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INTEGRATED OPTOELECTRONIC CIRCUITS

THE MONOLITHIC INTEGRATION OF

ELECTRONIC AND OPTICAL FUNCTIONS ON A
SINGLE SEMICONDUCTOR CRYSTAL HAS
BECOME KNOWN AS INTEGRATED

OPTOELECTRONIC CIRCUITS.
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7. MTATER/ALS

Semiconductors IBg {eVv} Type x Bgc (ev) Laser

5§ 1.12 1

Ge 0,67 I
GaAs 1,42 b *
ruxm,_xu 1,42-2,17  0-1 0,45 1,985 +
InP 1,35 D +
in) .62, As 0,42-1,42 b +
[, _ M As 0.42-2,17  D-I 0,68 2.05 *
InP - Ino'saﬁao.“ns 0,86 D *
inp - I"O,SJMO.HAS 1,46 D +
["'I-xG'xAsl-yPy : 0,74-1,35 0 x=2,13y +
0,50-1,50 0 +

1ng,53(63).,AL 1o 4

Jable I Bandgap of scme semiconductors, (D: direct, I: indirect).
'mecri.tl.mlompositimxc that separates the typas D and
I, and the eorresponding value of the gap, Egc,uanlso
given. The "+" indicates that laser action is possible for

X<X .
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ENERGY GAP VERSUS COMPOSITION FOR THE QUARTEROSY ABLEP
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FIG. 2

ENERGY GAP VERSUS COMPOSTTION FOR THE QUATERGRY (Ax‘al_x)ycl_yn.
The explanation corresponds to Fig.l '
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Composition dependance of the equal thickness
fringes in an electron microacope image of
AlGaRs/GaRe multilayer structure
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PRINCIPLE OF GRATING COUPLER
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A BACKNARD WAVE {REVERSE PROPAGATION DIRECTION TO INCIDENT WAVE).
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Figure 1

Schematic of the MQW structure. The inscrt schematicall

x=010 x=0.29.
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Phase difference between TE amd “IM nisles as a function of the aplicd bias for the two arhogonmal
tight propagation directions abng [11H0] and JEHIOL The solid lines are lincar Gits 10 the data for
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DIFFEREVT  LIAVEGUDE STRUcT/EES

30.1:.-.

PERCORITANCE pr puwivess N

A =1.09um

a) b) ¢)
Buifered Intrinsic Doped active
intrinsic layer
OV Depletion 0.32 0.16 0.055
[um]
Capacitance Cs
a6
[0/ cm2 ] 73 209
Cd [pf] 1.1 2.2 6.3
Capacitance
variation [1/V) ™ &% 21%
¢ [rad/V-mm) 0.45 0.87 1.33
A =115 um
¢ [rad/V-mm) 0.5 1.08 1.73%
A = 1.09 um
%LEO A =1.15um 80% 43% 25%
W [pJirad-mm] s 20 a5
A =1.15um ' ' )
w frad-mm
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Fig.33 Schematic view of
n/n+ GaAs rib waveguide
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InGaAs/laP:Fe Junction Field-Effect Transistor
for Optoelectronic Integration

H. Aibrecht, H. Huber, Ch. Lauterbach, M. Plihal

0 Introduction

A monolithic integrated combination of pholo-
diode and field-cflect wransistor (FET) in Ing ¢y
Gug yAs/lnP may in future replace the hybrid
structure consisting of an InGaAs photodiode and a
GuAs FET in the fronl end of optical receivers for
wavelengths in the regions of 1.3 pm and 1.6 pm.
The possibility of reducing stray capacitances in the
interconnections further holds promise of impraved
recciver sensitivity,

Before integration is feasible, however, high-qual-
ity discrete InGaAs/InP FETs need to be developed.
Since InGaAs-metal Schottky FETs cannot be fubri-
cated with low gate current because of the low
Schattky barriers [1), junction FETs {(JFET3s) with a
diffused p—n junction are chosen [2, 3). The present
report describes the fabrication of diffused InGaAs
JFET2 on semi-insulating InP:Fe subsirates using &
sch-aligned process iechnology and discusses their
properties.

I JFET Structure and Fabrication

Figure | shows a cress section through an

InGaAs/InP JFET. A 1um thick Sn-doped In,,,.

Giug 41As layer (Ny%=1.5- 10" cm-3) is grown on a
scmi-insulating InP:Fe subsirate. The p—n junction
is produced by diffusion, a sputiered Zn-doped spin-
on oxide film serving as the dilfusion source [E) N
The resulting p* -Ing ,,Gay,,As layer is 0.3 pm
thick. Prior to the vapor deposition of the Ti/Au
gste metallization, the mesa of the future JFET
(250 pm by 500 um chip) is etched using a photore-
sist step und & 250 um wide stripe of semi-insulating
InP:Fe substrate is laid bare for the bond pads for
Ihe drain, source and gate contacts. The further pro~
cess steps are shown schematically in Figure 2. The

Maususcript received oa August 14, 1985

Dr.-Ing. Helmui Albrechi, Miinchen

Herben Huber, Minchicn

Chiml Lauterbach, Miinchen

Dipl-Phys. Dr. rer. nat. Mandred Plikal, Miinchen
Si AQ, Forschuagu i

#ale structure is dikewise prepared by photolitho,
raphy, the photoresist serving as an eiching mask i
the p-contact of Ti/Au as well as for patterning tl
p* —InGaAs layer (Figure 2b) The gate length
here determined by the length of the photoresist an
by the cich time. Using this process, gate lengibs u
to 2um were reproducibly realized. The T-ga
formed during the eich serves as & mask for th
vapor deposition of the Au~—Ge/Au n-contacts
the source and drain. This scll-aligned process o
sulis in the sharp definition of the critical gate-i
drain and gale-to-source distance without the pee
for further alignment steps.

The gate comaci running over the edge of 1k
mesa initially causes .3 short between the p* lay
wed the n—InGaAs layer. A furiher photoresist sie
is therefore added for selectively etching away |t
side of the mesa below the gate metaliization dow
to the semi-insulating JaP:Fe substrate, in whic
region the gale contact forms an air bridge. Figw
3a shows a schematic disgram of a JFET chip wit
bond pads on the InP:Fe substrate for the comtact
The advantages gained by placing the bond pads o
the [nP:Fe substrate are: (i) Separation of the gal
from the gate bond pad, whence (ii) the reduction «
siray capacitances and leakage currents, (iii) superic
mechanical stability because, particularly in the cas
of bonds, the p—n junction is protected from de
siruction. Figure 3b shows 8 scanning electron m:
crograph of the air bridge of & 3 ym gaie coatac

D e Source
rinGais
\’-_ nGads
InP:Fe

Figure 1. Crows section theough an In, ;,Ga, . ANISP:Fe junc
vion field-sllect transistos (JFET)
® o conaa

cwecad @ ®
e

Figure 2. Process sicps of the self-sligned process technoiogy. (a
Gate cominct metaltizuvion, (b} Esching and fixing of gate lengih
(<) Sarippimg of phososesist alier source und drain metaltization



29 Siemens Forsch.- u. Emtwicki-Ber. Bd. 14 (1983%) Ne. 6

Figuse 3. (s} Schematic representation of & JFET chip, {b) Scan-

ning electros micrograph of the air bridge of & 3 um gate coatact

ovir an [aGaAs step 13 um in height 1o the gase bond pad on
the semi-insulating InP:Fa sub

over an InGaAs step 1.5 um in height to the gate
bond on the InP:Fe substrate,

2 Properties of inGaAs/InP :Fe JFETs

Figure 4 shows the typical set of characteristics
of an [nGaAs/InP:Fe JFET with & gale Zpm in
length and 50 pm in widih [abricated by a scif-
aligned process. The doping concentration of the
n—InGaAs layer is 1.5-10'*cm~?; the available
channel depth is 0.7 pm. The maximum drain cur-
rent (al the  pate-source vollage U =0V) s
Tags=2l mA,  where  the  characlerisin  abready
exhibits saturation effects a1 a drain-source voltage
of Up=5V, Channel pinchofl occurs at a pincholl
vollage of U= —6.8 V. The difference between these
two voltage values can be explained with the aid of
& FET model (4] that considers the dependence of
the drift velocity of the electrons in the channel on
the ficld strength. The respeclive scrics resistances Ry
between the gate and source and the gate and drain
were calculated from the set of characteristics as
described in [8], yielding Ry2300 in cach case,
Figure 5 shows the transconductance g, for & drain-
source voltage of U, =5V, The maximum transcon-
ductance g_ is 4.5mS or, normalized to the gatc
width, 32 mS/mm.

