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We present a systematic optical study of strained, CdTe/Cdl Zn Te (x=0. 1) superlattices

grown by molecular-beam epitaxy. We have observed the intrinsic heavy- and light-hole exciton
transitions of these superlattices, as well as the excited states (2s) of the heavy-hole exciton. By
studying the energy variation of these transitions as a function of the period, we point out the mixed

nature of the superlattice band structure (type I or II for heavy- or light-hole exciton transitions, re-

spectively) due to the opposite strain experienced by the two kinds of layer (CdTe and

Cd, Zn Te); this is revealed by the relative variation of the light-hole exciton binding energy as a
function of the superlattice period compared with that of the heavy hole. All these data provide a
determination of the partition of the band-gap discontinuities between the valence and the conduc-

tion bands, found to lie between 1/9 and —1/11. Because the valence-band configuration is essen-

tially inAuenced by the strain, we change the respective energy positions of the direct and indirect
exciton transitions just by changing the average strain in the superlattice (namely, by growing the

structures on buffer layers of different zinc concentrations); therefore we observe a strain-mediated

type-I —type-II transition.

I. INTRODUCTION

In the past few years, strained-layer superlattices, espe-
cially systems made with III-V materials, ' have re-
ceived increasingly intensive study. These structures con-
sist of alternating layers of two lattice-mismatched ma-
terials A and B. Provided that the layer thicknesses are
less than some strain-dependent critical values, the
mismatch is accommodated by elastic strain rather than
by misfit dislocations at the interface (the "critical thick-
ness" is defined as the thickness beyond which the misfit
strain relaxes).

In this paper, we discuss remarkable features observed
in a II-VI strained-layer superlattice (SLS) system charac-
terized by a very small valence-band offset in the absence
of strain. In such a situation, strain does Inuch more
than just perturb the band structure; instead, it totally
governs the valence subbands of the superlattice. In par-
ticular, one can expect the following.

(i) The superlattice will be an unusual, mixed type sys-
tem: type I for heavy-hole excitons (the electrons and
holes being confined in the same material A) and type II
for light-hole excitons (the electrons and the light holes
being confined in materials A and B, respectively, that is,
the light-hole exciton will be "indirect" in real space).

(ii) The relative energy position of the type-I and the
type-II excitons can be in, uerted simply by changing the
superlattice strain state using different buffer layers, a
particularly interesting illustration of "band-gap en-

gineering" (the SLS is then designated type I or II de-
pending on which exciton is lowest).

These properties are illustrated here for the
CdTe/Cd& Zn„Te system by performing a systematic
spectroscopic study: reAectivity, photoluminescence
(PL), photoluminescence excitation (PLE), and optical-
pumping experiments lead to a clear identification of the
optical transitions of the heavy- and light-hole excitons of
the SLS's and show the strong inhuence of the strain on
the type of the superlattice.

For superlattices based on Cd and Zn tellurides, most
of the reported work concerns free standing SLS's-(i.e.,
superlattices relaxed to their own lattice parameter in-
stead of maintaining the lattice constant of the buffer lay-
er) built from the two binary compounds. ' However,
due to the large lattice mismatch between CdTe and
ZnTe (6.4%%uo), only short period SLS's can be grown [the
critical thickness of CdTe on ZnTe is 17 A (Ref. 8)].
Moreover, the dislocations that appear in such samples
degrade the optical spectra —in particular, the excitonic
transitions are broad, typically ~ 10 meV wide.

By contrast, the specificity of the samples studied here
is as follows: (i) they are built from CdTe and Cd-rich
Cd& Zn Te ternary alloy with x =10', the critical
thickness related to the small misfit (=0.6%) between the
two kinds of layers is now as large as 1000 A; (ii) the
whole superlattice can be grown coherently with the sub-
strate or the buffer layer (i.e., having the same in-plane
lattice parameter).

43 14 629 1991 The American Physical Society



14 630 H. TUFFIGO et al. 43

Photoluminescence excitation spectroscopy is used to
study the evolution of the electronic states and their asso-
ciated optical transitions as a function of the SLS band
structure. Strong and sharp excitonic resonances are ob-
served. We show the mixed nature of the SLS band-gap
configuration: electrons and heavy holes are confined in
the CdTe layers (type I or direct transition) whereas light
holes are confined in Cd, „Zn„Te barriers (type II or in-
direct transition). This peculiar band structure leads to
the observation of two effects. First, the dependence of
the exciton binding energy on the SLS period is different
for direct and indirect transitions. Secondly, by modify-
ing the strain in the SLS we can change the respective po-
sitions of the direct and indirect transition lines and,
therefore, observe the strain-mediated type-I —type-II
passage.

