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Quantum well (Qw) lasers are semiconductor lasers thatusethe special
two-dimensional physical properties ofvery thin semiconductor layers in
theirlight emitting regions toenhance theirperformance. Thesuperior per­
formance ofthe QW laser has made it the laser ofchoice for future lightwave
communications systems. This paper deals historically with theconcept of
the QW laser byfirst looking indepth at itsmajor antecedent, thebulk
active diode laser. It then turns to the specific properties and advantages of
the QW laser inmodem optical communications systems, and studies the
fabrication ofQWlasers. Finally, the paper briefly explores future directions
in QWlaserresearch.
Introduction

Continued improvements to the semi­
conductorlaser havebeen key to AT&Tspro­
gress in developing higher performance,
lowercost lightwave transmission systems
such as those describedelsewherein this
issue. Progress on semiconductor lasers has
not abated,and the QW laser, because of its
superior performance, is expectedto become
the laser ofchoicefor lightwave communica­
tion systems.

The QW laser wasdeveloped by
RobertW. Dingle and C.H. HenryofAT&T
BellLaboratories in 1975.1,2 Only in the last
few years has it becomea practical realityat
the importantlightwave transmission wave­
lengths of 1.3flm and 1.5flm. This is because
ofadvances in the growthofuniform, thin
(0.001 micrometer [urn] to 0.01flm) layersof
In1_xGaxAsyP1_y on InP,and to a greater
understandingofthe electrical and optical
propertiesof the QW laser and its requisite
materials.3

The Bulk Active Diode Laser
To understand the basicconceptand

propertiesof the QW laser, it is usefulto begin
by considering the propertiesofits predeces­
sor, what is usually calleda "bulkactive"
diode laser.

Figure 1showsa bulk active, single
wavelength, distributed feedback (DFB) diode

laser chip ofthe typeused in today's light­
wave systems.Small enough to fitcomfort­
ablyinsidethe smallletter "0," it appearsas
a dark speck ofdust to the human eye.But
viewed at high magnification, it incorporates
considerable amountsofoptical, electrical,
and materialphysics, chemistry, and
engineering.

Electrically, the bulk or uniform com­
position active laser behaveslikea p-n junction
diode. Typical laser chipdimensions are
250flm length, 500flm width, and 100flm
height;however, allsignificant optical and
electrical activity takes place in the small,
centrally locatedstripe regionwhosetypical
dimensions are 250flm length, lum width, and
O.lumheight.This is called the active region,
where recombining electrical carriers pro­
duces a region ofoptical gain.

The remainderofthe laser's compo­
site ofmaterials mechanically, electrically,
and optically supportsthe active region. The
active materialdiffers in composition fromthe
surroundingmaterial because it has a lower
electronic bandgapenergy and a higher
refractive index. In addition, it is located at
the diode's p-n junction. The active region's
lowerbandgapallows it to confine carriers
injected across the p-n junction; this provides
optical gain at a wavelength corresponding to
its bandgapenergy.Atthe same time, the
higher refractive indexcauses the active
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regionto form the core ofan optical waveguide that
confines emitted light.

Optical feedback is provided by the crystal'sopti­
cally flat cleaved edges that act as mirrors. When optical
gain is high enough to overcome the optical losses in the
waveguide and mirrors, laser oscillations occur. The
electrical current at whichthis occurs is called the laser
threshold current: at injected currents higher than thres­
hold, electrical current is converted into laser light. The
typical lSum communications laser achieves threshold
at a current ofabout 10milliamperes (rnA), and can con­
vert injected current to optical power above threshold at
a 0.15 wattsper ampere 0N/A) efficiency rate.

Muchofthe evolutionary effort in diode laser
technology has focused on fabricating the active region
oflightemitting material. For the laser to havea low
thresholdcurrent and well-behaved laser characteristics,
the active regionmust be as thin as possible to minimize
the current needed for optical gain.Because ofthe limita­
tionsofpast epitaxial growthtechniques, the lasers in
currently installed lightwave systemshaveactive regions
-O.Iumthick. In this thickness regime, the active is thick
enough-and the scatteringtimes ofthe injected carriers
are short enough-so the carriers do not effectively feel
the bandgap difference ofthe "walls" that confine them
to the active.

