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Resonant Raman scattering by acceptors in GaAs/AI Ga, „As multiple quantum wells:
A probe of exciton localization
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We report a study of the electronic Raman scattering (ERS) by residual acceptors and of LO-
phonon resonant Raman scattering in undoped multiquantum wells (MQW's). The samples studied
are GaAs/Al„Ga~ „As MQW's with x =0.3 and 1 and well widths L =40 and 70 A. The spectral
range under study is the vicinity of the (el.hhl)1S exciton band (where hh denotes heavy hole) and
the experiments were carried out at low temperatures ( T =2 K). The scattering transition involved
in the ERS is the hole transition 1S3/p(I &~I 7). The ERS shows a superlinear dependence on the
exciting laser power. This is due to the creation of neutral acceptors by the exciting laser beam,
which increases the concentration of scattering centers. For a laser intensity of -300 W/cm', we

find that the ERS cross section is at least eight orders of magnitude larger than the LO-phonon
Raman-scattering cross section. The ERS resonates at energies in the low-energy tail of the intrin-
sic (e~.hh&)1S exciton band. We identify this spectral range as the acceptor-bound-exciton band

( A, X). On the other hand, the LO-phonon Raman scattering resonates at an energy correspond-
ing to the delocalized intrinsic (e~.hh&)1S exciton band as measured in photoluminescence excita-
tion experiments. The ERS resonance profile has an asymmetric shape with a cutoff on its high-

energy side. We show that this sharp decrease in the scattering cross section is due to an increase of
the ( A, X) damping factor I, which reflects the tunneling between ( A,X) and intrinsic (e&.hh&)1S
exciton states. We present a model that accounts for the measured ERS resonance profile in which
the {A, X) damping factor is assumed to be proportional to the (el.hh» )1Sexciton density of states.

I. INTRODVCTION

The luminescence in direct-gap semiconductors at low
temperatures is dominated by bound-exciton recombina-
tion. Particularly, in bulk GaAs of good quality, neutral
donor and acceptor bound excitons, (D,X) and ( A ",X},
give rise to emission lines that are well resolved
from the free 1S exciton band. The situation in GaAs/
AI„Ga, ,As quantum wells (QW's) is more complex, as
excitons can also be localized by potential Auctuations
due to interface roughness, with binding energies of the
same order of magnitude as those of ( A, X) or (D,X).
These intrinsic excitons are in the (e&.hh, }1Sstate (where
hh denotes heavy hole), and the corresponding spectral
band is inhomogeneously broadened. Photoluminescence
studies, both cw (Ref. 1) and time resolved, were done
under selective excitation within the (e, :hh, )1S band.
Hole burning, transient grating, and photon-echo spec-
troscopy were also studied. All these experiments lead
to the description of excitons localized on interface
roughness in the low-energy tail of the 1S band and ex-
tended excitons in the upper part of this band. Light-
scattering experiments involving LO phonons are usually
reported for excitation in the spectral range of (ez-hh2)

or higher electronic transitions. However, under reso-
nant excitation of the (e, :hh, )1S exciton band, LO-
phonon Raman scattering can also be used in order to
study exciton localization. '

Recently, the electronic Raman scattering (ERS) by re-
sidual acceptors in undoped QW's has been used in order
to probe the nature of the (e, :hh, ) excitons at low tem-
peratures. This scattering process is resonantly
enhanced when impurity bound excitons act as inter-
mediate states. Similarly, ERS by intersubband transi-
tions in doped QW's has been shown to be resonantly
enhanced when free excitons act as intermediate states. '

In ERS experiments involving impurities, the bound elec-
tron (or hole) is promoted to a higher electronic level of
the neutral donor (D ) or acceptor (A ). These levels
can be any of the higher nL multiplets. The confining
well potential splits the degenerate hole energy levels of
the acceptor. Particularly, the ground 1S3/2 level is split
into two Kramers doublets (I 6, 1 7)." Their separation b,

has been calculated by Masselink, Chang, and Morkoq'
and was found to be in the range of -2—10 meV, de-
pending on the well width L, and on the acceptor loca-
tion in the well. ERS has been observed' ' between
these I 6 and I 7 levels in doped GaAs/Al, Ga& As mul-
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tiquantum wells (MQW's) with L ~ 100 A. The calculat-
ed values of 6 agree with the observed ones, both for ac-
ceptor doping at the center and at the edge of the well.

