus oxide
ripe width for 4um-wide BH mesa devices are shown in

phase diffusion on growth rate enhancement during selectl\iélg. 5. Laser emission wavelengths range from 0.965 to 1.06
area MOCVD. . . .
pm for variation of oxide widths between 3 and 2&k. The
measured wavelengths are consistent with expected values
considering the effects of strain, quantum confinement, and
BH lasers are desirable because of the strong index guBAE growth rate enhancement.
ing and current confinement provided by the heterostructureThe H,SO,—H,0,—H,O wet etch process prior to regrowth
discontinuity in the lateral direction. These features allowesulted in rough growth surfaces and poor thickness control
BH lasers to operate with low threshold currents and higif the residual GaAs layers on either side of the mesa. Both
efficiencies. Impurity-induced layer disordering (lILD) hadactors produced large variations in the threshold currents of
been used to fabricate low threshold BH lasers [33], [34], btlie SAE devices [13]. Since the processing steps used to
this technique has the disadvantage of a long anneal at hfghricate the SAE devices contaminate but not significantly

IV. DISCRETE BH LASERS
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Fig. 5. Wavelength versus oxide stripe width for the selectively grown BFIg- 6. Longitudinal mode spectrum and power output versus current (inset)
lasers. Wavelengths range from 0.96% to 1.06um for oxide widths from 3 of a three-step SAE BH laser with as-cleaved facets operating pulsed at room
¢m to 25um. The measured wavelengths are consistent with values expedi@iPerature Xpeax = 1.022um, Iy, = 2.65 mA).

considering the effects of strain, quantum confinement, and SAE enhancement.

0.7
damage the crystalline surface, a surface preparation which 06 L L=180 um
does not etch the crystal is more desirable. Using a solution of n = 0.97 mA
H»S0,—H,O (1:80), one can remove the surface native oxides % 0.5 F 2" ig'zz
without etching the crystal. This not only enables the surface % 04k R=5
to be extremely smooth but also allows the crystalline layer H
thickness to be defined solely by the growth and not by the L 03
surface preparation etch. Precise thickness control is important g 02 L
for the residual GaAs layers located on either side of the BH ©
mesa because the thinner the residual GaAs layers, the larger 0.1
the lateral optical confinement and lateral current confinement. 0 L Ll
The three-step growth process using thg5B,—H,O sur- 0 1 2 3 4 5 6 7 8 9 10
face preparation [37] begins with the growth of a buffer Current (mA)

1 J— (o]
Iayer, a ]'.ﬂm A|0'§OGGO'4OAS lower claddmg Tg N 890 C) Fig. 7. Pulsed output versus current at low-current levels for one facet of
and a thin (150A) GaAs layer to prevent oxidation. Thej three-step SAE BH lasef , = 0.97 mA, length 18Q:m, active region
sample is removed from the chamber, and a BO&O, stripe width 2um).
mask is deposited on the sample and patterned by standard

lithographic methods. For the 2m-wide BH lasers described effective lateral index step of 0.19. With the application of HR

in this section, the dU?.l oxide §tripe widths are 14 coatings, a submilliampere (0.97 mA) pulsed threshold current
each. An HSO,—H,O (1:80) etch is used to remove procesy ,piained with a similar 18@m-long laser, shown in Fig. 7.

contamination before the sample is returned to the reactog,, optical powers of 170 mWi/facet are obtained from a

for the selective growth of the active region. The lower an%ojum-long 44um-wide BH driven to higher currents. The
upper GaAs barriers have thicknesses of 1020 and 2420 neak optical power of 170 mWifacet is limited by the onset

respectively, and the InGaAs QWI = 625 °C) has a .t catastrophic optical mirror damage (COMD).
thickness of 94A and an indium composition of 24%. The

oxide mask is then removed, and anotheSB,—H,O (1:80)

etch is performed prior to the final growth, consisting of a 50- V. INTEGRATED BH DEVICES

A GaAs layer, a 1xm Alg c0Gay.40AS upper cladding layer

(T, = 800°C), and a 0.15:m GaAs p" cap (I, = 650°C). A. Lasers with Integrated Electroabsorption Modulators

The design of the BH's optimized the optical confinement of Electroabsorption (EA) modulators which operate using the
the lateral mode. The residual 2@80of GaAs on each side quantum-confined Stark effect (QCSE) have been shown to
of the BH mesa raises the effective index in this region onlye important components for multigigabit transmission [38].

