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Energy-level localization in Bragg-confined asymmetric coupled quantum wells studied
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Electronic Bragg mirrors are used to confine carriers at energy levels above the barrier height in asymmetric
coupled quantum wells. An electric field inside the quantum structure is created by transferring carriers from
a wide quantum well into a narrow one. Two classes of above-the-barrier states are resolved by using modu-
lated resonant Raman spectroscopy. The first level is the resonant one, which is highly localized by the Bragg
reflector above the asymmetric quantum well and is redshifted when a photogenerated local electric field is
created in the asymmetric quantum well region. The second class of levels, which extend mainly above the
reflectors region, is seen by photoluminescence and photoluminescence excitation measurements. It is less
shifted than the resonant level, when the photogenerated local field is applied, which is due to the smaller
localization of these states in the asymmetric coupled quantum wells. We used modulated photoluminescence
and Raman spectroscopy to resolve the Stark shifts of the bound and continuum levels as a function of the
infrared photoexcitation intensity. Our results indicate that because of the photoinduced electric field, the shifts
of the above the barrier levels are linked to their degree of localization. These shifts are much stronger than
those of the bound states inside the well and a model is proposed to explain the shifts of the continuum and
bound levels using perturbation theory.
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[. INTRODUCTION etration of the envelope wave function into the reflectors
regions. These Bragg reflectors are finite superlattiie
Localization of carriers in energy levels above the barriecomposed of a series of QW’s and barriers that are designed
height of a quantum wellQW) has attracted considerable so that the envelope wave function of the quasibound states
attention in recent years due to fundamental interest and pavill interfere destructively in the reflectors region and obey
tential applications such as infrared detectors. In a QW, wéhe Fabry-Perot condition,
distinguish between bound states below the energy gap of the
barrier and the states whose energies are above the barrier by Lwp=(NXNyp)/4, (1.2
their degree of localization. While the bound states are
highly localized in the QW region, the continuum energywherel,,, are the width of the QW and barrier, respec-
levels generally extend above the barriers and the QW's retively, in the SL sectior(reflector region \,,, denotes the
gions. The continuum states that are more localized are ofteglectron De-Broglie wavelength in the QW and barrier, re-
referred to as quasibound states. These quasibound statgsectively, andh is an integer.
have an enhanced probability to be found in the QW region. These two condition$l.1) and(1.2) are the criteria that
This enhancement takes place when the QW width fulfillsgive highly localized states in the QW region. These states

the transmission resonance condition: with energy above the barrier are often referred to as Braag
states’™®
Low=(NXXow)/2, (1.9 The addition of reflectors modifies the total energy spec-

trum. In the SL region new levels appear in the wells at

whereL gy is the width of the QW) denotes the carrier energy below the energy of the barrier.
De-Broglie wavelength in the QW, amdis an integer. These On the other hand, the situation at energies above the
guasibound states were studied by Resonant Raman Scattearrier becomes much more complex. In the absence of a
ing (RRS by Zuckeret all QW, when only the SL is present at energies above the bar-

These quasibound states are localized in the QW regiorier, we have a set of minibands and minigaps. When a QW
for a finite time and finally escape to the barrier region. Byis introduced, classes of states appear in the gaps created by
replacing the barriers on each side of the QW with Bragghe SL structure. These states common to the QW and to the
reflectors a further enhancement in the localization of theseSL structures have different degrees of localization in the
quasibound states is obtained by strongly reducing the pef@W area, which demands a redefinition and a new investi-
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gation of the states with energies higher than the barrier en Reflector ACQW
ergy. Here we investigate a device that contains electronic — ]
Bragg mirrors instead of wide barriers. These Bragg mirrors ] ﬂ ™~