Froman electronic energy standpoint, the active

Figure 1. Schematic cross section of a single-wavelength
In1_xGaxAsyP1_y/lnP DFB laser diode. The "base structure"
section corresponds to the active region of the laser.

material behaves (i.e., has the same properties) as
though it were infinitely large,witha continuum of
energylevels in the conduction andvalence bands,and
the parabolic density ofstates depicted in Figure2a.This
is the "bulkactive" regime. It has two distinguishing
characteristics:
- Equalgainforeither transverseelectric (TE) or

transversemagnetic (TM) polarizations oflightin
the waveguide.

- The presenceofmanyinjected carriers-at energies
near the conduction and valence band edges-that do
not contribute to the laser becausethe low density of
states at these energies does not allow enoughgainto
permitlasing. These non-contributing states mustbe
"filled" beforelasingcan occurbetween the higher
energystates.This results in the need forhigher
injected current to achieve threshold.

The Quantum Well Diode Laser
Atan active thicknessof-0.03Ilm-a region

accessible with today's vaporphase or molecular beam
epitaxial growth techniques-a remarkable change in
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material behavior occurs. Below this thickness, the car­
riers experience the effects ofthe confining bandgap
"walls" or barriersabove andbelow the active region. As
a result, the energylevels in the conduction andvalence
bandsbreak intodiscrete sub-bands (seeFigure2b),
with stepped rather than parabolic density ofstates.Each
step is associated with a different confined quantum state
ofthe carriers (e.g., electrons, lightholes, and heavy
holes) in the thin active layer"well." Another conse­
quence ofthis confinement-because the lightand heavy
holevalence bandsare split-is the brokensymmetry
between TE andTM optical behavior. The heavy holeis
primarily TE polarized, the lightholeis primarily TM. The

active region is described as a "quantum well" because of
the quantum mechanical natureofthe energysplitting in
the active region "well." Figure 3 illustrates the effect of
well confinement byshowing the shiftin transition
energyofthe lowest electron-hole recombination as a
function ofwell thickness.

Oneeffect ofsplitting the energiesofthe
injected carriersandbreaking the TE-TM symmetry is
that injected current intothe diode canbe used more
efficiently. Instead ofpumping energyinto unneeded car­
rier energystates (e.g., those near the bandedgesor
that amplify the wrong polarization), only the desired
statesare pumped. In laserparlance, the "dG/dN," or
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differential optical gainper unitinjected carrier, canbe
significantly increased. Asa result, the diode threshold
currentcanbe lowered, and the laser madeto oscillate in
the desiredpolarization more reliably. There are several
other beneficial effects ofthe higherdG/dN that will be
discussed in the nextsection.

Butthinning the active region alsoproduces
lower optical confinement. Asthe active region shrinks
below O.1llm, the lightis less strongly confined to the
quantum well structure, andhighergainis required to
lase. This difficulty is addressed eitherbyadding a sepa­
ratewaveguide structureto morestrongly confine light
around the quantum well, or by usinga multiplicity of
lower bandgap wells andhigherbandgap barriers, the
so called Multi-Quantum Well (MQW) active structure, so
the optical overlap is increased (seeFigure 4).

To summarize, a QWlaser resembles a bulklaser
in mostrespects. Butthe QWlaser has a thin enough
active region to showthe effects ofquantum confinement
in its narrowest dimension. The consequences ofthis
thinnessare higher differential gainper injected carrier,
andpolarization selectivity..In the nextsection, wewill
discuss somebenefits ofthese effects to communication
laserperformance, and presentdataillustrating the difer­
encesbetween QWand bulklasers.