% [

ma i

e
& s ,4, -

0 |24 -3

o

2

ST =
% F 3 4 v s

Figure 4. Set of characteristics of an In, ,,Ga, ,,As/laP:Fe JFET
with a gate I um in length and 1350 um in width. I, Drain current,
Uy Drain-source voliage, Ug, Gale-source voltage

1A
L/
7
-8 -6 4 2k ¥ 0
(h—--—-

Figure 3. Transconductance g, of Lhe In, , Ca, . AWINP:Fe
JELT im Fogure 4 o 3 Tunction ol the gate-source vollage Uy
The drsin-source voltage Uy is 3V, Values derived from

Figwe 4. cooo Th 1 valucs for doping comxn-
rations of Nym1.5. 40" cm=#
1t 15
A ] o
l-n'~ 11" I
L 5 G
~104-— - - as
L
1
Mo 4T 6 w2 v o
ty—e

Figure 6. Gaie current I, and gaic capacitance Cyy 1 & function
o the gaie voluge Uy Drain snd source are a1 the same potes-
tial

Further key parameters relating 10 the use of
these InGaAsflnP:Fe JFETs in monotithic inte-

grated photodiode preamplifier combinations, which’

determine the noise level and consequently the re-

ceiver sensitivity, are the gate current I and gate
capacitance Cg as a function of the gate voltage U
With both drain and source al the same potential
(Figure 6) for Us= -5V, eg, Ig=60nA and
C=0.) pF were measured. The I (Ug) characteris-
tic was measured statistically and the Cg(Ug) charac-
teristic dynamically av a frequency of | MHz The
evaluation of the capacitance measurement for de-
termining Cql{ll;) is described in [5].

The gate current I lics between 20nA snd
100 nA, corresponding 10 current densities of 6.6
kAjem? 10 33 kAjem?. Due 1o the nonpassivated
surface in the gate region, I; is certain 10 include a
large proportion of the surface eakage current.

3 Discussion

When the gate-source voltage Ugg is reduced 1o a
value closc to zero, the drain saturation current Iy,
increases far less than in the case of high negative
Ugs values (Figure 4). This is reflected in the shape
of the transconductance characicristic (g, in Fig-
ure 5) above Ugg=—4V. This behavior is induced
by the series resistance Ry in the gate-source region
and the decrease in conductivily in the channel in
the vicinity of the metallurgical p—n junction.

First the influence of the decrease in conductivity
will be considered. Figure 7 shows the measured
doping profile and drift mobility profile u,, over the
channel depth x of an InGaAs/InP:Fe JFET with a
gate 100 pm in length and 200 um in width [3]. This
FATFET test structure came from the same epitaxy
waler as the short-channel FETs discussed above.
The drift mobility sy, lies in the region of 7000
cm?/Vs and is almost constanl over the entire chan-
el depth. In conirast to this, the doping profile
exhibits 2 murked dip as the p-n junction is ap-
proached (small x} that has its origin in the in-
difTusion of zinc (density N, (x)) into the n—InGaAs
layer. This leads to & reduction in the nel doping
concentration N e Ny~ N, (x), resulting in a parallel
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Figure 7. Doping peofile N,— ¥, snd drifi mobilicy profike u,, as

a function of the channel width x of an In, ,,Ga, ,,A8/InP:Fe
JFET with a gaie 100 um wn leagth and 200 gm in width

. Siemens Forsch. w. Entwickl.-Ber. B, 14 {1985) Nr. & 97

reduction of the free electron density
aix}= Ny - Nyfx), )

where N, denotes the spatistly independent donor
density in the n-— InGaAs. The average conductivity

M=chptete faiar

increases correspondingly slowly as small values of x
are approached, this being ultimately reflected in the
slight increase in 75, st low values of Ugg. In(2), ¢
denotes the clementary charge and a the available
channel depth. To realize oplimal values for the
saturation current fp,,, and the transconductance '
A constant n-doping up to the edge of 1he p—n
junction would therefore be advantageous. The
theoretical transconductance characteristic ia the re-
gion of low U, vaiues in the case of & constani
doping concentration of n=1.5-10"" em"?, corre-
sponding to the maximum doping concentration in
Figure 7, is indicated in Figure 5.

The scries resistance Ry enhances these effects
but has lile influence on the JFETs of relatively
low transconductance considered here. With the sa-
tration currenl fy,,, only the voltage Ugg— Ryl
is effective on account of the ‘voltage drop Ryl
The transconduclance g (Figure 5} calculsted from
the measured characteristics is related to the internal
transconductance g, {R,=0)} of the JFET corre-
sponding to [7]

]
TR o)

For g, =4.5mS (Figure §, U,;=0) and R, =300,
the internal transconductance g, calculates with {3)
at 5 mS. Considerably larger improvements are 10 be
expected, however, from JFETs with higher g val-
ues and the same Ry, [n some of the JFETs with s
gate length of 2 um the deain curreat was observed
10 increase in the saturation region with increasing
Upg in the case of high U values. This effect, which
reduces the drain-source resistance, is induced by an
additional rise in current due 1o a concentration of
imparity centers in the region of the InGaAs/InP:Fe
interface. This can be avoided by interposing an
undoped buller layer between the InGaAs and the
InP:Fe subsirate or by the realization of betier
InP:Fe subsirate properties.

4 Outlook

Sell-aligned InGaAs/InP:Fe JFETs with bond
pads for the source, drain and gate contacts brought
out on the InP:Fe subsirate were implemented, Bond-
ed JFET chips with & gate length of 2pm and a
channel doping concentration of 1.5.10'% ¢m-?
show gate currents lower than 100 nA with a good
current saturation behavior. The slight increase in



MONOLITHEC APPROACHES
INTEGRATION LEVELS

The difficulty to interconnect devices increases with the number of
components and/or interfaces. To reduce the number of interfaces,
future integration trends are, therefore, directed towards a mono-
Vithic approach, where a majority of devices are directly fabricated
on a common substrate. Inspection of Table [ reveals that

almost all the devices listed can be made with [II~V semiconductor
materials. Direct energy gap materials that can be epitaxially grown
by lattice matching to a suitable chosen swstrate (e.g, A]:Ga]_:AS-GaAs.
In]_yGaxAs]_yPy-lnP etc.) are preferred. It should be noted here that
Si is a poor electrooptical material because it possesses an indirect
fundamental band gap and a center of symmetry uljich forbides a '
1inear electrooptic (Pockels) effect suitable for phase modulation.
But Si possesses good mechanical and electrical properties that may

make 1ts use a substrate and electrically active material very attractive.

