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Introduction1.

coefficientabsorption(IB)interbandthethatknownwellisIt g degenerateain
temperaturecarriereffectivetheoffunctionstrongaissemiconductor T e beenhasIt.

proposed1 bygainsemiconductor-lasertheofcontrolrapidaforeffectthisuseto
asInasmuchregion.activethethroughcurrentelectron-heatinglateraladriving T e

numberaenvisagecanonemodulated,rapidlyandcontrolledindependentlybecan
recenttheofsomereviewshallWecommunications.opticalinapplicationsusefulof

ofcontrolthewhencasethetospecializingapplications,suchforideas T e effectedis
absorption.intersubbandby 2 aoftransparencyopticalthecontroltoisideaThe

oftemperatureeffectivethemodulatingbywaveguide(QW)wellquantummultiple
wells.theincarriersfree

AbsorptionIntersubbandbyTemperatureElectronofControl2.

photonsinfraredbyirradiated(MQW)wellquantummultipleaConsider h_ω (e.g.
COafrom 2 laser, h_ =ω (withinresonantnearlymeV)124 ∆ω intersubbandthewith)

radiation(IB)interbandThe1.Fig.inillustratedisstructurewaveguideTheenergy.
alongpropagates x along(ISB)intersubbandtheand y radiationISBThedirections.

bewillQWainsidefluxphotonitsandpolarizedTMassumediswaveguidethein
bydenoted Φω state,steadyaIn. T e equationbalancethebydeterminedis
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k ∆T e = w τ ε h_ω (1),

where τ ε electrons,QWoftimerelaxationenergytheis ∆T e ≡ T e − T and, w theis
Evaluatingrate.transitionISB w havewerule,Goldentheby 3

w =
2 γ

e 2 Q_____
nm
_

R 0____ Φω (∆ω)2 γ+ 2
γ2

__________ (2),

where R 0 ≡ 377Ω impedance,vacuumtheis m andmass,effectiveelectronthe n
_

the
index;refractive Q ∼∼ andstrengthoscillatortheis1 γ resonance.ISBtheofwidththe

densityfluxpowertypicalA P ω = cm/kW10 2 COaof 2 tocorrespondslaser
Φω = P ω /h_ω ∼∼ 5×1023 cm−2 s−1 QWInGaAsanofcasetheconsideringbeshallWe.
(m =0.041 m 0 Taking). h_γ ∼∼ datathe(frommeV4 4 andK)300atQWGaAsin
τ ε ∼∼ measuredmeV/ps7ofratelossenergythe(fromps6 5 atQWInGaAs/InPin
T e = gives(1)Eq.densities),carrierhighforK500 ∆T e ∼∼ Evenresonance.atK260

to(correspondingtimescoolingplasmaelectron-holehotlonger τ ε ∼∼ beenhaveps)20
reported6 atMQWInGaAs/InAlAsin T e <∼ ofconcentrationscarriersheetandK700
2×1012 cm−2 byexplainedusuallyistimerelaxationenergylongrelativelyThe.

effects.bottleneckphonon 7

Lω

LΩ

D
y

x

h- ω
dQW

contact QWcore QW

1:Fig. theofdiagramSchematic
Dimensions:2).Ref.(aftermodulator

LΩ = 500µm, Lω = 3µm, D = 1.5µm.
(coreThe D widthofQW’s50contains)

d QW ∼∼ A100 ˚ separation(intersubband
h_ω∼∼ doQW’scontactNarroweV).0.12

radiation.ISBTM-polarizedabsorbnot

ofvariationdesiredA T e intensitytheeithervaryingbyaccomplishedbecan Φω or
frequencythe ∆ω COconstantaAt. 2 thevarytopossibleisitfrequencyandpower

detuning ∆ω formeansneedwepurpose,thisForresonance.ISBtheshiftingStarkby
theinfieldelectricanapplying z bypowerISBoflosstheminimizeTodirection.