Advantage. of Quantum Well Laser.
To understand the superiority ofa QWlaser to a

bulkactive laser, we mustfirstconsider howlasersare

used in modemoptical communication systems. Wecan
then consider howdiode laser sourcescanlimit system
performance, and identify the improvements ina QW
laserdesign.

Many typesofoptical communication systems
use laserdiodes as optical sources. For simplicity, we
will limit ourselves to discussing the mostcommon type:
digitally coded, amplitude shiftkeyed (ASK). This is the
type ofsystem employed, for instance, in the first trans­
atlantic fiberoptic cable (fAT-8) at a bit rate of280 mega­
bits per second (MB/s) , or in terrestrial highcapacity
trunk linessuch asAT&Ts FT-series Glightwave sys­
tem at a bit rate of1.7 gigabits per second (GB/s).

For digital ASK, modulation is handled byturning
on andoffthe lightsource (i.e., the laserchip) with digi­
tally encoded drive currentpulses. The digital information
could include voice, video, or computer data. The resulting
pulses oflaser lightare coupled to an optical fiber, and
propagate longdistances (tensto hundredsofkilometers)
along the fiberbefore detection anddecoding byan opti­
calreceiver. This method ofoptical communication is lim­
itedby three features ofthe transmitting laser.
- The bit rate (inpulsesper second) at which informa­

tion is transmitted is limited bythe electo-optic band­
width ofthe transmitting laser, i.e., its ability to trans­
form short currentpulses intoshort lightpulses.

- The distance the signal may be transmitted through
the fiberis limited by the launched power from the
transmitting laserandthe attenuation ofthe optical
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Figure 5. Comparison IIght-current characteristics for a QW
and bulk laser. The IIght-current curves as well as their
slopes are shown. The QW laser shows nearly 1.4 times
higher slope efficiency than the bulk laser.

fiber (omitting forthe moment the possibility ofopti­
calsignal amplification). Atthe highestdatarates, the
pulsed electrical drive currentavailable is often small,
andthus may limit the launched power.

- The product ofbit rate and distance is limited by
the spectral width ofthe transmitted optical signal (i.e.,
the rangeofoptical wavelengths the sourcelaseremits)
andthe chromatic dispersion ofthe optical fiber (i.e.,
the variation in propagation velocity with wavelength).
This limitation stemsfrom the problem ofhaving
transmitted pulses smearand overlap duringpropaga­
tionthroughthe fiber. Boththe width ofthe individual
laser lines (e.g., becauseoflaserwavelength shiftor
"chirp" caused bythe drive current pulses) and the
tendency forthe laser to oscillate, evenbriefly, on lines
other than the desiredone (often called "mode parti­
tioning") are potential problems that limit system
performance.

Asmentioned above, systemperformance is
often limited bysourcelaserelectro-optic bandwidth,
launched power, and chirp. QW lasers offer improved per­
formance in allthese respects. Wefirstconsider the
improvement in electro-optic bandwidth.

Bandwidth. The electro-optic bandwidth ofa
laser is limited by two types ofeffects. The firsteffect is
parasitics. Parasitics include bothlimitations caused by
the external environment ofthe diode laser (e.g., the
inductances andcapacitances from the wires that con­
nect to the laser) and internal frequency-limiting struc­
tures in the laserdiode itself (e.g., the presence ofinter­
nalcapacitances in the laserdiode, unrelated to the light
emitting region, which shuntaway highfrequency
currentfrom the lightemitting region). Parasitics are
presentinboth bulkand QW lasers,regardless ofthe
active region structure.

