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We present a systematic investigation of the linear optical properties of Zn;_.Cd.Se/ZnSe mul-
tiple quantum well structures in the excitonic region using absorption and photoluminescence mea-

surements in the 10-300 K temperature range.

Heavy- and light-hole excitonic transitions and

heavy-hole exciton binding energies were measured for different well widths and compositions. A
set of consistent parameters was determined within a two-band model, which accurately describes
the excitonic properties of the strained Zn;_,Cd.Se quantum wells.

An intense research effort is currently being devoted
to clarifying the optical properties of wide-gap II-VI
semiconductor heterostructures. This interest stems pri-
marily from the possibility of obtaining laser diodes
and other optoelectronic and photonic devices operat-
ing in the blue region of the visible spectrum.!'? Blue-
green lasers exploiting Zn;_,Cd,Se/ZnSe multiple quan-
tum wells (QW’s) as active materials have been recently
demonstrated and the strong nonlinear excitonic prop-
erties of these materials represent a further new and
exciting subject of investigation. However, such stud-
ies require a preliminary thorough understanding of the
linear excitonic properties together with the evaluation
of several important band parameters such as the frac-
tion of the band-gap difference which appears in the
valence band (Q,) and the in-plane effective masses.
Band offsets in particular play a central role in determin-
ing electron and hole confinement energies and therefore
strongly influence the excitonic optical properties. For
Zn,_,Cd,Se/ZnSe QW'’s, to the best of our knowledge,
no direct measurement of the band offset is available, al-
though several authors have assumed or calculated values
of Q, in the 0.17-0.36 range.3®

Recent efforts to model optical spectral features have
achieved some success by using a combination of four-
band and two-band models applied to the calculation of
the measured optical absorption spectra for three QW
samples with nominal z = 0.25, at a temperature of 10
K.3 We have studied a larger set of samples carrying out
systematic absorption and photoluminescence (PL) mea-
surements that yielded excitonic transitions and binding
energies in Zn; _,Cd,Se/ZnSe QW’s as a function of tem-
perature, alloy composition and well width. Exploiting
a model recently developed,”® we derived, from the ex-
perimental data, a set of consistent parameters (includ-
ing Q,) that accurately reproduce the measured exciton
binding energies and the heavy- and light-hole 1s exci-
tonic transitions.

All samples were grown by solid source molecular-
beam epitaxy on GaAs(001) substrates and consisted of

0163-1829/95/51(8)/5171(5)/$06.00 51

a 0.5-um GaAs buffer layer grown at 580°C, a 1.5-um
ZnSe buffer layer grown at 290 °C, ten Zn; _,Cd,Se/ZnSe
QW’s grown at 250°C with a 30-s growth interruption at
each interface, and a 500-nm-thick ZnSe cap layer grown
at the same temperature. More details on the growth
procedure, the background doping of the nominally un-
doped layers, and the x-ray diffraction calibration of
layer composition and width can be found elsewhere.2:9:10
Zn;_Cd,Se well widths in the 2-5 nm range were ex-
amined for two different Cd concentrations (z = 0.1 and
z = 0.31). The ZnSe barrier width was 30 nm in all
cases.

All samples were characterized between 10 K and room
temperature. PL measurements were performed using
the 458-nm line of an Ar-ion laser focused at 45° from
the [001] growth direction z, with an incident intensity
of about 1 W/cm?2. The PL emission was collected in
backscattering geometry along the z direction and dis-
persed by a 0.004-nm-resolution monochromator. For
absorption measurements, the samples were mechanically
thinned down to about 50 um and circular areas of the
GaAs substrate about 6 x 107* cm? in size were se-
lectively removed using standard photolithographic and
wet-etching techniques. PL spectra recorded before and
after substrate removal showed no change, ruling out me-
chanical damage to the structures. Transmission mea-
surements were performed using a 100-W xenon lamp as
the source.

