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The resuls of modelirg the application of an externé electric field to disorderedstrainal InGaAs/
GaAs single quantum well are presentedAn errar function profile is usal to modé the constituent
atons compositio after interdiffusion Resulsindicat tha the exciton Stak shift in the disordered
quantumn well is greate than in the as-grown 10 nm wide Ing ,Ga, gAs well, and tha the change in

electroabsorptio nea the fundamenth exciton absorptim pe& is enhancd by 30% in the
disordered quantun well for a 30 kV/cm electric field applied perpendiculato the well. These
resuls may be useal to achiewe opticd modulatos with improved performane characteristis in

straina quantun well structures © 19% American Institute of Physics.

In quantum well (QW) structure excitonic effects pro-
duce large absorptio peals just below the interbard transi-
tion enegy, which becone stabk even at room temperature,
and which sharpe the absorptim edge! When an electric
field is applied perpendiculato the QW layer, the exciton
peals reman resolvel up to very high fields and show sig-
nificart shifts in the absorptim edge® This quantum-
confined Stak effect (QCSH has bean applied in QW optical
modulator$ ard in self-electro-optic-Hect devices' where
light propagate perpendiculato the QW layer. More re-
centl, InGaAs/Gas QW waveguie modulators where
light propagate paralld to the QW layer, hawe also been
investigated. Such modulatos are particulary interesting
for monolithic integration with low threshodl strained-layer
lase diodes® For high device performance such as high
on/df ratio and a low drive voltage it is desirabk tha a
large Stak shift of the exciton is exhibited with applied elec-
tric field. A QW structue with a gradel well compositional
bottam has been propose for this purposé’.

Disorderirg of QW structure involves the interdiffusion
of constituen atons acros the well-barrig interfaces and
resulsin agradel compositionaprofile. The extert of inter-
diffusion is a function of the disorderig process
parameter§.QW disorderiry leads to significart shifts in the
absorptio edge of QW structuresard is an attractiwe tool
for band-g@ engineerig als in the contex of monolithic
integration In this letter, the effects of QW disorderimg of a
strainel InGaAs/Gas single QW on the Stak shift and
electroabsorptio are modela to investigaeé the potentid use
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of disorderimg of strainel QWs for improved device perfa-
mance.

In coherenty strainel pseudomorplti InGaAs/GaAs
QWs a biaxid compressie stran perpendicula to the
growth direction increase the enagy ggp betwea the con-
duction bard and the degenera valene bands while a
uniaxid compressie componeh of stran paralld to the
growth direction resuls in heaw hole (hh)—light hole (Ih)
bard edge splitting? In the modé usel here the electra and
hole subband are considerd assumiig the conductia band
to be parabolt and tha the Ih subbax shift due to the strain-
inducad hh—1h bard edge splitting is large enoudp to neglect
valene bard mixing.1%* The disorderimy proces is assumed
to resut in the interdiffusion of In and Ga atorrs acros the
interface!? An errar function distribution is used to represent
the compositiona profile after disordering'® and the extent
of interdiffusion is characterize by the interdiffusion length
Ly=(Dt)'2, wher D is the diffusion coefficiert and t is the
annealilg time. The subband are determine numerically
following a schene developé by Bloss* for quasibound
states using spatially dependeneffective masss and strain
effects’® and are then usel to calculae the heavy-hok re-
lated 1 Sexciton binding enagies and wave functiors by a
perturbative-variatiolamethod® Numerica resuls are cal-
culated for an as-grown QW, ard for various values of inter-
diffusion lengh L 4. Thes resuls are next usel to determine
the room-temperatwr absorptio coefficiert nea the funda-
mentd absorptio edge Waveguic electroabsorptiois con-
sideral here with the light propagatig along the plare of
the QW laye. The absorptio coefficiert is calculated for
variouws values of Ly ard applial field, for the bard edge T’
region of the Brillouin zore taking into consideratia only hh
to conductia transitions in view of the effects of the com-
pressie stran on the Ih subband as discussd previousy.
The TE polarization absorptio coefficiert is determind by
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FIG. 1. Stak shift with applied electrt field for an Iny ,Ga, gAs/GaAs single
QW, with an as-growm L,=10 nm, for various values of interdiffusion
lengh L.

taking into consideratia the 1 Sexciton ard all the bound
states including the 2D enhancemanSommerfed factar.
Details of the calculatiors are given in Ref. 16. In this first
analysis the contributiors from continuun states abo\e the
barrier ggp hawe nat been consideredThis shout only have
a smal effect on the electroabsorptio spectrun nea the
fundamenthabsorptio edge.