This paper is organized in the following way: in Sec.
II, we describe briefiy the sample growth and the strain
characteristics of the superlattices presented here. In
Sec. III, we detail the spectroscopic results that are ob-
tained on such superlattices and the interpretation of
these optical data. Section IV is devoted to the inhuence
of the superlattice period on these optical properties.
Section V presents the observation of the excitonic excit-
ed states that allow one to determine the exciton binding
energies and to evaluate (Sec. VI) the valence-band offset
of this system. Finally, in Sec. VII, the inhuence of the
average strain in such superlattices is probed by compar-
ing the optical properties of samples grown on different
buffer layers; in particular, we show how it is possible to
change the band structure from a type-I superlattice to a
type-II superlattice just by adjusting the strain induced
on the superlattice by the buffer layer. Our results are
summarized in the conclusion.

mental details used in this work are described in Refs. 12
and 13.
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III. GENERAL RESULTS

Figure 1 presents optical spectra obtained for sample
S 1 [period (130 A)/(130 A), grown directly on the
Cd, „Zn Te (x=0.04) substrate]. The PL spectrum is

II. EXPERIMENT
SUBSTRRTE

The samples are grown by molecular-beam epitaxy in a
Riber 32P machine on I 001 I -oriented Cd, Zn~ Te
(y =0.04) substrates. Reflection high-energy electron
diffraction provides the means to optimize the two-
dimensional layer-by-layer growth of CdTe and
Cd& Zn Te alloy and to measure the layer thickness
in situ to one monolayer accuracy; the alloy composition
x together with the superlattice period are precisely
determined from x-ray data. ' The samples discussed in
this paper consist of equal-thickness layers of CdTe and
Cd& Zn Te (with the amount of zinc ranging between
6%%uo and 12%%uo). They are grown either directly on CdTe
or Cd, Zn Te (x =0.04) substrates or on a buffer layer,
which is either CdTe or Cd, „Zn„Te (x =0.08). In this
way, we tune the biaxial compression present in the CdTe
layers of the superlattice and the biaxial dilatation experi-
enced by the Cd, „Zn Te (x=0.08) layers. For SLS's
grown Cd, Zn Te (x=0.04), the strains in the CdTe
and the Cd, „Zn Te (x =0.08) layers are equal and op-
posite, which corresponds to the concept of strain sym-
metrization developed for Si/Ge SLS systems. "

The different spectroscopic techniques and the experi-
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FIG. 1. Optical spectra obtained at 1.8 K for a
CdTe/Cd&, Zn Te (x =0.08) superlattice consisting of ten (130
A)/(130 A) periods (sample S1). (a) Photoluminescence spec-
trum showing the intrinsic heavy-hole exciton line e&h &

and ex-
trinsic lines 8 and C, as well as substrate donor- and acceptor-
bound exciton lines. (b) Reflectivity spectrum showing both
SLS excitonic ground states e

&
h

&
and e

&
l &. Label X,„b desig-

nates the sustrate's free exciton; lh and hh are the strain-split,
light- and heavy-hole excitons in the Cd& Zn„Te (x=0.08)
cladding layer. (c) Excitation spectrum of line C: besides the
e ]h

&
and e ~ l ] lines, the e2 h & exciton is clearly identifiable in

agreement with the calculation; R is a Raman line. (d) Circular
polarization of the e&h& emission as a function of excitation
wavelength, for o.+ excitation. The negative polarization sig-
nals associated with light-hole contributions correspond to, suc-
cessively, the superlattice transition e&l&, a Cd& Zn Te-
substrate contribution (1.618 eV), and cladding-layer transition
lb.



43 OPTICAL INVESTIGATION OF A STRAIN-INDUCED MIXED. . . 14 631

dominated by a line labeled elhi at 1602.9 meV which
corresponds to the recombination of the heavy-hole exci-
ton of the SLS. The high intensity of this transition in
the refiectivity spectrum [Fig. 1(b)] and the PLE spec-
trum [Fig. 1(c)], as well as in transmission spectra, ' is a
strong indication that this transition is both intrinsic and
direct (i.e., type I). At lower energy in the PL spectrum,
we observe two lines, labeled 8 and C; these lines do not
appear in refiectivity [Fig. 1(d)] so they represent a low
density of states and are attributed to excitons trapped by
impurities or interface defects. Indeed, these lines are
strongly reminiscent of the acceptor and donor bound ex-
citon (A X and D X) transitions observed in
Cdp 96Znp p4Te alloys. Their energy positions as well as
their unequal broadening due to alloy fiuctuations (larger
for A X than for D X) are comparable to what is ob-
tained in bulk alloys. '

The excitation spectrum monitored on line C [Fig. 1(c)]
clearly shows, beside the feature corresponding to the in-
trinsic e