As any optical system requires the signals to be converted electro-
opticaily, one can identify three types of monolithic integration
efforts : a) e]ectfical-optica] camponent integration, b) optical-
optical canponent integration and ¢) combination of &) and b). These
types of integration efforts experience also various levels of comple-
xity. Intuitively, it might be tied to the number of device components
on a given substrate. As batch processing permits the fabrication of
many devices simultaneously, this is not necessarily so : the fabrica-
tion of a laser array is actually slightly simpler than that of an
individual laser, as iong as the array components need not to be

addressed individually. The level of complexity is thus preferably

52

Judged by the difficulty of the fabrication and/or assembly steps

ﬁnd the sophistication of the eventual system requirements. The mutual
conpatibility of all physical parameters, fabrication steps and systom
aspects are a prerequisite to any integration effort. In the following,
some of the considerations will be discussed along with a} and b). As
research and development efforts arg preaccupied with a) and b), we

will forego discussion of c).
ELECTRICAL-OPTICAL INTEGRATION

The integration of a detector with a preamplifier is compatible with
conventional electronic integration. The only optical requirement is
to achieve the highest conversion efficiency possible. The primary
advantage of this integration step lies in the elimination of para-
sitic impedances that will improve the speed and sensitivity of the
detectors,

The integration of a laser with an electrical driver already poses a
severe restriction because a laser needs an optical feedback mechanism
besides the optical gain. Early integration attempts relied on cleaved
laser mirrors that strongly limited the substrate length. This reduces
the possibilities to arrange and design the transistors. Removal of
the heat may also becane a problem because the lasers are high current
density devices (j - 103 A/cmz) and sensitive to temperature. In ad-
dition, the semiconductor layer properties of the transistor differ
with those of the laser. The growth cycle for the layer fabrication for
this type aof integration has to be modified. The active layer of the
laser is ewbedded in highly conductive, but Tow index cladding layers

to isolate the optical modes from the contacts and the swstrate



material. Accordingly, the fabrication of an integrated laser and

driver cannc longer be on the same physical plane.

This brief discussion only serves to underiine the great challenge

posed by theelectricaloptical integration. M. Hirao et al} recently
presented a complex driver circuit integrated with a laser. The high
quality of the driver was obtained by fabricating one laser mirror

by reactive ion etching. The latter proces; only resulted in a small
degradation of the laser output efficiency. This success demonstrates

8 first step of a fully integrated optical repeater based on a detsctor-
ehnﬁulmwﬁuﬁn@mnmﬁMWHJchMMmﬁm.mmuw

will discuss the progress in this domaine in a companion Seminar,

- OPTICAL-OPTICAL INTEGRATION

.

3.1, APPROACHES
The integration of optical modulators with other optical wavequide

camponents such as bends, branch couplers and/or tapers to form indi-
vidual switches and switching arrays can be controlled with planar
technology. Similarly the formation of laser arrays only becomes
complicated if the interconnecting electrodes are separated (sec
Fig. 1.}. Optical waveguide devices that contain semiconductor
Jasers must also provide means for heat sinks, electrical contacts,
feedback and possible monitoring circuits. The integration of a

laser with a detector requires at least a particular solution of the
feedback problen. As this combination opens up new possibilities, a
brief discussion of recent developments appears appropriate, Figure 2
shows a schematical arrangement of a semiconductor laser with an
optical detector to monitor the laser emission. In this arrangement

the laser section is formed between the mirrors M] and "2' The

detector lies between mirrors M3 and H‘. Preferably a1l the mirrors
are formed by reactive ion etching in plasma (RIE) with the possible
exception of Ml and M4. The gap between "2 and H3 should not exceed

S um for efficient coupling of the laser radiation into the detector.
The etched mirrors need to be very flat (preferably hetter than A/10).
Deviations from the mirror planarity result in scattering loss and
poor radiation patterns but cause only a weak increase of the laser
threshold current. As this integrated structure requires no special
crystal growth and the mirrors are fabricated by RIE, the fabrication

technology is completely planar.

The advantages of this structure are striking : Lasers can be tested
before final mounting with their built in selfaligned monitor. There
15 no need for a camplex assembly as in present commercial structures
where a special monitor diode has to be aligned with the laser. New
device possibilities are obtained : a) ca-laserszwith (or without)
integrated detectors, b) the integration of laterally phase coupled3
laser sections of different lengths provides a frequency stabilized
enission similar to that of C3-1asers. But the operating stabitity
of these new devices is potentially higher than those based on clea-

ving because of improved mechanical and thermal stability.

One of the most challenging subjects in integrated optics is the
integration of semiconductor lasers with other optical waveguide
canponents. This type of integration will enable to control complex
optical interactions and permit novel optical functions. The requi-
rements for semiconductor lasers and amplifiers (active devices),

modulators and waveguides (passive devices), are sumarized in



Table 11 . As lasers and optical amplifiers are high gain devices,
they can tolerate a relatively high scattering loss if compared to
passive components. But they require strong optical waveguides and
optical feedback for efficient and reliable operation. In contrast
to passive waveguides, lasers have also high operating current den-
sities and operate very close to the bandgap. For this reason the
active laser material would show high losses if used for optically
passive devices.

4
Fartunately, a number of I1!-V compounds form conplete solid solutions
that can be grown epitaxially to give a wide range of possible band-
9aps and optical dielectric constants. Starting with the basic epitax-
ial growth techniques such as liquid phase epitaxy (LPE), molecular
beam epitaxy (MBE) and metal organic chemical vapour deposition
(MoCVD), a variety of active and passive device integration possibi-

lities are obtained. They are schematically represented by Fig.3.

The separation of passive and active device functions can be achieved
by processing of a layer growth sequence as indicated by Fig. 3a).
Energy transfer is obtained through modal interactions that couple
the active layer modes with the passive ones. Feedback can be intro-
duced by etching vertical mirrors and/or fabricating gratings (DBR)
on the passive wavequide sections after the active region has been
removed by etching, This approach was pioneered by Y. Suematsu and is

actively persued.4

The second method is also based on regular epitaxial growth of cladding
and active layers. Subsequent 1ithographic and etching steps define the
active regions. The passive waveguides are obtained by a second growth
cycle (often referred to as regrowth) as shown by Fig. 3. This complex
technalogy can in principal be applied with any epitaxial method. But
it requires a very high degree of control of both etching and growth
rates. Residual contaminants left gver from the processing steps prior
to the regrowth must be avoided. The active guide energy is transferred
by butt coupling the efficiency of which is controlled by the overlaps
of the active and passive model fields. Due to the similarity of the
indices of refraction the reflectivity at the butt is quite low unless

special separating layers are introduced.

Figure 3c represents an approach with MBE and LPE when local growth is
controlled by means of masks. Suitable masks are Si and refratory mate-
rials for MBE and A1203 for LPE. The active and passive regions so
defined can be made to have tapered ends as indicated in Fig. 3c. The
tapering of the iayers permits the adiabatic conversion of the modes
assoCrated with the active and passive region, For smooth tapered layer
sections the mode coupling efficiency approaches 100 t. This structure
thereby lacks useful reflection for feedback purposes in laser devices.
To grow contiguous layers of different composition and/or doping is
feasible with LPE, where the melts can be separated by a spacer. This

resutts in a structure according to Fig. 4d.

The various methods give a wide range of possibilities to solve the basic
interconnection problem between active and passive waveguide sections in a
monolithic fashion. With the same techniques it should also be feasible to

control the doping levels laterally to also facilitate electrical integration,



3.2.

As already pointed out above, the crystal growth methods do not pro-
vide good control of the feedback needed for laser integration. Etching
the mirror facets by RIE is not always a good solution in many cases.
The application of DBR and DFB principles are very worthwhile, because
of their frequency selecting and stabilizing properties. In cases
where regrowth is not desirable, DBR looks very attractive as the neces-
sary grating fabrication can be a final processing step. Feedback based
on OFB i$ generally difficult to achieve without a regrowth step, Advan-
ced growth and 'processing methods must be developed to overcame those
very fundamental problems. However, for certain applications we may

also use mirrors cleaved in the passive section.

Same results of modified crystal growth are represented by Figs, 4 and 5.
Figure 4a shows the selectively excited luninescence of an active tayer
grown by the modified LPE with an MZOS mask.5 The nominal cross section
of the layers are given by Fig. 4b, The photamicrograph of Fig.5 depicts
the tapered regions of an angle lapped cross section of the active layer
grown by masked I“IBE.6 The length of the tapered region can be reduced by
decreasing the distance of the mask from the substrate. Based on such
modified crystal growth, a nunber of applications to form integrated
optical devices with novel functions are possible. Three examples will
be discussed to indicate same possibilities on the integration level

and its function.

