PHYSICAL REVIEW B

VOLUME 44, NUMBER 19

15 NOVEMBER 1991-1

Quantum confinement of excitons in the spin-orbit-split-off band
in ZnSe/ZnS strained-iayer superlattices
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We report the observation of two-dimensional (2D) electronic states confined in the spin-orbit-split-off
band in ZnSe/ZnS strained-layer superlattices. The steplike absorption edge at the E,+ A, gap and the
corresponding 2D exciton peak have been clearly identified in spectroscopic-ellipsometry spectra. The
2D-exciton Rydberg energy obtained is about 160 meV, which is considerably larger than that at the
E,+ Ay gap of bulk ZnSe ( ~40 meV). Calculated steplike-edge energies using the model-solid approach
and the Kronig-Penney model agree well with the experimental observations.

I. INTRODUCTION

Many experimental and theoretical studies have been
reported on the electronic and optical properties of semi-
conductor quantum wells and superlattices.! Some of the
ITI-V and II-VI compounds, and in particular ZnSe, form
crystals with the zinc-blende structure (7; point-group
symmetry). The zinc-blende crystal has three degenerate
valence bands at I"' (I'j5). These bands are strictly degen-
erate only in the absence of strain and spin-orbit splitting.
They are labeled here by hh (heavy-hole band: J=3 and
m;=x%£3), Ih (light-hole band: J =3 and m; ==+1), and so
(spin-orbit-split-off band: J=4 and m;==+1). When no
strain is present, spin-orbit interaction splits the T'js
valence band into the I'y bands (hh and lh) and the I}
band (so). The corresponding splitting energy is labeled
by Ay. Shear components of the strain lead to additional
splittings, which interact with the spin-orbit splittings to
produce the final valence-band positions. There are many
studies of the quantum-confinement and/or strain effects
on the hh- and lh-rated (quasi-) two-dimensional (2D) ex-
citons and the corresponding steplike joint-density edges
in III-V and II-VI semiconductor quantum-well struc-
tures.?

There have been, however, a very few reports on the
hole confinement in the so band in multiple-quantum-well
heterostructures.>~> Mendez et al.® reported the obser-
vation of transitions associated with the so-band holes in
the electroreflectance spectra of GaAs/Al,_,Ga,As su-
perlattices. They found that the experimental quantum-
confinement energies compare very favorably with those
calculated from the Kronig-Penney model. From the
low-temperature (~ 8-K) photoluminescence excitation
spectra, Duggan et al.* deduced the existence of the
so-related quantum transitions in a number of
GaAs/Al|_,Ga,As multiple-quantum-well samples. A
sharp peak was seen at high energy (> 1.9 eV), and the
strength of this feature and the variation of its peak ener-
gy as a function of well width and aluminum fraction

4

provided good evidence that the peak is associated with
the electron—so-hole transition. Garriga er al.® studied
the confinement and interlayer coupling effects on the op-
tical interband transitions of GaAs/AlAs superlattices
using spectroscopic ellipsometry. For some of the super-
lattices, they were also able to see an indication of the
electron—so-hole transition (E,+A, gap). To our
knowledge, however, no clear evidence of the hole
confinement in the so band has been reported in II-VI
semiconductor quantum-well heterostructures.

In this paper we report an experimental evidence of the
so-band quantum confinement (i.e., the so-related 2D ex-
citon and steplike joint-density edge) in ZnSe/ZnS
strained-layer superlattices (SLS’s). We used spectro-
scopic ellipsometry (SE) to study the effects of quantum
confinement and strain on the band edges of both the well
and barrier layers in ZnSe/ZnS SLS’s. The so- and lh-
related 2D excitons and the corresponding steplike joint-
density edges have been clearly identified in the SE spec-
tra. Theoretical calculations of the steplike-edge energies
using the model-solid approach®’ and the Kronig-Penney
model were also performed and are found to agree well
with the experimental observations.

II. EXPERIMENT

The ZnSe/ZnS SLS’s used in this study were grown by
low-pressure metalorganic chemical vapor deposition on
(100)-oriented GaAs osubstrates.g The SLS’s consist of a
ZnSe well layer (25 A thick) and a ZnS barrier layer (50
A thick) with a period of 150 cycles. We already report-
ed that x-ray-diffraction and transmission-electron-
microscopy analyses confirm the presence of high-quality
SLS with this sample dimension.® SE data were obtained
at room temperature using a commercial SOPRA
rotating-polarizer instrument (model ES4G, Seika Corp.)
with tracking analyzer over the photon-energy range
1.5-5.3 eV. Measurements were made after cleaning the
sample surfaces with methanol. The angle of incidence
was 75°.
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III. RESULTS AND DISCUSSION