slightly above the index of bulk AlsoGa.40As, leaving the Discrete EA modulators have also been demonstrated with
lateral optical confinement largely unaffected. high extinction ratios ¥15 dB) at low biases<3 V) [38],

Fig. 6 shows the longitudinal mode spectrum of a 380~ [39]. Unfortunately, there are many inherent problems associ-
long BH laser f,... = 1.022 pm) with as-cleaved facets. ated with using these discrete devices. These problems include
The inset of Fig. 6 shows the light versus curredit-{) insertion loss (typically>3 dB), intracavity reflections, and
characteristic of this device. A pulsed threshold current of 2.@be need for large optical components for external coupling.
mA (401 A/cn?) and a differential slope efficiency of 0.392Monolithic integration of a laser diode with the EA modulator
WI/A per facet were observed from this device which had awolves many problems of using multiple discrete devices. In
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addition, the compactness of the integrated device results in gain modulator
lower packaging costs. sefﬁon 50 um siction

The fabrication of monolithically integrated modulators ——— %= t=— m—e InGaAs/GaAs
which are low loss when unbiased requires that the quantum- Alo.soGag.40As |__] _[ selective-area epitaxy
confined-state wavelength in the modulator section be blu 0.35 um|~" active region

shifted with respect to the lasing wavelength. One method t¢ Alo.scGao.40As
obtain this blue shift is by growth on nonplanar substrate
% GaAs substrate

[40]. This method has the advantage of only requiring
one step epitaxial growth, but the final structure is usuall
very nonplanar with deep groves-{ pm). Another method Fig. 8. Schematic diagram of a three-step SAE laser with monolithically
to produce a blue shift entails removing the active regidffedrated intracavity loss modulator.
and regrowing higher bandgap material [41]. This method
allows for large bandgap differences between the laser ah@ gain section, causing the lasing wavelength to be just
the modulator, but precise growth control is required toutside the absorption edge of the unbiased modulator. This
match the waveguides and to prevent coupled-cavity effeetfows the unbiased modulator to be transparent to the light
between the sections. A third method to form integrategenerated in the gain section while only a small reverse bias
waveguides involves disordering of the QW [42], [43], but thiacross the modulator is required to shift the absorption edge of
method usually produces QW's with relatively large transitiothe modulator into the lasing wavelength. Operating at small
linewidths. voltages is an important feature of EA modulators due to
Recently, laser diodes with monolithically integrated EAhe absorption peak at the absorption edge decreasing with
modulators fabricated using SAE in the InGaAs-InGaAsiAcreasing bias.
material system have received much attention for applicationsFig. 9 shows the continuous-wave (CW) output power ex-
in long-distance fiber communication [44]-[46]. These devicé$ng the modulator section versus gain section current for
exhibit extinction ratios up to 16 dB for an applied reversdifferent modulator biases for an uncoated device with a 500-
bias of 2 V and over 10-GHz modulation with a voltaggim-long gain section and a 29@w-long modulator section.
swing of 1 V,,. As of yet, littte work has been done onThe device has a threshold current of 9 mA for a modulator
laser diodes with monolithically integrated EA modulators ibias of 0 V. This figure shows that a bias of only 2 V across the
the InGaAs—-GaAs material system that has compatibility taodulator section terminates the lasing of the device for a gain
GaAs VLSI technology. Applications for these devices includsection current of 25 mA. The static modulation properties for
backplane optical interconnections and local area networtksee uncoated devices with gain section lengths of pG0
[47]. and modulator section lengths of 290, 620, and 1020were
Intracavity Modulators: Fig. 8 is the schematic diagram ofmeasured. The gain section of all three devices are biased to
a laser with a monolithically integrated intracavity modulaproduce 5 mW of optical power at a modulator bias of 0 V.
tor fabricated by SAE. Each device is composed of a gafxtinction ratios of 16.5, 19.5, and 20.5 dB are observed for
section and a modulator section separated by aBOwide devices with modulator biases of 2 V and modulator section
trench. The devices employ a single QW BH configuratidengths of 290, 620, and 1020m, respectively. The CW
formed by the three-step selective-area MOCVD growth [13hreshold currents are 9.0, 7.5, and 7.5 mA for devices with a
[37]. The laser structure in the gain section consists of modulator bias of 0 V and modulator section lengths of 290,
0.15u:m GaAs:n buffer layer, a lsm Alyg0Gay.40As lower 620, and 102Q:m, respectively. These low-threshold currents
cladding layer, a 1306- GaAs lower barrier layer, a 100- show the very low loss of the unbiased modulator as well as the
A Ing 25Ga 72AS Qw, a 1200A GaAs upper barrier layer, efficient optical coupling between the gain and the modulator
a 1um Alge0Gay.10AS upper cladding layer, and a Ouln  sections. From the external differential efficiencies measured
GaAs:p™ contact layer grown on a GaAs:n substrate. Tat both facets, an optical coupling coefficient ©80% is
reduce the lateral current spreading, the sample was etclattulated [48], [49]. Because of the low absorption by the
in H;SO,—H,0-(30%)—H,O (1:8:80) for 100 s (etch depthQW in the unbiased modulator section, the optical loss in
~0.75 pm) to form a 15xm mesa centered above the BHhe unbiased modulator section is approximately equal to the
mesa. This etch also forms the »fa wide 0.75zm deep internal loss §; = 8 cn 1) obtained from external differential
trench providing an isolation resistance »1.5 k) between efficiency versus cavity length measurements.
the gain and the modulator sections. External Cavity Modulators:Wavelength tunable asym-
The geometry of the Si©Omask used during the selectivemetric cladding ridge waveguide distributed Bragg reflector
growth of the active region is a symmetric dual stripe geom@BR) lasers with linewidths as low as 36 kHz have previously
try. The spacing between the dual oxide stripes wam&long been fabricated using an anisotropic grating etch into the
the entire device, which defines the BH mesa width. The oxidgper cladding [50]. These devices exhibit threshold currents
stripe widths in the gain section and the modulator section as low as 9 mA and slope efficiencies as high as 0.3 W/A. We
24 and 18:m, respectively, resulting in emission wavelengthemploy this grating etch along with SAE to fabricate multiple-
of 1.072 and 1.05um, respectively. Thus, the modulatorquantum-well (MQW) wavelength tunable DBR lasers with
guantum-confined-state wavelength is blue shifted~800 nonabsorbing gratings and monolithically integrated external
A with respect to the quantum-confined-state wavelength cévity 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