allow the formation of states that are confined above the QW
and of states spread above the barrier. In addition, this struc
ture also incorporates the ability to study the confinement of
these states by a modulation technique that is based on th (a) j
creation of a local dc electric field by charge transfer in a co
coupled quantum wells region. The incorporation of these 2
two unique features makes it possible to study the physics o Laser
the above the barrier states by investigating their localization i
and their behavior under applied photoexcited electric fields. AEI
The transfer of charges by IR excitation from a wide QW g
(WQW) into a narrow QW(NQW) was originally designed
as an IR detector, the Bragg reflectors were added to increas L |
the localization of the wave functions. - q
In this paper we study the localization of the different . =

classes of states inside the QW and above the barrier b D0 200 O 200 400

e

using the recently developed method of locally modulated z growth axis (A )
resonant Raman scattertfh@gnd modulated photolumines-
cence. The basic idea of these techniques is to generate
local dc electric field, inside the QW, bg intersubbgnd tran-
sitions (ISBT). This local field enables the modulation of (b)
energy states according to their degree of localization. Laser
The local electric field in the structure was obtained by I

using asymmetric coupled QWIACQW) to transfer carri-

ers from a WQW into a NQW through an intermediate bar-
rier [Fig. 1(a)]. This charge transfer was created by the 10.6
pm line of a CQ laser, which induced intersubband elec-
tronic transition from the ground state of the WQW into the |
ground state of the NQW via an electronic state common to
the ACQW. In Fig. 1a), we schematically show the ISBT

process. These electronic transitions give rise to a local elec- G- 1. (@ Schematic description of the conduction band show-
tric field across the ACQW region but not outside the N9 the Bragg reflector and the ACQW. Also shown is the intersub-
ACQW in the Bragg reflectors region band excitation process and the charge carrier transfer from the

Under resonant conditions, when the C@umping laser wWQw to_ the NQW that generates_ the static electric fielth)
. . chematic description of the experimental setup of the MPL and
energy is equal to the energy difference between the groun RRS
state of the WQW and the first electronic level of the ACQW '

Es, i.e,, when charge transfer takes place, local modulatiosnfining structures. The Bragg confining structure is com-
of the photoluminescencéMPL) signal inside the QW posed of an ACQW that is grown between two
states, as well as local modulation of the resonant Rama@aAs/Ab +GayeAs Bragg mirrors. The ACQW is com-
scattering signa(MRRS) from the above the barrier local- posed 6a 7 nm-GaAs WQW, a 15 nm-ALGa, gAs interme-
ized states are observed. _diate barrier ad a 5 nm-GaAs NQW. Each Bragg mirror
. ?}y Lés'”g MPL andh!T/IlRl’RS,lwe Imezsured thiene:jgy Sh:';tconsists of four periods of 3 nm-GaAs QW and
of the Bragg state, while less localized states showed sma ) : ;
shifts. The size of the shift of these states is linked to theiggzn trﬁo'ﬁﬁzjé?ggfoSﬁglg{étgeaﬁéugu;eﬂgia?gj |?nnetzr(:|eso
degree of localization in the ACQW region and we explainWQW and NQW, respectively, and the third leve} ex-
these shifts quantitatively using perturbation theory. Therezonys over the e’ntire ACQW ’and its energy is 115 meV
fore, we were able to distinguish between the different state igher thanE, [see Fig. 1a)]. In order to populate the
by their amount of localization and define several classes Oground electronic statd,, the sample was modulation

states. . . _ __doped with an electron concentration 0k20'*cm™2 The
The paper is organized as follows: In Sec. Il we descrlbeSi dopant was deposited in a GaAs QW of the SL section

the sample and experiment, Sec. lll presents the EXPENMEKat forms the Bragg reflector, creating a two-dimensional

tal results which are discussed in Sec. IV. We conclude in, o ron gas in the WQW regiofig. 1). The whole struc-
Sec. V. ture was capped with a 15 nm-GaAs layer.
The sample was cleaved into a stripe geometry and was
glued to a cold finger of an Oxford microstat and held at 10
The sample was grown by molecular beam epitaxy on &. The CQ laser was focused into a spot=sfL00 um on the
semi-insulating substrate. It consists of 25 periods of a Braggleaved facet using a Ge Iérsee Fig. 1b)]. The intensity