TAPER COUPLED LASERS

The integration of passive waveguides by means of taper coupling as
discussed above can potentially lead to an improved performance of

cleaved laser devices : (i) Taper coupling provides a means of burying

——

the active region in a passive matrix. Current injection and non radia-
tive recambination at the mirrors can thus be campletely suppressed. The
major cause for mirror degradation is thus eliminated. 1) The passive
waveguides can be designed to act as strong mode filters and mode
transformers. The mode filtering enhances the oscillating transverse
mode stability, and the mode transformer facititates coupling to inter-
ral and external wavequides, iii) A monanode passive filter is very
effective to discriminate against spontaneous Tight. This will reduce
the optical oscillating 1ine width and favour of single frequency ope:;ation.
iv} The incorporation of frequency filters {e.g9. gratings) or interfero-
meters has already been considered for possible frequency tuning.

v) The long resonator length also permits the contro] of the longitu-
dinal mede spacings to favour the fabrication of integrated phase modu-
lators suitable for phaselocking or other applications (see below).

This short list of attractive performance features alone warrants a

research and development effort.

Figure 6 is a photomicrograph of an active oxide stripe defined gain-
guided amplifier (MO.OSG‘O.BSAS) taper coupled to & passive mononode
waveguide, The demarcation between the active and passive section is
clearly visible in the center. To also permit good lateral mode selection,
a multimode passive rib wavequide is coupled to the ;llonunode wavequide

via a lateral taper. The rib waveguide is clearly visible in Fig.6,

and it is about 5 \m wide and Tm long. The full length of the passive

section is not shown to provide a better resolution of the taper zome.
Only the rib wavequide near the center was connected to the amplifier
part. The separation between passive rib waveguides is 50 um. Part of

the oxide stripe definition can be seen near the cleaved active mirror,



3.3

The nearfield pattern of the modes as observed through an infrared
image converter are shown just outside of the active and passive
regions. They clearly demonstrate that this device operates as a mode
selector and transformer. As the axide confinement was not very effec~
tive, the active nearfield ewission is quite large (-~ 15 ym} and thus

poorly matched to the passive rib wavequide.

Taper coupled structures of a simpler design were operated CW with

good frequency and mode stability pravided they contained a sufficiently
strong lateral guide in the passive section. Devices with no lateral
guiding were also fabricated and operated C. They were very instable
and showed very strong kinks in the light vs. current characteristics.
The stabilizing properties of passive lateral waveguide are thus

clearly demonstrated, 7

INTRACAVITY FREQUENCY MODULATION

This integrated device consists of an intracavity arrangement of an op-
tical amplifying and a phase modulator section. Figure 7 shows a schema-
tic cross-section of the amplifier and phase modulator. Feedback is
obtained by the cle;ved mirrors, Modulator and amplifier are electrically
isolated by a groove etched between them. Light emission and gain is
provided through the amplifier section. The guided wave modulator serves
to adjust the round trip phase of the light by means of the linear elec-
trooptic effect. The oscillation is maintained oy the frequency adjustment
of the emission to provide for a zero net phase variation. The cambination
of phase modulaticn with an optical amplifier thus cam result in a true
frequency tunable device {without an undesirable amplitude modulation

conposant). The tuning range is )imited by the relative modulator phase

b

t

variation 6n/ne. where én equals the variation due to the Pockels
effect and Ne is the effective grouwp index of the modulator waveguide,
The maximum value for the optical wavelength variation is &1 + G"emax'
Yalues of an/ne - 10'4 are readily achieved. A prototype device with

dimensions given by Fig. 7 has confi med these etpectations?

Applications of this integrated structure could be varied ; (i) Stabi}i-
sation of the laser emission for frequency and mplitude; (ii) Laser
frequency modulation; {i11) Laser amplitude modulation and {iv) Controlled
mode locking for fast pulse generation. The first two applications are
self-evident and will not be discussed any further. The laser amp11itude
modutation (i11) could be achieved by passing the frequency modulated
light throwh an adequate frequency discriminator. Figure 8 represents
such a modulation scheme when using a spectrometer of 0.1 § resolution. A
variation of the modulator bias of + 1.5 ¥ results in a modulation depth
of 90 %. This would in principal pemit very fast modulation with switching
energies less than 1 pd. As high quality wavequide filters are practical,
we could replace the spectraneter by an integrated i-filter. Phase
locking (iv) is camonly recognized as a powerful means to generate
ultrashort pulses. The large gain bandwidth of a laser could permit

pulse durations as short as a few tens of femtoseconds. Nonlinear and
dispersion effects could, however, lead to a large reduction of the

useful gain bandwidth. But a conservative estimation indicates the
feasibility of pulse durations under | ps. The advantage of an active
mode locking scheme over the previously demonstrated saturable absorp~-
tion method will primarly 1ie in the increased reliability, Considerable
research will though be necessary to demonstrate this pulse generation

technique,
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3.4, PLANAR LASER INTEGRATION WITH BRAGG REFLECTORS

The monolithic integration of optical circuit canponents must be entirely
canpatible with planar technology. One of the most direct concepts is
based on the demonstrated feasibility of growing wafers with distinctly
separated active and passive sections. The coupling between these regions
is well controllable with the naturally occuring tapering of the layers
at their boundaries. The modified crystal growtn necessary is probably
easier to control than etching and regrowing of large wafer section. To
provide the feedback for )asers, DBR appears to be almost ideal, because
it can be one of the final processing steps in integrated device fabrica-
tion. Accordingly, there will be fewer constraints for BBR than for OFd,

where the qrating has to be very ¢lose tn the resieon of the active zone.

The cross section of the first DBR device is given in Fig. 9. A third
order holographic grating with a periodicity A = 0.3865 . was fabricated
on the passive waveguide between two active taper coupled waveguide re-
gions A and B. Cleaved mirrors in the active region as indicated in

Fig. 9 and the grating provided feedback for laser operation of either
laser A or B, In a typica) operation mode, current would be applied to
section A, The unpumped section B served as a termination and quaranteed
minimm feedback from its mirrors. Laser action was observed for a
current density j H kA/mz. A very narrow emission spectrum which is
reproduced by Fig. 10, was observed with a current density of 6 kA/cnz.
This result indicates a full bandwidth of the DBR laser near | R. the
bandwidth of the dmminant modes at the half power points taken from

Fig. 10 is 0.2 R. The fine structure of the spectrum probably was caused
by a number of longitudinal and latera) modes that coexisted in this

broad area device.

VIII.

2

The structure of Fig. 9 provides for the possibility of operating the
second section as a detector or a laser amplifier. This implicit inte-
gration level was not demonstrated as the long grating lemgth (1,5 mn)
and the relatively high loss of the passive waveguide {20 cm'l} preven-
ted useful coupling to section B. Better control of the crystal growth
and all the processing parameters will eventually permit a multicom-

ponent integration in the future.

CONCLUSTONS

The exawples given above outline the feasibility of a monelithic optical
integration approach. The controlled growth of the basic crystal layers
to form desired patterns emerges as the most crucial topic; but the
processing and assembly technologies are also of great importance,
Trade off between the complexities of the crystal.grmth steps, the
processing technologies and the design is possible to a certain extent.
As layer dimensions, camposition and doping level tolerances can be
reduced, the greater the design flexibility will be. This s illustrated
by the case of taper coupling between modes of different layers : the
precise shape of the taper is not tmportant for efficient coupling as
long as {t is smooth, several um long, and its fabrication does not
result in any new defects. Actual and anticipated system requirement
pemit a varying level of escalating complexities that can already be
identified, Research directed at fundamental problems {e.g. quantuw
wells, superlattices and quantum effects) may provide the clues to

their resolution,

Research and development in the technological damain is likely to ferti-

lize systems and fundamental aspects. With no universal solution in
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$ight we must not laose sight of the practical implications imposed by

them to meet the challenge.
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Monolithic Phase-Locked GaAlAs Laser Arrays

F. Kappeler

0 Introduction

The high structural and compositional unifor-
mity of epilaxial layers grown by recently developed
methods allows the integration on one and the same
substrate of a large number of semiconductor lasers
arranged side by side. The original objective of Lhis
¢flort was to obtain higher power levels in a stable
radiation pattern than those available from a single
laser [1-3). The lateral oplical coupling of closcly
spaced laser resonators provides however certain ad-
ditional leatures such as phase-locked operation and
lengitudinal mode selection [4, 5. These valuable
features open up a wide range of applications for
optically coupled laser arrays in both 1he classical
field of high-power lasers and the ficld of optical
communication, where information has to be distrib-
uted and transmitted at high bit rates.