ofusethefield,electricthecontrollinglayerscontacttheinabsorptionfree-carrier
bethemselvescanlayerscontacttheInstead,avoided.beshouldregionsbulkdoped

andconductivityhighatomodulation-dopedordopedwells,quantummultiple
theabovefarisQW’scontacttheinresonanceintersubbandthethatenoughnarrow

energyphotonISB h_ω.
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theofamplitudetheenhancestimerelaxationenergylongrelativelytheWhile T e
high-frequencythedegradesit(1),Eq.cf.modulation,quasi-staticunderresponse

1(abovecharacteristics /τ ε deviationThe). ∆T ≡ T e − T temperaturecarriertheof
T e temperatureambientthefrom T formtheofequationansatisfies

dt
d∆T_____ = G −

τ ε
∆T____ (3),

where G (t) ≡ h_ωw (t satisfying(3),Eq.ofSolutionpower.absorbedtheis) ∆T = at0
t = bygivenis,0

∆T (t) = e− /t τ ε

0
∫
t

G (t ′ e) t ′ /τ ε dt ′ . (4)

sinusoidalaFor G (t) = 1⁄2 G 0 1( − cosωt havewe,)

∆T (t) = 1⁄2 G 0 τ ε 1[ − cos γ (cos ωt γ− ) − e− /t τ ε sin2 γ (5),]

where γ tanbydefinedis ωτ≡γ ε quantityThe. T∞ ≡ G 0 τ ε therepresents
whichbytemperature T e constantabyraisedbewould G 0 signalthetoequal

sinusoidalabycarriersofheatingtime-dependenttheillustrates2Figureamplitude.
irradiation,ISB Φω sin2 (π tf assumewewhere,) P ω ≡ h_ Φω ω = 104 cm/W 2 .
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2a:Fig. electrontheofEvolution
temperature T e COunder 2 laser

withirradiation f = ForGHz.50 t < 0
assumewe T e =T 0 = K.300

2b:Fig. theofdependenceFrequency
T e theofandamplitudemodulation
minimum T e aforperiodaduring

modulation.sinusoidal

signalinputanconsiderNext G (t pulsesGaussianofseriesaofconsisting)

G =
n =0
Σ
∞

G 0 ( t −n T where,) G 0 (t) = (T∞ /τ ε e) − t 2 /2 ∆ t 2
(6)

and T period,theis T = 1 f/ with, f thatAssumingrate.repetitionpulsethebeing
∆T (t) = for0 t < find:to(4)Eq.usecanwe,0
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∆T (t) = √ 2
π__ T∞ τ ε

∆ t___ e ∆ t 2 /2 τ ε2

n =0
Σ
∞

e ( n T − t )/τ ε

×



Φ


 ∆ t √ 2

n T + ∆ t 2 /τ ε____________




Φ+


 ∆ t √ 2

t − (n T + ∆ t 2 /τ ε)_________________








(7),

where Φ [integralerrortheis Φ (x) → for1 x >∼ and1 Φ (−x) Φ−= (x ofsumThe].)
two Φ withdecreasesbracketssquarethein’s n (expthanfastermuch −n T /τ ε so,)

(7)formulathewithcalculationsofResultsrapidly.veryconvergessumoverallthe
3.Fig.inplottedare
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3:Fig. theofdependenceFrequency T e
theandamplitudemodulation

minimum T e aforperiodaduring
widthofpulsesGaussianofsequence

∆ t = ps.2

highatdropsamplitudemodulationthethat3and2bFigs.fromevidentisIt
meantheandfrequencies T e aofspeedcodingthethatseeWerises. T e modulator

bylimitedis ∼ notdoeselectronsQWoftemperaturetherates,bithigherAtGb/s.50
temperaturelatticethetorelaxtotimehave T 0 pulses.heatingtwobetweenin

narrowsufficientlyispulsethewhenthatshownbecanIt ∆ t << τ ε thethen
difference T max −T min toeasyisThisrate.repetitiontheondependnotdoes

forfollows:asdemonstrate ∆ t << τ ε abyGaussianthereplacecanwe, δ function:

e
−

2 ∆ t 2
(t − n T )2
__________

∼∼ √ 2π ∆ t δ(t − n T ) .

