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Polaronic excitons in ZnxCd12xSe/ZnSe quantum wells
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Magneto-optical absorption of quantum wells exhibits distinct excitonic resonances and allows the determi-
nation of exciton binding energies and diamagnetic shifts. Here, we report a magneto-absorption study on
Zn0.69Cd0.31Se/ZnSe multiple quantum wells 4 and 5 nm thick yielding 1S exciton binding-energy values.
These results are compared to calculations based on two theoretical models that include the exciton-phonon
interaction potential or the screened Coulomb potential. This analysis allows us to discriminate between the
two models and highlights for the first time the impact of polaronic coupling on the optical behavior of these
polar heterostructures.
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In recent years wide-gap II-VI semiconductor heterostr
tures have attracted much attention mostly in light of th
potential for the development of opto-electronic devices
erating in the blue-green spectral region.1 Owing to their
relatively large exciton binding energies (Eb), they also of-
fer the possibility of realizing quantum wells~QW’s! in
which excitonic recombination is dominant even at roo
temperature.2 These systems, however, also present ot
unique properties such as strong exciton-phonon interact
~from here on referred to as polaronic effects! which make
them ideal candidates for the investigation of the impact
these effects on the optical spectra.

Polaronic effects have been extensively studied in
past,3,4 and significant polaron-related modifications of fu
damental optical properties were demonstrated in bulk io
semiconductors. Much less attention, on the contrary,
paid to this issue in systems with reduced dimensiona
e.g., QW’s. In fact in the experimental analyses of excito
effects in II-VI QW’s,5–8 the role of polarons in determinin
the exciton binding energies was not adequately addres
and was actually often overlooked. This was probably due
a large body of studies focused on GaAs-bas
heterostructures9,10 where polaronic effects are indeed neg
gible owing to the low-ionicity of the atomic bonds.

In this report, we address this issue by analyzing
magneto-absorption properties of ZnxCd12xSe/ZnSe QW’s.
Our results demonstrate the important role played by
laronic effects in determining excitonic optical propertie
We shall show that by including polaronic effects using
effective potential first derived by Aldrich and Bajaj3 it is
possible to reproduce quantitatively our experimental res
within an envelope-function formalism with no adjustab
material parameters.

Samples studied were grown by solid source molecu
beam epitaxy on GaAs(001) substrates. They consist
0.5-mm GaAs buffer layer grown at 580°C followed b
1.5 mm-thick ZnSe layer grown at 290 °C. Te
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Zn0.69Cd0.31Se/ZnSe QW’s were then grown at 250 °C with
30-s interruption at each interface. A 500 nm-thick cap la
concluded the growth. ZnSe barrier width is 30 nm; 4 an
nm-thick QW’s were examined. In order to detect transm
sion signals, circular regions of about 631024 cm2 were
selectively removed using standard photolitographic a
wet-etching techniques. Owing to the high- Cd concentrat
in the well, the energy separation between 1S heavy- and
light-hole excitons is much enhanced by the compress
strain in the QW’s~it is larger than 50 meV!. This condition
makes it possible to resolve the absorption associated to
continuum edges, even at zero-magnetic field. It should
noted that despite the large Cd content the 1S heavy-hole
exciton absorption peak atT51.6 K displays a full width at
half maximum of about 9 meV indicating good sample qu
ity. This was also confirmed by the small Stokes shift of t
photoluminescence signal ('1 meV). Samples were
mounted on a variable-temperature insert and magnetic fi
B between 0 and 10 T were applied parallel to the grow
direction. Magneto-absorption was studied using a 100
Xenon lamp as source. Light was focused and collec
along the growth direction by optical fibers. Transmitted
tensity was carefully normalized to the incident light in ord
to detect absorption changes.

Figure 1~a! shows typical spectra atT51.6 K for the
sample with QW thicknessLw55 nm at zero-magnetic field
and with an applied magnetic field of 10 T. The two peaks
2528 meV and 2610 meV observed in theB50 spectrum are
associated to the 1S ~hh1-e1! heavy- and~lh1-e1! light-hole
exciton, respectively, as confirmed by linear polarizatio
dependent absorption measurements. Additional structu
observed at around 2560 meV. Thanks to the hig
confinement potential, one further higher-energy peak du
the 1S ~hh2-e2! heavy-hole exciton11 is also observed.

Upon application of the magnetic field, the 1S heavy- and
light-hole exciton peaks display a small blueshift and no
preciable oscillator strength enhancement. This behavio
1700 ©2000 The American Physical Society
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immediately understood in light of their large binding ener
in comparison to the cyclotron energy (Ec55.2 meV at 10
T!. The light-hole exciton, however, displays a peculiar no
monotonic behavior, which may be linked to valence-ba
mixing effects.7 The heavy-hole continuum edge~energy re-
gion around 2560 meV!, on the contrary, is dramatically a
tered, and a sharp peak on its low-energy side gradu
emerges with increasing magnetic fields@see Fig. 1~b! where
absorption spectra in the region of the continuum edge
displayed at three different magnetic fields#. This feature can
be unambiguously associated to the heavy-hole 2S excitonic
level because of its diamagnetic behavior in the range 6
<B<10 T ~see Fig. 2!. The diamagnetic shift of that leve
(dE'4 meV) indicates that the Coulomb interaction is s
significant in the investigated range of magnetic fields.
further peak, visible from 8.5 T is identified with the 3S
excitonic level. In this magnetic field range, however, th
exciton state acquires a Landau-like magnetic-field dep

FIG. 1. ~a!: Absorption spectra for the Zn0.69Cd0.31Se/ZnSe
sample with 5 nm well width at magnetic fieldsB50 T and B
510 T. The magnetic fields are applied along the growth direct
~Faraday configuration!. ~b!: Magnification of the absorption spec
tra in the heavy-hole continuum edge region at three different m
netic fields.

