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We present a joint study of the band offsets and exciton binding energies in Zn,_,Cd,Se-ZnSe quantum
wells grown by metal-organic vapor-phase epitaxy with cadmium composition ranging up to 22%. The optical-
spectroscopy data presented here are the wavelength derivative of the 2-K reflectance. The strained band-gap
difference is divided as follows: the heavy-hole valence-band share deduced from the calculation is 32+ 1%;
the remainder is allotted to the electron conduction band. The exciton binding energy has been calculated
within the context of two methods: first, we propose a variational calculation using an exciton wave function
written as the product of the envelope-function solutions of the square-well problem with a hydrogenlike
two-parameter trial function. Second, as the light-hole potential is marginally type I, we lay out a more
sophisticated computation based on a self-consistent variational approach that gives both the exciton binding
energies and the self-consistent light-hole densities of probability. We compare the full information given by

these two approaches.

Interest in the study of wide-band-gap Zn;_,Cd,Se-
ZnSe quantum wells continues to increase since the effective
p-type doping of ZnSe has been demonstrated by molecular-
beam epitaxy and since several blue-light emitters based on
such II-VI compounds have been realized.! The last few
years have essentially been devoted to the improvement of
the laser characteristics: lifetime, operating wavelengths, etc.
Until quite recently, few efforts were oriented towards basic
physics investigations, with the exception of the lasing
mechanism for which several models have been proposed,
based either on localized exciton, exciton-exciton scattering,
or plasma assistance.>™ Besides this, only a few examina-
tions of the band-offset problem and exciton binding ener-
gies are available in the literature of this field. Such knowl-
edge is valuable for designing any optoelectronics device,
either a light emitter or a light modulator. This work also
inserts itself in the context of the recent progress achieved in
the growth of zinc-blende CdSe (Ref. 5) and its zinc-based
alloys and the subsequent improvements in the knowledge of
their physical properties.

We first examine the band-offset problem by studying the
spectroscopy properties of a series of Zn;_,Cd,Se-ZnSe
quantum wells having nominal well widths of 7 nm and
nominal cadmium compositions ranging up to 22%. Mirco-
probe microanalysis has been performed and x-ray and spec-
troscopic data have been used on thick alloy epilayers to
assess the cadmium composition. The samples were grown
by low-pressure metal-organic vapor-phase epitaxy, using
hydrogen selenide, triethyl-amine-dimethylzinc, and di-
methyl cadmium as precursors. A buffer layer of 300 nm is
grown onto the GaAs (001) epiready substrate, prior to the
deposition of the Zn;_,Cd,Se quantum well. The upper
ZnSe barrier layer thickness was 200 nm.

Here, we have limited our paper to the alloy compositions
we can grow with low dislocation densities; our theory based
on an elastic model assumes the alloy layers are not relaxed.
Figure 1 summarizes the wavelength-derivative reflectivity
spectra taken on four samples. All our spectra display sharp,
well-resolved transitions, at the energy of the band gap of
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ZnSe (~2.8 eV at 2 K). This is the signature of the ZnSe
buffers that display a doublet substructure. Lower in energy,
one detects structures related to the existence of a quantum
well. These structures broaden when the alloy composition
increases; we attribute this to the increase of both the intrin-
sic alloy disorder and a greater dislocation density. The ob-
servation of a series of excited states is evidence that our best
results are obtained for a cadmium composition of 14%. In
this case, one observes three marked transitions and a fourth
one, vanishingly weak.

The identification of the transitions has been made within
the context of the envelope-function approximation, includ-
ing the interaction of the light-hole band with the spin-orbit
split-off hole as a perturbation in the Bir-Pikus Hamiltonian.
Moreover, we have assumed a pseudomorphic growth of the
alloy layer onto the ZnSe buffer. The relevant parameters of
the calculation were taken from Table I of Ref. 6. A linear
interpolation was made between the CdSe and ZnSe values.
Concerning the composition dependence of the band-to-band
gap of the bulk unstrained alloy we used the following varia-
tion relationship:’ Eg(an_xCdee)=2820—1530x+510x2.
We also accounted for a possible small deviation (~1%)
between the nominal cadmium composition and the value of
the fitting. Timing was employed during the growth to con-
trol the thicknesses and wedge TEM experiments on cleaved
edges are employed to check the samples studied by spec-
troscopy. A discrepancy of 3 A consistent with the structural
investigations made on the samples was assumed for the well
thickness. Then the full set of data can be fitted correctly,
assuming the strained-electron and heavy-hole potentials
are V,(x)=~925x (meV) and Vyy(x)~435x (meV) for
x=<0.22. In this context, the electron-to-light-hole transition
is type I, provided the depth of the light-hole potential is
weakly nonlinear with cadmium composition Vi (x)
~55x (meV). We note that the transition labeled elhh; on
Fig. 1 detected for the 14% sample involves a hole resonant
state above the top of the heavy-hole potential. Resonant
states, which are rather difficult to observe, can
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FIG. 1. Typical derivative spectra of the 2-K reflectance for a
series of (Zn,Cd)Se-ZnSe quantum wells with identical thickness
and varying cadmium composition. The transitions are labeled ac-
cording to the predictions of an envelope-function calculation. The
2.8-eV structures are related to the ZnSe buffer layer.

only be detected in high-quality samples. We believe that the
observation of such a state is linked to (i) a good interface
quality and alloy uniformity, and (ii) the fact that the barrier
layer where the hole wave function spreads is ZnSe, a binary
compound whose growth we master rather well.