&
h I exciton of the superlattice, a second peak, la-

beled e, l, , at higher energy (1611 meV); the latter transi-
tion is also seen in refiectivity [Fig. 1(b)] with a lower in-
tensity than eIh&. To deduce the light- or heavy-hole
character of this excitonic transition, optical-pumping ex-
periments were performed. In this technique' one ex-
cites with circularly polarized light (o. in our case) at
different wavelengths and one measures the circular po-
larization of the emission. If the excitation and the emis-
sion transitions have the same character (i.e., both involv-
ing heavy-hole excitons or both involving light-hole exci-
tons~, the measured circular polarization is positive; if
they have different characters (i.e. , one with heavy hole
and the other with light hole) this polarization is nega-
tive. The polarized excitation spectrum of Fig. 1(d),
monitored on the heavy-hole exciton line e&h] shows
that the transition e, l, has opposite polarization to e, h I.
This clearly demonstrates the light-hole character of the
transition e&l &.

We have always observed (for the whole series of sam-
ples studied) a negative polarization at an energy slightly
lower than the substrate 1s transition. This is not fully
understood yet, but might be explained by a lifting of the
valence-band degeneracy due to a strain experienced by
several monolayers of the substrate at the superlattice-
substrate interface; or it might be explained by a contri-
bution of extrinsic transitions (excitons bound to residual
donors), for which the polarization is not well defined.
The third negative feature observed in this spectrum (at
1632 meV) corresponds to the light-hole exciton of the
strained Cd& „Zn Te cladding layer grown at the top of
the superlattice.

The calculated band-structure configuration of these
superlattices shows that the light holes are mainly
confined in the Cd, „Zn„Te layers (whereas electrons
and heavy holes are mainly confined in the CdTe layers).
The assignment of the observed SLS transitions eIAI,
e, l „and ezh2 (Fig. 1) is consistent with a Kronig-Penney
calculation assuming that the valence-band offset is zero
in the absence of strain, and using m, =0.099mp and
m&I, =0.513mp, mIh =0.156mp for the effective masses in

CdTe. ' We account for the strain as in Ref. 17, using
the pressure coefficient values found for these samples
from the luminescence pressure dependence under a
diamond-anvil cell' (the partition coefficient of the hy-
drostatic deformation potential between the conduction
and valence bands being given by Camphausen, Connel,
and Paul' ). Then the differences between the calculated
band gaps and the experimental positions of the e I h I and
the e& l I excitonic transitions give us an estimate of the
binding energy of the heavy-hole exciton (14 meV) and
light-hole exciton (4 meV). The first value is in good
agreement with the value of the exciton binding energy
(13 meV) deduced from the 2s-ls difference for a similar
superlat tice sample where the 2s state was identified
through its diamagnetic shift. The smaller value for the
light-hole binding energy appears reasonable for an in-
direct exciton. However, due to the small confinement
potentials of the system, the probability of finding an
electron or a light hole in their respective barriers is not
negligible (=10% for the sample we are discussing); this
gives a ratio of 0.3 between the overlap integrals of the
light-hole transition and the heavy-hole one. Taking into
account the additional factor of 3 due to the optical di-
pole matrix elements, we obtain a factor of =0. 1 between
the oscillator strength of the two transitions in qualitative
agreement with what is observed experimentally in
transmission spectra.

Note that trying to attribute the ejl& transition to a
direct exciton recombination —with electrons and light
holes confined in the CdTe layers —would require a
(strain-free) valence-band offset a of at least 40%, in or-
der to compensate for the effect of the strain on the shape
of the potential; a (also called the chemical valence-band
offset) is defined as b,E„/EEs where AE, is the valence-
band potential in the absence of strain and DER is the
band-gap difference. This attribution would lead to a
value of the heavy-hole exciton binding energy lower
than the 3D rydberg. Moreover, such a value of the
valence-band offset would lead to binding energies for the
heavy-hole exciton smaller than for the light-hole exci-
ton; this is not consistent with the fact that even in this
potential configuration (with the ground state for the
light holes in the CdTe layers) the light holes are quite
delocalized between CdTe and Cd& Zn Te, and then
the e, ll exciton binding energy has to be much lower
than the el'& one. Consequently, this hypothesis of a
large valence-band offset is not valid and, therefore, all
the data presented in this paper will be interpreted as-
suming that the whole band-gap difference lies in the con-
duction band in the absence of strain (e.g. , a=0); then,
the electrons and heavy holes are confined in the CdTe
layers whereas the light holes are confined in the
Cd, Zn Te layers. We will describe in Sec. V the pro-
cedure to obtain lower and upper limits for the parameter
a from our experimental results.

