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Exciton spectroscopy in Zn, „Cd„Se/ZnSe quantum wells
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Systematic temperature-dependent studies of optical absorption and photoluminescence in
Znl Cd Se/ZnSe strained-layer multiple-quantum-well samples grown by molecular-beam epitaxy
were used to evaluate the well-width dependence and the composition dependence of the major excitonic
properties. Exciton binding energies calculated by means of a variational method were found in good
agreement with the experimental values obtained from the analysis of the absorption line shapes. The
well-width dependence of the excitonic eigenstates were well reproduced by envelope-function calcula-
tions that included the e6'ect of pseudomorphic strain.

I. INTRODUCTION

Excitons in Zn& „Cd Se/ZnSe multiple-quantum-well
(MQW) heterostructures exhibit relatively high stability
as compared to excitons in bulk semiconductors, due to
the enhancement of the binding energy and the reduction
of the exciton-phonon coupling caused by quantum
confinement in wide-band-gap materials. Excitons are
thus found to play an important role in many-body pro-
cesses such as lasing and nonlinear absorption, often even
at room temperature by virtue of their large screening
threshold and strong thermal stability. For example, ex-
citonic gain has been demonstrated in Zn, „Cd„Se/ZnSe
quantum wells of thickness and composition such that
the exciton binding energy was larger than the LO pho-
non energy (Eb ) iilcoLo). ' A detailed study of excitons in

Zni „Cd„Se/ZnSe MQW's is thus important to under-
stand the optical properties of these wide gap hetero-
structures, also in view of their application to blue-green
optoelectronic devices. Recently, there has been a few re-
ports on the excitonic properties of this type of
MQW's, in which samples of diff'erent structure and
composition were investigated by absorption, ' ' photo-
luminescence, electrorefIectance, magnetotransmission,
and photocurrent. The results of these works have
demonstrated the enhancement of the exciton binding en-
ergy in narrow and deep quantum wells (high Cd content)
and the reduction of the exciton-phonon coupling with
increasing the confinement. Here, we extend these works
by systematic absorption experiments in
Zn& Cd„Se/ZnSe MQW's as a function of temperature,
well composition, and width, for well widths 1.~ ranging
between 3 and 20 nm, and for Cd concentration in the
wells ranging from x =0. 1 to 0.26. The exciton binding
energies and the excitonic eigenstates were obtained from
the line shape analysis of the absorption spectra, and
compared with the results of variational calculations and

envelope-function calculations, respectively. Our results
provide a comprehensive description of the main exciton-
ic and electronic properties of Zn, „Cd Se/ZnSe
MQW's. Further, the comparison of the heavy-hole and
light-hole transitions (with quantum numbers up to
n =4) with the calculated confinement energies over a
wide range of size and composition values, allowed us to
identify a set of material parameters which can reproduce
satisfactorily the energy trend of the electronic states in
these quantum wells. The remarkable agreement between
the data and the results of the calculations for ideal het-
erostructures emphasizes at the same time the level of un-
derstanding achieved for the well width and composition
dependence of the excitonic states and the quality of the
heterostructures. The work is organized as follows: in
Sec. II, we describe the samples and the experimental de-
tails. In Sec. III, we outline the variational model used
for the calculation of the exciton binding energies and
give the details of the eigenstate calculations. In Sec. IV,
we discuss the experimental spectra and their comparison
to the theoretical results. Our conclusions are drawn in
Sec. V.

II. KXPKRIMKNT

The MQW's were grown by solid source molecular-
beam epitaxy (MBE) on GaAs(001) substrates in a facility
described elsewhere that includes separate MBE growth
chambers for II-VI and III-V materials interconnected by
ultrahigh-vacuum (UHV) transfer lines. After thermal
removal of the native CxaAs oxide, a 0.5 pm n-GaAs
buffer layer was grown at 580'C. The sample was then
cooled under As Aux, and transferred in UHV to the II-
VI growth chamber, where a 1.5 pm ZnSe buffer layer
was grown at 290 C onto the GaAs(001)c(4X4) sub-
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strate. Ten period Zn& „Cd Se/ZnSe MQW's were then
grown at 250'C with growth interruption of 30 sec at
each interface. More detail on the growth procedures
can be found in Ref. 10 and 11.