The purpose of this report is 0 survey the de-
sign, performance and applications of various types
of GaAlAs laser arrays recently developed at our
laboratories. A short discussion of the basic cou-
pling effects will be followed by descriptions of three
types of laterally coupled multiple-stripe laser de-
vices:

{a) high-power laser arrays,
(b) arrays with a controllable radiation pattern,
() dynamic single-mode laser arrays.

Special auention is devoted 10 the laterally cou-
pled waveguide {(LCW) laser, a novel triple-siripe
structure offering  attractive features for optical
transmission at high bil raes in long-haul optical
communication sysiems.

1 Coupling Effects

Figure 1 shows a schematic view of an array of
five gain-guided lasers. In the transverse direction
the electric carriers are confined and the opticat
wave is guided by either a conventional double-heterg-

ipt ived on September §, 1983

Dr.-Ing. Franz Kappeler, Miinchen
Siemens AG, Forschungsisboratorien

structure (DH) with a 100 am thick active layer or
by a multiple quantum well (MQW) structure [6],
both grown by melal-otganic vapor phase cpitaxy
(MO VPE) [7]. In the latier case the active layer is
divided into a number of extremely thin sublayers
with different band gaps. The potential wells thus
formed help to improve the optical coupling be-
tween neighboring laser channels.

Optical coupling in the lateral direction takes
place when the individual laser stripes are arranged
$0 close together that their lateral field profiles over-
lap. Consequently the coupling efficiency should in-
crease with decreasing center-to-center spacing D.
Lateral optical coupling produces two main ef-
fects:

One is thut the optical loss between the lascr
stripes is drastically reduced due to the electrical
and optical pumping from adjacent emitters. This
effect reduces the threshold current per stripe and
improves the differential efficiency as a function of
the center-to-center spacing D. As shown in Fig-
ure 2, the pulsed threshold current per stripe of DH
arrays decreases from 100 mA, which is almost the
threshold of & single-stripe laser, to about 30 mA as
D is reduced from 40 pm 1o 8 pm. Still lower vailues
of 22 mA per stripe were achieved with MQW ar-
rays. At the same time the diffcrential efficiency per
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Figure 2. Threshold current I, per siripe snd dilleventinl of-
Fciency §, of DH and MQW arrays versus the center-to-center
paciag D

facet increases up to 0.4 W/A for DH arrays and up
10 0.55 W/A for MQW arrays. Thus the reduction of
the optical loss considerably improves the power
vonversion clliciciwy of o biser array over that of o
single laser,
The other cfiect of lateral optical coupling is the
phase-locked operation of the individual emitters of
an array. Similarly 10 a system of coupled oscil-
lators, an array of N coupled lasers has N allowed
cigenoscillations known as supermodes. In each
supermode the array clements oscillate in syn-
chronism at a specific frequency with & specific spatial
distribution of their amplitudes and relative phases
[8, 9). Figurc 3 shows for cxample the supenjnode
patiemns of a S-swipc array calculated analytically
[11] for the simplified case of planc-wave emission. It
is evident from Figure 3a that k-1 sign reversals
and k intensity maxima occur in the kth supermode,
leading to in-phase operation of all emitiers in the
fundamental mode and 10 180° out-ol-phase oper-
ation in the highest-order supermode. The phasc
shifts of the near fields greatly influence the corre-
sponding far-ficld patierns (Figure 3b).

Whereas only the fundamental supermod_e .
diates in & single lobe, the far ficlds of the higher-
order modes are split into iwo main lobes whose
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angular distance increases with rising mode number.
The widsh of the lobe itself depends on the effective
array aperture, reaching the diffraction limit in the
ideal case of piane waves.

Of the N allowed supermodes only the one with
maximum modal gain will oscillate, ie. the mode
having the best overlap with the gain profile induced
by the injected charge carriers. In an array of uni-
formly spaced emitters, usually the highest-order
supermode is preferred [8, 93. it is aiternatively pos-
sible, however, 1o sclect the fundamenal supermode
by appropriately choosing the gain profile viz the
geometry of the coupled emitters [10, 11} Due¢ 1o
the quenching of some emitters the intermediate
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Figure 4. Spoctrally resolvod near field (s) and Lateral far fieid {b)
of an MQW array with (0 stripes on 10 ym cemens {1 wave-
leogth)

supermodes have only a small modal gain, whence
they are usually not excited.

Figure 4 demonstrates the phase-locked oper-
ation of an implemented 10-stripe MQW array. It
will be seen from the specirally resolved near ficld
(Figure 42) that all laser elements oscillate in syn-
chropism, having identical spectra of a few longitu-
dinal modes. I should be noted that the spectral
width of this phase-locked array is about ten limes
narrower than that of a single gain-guided laser due
10 the frequency-sclective effect of the lateral optical
coupling. The Jateral far-field patiern consists of (wo
lobes of less than 2° FWHM. This means that, as
expected, the array operaics predominantly in the
highest-order supermode.

The phasc-locked operation discussed above is
very useful for applications in which high power and
$ood spectral and spatial coherence are esscntial.

2 High-Power Laser Arrays

Due to the high unilormity of the epitaxial layers
grown by MO VPE it is possible 1o integrate a large
number of phase-locked lasers on one and the same
substrate. Figure Sa shows a micrograph of an ex-
perimental MQW array consisting of 40 laser stripes
on [0 um centers integrated on 2 0.4 mm by 0.5 mm
chip. This device reaches a maximum cw oulpul
power of 1.65W per facet for a current of 60 A

(2] 4 q05
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Figure 5. Experimental high-power phase-locked uver rray. (s)
S ing ¢heciron miccograph of an MOQW areay chip with 40

iaser ﬂli-puon 10 pm cenlers; the chip dimeasions are 0.4 am by -

05 mm. (6) Ouiput power # per facet snd POWwer convenion
efliciency g, versus Lhe driving currest J (cw operation, 23°C)

{Figure 5b). At this power level the facets suffered
catastrophic optical damage. The tow threshold cur-
rent (LD A or 25 mA per stripe), the high differeatial
ciliciency (0.47 W/A per facet) and, above ail, the
small scries resistance (0.1 4), contribute to the re-
markably high DC-to-light power conversion cf-
ficiency (Figure 5b), which reaches a maximum of
33% wt an output power of 1.1 W per facet. This
good cw conversion clliciency - the highest value
reported in recent literature, e.g. [1, 2] - is essential
for long high-power laser array lifetime.

12-stripe DH laser arrays with an emission wave-
length between 805 nm and 880 nm are currently
being produced on a large scale. The RITAys are
denscly packed in long bars cleaved from MO VPE
walers up 1o 20 mm in length. Typically a bar con-
tains 70 arrays per cm. A | ps pulsc test of 10 arrays
in such a bar distributed across a distance of 14 mm
showed all the devices to deliver at least 0.75 W per
facet with a standard deviation of less than 5% for
both threshold current and differential efficiency

L )
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[12). With | ps pulses it is thus possible to oblain
from a | cm long bar of laser arrays a peak power
output of more than SO0 W,

Ooe  imporiant  application of high-power
GaAlAs lascr arrays is the pumping of Nd; YAG la-
scrs. Since the arrays can be designed 1o emit at precisely
$05nm - the wavelengih of maximum absorption
in ine YAG material - high overall efliciencies can be
realized Another possible application is the direct
optical triggering of high-power thyrisiors. The opti-
cal power of a laser array bar is sufliciently high to
allow the simultancous activation of a group of thyr-
istors aver an oplical fiber bundie. The good coher-
ence properties of phasc-locked laser arrays can fur-
ther be used to generate coherent blue light (440 nm}
by frequency doubling in nonlinear crystals [13].