Figure 2 compares the same series of spectra (PL,
refiectivity, PLE, polarized PLE) obtained for sample S2,
a (200 A) /(200 A) CdTe/Cdo 92Zno osTe superlattice
grown on a Cdp96Znpp4Te substrate. A superlattice of
such a period can be considered in a first approximation
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as a multiple quantum well with no coupling between ad-
jacent wells. These spectra look very similar to those for
sample Sl. The two low-energy lines (labeled B and C)
observed in photoluminescence correspond to extrinsic
states, as in the previous case, since they are not observed
in the reAectivity spectrum. The light indirect el I &

tran-
sition at 1607.2 meV is identified because of its negative
sign in the polarized photoluminescence excitation spec-
trum. At higher energy, the PLE spectrum is less
resolved than in the case of sample S1 but the reAectivity
spectrum allows identification of the 1s transition of the
substrate, as well as the light- and heavy-hole transitions
related to the cladding layer. The main difference be-
tween the two samples S1 and S2 is the presence of the
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FIG. 2. Optical spectra obtained at 1.8 K for a
CdTe/Cd, ,Zn„Te (x =0.08) for superlattice consisting of 20
(200 A)/(200 A) periods (sample S2). (a) Photoluminesence
spectrum showing the intrinsic e, hl exciton line and extrinsic
lines B and C. (b) ReAectivity spectrum showing the excitonic
states e&h&, e&h~, elh3, the light-hole exciton eII&, the 1s exciton
of the substrate, as well as the light- and heavy-hole excitons of
the cladding layer. (c) PLE spectrum detected at the energy of
the intrinsic e& h, exciton. (d) Polarized PLE spectrum allowing
identification the light-hole e&l& exciton at 1607.2 meV (corre-
sponding to a negative signal) among the other features of the
spectrum such as the e, h 2 and el h 3 exciton states.

lines that we have attributed to "forbidden" exciton
states e, h2, e, h 3 in the figure representing spectra for
sample S2; we mention that at this well thickness
(L =200 A), one may also use an alternative description,
assigning these lines to the X =2 and 3 quantized states
of the exciton center-of-mass motion in the CdTe layers '

(since the passage from the quantization of the center-of-
mass motion to separate carrier quantization is expected
to occur at about this well thickness ).

IV. INFLUENCE OF THE PERIOD

Figure 3 compares the PL spectra obtained for four su-
perlattices with period ranging between 121 and 400 A
with well and barrier of equal thicknesses; the arrows
show the energy positions of the heavy-hole (elhi) and
light-hole (e, l, ) excitons, whereas the dashed straight line
is plotted at the energy of the 1s exciton of the
Cd& Zn„Te alloy equivalent to the average superlattice
of the series (that is the limit of the superlattice when the
period goes to zero). The whole series of spectra look
very similar showing for every sample the extrinsic lines
(B and C) as well as the intrinsic heavy-hole exciton line
(e

&
h I ). The structure observed in the e i h

&
line is not

clearly explained yet; it could be due to reabsorption or a
polariton eFect. The indirect light-hole exciton line (e, l, )

appears in the PL spectra only for the shorter-period su-

perlattices; for the other superlattices, the eIII line has
been observed in the PLE spectra (see the two dashed
spectra in Fig. 3) and identified by comparing the relative
oscillator strengths in the reAectivity spectra and by per-
forming optical-pumping measurements. Due to
confinement effects, the whole superlattice emission shifts
towards higher energy as the period decreases. More-
over, one can clearly see that the superlattice emission
tends towards the energy of the 1s exciton of the alloy
equivalent to the superlattice.

We have plotted in Fig. 4 the experimental energy po-
sitions of the eIhl and e&ll excitonic transitions as a
function of the period of the superlattice. The thin, con-
tinuous and dashed lines represent the variations of the
optical gaps EF ~ and EF L, respectively, obtained us-

1 1 1 j

ing the same calculation as before. Note that for this pa-
per, we use upper-case symbols EIH&„etc., to represent
optical gaps and lower-case symbols e I h I, etc. , to
represent the corresponding excitons. The heavy-hole ex-
citon energy E, & follows the optical gap EE H as the

1 I 1

period increases, which shows that, over this range of
thickness, the heavy-hole exciton binding energy (of the
order of 14 meV, i.e., only 40%%uo larger than in bulk CdTe)
remains roughly constant. The experimental values of
the light-hole exciton binding energies (i.e., the energy
difference between the experimental excitonic energies
and the calculated optical gaps, see Fig. 4) are always
smaller than the heavy-hole exciton values, which ap-
pears reasonable for an indirect exciton. Moreover, the
energy position of e I l

&
tends towards the calculated opti-

cal gap EE I as the period increases; in other words, the
1 1

light-hole exciton binding energy decreases drastically
when the period increases. This result is fully consistent
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with the indirect nature of the hght-hole exciton; the
larger the period, the smaller the overlap integral, and
therefore, the smaller the indirect exciton binding energy.