Absorption spectra at 10 K for Zn;_,Cd.Se/ZnSe
QW’s (Ref. 11) with £ = 0.31 and = = 0.10 are shown
in Figs. 1(a) and 1(b), respectively. For comparison, we
also show in Fig. 1(a) the PL spectrum of a = = 0.31,
5-nm-thick QW structure recorded at the same temper-
ature (dashed line). The corresponding measured Stokes
shift was about 1 meV. Analogous Stokes shifts were mea-
sured for the 4-nm-wide QW’s, but larger shifts (10 meV)
were observed in the 2- and 3-nm-thick wells.12

In all absorption spectra in Fig. 1 at least two peaks
are observed. Three absorption peaks are instead found
in the spectrum of the two wider wells with z = 0.31. In
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FIG. 1. Absorption spectra of Zn;_.Cd.Se/ZnSe samples
at 10 K with (a) z = 0.31 and (b) z = 0.1. Each spectrum
is labeled by the well width. For comparison we also show in
(a) a representative PL spectrum at 10 K (dotted line) from
one of the samples.

order to identify the corresponding transitions, we have
analyzed the polarization dependence of the absorption
in selected samples. To this end, we recorded absorption
spectra using linearly polarized light incident at an angle
of about 60° relative to z, for different polarization direc-
tions. Since, contrary to light-hole (lh) -related excitonic
transition, heavy-hole (hh) transitions are allowed only

for polarization in the QW plane, by varying the in-plane
component of the electric field, the origin of the different
transitions can be established. For example, in the sam-
ple with a 5-nm-thick QW and z = 0.31, with increasing
in-plane component of the electric field we observed an
increase in the intensity of the first and third spectral fea-
tures, while the second one remained largely unchanged.
This proves the hh character of the two lateral absorp-
tion peaks. The second absorption feature is therefore
unambiguously identified as an n = 1 lh exciton.

The low-temperature full width at half maximum
(FWHM) of the lowest energy absorption feature, as-
cribed to the n = 1 hh excitonic transition, ranges be-
tween 5 meV (z = 0.1) and 10 meV (z = 0.31) in the 10-
QW samples examined, while single QW’s with z = 0.31
exhibited FWHM’s of only a few meV.!3 Such reduced
linewidths compare very favorably with recent results on
the same material system.! We also note that the onset
of the hh continuum is clearly detected in the absorption
spectra for the z = 0.31 QW’s in Fig. 1(a). Table I
summarizes the main features observed in our samples,
i.e., energies of photoluminescence and absorption exci-
ton peaks and measured continuum edges.

The temperature dependence of the spectra was stud-
ied up to room temperature (RT). At RT, the lh-exciton
absorption is weakly identifiable only in the spectra from
the wider QW’s with = 0.31. In all other cases, no lh
signal was detected throughout the 200-300 K temper-
ature range. The temperature dependence of the width
and position of the hh-exciton line is quite similar to that
observed in ITI-V QW’s, and from the usual fitting pro-
cedure of the spectral line shape we have found a value
I'Lo = 33.2 meV for the Frohlich coupling constant, com-
parable to those reported in the literature.®

We modeled the excitonic optical properties within a
variational two-band framework which accounts for the
effective-mass mismatch and anisotropy, as well as for
the dielectric mismatch.” This model was recently suc-
cessfully applied to strained III-V QW’s.® The start-
ing point of the calculation is the determination of the
cadmium-concentration dependent electron [m.(z)] and
hole [mg(x),8 = hh,lh] effective masses along the z direc-
tion. These were estimated through a linear interpolation
of ZnSe-related and zinc-blende CdSe-related bulk values
(see Table II). The corresponding in-plane hole masses

TABLE 1. Position of the main spectral features observed in multiple quantum well samples at
10 K, as a function of the quantum well width (L, ) and the nominal Cd concentration (z). The
values reported correspond to the observed energies (in meV) of heavy- (hhl-el) and light-hole
(Ihl-el) exciton peaks as obtained by photoluminescence (PL) and absorption (abs) measurements
and to the energy of the hhl-el continuum onset edges (cont) measured in the absorption spectra

of the z = 0.31 QW'’s as described in the text.

L, (nm) Cd hhl-el PL hhl-el abs. hhl-el cont. lhl-el abs.

3 z = 0.1 2747.3 2771

4 z =0.1 2738.1 2759.6
5 z =0.1 2727.1 2753.3
2 z = 0.31 2648.5 2656.4 2689.4 2729.6
3 z = 0.31 2588.5 2601.3 2634.3 2673.6
4 z = 0.31 2541.5 2546.4 2577.4 2614.1
5 z = 0.31 2520.5 2522 2547 2600.5
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TABLE II. Physical parameters of ZnSe and cubic CdSe
bulk materials. Parameters given in bold represent, together
with Q.,, our fitting parameters. All the remaining values,
with the exception of the ZnSe heavy-hole mass mnn (Ref.
18) and the CdSe stiffness constants C;; and Ci2 (Ref. 19)
are taken from Ref. 20.