i i ; ig. 10.
cavity EA modulator. These devices employ a BH Conflgur& h monolithically integrated external cavity EA modulator. (b) Schematic

tion formed by a three-step Se|_eCtiV9'area growth process [lg gram of the dual oxide stripe mask used during the selective growth of the
[37]. The laser structure consists of a GaAs:n buffer layer,aative region for the device shown in Fig. 10(a).

1-um Alg goGay.40AS lower cladding layer, an 868- GaAs

lower guide layer, three 8§-In0.24Gao.76As QW'’s separated 7
by two 110A GaAs barriers, a 966- GaAs upper guide layer,
a 0.41:m Alg 60Gay.40AS upper cladding layer, and a Ou.in
GaAs:pr contact layer. To reduce the lateral current spreading 5
as well as lower the parasitic capacitance, the sample was
etched in HSO,—H,0,(30%)-H0O (1:8:80) forming a 15-
pm-wide 0.6p: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 2 -
a 30% duty cycle, a 0.309m period, and a 0.21pm etch
depth. The gratings are 100w long and 50zm wide to span

(b)

(a) Schematic diagram of a MQW wavelength-tunable DBR laser

Power (mW)

1.015 1.025 1.035
Wavelength (um)

the entire etched mesa width. A;4n wide contact window 0 1 s ' . L
was then opened above the BH mesa along the entire device. 0 10 20 30 40 50 €0 70
P-side metals consisting of Ti-Pt-Au (£6-15-A—1500A) Current (mA)