To verify this interpretation of our experimental re-
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perimental points are only a guide for the eye). The inset
represents the schematic band structure of the SLS. (b)
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FIG. 3. Photoluminesence spectra (solid line) and photo-

luminescence excitation spectra (dotted line) obtained for four

CdTe/Cd~ —~Zn~Te (x =0.08, LcdTe=Lcd zn Te) SLS's with
0

periods ranging from 121 to 400 A. The spectra show the ex-

trinsic lines 8 and C, as well as the intrinsic heavy- {e&h &, solid

arrow) and light- (e~l& dotted arrow) hole exciton lines. The
confinement induces a shift of the whole spectrum towards

higher energies as the period decreases. The dashed straight
line shows the energy of the free exciton in the alloy that is

equivalent to the average superlattice of the series (limit when

the SLS period tends to zero).

suits, we have calculated the ratio between the overlap of
the electron and hole envelope functions (over one
period) for the case of light and heavy holes, respective-
ly. We obtain a ratio of 0.3 in the case of a (140
A)/(140 A) CdTe/Cdo 92Zno osTe superlattice and of 0.9
in the case of a (70 A)/(70 A) CdTe/Cdo 92Zno 08Te super-
lattice. These surprisingly large values are due to the
small band discontinuities of this system: the probability
of finding an electron or a light hole in their respective
barriers is indeed not negligible [10% for a (140 A)/(140
0
A) superlattice]. The relative variation of the ratio [see
Fig. 4(b)] shows the effect of the confinement on the local-
ization of the carriers in their respective wells: in the
case of short-period superlattices, the light-hole exciton is
"less indirect. " This partially explains why in the
luminescence spectra the indirect light-hole exciton ap-
pears much more clearly for the short-period superlat-
tices (see Fig. 3).

V. OBSERVATION OF THE EXCITED STATES

Figure 5 shows the luminescence spectrum obtained
for sample S3 [(70 A)/(70 A) CdTe/Cdo 92Zno osTe] where
the B and C extrinsic lines as well as the e&h ] heavy-hole
exciton line (1612.0 meV) are identified as explained in
Sec. II for sample S1 or sample S2. The luminescence ex-
citation spectrum detected on line C shows the e&A

&
line.

At higher energy (1616.6 meV) the e&l& light-hole exci-
tonic transition has been identified by comparison with
the polarized photoluminescence excitation spectrum
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FICi. 5. (a) Photoluminescence spectrum of sample S3, a (70
A)/(70 A) CdTe/Cdo 92Zno «Te superlattice showing the extrin-
sic lines B and C as well as the intrinsic e&h &

and e&l& exciton
lines. (b) PI.E spectrum detected on line C showing the intrinsic
e&h &

and e&l& exciton lines as well as the 2s excited state of the
e& h

&
exciton. The inset compares the energy positions of the ex-

perimental optical gap (K) obtained using the 2s-1s energy
difference and the calculated gap () for superlattice samples
with various periods.

(this transition is also observed in photoluminescence).
Finally, at still higher energy, there appears a series of
lines that have been attributed to the excited states of the
e j h

&
exciton through their behavior as a function of a

magnetic field applied perpendicular to the layers. The
Zeeman effect induces a diamagnetic shift on the exciton-
ic transitions that should be much more pronounced for
the excited states than for the ground state (ls) of the ex-
citon. It is shown experimentally that the shift of the
line observed at 1621.6 meV (at zero field) as a function of
the magnetic field is indeed consistent with the shift pre-
dicted for the 2s exciton state. This result provides there-
fore an unambiguous identification of the 2s state of the
e&h

&
exciton.

Since the 2s-ls energy separation (9.8 meV) is not very
different from the value in the bulk (11X 3/4= 8.2 meV),
one can obtain a good approximation of the exciton bind-
ing energy and consequently of the optical gap EE 0

1 1

through the following expression:

EE)H( Ee)h((ls)+ 3 ) e)h((2s) e(h)(ls)]

We have obtained values of the EE ~ optical gap for
1 1

four different samples for which we have experimentally
observed the 2s excited state of the e, h, exciton line; the
inset of Fig. 5 compares these values (Z) with the calcu-
lated values (0) of EE H (obtained using the same

1 1

Kronig-Penney model as previously with o. =O). The
good agreement between the values EE H obtained in

1 1

two different ways is a second proof of the identification
of the 2s excited state of the e, h, ground exciton state.
Nevertheless, this agreement does not allow us to deter-
mine precisely the valence-band offset cz since the calcu-
lated EE H direct gap is not very sensitive to the value of

1 l

n; we will discuss this problem in the next section.