In an undoped QW there are always background im-
purities. The compensated donors and acceptors are all
ionized at low temperatures. In order to observe ERS in-
volving internal transitions, the ionized impurities must
be neutralized. This is achieved by the exciting laser
beam. The distribution of acceptor impurity locations in
an undoped QW is unknown. However, the acceptor lo-
cation will affect both the A binding energies and the
splitting of its ground state. In principle, the binding en-
ergies of neutral acceptor bound excitons, ( A, X), are
also dependent on the location in the well. However,
since the binding energy is essentially independent of the
acceptor species in bulk GaAs, ' it is expected that the
binding energies will be mainly determined by the poten-
tial fluctuation in the near vicinity of the A atom.
Therefore, the (A, X) band will be inhomogeneously
broadened and will overlap the tail of the localized intrin-
sic exciton band. ' In this overlap spectral region, tun-
neling between localized states in expected. The conse-
quences of this tunneling on the ERS involving neutral
acceptors are the main subject of this paper.

We report on a study of the ERS by acceptors in un-
doped GaAs/A1As (L =70 A) and GaAs/Alo psGao 7&As

(L =40 A) MQW's. The scattering transition involved is

IS3&z( I 6~1 7), and its intensity was measured as a func-
tion of the laser energy (EL ). In this way, the ERS
profile, o „o(EL), was obtained in the spectral range of
the inhomogeneously broadened (e~.hh, )IS exciton band.
It is shown that this ERS resonates strongly in the energy
region which corresponds to localized excitons. Further-
more, since the scattering process involves internal accep-
tor transitions, we identify these localized excitons as
(A,X). The resonant Raman scattering (RRS) by LO
phonons was also studied in the same spectral region. Its
profile OLo(EL ) is compared with rr„o(EI ) and it is

found that O. Lo(EL ) resonates at the energy which corre-
sponds to the maximum density of states of the intrinsic
excitons. The sharp cutoff of the measured a„o(EL ) pro-.
vides a new way of probing exciton levels with different
dynamical properties. Thus, we show that the ERS com-
plements the methods of spectral hole burning and tran-
sient grating spectroscopy in analyzing exciton localiza-
tion in MQW's.

The paper is laid out as follows. Section II gives the
experimental details. In Sec. III we analyze the ERS and
compare its resonance profile and intensity with those of
the LO-phonon RRS. Section IV summarizes this study.

(a ) Lu~
( b) Exc
(c ) RR5-
(g) RRS—

GQAs/A(As MQW

JD
O

lA
C
CJ

C (

(c)

00

1.60 1.62
E (ev)

I I

1.64

FIG. 1. (a) Luminescence and (b) its excitation spectra for
sample 1. The latter was monitored at 1.623 eV. (c) The inten-
sity of the 3& line of the neutral acceptor electronic Raman
scattering and (d) of the LO-phonon scattering as a function of
incident laser energy. The laser intensity was 100 W/cm'. The
solid lines in (c) and (d) serve as a guide to the eye.
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mersed in liquid He. Excitation was done using a cw dye
laser with Pyridine 2 dye. The laser linewidth was less
than 0.2 meV. The detection was performed using a dou-
ble spectrometer and standard photon-counting equip-
ment.

Figure l(a) shows the photoluminescence spectrum of
sample 1, and Fig. 1(b) shows its excitation spectrum
monitored at 1.623 eV. Figures 2(a) and 2(b) show the

II. EXPERIMENT

Two undoped, samples grown by molecular beam epi-
taxy were studied: the first one consists of 50 wells of
GaAs of thickness 70 A separated by 200-A layers of
A1As (sample 1). The second one has ten 40-A layers of
GaAs separated by 200-A layers of Alp pgGap 7pAS (sam-
ple 2). The buffer layer of both samples is GaAs which
was grown under the same conditions as the MQW's.