singleaFor δ formtheofisresponsethepulse,-function

∆Tn (t) = T∞ √ 2π
τ ε
∆ t___ e (n T − t)/τ ε Θ (t −n T (8),)

where Θ (x precedingpulsesalltoresponsesaddmustWefunction.stepunitais) t.
For t >> T /τ ε toextendedbecansummationthe, ∞ resultthewith,

∆T (t) = T∞ √ 2π
τ ε
∆ t___

1 − e−T /τ ε
e− t T /τ ε

__________ (9),

where t T theasunderstoodbeshould " timeresidual " pulse,lastthepast
t T = t mod[ T offunctionAny(7).fromdirectlyderivedbealsocan(9)Equation.]
t T inperiodicobviouslyis t foroccursminimumThe. t T = formaximumtheand0
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t T = T ε− where, ε thatfindwe(9)Eq.Frominfinitesimal.anis T min ∼∼ T lowfor
frequency, T >∼ τ ε and, T min ∝ f for T = 1 f/ << τ ε The. T e amplituderesponse
equals T max − T min = T∞ √ 2π ∆ /t τ ε rate.repetitiontheondependnotdoesand

StateSteadyinGaintheofControl3.

lengthDevice Lω thein y thatenoughshortchosenbeshoulddirection Φω be
uniform,approximately α Lω < where,1 α coefficient,absorptionISBtheis

=α
d QW

r Γω n S_______
Φω

w____ =
d

Γω n S______
2 γ

e 2 Q_____
nm
_

R 0____
(∆ω)2 γ+ 2

γ2
__________ (10),

d = d QW +d B period,MQWtheis d QW ≡ dr thickness,QWthe n S sheetelectronthe
andperiod,perconcentration Γω radiationISBtheforfactorconfinementthe

steady-thethatimportantisitmodulatortheofoperationefficientanForintensity.
densitystate p S tocomparedsmallberadiationIBthebygeneratedholesof

n S = n 0 +p S densityelectronequilibriumThe. n 0 limitedisdoping)by(introduced
separation,ISBthethanlessbelevelFermithethatrequirementtheby E F < h_ω At.

n 0 = 2×1012 cm−2 500toK300ofrangethein K hasone E F ∼∼ HighermeV.115 n 0
increasingtodueheatingcarrierofefficiencydiminishingainresultwould

subband.secondtheofpopulation

lengthmodulatorThe LΩ thein x aachievetoassochosenbeshoulddirection
ebeamIBtransmittedtheofdepthmodulationdesired r ΓΩ Lg Ω where, ΓΩ theis

functiongainTheintensity.radiationIBtheforfactorconfinementwaveguide g ofis
formthe

g ( T e, T h, n S, p S, h_Ω ) = g max ( f e + f h − (11),)1

where f e and f h atrespectively,holes,andelectronsoffunctionsFermitheare
photonsincidentthebyselectedenergies h_Ω heavy-thebetweentransitionsinducing

ofvalueThesubbands.electronlowesttheandhole g max is,QWInGaAsanin
typically,8 g max ∼∼ 10 3 cm−1 inedgeabsorptionfundamentaltheattransitionsFor.

bygivenarefactorsFermitheQW,the

f e (n S, T e) = 1 − e π− h_2n S kTm/ e (12a);

f h (p S, T h) = 1 − e π− h_2p S m/ h kT h (12b),

where m h ∼∼ 0.5 m 0 and T h temperature,andmasseffectiveheavy-holetheare
Fermitheforexpressionexactthefromderivedare(12)Equationsrespectively.

integral,

n S =
πh_2

kTm e______ ln 
 1 + eE F kT/ e 

 (13),

islevelquasi-FermielectronTheoccupied.subbandonewithgaselectron2Dain

E F (n S, T e) = kT e ln 
 eπh_2n S kTm/ e − 1  (14),

bygivenisbottomsubbandtheatprobabilityoccupationtheand
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f e (n S, T e) ≡ 
 1 + e−E F kT/ e 