VI. DETERMINATION OF THK BAND OFFSKT

The experimental determination of the valence- and
the conduction-band offsets is a difficult task mainly be-
cause two major physical problems appear when we deal
with this issue. Firstly, the experimental data known
from the two bulk materials give only the difference AE
of the gaps which is the sum of the valence- and
conduction-band offsets. Here, the mixed-type nature of
the CdTe/Cd, Zn„Te system offers a unique opportuni-
ty to measure the valence-band offset by the energy
difference between the e)h, (direct) and e, l, (indirect)
transitions, after correction for strain and exciton binding
energies. With this last point, we meet the second
difficulty, that is, the exciton binding energy, an addition-
al unknown of the problem, which cannot be neglected in
this II-VI system (Eb = 11 meV in the bulk).

The alternative is to compare the calculated optical
gap with the gap obtained knowing the experimental (2s-
Is) energy difference. This has been possible for the case
of the heavy-hole exciton as shown in Sec. V but, unfor-
tunately, the calculated heavy-hole gap (EE H ) is not

1

very sensitive to the parameter a since it involves a direct
transition; therefore the experimental data concerning
the heavy-hole transition do not allow a precise deter-
mination of the valence-band offset. Nevertheless, the
mixed nature of our system provides also the indirect
light excitonic transition which is very sensitive to the
valence-band offset since it is an indirect transition.
However, our experimental results have not allowed us to
observe experimentally the excited states (2s) of the
light-hole exciton.

Therefore we have adopted the following procedure in
order to get limits for the valence-band offset: for each
sample, we calculated the heavy- and light-hole optical
gaps (EE H and EE I ) as a function of the parameter a;

1 1 1 1

comparing these values with the experimental values of
the heavy- and light-hole excitonic transitions (elhi and
elll) we obtained the (heavy- and light-hole) excitonic
binding energies (Ebh and E(„) as a function of a. Be-
cause of the indirect nature of the light-hole exciton, its
binding energy should be positive and smaller than the
heavy-hole exciton binding energy. This condition ap-
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plied to a whole set of ten samples show s that the
lence-band offset lies between +0.1 and —0. 1. The as-

sumption that whole band-gap difference lies in t
duction ban ~in e ad (' th bsence of strain) is therefore accu-
rately justified.

Since this residual strain is a compressio-ssion —the CdTe
layer is grown on a p 96 p p4Cd Zn Te substrate —the heavy-
h 1 't hould indeed lie at a lower energy than t eoe exci on s
light-hole exciton. Recording the signal relate o

VII. INFLUENCE OF THE STRAIN

The results presented previously have confirmnfirmed that
the valence-band offset before strain is zero or very
small), i.e., the potentials for heavy and light holes are en-
tirely (or almost entirely) determined by the superlattice's
strain state. Therefore, by tailoring the internal strain ex-

ed b each layer of the superlattice (CdTe and
e the su er-Cd, „Zn Te), it should be possible to change e p

lattice from type wiI ( 'th the direct, heavy-hole exciton at
lower energy& to type wt II (where the indirect light-hole
transition lies owes1' 1 t). This has been achieved,

0
specifically for structures with (65 A)/(65 A) perio s, y

1 tt' es on a CdTe bufFer layer instead ofgrowing super attices on a
ort's latticeCd, „Zn Te (x =0.04); changing the support s a ice

parameter c anges w
'

(CdT r Cd Zn Te) experiences the most strain.eor
F' 6 sents typical spectra for two suc sa pigure pre

ne S4 rpi sh
'

difFerent strain states. The first one, L igs.aving i e
n directl on a6(a) —6(c)] consists of 70 periods grown direc y

er was limited to 10 periods since the critical thickn
~ ~ ~ ~

the whole superlattice is only =2000 A in this case.
For both samples, the transition of the intrinsic,

heavy-hole exciton e&h] is clearly identified: it corre-
sponds to the strongest feature in the reAectivity spectra.
For sample S4, the e, l& transition is observed 4 meV

pumping experiment of Fig. 6(c) (again a positive or nega-
tive polarization signal corresponds to y-

~ ~ ~ ~

hole character, respectively).
For the sample grown on a CdTe buffer layer S5, an

important change is observed in the optical spectra, as
shown in igs.F' . 6(d) —6(f): the relative energy position of
intrinsic lines e