In what follows we will discuss results for three groups
of samples, designed to selectively investigate the effect of
well width and well depth on the excitonic states. The
four samples in group A were comprised of ten period
Zn, Cd„Se/ZnSe MQW's with x =0.11 and well
widths L~=3, 7, 11, and 20 nm, respectively. The four
samples in group B were comprised of MQW's with
x =0.23 and L~=3, 7, 11, and 20 nm, respectively. The
seven samples in group C were comprised of MQW's with
L~=3 nm and Cd content x =0.10, 0.11, 0.13, 0.16,
0.20, 0.23, and 0.26, respectively. The width of the ZnSe
barrier layers was fixed in all cases at 20 nm.

The well parameters in the three groups of samples
correspond to exciton properties spanning the range from
bulklike (3D) behavior to the quasi-two-dimensional (2D)
limit. Changes in composition x cause variations in the
depth of the quantum well and in the value of the elastic
strain within the Zn& Cd„Se layers, which are all ex-
pected to be pseudomorphically strained to the ZnSe
buffer. The combination of these compositional and
configurational parameters permits a fine tuning of the
excitonic properties of the Zn, Cd„Se MQW's, which
can be investigated by systematic optical and structural
studies.

The samples investigated in this work were analyzed by
high-resolution double-crystal x-ray diffraction, in order
to test the crystalline quality and assess the structural
and compositional parameters. The results of these ex-
periments are beyond the scope of this paper and will be
reported in a forthcoming paper. ' Good coincidence be-
tween the measured and nominal parameters has been
found in most samples.

For transmission measurements, the heterostructures
were first glued to a sapphire plate and the GaAs sub-
strate mechanically polished down to a thickness of about
80 pm. The samples were then masked with a photoresist
leaving the substrate exposed through 100-pm-diameter
windows, and the GaAs selectivity removed by wet chern-
ical etching using a H3PO4:H20z..HzO solution at 30'C
followed by a H2SO4. H202:H20 solutio~ at 40'C. Ab-
sorption spectra from the remaining self-supporting films,
comprised of the Zn, Cd, Se MQW and the ZnSe
buffer, were obtained by focusing the mechanically
chopped light of a tungsten halogen lamp onto the win-
dows. The samples were mounted on the cold finger of a
closed-cycle He cryostat, the temperature of which could
be varied from 10 to 300 K. The transmitted beam was
dispersed by a 0.85-m double monochromator and detect-
ed using a cooled GaAs photon counting. The overall
spectral resolution of the measurements was always
better than 0.5 meV.

Photoluminescence experiments were performed using
the blue line (4579 A) of an Ar+ laser with power of the
order of 10 mW on the sample, and the same cryostat and
detection equipment. In this case, a photon counting
mode acquisition was employed, with a spectral resolu-
tion of 0.2 meV.

III. DATA ANALYSIS METHOD AND MODELING

The experimental absorption spectra were analyzed to
extract the energy position of the excitonic series, the ex-
citon binding energy, and the thermal broadening of the
ground level heavy-hole exciton. Excitonic absorption
features were fitted to Gaussian line shapes, with
linewidths mainly reAecting the inhomogeneous broaden-
ing of the states, i.e., statistical Auctuations in the ternary
allow composition, strain, and layer thickness. We men-
tion, for example, that in the investigated composition
range a +1% fluctuation in the Cd content of the alloy
would result in a Auctuation of +11 meV in the energy
gap. ' The corresponding unintentional modulation of
the quantum-well depth would cause per se a Auctuation
of 1 —3 meV in the quantization energies of the carriers in
the well. The steplike continuum of the quantum-well
density of states was simulated by a step function, convo-
luted with the same Gaussian broadening function used
to reproduce the exciton absorption feature, and with the
inclusion of the Coulomb enhancement factor at the band
edge (Sommerfeld factor), ' which is found to play a
minor role in these II-VI materials. The energy separa-
tion between the Gaussian absorption feature and the
broadened continuum edge was obtained from a best fit of
the data, and provides a reasonable indication of the exci-
ton binding energy. This simple criterion is justified by
the lack of any feature associated with the 2s state of the
exciton in our spectra, due to the unavoidable broadening
induced by local inhomogeneities in the well.

