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We demonstrate the existence of robust exciton-phonon quasibound states~EPQBS! in a two-dimensional
semiconductor system, resulting from the binding of thee1h1 ande1h2 heavy-hole quantum-well excitons with
an LO phonon. We show that increasing quantum confinement drastically weakens these two-dimensional
EPQBS. A theoretical model including phonon confinement accounts qualitatively for our results.
@S0163-1829~97!50140-8#

Phonon sidebands, situated about one LO phonon energy
above an exciton line, have been observed as broad peaks in
absorption spectra of bulk ionic insulators1,2 ~e.g., MgO! and
polar semiconductors3 ~e.g., CdS!, and were attributed to the
exciton-LO phonon coupling via Fro¨hlich interaction which
is strong in these materials. Qualitatively, it is possible to
distinguish two different regimes by comparing the LO pho-
non energy\v0 with the exciton binding energyEB in a
given compound. WhenEB@\v0 ~e.g., alkali halides!, the
phonon sideband is centered at an energy distinctlyabove
E01\v0 , whereE0 is the energy of the exciton atq50.2

This behavior can be well accounted for by standard second-
order perturbation theory for the indirect absorption process
where an exciton with energyE0(2q) and a phonon with
energy\v0(q) are created simultaneously.

The situation becomes considerably more interesting and
relevant to this work whenEB;\v0 . In this case, there are
pure electronic states, such as free electron-hole pairs, which
are exactly or nearly degenerate with a free exciton1LO-
phonon pair. This then allows a resonant Fro¨hlich coupling
between the purely electronic and mixed exciton-phonon
states, which under certain conditions may result in the for-
mation of an exciton-phonon complex4 with a finite binding
energy d. The phonon sideband then occursbelow E0
1\v0 , by an amount of energyd'0.1\v0 .

If the exciton-phonon complex overlaps with the electron-
hole continuum, we distinguish it as an exciton-phononqua-
sibound state~EPQBS!.5 This is because EPQBS is intrinsi-
cally broadened by the resonant coupling to the continuum.
In other words, the very same coupling that creates EPQBS
automaticallybroadens it. This intrinsic broadening can be a
good fraction of\v0 in bulk systems,5 accounting for the
broad EPQBS lines observed experimentally.3

To our knowledge, EPQBS have never been observed in a
two-dimensional~2D! system. We report here the observa-
tion and a comprehensive study of 2D EPQBS in
CdTe/Cd12xZnxTe multiple quantum wells~MQWs!, a 2D
system withEB;\v0 .6 We show that the 2D EPQBS, in
contrast to their 3D counterparts, show up assharppeaks in
absorption spectra and exhibit a remarkable dependence on
the heterostructure parameters.

The samples used in this study are listed in Table I along
with the most important parameters. They typically contain
10 QW’s and are grown coherently on transparent
Cd0.88Zn0.12Te ~100! substrates by molecular-beam epitaxy.
For the electroabsorption experiments, semitransparent
Schottky diodes were formed by standard processing.

In the lowest curve of Fig. 1, we show the zero electric
field ~E50! absorption spectrum atT520 K of sampleA1
with well width L5125 Å, barrier widthLb5125 Å, and
barrier Zn concentrationx510%. Above the dominante1h1

QW exciton line~notice the30.1 scaling factor! a multitude
of smaller peaks are clearly distinguished. Specifically, we
observe the ‘‘forbidden’’e1h2 transition, the 2s state of the
e1h1 exciton recognized by its large diamagnetic shift in a
magnetic field perpendicular to the QW plane, and thee1l 1

line identified by its light holelike signature in polarized pho-
toluminescence excitation~PPLE! spectra.7 The upward ar-
rows indicate the calculated energy positions of the same
transitions and the agreement is very good. According to the
same energy level calculation, there are no other excited
states~such ase1h3 or e2h1) confined in the QW layer,
owing to the small potential barrier heights in this sample

TABLE I. Experimental values of the oscillator strengthf 1 and
binding energyd1 of the e1h11LO EPBQS line, for different
MQW samples of well widthL, barrier widthLb , and barrier Zn
concentrationx.

Sample
name

L
~Å!

Lb

~Å!
x

~%!
f 1

~meV!
d1

~meV!