& &
an1' h and e l, is reversed. In the

refiectivity spectrum [Fig. 6(e)], the strongest feature,
which we attribute to the direct transition e», is now
situate a igted at hi her energy than the weaker feature, attri-
buted to the indirect transition e, l, . We now compare
the luminescence and reOectivity spectra w pith a olarized
photoluminescence spectrum [Fig. (f)].6~«„. In this case, one
excites the sample with circularly polarized light at an
ener hi her than the energy gap of the barriers (i.e., in

larization of the emission [I(o+) I(o )], i s—)~ it should be
ositive or negative in the case of a hea y- 'gv -hole or li ht-

hole transition, respectively. The low- gy p-ener art of the
spectrum is characterized by two lines (1595.2 meV with
a ositive sign and 1598.2 meV with a negative signal)a positive sign an
that correspond to the free, heavy and ignd li ht-hole excitons
split off by the residual strain of the CdTe buffer layer it
was previous yeviously shown that a thick CdTe layer grown on a
Cd Z T substrate never relaxes comp e e yC o.96 no. p4

I

( f ) POLRR IZED
PL

+

(e}

(d)

L !

but'fez 1 aye@ 8) hg

30)

(C) POLR~IZED
PLE

( b) REFLECT I VITY

C

(a) LUNINESCENCE

1 S l I 0 0 l 1 ~~ f 0 ~ I
t

~ ~ I ~ ~ I I ~ ~ 'I I ~ I K I ~ I I
I I

1.59 1.60 1.61 1.62
ENERGY (eV)

FIG. 6. Photoluminescence [(a) and (d)], reflectivity [(b) and
(e)], and polarization spectra detected at en gyer E (c) and (f)]
of a type-I and type-II superlattice (T=1.8 K). Spectra (a) —(c)
are for type-I sample S4 [70 (65 A)/(65 A) periods grown on a
Cd, Zn„Te {x=0.04) substrate]; the indirect light-hole exci-
ton line e&I& identified by the polarized PLE spectrum (c) lies
higher than the direct heavy-hole exciton structure e&h &. Spec-
tra {d)—(f) are for type-II sample S5 [ten (65 A)/(65 A) perio s
grown on a CdTe buffer layer]; the indirect light-hole exciton
now lies lower than the direct heavy-hole exciton as shown in
the polarized PL spectrum. The strong CdTe exciton emission
at 1.59 eV shows efBcient energy transfer to the bu6'er layer; the
splitting between the heavy- (hh) and light-hole (Ih) exciton lines
that appears clearly in the polarized PL {Pis a direct measure-
ment of the residual strain present in the CdTe bu6'er layer.
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Y
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1630- Ei
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CdTe buffer layer provides therefore an unambiguous
means to be sure of the sign of the circular polarization.
Consequently, the light- and heavy-hole character of the
superlattice's transitions at higher energy (1607.9 and
1614.5 meV) is clearly demonstrated by their negative
and positive polarizations, respectively [Fig. 6(f)]. The
photoluminescence spectrum [Fig. 6(d)] shows another
line at 1604 meV that does not correspond to any feature
in the reAectivity spectrum or in the polarized photo-
luminescence spectrum. We therefore associate this line
with an extrinsic transition, presumably excitons trapped
on impurities or interface defects.

The experimental positions of the heavy- and light-hole
exciton transitions are plotted in Fig. 7 for the samples of
Fig. 6, as well as for a (65 A)/(65 A), CdTe/Cd, Zn„Te
(x =0.08) superlattice (S6) grown on a Cd, „Zn Te
(x =0.08) buffer, and a (65 A)/(65 A) CdTe/Cd, „Zn Te
(x =0.08) superlattice (S7) grown on a CdTe substrate.
These data are compared with the calculated direct gap
EE 0 and indirect gap EE L, plotted versus the average

1 1 1 1

strain @II in the SLS, i.e., as a function of the Zn composi-
tion in the buffer layer that imposes the in-plane lattice
parameter

We emphasize that the zinc concentration and the

width of the barrier and the well layers are the same for
the four samples illustrated in Fig. 7. Therefore the
depth and widths of the confinement potential Vhh for
heavy holes and VI& for light holes are practically un-

changed when one varies the buff'er, see insets (a) and (b)
of Fig. 7: the differences in the elastic constants and de-
formation potentials between CdTe and Cd, Zn„Te
(x =0.08) are such that the confinement potential Vi, i,

and V&h are constant within an accuracy of = l%%uo', vary-

ing the buffer only shifts the heavy- and light-hole poten-
tials as a whole relative to each other. Then the inversion
of the optical type in the superlattices of Fig. 6 is entirely
due to the strain changes. This contrasts with the
Ga& In As/InP SLS system, where the observed
change of type is due to the net effect of three different
contributions (alloy composition, strain, and quantum
size effects).