The absolute positions of the excitonic Gaussian ab-
sorption features were compared with transition energies
calculated from the predicted electron and hole
confinement energies, taking into account exciton binding
energy. The energies of the confined conduction and
valence subbands of the Zn, „Cd Se/ZnSe quantum
wells were evaluated in the envelope function approxima-
tion. We should mention that most of the required band
parameters are not very well known for ZnSe, zinc-blende
CdSe, and the related ternary alloys. ' Many theoretical
and experimental studies of excitons in
Zn, „Cd„Se/ZnSe MQW's have used quite different
values for conduction- and valence-band effective masses,
deformation potentials, and band offsets. ' ' The pa-
rameters used in our calculations are listed in Table I.
These were found to better reproduce quantitatively and
qualitatively the experimental data obtained from the
different sets of samples investigated in this work. A ma-
jor problem in the eigenstate calculations is the interplay
between the band offset expected for the bulk, unstrained
materials and the effect of the tetragonal strain field on
the band extrema in determining the actual total band
discontinuities. Most recent reports suggest that in
Zn, „Cd„Se/ZnSe MQW's the conduction-band offset is
larger than that valence-band offset, and ranges between
0.7 and 0.9 of the band-gap difference AEg. ' ' ' The
shifts of the conduction (c), heavy-holes (HH), and light-
holes (LH) band edges due to the hydrostatic and uniaxial
deformation of the strained Zn& Cd Se/ZnSe hetero-
structures are given by'
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TABLE I. Parameters used in the calculations described in this paper.

E (eV)
V, (eV)
Vg (eV}
m, (m0)
mHH (m0)
mLH (m0)

a (A)
C)) (X/m )

C&2 (N/m )

a (eV)
b (eV)
6 (eV)

ZnSe

2.821'

0.16'
0.6'
0.145
8.8
5.6676'

8.26 X10"'
4.98 X 10"'

—1.2
0 43d

CdSe

1.765'

0 13'
0 45'

93
6.077'

6.67 X10"'
4.63 X 10"'

Zn0. 89Cd0. 11Se

2.6758'
0.1026"
0.0426b
0.1567'
0.5835'
0.145
8.85'
5.7126'

8.085 X10"'
4.94 X 10"'
—3.365'
—1.156'

0.43

Zn0 77Cdp 23Se

2.5253
0.2091b
0.0866b
0.1531'
0.5655'
0.145
8.91'
5.7617'

7.8943 X 10"'
4.899 X 10"'

—3.314'
—1.108'

0.43

'Reference 4.
Taking into account the energy shift of the bands due to the strain.

'Evaluated by linear interpolation from the bulk ZnSe and CdSe parameters.
Reference 15.

'a= —(C»+2C&z)/3t', BEg/BP), where the (BEg/BP) was taken after R. J. Thomas, H. R. Chan-
drasekhar, M. Chandrasekhar, N. Samarth, H. Luo, and J. Furdyna, Phys. Rev. B 45, 9505 (1992).

5E, =2a, C11 —C12

i =e, h
2

+ V;(z;)
2m; Bz;

HH 2au
C11 C12 C11+2C,2+b

11 11

(j2 (j2+
2p Bx By

2

(l)
p +(z, —zq)

5Ez.H = 2a
C11 C12

C]1
1——b
2

C11+2C

1 9 C11+2C12——+—.b, +—2b
2 2 4

C11+2C12
cr

where a, and a, are the conduction- and valence-band
hydrostatic deformation potentials, respectively, C; are
the elastic constants, cr is the strain (compressive), b is
the uniaxial deformation potential, and b the spin-orbit
splitting. The problem is how to share the total deforma-
tion potential a between the conduction and valence
bands (a=a, +a„). Therefore, we performed several
calculations for different values of the band offsets (in the
0.7 —0.9bE range) with (i) a, =0, (ii) a, =2/3a, and (iii)
a, =a. The combination of parameters that was found to
better reproduce our experimental results was a
conduction-band offset equal to about 0.86E~ and
a, =2/3a, as discussed in Sec. IV.