FIG. 2. Energy of 1S, 2S, and 3S hh1-e1 exciton absorption
peaks as a function of magnetic field for both the 4 nm wid
sample~a! and 5 nm width sample~b!. Dashed lines are a quadrat
fit to the experimental points for 2S excitons. The quadratic coef
ficients for the fit are0.048 meV/T2 ~a! and 0.037 meV/T2 ~b!.
-
d

lly

re

T

n-

dence that, contrary to the 2S exciton case, indicates th
predominance of the free-carrier cyclotron energyEc over
the exciton binding energy. This behavior is in agreem
with the theory developed in Ref. 12.

Figure 2 shows the peak energy positions of heavy-
light-hole excitonic states~solid circles! as a function ofB
for the sample withLw55 nm ~a! andLw54 nm ~b!. From
the extrapolated values of the 2S positions toB50 we can
determine the energy difference between the binding e
gies of 1S and 2S states. We can thus determine the bindi
energy of the 1S state of thehh exciton Eb

1S adding the
calculated values ofEb

2S ~shown in the bottom part of Fig. 3!
to this difference. Alternatively, we can deduceEb

1S through
a fitting procedure to the zero-magnetic field absorpt
spectra around the continuum edge. This procedure inclu
the 2S excitonic absorption whose peak energy and inten
have been determined by comparison withB.0 spectra.
These two procedures yield the same values forEb

1S (Eb
1S

537.562.5 meV and Eb
1S535.761.5 meV for Lw

54 nm andLw55 nm, respectively!.
We now turn to the theoretical analysis, which is based

a variational calculation of 1S heavy-hole exciton binding
energy versus QW width. A correct description of polaron
effects requires an effective exciton Hamiltonian in whi
not only electron and heavy-hole band masses are repl
by the corresponding electron and hole polaron effect
masses, but also the effective potential differs from the C

n

g-
FIG. 3. Upper part: Calculated values of 1S hh1-e1 exciton

binding energy versus well width for Zn0.69Cd0.31Se/ZnSe quantum
well. Solid curves represent exciton binding energy as obtai
with Luttinger parameters derived by Ho¨lscheret al. ~Ref. 17! and
using Aldrich and BajajVAB potential ~upper curve! or Coulomb
potentialVC ~lower curve!. Dashed curves represent exciton bin
ing energy as obtained with Luttinger parameters derived by S
mage and Fishman~Ref. 18! and usingVAB potential~upper curve!
or VC potential ~lower curve!. Solid squares represent experime
tally measured binding energies for 4 nm and 5 nm quantum we
Bottom part: Calculated values of 2S binding energy versus wel
width with Luttinger parameters derived by Holscheret al. and us-
ing VAB potential ~upper curve! or Coulomb potentialVC ~lower
curve!.
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lomb potential screened by the static dielectric constante0.3

The excitonic Hamiltonian~apart from the electron an
hole self-energy terms! can therefore be expressed as a s
of three terms:

H5H1~z!1H2~z!1Hex~x,y,z!, ~1!

where H1 and H2 describe the motion of electron polaro
and hole polaron along the growth axisz and are given by a
sum of the alongz kinetic term and the confining potentia
Hex describes the internal motion of the exciton and includ
the effective electron-hole interaction potential. The alonz
and in-plane heavy-hole masses are expressed in terms o
Luttinger parameterg1 andg2. For the effective interaction
potential, we use the following two different forms. First, w
consider the Coulomb potential screened by the static die
tric constant

VC52
e2

e0r
~2!

and additionally, we consider the potentialVAB derived by
Aldrich and Bajaj3 that takes into account polaronic effects13

VAB52
e2

e0r
2

e2

2e8r
@exp~2b1r !1exp~2b2r !#

1(
i 51

2
e2b i

2e8

exp~2b i r !

11a i /121a i /~41a i /3!
, ~3!

where b i5(2miv/\)1/2, a i5e2b i /(2e8\v), 1/e851/e`

21/e0, andmi* 5mi(11a i /12)/(12a i /12); v is the longi-
tudinal optical ~LO! phonon frequency,e` is the high-
frequency dielectric constant, andmi* is electron ~heavy-
hole! polaron mass.

The variational solution is sought by minimizing the e
citon binding energy with the following trial wave function

C~z1 ,z2 ,r,f!5F1~z1!F2~z2!