For period (65 A)/(65 A), the crossover of the EE H
1 1

and EE L gaps, i.e., the point where the light-hole band
1 1

edge (in Cd, „Zn„Te) and the heavy-hole band edge (in
CdTe) are at the same energy, occurs for e very close toII

zero (case of 4 mo1% Zn substrate), see Fig. 7, i.e., when
the strain is almost equally shared between the two kinds
of layers. At this point the e, h& and e&l, excitons have
different energies (Fig. 7) because of their binding energy
difference: this is why the experimental excitonic gaps
cross at a different value of e~~ (see Fig. 7).

We want to point out that such a type-II spectroscopic
signature has been obtained for CdTe/Cdo 92Zno O8Te su-
perlattices in different strain states (samples S7 and S5,
see Fig. 7) and also for CdTe/Cd& Zn Te superlattices
with different zinc concentrations in the Cd& Zn Te
barriers (y =0.6 and 0.12).

VIII. CONCI. USION

1620-
Ql ' ~ esI 1610 ~ J

QO

~ ~ 0
1600 I I I I l

-2 -1 0 1 2x10
SLS overage strain e"

FICx. 7. Influence of @II, the superlattice's average in-plane
strain, on the calculated gaps EF H and E« for period (65

1 1 1 1

A)/{65 A) (solid lines) and on the experimental excitonic ener-

gies E, h (0) and E, ~ (0 ) for samples S7, S5, S4, S6 grown re-
1 1 1 1

spectively on CdTe substrate (@II= —2.5 X 10 '), CdTe buff'er

(EI~ = 2.0X 10 ), Cdp 96Znp p4Te substrate (e~~ = 1.0X 10 ),
and Cdp»Znpp8Te buffer (@~i=1.3X10 '). The dotted lines
drawn through the experimental points are only guides for the

a n ~ —{afree-standing puffer )/abuffer~ whe free-standing
II=

is the in-plane lattice parameter of the hypothetical free-
standing superlattice and ab„ff„ is the buffer's lattice parameter.
The passage from a type-I to a type-II superlattice is illustrated
by insets [(a) SL grown on Cd& „Zn„Te and (b) SL grown on
CdTe], which show schematically the relative positions of the
confinement potentials for electrons (V, ), heavy holes {Vqq), and
light holes (t/lz).

In conclusion, this extended optical study of
CdTe/Cdo 92Zno O8Te superlattices has demonstrated
several interesting band-structure effects. First, the sys-
tem CdTe/Cd, „Zn Te is characterized by a very small
chemical valence-band off'set ( —0. 1(a (0.1) in agree-
ment with Tersoff's theoretical predictions that give a
valence-band offset close to zero at the CdTe/ZnTe inter-
face. Second, because the valence-band alignment is
strongly infIuenced by the strain, the biaxial stress experi-
enced by each layer of the superlattice determines the po-
tential alignment for the holes. We show then the mixed
nature of the superlattice band-gap configuration: elec-
trons and heavy holes are confined in the CdTe layers
(type I or direct excitons), whereas light holes are
confined in the Cd& „Zn„Te layers (type II or indirect
excitons).

Moreover, our set of samples has a11owed us to study
the inhuence of two structural parameters on the SLS
band structure: the period and the deformation.

The variation of the experimental light- and heavy-hole
exciton energies compared with the calculated gaps was
obtained as a function of the period, for a given strain
state of the SLS. This leads to the variation of the bind-
ing energy of a direct exciton (the heavy-hole exciton)
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compared to an indirect one (the light-hole exciton). We
found that the heavy-hole exciton binding energy remains
approximately constant though the whole range of
periods (120—400 A), which is clearly confirmed by the
observation and identification of the 2s excited state of
the heavy-hole e&h

&
exciton. By contrast, the light-hole

exciton binding energy decreases significantly when the
period increases, which is consistent with the indirect na-
ture of this exciton.

Finally, we have demonstrated that the valence-band
configuration can be tailored by the internal strain im-
posed by the substrate or the buffer layer: the passage
from a type-I superlattice (the direct, heavy-hole exciton
being at lower energy) to a type-II superlattice (with the
indirect light-hole exciton transition lowest) was ob-
tained. This was achieved just by changing the internal
deformation of the superlattice, namely by growing a set
of SLS's on buffer layers of different zinc concentrations;
by varying the buffer layer composition, i.e., by imposing
the largest strain either in the CdTe or in the

Cd& Zn Te layers, the superlattice's ground state has
been made to be either type I or type II.

The simultaneous observation of direct and indirect ex-
citon transition in CdTe/Cd, Zn Te superlattices
makes this system very attractive to study the inhuence
of an electric field and the basic electro-optic properties
of II-VI heterostructures.
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