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Exciton States in GaAslAIGaAs Bragg Confining Structures Studied by Resonant Raman Scattering
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The LO phonon resonant Raman scattering is studied in GaAs/Alo»Ga0, 6sAs Bragg confining struc-
tures and in a similar (reference) superlattice. Strong resonances, with a large outgoing/incoming beam
intensity ratio, are observed in the spectral range of the (ett. hhtt) Bragg confined excitons as well as in
the (e~.hh~) exciton band. The resonance profiles are analyzed in terms of a model of exciton scattering
by interface and alloy potential fluctuations. The Bragg confined 1S excitons are found to be virtually
two dimensional, while those of the superlattice are intermediate between two and three dimensions.

PACS numbers: 73.20.Dx, 78.30.Fs, 78.66.Fd

In commonly studied semiconductor quantum wells
(QW's) the carriers are confined in the well by their wave
function reflection from the barriers. Several recent stud-
ies have demonstrated that carriers can be confined in the
quantum barrier [1,2], or in the well with an energy
higher than that of the barrier [3,4]. The confinement
mechanism is then based on two requirements: (a) The
carrier wave function must be coherent over a long dis-
tance [in the confinement direction, that is, the growth
direction (z) of the structures discussed below]. (b) The
carrier de Broglie wavelength along the confinement
direction must fulfill a certain Bragg reflection condition
[5], so that its wave function amplitude outside the bar-
riers is greatly reduced. In such a Bragg confining struc-
ture (BCS), properly designed superlattice (SL) sections
act as Bragg reflectors [6]. This results in a discrete en-

ergy level, corresponding to the barrier-confinement state
that falls within the first SL mini stop-band.

In this Letter we present a study of the various exciton
states in undoped BCS's by LO phonon resonant Raman
scattering (RRS), in which these excitons are the inter-
mediate states. The observed RRS profiles, namely, the
scattering intensity dependence on the excitation (laser)
energy, are analyzed in terms of anisotropic 1S exciton
wave functions that are appropriate to the type of
confinement. In all these cases the translational motion
of the excitons is treated as that of particles that undergo
(elastic) scattering by the static potential fluctuations
that are due to interface roughness or alloy disorder. By
this way we find that Bragg confined excitons can be well
described as two-dimensional particles moving solely in
the confinement (barrier) layer. We also compare the
RRS profile in the spectral range of the (ei'.hhl) exciton
in the SL sections (of the BCS) with that of a similar,
fully periodic SL. This comparison shows that the exci-
tons are quasi two dimensional in the finite SL sections
and closer to three-dimensional particles in the fully
periodic SL.

All the structures studied here were grown by molecu-
lar beam epitaxy on (001) oriented GaAs substrates. The

BCS's consist of SL sections, each one with five periods of
eight monolayers (ML) of GaAs wells and 22 ML of
Alo 326a068As barriers. Between these SL sections there
are A10326a068As spacers, 66 ML thick. The "unit cell"
of this BCS is schematically shown in Fig. 1. It is repeat-
ed 60 times. The reference structures is a SL grown
within the same parameters as the finite SL sections of
the BCS, and its unit cell is repeated 300 times. All sam-
ples are undoped. The experimental techniques are de-
tailed in Ref. [1].

The GaAs-like LO phonon RRS profile of the BCS,
measured in the spectral range of the (ett. hhtt) exciton is
shown in Fig. 2, curve c. Also shown are the photo-
luminescence (PL) spectrum (Fig. 2, curve a) and its ex-
citation (PLE) spectrum, monitored in the (ei..hhi) exci-
ton, at 1.754 eV (Fig. 2, curve b). The reference (SL)
sample does not show any resonant enhancement in the
spectral range of Fig. 2, and the LO phonon Raman
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FIG. 1. The one-dimensional "unit cell" of the Bragg
confining structure represented by the conduction and valence
bands. The band oflset ratio is 6:4. Note the Bragg confined
states eg and hhg in the spacers.
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FIG. 2. Curve a, the PL spectrum (excited at El =2.075 eV)
showing the (ea.hha) IS band (at 1.98 eV) and the (es.lb') IS
band (at 1.991 eV). Curve b, the PLE spectrum monitored in

the (ei.

Aha�)

exciton (at 1.754 eV). In addition to the two exci-
ton bands (seen in the PL spectrum) a LO phonon sideband is
observed at 2.02 eV. Curve c, the GaAs-like LO phonon RRS
profile. The triangles are the measured integrated intensities
and the solid line is the model calculated with the parameters
given in Table I.
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scattering intensity is 10 weaker than that observed for
the BCS. Figure 3 shows the PL (curves a and d) and its
PLE (curves b and e) spectra, in the spectral range of the
(e |.hh 1) exciton band, for the BCS and the SL, respec-
tively. Also shown are the GaAs-like LO phonon RRS
profiles (curves d and f), measured in the same spectral
range. Finally, in Fig. 4, the GaAs-like LO phonon Ra-
man scattering spectra of the BCS are shown. Spectrum
a is excited in the (ei.hhl) exciton band, while spectrum
b is for excitation in the (ea.hha) band. The Raman
shifts of the most intense peaks (36.2 and 35.4 meV, re-
spectively) clearly show that the phonons involved corre-
spond to different spatial parts of the same BCS. The
latter has the exact energy of the GaAs-like LO phonons
in an Alp 326ap6sAs alloy [7].