The as-grown QW structue considerd here is a10 nm
InGaAs laye sandwichd betwea thick GaAs barriers The
effects of the applied field on the exciton Stak shift enegy
for the hh related transitiors are shown in Fig. 1. In the
initial stage of interdiffusion (L4~1 nm) the Stak shift
decrease slightly and then increass to a value larger than
the as-grown case showirg a significantly larger value for
Ly=3 nm. This reflecs the changiy carrier confinement
profiles as modified by disordering strain and applied field.
For a given electrc field the Stak shift depend on the
width, depth and shag of the confinemen profile ard is
directly proportiona to the carria effective mass The effec-
tive width of the tilted confinemen profile, experiencd by
the electron ard hh grourd states unde the action of the
applied field, is larger in the disorderd QW (Lg=2 nm, in
this casé than in the as-grow QW. As aresult the applied
field lowers the grourd stake subbandsand thus the ground
stak transition enagy, to a greate extert in the disordered
QW. In addition the averag of the spatially dependehef-
fective masse over the well region is larger in the disordered
QW, as aresut of the increasiny effective masss with in-
creasig distan@ from the well cente. This heavie carrier
mas resuls in alower quantizatio leve and thus greater
sensitivily to the shap of the well, ard therefoe to the ap-
plied field. Thus an enhancd Stak shift resuls in the dis-
orderal structue as compare to the as-grow structure The
increae in Stak shift in the disordere QW is similar in
trend to resuls calculatel for agraded-gp QW structuret’ It
can be sea that for Ly=3 nm, the Stak shift at 30 kV/cm is
enhancd by a factar of 65% over the as-growmn QW case.
This enhanceméncould be the bass of improved device
performane in electroabsorptio modulatos which can be
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FIG. 2. Absorptian coefficiert wavelengh spectafor TE polarizatio for an
Ing ,Ga& gAs/GaAs single QW with L,= 10 nm, for various values of applied
field: F=0 kV/cm (solid), 10 kV/cm (long-dash, 20 kV/cm (dotted, 30
kV/cm (short-dash and 40 kV/cm (dot-dash, for (a) L4=0, ard (b) Lg4
=3 nm.

driven with alow operatirg voltage and posses ahigh on/df

ratio. The Stak shift values for the as-grown QW, compare
favorably with calculatel values reportal for an InGaAs/
GaAs QW structue with similar barrig heighs of 100
meV.1° The Stak shift values determind here for the
strained disorderd InGaAs/Gas QW are comparab¢ to

Stak shift values obtainel when considering interdiffusion
in an AlyGay-As/Gahs QW with L,=10 nm!® even
though the conductimn ard hole barrier heights for Ly=0

nm, are 300 and 120 meV, respectivey.

Figure 2 shows the TE polarized absorptim coefficient
specta for an as-grown QW and for the disordere QW with
Lq=3 nm, for variows values of applial field. The exciton
pe&k shifts to longe wavelengtls with increasilg applied
field, reflectirg the QCSE at the sane time decreasig in
value The applied field pulls apat the electron ard hh wave
functiors therely reducirg the electron-th wave function
overlap and thus the exciton peak A similar trerd in the
behavio of the exciton pe&k at the fundamenthabsorption
edee is observe in the disorderel QW. The decreas in the
exciton pe& for similar values of applied field is larger for
the disorderd QW than for the as-grown QW, since the
electron-th wave function overlg is reducel to a greater
extent In the disorderel QW the electran ard hh wave func-
tions are less strongly confined and show a larger penetration
out of the well, so tha the two wave functiors are pulled
further apat by the electrc field.

The chang in the TE polarization absorptim coefficient
due to the applicatin of an electrc field, for wavelengths
arourd the fundamenthabsorptio edge is shown in Fig. 3,
for Ly=0 and 3 nm, respective). This chang in electroab-
sorption is define as Aa=a(F)—a(F=0). For the as-
grown QW electrcc fields up to 40 kV/cm are considered,
while for the disorderd QW electric fields up to 30 kV/cm
only are considerd sinae tunnelirg out can be observe at
40 kV/cm for Ly=3 nm. It can be seen that a similar maxi-

mum value of A« results near the respective fundamental
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FIG. 3. Chang in absorptim coefficiert for TE polarizatiomn Ae, with ap-
plied field, for an Iny ,Ga&, gAs/GaAs single QW with L,=10 nm, where
Aa=a(F)—a(F=0), for various values of applied field=10 kV/cm
(long-dash, 20 kV/cm (dotted, 30 kV/cm (dot-dash, and 40 kV/cm (short-
dash, for (@) Lg4=0, and (b) L4=3 nm.

absorptio edee in the two cass Ly=0 nm with F=40
kV/cm, and Ly=3 nm with F = 30 kV/cm. Thisimplies that
the sane maximum A« can be achieved in the disordered
structue at a lower operatirg voltage This enhancemenin
electroabsorptio can also be seen by comparilg the maxi-
mum A« for the as-grown and disordered QW at the sam
applid field. At F=30 kV/cm, the maximun A« for the
disordere QW is 30% larger than tha of the as-grow QW.
Ideally this implies an improved on/df ratio for the same
wavegui@ modulate lengh or a reduce deviae lengh for
the sane on/df ratio, the latter being particulary attractive
in high speel optoelectrorg circuit applications.

In conclusion we havwe modelal the effects of disorde-
ing ard stran on the quantum-confing Stak shift in an
InGaAs/Gass single QW. The resuls presentd shav that
for a sufficiently large value of L4 the exciton Stak shift in
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the disordere QW is greate than in the as-growm QW. For
the QW considerd here the Stak shift is enhancd by about
65% for Lq=3 nm a F=30 kV/cm. The corresponding
chang in maximum A« when an electric field is applied for
the disordere QW is 30% larger than tha of the as-grown
QW. This implies tha for wavelengtls arourd 1 um, disor-
dered strainal InGaAs/Gas QWs could lead to an im-
proved on/df ratio or reducel devicee lengh in waveguide
modulators.
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