ZnSe CdSe
ao (A) 5.6676 6.052
C11 (N/m?) 8.5940.3 x 10'° 6.67 x 10'°
C12 (N/m?) 5.0610.2 x 10*° 4.63 x 10*°
a (eV) —5.4 —~3.45
b (eV) ~1.2 -0.8
me 0.14 0.11
Mhh 0.49 0.45
mun 0.145 0.145
EB 8.7 8.7
E, (eV) at 0 K 2.82 1.9

can then be expressed in terms of mg(z),*

My (2) = 4[1/mune (2) + 3/min. ()] 77,
o)
M| (%) = 4[1 /M. () + 3 /mnns ()] 2.

The electron mass was assumed to be spherically sym-
metric.

Confinement potentials for electrons and holes were
calculated as a function of Q, = Vin/AE;s. Here Vi
is the hh-band discontinuity, and AEg,s = V. + Vyy, is
the band-gap difference, including the built-in strain. In
our Zn; _,Cd,Se/ZnSe compressively strained QW’s, the
band gap in the barrier coincides with the band gap of
bulk ZnSe. Inside the well, it is determined as the en-
ergy separation between the bottom of the conduction
band and the top of the hh band (E;‘_lg‘) Similarly, the
1h band is separated from the conduction-band by an en-
ergy gap E;}_‘g (Eg“9 > E;‘g) These quantities can be cal-
culated taking into account the unstrained Zn;_,Cd,Se
band gap E,(z) and the hydrostatic and uniaxial com-
pressive strain energies  Ey and dEs:

E}8 = Ey(x) + Eg — 6Es,
EYs = E3S + 26Es

+% [AO —6Es — \/(Ao —6Es)? + saEg] v (2)

where Ay is the unstrained split-off energy. E4(x) is given
by1s

E4(z) = EI™S° + (EJ° — EI"S° — B)z + Bz?, (3)

where B = 350 meV. Finally, the z-dependent strain
energies 0 Fy and § Es are expressed by the relative cell
deformation &z, [0z, = ao(0)/ao(x) — 1] as follows:
0Eq (z) = 2a(x) (1 — C12/C11) b1,
(4)
6Es (:I)) = b(:L') (1 + 2012/011) (SL,

where ao(z) is the lattice parameter of the alloy, Cy;(x)

and Ci2(z) are the alloy stiffness constants, and a(x)
and b(x) denote the deformation potentials. Equations
(2) and (4) together with the choice of Q,, uniquely deter-
mine the electron- and hole-confinement potentials. All
the strain parameters appearing in these equations were
obtained by linear interpolation of the bulk values given
in Table II.

Making use of the effective masses and QW potential
profiles described above, we calculated the hh-exciton
states by a variational procedure.” The variational solu-
tion is sought by minimizing the exciton energy Eg [Ag]
as a function of the two-dimensional (2D) exciton radius
()\g-); here 7 (7) labels the electron (hole) subband. The
continuum transition energy is mostly affected by @, and
the deformation potentials, while the background dielec-
tric function ep(z) of Zn;_,Cd,Se influences the exci-
ton binding energy (R;;). We show in Figs. 2(a) and
2(b) our results for the calculated 1S excitonic transition
energies EPP as a function of the QW width (L,,) for
the two different Cd concentrations (thick dotted lines).
The experimental values of the transition energies, as
measured from the absorption (PL) spectra are denoted
by solid (open) triangles. Horizontal error bars denote
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FIG. 2. Calculated 1S heavy-hole exciton binding energies
(solid line, right vertical scale) and heavy-hole hhl-el exciton
transition energies (dotted lines, left vertical scale) plotted
as a function of the well width L., for Cd concentrations (a)
z = 0.31 and (b) z = 0.1. In (a) the upper and lower dot-
ted curves have been calculated for £ = 0.33 and z = 0.29,
respectively. Experimental results for absorption (A), photo-
luminescence (A), and exciton binding energies () are also
shown.
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an estimated uncertainty of one monolayer in the QW
widths; vertical error bars correspond to the experimen-
tal broadening of the continuum absorption edge. For
both samples, best agreement between theory and ex-
periment was obtained with @, = 0.25, a®d5¢ = —3.45,
and b©4%¢ = —0.8. The thin dotted lines in Fig. 2(a)
refer to calculated values of EPMP' with a 0.02 variation
in . The strong dependence of the transition energy
on this parameter is clearly observed. In Fig. 2 we
also show the calculated value of R;; (solid curve, right
vertical scale) and the corresponding experimental val-
ues for the z = 0.31 alloy (open squares). The results
indicate that the well width yielding maximum exciton
confinement would be in the 3-nm range for z = 0.31
and in the 4.5-nm range for z = 0.1. The calculation
was performed with the same value for eg in ZnSe and
CdSe, since upon introducing a reasonable dielectric mis-
match we did not observe significant improvements in
the agreement between theory and experiment. We men-
tion that the estimated value of ecgse should be regarded
as a model-dependent value, including possible polaronic
effects.’®17 Such effects could be taken into account by
making use of the polaronic Hamiltonian (see, for exam-
ple, Refs. 16 and 17). This procedure would require a set
of new material parameters characterizing the electron-
phonon interaction. To our knowledge these parameters
are not yet available for zinc-blende CdSe crystals.