A1 125 125 10 34 1.1
A2 130 130 26 5 0.25
A3 130 200 30.3 1 0
B1 157 94 21.5 48 3.2
B2 130 90 22 25 1.2
B3 85 86 21.9 0 0
C1 123 152 21.6 12 0.3
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~40 meV for the electrons and only 16 meV for the heavy
holes!. Nevertheless, two additional well-defined peaks re-
main in the spectrum and we identify them as thee1h1
1LO and thee1h21LO EPQBS.

The identification is justified as follows. First, the energy
difference betweene1h11LO and e1h1 is 20.3 meV and
betweene1h21LO ande1h2 , 21.1 meV, i.e., strikingly close
to but lessthan\v0@521.45 meV~Ref. 8!#. The small de-
viation from \v0 corresponds well to the expected binding
energy of the EPQBS, being hered151.1 meV for e1h1
1LO andd250.3 meV fore1h21LO. Second, as explained
above, these lines cannot be assigned to an excited state con-
fined in the QW. Third, we can exclude higher-order pro-
cesses, such as resonant Raman scattering, since their contri-
bution to absorption is negligible. Fourth, this assignment is
consistent with the results of all the supplementary experi-
ments we performed on this sample, in particular PPLE and
transmission under perpendicular magnetic or electric field.7

As an example, in Fig. 1 we plot absorption curves with
varyingE. The quantum confined Stark effect in CdTe QW’s
is analyzed elsewhere.9 Focusing now on thee1h11LO line,
we observe that with increasingE, e1h11LO redshifts,
broadens and loses oscillator strengthat the same rateas
e1h1 . This further supports its assignment. For instance, it
excludes the possibility fore1h11LO to be instead an ex-
cited state weakly confined in the QW layer, because such a
transition would be much more sensitive thane1h1 to the
field-induced band bending.

The fact thate1h21LO is of comparable intensity to
e1h11LO, an exciton-phonon complex associated with a
much stronger exciton, is at first sight puzzling. It can be
understood, however, considering that the Fro¨hlich matrix
element responsible for the EPQBS formation involves the
transition between the ground exciton1LO phonon pairu0&

with in-plane wave vectorsqex52qph5q and the free
electron-hole pairuk& with in-plane wave vectorske52kh
5k. This can be written for a QW as10

^kuHF~q!u0&}CqF we~q,qz!

F11aB
2Uk2

mh

M
qU2G3/2

2
wh~q,qz!

F11aB
2Uk1

me

M
qU2G3/2G , ~1!

where qz is the size quantized component of the phonon
wave vector,aB is the 2D exciton Bohr radius,M5me
1mh the in-plane exciton mass, andCq is the Fröhlich in-
teraction. Given thatCq}1/Aq21qz

2, the role of phonons
with small q is dominant. For an ideal QW with infinitely
high barriers and sufficiently narrow width (L<2aB), the
electron and hole wavefunctions for thee1h1 exciton are
identical along thez axis. The matrix elementswe(q,qz) and
wh(q,qz) are then strictly equal, leading forq→0 to com-
pensation of the electron and hole contributions in Eq.~1!.
This makes the Fro¨hlich interaction strictly forbidden in an
ideal QW and is a result of exciton neutrality for large pho-
non wavelengths. Of course, in a real QW the electron and
hole wavefunctions ofe1h1 penetrate differently into the bar-
rier, and this dissymmetry results forq→0 to a finite decom-
pensation in Eq.~1!. We emphasize that decompensation is a
necessary condition for strong resonant coupling between the
electron-hole and exciton-phonon pairs and hence, for
EPQBS formation. Fore1h2 , however, even in the case of
an ideal QW there is always a large decompensation due to
the different electron and hole wave functions. The larger
decompensation fore1h2 compared toe1h1 can explain how
e1h21LO is of comparable intensity toe1h11LO. It does
not explain, however, whye1h21LO is also stronger than its
zero-phonon associatee1h2 exciton.

To shed light on this question we refer to theE depen-
dence ofe1h21LO ande1h2 , as seen in Fig. 1. Both lines
redshift identically, as expected. But what is unusual is that
while e1h2 gains oscillator strength as it becomes more di-
pole allowed inE, e1h21LO loses strength after an initial
increase. To explain this behavior, we suggest that the domi-
nant mechanism in forming thee1h21LO state is resonant
coupling of thee1h21LO phonon pair state to the con-
tinuum states, not ofe1h2 , but of the optically allowed
e1h1 . This hypothesis satisfies the decompensation condition
discussed above and can explain whye1h21LO is stronger
thane1h2 at E50.