The exciton binding energy was evaluated through a
variational calculation. In the effective-mass approxima-
tion, the in-plane motion of the electron and hole is
transformed into a center-of-mass motion of the exciton
and in the relative motion of the constituent carriers.
Neglecting the kinetic-energy term of the in-plane
motion, the exciton Harniltonian can be written as

where m„m& are the effective masses of the electron and
hole, p is the reduced exciton mass, z, and z& are the
coordinates perpendicular to the plane of the layers for
the electron and hole, p is the in-plane relative position
given by P=Vx +y, x and y are the relative coordi-
nates of electrons and holes, e is the dielectric constant,
V, (z, ) and Vh(zz ) are the actual confinement potentials
for electrons and holes, respectively. The fact that
different effective masses exist along the different direc-
tions in the Brillouin zone of the semiconductor was not
included in the model. The lowest exciton energy was
calculated variationally with a simple trial function,

% (p, z„zh ) =g, (z, )P&(z& )P, I (p), (2)

where g, (z, ) and gh(zz ) are the exact electron and hole
wave functions in the finite quantum well, respectively. P
is the wave function of the in-plane radial motion, given
by a 1Sorbital,

1/2

4.—~(p)= 2
7TA,

2 exp (3)

where k is the trial parameter representing the radius of
the exciton orbit. This separable trial function is strictly
correct only for narrow well structures, ' however, it
can be used to obtain an estimate of the exciton binding
energy also for wider wells, its limiting value being the
bulk exciton Rydberg.
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~ 38

C3

32
C3

LQ

30

calculations described in Sec. II (solid and dotted lines).
For shallow MQW's, the calculated exciton binding ener-
gy varies from the bulk value (about 19 meV for L~ =20
nm) up to 32 meV for L~=3 nm. For even lower well
widths, the calculated exciton binding energy decreases,
due to the increased penetration of the exciton wave
function in the barriers. Deeper quantum wells
(x =0.23 ) exhibit a similar behavior, but the maximum
exciton energy is increased to about 37 meV for L~=2
nm. The calculated values in Fig. 4 (solid and dotted
lines) are in reasonable agreement with the data [symbols
(Ref. 23)]. The only discrepancy is in the wide well re-
gion (L~=20 nm), and is likely to reflect the limited ac-
curacy of the trial wave function in Eq. (3) when the 3D
exciton limit is approached.

These results clearly show that exciton confinement in
these Zn, „Cd„Se/ZnSe MQW's can be tuned indepen-
dently by varying the well composition or thickness. For
example, an increase in exciton binding energy by a fac-
tor of two is obtained by decreasing L~ from 20 to 3 nm.
On the other hand, for a given well width of 3 nm, an in-
crease in the Cd content from x =0. 11 to 0.26, i.e., an in-
crease in well depth, results in a 15% enhancement of the
exciton binding energy that reAects the enhanced locali-
zation of the carrier wave functions in the well. This is
shown more clearly in Fig. 5, where we plot calculated
(solid and dashed lines) and experimental (solid circles)
ground-state exciton binding energies as a function of Cd
content 0. 1(x &0.26 for a fixed well width L~=3 nm
(group C samples). The exciton binding energy is clearly
seen to vary in Fig. 5 from just below to above the LO-
phonon energy in the well-composition range examined.
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In this case, most of the binding-energy enhancement was
found to derive from the relatively narrow well width (3
nm).

The data in Figs. 4 and 5 suggest that maximum exci-
ton stabihty Eb)%cod~ cannot be achieved in shallow
quantum wells (x =0.1). This is consistent with the ob-
served thermal ionization of the exciton at room temper-
ature and with the dominant free-carrier nature of the
stimulated emission observed in our previous work on
shallow MQW's. Conversely, a strongly stabilized exci-
ton exists in the deeper quantum wells investigated here
(x =0.2), at least for sufficiently narrow well widths, as
shown, for example, by the presence of a clear exeitonic
resonance in the room-temperature absorption spectrum
in Fig. 2(a). Under these conditions, Eb &ficoto, and ex-
citons may play an important role in the QW optical
properties, including the recombination mechanism that
accounts for stimulated emission in QW lasers in a wide
range of injection levels and temperature. '

We have now all of the information required to evalu-
ate the interband transition energies in the MQW's. In
Fig. 6, we compare transition energies calculated in the
envelope-function approximation including strain (see
Sec. II) with the experimental values obtained by adding
the binding-energy data in Fig. 4 to the experimental en-
ergy position of HH and LH features (solid and open cir-

s I I I I I s I I

0.05 0.10 0.15 0.20 0.25 0.30
Cd CONTENT

FIG. 5. Compositional dependence of the exciton binding en-
ergy in Zn, „Cd„Se/ZnSe MQW's with L a = 3 nm and Cd con-
centration x spanning the 0.10—0.26 range, from absorption
spectra at 10 K. We also show the results of variational calcula-
tions (solid and dotted lines) implemented as summarized in Fig.