−1

= 1 − e−T n T/ h . (15)

(InGaAsinelectronsFor m e =0.041 m 0 equalsexponenttheinscaletemperaturethe)

T n ≡
m e k

πh_2n S_______ = K676.62 ×
1012

n S [cm−2]_________ (16)

(holesforSimilarly, m h =0.5 m 0 hasone) f h (p S, T h) = 1 − exp(−T p T/ h where,)

T p ≡
m h k

πh_2p S_______ = K55.5 ×
1012

p S [cm−2]_________ (17)

10atevennondegenerateisgashole2Dthetemperatures,cryogenicatExcept 12 cm−2 .

inversethebylimitedfrequenciestoupperformtoexpectedbecanmodulatorThe
timerelaxationenergy τ ε carrierwithassociatedprocessesslowertheprovided,

tocontributionnegligiblemakeradiationIBthebygeneration g ofvaluegivenaAt.
n 0 modulated.isthatfluxIBtheonlimitaputsrequirementlatterthe

ofdependencetemperaturethecalculateandlimitthisestimateTo g steady-state,ain
equations:ratetheconsiderwe

dt

d p S_____ −= c
_

Sg − R S n S p S (18a);

dt
d S____ = (rΓΩ () c

_
g) S τ− ph

−1 (S −S 0) . (18b)

Here S QW,singleainareaunitperdensityphotontheis S 0 Φ≡ Ω d QW c/
_

where, ΦΩ
flux,photonIBincidenttheis c

_
≡ n/c

_
andlight,ofspeedtheis τph = LΩ c/

_
The.

coefficientrecombinationradiative R S ≡ d/B QW where, B ∼∼ 10−10 cm3 s./

1
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4:Fig. steady-statetheofDependence
densityphotontheongain S 0 of

differentatradiationinterbandincident
assumedThetemperatures.carrier

parameters: g max =10 3 cm−1 , r ΓΩ = ,0.3
and R S =10−4 cm2 .s/

fromcalculatedpower,incidentoffunctionaasgainstationarytheshows4Figure
assumingtemperatures,carrierseveralat(18)Eqs. n S = n 0 + p S with

n 0 = 2×1012 cm−2 and τph = (ps5 LΩ ∼∼ 500µ takeWem). T h = T e arbitrarily.rather,
temperatureholetheofchoicethetosensitiveverynotarecalculationourofResults

rangethein T <∼ T h <∼ T e forthat4Fig.fromevidentisIt. S 0 <∼ 108 cm−2 carrier
powermodulatedtotalTheneglected.becaneffectsgeneration P Ω Γ= Ω

−1 A ΦΩ h_Ω is
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torelated S 0 by

r ΓΩ P Ω = LN ω h_Ω c
_

S 0 ,

where A = D ×Lω area,cross-sectionalMQWtheis D andthickness,corethe
N = d/D Takingperiods.ofnumberthe N = ,50 r ΓΩ ∼∼ and,0.3 Lω ∼∼ 3µ findwem,
that S 0 = 108 cm−2 ofpowermodulatedmaximumatocorresponds P 00 ∼∼ mW.6
For P Ω ∼∼ steady-statethemW,1 g fromvaries g ∼∼ − cm9 −1 at T e = toK300
g ∼∼ − cm61 −1 at T e = ForK.500 LΩ = andmm0.5 r ΓΩ ∼∼ atocorrespondsthis0.3

modulation.dB3.5

lower(orpowerhigheraAt n 0 self-inducedfromsuffersefficiencymodulatorthe)
theInholes.andelectronsofaccumulationthewithassociatedeffectstransparency

formationtheforadvantageouslyusedbecaneffectsthesethatshowweSection,next
benotneedMQWthepurpose,thisForpulses.radiationIBhigh-powershortof

doped.

pulsesshortofFormation4.

highaatarisingsituationtheConsider S 0 whatInabsorption.ISBofpresencethein
undoped,isMQWthethatassumewefollows, n 0 = aistherestatesteadytheIn.0

holesandelectronsofnumberlarge p S (S 0, T e In(18).Eqs.fromevaluatedreadily,)
valuenegativesmallahasgainthestatethis g (S 0,T e nowisheatingcarriertheIf.)