Next we discuss the dependence of EPQBS on hetero-
structure parameters. In Table I, we list the binding energy
d1 and oscillator strengthf 1 ~defined as the spectrally inte-
grated optical density per QW! for e1h11LO in various
samples. The results fore1h21LO are similar with the ex-
ception of smallerd2 . Inspecting Table I, we conclude first
that asf 1 increases,d1 also increases. This is consistent with
the EPQBS picture. Second, we conclude that increasing
confinement drastically weakens the EPQBS. For instance, in

FIG. 1. Absorption spectra as a function of the electric field of
sample A1 exhibiting pronounced EPQBS’s, denoted ase1h1

1LO ande1h21LO. The upward arrows below the other identified
QW transitions indicate their calculated positions.
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Fig. 2 we compare the optical density of the three samples of
group A in Table I. They have practically the sameL but the
barrier height and width increases from top to bottom in the
figure. Both e1h11LO and e1h21LO lines decrease
strongly as the barrier becomes more confining. Notice the
simultaneous decrease ind1 as thee1h11LO peaks con-
verge to the LO-phonon marker.

A similar strong dependence is observed for groupB in
Table I whereL is varied but the barrier height and width are
kept identical. In this group, the EPQBS is stronger for the
wider QW’s. A weaker dependence on barrier width is also
deduced by comparing samplesC1 andB2 in Table I, where
L andx are constant butLb is varied.

The quenching of EPQBS observed in Fig. 2 is quite
striking, considering that these samples have practically the
same small electronic confinement energies (L'2aB , with
aB570 Å in CdTe! and the sameEB ~'16 meV fore1h1).
At first sight one could attribute the strong reduction of
e1h11LO to decreasing decompensation fore1h1 as the bar-
rier heights increase and we get closer to the ideal QW limit.
This argument, however, cannot explain whye1h21LO also
decreases drastically, since fore1h2 there is large decompen-
sation even in an ideal QW. The simultaneous strong de-
crease of bothe1h11LO and e1h21LO lines in samples
where the electronic wave functions remain practically the
same strongly indicates the key role ofphonon confinement
in understanding these 2D EPQBS.

Phonon confinement in MQWs results from the different
LO phonon frequencies in the well and barrier layers. When
the phonon gap is large~e.g., in GaAs/AlAs MQW’s! the
well phonon modes are localized in the QW with a quantized
wave vectorqz5np/L wheren51,2.11 In cases, however,

with a relatively small phonon gap~515 cm21 in
GaAs/Ga0.6Al0.4As MQWs!, the phonon modes are leaky,
their extension larger thanL, and the effectiveqz smaller
thanp/L.12 Clearly, all our samples are, to a varying degree,
in this weak phonon confinement regime since the phonon
gap never exceeds 10 cm21. More specifically, for sample
A1 with x510%, the phonon gap is merely 3 cm21,13 and
the phonon mode may well extend over several periods of
the structure. On the other hand, for sampleA3 with x
530% and a much larger phonon gap~'10 cm21) the pho-
non mode is better confined and its extension approachesL.
We attribute the results of Fig. 2~and of Table I! mainly to
the different phonon confinement situations in the various
samples. This seems to be supported by our theoretical
model, that we describe next.

We calculated absorption profiles modifying the approach
of Ref. 14 to the QW case and assuming phonon quantization
along thez axis. We neglect interface phonons, as their con-
tribution to EPQBS is negligible due to reduced overlap with
the QW excitons. This is supported by our data on sample
group B, showing that EPQBS is stronger for larger QW’s
for which the exciton-interface phonon overlap is smaller.
We focus here on the caseEB&\v0 , relevant to our
samples. The corresponding energy dispersion graph is
shown in the inset at top right of Fig. 3. In the inset at the top
left of Fig. 3, we give the diagram representation of the
Dyson equation for the absorption coefficient. For photons
with energy\v nearE01\v0 and above the free electron-
hole gap\wg, there is an optically active continuum of free
electron-hole pairs withke52kh5k ~empty loop! each one
of which can be degenerate with a pair state of a ground
exciton ~straight line! plus phonon~dashed line! with qex5
2qph5q, provided that (\2q2/2M )5(\2k2/2m)1(EB
2\v0) where m5memh /M . The direct electron-hole pair
creation by the photon is followed by the infinite sequence of
resonant or almost resonant Fro¨hlich transitions between the
two types of pair states resulting in renormalization of the
absorption~dashed loop!. If the coupling is strong enough
for q→0, these resonating transitions may show up as an