Asecond limiting factor to laserelectro-optic
bandwidth is the intrinsic ability ofthe laser active
material to respond to changesin drive currentwith
changesin light. This intrinsic limitation is related to
the optical gainper unitinjected carrier, or dG/dN. QW
lasershave, as wenotedearlier, higherdG/dNvalues
and, as a result, higher intrinsic frequency response.
Theyhave, forthe sameemitted optical power, roughly
1.7 timeslarger intrinsic frequency response than bulk
active lasers.4

Launched Power. Two laserchipfeatures affect
the amount oflaunched power coupled to the optical
fiber:
- The efficiency ofthe laser inconverting current

into light.
- The angular divergence ofthe beamoflight

presented to the fiber.
QW lasers offer improved performance over bulklasers
in these respectsas well. The QW laser, because ofits
higherdG/dN and lower injected carrierdensity at
threshold, has demonstrably less internal lossesin its
optical cavity. This resultsina higherconversion effi­
ciency from injected currentto optical power, anda
higher slope ofthe lightversuscurrentcharacteristic
(i.e., "slope efficiency"). Figure 5 shows comparison
light-current (LI) characteristics fora QW andbulk
laser. Note that the slope ofthe QW laserLI is 1.4 times
higher than the bulklaserLI.

QW lasers-again, byvirtue ofthe higher
dG/dN-ean also be made to exhibit narrower beam
angular divergences forbetter coupling into optical fiber.
The higherdG/dNvalue allows the laserdesigner to
slightly relaxthe tightcoupling normally required
between the active region (typically 0.01 to O.1llm in
thickness) andthe optical waveguide mode (typically

3:1«E E
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0.4

Bulk = 0.138 mW
mA

MQW= 0.203 mW
mA

Current (mA)

T=20° C
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Figure 7. Chirp distributions for QW and bulk lasers. The
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Rgure 6. Representative perpendicular far-field profiles for
QW and bulk lasers. The QW laser has 2 times smaller beam
divergence.

0.5Ilm). This loosercoupling permits a spatially ex­
panded optical modeand,becauseofthe wave natureof
light, a narrower angular divergence forthe emitted
beam. Figure6 shows typical far-field patternsin the per­
pendicular direction-the direction inwhich the active
region is thinnest-for a QW and a bulklaser. The QW
laserhere offers a nearly 50percentreduction infar field
angular width.

Oneother improvement a QW lasercan offer­
also byvirtueofits higher dG/dN-is reducedthresh­
oldcurrentfor lasing. Buta designermightchooseto
sacrifice the lower threshold currentfor the sake of
some other property ofthe device, because threshold
current is not directly related to communication system
performance.

Asmentioned earlier, it is important that the
pulsed ASK laser sourcebe highly monochromatic so the
output pulses will spreadminimally in timeas theypass
throughthe wavelength dispersive fiber. Asa result, it is
particularly important forthe QW to reducewavelength
laserchirping (i.e., the shiftin timeofthe laserwave­
lengthcausedby the drive currentpulses), and to reduce
the laser's tendency to oscillate briefly in other lines
(mode partitioning). The QW canimprove onboth aspects
whencompared to bulkactive lasers.

Chirping. The chirping aspectoflaseroperation
is related to the ratio between the changeofrefractive
index and changeofgainofthe laser medium. Both
changesare caused by the modulating currentpulse.

The QW laser'shigher dG/dN causesthis ratio to be
smaller-Le., it chirpsless.Figure 7 illustrates this
effect. The QW laseremitsroughly 1.6 timesless chirp
than its bulkactive counterpart. Regarding mode parti­
tioning, the QW is ableto suppress oscillation in modes
with a TM polarization-a fact that springs from splitting
the lightandheavy holestates. And because ofits looser
optical coupling, the QW canachieve tightercontrol over
emission in higherorder optical waveguide modes.

Figure 8 illustrates the QW's ability to suppress
emission inTM modes. Note that the optical gainofa QW
laser is contrasted with a bulklaser. Observe, too, that
the TE polarization (i.e., electric field parallel to the wide
dimension ofthe active layer) is dominant, andthat the
TM polarization (magnetic field parallel to the wide
dimension ofthe active layer) is strongly suppressed and
shifted inwavelength. In the bulkactive case,the TE and
TM polarization gainpeaksare at the samewavelength,
andthere is nogaindifference between them.