In general, the model reproduces remarkably well the
data in Fig. 2. The only substantial discrepancy in Fig.
2(a) is observed for the hh-exciton binding energy in the
sample with 5-nm-thick, z = 0.31 QW'’s, i.e., when L,
becomes larger than the exciton Bohr radius Ab}, violat-
ing the assumption of a purely 2D exciton. In this case
the correlation between the e-h relative motion in the 2
direction with that in the in-plane directions cannot be
neglected and a more complicated variational approach
would be necessary.® The most interesting range, how-
ever, is that around the maximum binding energies;! in
this region our 2D model yields accurate results.

Using the best-fit values for @, and the deforma-
tion potentials for the x values we studied, light holes
experience a repulsive potential of several meV in the
Zn;_,Cd,Se region. The strong electron-hole Coulomb
interaction becomes therefore the dominant factor in
confining light-hole excitons in the well. We modeled
this situation along the lines developed for strained
GaAs/Ga;_,In,As QW’s,® using the CdSe lh effective
mass in the z direction as the fitting parameter. We in-
troduce a box of length [;, where the light hole states are
fully confined [this is equivalent to add no-escape bounl(}il-

ary conditions for the light-hole envelope functions u;*,

ie., ul*(£ly/2) = 0]. The appropriate value for l de-
pends on Coulomb electron-hole interaction, as well as on
band mismatch in the well region. To take into account
both factors, we consider [, as a variational parameter
and perform a minimization of the total exciton energy
E% {1y, A4] with respect to the box length and the exciton
radius A}j. We show in Figs. 3(a) and 3(b) our results for
the calculated 1S excitonic transition energies E% as a
function of the QW width (L,,) for the two different Cd
concentrations (dotted lines). The experimental values

are denoted by solid triangles. We emphasize that the
calculated lh-exciton energies are very sensitive to the
choice of @, and z, so that the good agreement between
theory and experiment in Fig. 3 strongly supports the
values of the parameters derived in this work.

An independent test of our model was performed using
the same parameter set to calculate EP} and E in the
Zn;_,Cd,Se/ZnSe QW’s of Ref. 3. Using the nominal
Cd concentration (z = 0.25) and nominal well widths of
Ref. 3, we reproduced very accurately the experimental
transition energies (well within a one-monolayer thick-
ness fluctuation for the 3- and 6-nm wells). For the sam-
ple with L,, = 9 nm, we obtain a larger shift in the cal-
culated 1h and hh excitonic transitions. As we mentioned
above, this can probably be linked to a deviation from
the 2D behavior, as observed in the numerical simulation
of our data.

In conclusion, we have presented a systematic experi-
mental and numerical analysis of the exciton properties
in a set of ZnCdSe/ZnSe QW’s samples of different well
widths and cadmium concentrations. With the combina-
tion of polarization-dependent absorption measurements
and a two-band model for numerical analysis we have
identified the heavy-light nature of the observed excitons.
Coulomb interaction between electrons and light-holes
has been found to be the dominant factor in confining
light-hole excitons in the well and has been taken into ac-
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FIG. 3. Calculated 1S light-hole excitonic transition en-
ergy (dotted line) as a function of the well width L., for the
same samples examined in Fig. 2. In (a) the upper and lower
dotted curves were calculated for z = 0.33 and z = 0.29, re-
spectively. Experimental light-hole exciton transition energies
(A) are also shown.
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count to reproduce the experimental results on light-hole
(lhl-el) exciton transitions. Using the exploited two-
band model to fit the transition energy of heavy (hhl-
el) and light (lhl-el) excitons and the hhl-el exciton
binding energies we have obtained a set of consistent pa-
rameters.
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