[51] were deposited and patterned using a liftoff process @. 11. Cw output power from the cleaved laser facet versus laser cur-
provide separate contact pads to the laser, DBR, and moduldgd¥ for an uncoated monolithically integrated DBR laser/modulator. Inset:
sections. The pad separation is 1, centered over the edge!zor;gltudmal mode spectrum for the same device at a CW laser current of
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 sammion thickness, and thus a tapered effective index, near the
was thinned to~120 um before the n-side metals (Ge_Au)discontinuity in the oxide width. To prevent the DBR grating
were deposited and alloyed. The sample was cleaved into b#&@sn being highly chirped, the DBR gratings are positioned
to finish the processing. 150 :m away from the change in oxide width [see Fig. 10(b)]
Fig. 10(b) is the schematic diagram of the dual oxide stripghere the active region thickness is relatively constant (change
mask used during the selective growth of the active regidmactive region thickness across the DBR section is calculated
for the device shown in Fig. 10(a). The distance betwedn be 0.62% [31]). This positioning of the DBR grating also
the stripes is 4um which defines the BH mesa width.enables the DBR grating to be nonabsorbing to the laser light.
Each oxide stripe is 12:um wide in the modulator and Fig. 11 shows the CW optical output power from the
widens in the DBR laser to 1um, resulting in quantum- cleaved laser facet versus laser current for an uncoated device
confined-state wavelengths afy;, = 0.999 yum and A\;p = Wwith a 700u:m-long laser, a 10@m-long DBR grating, and
1.026 zm for the modulator and the laser, respectively. Thug, 490u:m-long modulator. The device has a CW threshold
the wavelength tunability of SAE is used to blue shift theurrent of 10.5 mA {;;, = 375 A/cn?) and a slope efficiency
modulator quantum-confined-state wavelength 0250 A of 0.21 W/A. For comparison, Fabry—Perot lasers fabricated
with respect to the quantum-confined-state wavelength of thhlem the same selectively grown material exhibit similar CW
laser. The asymmetric growth mask produces a tapered actimeshold currents~11 mA) and similar slope efficiencies



880 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 3, NO. 3, JUNE 1997

6 1 / f
® : AR/HR Coated cleaved .
o : Uncoated gain
T 0 facet | | section
:1% -3 channel 1 —
]
g -6 modulator
O .
o channel 2 A section
g -9
&2
-15 t
-18 L it ' junction
00 02 04 06 08 10 12 1.4 Y coupler
Modulator Bias (V)
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 cleaved
facets. facet output
waveguide

(~0.2 W/A). The inset of Fig. 11 shows the longitudinal modEig. 13. Schematic diagram of a dual wavelength source with monolithically
t f th devi taCWl atofl integrated EA modulators by selective-area MOCVD. The lengths of the gain

specirum o ] € _Same evice a _a ase_r curret>o th-  and modulator sections are 800 and 408, respectively, and the radius of

The peak emission wavelength is 1.02m with a SMS ratio the y-junction s-bends is 40q:m.

of >40 dB. Many devices tested exhibit two or three dominate

emission wavelength peaks. We believe this is a result of the.. : .

4-pm-wide devices operating with multilateral modes Wher%ntlal absorption measurem_ent_s [55]. Several recent studies

each lateral mode propagates with a slightly different effecti ve shown successful fabrication of such sources [22], [56],

index [52]. Wavelength tuning of 7 nm is obtained by injectio 7I: however, many rely on a large spatial separation be-

current heating of the DBR section with a DBR section curreﬁ\iyee.n elemeqts, and.th(.ar.efore complex foc_usmg_ Opt'PS are
of 60 MA required to align the individual lasers to optical fiber links.

Fig. 12 shows the CW output power, measured with y combining the optical signals monolithically on a wafer,

broad-area detector, exiting the modulator facet versus mdiQe hallgnment rlestrlcuons d can q bel el|m|r|1atedr.] Lammett ith
ulator bias for the same device tested in Fig. 11. All results ave recently reported a dual wavelength source wit

were obtained with an unbiased DBR grating. The device wiiPnolithically integrated waveguide coupler fabricated by
tested with uncoated facets, as well as with HR ~ 95%) thrge—step selective-area MOCVD [58]. In thls_de5|gn, two
and AR (R ~ 2.5%) coatings deposited on the laser and thglstmct wavelength sources (channels_) are guided into two
modulator facet, respectively. The isolation resistance betwedfiSely spaced-bend transition waveguides that are separated
the laser and the modulator is 6.02kThe uncoated device &t the output facet by Zum. This small separation allows
(HR/AR coated device) operated with a CW laser bias of gglatively efficient coupling of the two channels into a single

mA (40 mA) and exhibited an extinction ratio of 18 dB (1g“node fiber. For larger channel densities, however, the coupling
dB) for a low modulator bias of 1 V (1.1 V). The extinctionefficiency for the outer channels dramatically decreases as a