We turn now to analyze these experimental observa-
tions. The most important result is the intense RRS
which is mediated by the (eg.hhg) transition (Fig. 2),
and the absence of any resonant scattering in this spectral
region in the case of the fully periodic SL. This serves as
additional evidence for the particle Bragg confinement in

the BCS barriers, and to the long dephasing time in the
e~ and hhg states. The other main result is the structure
of all three RRS profiles (Fig. 2, curve c, and Fig. 3,
curves c and f). They all consist of an intense outgoing
beam resonance (OB) and a weaker incoming beam reso-
nance (IB). The IB occurs for the exciting laser energy
in the spectral range of the IS exciton, at K —0 [K is the
wave vector of the exciton center of mass (c.m. ) motion],
and the OB occurs when the scattered light energy is in

this range. The ratio of these resonances depends on the
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FIG. 3. A comparison between the PL spectra (curves a and
d), the PLE spectra (curves b and e), and the GaAs-like LO
phonon RRS profiles (curves c and f) of the finite SL sections
of the BCS and the fully periodic SL. The arrows denote the
monitored emission energy of the PLE spectra. The full circles
are the measured integrated RRS intensities and their error
bars. (In curve f, the low energy part of the outgoing beam res-
onance could not be measured because of strong overlapping
luminescence. ) The full lines in curves c and f are model calcu-
lations.
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mediating excitonic transitions: Ioa/Iia =30 for the
(ea.hhq) exciton band, 12 for the (el.hhl) exciton of the
BCS, and 5 for this transition in the SL. As we shall
presently show, these ratios depend on the 1S excitonic
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FIG. 4. A comparison between the GaAs-like LO phonon
spectrum observed in two spectral regions: curve a, in the
(el.hh 1) exciton of the finite SL sections; curve b, in the
(es.hha) exciton.
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wave function dimensionality.
In an ideal semiconductor, Jgq =J~q. This is a result of

the exciton K being a good quantum number. If inter-
face roughness or alloy disorder is present, the exciton is
scattered by the spatial potential fluctuations and K-0
states are admixed into large K states. Then, a double
resonant enhancement occurs for the OB and IOB & Jtq.
Such a dependence of the Ion/Iia ratio on the degree of
disorder was observed in bulk Cd„Zni-, Te alloys [8]:
For maximum disorder, namely, x =0.5, Ion/Ii&-2.
Much larger Ion/Iia ratios have been reported for SL's
and QW's [9,10], and recently this asymmetry was ana-
lyzed in terms of exciton scattering by interface rough-
ness [11]. We shall use this approach of exciton scatter-
ing by short range potential fluctuations that can admix
15 states with diA'erent K. However, we will show that

the diA'erent IoB/lia ratios, observed for the three cases
shown in Fig. 2, curve c, and Fig. 3, curves d and f, are
mainly explained by variations in exciton dimensionality
(since the same scattering centers are present in all
cases). For the scattering potential we assume randomly
distributed, uncharged point centers that represent alloy
and interface fluctuations. Each center gives rise to the
following perturbation Hamiltonian, operating only on
the c.m. part of the exciton wave function:

H, (R~~, Z) = V.S(R~~ —
R~~ )a(Z —Z') .

(R~~, Z ) are the position coordinates of the center and
(R~~, Z) are those of the exciton. Assuming the Born ap-
proximation, the perturbed exciton wave function which
consists of a wave packet centered at (K~~, K, ) can be for-

!
mally written in terms of the unperturbed wave functions:

d'K' ~ dK,'
+Kg, » Ilz z J Ilz +g. ' »'[~(KII Kll) ~(Kz Kz ) +g(KII~KII&re &Kz )]"(2 )' (2)

g(K~~, K(~, K„K,') is the Born propagator. Since the exciton in-plane translational mass (Mi) is much smaller than that
along the confinement direction (M, ), the propagator corresponding to H, of Eq. (I) can be approximated by

2~iiI'o I
g

K]! —K!!

Ilf (Z )

For the unperturbed 1Sexciton envelope wave function, in all three cases described above, we use
2 ]/2

+rP„',», (r~~, Rii, z, Z) =%(lra fa, ) '"exp — +
a,

(3)

(4)

N is a normalization factor. The part that depends on the
relative e-h coordinates (r~~, z) is the commonly used
[12,13] anisotropic 1S trial function. The ratio between
the in-plane (a~~) Bohr radius and that along the growth
direction (a, ) defines the exciton dimensionality. The
part that describes the exciton c.m. motion is factored
into a plane wave and a wave function f» (Z) that de-
pends on the c.m. coordinate along the confinement direc-
tion. This function is diA'erent for the three cases: For
the (ee.hhli) IS case, f», (Z) describes an exciton that is
tightly confined in the spacer layer of the BCS. For the
finite SL sections of the BCS, five f» (Z) functions de-

scribe the five (ei(1-5):hhi) 1S excitons. The splitting
of these five states is resolved in the RRS profile (Fig. 3,
curve c). For the fully periodic SL, f» (Z) has a quasi-
continuous spectrum of the (ei.hhi) lS exciton mini-
band. The exact form of f» (Z) is taken as the calculat-
ed [14] electron wave function.