chopping(byterminatedabruptly Φω anwithresonanceISBtheshiftingbyor
thenfield)electricexternal T e theandtemperatureambientthetodowngoesrapidly

stimulatedundergocarriersexcessThepositive.temporarilybecomesfunctiongain
ofexampleAndensity.photonIBtheinpulselargeabyaccompaniedrecombination

assuming(18),Eqs.fromcalculatedisshapepulseThe5Fig.inshownispulseasuch
atstoppedisheatingelectroninitialthethat t = temperaturecarriertheandps10

fromrelaxes T e = toK500 T e = toaccordingK,300 ∆T e (t) = ∆T e e− /t τ ε with τ ε = ps.6
timeslongerAt t statesteadynewtheirapproachgaintheanddensitycarrierthe

values p S (S 0, T and) g (S 0, T respectively.,)
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5:Fig. bypulsesshortofFormation
heating.carrierofterminationabrupt

ISBandIBbothofpresencetheIn
toallowedisdevicetheradiations,

assumedwithsteady-stateareach
temperaturecarrier T e = AtK.500

t = terminatesabsorptionISBtheps10
andabruptly T e ambientthetorelaxes

temperature T = atwidthFullK.300
pulsetheofmaximumhalf S ps.15is

maximumhalfatwidthfullahas5Fig.inshownpulseThe ∆t fwhm = aandps15
4ofdensityphotonpeak ×1010 cm−2 – (theW2.4ofpoweratocorresponding
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variespowerpeakthethatnotetointerestingisItmW).60onlyislevelpumping
10powerpumptheinvariationdecadetheover%30byonly 9 <∼ S 0 <∼ 1010 cm−2 The.

width ∆t fwhm Increasingrange.sametheoverconstantpracticallyis S 0 rangethisin
pulse.nexttheforpreparationinrecoverydevicefasteratoleadsmainly

temporarilyfunctiongainnegativetheon,turnedisheatingcarrierthewhenIndeed,
andradiationIBofabsorptionenhancedaninresultsThismagnitude.inincreases

valuesteady-statethetowardbackincreasescarriersofnumberthe p S (S 0, T e .)
storageThepulse.nexttheforstoredispowertheprocessslowrelativelythisDuring

1asapproximatelyscalesandpowerincidenttheondependstime S/ 0 for
S 0 >∼ 109 cm−2 ofvaluegivenaFor. S 0 temperature,carriertheinswinggivenaand

duration.itstoproportionalinverselyispowerpeakthe 2

CodingDataFast5.

theondependcodingdatafastformodulatortheofcharacteristicsHigh-frequency
ofresponsetheofinertia T e theonand2,Sect.indiscussedsignal,heatingtheto

indiscussedMQW,theindepletionandaccumulationcarrierwithassociatedinertia
antoresponsethethatessentialisitcoding,informationerror-freeFor3.Sect.
atothereachfollowingpulsesofsequenceatothattosimilarbeshouldpulseisolated

electrontheencodingofspeedthe3,Fig.inseenhaveweAsrate.bitgivena
bylimitedistemperature ∼ Gb/s50 – opticaltheofconsiderationawithouteven

speedcodingthealsobetooutturnsthispower,IBopticalhightoonotForresponse.
aoflimitation T e modulator.opticalcontrolled
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6:Fig. atoresponseModulator
pulses.ps2ofsequenceGb/s50

modulatortheofresponseroom-temperaturecalculatedtheshow6Figures – the
temperaturecarrier T e (t densitythe,) p S (t gainopticalthepairs,photogeneratedof)

g (t powerlightIBtransmittedtheand,) P out (t) – ofsequenceperiodicatosubject
formtheofpulsesheating P ω (exp − t 2 /∆2 with,) P ω = 104 cm/W 2 and ∆ = ps,2
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incidenthightoonotforfrequency,repetitionthisAtGHz.50ofratetheatrepeated
(powerIB <∼ ofpulseisolatedanforthattoidenticalnearlyisresponsethe),mW35

pairs,photogeneratedofaccumulationofeffectthethatmeansThisform.samethe
smallrelativelyispulse,heatingaofpassagethetheduringproduced