ratio saturating at-18 dB in Fig. 12 is the result of optical 'éSult of misalignment of the lateral mode with the optical
scattering at the active region thickness taper as well as surfigies system [59], [60]; accordingly, monolithic integration
emission at the second-order DBR grating impinging on i a S|.ngle.output WaV(_agwde is preferred.. The introduction
broad-area detector. When coupled to a singlemode fiber ffe2 ¥-junction coupler into the above design appears to be
extinction ratio for the HR/AR coated device increased '€ Simplest approach; however, optical crosstalk between the
22 dB for a modulator bias of 1 V and saturated at 40 dghannels prevents independent operation of the two sources.
with a modulator bias of 1.25 V. These fiber coupled resulf0r relatively small biases applied to the high energy device,
were obtained with a CW laser bias of 40 mA. TheJ the low energy device is optically pumped above threshold. As
characteristics from the cleaved laser facet show only a edresult, both diodes operate simultaneously when only one is
W decrease in optical output power when the modulator biRgmped. By monolithically integrating an EA modulator into
is increased from 0 to 1.5 V. This slight decrease in outp@ch cavity to provide a voltage controllable loss, independent

power is the result of 0.25 mA of leakage current through ti§d simultaneous laser operation can be obtained with a
laser at a modulator bias of 1.5 V. junction coupler configuration. In this section, we present the

design, fabrication, and results of a dual wavelength source
with monolithically integrated EA modulators angdjunction
B. Dual Wavelength Source coupler by selective-area MOCVD.
Multiple wavelength laser sources are of considerable im-Fig. 13 shows a schematic diagram of the dual wavelength
portance for a variety of applications, including optical coloiaser devices. Each device is separated by;#%nd contains
printing [53], WDM [54], and remote sensing by differ-four sections: a gain section, a modulator sectiogjanction
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5 threshold current value for channel 1 and channel 2 is 9.5 mA
Channel 1 ~ and 10.1 mA, respectively. The inset of Fig. 14 shows the CW
ol T Channel 2 longitudinal mode spectra from the same device under different
= Vo operating conditions. The three spectra were measured with a
= 2 H ! 15 mA driving current applied to the gain section of each
E 3r o v channel. Each channel was simultaneously coupled into a
5 2 J ! single mode fiber, and the spectra were measured using an
E, 2+ v Vo optical spectrum analyzer. The lower spectrum, in Fig. 14,
2 J ,J shows channel 1 and channel 2 operating simultaneously with
1k 0.99 1.01 1.63 1.65 107 modulator biases of 0 V, while the upper spectra show channel
Wavelength (um) 1 “on” and channel 2 “off” and visa-versa. The “off” state
0 Loy in both cases is achieved by applying a modulator bias of
0 10 20 30 40 50 60 70 80 90 —2 V. A slight red shift of approximately 4 nm is observed
Current (mA) in the upper spectra as a result of junction heating from the

. - _ photogenerated current.
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 tie. Broad Spectrum Edge Emitting LEDs

dulat tions. . . .
mocuiator sections LED’s and superluminescent diodes (SLD’s) with broad

spectral width [62], [63] are attractive light sources for a
coupler, and an output waveguide. The gain and modulaiimber of applications, including fiber-optic gyroscopes and
sections form the active elements in the cavity, while theburces used in conjunction with spectroscopic elements in
passivey-junction coupler is used to direct the two signalsemote sensing applications. The fabrication of edge emitting
into a single output waveguide. The length of the gain and=D devices is usually based on the separate confinement
modulator sections for each device is 800 and 40@, heterostructure laser design with the addition of a lossy region
respectively. The radius of curvature of thejunction s- to inhibit feedback in the cavity and thus suppress lasing. Since
bends is 400um. Due to the strong lateral index guidingthe light emitted from these devices consists of spontaneous
in the BH configuration, the bend loss in thejunction radiation, the spectral width and appearance of the emission
waveguides is small [61]. In addition, the passisunction pattern will resemble the gain spectrum. With single QW struc-
coupler is designed to have a thinner QW than the gain anges, however, the width of the gain spectrum, for a single
modulator sections and therefore is transparent to the light= 1 transition, is limited by both the source wavelength
generated in either section. Electrical isolation between thi&\ o \?) [64] and the active region material used. Therefore,
laser and modulator was obtained by etching through the GaiAsorder to increase the spectral bandwidth of the device,
cap layer (and into the AlGaAs cladding) between the lasigris necessary to fabricate a structure which will broaden
and modulator sections. This $0n-long, 0.7um-deep trench the net optical gain spectrum. Several recent studies have
provides an isolation resistance ofL.2 k2. Another deeper shown a broadening of the gain spectrum, and thus the spectral
etch was performed in the region between the two channel&lth of the emission, by control of the active region design.
to provide a 7.5-R resistance between each channel. Finall, number of approaches have been implemented, including
a liftoff process was used to define separate p-contact meta use of stacked active layers and multiple asymmetric
pads to the individual sections. QW’s [65]-[67]. Our approach to the problem is to increase