3 Amrays with a Coatroklable Radiation Patiern

As discussed in Section 1, a phase-locked laser
srray oscillating in a selecied supermode behaves as
a coherent source with a diffraction-limited radiation
pattern. This pattern can be controlled by both
geometrical means, ie. by varying the width and
center-to-center spacing of the laser stripes, and by
clecironic means, ie. by varying the gain and re-
feactive index of the laser channels via their operat-
ing currents,

Both control mechanisms are demonstrated in
Figure 6. Figure 6a shows the radiation pattern of a
triple-stripe array with seven almost diffraction-lim-
ited lobes with an FWHM of 1.6°

As evidenced by the existence of a radiation lobe
at the 0* position, the arcay operates in the funda-
mental supermode. While the angle between the lo-
bes is given by the 15 um center-to-center spacing of
the emitters, the number of lobes is given by the
width of the laser stripes. Thus any reduction of the
cenler-to-center spacing and a broadening of the
stripewidth will result in an array with & single far-
field lobe (single-lobe laser).

Electronic control of the radiation patiern is
made possible by providing a separate elecirical con-
wct for cach laser channcl in ihe array [14]). An
example drawn from this group of devices is a twin-
stripe arrsy featuring electronic far-ficld position
switching over an angle of 20° [15]. The two far-
field positions of this device are shown by
Figure 6b. Bistable behavior can be achieved by the
extremely close optical coupling of iwo laser stripes,
which however have scparate contacts. Swilching
from one far-fickd position 10 the other is vriggered
by small differential changes in the operating cur-
reats around a threshold value. Continuous beam-
sleering over s narrower angular range as recently
demonsirated experimentally in {16] is also possible
with this device.

Due to their high beam directivity, high-power
single-lobe lasers are planned for free-space optical
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communication between satellites [17). Multiple-
lobe lascr arrays can be used in local-area networks
as well as in optical communication systems for the
distribution of information among parallel channcla.
Arrays with a steerabie far ficld hoid great promise
& [ast electrooplical switches for future optical
swilching matrices and high-speed laser printers.

4 Dysamic Single-Mode Laser Ammays

The frequency-selective effect in laterally coupled
lasers offers a new approach 1o realizing single-mode
tor single-lrequency) laser sources that eshibit high
mode stability even during high-speed large-signal
direct modulation. Such laser sources are key cle-
ments in long-haul optical communication systems
operating at wavelengths of 13pum and 1.55 pm.
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Conventional dynamic single-mode lasers such as
the distributed feedback (DFB) laser and the cleaved
coupled cavity {(C?) laser are stabilized by gratings
or multiple Fabry-Perot resonators atranged along
the oplical axis. These lasers provide cflective sup-
pression of unwanted side modes, but show a mar-
ked broadening of spectral linewidth of up 1o several
tenths of | nm under high-speed direct modulation,
ea [18, 19) This chirp effect is caused by periodic
changes of the refractive index in time with the
modulation current, leading to 8 modulation of the
laser {requency. The iransmission range of 1.55 pum
oplical communication systems is here limited by
nonzero dispersion within the optical fiber.

Far higher dynamic mode stability is realized by
the lateral coupling of several laser resonators. The
laterally coupled ridge waveguide (LCRW) laser
[20] consists of three metal-cladded ridge waveguide
resonators [21] spaced on 15 pm centers (Figure 7).
The central laser is 400 um in length and has two
cleaved facets, while the two side lasers have shorter
resonators with one of their faceis defined by ion-
beam eiching [22]. This technique is also used for
ciching the ridge waveguides and separating the
three electrical contact areas, Each of the coupled
laser resonators can in this way be biased indi-
vidually.

For distinct current ratios f,:1,:f, the threc la-
sers synchronize one another and oscillate stably in a
single phase-locked mode. Figure 8a shows the stai-
ic mode spectrum of a tuned LCRW. Duc to the
additional mode sclection provided by the reso-
nators of varying length, the static side-mode sup-
pression ratio. (SSR) of this device is as high as
24 dB, which is ten times better than the SSR re-
alized in a device with three resonators of identical
length [5). 1n dynamic operation the modulation
signal is applied only 10 the central laser. As shown

Figure 7. Scanning clectron micrograph of an LCRW laser chip
with Ihree electrically separated ridge-waveguide lasers of warying
length

°

P S

Figure 8. Single longitudinel mode specira of & phasc-locked

LCRW laser 3t 0 mW, 25°C. (a) Siatic operation (Side-mods

suppression fstio SSR =24 dB), (b) Modulated st 1.0 GHz with
707 wodulation depth (SSR > 20 4B, chirp <0012 um)
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Figure 9. Tuning range of wavelengih 1 versus Ihe opersting
current I, through o side Laser of am oxide-siripe LCW device [5).
1y, 1, =com, 15°C

in Figure 8b, at | GHz and 70% modulation depth
the linewidth still retains its siatic value of 0.622 nm,
which is the resolution limit of the monochromator
used, with an SSR larger than 20 dB. This chirp is
considerably lower than that reported for present C*
lasers [19] and DFB structures [18], where the

76

% Sicoent Forsch.. w EmwickL-Ber. BJ. 14 (1985) Nr. 6

mode hroadens up to several tenths of 1 nm for
similar drive conditions.

The good dynamic stability of the LCRW laser
can be attributed o the fact that a properly tuned
device behaves in the manner of a system of three
injection-locked oscillators. Since the [requency sta-
bility of the \wo side lascrs is not degraded by the
modulation current, thesc reduce the periodic fre-
quency fuctuations of the modulated central laser
very cflectively as known from injection-locked mi-
crowave oscillators [23],

A further advantage of this structure s that the
oscillating mode can be tuned via the operating cur-
rent of one of the side lasers. Figure 9 shows the
clectronic tuning range of a device with three re-
sonators of identical length [5]. A similar wning
range can be expected for the LCWR laser described
above.

$ Coacluding Remarks

The basic leatures of optically coupled multiple-
stripe lasers have been discussed and examples given
to show how these fealures can be used in three
types of devices.

The reduction of the optical loss leads to very
high power conversion cfficicncies up to 36% in
high-power arrays with cw output powers of more
than 1.5 W per facet. The development of high-pow-
er GaAlAs laser arrays grown by MO VPE has ma-
tured to the poini where fabrication will be possible
in the near future,

The radiation patiern of phase-locked laser ar-
fays can be controlled by the emitter geometey as
well as via the operating currents as already demon.
strated by an array emilting a oumber of almost
diffcaction-limited lobes, and by a bistable twin-
stripe laser whose far-field positions can be clecironi-
cally switched over an angle of about 20°.

Finally, a novel dynamic single-mode laser, the
LCRW laser, has becn developed that, due 1o ifs
aciive stabilization by means of two lateruliy ar-
ranged reference lasers, cxhibits very limited line-
width broadening (chirp) even under high-speed direct
maodulation. Because of its simplicity and superior
performance as compared to convenlional single-
mode |asers, an InGaAsP version of the LCRW
structure would appear very autractive for high-
speed oplical communication at a wavelength of
1.55 pm, where chirp is a serious problem.

From the examples cited in this report it can be
concluded that the lateral optical coupling of mono-
lithic integrated injection lasers will find widespread
use in numerous present and future applications.

The awthor s indetied to K. Mettler for making this work
possible, K. Gessner and M. Dvuminki for growing the MO VPE
wabers, H. Westermeier for preparing the LCRW lasers, J. Luft for
preparing and measusing the laser bars and C. Hanke for caku-
lating ihe supermode patterns.