The samemechanism that allows the QW laser
to exhibit lower chirpundermodulation also allows it to
show narrower linewidths in continuous-wave (cw or DC)
operation on a single cavity mode. Thiseffect makes the
QW laserattractive as a compact optical sourceforsys­
tems needing clean, narrow optical lines. Suchsystems
would include externally phase-modulated coherent
detection systems.

QWLaser Benefits To Other Ughtwave Applications
QW lasershave uses andbenefits inaddition

to those as transmission sourcesin digital ASK systems.
Oneexample is their use inanalog amplitude modulated
systems, which experience mostofthe benefits outlined
above for digital ASK systems.

Another, newly emerging, use ofsemiconductor
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Fabricating Quantum Well Lasers
Quantum well structuresrequire layer thick­

nesses as small as O.02Ilm (8monolayers) andinterfaces
as abruptas onemonolayer. Moreover, in manufacturing
wheremultiple largediameter single crystal InPsub­
stratesare used,the layer thicknesses, interface abrupt­
ness,andmaterial composition uniformity mustbe

C Bulk
"~

Q)
z

Figure 8. Gain spectra for QW and bulk active lasers. The QW

laser exhibits a splitting of the TE and TM mode gain peaks

and a suppression of the TM mode by about 35 em". The
bulk laser shows virtually Identical gain spectra for both TE
and TM polarizations.

density ofstates in the quantum well limits the maximum
optical gainin the well within a given sub-band. This
causesthe QW optical gainto saturate more quickly with
injected carrierdensity than it doesina bulkactive laser.
The result is that a poorly designed QWlasercanbe
overly temperature sensitive, operating with low thresh­
oldcurrentat room temperature but unable to operate at
temperatures muchabove it.This effect canbe compen­
satedforbyadding morewells, or by increasing optical
confinement to the well structure, thus reducing the
threshold gainper well. Butthere will be some cost in
terms ofthe other desirable QW properties.

Quantum Well Laser Design Considerations
To achieve the optimum QW lasercharacteristics

fora given application requiresimproved growth and
processtechniques, andcareful design ofthe quantum
well structure. Because ofthe relationship between laser
wavelength and active thickness, the active thickness
mustbe tightly controlled by the crystal growth process
to produce laserswith the properemission wavelength.
Control is required overthe QW crystal growth process
down to a few atomic layers. High temperature process­
ingofthe quantum well structureduringlaserfabrication
alsomustbe limited because, at hightemperatures, the
individual atoms forming the wells andbarrierscan inter­
diffuse andchangethe QW structure'sproperties in
undesirable andunpredictable ways. Careful design of
the QW structureis necessary because the stepped

lasers in lightwave systems is in Er doped fiberampli­
fiers (EDFAS) used foroptical signal amplification. High
power diode lasersat 1.481lm or O.981lm are used to
pump the EDFA.

In an EDFA application, the demand placed onthe
pumping diode laser is for largeamounts ofoptical power
(tensto hundredsofmilliwatts) in the appropriate wave­
lengthrangeto pump the amplifying medium. Often, the
pumping laser mustoperatein environments wherelaser
drive currentandheat sinking are limited. Thus,
efficiency ofthe conversion from electrical to optical
power, andhigh power capability ofthe laserdiode, are
important considerations. Here,two attractive features of
the QW laser are the lower threshold currentandthe
increased slope efficiency. Their combined significance
is that laserelectrical to optical conversion efficiency is
higher, while the laser'spower dissipation is smaller.

Athird feature ofthe QW that makesit attractive
in this context is the low intemalloss:almost 3 times
lower than in a bulkactive laser. The low loss in the QW
structuremeansthe laserchipcanhave a longercavity
lengththan it would in the bulkactive case.This allows
the injected currentand the dissipated heat to be spread
overmoresurface area.The result is a lower series resis­
tancethat increases the conversion efficiency evenmore,
anda lower thermal impedance that reduceslaser tem­
peratureand allows higher optical power output. These
features ofthe QW laser havebeen used,forexample,
to fabricate high power laser/traveling wave amplifier
comblnations."
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maintained not only within the wafers, but also repro­
ducibly fromrun to run. These requirementspose chal­
lenges for developing epitaxial crystalgrowthtech­
niques,particularly forgrowing InI-xGaxAsyPl-y laser
structures. For 0~x~0.47 and O~y~l, compositions ofthis
alloy must be controlled to have the desired energy
bandgapand, at the same time,the samelatticeconstant
(i.e., inter-atomic spacing) as InP.