The experiments were performed with the samples im-

1.69
E(eV)

FIG. 2. Same as Fig. 1 but for sample 2. The photolumines-
cence excitation spectrum was monitored at 1.661 eV.
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corresponding spectra of sample 2. The ERS is only ob-
served when the excitation is into the low-energy tail of
the exciton band. Typical spectra are shown in Fig. 3 for
the two samples under study and for a laser intensity of
—100 W/cm (A; denote the ERS lines). For weaker
laser intensities, a multitude of ERS lines can be resolved.
As the laser intensity is increased, the number of lines de-
creases and, finally, one broad ERS line dominates the
Raman spectrum. This is depicted in Fig. 4, where ERS
spectra are shown for di6'erent laser intensities. For the
weakest laser intensities used ( 10 ' W/cm ) only the
LO-phonon Raman lines could be resolved, whereas for
the highest intensities used ( —300 W/cm ) the ERS lines
were about 1000 times more intense than the LO-phonon
RRS. Figure 5 shows the intensity dependence of the
ERS and LO-phonon Raman lines.

The Raman spectra were recorded in the z(xx)z,
z (xy)z, z (x'x')z, and z (x'y')z configurations, where
x =[100],y = [010], x'= [110],y'=[110] and z is the
growth axis [001]. Unlike the LO-phonon Raman
scattering which is z(xx)z polarized, the ERS lines were
found to be unpolarized. Figures 1(c), 1(d), 2(c), and 2(d)
show the ERS and LO-phonon Raman-scattering intensi-
ties as a function of the incident laser energy for the two
samples under study: the Raman resonance profiles. The
line A3 was used to draw the ERS profiles shown in these
figures (as well as the intensity dependence in Fig. 5).
The resonant Raman profiles are not corrected for ab-
sorption. The reason for that is as follows: the total
widths of the GaAs wells are 3500 and 400 A for samples
1 and 2, respectively. At the peak of the exciton band,
the absorption coefficient is' -4 X 10 cm '. Thus the
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FIG. 4. ERS spectra recorded at different exciting laser in-

tensities: (a) I;„=150W/cm'. (b) I;„=21 W/cm', (c) I;„=12
W/cm', (d) I;„=6W/cm'. The arrows indicate ERS lines.

light intensity is reduced by a factor of 3 at the most,
over the whole MQW. Moreover, the ERS resonates well
below the absorption peak. Therefore, this absorption
correction is negligible in comparison to the abrupt drop
(by a factor of —10 ) in the high-energy part of the ERS
profile.
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FIG. 3. Typical neutral acceptor ERS spectra observed in

both samples upon excitation into the lower part of the
(e, :hh, )lS exciton band. The laser intensity used was 100
W/cm .

FIG. 5. Laser power dependence of the ERS intensity I
(line A3 of Fig. 3) and of the LO-phonon Raman-scattering in-

tensity ILo. The top curve is fitted to I;„'.
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III. ANALYSIS

A. Identification of the ERS lines

cal of crystals with n(A )&10' cm . This means
that the areal density of A in the MQW is less than 10
cm

We first consider the origin of the A, lines. Gammon
et al. ' have observed ERS lines due to the different ac-
ceptor transitions in Be-doped GaAs/Al Ga

&
As

MQW's. Besides the ERS lines corresponding to the
1S3&2 2S3&2 hole transitions, they observed a single
ERS line corresponding to the IS3&z(I 6-r, ) transition
(denoted "C line" in their papers). Its energy, b„depend-
ed on whether the MQW structure was doped at the well
center or close to the interface and agreed with the
theoretical predictions' of 6-2—10 meV. Our experi-
ments were carried out on undoped MQW's. The series
of lines denoted A, in Fig. 3, which are obtained upon
resonant excitation into the (e, :hh, ) exciton band, are as-
signed to ERS by the following considerations.

B. The ERS profile

For simplicity sake let us first consider the ERS cross
section for the case of a single neutral acceptor species.
Its split ground-state levels are ~A, I 6) and ~A, I7)
with b, =E(1~}—E(I 6). The exciton bound to this ac-
ceptor has eigenstates ~n) =~(A,X),nS) with energies
E„. Although in principle we should sum over all the
possible intermediate states in the Raman-scattering ma-
trix element, only nS states will contribute significantly to
the resonant ERS (in fact, we shall consider below only
the 1S state). The scattering matrix element is given
b 2i, 2z

(a) Their energy separation from the laser line is con-
stant (the energy spacings are in the range of the calculat-
ed 6).