At this stage of the paper, we present the calculations of
the exciton binding energies using two different models. In
the first one, the exciton eigenfunction ¥ is the product of
three terms: the envelope functions x.(z.) and x,(z;) of the
electron and heavy hole, which depend on z, and z,,, respec-
tively, and ®(p,z,,z,)=exp{—[p?+ a?(z,—z,)?1/\} is
the trial function with two variational parameters («,\). The
range of applicability of this method is limited to the treat-
ment of sufficiently deep wells having widths L, lying below
two Bohr radii (L,<80 A). Figure 2(a) displays the depen-
dence of the heavy-hole Rydberg energies computed for well
widths ranging up to 80 A for typical cadmium composi-
tions. For the sake of completeness, we have also reported
the position of the LO phonon (31.3 meV). We note that the
heavy-hole exciton binding energy is in general larger than
the thermal energy at room temperature (25.7 meV) and that
it rapidly exceeds the energy of the LO phonon. A similar
calculation has been performed for the light-hole exciton.
The results exhibited on Fig. 2(b) are limited to computa-
tions performed for cadmium composition of 5%, 10%, and
25% and are plotted using dashed lines.

We can make an analogy with the (Ga,In)As-GaAs com-
bination (for which the electron light-hole band gap is mar-
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ginally type II), where, due to the marginal nature of the
light-hole potential, this exciton is weaker than the heavy-
hole exciton.® We have the same phenomenon here but with
a marginal type-I configuration. Besides this, we never find,
for this range of cadmium composition, light-hole Rydberg
values larger than the LO energy. We have next calculated
the light-hole exciton binding energy in the spirit of the theo-
ries developed earlier to study excitons in marginally con-
fined conditions, for various II-VI semiconductor hetero-
structures.’"! Within such an approach, the light-hole eigen-
function is obtained self-consistently from the resolution of a
Schrodinger equation, where the square-well light-hole po-
tential is deformed by the presence of the density of charges
of the electron. The previous works were performed using a
bidimensional trial function with one single variational pa-
rameter (case «=0, in the above notations). In a previous
paper we made on ZnS-ZnSe heterostructures (the electron
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FIG. 2. (a) Heavy-hole excitons calculated with a two-parameter
trial function for cadmium compositions of 5%, 10%, 15%, 20%,
and 25% (full line, long-dashed line, dotted line, squares on full
line, and diamonds on full line). The position of the LO phonon is
also reported. (b) Dashed lines are the results of the calculation of
the light-hole exciton binding energy for cadmium compositions of
5%, 10%, and 25% (triangles on dashed line, diamonds on dashed
line, and squares on dashed line). The result of the calculation in-
cluding the deformation on the light-hole lineup is given by using
full lines.
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potential is marginal),12 we have shown that the two-
parameter trial functions and the standard variational proce-
dure give larger binding energy than the self-consistent
method with a two-dimensional trial function. For this rea-
son, we increase the degree of sophistication of the calcula-
tion by using a two-parameter trial function and a self-
consistent treatment. We leave the mathematical details
elsewhere and give the result of this second calculation in
Fig. 2(b), using full lines. The self-consistent treatment sig-
nificantly improves the calculation as expected, and we note
that for the cadmium compositions we investigate here, the
light-hole Rydberg may be larger than the energy of the LO
phonon, on the one hand, and often larger than k7T at room
temperature. The latter point is not so obvious from the point
of view of non-self-consistent calculations. Performing a
similar treatment at the scale of the heavy-hole exciton does
not significantly modify the above-mentioned conclusions.

These results are relevant since various lasing mecha-
nisms have been invoked for II-VI compounds, depending on
the relative strengths of both the LO-phonon energy and ex-
citon binding energies.z“4 We have shown that values of the
binding energies are strongly related to the degree of sophis-
tication of the model calculation used to obtain them. The
results on (Zn,Cd)Se-ZnSe quantum wells are not so numer-
ous compared to the amount of data collected for the
GaAs-Ga; _, Al As system. Then comparatively, the physics
of excitons in Zn;_,Cd,Se-ZnSe remains quite embryonic.
For the GaAs-(Ga,Al)As combination, the most sophisticated
calculations predicted that the binding energy in similar
quantum wells could exceed four times the value in bulk
GaAs."® Obtaining the experimental evidence required sev-
eral years of experimental investigations.'* It is plausible that
better descriptions of the exciton problem in (Zn,Cd)Se-
ZnSe quantum wells may appear with the increase of experi-
mental information and thus require even more subtle effects
(such as valence-band mixings, mismatch of dielectric con-
stants, etc.) in the theory.

To illustrate concretely the influence of the self-consistent
treatment, we plot in Fig. 3 the density of probability for the
electron (full line), heavy hole (dotted line), and light hole
(dashed line) obtained by the standard envelope calculation.
Results are given for a typical well width of 40 A (~1 Bohr
radius), and a cadmium composition of 10%. The position of
the confining layer is also given at the bottom of the figure,
using a full bold line. We note the strong spreading of the
light-hole wave function in the barrier layers. Such a spread-
ing is quenched when a self-consistent calculation is per-
formed as shown by comparing the spatial extension of the
bold dashed line (self-consistent light-hole envelope func-
tion) and the dashed line in Fig. 3.
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FIG. 3. Typical electron (full line), heavy-hole (dotted line), and
light-hole (dashed line) envelope functions calculated for a 40-A-
wide well with 10% cadmium. The results of the more complete
calculation is given using a bold dashed line. See text for details.

In conclusion, we have grown (ZnCd)Se-ZnSe quantum
wells by metal-organic vapor-phase epitaxy. These samples
have revealed several type-I excitonic resonances. The
heavy-hole exciton is large in these materials due to good
electron and heavy-hole confinements. The light-hole poten-
tial is marginally type I and leads to weaker exciton binding
energies. A significant description of the light-hole exciton
and envelope function requires us to calculate these quanti-
ties, taking into account the deformation of the light-hole
potential produced by the electron wave function.
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