Refereaces

\. Scifres, D.R.; Burnham, R.D.; Lindstrém, C.; Streifer, W;
Puoli, T.L.: Phase-bocked {GaAlAs laser emidting 1.5 W pay
mitror. Appl. Phys. Letters 42 {1943), pp. 645647

1 Scifres, D.R.; Lindstrsm, C.; Burnham, R.D.; Streiber, W.;
Paok, T.L.: Phase-locked (GaAliAs luser diods smilling L8 W
CW f1om a tingle mirroe. Eloctronics Leters 19 (983), pp.
189171

3. Kappeler, F.. Weanermeier, H.; Gener, R. Druminski, M.;
Zschaver, K-H.: High ew power sreay of optically coupled
Ga AllAs onide mripe lasers wilth de-4o-light convenion -
ficiencies of up 10 36%,. 9th JEEE fm. Semiconductor Laser
Conf,, Rio de Janciro (1984), pp. 909§

4. Kapon, W.; Keiz, J.; Margalin, 5. Yariv, A Longitudinal-
mode conlrol in imegraied semiconducion laser phased arrayy
by phase-velocity matching. AppL Phys. Letiers 44 {t984), pp.
157199

5. Kappeler, F.: Dynamic single-Irequency low-chirp operation
of a laterally coupled waveguide (LCW) lnser. Eleciromics
Leuwers 20 {1984), pp. 1040 - 1044

6 Yaang, W.T.: Entremcly low thrshold (ANGajAr modified

g well i lssers grown by molecular
beam epitaxy. Appl. Phys. Leuers 39 (1981}, pp. 703-787

7. Dewminski, M.; Gessner, R.. Kappekr, F.; Weniermeier, H.;
Woll. H-D.; Zwchuuer, K.-H: MO ¥PE (ALGaIAS/Gars
570 nan ouvde siripe lasers with highly uniform luser chasacier-
istics. Publication pending in Jap. J. of Appl. Phys.

K Kapos, E; Ksiz, ).; Yarw, A.: Supermode analysis of phase-
locked arrays of smiconductor fasers. Optica Latiers 10
11984), pp. 125-127

9. Butkes, JK.: Ackley, DA, Ettenbery, M.: Coupled-mode

lysis of gain and wavelcngth oscillation characieristics of
diode laser phased arvays. IEEE ). QE 21 (19953, pp. 458464

0. Steifer, W.; Hardy, A Burnham, R.D.: Single-lobe phased-
niray diode lasers. Electeonics Letters 21 {1905), pp. 113-119

1. Hanke, C.; Kuppcler, F.: Sicymidler, B.: Iafluewcr of wave-
puiding mochanism on supermode gain i phase-locked bn-
ser arrnys. Unpublished repon

1. Kuppeler, F.; Wesiermoicr, H.. Gessner, R.; Druminski, M.;
Hanke, C.;lLufl, J.: High CW-power phase-locked semiconductor
laser arrays. Proc. 7th Int. Congr. Laser 35 Opto-Eleltronik

13. Desermo, U Keppeler, F.; Hanke,C.:Coherent bluc{440 am)light
muirer by frequency doubling of an NS0 am  high-power
phusedocked luscr wrray. Publicalion peading

4. Katz, ). Kapon, E.; Lindsey, C.: Matgalit, S.; Shretes, U.;
Yariv, A.: Phasedocked semiconducior laser array with epa-
rale contacis. Appl. Phys. Letvers 43 {1983), pp. 321-32)

13, Kupgeler, F.: Conti and bistable b ng W & clo-
wely coupled twin-sicipe laser. Publicatson pending

14, Scifres, D.R.; Streifer, W.. Bucnham, R.D.: Beam WARBINg
with Iwin-siripe injection laser. Appl. Phys. Leuenn 33 (1978),

pp. 702-704

12. Kaiz, ).: Scmicond pioch ic devices for fres-space
oplical icat IEEE C Magazine (Sept
1983, pp. 0-17

13. Yoshikumi, Y.; M, lea, T.; M g, G Y ha, N.:

Fine structures in the brosdened line of distributed foedback
lasers under high-speed direct modulstion. Appl. Phys. Letiern
43 (1984), pp. 120-$12

18. Agrawal, G.P,; Olsow, N.A.; Duila, N.K.: Reduced chirping
ih coupled-cavity-semiconducior lasers. Appl. Phys Letters 45
(19843, pp. 119-124

20. Kappeler, F.: lproved dynamic single-fraquency low-chirp
operation of 3 | Hy pled ridge cguide (LCRAW)
laser. [OOC/ECOC 45, Venice, Oct. 1-4, 1985

21. Amann, M.-C.: New stripe-geometry laser with simplified fab-
tication process. Electronics Letters 13 (1999), pp. 441442

1. Weniermeier, H.; Mettles, K. Zschauer, K.-H.: (Ga, Al)As in
Jection laer with ion-eiched mirrors and monolithically is-
tegrated detecior. ESSDERC "84, Lille 1984, pap. B9 3, p. 366

23 Kurokawa, K.: Injection locking of microwave solid-state os
cillators. Proc. of the |EEE 61 (197), pp. 13861408

4



b <) ¢

Pl
Spprmed

..1.”\4 s ASTXE IF? TFIPETIICCY 776w /4170)
Qs

FIv44NS SIHL ONOTY SAVTHIAQ XId4¥ LON OQ
SeaQ 91

/ doL ) ‘SILON

SouuEAE | oY \E/)

FTRY .
..k\vsmﬁ\nun\uﬂﬁ_ K2y ZISF7 — 47 L 8o

) ¢

T

\‘X—. - >
|d-dm
§ “—p

ey 0T
~0s1=79

= 70
et =

cl: b 1
et £ ™

T SR—
e
J gl 9
d s a0
- SI'g 0@
v $'0 Y
w §1 %o
P 'y

qmt &
IR AOP v _

. g 3IVIUNS SIHL DNOTY SAVIHIAO X144V 10N 0Q

wf 2 Qa ON A doL



@) seilLaboratories J,;z v

E-9148 (5-78)

fHno

[ Sictiens Forsch. u. EmwickL-Ber. Bil. 14 (19833 N1 & 275
© Springer-Yorlug 1985

1.3 pm Surface-Emitting (In, Ga} (As, P)/InP LED
for Transmission Rates up to 200 Mbit/s

H. Albrecht, L. Holfmann, Ch. Luuterbach, M. Plihai, H. Schiifer, M. SchicBl

0 Introduction

1.3 pm surface-emitting 1nGaAsP/inP LEDs are
highly reliable and relaiively inexpensive light sour-
ces for medium-haul optical communicaiion sys-
tems [1, 2]. The leasibility, for example, of using
such LEDs in conjunction with graded-index mul-

* timode fibers for 8 km unrepeatered finks operating

al 274 Mbits [3] and 5km links operaling at 400
Mbil/s [4] has been demonstraied. Surlace-emitling
LEDs with a very high modulalion capability up 10
1.6 Gbitfs have also been reported [5]. Even the use
of surface-emitting LEDs in conjunction wilh single-
mode fibers was recently considered, allhough edge-
emitting LEDs, which launch higher power into sin-
gle-mode Nbers and feature w narrower spectral
linewidth, appear more promising [6, 7] for this ap-
plication, These may be used instead of laser diodes
as long as the latter are not available as highly
reliable and incxpensive optical transmitters.

The present report treats the optimization of sue-
face-emitting LEDs for use in conjunclion with
graded-index fibers. Special emphasis is placed on
the assessment of optimized LEDs {or graded-index
fibers with a core diameter of 63 um and a numeri-
cal aperture of Ay=0.29. Such LEDs will find uppli-
calion in compact and miniaturized optical transmit-
ter modules which, used in conjunction with InGaAs
pin pholodiodes, will pravide data links operating at
a transmission rate of 200 Mbits over distances
between 2 km and 4 km.