Raman and PL k
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FIG. 3. IR absorption polarization spectroscopyis the angle

FIG. 2. PL and PLE of bound and above the barrier energy,qnyeen the IR electric field vector and the layers plane.
levels in the Bragg-confined structur@) PL of the three lowest

bound subbandstb) PLE of the bound levels monitored at the paq continyum transitions are resolved at 2.052 eV, 2.07
WQW energy transition(c) PLE of above the barrier energy states eV, and 2.082 eV, which are identified as the Bragg tr,ansi-
monitored at the WQW energy transitiofd) PL of above the bar- tior’l E 'Hi—| B s:[ands for Bragy the reflector transition
rier states in the reflector region. B-" B g "
Er:HHg (R stands for reflectgrand theEg : HH transition.
We assign thé&g :HH g transition andEg :HHg to a class of

of the CQ laser varied from 1 to 10 kw/ctAll photolu-  pighiy localized energy states in the ACQW, while:HH g
minescencePL) and Raman spectra were recorded in the,g mostly localized in the reflector region.

back-scattering geometry_, and were excited by a cw dye laser Tpe high-energy part of the AIEig. 2d)] near 2.07 eV, is
pumped by an AT laser in the 1.96-2.16 eV range. Low assigned to the transitidBg :HHR and it is seen also in the
excitation power of up to 1.5 mW focused on @B diam-  p| E'spectrum. The PL signal from this state is an indication
eter point was used for all PL and RRS measurements. Thgs the |ocalization of this level in the reflector region. The
scattered .radlatlon was analyzed by a triple m_onochrom:';1t0é|ec,[r0niC transition€g :HHg and, to a lesser extent, the
DILOR micro-Raman spectrometer, and the signal was degansitionEg :HHy, are more localized in the ACQW region
tected by a CCD camera. than theEg:HHRg one. As a result, carriers in the Bragg-
confined energy levelgEgz andHHg decay more rapidly to

. RESULTS lower subbands and, therefore, do not recombine radiatively
at this energy. On the other hand, carriers with wave func-
A. PL and PLE spectroscopy tions that are more localized in the reflector region have a

Figure 2 shows the PL and the photoluminescence excionger lifetim& due to smaller overlap with the lower sub-
tation (PLE) spectra from the bound states inside the wellbands and contribute significantly to the PL signal.
and from the continuum states. The PL spectfiig. 2(a)]
shows three peakg,:HH,, E,:HH,, andEg :HHg at B. Effect of photoexcitation
1.57 eV, 1.605 eV, and 1.705 eV, respectively, which are
identified as a recombination of electrons and holes from
bound states in the WQW, NQW, and from the bound level Figure 3 shows the IR absorption spectrum. The absorp-
in the QW of the Bragg reflectors, respectively. Figufb)2 tion peak is near 10.am (117 me\j and it is identified as
shows the PLE spectrum of bound states monitored at ththe E;— E3 energy transition in good agreement with our
WQW transition energy. We identify the three transitionscalculated energy difference of 115 meV. Furthermore, Fig.
indicated above. We also observe a Stokes shiftA& 3 shows that this peak obeys the ISBT selection rtiigsis
=8 meV of theE;:HH; (WQW) transition between the PL the angle between the electric field of IR radiation and the
[Fig. 2@] and the PLE[Fig. 2(b)] signals. The two- layers plane[Fig. 1(b)]. Therefore, when irradiating the
dimensional concentration in the WQW was estimated fromsample with a 10.6um line of a CQ, carriers that are lo-
this energy shift to b€ n=2x10"cm™2. cated in the ground stat&() in the WQW, are resonantly
The PLE spectrum from energy states above the barriegxcited by a C@laser toE;, which is common to the entire
monitored at the WQW energyeq:HH,) is shown in Fig. ACQW. Some of these carriers lose their energy by phonon-
2(c) (The barrier energy of AlzAspeeAs at 10 Kis 2 eV).  assisted relaxation processes and decay to the Btasnd