(b) The A; lines are sharp (width of about 0.5 meV).
(c) Under intense excitation, the anti-Stokes line of A3

is observed.

&A', r, ~pq~n)&n~p ~A', r, )

& A', r, )p, [n) &n(p. (A', r, )+ E„+(E~+',)+ir(E„)

where EL is the laser energy, 1 (E„)is the phenomenolog-
ical exciton damping factor, and p denotes the electric di-
pole operator. The ERS cross section is taken as

cr „o(E,) =C„[lm(esX" eL)]

eL and ez are the incident and scattered beam polariza-
tion vectors, respectively, and C„ lumps up all the per-
tinent constants. A strong resonance is observed only in
the spectral range of EL-E((A', X)1S}=E. As will be
shown below, the exciton damping increases sharply with
increasing exciton energy. Therefore, only the first term
in Eq. (1) will contribute significantly to the cross section.

We now consider the ffeectosf the QW interface
roughness. They give rise to potential fluctuations to
which both the A and the (A,X) are subjected. The
distribution of interface roughness leads to an inhomo-
geneously broadened (A', X)1S band which we describe
by a density of states p, „0,(E). For a random distribu-

tion of potential ffuctuations, p, „, ,(E) is expected to be

a Gaussian. The (A', X)IS band overlaps the low-energy
tail of the band due to excitons localized by interface po-
tential ffuctuations. Thus, tunneling from the (A,X)
states will determine the acceptor —bound-exciton damp-
ing, I (E). p, „o,(E) can then be subdivided into densi-

ties of states according to the exciton damping factor

p, „o,(E, I ) and

p, „. ,
(E)=I" p, „.„(E,r)dr .

I is the minimum damping factor of the (A, X) exci-
tons which have an energy between F. and E+dE. The
ERS cross section is then given by

The multiplet of ERS lines observed at low laser intensi-
ties is attributed by us to scattering by acceptors in dis-
tinct locations in the quantum well (and thus they have a
different ground-state splitting). The small number of
ERS lines, which dominate the Raman spectrum under
high-intensity excitation, reflects the most abundant A
sites in the QW. Although intuitively one would have ex-
pected a uniform distribution of background acceptors,
the distinct ERS lines indicate that there are preferred
sites in the QW. We did not observe ERS lines due to the
hole transition 1S3&, 2S3/2 although previous studies
of this kind of ERS report observing these transi-

The ERS intensity shows a superlinear dependence on
the laser intensity. This is shown in Fig. 5. We find it
useful to compare I„o with that of the LO-

phonon scattering (for the same excitation energy):
I o/ILo o:I;„—+ '. ILo by itself shows a sublinear depen-

dence. This cannot be due to heating of the sample by
the laser light, since the absorption coefFicient at these ex-
citation energies is relatively small (a'10 cm '). Both
the ERS and the LO-phonon RRS intensities depend on
dynamical processes which affect the exciton damping
(see below). The fact that the ERS has a stronger depen-
dence on I;„ than that of the LO-phonon RRS is inter-
preted as increasing the concentration of A due to ac-
ceptor neutralization by the exciting laser beam.

We can estimate the density of A by examining the
emission spectrum of the buffer layer, which is grown un-
der the same conditions as the MQW. Therefore, back-
ground impurities which are incorporated during the
growth process are expected to have the same concentra-
tion in both the buffer layer and the MQW. The GaAs
buffer layer shows weak (e-A ) and (D A) bands-
whose intensities relative to the free exciton line are typi-
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I & ~', 17lppl( ~', X) I& & &( &',X)I&lp. l
&', I & I'

0'„(E ) =C„f dE fdI I (E)p, „o,(E,I (E)) .
(E E—L) +I (E)

(4)

In the last step, we have assumed that the transition di-
pole matrix elements are independent of energy.