1 LED Siructure and Fabrication
Figure | shows u cross section through the sur-

face-emitting LED used in the reported investi-
gations. The fabrication of such LEDs has been de-
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scribed in detail elsewhere {8]. A double hetero-
situcture consisting of an n—InP buffer layer/p-
InGaAsP active layer/p—InP cladding layer is grown
by liquid phase epitaxy {LPE) on an n—InP:S§ sub-
sirate [9). The 4 um thick n—InP buller layer is
doped with an Sn concentration of 3.10'*cm-?
and the | ym thick p—InP cladding layer with a Zn
concentration of 1:10'cm~>2. For the fpm p~
InGaAsP active layer the Zn doping concentration
was varied beiween 1-10'"cm~? and 8.10"* cm~?,
For a low contact resistance, a p—inGaAsP cap
layer (1 pm thick. Zn doping concentration 5- 10"
em~ %) is grown. Afier an additionsl p-dilfusion this
layer is sclectively etched (o leave a mesa with the
same diameter as the p-contact. This is lollowed
by the Ti/Pt/Au vapor deposition of the entire p-
comacl, These process sieps resull in a smail-area p-
comtact of low resistance, while in the remaining
wrew of the chip the reverse-biased Schottky contact

4 - anlicetiection costing n-condact
M- Sbsirale
"
\N m:
W n-inP
I

4 p-inGalaaP
m‘p-hﬁ
Heal sink p-(InGaiAs P)
p-tontact

Figare 1. Crons section theough anm {In, Ga) (Ax, PYIaP LED

‘

Figure 2. Plan view of sin LED chips (left} a3 wsed for the

digavion amd of o chip with sn edge kengih of 400 pm {righi}
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Room temperature c.w. GaAs surface-emitling laser
with integrated Bragg reflector

J.Faist, F.Morier-Genoud, D, Martin, J.D.Ganiere, F.-K. Reinhan

Institut de Micro et Optoélectonique, Departement de Physique,
Ecole Polytechnique Fédérale de Lausanne,
1015 Lausanne, Switzerand

Abstract:

Room temperature c.w. operation of an optically pumped surface-emitting
laser with GaAs active layer and two Bragg AiAs!(AIAs)z(GaAs)g reflectors
is reported. Threshold pump power of 16mW, and quantum efficiencies up io
7% are demonstrated.

inlroduction. Thi: surtace emitiing laser [1,2] is expecied 10 revolulionize semiconducior
lases aray technology. Il wilt permit to feduce beam divergence and increase the emilled powar
Ihrough ulilisalion of a larger aera of the waler. The ultrashort cavily also provides lor
essenlially singie longitudinal mode operation. 1| was shown fecently (hat Fabry-Pero|
resonalors with ail-digleciric mirrors can be grown [3.4), and that these siruciures can lase
when photopumped [5). Similar siruclures can also be used lor efficien! pholonic switching. In
this paper, we demonsirala the firsl low threshoid pholopumped surlace-emmiling laser thal
operatas c.w. at room lemperalure,

Experiment. The slruclure was Qrown by moiecular beam epitaxy on a (001) orienled Si
doped GaAs subsirale at 680°C. The 1.8um thick GaAs active layer is sandwiched between iwo
idenlical Bragg refieciors formed with Quarier-wave AlAs and (GaAsjgtAlAsiz superlatiice
layers.The theorstical reflectivity of 20 quarter-wave pairs Is 99.3%. The use of supeslattices
instead of Al,Ga, ,As parmits us o kegp the lemperalure of the Al oven constani ihrough the
whole growih, thus greally improving the regularity of the layer. The scanning electron
micrograph of Fig.1 shows the layer sequence.The room temperatwie phololuminescence of the
superiallice peaks al 778nm.

Fig .1 Scanning election micrograph of the EXREE
slfuciure. The lightly doped
(n=10Y6cm 3) Gaas aclive layer is
surrounded by the Iwo Bragg relleciors each
consisling of 20 pairs ol 740A AlAs and of
630A superlallica layers, The superlaliica
ilsell is lormed by 20 pairs of 2
monolayers of AlAs and $ monolayers of
GaAs. Long range Ihickness variation are
110% over the 2" waler.

)
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:gj.
i
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Result and discussion. The mirror relleclivity was checked in the 700-1200 nm range wilh
a Beckmann Spectrophoiometer. The position of the stop band ol 80 nm widih varied lrom 730
nm 1o 900nm due to long range thickness variation on the 2° wafer. The mircor reflectivity
deduced from these measurements is > 97 %. The regions thal demonsitale lasing have the slop
band cenlered from 870 \o 900 nm. For these siruclures, the reflectivily falls lo less than 15 %
in the 810-830 nm range. We lune the Siyril SM c.w. dye laser lo pump Ihe struciure at this
minimum of rellectivity. The light is focused on an area of 20-50 pm2 with a microscope
objective 1o produce c.w. lasing without the need of heal sinking. The lasing wavelength varies
from 870 to 908 nm depending on the position of the spot on the waler. The lowesl threshold

. power ol 16 mW is obtained al 880 nm. This corresponds lo an estimaled pump densily of

8x10*wrecm? and yields an equivalent threshold current of 11 mA. The carier concenlration is
more difficull 1o eslimale, due 1o the ambipolar lateral diffusion of the carriers. Our eslimation,
based on lhreshold measurement for different spol sizes, gives the approximale value of 2 x
10'8 cm3. From the reliectivily measuramenis and the aclive layer lhickness we estimate a
gain of < 200 em™1. This value is only a factor of 4 above that of a conventional laser, and it is
well wilhin the range of our estimated carrier density using the GHLBT-SME model [6].
However, ihe threshold power and he lasing wavelength are very dependent on the position of
the pump spol. This is aliributed fo a skghl layer roughness of £ 100 A on a 0.5 um distance.The
lasing versus pump power characteristic of Fig.2 shows a sharp threshold and a linear relalion
above threshold. The dillerential quanium efliciency varies from 1 10 7%. The discrepancy
batween these values and tha theorical value of 50% oblained irom assumed cavily losses of 20
em 1 and minror losses of 170 em* is altributed to scallering of the light in the mirrors.The
linewidih of ihe laser lor diflerent pump power has been measured with & 1-meler
speclrometer. Figure 3 givas the speclral oulput for three difierent pumping powers.

Fig. 2 Lasing power versus pump power. 15 Mw* E 4
The dilterential quantum etliciency is k“"'
6.5%. The Iolal oupul power s 14 s

exirapolaled from the known losses of the
microscope lens and Ihe beam-splitier,and 051
assuming lthal 50% of the lasing power

exils from Ithe upper mifror, r -
ppe 10 LOmW

oA

Fig. 3 Light spectra of the laser lor thres C

value ol the pump power. Resolution is 2A

for a), and 0.2A for b) and c). Veriical
scale is expanded x20 in a). &) Pump
[} 1
880nm 876,5nm

powetr is 7 mW. The depraession in the
specirum beiween 850 and 885 nm is due
lo Ihe high reflectivity of tha mirror. b)
Pump power Is 16 mW, wilh a clear onsel 26 A
of lasing. ¢) Pump power is 18mW, and a

the laser linewidth is 3A

I —' .
890rm 830 nm
The smallest linewidth cblained is 2.7 A, limited by the length variation of tha Fabry-Perol

resonalor across the lasing spol. High threshold saciions usually yleld higher lingwidth (5-10
A).

Conclusion. We have demonsirated a surface emilling laser with low threshold, relatively high
ditlerential quantum efficiency thal operales CW at room lemperalure. The performances of the
siructure can be improved by fabricating layers with higher flainess.
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MONOL ITHIC INTEGRATION OF A LASER AND DRIVING CIRCUITS IN GaAs/GallAs STSTEM

FOR HIGH SPEED OPTICAL TRANSMISSION
Centra) Research Laboratery, HitacM, Ltd., Kokubunii, Tekyo 185, Japen
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