Two distinct laser emission wavelengths were obtained ftite width of the optical gain spectrum by varying the QW
the two channels by incorporating different oxide mask widttthickness along the length of the device, in order to provide
in the gain regions. The width of the BH (4m) is constant additional broadening to the single QW gain profile. In this
along the enitre length of the device, and the oxide striggction, we demonstrate an InGaAs—-GaAs—AlGaAs single
widths were designed to produce peak emission waveleng®®/ broad-spectrum LED by selective-area MOCVD. This
at 1.045pm (1.025 gm) and 1.017pm (1.001 pxm) for device utilizes both a continuous variation in QW thickness to
the gain and modulator sections of channel 1 (channel pyoduce broadband emission and a rear absorber configuration
respectively. The modulator for each channel has a quantuim-suppress lasing.
confined energy state that is blue shifted with respect to theFig. 15 shows the mask pattern used to define the selective
n = 1 optical transition of the gain section to insure that eaadrowth of the active region. The spacing between the stripes
unbiased modulator is transparent to the light generated defines the lateral dimension of the emitter, and the width of
its corresponding gain region. The QCSE is used to shift thige stripes at any point defines the quantum-confined-energy
absorption edge of the modulator into the lasing wavelengshate at that point. The tapered region is pumped to produce a
of the gain section thereby introducing a voltage-controllabl@oadband of light emission, and the constant width dual oxide
loss into the cavity. stripe section, which has a lower quantum-confined-energy

The devices were tested for light output power versisdate than the light produced in the tapered region, acts as
current characteristics and spectra. Fig. 14 shows theIlG¥W an absorber to suppress lasing. The basis of the LED structure
characteristics for the two channels biased independently. Tie¢he tapered oxide mask region. The variation in oxide width
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stripe opening

I =120 mA

Unpumped absorber

cleaved

facets =65 mA

‘a—— 165 nm

Relative Intensity

Pumped active region

i \ 4
=15 mA

Metal | L I L

Contact 800 850 900 950 1000 1050 1100
Fig. 15. Mask used to define the selective growth of the LED device. The Wavelength (nm)
tapered section defines the pumped gain region, while the symmetric stripes
form the unpumped absorber. The lengths of the pumped and unpumfé@ 16. Spectra of a 10m wide LED tested at 15, 65, and 120 mA under
regions are 200 and 500m, respectively. pulsed conditions. The above spectra were measured with a spectrometer
resolution of 1.5 nm.

is designed to provide enough growth rate enhancement, and

corresponding composition variation, along the length of tif@mpounds are obtained. High-performance results have been
stripe to produce a large spectral range of light emission whigesented from BH devices involving SAE during the deposi-
simultaneously insuring that the maximum QW thickness fion of their active regions. These include low-threshold BH
below critical thickness. All of the devices fabricated havisers, laser diodes integrated with either intracavity or external
either a 4- or 1Qsm stripe opening and are 7Q0n in length. cavity modulators, dual-channel emitters integrated with both
The lengths of the pumped and unpumped regions are 200 &edulators and passivg-junction waveguides, and broad-
500 ;m, respectively. The oxide width, in the pumped regiorb,a”d LED’s. The performance of these devices demonstrates
is linearly tapered from 2um at the narrow end to 25 angthe utility of selective-area MOCVD in the fabrication of
50 zm at the wide end for the 4- and 10w stripe openings, future photonic integrated circuits.

respectively, to take full advantage of the broad tuning range

available with the selective growth process. ACKNOWLEDGMENT
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