1. Levels bound inside the wells
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FIG. 4. PL spectra of the bound states under various mfrarechaman spfec)trum takeE without and withgg 10 kV\FlanZ Ias%teuf
excitation intensities. with the probing dye laser set at 2.1 eV.

stay there because the tunnelingHg is very inefficient,
inducing a local dc electric field across the ACGHV. In the structure, we have three different layers GaAs,
In order to investigate the effect of electric field on the Al JAs, /As, and A}, 3Ga, gAs that constitute a single unit
energy levels inside the wells, we measured the redshifts fell. Therefore, the Raman spectrum is composed of the fol-
the PL signalsE;:HH;, E;:HH,, and Eg :HHg_ as a  |owing phonon frequencid§ig. 5@)]: 292 cm * (36.2 meV}
function of the CQ excitation intensities. Figure 4 shows the from the GaAs layers, 285 cm (35.3 meVf and 376 cm*
PL spectra of these bound levels for three values of, CO(46.6 me\f from the Al ,As, gAs layer, which are the GaAs-
excitation intensity, the maximum value is 10 kWfcrithe  |ike and AlAs-like modes, respectively. The peaks at 280
results indicate that at the highest excitation pow#d cm™! (34.7 meV and 382 cm? (47.3 meV are the GaAs-
kWi/cn?) the levelE;:HH1, which is a bound state inside |ike and AlAs-like modes of the Al3Asy sAS layer, respec-
the WQW, redshifts by 1.1 meV, the leveEhb:HH,, which tively. Figure 5b) shows the effect of the CQaser on the
is a bound state inside the NQW shifts by 0.7 meV, and theRaman spectrurfwith the probing dye laser energy set at 2.1
level Eg :HHsg; , which is a bound state inside the SL doeseV). At this laser energy, the phonon modes of the GaAs and
not shift at all, as expected, because it lies outside th@l,.As,As layers are very weak. The effect of the £O
ACQW where the influence of the electric field is felt. Theselaser on the Raman spectrum is to enhance the GaAs-like
results indicate that the shifts depend on the QW size.  mode intensity while the AlAs-like mode intensity is un-
Under these IR excitation intensities, we were unable tchanged. By measuring the intensity of these peaks as a
measure the anti-Stokes-Raman component. We alsfainction of the dye laser energy, we get three RRS profiles,
checked that there was no shift in the frequency of theone for the GaAs, one for HbAsygAs, and one for
phonons under these excitation, therefore, we estimate th&l, ,,As, sAs (these spectra are shown in Fig. n the
sample temperature under glaser illumination to be lower |aser energy range 2.02-2.1 eV, we have the normal RRS
than 40 K. If the redshift was due to heating it would haveprocess, when the laser energy equals that of an electronic
induced a redshift of thé&g :HHg_ transition that is not transition at 2.052 eV, 2.07 eV, or 2.082 eV, the Raman
seen. The observed redshifts are not caused by heating. intensity is enhanced. In the energy range 2.1-2.15 eV, the
outgoing resonance enhances the Raman intensity at energies
equal to that of the electronic transition plus the phonon
Among the three electronic transition from levels in theenergy. We resolve in these spectra, three electron-hole tran-
continuum,Eg:HHg, Eg:HHg, and Eg:HHg, only the sitions at 2.052, 2.070, and 2.082 eV that are identified as
level Eg:HHRg could be resolved by PL measurements, theEg:HHg, Egr:HHg, andEg:HHg, respectively, and are in
other continuum transitionSg :HHg andEg :HHR were re-  good agreement with the energies measured by PL and PLE.
solved either by PLE or RRS. Therefore, in order to investi-The levelEg:HHg at 2.052 eV is seen mainly in the RRS
gate the degree of localization of these three levels we studspectra of the GaAblack squares in Fig.(6)] and in the
ied the influence of the photoinduced electric field by PL andAlg ,Asy gAs layers[Fig. 6b)]. This level redshifts by 14
RRS. We measured the shift induced by the photogenerateti2 meV under an infrared excitation intensity of 8 kWim
electric field on the different levels illuminated by various IR~ The higher energy transitioris; :HHg near 2.07 eV and
excitation intensities. Eg:HHR at 2.082 eV were seen in the MRRS spectra of all