FIG. 6. (a) Interband HH (solid circles) and LH (open cir-
cles) transition energies for Zno, 9Cdo»Se/ZnSe MQW's, as ob-
tained from absorption spectra at 10 K. We also show the re-
sults of envelope-function calculations in the effective-mass ap-
proximation, including strain. The solid lines denote HH tran-
sitions of quantum number n=1, 2, 3. . .. The dashed lines
represent the LH transitions. The experimental values were ob-
tained by adding the binding energy data in Fig. 4 to the experi-
mental energy position of HH and LH features. (b) The same as
in Fig. 6(a), but for Zno 77Cdo 23Se/ZnSe MQW's.
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Znp 77Cdp 23Se/ZnSe MQW's. Such a difFerence is com-
parable to the experimental uncertainty expected for
composition fluctuations of the order of + l%%uo in the well
composition, and/or monolayer fluctuations in the well
width for the narrow well width range (+6 meV). Similar
agreement is also found in Fig. 7, where we plot the Cd
dependence of the ground level HH and LH excitonic
transition energies for a series of MQW's with L ~ =3 nm
and well composition x spanning the 0. 10—0.26 range
(group C). The remarkable overall agreement between
calculated and experimental exciton properties supports
our choice of the band parameter in the model (see Table
I) and our determination of the exciton binding energies.
Different choices of band offset ratio and/or a, and e,
would slightly worsen the agreement between calculated
and experimental transition energies for the higher index
excitonic eigenstates.

V. CONCLUSIONS

FIG. 7. Interband HH (solid circles) and LH (open circles)
transition energies in Zn& „Cd Se/ZnSe MQW's with Ls =3
nm, and x spanning the 0.10—0.26 range, from absorption spec-
tra at 10 K. We also show the results of envelope-function cal-
culations in the effective-mass approximation, including strain.
The solid and dashed lines correspond to calculated HH and
LH transitions, respectively. The experimental values were ob-
tained by adding the binding-energy data in Fig. 5 to the experi-
mental energy position of HH and LH features. A constant ex-
citon binding energy of 20 meV was used for the LH transitions.
The energy gap of the unstrained bulk ternary alloy
Zn& Cd Se is also plotted for comparison (bottommost solid
line).

cles in Fig. 6, respectively). We mention that in all of the
investigated samples, the combination of strain and the
relatively low-conduction-band discontinuity leads to a
vanishing confinement potential for the LH states, largely
independent of well width and composition. In particu-
lar, the depth of the LH potential well varies between 3
meU at x =0. 1 and 15 meU at x =0.3, causing the light-
hole states to be weakly confined or resonant with the
continuum. This explains why the LH exciton features
readily disappear from the absorption spectra with in-
creasing temperature. In the calculations of Fig. 6, we
have used the model of Ref. 25 for quantum wells of van-
ishing band offset, to evaluate a binding energy of about
20 meV for the LH exciton in Zn, Cd, Se/ZnSe
MQW's, irrespective of the well width and composition.

The calculated HH interband transitions with quantum
number n = 1,2, 3, . . . , (solid lines) and LH (dashed
lines) in Fig. 6 are within 10 meV of the experimental
values (solid and open circles), for both
Znp»Cdp»Se/ZnSe (topmost section) and

In conclusion, we have presented a systematic spectro-
scopic study of the excitonic states in Zn& Cd Se/ZnSe
MQW's as a function of the well width and composition.
The line-shape analysis of the temperature-dependent ab-
sorption spectra provided information on the thermal
broadening of the ground level exciton, on the exciton
binding energy and on the number of excitonic eigen-
states in the different quantum wells. The data were
compared with the results of variational calculations of
the exciton binding energy and envelope-function calcula-
tions (including the strain) of the excitonic optical transi-
tion energies. We found that the excitonic parameters
are strongly infIuenced by the well width, with a substan-
tial increase of the exciton binding energy in narrow
wells, and by the well composition, with a moderate
enhancement of the exciton binding energy at higher Cd
contents. Finally, good overall agreement between the
calculated and measured series of excitonic eigenstates
was found for different sets of samples, supporting the re-
liability of the band parameters used in the calculations
and the exciton binding energies obtained from the ab-
sorption spectra.
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