( p S << n S = n 0 +p S where), n 0 absencetheinQW’stheinconcentrationelectrontheis
ofvalueoptimumTheradiation.IBof n 0 10aboutbetofoundwas 12 cm−2 theFor.

abovepowerincident ∼ thatsoimportant,becomespairsofaccumulationthe,mW35
dropsandprocessesrecombinationthebylimitedbecomesratecodingmaximumthe

Gb/s.10below

laserssemiconductorinchirpofsuppressionandmodulationHigh-frequency6.

thevaryingbyamplituderadiationlaserthemodulatingofmethodcommonThe
lowrelativelytolimitedisitFirst,drawbacks.twofromsufferscurrentpumping

(frequencies f <∼ forSecond,GHz).10 f >∼ theinoscillationsbyplaguedisitGHz,1
thefromariseproblemstheseofBoth(chirp).modedominanttheofwavelength

(thesystemlasernonlineartheinresonanceintrinsicantodueoscillationsrelaxation
resonance).electron-photon

bycontroldirectlytoisoutputlaserthemodulatingforprinciplealternativeAn
coefficientgainthemeansexternal g 0 effectivethevaryingbymediumactivetheof

temperaturecarrier T e region.activelaserthein 1 ofmodulationHigh-frequency T e
experimentally,demonstratedbeenhasdegreesoftensseveralby 9 andrivingby

aallowsprincipleinmethodthisAlthoughregion.activethethroughcurrentelectric
thenoroscillationsrelaxationtheneithereliminatesititselfbymodulation,laserfaster

work,recentourinproposedapproach,newThechirp.frequency 10 anallows
Thetime.sametheatchirpthesuppressingfrequency,codingtheofenhancement

ofcombinationcoherentainconsistsideakey two controllingofmeansindependent
currentpumpingtheradiation:outputthe I temperaturecarriereffectivetheand T e.

currentpumpingtime-dependentatosubjectlaser,semiconductoraConsider I (t)
powerelectron-heatingexternalanand G (t describedbecansystemnonlinearThe.)

equationsratestandardtheby 8 densitycarrierthefor n densityphotontheand S
volume:unitper

dt
dn___ = J − gS ˜ − nB 2 (19a);

dt
dS___ = (Γ g̃ τ− ph

−1 ) S β+ nB 2 (19b),

for(3)equationbalanceenergyanwithcoupled T e equations,theseIn. J theis
layer,activetheofvolumeunitperfluxelectron B ∼∼ 10−10 cm3 radiativetheiss/

coefficient,recombination β ∼∼ 10−4 andfactor,emissionspontaneousthe g̃ ≡ cg
_

the
sec[gainoptical −1 layer.activethein]

notation,theuseshallWe X (t) ≡ X
__
+ X̂ eiωt quantitiesvaryingharmonicallyfor,

X (t aaboutitlinearizing(19),systemtheofanalysissmall-signalaoutcarryusLet).
threshold:lasingtheabovewellstatesteady



10...CodingDataFastLuryiandGorfinkel

iω n̂ = Ĵ − S
_

ĝ − g
_

Ŝ − 2 nB
_

n̂ (20a);

iω Ŝ = (Γ g̃ τ− ph
−1 ) Ŝ Γ+ S

_
ĝ + 2β nB

_
n̂ . (20b)

powerabsorbedthethatAssume G (t absorptionISBtheononlydependscarrierper)
rate w ofvariationthe(2),Eq., T e formtheofis

T̂ e =
1 + i τω ε

Gw′ ŵ τε_________ (21)

possiblehereneglectingareWesystem.theofrestthefromdecouplesand
densityphotontheonfunctiondistributioncarriertheofdependences S thetodue

lightwavethebyheatingcarrierdirectand/orburningholespectral 1211, effectsSuch.
fashion.similarainaccountintotakenbecan