An advantage of ellipsometry is that the complex
dielectric constant can be obtained without Kramers-
Kronig analysis. In Fig. 1 we show the dielectric-
function spectra e(w)=¢€,(w)+ie(w) of a ZnSe/ZnS SLS
measured by SE. As seen in the figure, the SE data reveal
clear structures at the 2.8-3.5-eV and 4.7-5.3-eV re-
gions. These structures originate from transitions at the
E,—(E,+Ay) and E;—(E;+A,) edges. The low-energy
part of the superlattice spectra ( <2.85 eV) is disturbed
by the regular interference fringes. The E, and E,; +A,
energies measured here are ~4.85 and ~5.15 eV, respec-
tively, which are ~0.1 eV larger than those obtained in
the bulk ZnSe.'®

Let us say special attention to the so-related interband
transitions in the SLS. The e(w) spectra are shown on an
expanded energy scale in Fig. 2(b). For comparison, we
also measured SE spectra in the E,—(E;+A,) spectral
region of bulk ZnSe. The bulk crystal used was grown by
a recrystallization traveling-heater method and was single
crystalline, not intentionally doped, and of high resistivi-
ty.!! The results of this experiment are shown in Fig.
2(a).

The bulk-ZnSe SE data reveal clear structures at ~2.7
eV (E;) and at ~3.1 eV (E;+Ay). The arrows at 2.89
and 3.19 eV in Fig. 2(b) represent the positions of the lh-e
and so-e exciton peaks (n =1), respectively. The SLS SE
data show distinct spectral features in the neighborhood
of these excitonic regions. The interference background
is suppressed in the derivative spectra shown in Fig. 3,
and the positions of these components can be determined
fairly accurately.

The contribution to de/dE (E=#w) of the steplike
joint-density edge is given by'2
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FIG. 1. Real (¢;) and irglaginary (ez)oparts of the dielectric
function of the ZnSe (25 A)/ZnS (50 A) SLS. They are ob-
tained from ellipsometry measurement.
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FIG. 2. Real (€,) and imaginary (€,) parts of the dielectric
function of the (a) bulk-ZnSe and (b) ZnSe (25 A)/ZnS (50 A)
SLS’s.

where EZD is the steplike-edge energy [a stands for the
hh-e (h), lh-e (I), or so-e (s) state], Af,D is the steplike-
edge strength parameter, and I'" is a phenomenological
damping energy. The contribution to de/dE of the 2D
exciton is also written as

de™(w) _ Bzsz
dE (EX —-GP)—(E+iD)]?’

(3)

where G2P is the 2D-exciton Rydberg energy and BZP is
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FIG. 3. Fits to the first derivatives of the imaginary parts of
the dielectric function of the (a) bulk-ZnSe and (b) ZnSe (25
A)/ZnS (50 A) SLS’s as a function of photon energy. Individu-
al contributions of the so-e transitions are also shown in this
figure [(b)] by the dotted [one-particle, Eq. (1)] and dashed lines
[excitonic, Eq. (3)].
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the exciton oscillator-strength parameter.

The open circles in Fig. 3(b) are first derivatives of the
dielectric function de,/dE numerically computed from
the ellipsometric data in the lh-e and so-e transition re-
gion. The solid line is the best-fit result of Egs. (1) and (3)
(i.e., the sum of the imaginary parts of these expressions).
The parameters determined are as follows: E2°=3.08
eV, 4?°=0.13 eV}, B°=0.30 eV, G?®=0.19 eV, and
I'=0.07 eV for the lh-e transitions, and E52SD=3.35 ev,
AP=0.13 evV~!, B’=0.12 eV; G?’=0.16 eV, and
I'=0.07 eV for the so-e transitions. The fit is seen to be
quite good except in the energy region below 2.87 eV,
where the measured SE data are disturbed by the regular
interference fringes. We also found that the real part of
the first-derivative dielectric function (de€,/dE) can be
fitted well with these numerical parameters.

We also carried out the first-derivative analysis of the
bulk-ZnSe SE data to determine the (E,+ Aj)-gap pa-
rameters [see Fig. 3(a)]. Numerical expressions used to fit
to the SE data are

de3D_ 3D c1y—3(7.,0.5 0.5 0.5
1B =— AL [2E+iD) " (2x° — X% —x>)
+0.5(E+il) Ax 1% —x2%%)], 4
with
Xo=eo+Ay, X+=Eo+A,L(E+il), (5)

for the one-particle transitions at the E,+ A, gap [three-
dimensional M|, critical point],'*!3 and

de¥(w) _ Bl
dE [(Eo+Ay—GRD—(E+iD)]*’

(6)

for the 3D-excitonic transitions. In Egs. (4)-(6), 43D
and B3D are the one-particle and exciton strength param-
eters, respectively, and G2P is the exciton Rydberg ener-
gy (Ey+A, excitons). This fitting result is shown by the
solid line in Fig. 3(a). The parameters determined are
Ey+Ay=3.16 eV, G =004 ev, 43P =20 eV!?,
B3P =0.03eV,and I'=0.07 eV.