2. Levels in the continuum
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tGaAs layer ~6meV, o (a] [ E.:HH, .
E,:HH,

~14meV

E iAIO_ZGaOgAs Iayer(b )

—s— Without CO,

—o— I, =8 kW/em]

Intensity (Arb. Units)

. ©

2.2 meVé

2.055 2.060 2.065 2.070 2.075 2.080
Energy (eV)

L s P ‘ . FIG. 7. PL spectrum of the continuum levEk:HHg under
2.02 2.04 2.06 2.08 2.10 2.12 2.14 2.16 several infrared excitation.
Energy (eV)

_ _ ) Figure 8 shows schematically the result of the numerical

FIG. 6. RRS of the above barrier levels withdsblid squares  gq|ytion. The following features are observed: First, we see
and with (open cwcle}; IR exutatpn of 8 kW/crﬁ. (a) RRS frpm electrons E, andE,) and holes BH, and HH,) that are
:?c?metigsﬁ\lszgri:i\slslathgr Qgsx:iiﬁkznggf"iz}ilfsff:rﬁt'\t’ﬁéy' highly localized in the ACQW region. Second, we have
AlyoG gAé Iaaoérs y P b_ound eIgctronsEsL) and ho.Ies (-I'HSL) in the reflector re-

0.34°%2 yers. gion, which are highly localized in the SL’s that constitute
layers, but were better defined in the GaAs andhe Bragg reflectors. Normally, the SL states are degenerate
Al sAso sAs layers[Figs. 6a) and Gc)]. Under an infrared an_d woulo! const_ltu_te a m|r}|ba_1nd, bu_t because of th_e r_nodu-
excitation intensity of 8 kW/cfy the levelEg:HHg shifts lation doping built-in electric field, this degeneracy is lifted

by less than 2 meV, which is our energy resolution. The

results of the MRRS experiment for the levElg:HHg A AAn. . E
(2.082 eV are shown in Figs. @) and &c) and indicate a 19+ ;{_;:—/%J\(V\MMB
redshift of 62 meV under the same infrared excitatith L - Ex
kwi/cn). 18F ™
The two peaks near 2.11 eV are the outgoing Raman sig- s
nal of the two transition&g: HHg andEg HHR which are 17ty N y
found at one phonon energy away from the incoming Raman N LE E, 1
signals' The out going signals are shifted exactly as the 16 sol -
incoming signals under infrared excitation. In order to re- _ |
solve the exact shift of the lev@élz:HHR, we used the PL % isL- -
signal of this transition. We measured the PL signal of this ~ 3: HH, =
transition under various infrared illumination intensities. Fig- 23001 - i 7 _
ure 7 shows that this level is gradually redshifted with in- 5 He) [
creasing infrared excitations. The maximum redshift is 2.2 =) 7 (—j }
meV under the highest infrared excitation intensity of 10 = 8 o )
kW/cn? and the full width at half maximum (FWHM) 01 L V *
=14.8meV is independent of the GMaser power within
our experimental errof0.3 me\j. A HH,
[ —" I
IV. DISCUSSION 027 g
HH,
A. Calculation of the energy spectrum of the sample . L . L : L ‘
The conditions 1.1 and 1.2 were taken into account when 400 z -(Z}(r)gwth gxis ( %XOO) 400

we designed the structure, but the actual electronic structure

simulation is based on a numerical solution of the Ben- FIG. 8. Conduction and valence energy states of the Bragg-
Daniel-Duke and the Poisson equations for the valence ancbnfined structure, calculated by solving self-consistently the Ben
conduction band$** using periodic boundary conditions.  Daniel-Duke and the Poisson equations.
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TABLE |. Experimental and calculated energy transitions for bound and continuum states.