In a Raman scattering process, with excitation (laser)
and scattered light energies and wave vectors EI,kl and
E„k„respectively, a LO phonon is created with
AcoLo(Q) =EI —E, . The contribution of the two exci-
ton states with energies of Eis(K =i0) and E (iKs~~)

E is(KII 0) + Ii Kll /2~II to the scattering ampli«de
[15] is given by

&(EI E,Ei (0),Q) =&0 F(Q)IY(EI —E, —hrd o(Q))
1 1

za!2!az &(&.

!! 6 k( —k, —
[EI E I (0)+ l r„(O)] [E, —E „(O)+ I r„(O)]

r

+ 2M]!Vo 1

Qll [EI Ei (gll) + Iris(gll)] [E Ei (0) + lI I (0)]
1

[EI —Ei, (0)+ir„(0)][E, —E „(g~)+lri (Q~~)]

2
[EI —E,(0)+ I „(0)][E, —E„(0)+ I „(0)]
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20 contains all the constant factors and those that vary
slowly with K~~. F(Q) is the Frohlich interaction form
factor, which is given by

(6)

The function a(() is dependent on the exciton dimen-
sionality [12]: a(g) —(1+ ~g~ ) ~ where p = —,

' for
the purely two-dimensional case, and p =2 in the
three-dimensional case. Here ((~=mfia~~gi/2Mii and (,'
=m,'a, g, /2M, (the index i refers to e or h). CF is the
Frohlich interaction coupling constant. This form of
F(Q) is a slightly simplified relation based on Ref. [12].

The various exciton bands are inhomogeneously
broadened: We take a Gaussian distribution p(E~, (0))
(with a width 2J[n2A) for the spectral distribution of
E~, . The damping factors, I ~„have a spectral distribu-
tion over the exciton band. However, the calculated RRS

TABLE I. The parameters used in fitting the RRS profiles.

Structure
Exciton

type
I ]s

(meV)
VIn2A
(meV) (A) (A)

BCS
BCS
BCS
BCS
BCS
BCS
SL

(ett..hhtt )
(e)(I):hh, )
(e)(2):hh ))
(ei(3):hh ))
(e~(4):hh t)
(ei(5):hh ()
(ei..hhi)

0.20
0.20
0.20
0.21
0.25
0.40
0.20

4.5
2.0
2.0
2.0
2.0
2.0
3.5

50
60
60
60
60
60
60

6
10
10
10
10
10
20

profiles can be well fitted to the experimental ones assum-
ing a single I for each of the excitonic bands shown in

Figs. 2 and 3. It is seen that a double resonance is ob-
tained when Et —E~ s(Q~~) =AcuLo(Q) [the second term
in Eq. (5)]. The RRS profile is then given by
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T(Et) =o'o„~z I „~z „dEi (0)p(E&.(0)) l&(Et, Et &coLo(Q), Ei (0),Q)l'

The calculated o(Et) are shown by the solid lines in

Fig. 2 and Fig. 3, curves c and f. The in-plane e and h

masses used in the calculation of all three RRS profiles
are [16,17] m, ~~=0.07mti and mt, t, ~~=0. 15mo. The value
of Vti [in Eq. (I)]' is taken as 0. 1 eV. All the other pa-
rameters obtained by fitting the model to the observed
profiles are listed in Table I. (The sensitivity of the pa-
rameters to the best fit is ~ 15%.)

The main conclusion to be drawn from the good fit to
the experimental RRS profiles concerns the exciton
dimensionality. The large anisotropy in the (ett..hhtt) IS
exciton ( a~~ a/, -8) indicates that this exciton is virtually
two dimensional. The calculated [ll confinement factor
of both ez and hhz is 0.97 and 0.91, respectively. These
are similar to the confinement factor calculated [13] for
(e ~.hh

~ ) IS excitons in conventional GaAs/A1GaAs
QW's. In that case, the calculated ai/a, is —4.5, for a
well width similar to the Bragg confining spacer layers
studied here. From this we conclude that the exciton
dimensionality is largely determined by the degree of
confinement. As the degree of confinement decreases,
and the exciton wave function spreads over larger dis-
tances, its dimensionality approaches 3: In the finite SL
sections ai/a, =6 and in the fully periodic SL a~~/a, =3.
We also found that the LO phonon spectra, observed by
the RRS in the two exciton bands of the BCS, are
diA'erent. The phonon energies are those of the A16aAs
alloy for the Bragg confined excitons and of GaAs for the
SL sections. This serves as a clear indication of the dis-
tinct spatial confinement regions of the excitons involved

in the RRS.
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