T̂ e smallThe(20b).and(20a)Eqs.invariableindependentanconsideredbewill
coefficientstwobydescribedbecangaintheofvariationsignal gn′ and gT′ ofeach,

concentrationofvaluessteady-statetheondependswhich n
_

temperatureand T
__

e as,
frequencyopticaltheaswell Ω :

ĝ = gn′ ( n
_

,T
__

e, Ω ) n̂ + gT′ ( n
_

,T
__

e, Ω ) T̂ e . (22)

regimegenerationlasertheincoefficientssteady-stateThe J
_

> J th asrelatedare
follows:

g
_

S
_
= J

_
− J th ; Γ g

_
τph = (23),1

sethavewewhere J th = nB
_ 2 termtheneglecting, β nB

_ 2.

variationsthewhichfor(20)Eqs.ofsolutionsininterestedareWe n̂ and T̂ e ahave
definite "target" relationship, n̂ γ= T̂ e (20a)Eqs.inrelationshipthisSubstituting.

findwe(23),Eq.usingand(20b)and

Ŝ =
g
_
Ĵ___

1 ω− 2 τph τ γ + i τω ph (1 τ+ γ / τsp)
1________________________________ (24),

where τ γ ≡
( gT′ γ+ gn′ ) S

_
γ_____________ ; τsp ≡

2 nB
_

1_____ (25),

For →γ ∞ theintoovergoes(24)Eq., "classical" dependence Ŝ ( Ĵ tocorresponding)
contains(24)infunctionresponseThecurrent.pumpingthebymodulationpurea

signallasertheandresonance,electron-photonthetocorrespondingpoleusualthe
1asdecayspower /ω2 withconcernedareweIffrequencies.enoughhighat

toassochosenbeshouldtargetthethenmodulation,offrequencytheincreasing
oscillationsrelaxationtheeliminate – settingtocorrespondswhich =γ 0 = n̂ thisIn.

toreduces(24)Eq.case,

Ŝ =
g
_
Ĵ___

1 + i τω ph

1__________ ;  Ŝ =
g
_

 Ĵ ______
1[ + ( τω ph)2 ]1/2

1_______________ (26),
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variationsthethatrequiressolutionThis Ĵ and T̂ e ainothereachtorelatedbe
way:definite

T̂ e =
S
_

gT′
Ĵ______

1 + i τω ph

i τω ph__________ . (27)

theinresonanceelectron-photonnoistherethenfulfilled,isrelationthisWhen
1asfrequencywithdecaysefficiencymodulationtheandsystem /ω Small-signal.

modulation:oftypesthreefor7Fig.inplottedispoweroutputlasertheofresponse
by(3)andtemperature,electronthebypurely(2)current,pumpingthebypurely(1)

(27).Eq.inascombinationcoherenttheir
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7:Fig. theofdependenceFrequency
responseoptical Ŝ (f ) S/ ˆ theto(0)

ainparametersdifferentofvariation
laserAssumedlaser.MQWstripe

A100fiveparameters: ˚ areaQW’s,
360×6µm, =Γ ,0.2 τph = ps,2.5
gn′ = 2.5×10−16 cm−2,
S
_
= 3.5×1014 cm−3 .

pumpingthebymodulation1:Curve
thebymodulation2:curvecurrent,

dual3:curvetemperature,electron
(27).Eq.inasmodulation

highapossiblemakesdensitycarriertheofoscillationsrelaxationofSuppression
calculatedhaveWepulses.shortwithinformationofcodingraterepetition 10 laserthe

thethatfoundandpulses,current-temperaturedualofseriesGb/s10atoresponse
clearisItsituation,pulsesinglethetocomparedundistorted,practicallyisresponse

pulsessmall-signalthat δJ of any transmittedbecansignals,analogaswellasshape,
constantofregimeain n analyzeFouriercansystemtheprovided, δJ (t informand)

pulsecomplementaryappropriateantimereal δT e (t bygivenspectrumthefrom)
forthcomingaindiscussedismodulationdualoftheorysignalLarge(27).Eq.