Ei'HH;  E;tHH,  EgHHs  Eg:HHg  Eg:HHg  Eg:HHg

(ev) (ev) (ev) (ev) (eV) (ev)
Calculation 1.571 1.606 1.706 2.058 2.072 2.085
Experiment 1.57 1.605 1.705 2.052 2.07 2.082

and these states do not interact. The calculated transitiouq0 denotes the unperturbed Ben-Duke Hamiltonian for the

energies of the three bound states:HH;, E;:HH,, and  conduction and valence bands, is the perturbation Hamil-

Es :HHg_ are in good agreement with our experimental re-tonian,q is the carrier charges .., is the photogenerated dc

sults(Table ). local electric field, andz is the carrier position along the
Figure 8 also shows the energy levels above the barriegrowth direction with respect to the center of the QW. Using

Two electronic stateEg andEg, as well as two hole states the standard procedure of the perturbation theory, the energy

HHg and HHg, are shown. In principle, these states cancorrectionAE retaining the second-order term is given by

give rise to four transitions, namel¥g :HHg, Eg:HHR, AE"=(H,)
Eg:HHg, andEg:HHg. However, due to very small over- !
lap integral, the last transitiokg:HHg is not seen. The =lel((2)p" = (2)2") Focal
calculated transition energies of the three transitions R,
Eg:HHg, Egr:HHg, andEg:HHg are given in Table | and _e?F, 2 S (2"
are also in agreement with our experimental results. In order local, & & Em—En
to compare the localization of the different states, we calcu-
lated p, the probability to find the carriers in the ACQW ><<Z>in'm:f (5 "zyTdz, 4.3
ACQW
P{l:e,h:f |‘/’in(2)|2d2, 4.2 where(2) is the carrier average position with respect to the
QW center of the QW and_,, . is the unperturbed state heavy

. L L hole or electron envelope wave function, respectively. The
where the integration is along the growth direction, andsymmation in the second-order term is over heavy hole and
¥ (2) is the envelope wave function of thh state, andis  glectron states and it includes virtual transitior m. How-
either an electron or a hole. The valuespdbr the different  ever, only the first nearest energy states contribute signifi-
energy states are summarized in Table Il. From these valugsntly to this term, therefore, only contributions from the
we deduce that the most localized state in the ACQW regiomlosest energy levels were taken into account.
are the Bragg state€g andHHg). On the other hand, the Contrary to the symmetric QW, in the ACQW the carriers
reflector statesEg andHHR) are the ones that are the less wave functions in the WQW and NQW tend to leak more
localized in the ACQW region, while the stateg andHHg  into the intermediate barrier and, therefore, have an asym-
are in between. metrical shape as shown in Fig. 8. Hence, the first-order term
does not vanish. Obviously, the first-order term is stronger
than the second-order term, and as the field increases, the
dipole |e[({z)p"—(z)a") in the first-order correction in-

In order to quantitatively explain the shifts of the energycreases, electrons and holes tend to accumulate at opposite
levels under the induced dc local electric field, we propose t@dges of the well, and the limit of £)p"—(z)g'") tends to
adapt to our asymmetric structure the perturbative descripequal the QW well width. Therefore, we expect the ground-
tion, which explains the Stark effect in a symmetric QW. state transitiorE;:HH; in the WQW to show a larger shift