If the damping processes were slow and independent of
( A, X) sites, then cr „„(EI) will be proportional to

p, „~z (EL ). In that case, assuming an inhomogeneous-

ly broadened ( A, X) band, cr „o(EL ) is expected to be a

Gaussian. As can be seen in Figs. 1(c) and 2(c), this is
clearly not the case. The abrupt high-energy cutoff ob-
served for a „0(EL ) is interpreted as a result of a large in-

crease in I (E). This increase must be due to fast tun-
neling between ( A, X) states and intrinsic exciton states
which coexist at the energy of the o „o(EL ) cutoff. This

is schematically depicted in Fig. 6.
We do not have a priori information on the dependence

of the exciton damping on its energy. Therefore, as a first
approximation we assume that I,„(E) is proportional to
the density of intrinsic localized excitons (pFz) to which
the ( A, X) excitons can tunnel. This will be taken as the
intrinsic exciton density of states at the same energy E as
that of the excited ( A, X). Since for energies below the
(e, :hh, )1S delocalized exciton level this density of states
can be well described by an exponential tail, we will take

E —E
I,„(E)=exp

AE~
(6)

For a given energy E, it is sufficient to consider the
(A, X) states with the lowest damping factor, I (E).
Then Eq. (4) can be simplified to

))
I ~' x)(

0 o(EL )=C„' dE
(E —E )2+ 1 & (E)

ian ( A, X}density of states,

p, „p, pI
—[( — „o,)/ „o,]'I .

Figure 7(a) shows the functions I (E) and p „,z,(E) for

sample 1. Table I lists the parameters used for the calcu-
lations.

From E,„0,and the knowledge of the (e, :hh, )1S ex-

citon energy level [as measured from photoluminescence
excitation (PLE)], we can obtain the ( A, X) binding en-
ergies for the two samples under study. They are 2.5
meV for the 70-A sample and 8.5 meV for the 40-A one.
GaAs/Al„Ga, „As QW's which are heavily doped with
Be at the center of the wells exhibit an ( A, X) lumines-
cence peak which is well separated from the intrinsic ex-
citon band. In our experiments, on the other hand, the
peak of p, „o (E) obtained by fitting the experimental

l
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where Ez and hE & are parameters to be determined by a
fit to the observed Raman profile. Figures 7(b) and 7(c)
show the fits obtained with Eqs. (5) and (6) and a Gauss-
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FIG. 6. A schematic description of the intrinsic (e, :hh, )1S
exciton density of states p~~- and the (A",L} density of states

p, , (&
. The damping factor of the ( 3 ",X) states increases with

increasing tunneling rate to the intrinsic exciton states available
at the same energy.

FIG. 7. (a) The ( A",X) damping factor I „,(E) and density of
states p 0 for sample 1 used in the calculations. (b) and (c)(.4, A)

show the model fit to the experimental ERS profile for samples
1 and 2, respectively.
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TABLE I. Parameters used for the calculations. Ez&- denotes
the energy of the (el.'hhl )1Sexciton as measured by PLE.

Parameter
Sample 1

(70 A)
Sample 2

(40 A)

Eq

Esx
E o

( A, X)

bE (),

1.6230 eV
0.2 meV
1.6250 eV
1.6225 eV

1.1 meV

1.6929 eV
0.5 rneV
1.6959 eV
1.6874 eV

7.8 meV

ERS profile overlaps the luminescence band. A possible
explanation to the difference between these observations
is that the acceptors responsible for the ERS in undoped
samples accumulate near the interface thus allowing a
lower (A, X) binding energy. Moreover, tunneling be-
tween (A, X) states will be eIIicient in highly doped
QW's. Therefore the luminescence of such QW's will al-

ways be due to the lower tail of the (A, X) band. This
will result in a large splitting between the ( A, X)
luminescence and that due to intrinsic, localized excitons
as reported in Ref. 24.