publication.13

theondependsmodulationdualforrelationtargetaofchoicethegeneral,In
carrierconstantofregimethetargetingofInsteadhand.atproblemengineering

atchirpingwavelengththeofsuppressiontheininterestedbemayweconcentration,
phenomenonunwelcomethisthatRecallfrequencies.modulationhigh 8 originates

partrealtheinvariationstoleadwhichoscillations,relaxationthefrom η theof
indexrefractive ηc +η= i κ ofVariationsregion.activethein n affect η ways:twoin

InGaAsIngain.opticalthechangingbyandabsorptionfree-carrierthechangingby
bywavelengthmodelasingtheshiftingcontributions,similargiveeffectsbothlasers

Aseveralasmuchas ˚ .

variationgainthemodelpresentourIn ĝ Therefore,(22).Eq.contributions,twohas
contributions,twocorrespondingthedistinguishshouldwe η̂gn and η̂gT

thein
relationKramer-Kronigthebygiveneachvariation,indexrefractive
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η̂g −=
π
η
_
__ P

0
∫
∞

Ω′ 2 Ω− 2
ĝ (Ω′ d) Ω′___________ (28),

where P targettopossibleisitthatseenowWevalue.principalintegralthedenotes
oscillation,indextotaltheofsuppressioncompletea

η̂ η= ˆ fc η+ ˆgn η+ ˆgT
= (29),0

betweenrelationshipachoosingjudiciouslyby T̂ e and Ĵ .

wechirp,ofeliminationcompletethetargetedhavingthatemphasizedbeshouldIt
noisresonanceelectron-photonthesincefrequency,modulationtheinpenaltyapay

efficiencymodulationtheandeliminatedlonger Ŝ J/ ˆ asdecays ω−2 sufficientlyat
ofvariationthethatnotewehand,othertheOnfrequencies.high η variationstodue

in T e invariationstoduethatthanweakerusuallyis n compareweIf. η̂gT
theat

chirpofamountthewithoscillationsrelaxationofeliminationcompleteofpoint
η̂n η= ˆ fc η+ ˆgn signaloutputsamethewithmodulationpump-currentpurelyafor

additionalthebothofbecauselarger,usuallyislatterthethatfindwepower,
frequencydifferentessentiallytheandabsorptionfree-carrierfromcontribution

ofdependence gT′ (Ω and) gn′ (Ω .)

Conclusion7.

bytemperatureelectronthecontrollingofpossibilitythediscussedhaveWe
atorisegivesThiswell.quantumsemiconductorainabsorptionintersubband

theforusedbecanwhichpropertiesopticalinterbandtheofmodulationsignificant
methodTheradiation.infraredofmodulatorchirp-freeandfastaofimplementation

thesimultaneouslycontrollingbyradiationlasermodulatetousedbealsocan
eliminatetoallowsThisregion.activetheingainopticaltheandcurrentpumping

opticalinchirpingwavelengththesuppressandoscillationsrelaxationthe
ofcontrolRapidrates.repetitionpulsehighatoperatingsystemscommunication

atpossibleisabsorptionintersubband constanta CO2 intersubbandthevaryingbyflux
formeansthatcrucialisitpurposethisForfield.electricappliedanwithseparation

COtotransparentbethemselveswouldfieldelectrictheapplying 2 whichradiation,
2.Sect.indiscussedschemenovelawithaccomplishedbecan

ofvariationthetolimitednotismethodmodulationdualtheObviously, T e by
rateofsystemtheofparameterstheofanyprinciple,Inabsorption.intersubband

intersubbandbynecessarilynotthoughexternally,variedbemay(19)equations
ofvariationtheforschemesdifferentBesidestechniques. T e alternativeseveral,

factorconfinementthevaryingincludingrecently,discussedbeenhaveproposals 13 in
lifetimephotonthelaser,stripea 14 spontaneoustheevenandlaser,cavityverticalain

factoremission 15 ahasphysicsintersubbandthatbelieveWemicroresonator.ain
field.emergingthistocontributetochancegood
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