B. The local-field effect

The total Hamiltonian can be written than the NQW ground-statE,:HH, transition when the
photoinduced electric field is applied. As for the states above
H=Ho+H, the barrier, we expect the localized states to show stronger
shift than the delocalized ones, and we also expect the above
the barrier Bragg statdsg andHHg to show stronger shifts
= AXFiocaz 2 ACQW (4.2 than the bound statds; andHH,; andE, andHH, due to a
0 elsewhere. larger “effective QW size” that is now the size of the
ACQW.
TABLE Il. The probability of finding carriers in the ACQVg The estimation of the induced electric dipole in an
[Eq. (4.1)] calculated for the heavy holésiH) and electron$E) of  ACQW has been treated both by calculating the nonlinear
the three above the barrier transitions. optical rectificatioh? and by solving the rate equations for

the coupled three levelg,;, E,, and E; via the optical
field® The induced field by both methods was found to be
p(in% of the total 052 0.87 0.13 054 0.52-0.54 Proportional to the flux of the infrared photons. Hence, to

probability) evaluate the shifts induced by the local electric figlg., we
defineFycq by

Eg HHg Er HHr Eg—HHg
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shift when the localized electric field is applied as expected
0 jammememmeopmnn in the absence of heating.

-------- - The calculation of the energy shifts using B¢.2) is
plotted by dashed lines in Fig. 9 for the three bound energy
levels. We considered the electrons and heavy hole wave
functions of each transiton and we usedx
=3.5cmxsec/Coulomb to calculate all the energy shifts.
When the local field is generated, electrons in the WQW and
NQW accumulate in the left side of the wells, while the
holes accumulate in the right side of the wells, therefore they
produce an electric dipole that redshifts the energy levels of
these bound states. As discussed earlier, this electric dipole
D=e((z)p"—(2)2") depends on the QW well sizEEq.
(4.2] and therefore the energy levels are shifted by an
amount that is proportional to the well width.

HH:E -WQ

Energy Shift (meV)

14+ HHRE-NQW 2. Levels in the continuum
a HH. :E_ -SL As discussed previously, three above the barrier transi-
-16 | SLTTSL tions are resolvedEg :HHp at 2.052 eV,Eg:HHR at 2.07
L o EB;HHB eV, andEg:HHy at 2.082 eV. The redshifts of these levels
-18 L under the infrared excitation are also reported in Fig. 9. Sev-
| o E.:HH, eral results should be explainel) All above the barrier
220 energy levels show stronger shifts than the bound states
2 E]|33HHR when subjected to the same photoinduced electric fi@ld.

' e ——— The transitionsEg:HHg and Eg :HHg show a strong shift
0 2 4 6. 8 102 when the photoinduced electric field is applied, while the
C02 Laser Intensny (kW/Cm ) transitionEg :HHg shows a much smaller shift. These fea-
tures are related to the degree of localization and can be
FIG. 9. Energy shifts of the bound and continuum energy levelsexplained using the Stark effect model. Energy levels above
under varioys .infrared excitatiqn .intensities: solid squaresyhe parrier that are confined in the ACQW region, can pro-
E1:HH;, solid circles-£5:HH, solid trianglesEs :HHsi, 0pen 4,06 4 much larger electric dipole than the bound states,
sEqu.aHras- Er:HHg, open circles- Eg:HHpg, open triangles- oo ise the charge separation between electrons and holes
B-R that is of the order of the ACQW siz&70 A) is larger than
the WQW, which is the maximum charge separation of the
Fioca= aP (4.4 bound states. For example, the calculated average separation
between electron and heavy holes of the Bragg-confined

hered is the infrared oh ; di o level is (2)p'®—(2)2B)~60 A compared to a 5-6 A for the
whered is the infrared photon flux and is a constant to be transitionE;:HH; (WQW bound level and even less for

fitted to the data with the constraint that this parameter muslt:-z_l_”_|2 (NQW bound level. This order of magnitude dif-