C. Comparison with the LO-phonon RRS

The LO-phonon Raman scat tering cross section is

given by third-order perturbation theory. The Raman-
scattering matrix element is '

(f/p&/m )(m/H+L /n )(n/p, /i )
g Lo ~ 13 FL a

„,„(E„EL+iI „)(—E EL + iI „, )—

Here HzL is the exciton-phonon interaction Hamiltoni-
an and the summation has to be carried over all the inter-
mediate exciton states ~n ) and m ). There are five other
nonresonant terms which we have excluded from Eq. (7).
Two resonances are usually observed in the LO-phonon
Raman profile: the incoming and outgoing beam reso-
nances, which correspond to the vanishing of the denomi-
nator in the last equation. The resonance in o „o, shown
in Figs. 1(d) and 2(d), corresponds to the incoming beam
resonance (the outgoing beam resonance is obtained at a
higher energy and is not shown in these figures). It
should be noted that the modifications in K, which
give rise to the "forbidden" RRS shown here, can be in-

corporated in the expression for (m SHEL ~n ), as is the
case for the Frohlich interaction.

The LO-phonon Raman-scattering profile, O„o(EL ),

peaks in the spectral region of efficient excitation of the
luminescence [Figs. 1, 2(b), and 2(d)]. The emission is
weak in this region and this spectral range was identified
as being part of the delocalized excitons. Moreover, from
the ratio of the outgoing to the incoming beam reso-
nances, these delocalized excitons have been shown to be
strongly scattered by the imperfections in the well. Their
large density of states is a major contributor to the reso-
nance LO-phonon Raman enhancement.

We can compare the intensities of the two Raman-
scattering processes, namely electronic versus LO-
phonon Raman scattering for the same FL . For laser in-

+La
—10 (8)

It should be noted that very large enhancements of the
ERS cross section have been observed in bulk CdTe and
GaAs 25 2~

IV. SUMMARY

We presented a study of the ERS by residual acceptors
in undoped MQW's and compared it to the LO-phonon
RRS. We showed that the former sharply resonates in
the low-energy tail of the excitonic emission. We have
identified this resonance with the ( A, L) band, which
spans the same energy range as the intrinsic (e, :hh, )1S
excitons localized by interface potential fluctuations. On
the other hand, the LO-phonon Raman-scattering
resonates in the spectral range of the delocalized intrinsic
excitons band. The superlinear intensity dependence on
exciting laser power of the ERS is attributed to the neu-
tralization of acceptors by the laser light. This increases
the density of 3 scattering centers. For a laser intensity
of —300 W/cm it was found that the ERS cross section
is at least eight orders of magnitude larger than the LO-
phonon Raman-scattering cross section.

The ERS resonance profile has a sharp cutoff on its
high-energy side. We showed that this is directly related
to an energy-dependent damping factor I of the ( A, X)
states. We analyzed the ERS cross section by means of a
model which assumes a 1 proportional to the tunneling
rate between ( A, X) states and intrinsic excitons. Hence,
electronic Raman scattering by residual impurities proves
to be an efficient method to study the dynamical proper-

tensities greater than 100 W/cm, the measured intensity
of the former is found to be three orders of magnitude
stronger than the latter. Two factors contribute to this
large disparity. First, the LO-phonon RRS is a third-
order scattering process, whereas the ERS is a second-
order process, as can be seen by comparing Eqs. (1) and
(7). Second, the measured Raman scattering is propor-
tional to o.pf, where o is the scattering cross section and

pf is the final density of states of the system. For the
highest laser intensities used, we can assume that the ac-
ceptors are fully neutralized. Hence, we use the estimat-
ed density of acceptors given in Sec. III A, so that

pf g o 10 ' cm ' . As regarding the LO-phonon Raman

scattering, the final density of states is given by the densi-
ty of LO phonons for the k vector involved in the scatter-
ing process. From previous studies, it is known that the
k-vector conservation rule in one LO Raman scattering
in MQW's is relaxed as a consequence of a finite spread in
k space of the (e, :hh, )IS exciton states. For order-of-
magnitude estimates, we can take this spread as
Ak —10 'kzz, where kBz is the Brillouin-zone k vector.
Therefore, pf L —10' cm . Since tunneling between
( A, X) and intrinsic excitons is important at the spectral
range we are considering we can assume that their damp-
ing factors are of the same order of magnitude. There-
fore the scattering cross-sections ratio will be
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ties of excitons in QW's and complementary to the exper-
iments which can be carried in the time domain.
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