3exp~2lr 2@nr22h~z12z2!2#1/2!,

~4!

whereF1(z1) andF2(z2) are ground-state eigenfunctions
the electron polaron and heavy-hole polaron Hamiltoni
H1 and H2, respectively,r25@(x12x2)21(y12y2)2#, and
l,n andh are the variational parameters.

We would like to remark that the above model consid
the electron~hole! interaction with bulk LO phonons. How
ever, it has been pointed out by Mori and Ando,14 that the
effect of electron~hole! interactions with the distinct phono
modes of a QW on the exciton binding energies is expec
to be almost the same as that of electrons~holes! interacting
with bulk LO phonons as long as the binding energies
different from the phonon energies~off-resonance condi-
tion!.

In our calculation, we have used the following values
various physical parameters for the ZnxCd12xSe/ZnSe
QW’s. Conduction-band offsetDEe50.230 eV, heavy-hole
valence-band offsetDEh50.115 eV. These values hav
been recently measured by transport techniques.15 Electron
polaron mass for the barrier materialm1

b50.155m0, electron
s

the

c-

s

s

d

e

f

polaron mass for the well materialm1
w50.14m0, static di-

electric constante058.7, high-frequency dielectric constan
e`55.73, LO phonon energyELO531.7 meV as deter-
mined by resonant Raman scattering,16 Luttinger parameters
g152.45 andg250.61. The values of the Luttinger mas
parameters that we have used in our calculations are th
determined by Ho¨lscheret al.17 in their two-photon magneto
absorption measurements of the 2P exciton system in ZnSe
The calculated 1S hh1-e1 exciton binding energy is shown
Fig. 3 ~solid lines! as a function of the well width togethe
with the experimental values~solid points!. The upper
~lower! solid line is obtained usingVAB(VC) interaction po-
tential. We find that the values of the binding energies o
tained using Coulomb potential are considerably lower th
those obtained usingVAB potential, especially for narrow
wells where the short- range terms in the expression ofVAB
potential become more important. As clearly seen in Fig
experimental values of the exciton binding energies ag
very well with those calculated usingVAB potential. We re-
mark, however, that higher values for the mass parame
for ZnSe (m150.16m0 ,g154.30 andg251.14) were de-
rived by Sermage and Fishman18 using Brillouin scattering.
Calculated values of the 2S exciton diamagnetic shift base
on the excitonic Hamiltonian with theVAB potential and
modified for the presence of perpendicular magnetic fi
~data not shown!, reproduce well the experimental resul
shown in Fig. 2 with both sets of Luttinger parameters,
though a slightly better agreement is found with the sma
values ofg1 andg2. In order to check the impact of such
change on theEb

1S results, we have also calculated the var
tion of the exciton binding energy as a function of well wid
with the Luttinger parameters proposed by Sermage and
chman usingVAB ~upper-dotted line in Fig. 3! and VC
~lower-dotted line in Fig. 3! potentials. We find that the val
ues of the exciton binding energies thus obtained are alw
lower ~by about 3-4 meV for the well widths studied her!
than those determined by using the parameters propose
Hölscheret al. The upper dotted curve, however, lies clo
to the experimental points thus indicating that conclusion
the relevance of polaronic coupling does not depend on
set of Luttinger parameters. The above results highlight
effect of the polaron-induced enhancement of the exci
binding energy and indicate that polaronic coupling can
be neglected in determining the excitonic properties of th
highly polar QW structures. They also demonstrate thatVAB
potential provides an accurate description of these effe
Recently, Zheng and Matsuura19 have calculated the effect o
the exciton interacting with confined LO phonons, interfa
phonons and half-space phonons on its binding energy
QWs with finite potential barriers. The 1S heavy-hole exci-
tonic binding energies for our heterostructure obtained
using their approach are considerably larger~by about 4–6
meV! than those calculated with theVAB potential.

Finally, we want to remark that the 1S exciton binding
energies here reported are substantially larger than va
previously reported for the same samples through a deta
comparison between zero-magnetic field absorptions
variational calculations without the inclusion of polaron
effects.5 The discrepancy stems from the use of effect
potential without the inclusion of polaronic effects. Tho
calculations were based on the envelope function and ef
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tive mass approaches with Luttinger mass parameters
rived by Sermage and Fishman.18 They agree with the result
here presented for the case of screened Coulomb pote
VC ~lower dotted curve in Fig. 3!.

In conclusion, we have shown that polaronic coupli
profoundly influences the excitonic properties of polar QW
such as the ZnxCd12xSe/ZnSe systems here analyzed. W
have used an excitonic Hamiltonian with an effective int
action potential first derived in Ref. 3 that takes into acco
polaronic effects. In order to test this model, the 1S exciton
binding energies were derived through magneto-absorp
ys
.
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measurements in quantum well samples with widths of 5
4 nm and Cadmium concentration of 0.31. We found that
polaronic effective potential offers a good description of t
1S exciton binding energies. Comparison with a nonp
laronic model based on Coulomb potential screened by s
dielectric constante0 allows to clearly evaluate the impact o
such polaronic effects. Detailed analysis of diamagne
shifts within a polaronic model will be presented elsewhe
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