be the same for all the energy levels. This way we can eStlference between the dipole moments of the bound states and

mate the induced chal _f|e|d in Fig. 9 We summarize thethe Bragg-confined continuum state, leads to the stronger
effect of the modulating field on all the different energy lev- shift of the Bragg-confined level as seen in Fig. 9. Using Eq.
els, bound and above the barrier states. (4.2), we calculated the shifts of these continuum levels. For
this calculation, we used their respective envelope wave
1. Levels bound inside the well functions and the valuex=3.5cmxsec/Coulomb deter-
mined from the fit to the bound levels energy shifts. The
Figure 9 shows the redshift of the three bound transitiongalculated results are shown as full lines in Fig. 9 and are in
E1:HHy, EziHH;, andEg :HHg, as a function of the in-  good agreement with the experimental data. The same argu-
frared excitation intensity. When the IR excitation power in-ment as the one used before explains the smaller shifts of the
tensity increases, i.e., when the generated dc electric fieldontinuum transition&€g :HHg, which has a smaller dipole
increases, the redshifts of these energy transitions increase gloment of (z)?R—(z)2)~30A. These two transitions
accordance with Eq4.2). Furthermore, the magnitude of the Eg:HHg andEg :HHR form a class of highly localized tran-
shifts depends on the QW size, the WQW shows a largesitions in the ACQW region that are strongly influenced by
shift than the NQW as predicted by E@t.2). On the other  the photoinduced electric field localized in the ACQW.
hand, the transitiorEg :HHg , where the two levelEg, At high excitation powerg>6 kW/cn?) there are devia-
andHHg, are outside the ACQW region, does not show anytions of the experimental data of the two highly localized
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levels Eg:HHg and Eg:HHg (Fig. 9, open triangle and V. CONCLUSIONS

open squargsirom the calcu_lated lines. The experimental_ In conclusion, by inserting Bragg reflectors on each side
v_alues are smalle_r than predicted py our rr_]od_eI.These devigt an asymmetric coupled quantum well, by applying a
tions of the experimental data at high excitations of the, CO photoinduced local electric field, and by using MRRS and
laser stem from the saturation of the Stark effect. At highmpL probes, we identify two kinds of localized states at
photoinduced electric fields, the carriers tend to accumulatenergies above the barrier. The first kind includes the transi-
in the opposite sides of the ACQW, this accumulation resultsions Eg:HHg and Eg:HHg, which are localized in the
in a saturation of the dipole moments of the two localizedACQW region. As seen by MRRS measurements, these lev-
levels (2)B'B—(2)2®) and (2)FR—(2)2'®) which leads to els show a relatively large redshift when modulated by a
a smaller increase of the energy shifts. local static photoinduced electric field in the ACQW region.
On the other hand, the transitidy:HHg has a much The second kind of transitioRr:HHg, extends mainly in
smaller shift under infrared excitation than the other twothe reflector region and as a result, it shows a much smaller

transitionsEg :HHg andEg :HHR. The electrons and holes shift under the influence of the same electric field. The gen-
eration of the local field in the ACQW modifies the energy

of this above the barrier transition are mostly localized in the . :
evels spectrum of bound and above the barrier levels, using

Leofllggt(i)rrl ;Egl(:]é h\e/\;] Crz, it(?r? ijsl?r:u(iﬁnzlr?{al(ljefretlr?;::ot?;tagf he Stark shift model we explained quantitatively the energy
Q 9 shifts of these levels.

Eg:HHg or Eg:HHR, resulting in a much smaller influence
of the electric dipole. As a result, this state is less affected by
the localized field and, therefore, shows smaller shifts. This
confirms that this state belongs to a different class of con- This research was supported by the Israel Science Foun-
tinuum states that are mainly confined in the reflector regionlation founded by the Israel Academy of Sciences and
rather than in the ACQW region. Humanities.
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