The large tetragonal elastic strains in the SLS layers
can produce marked effects on the electronic properties
through the deformation-potential interactions.” The hy-
drostatic component of the strain causes shifts in the bulk
energy levels of the layers, and the shear component
causes splittings of certain degenerate valence-band lev-
els. The energy levels of the SLS are therefore deter-
mined, including the strain modification of the well struc-
ture and quantum-size effects. We shall use here the
model-solid approach of Van de Walle and Martin®’ to
predict the energy levels at ZnSe/ZnS SLS interfaces.
The lattice constants, bulk moduli, and energy-band pa-
rameters used in the calculation are taken from Refs. 7
and 14, except the band-gap energy E, and the valence-
band offset AE? (the offset between the hh band in ZnSe
and lh band in ZnS without strain). The E,-gap energy
used here is 2.69 eV (ZnSe), which corresponds to the
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FIG. 4. Calculated band lineups and energy levels at a ZnSe
(25 A)/ZnS (50 A) interface. The highest valence band in the
ZnSe layer is the heavy-hole band, while that in ZnS is the
light-hole band. The valence-band offsets are defined as the
differences between the ZnSe and ZnS valence-band maxima:
AEuh =Ehh(ZnSe)—E1h(ZnS), AEU,=Elh(ZnSe)—E1h(ZnS),
and AE,,=E,(ZnSe)— Ey,(ZnS). The dashed lines correspond
to the energy positions of the n =1 electron (conduction band)
and n =1 hole (three valence bands) quantum-confinement
states.

room-temperature values,'® and AE,? is assumed to be
0.82 eV, which is the same as Harrison’s value.!’

We show in Fig. 4 the result of this calculation [a ZnSe
(25 A)/ZnS (50 A) SLS]. It shows type-I quantum-well
structure. In ZnSe the uppermost valence band is the hh
band, while in ZnS it is the lh band. The lowest conduc-
tion band in ZnS is about 0.05 eV above that in ZnSe
(AE,~0.05 eV). The conduction-band offsets AE, in
ZnSe/ZnS SLS’s are always small. This prediction was
confirmed by experimental observations.!*!¢ The calcu-
lated energy differences between the conduction and
valence bands in the ZnSe layer are ~2.75 eV (hh-e),
~2.89 eV (lh-e), and ~3.31 eV (so-e). It is noted that
the increase in the lowest gap energy (~2.75 eV) is due
to the effects of the biaxial compressive strains in the
ZnSe layer. The final valence-band offsets are
AE,, =0.80 eV [E.,(ZnSe)—E;,(ZnS)], AE,;=0.66 eV
[Ep(ZnSe)—E ), (ZnS)], and AE,;=0.24 eV [E,,(ZnSe)
—E(ZnS)].

The quantum-confinement energy levels for the elec-
trons and holes in the ZnSe layer are calculated by means
of the Kronig-Penney model with the above-mentioned
band offsets and the following electron and hole effective
masses:'"”  m,/m;=0.17, my, /m;=0.78, m,,=0.16,
and m,/mq=0.30. These calculations gave confinement
energy levels of ~35 meV for the electrons, ~55 meV for
the heavy holes, ~165 meV for the light holes, and ~75
meV for the spin-orbit-split-off holes (all for a quantum
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number of n =1).

From these results, we can finally obtain the 2D
steplike-edge energies to be E2~2.84 eV for the hh-e
transitions, E2°>~3.09 eV for the lh-e transitions, and
E2P~3.42 eV for the so-e transitions. The experimental-
ly determined E3P and EZ2P values are, respectively,
~3.08 and ~3.35 eV. The agreement is found to be
quite good in view of the uncertain parameter values'®
used. The (E;+Ag)-exciton Rydberg energy determined
in the bulk ZnSe is ~40 meV [see Fig. 3(a)] which is
about twice larger than the bulk E,-exciton one.!” The
(Ey+Ap)-exciton Rydberg energy in the SLS is also
found to be 160 meV. In the exact 2D case, the 2D Ryd-
berg value should be given by G?*=4G3P. We find that
the present data agree well with this sample considera-
tion. Such large values of the Rydberg energy in both
bulk-ZnSe and ZnSe/ZnS SLS’s, compared with those in
the bulk-GaAs and GaAs/Al,_,Ga,As quantum wells,
seem to be due to a smaller value of the dielectric con-
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stant for ZnSe (ZnSe and ZnS) than for GaAs (GaAs and
Al _,Ga, As). %

IV. CONCLUSIONS

In conclusion, we have found the so-related steplike ab-
sorption edge and corresponding 2D exciton peak in the
dielectric-function spectra of ZnSe/ZnS SLS’s. The Ryd-
berg value of this exciton is about 160 meV, which is 4
times larger than that of the bulk ZnSe. Theoretical cal-
culations of the steplike-edge energies, based on the
model-solid approach and Kronig-Penney model, were
also performed and are found to agree well with the ex-
perimental observations. As we have paid no attention to
valence-band mass anisotropy (the heavy-and light-hole
masses and the resultant in-plane and z-direction masses)
and ignored band nonparabolicity and valence-band cou-
pling, it remains for future work to clarify their effects on
the quantum energy levels, exciton Rydberg energies, etc.
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