For thick (~0.2flm) layers, it is particularly
importantthat the latticeconstantsof the epitaxial layers
be closely matchedto each other (better than 0.1 per­
cent), and to the InP substrate, to avoid excessive strain
and layerdefects. Highstrain can lead to device degrada­
tionduring operation. Acertainamountofstrain (-1 per­
cent) can be accommodated withoutdefects, however, in
very thin layers (~0.015flm) used in strainedquantum
well devices. The thinner the layers, the larger the mis­
match allowed, because the strain energy in the layer is
smaller. Mismatch can be applied in QW lasers as an
additional parameter to micro-engineer the structure of
the well sub-bands and improve the laser characteristics.

There are severalpossible techniquesfor epitax­
ialgrowthofdiodelaser structures; they havebeen de­
scribed in a previous issue ofthe AT&TTechnical Jour­
nal.6•7 However, for preparingInl-x GaxAsyP1_y/InP
QW structures, metalorganic chemical vapordeposition
(MO-CVD) appears to be particularly suitable for manufac­
turing. Liquid phase epitaxy (Le., growing layersfroma
liquid melt) lacks the thickness controlrequired forvery
thin layers. Molecular beam epitaxy (avacuumtech­
nique using atomic beams (e.g., Gaand In) and molecu­
lar beams (e.g., AS 4 and a P4) evaporated at high tem­
peratures fromsolidelemental sources) lacks the pre­
cise and reproducible controlofAS 4 and P4 flux ratio
needed to growlatticematched InI-x GaxAsyPl-y.

In MO-CVD, the growthofepitaxial layersoccurs
by the pyrolysis ofvapor-phase mixturesofmetalorganic
compounds such as trimethylgallium and trimethylin­
dium, and hydrides such as arsine (AsH 3) and phos­
phine (PH 3) in a flowing hydrogen (H2) atmosphere.
The substrate is held at 6300 C. Precise, reproducible
control of the various gas flows, and thus ofthe depo­
sitedmaterial, is achieved by electronic mass flow con­
trollers. In growing QW structures, the different gas
streams are switched in and out of the growthchamber
by usingelectronically controlled 2-way mechanical
valves. The entire process,gas flows, switching, and
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substrate temperature is typically supervised by a real­
timecomputerprocess controlsystem.

Future Directions
Aninterestingarea ofcurrent research is sur­

faceemittinglasers (SE18) that use high-optical-gain QW
stacks sandwiched betweenepitaxial multilayer
reflectors to forma diodelaser that emits light normal to
the surfaceofthe crystal, rather than froma cleaved
edge.8 SE18 sufferfromthe short optical path between
the reflectors. This short path makes extremely high
demandson the QW's optical gain.Consequently, today's
SEL is low powerand temperaturesensitive. However,
further research and development could make it a practi­
cal laser device.

The success of QW lasers naturally promptsques­
tions aboutactive regionsthat are "small" in two or three
dimensions. Both these possibilities ("quantum wires" and
"quantumdots") are beingexamined theoretically, and
offerpossible performance improvements.P Regarding
quantumdots, the spectra and energy levels are discrete
and similar to those of isolated atoms in gases or rare
earth ionsin insulating crystals. Rigorous investigations of
these types ofmaterials await newbreakthroughs in crys­
talgrowthand processingtechniques.

Afinal possibility is that materials such as sili­
con, that do not normally emit lightbecause ofunfavor­
ableenergyband structures, can be coaxed intomaking
efficient light emitters through quantumconfinement
effects provided by quantumwells, wires, or dots.10A
consequence is that materials other than III-V's may
becomeimportant for lasers in the future.
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