FIG. 2. EPQBS in samples with the same QW width but with
barrier height and width increasing from top to bottom.

FIG. 3. Calculated absorption profiles for different phonon con-
finement factorsqzl M . ~1! qzl m50.05,~2! 0.1, ~3! 0.2, ~4! 0.4. The
arrow indicates theE01\v0 threshold.
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EPQBS resonance atE01\v02d, as we show next.
To analyze the absorption profile qualitatively, we ap-

proximate the large square brackets in Eq.~1! by a constant
j. j can be viewed as theq→0 brackets limit and is a direct

measure of decompensation. The Dyson equation is then
solved analytically and assuming a continuum of free
electron-hole pairs and keeping only the 1s exciton contri-
bution, the absorption coefficient is given by

a~v!;
@~qzl M !21h#2

F ~qzl M !21h2b ln
d2e

e
ln

~qzl M !2

2h G2

1b2p2F ln
~qzl M !2

2h G2 , ~2!

where e5(v2vg)/v0.0, h5e2(\v02EB)/\v0,0, l M

5A\/(2Mv0) is the polaron length for massM , d is a
cutoff for k, andb is an effective exciton-phonon coupling
constant. A rough estimate of the latter is

b;
ael me

l m

aB

l m

aB

X
j2, ~3!

whereae.0.3 is the polaron constant for electrons in CdTe
with ael me

5ahl mh
, and X is the extension of the phonon

wave function along thez axis.
Aside from CdTe constants, Eq.~2! depends only on

qzl M , b, and the ratioEB /\v0 . In the range of parameters
where the first term in the denominator becomes zero and the
second one, which represents the intrinsic broadening, is
small, the absorption shows a resonance. As an illustrative
example, we plot in Fig. 3 the calculated profiles for differ-
ent qzl M values and assumingEB50.8\v0 and b50.001.
There are two important points to make: first, that the above
model can reproduce a sharp EPQBS resonance belowE0
1\v0 . We stress that this is a result of phonon quantization.
Analyzing the case of interaction with bulk LO phonons we
were unable to obtain strong EPQBS resonance even under
assumption of decompensation. Second, that with increasing
qzl M ~i.e., increased phonon confinement! the resonance be-
comes weaker and the EPQBS binding energyd decreases,
in agreement with experiment. On the other hand, for smaller
qzl M , d increases but at the same time the resonance broad-
ens. Increasing the effective coupling constantb also has the
same effect.

The small values ofqzl M.0.1 for which we obtain a
strong resonance correspond to a phonon extension larger
than L and confirm that the weak phonon confinement
present in our shallow MQW’s is a favorable condition for
EPQBS. However, the quantized character of phonons is still
very important. It seems that a fine balance between the
quantized character of phonons along with a rather small
value ofqz is important for observing a strong EPQBS reso-
nance.

Although we believe 2D EPQBS should be observable in
other QW systems, the CdTe/~Cd,Zn!Te system has a con-
centration of a number of favorable conditions. First,EB

;\v0 : in the samples used hereEB /\v0'0.75. Second,
enhanced exciton-LO phonon coupling:ae is four times
larger in CdTe than in GaAs. Third, we have large exciton
oscillator strength and narrow linewidths, crucial for observ-
ing relatively weak transitions. Fourth, due to the large lat-
tice mismatch between CdTe and ZnTe~7%!, this hetero-
structure is typically grown with a small Zn content in the
barrier, i.e., shallow.

In summary, we observed sharp EPQBS lines in a QW
system. We show that, while size quantization of phonons is
essential in creating strong 2D EPQBS, increased phonon
confinement destroys them. Future work will address the dy-
namics of this fundamentally interesting 2D quasiparticle.
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