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The potential interest in epitaxial grown heterostructures, hased on wide band gap 11-VI
semiconductors, for device applications has been recognized in the last few years. Het-
erostructures of this type are known to have band gaps which are compatible with emission
in the visible range and to exhibit non-linear optical effects. These optical properties are
currently being investigated in applications such as light emitting devices, optical wave
suides and optical switches. It became evident that excitonic effects play a very important
1ole concerning the optical properties of these heterostructures, and tremendous efforts have
been made to find out and describe these exciton states. In this paper we focus our attention
in the excitonic effects of two different [1-V] heterostructures: strained CdTe/Cdy_.Zn,Te
superlattices and semimagnetic CdTe/Cd;_,Mn,Te multiple quantum wells.

I. Introduction

Advances in tlie growth techniques like the Molec-
ular Beam Epitaxy (MBE) has led to high quality het-
erostructures consisting of alternative layers of semi-
conductors with different band-gap energies. The most
prominent material system for these structures is based
on the GaAs/Gaj_,Al.As pair. For sufficiently thin
layers, this leads to the well known quantum well and
superlattice structures which offer the possibility of tai-
loring their optical and electronic properties by an ap-
propriate chcice of the layer thickness. A rather new
and much less investigated material system, for these
structures, 1s based on the 1I-VI compounds, and more
particularly cn the Strained-Layer Superlattices (SLS)
such as CdTe/Cd;_7Zn, Tel and on Diluted Magnetic
Semiconductors (DMS) such as CdTe/Cd -, Mun,, Tel?

In this paper me review some interesting features
of these systems obtained hy optical spectroscopy. We
will first discuss the combined effects of band-gap offsets
and lattice-parameter mismatch on the band structure
of tlie CdTe/Cd;—;Zn,Te SLS. I'rom this discussion,
Exciton Binding Energies (EBE) and Exciton Oscilla-
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tor Strengths (EOS) are estimated and found to vary
appreciably with thr superlattice period. In the second
part we will show the cffect. of a magnetic field, applied
both parallel and perpendicular to the growth direction,
on the optical properties of a CdTe/Cd;_,Mn,Te Mul-
tiple Quantum Wells (MQW). The possibility to have
a transition from type | to type 11 band structure, as
well as the observed anisotropy of the Zeeman effect,

are discussed.

II. CdTe/Cd;_, Zn,Te superlattices

Dueto the lattice-parameter mismatch, the different
layers of the CdTe/Cd,_,Zn,Te system are strained.
Provided that the layer thicknesses are less than some
strain-dependent critical values, the mismatch is acco-
modated by elastic strain. Resides that, this system
is characterized hy a very small Valence-Band Offset
{(VBO), in absence of strain®. Therefore, the valence
band configuration is essentially tailored by the inter-
nal strain imposed by the substrate of the buffer layer.
Because of this strain, these superlattices will be an
unusual mixed type system!®: type | for heavy-hole ex-
citons (electrons and heavy-holes being confined in the

same material: CdTe) and type 11 for light-hole excitons
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(electrons and light-holes being confined in CdTe and
Cdy_Zn,Te respectively, giving rise to an “indirect”

light-hole exciton in the real space).

A. Strain effects

Since tlie VBO, in tlie absence of strain, is al-

3}, the band structure configuration of tlie

most zerol
CdTe/Cdy_,Zn, Te system results [rom the strain,
which is determined by the clioicc of tlie buffer layer.
Tlic energy shift of tlic conduction band AV.. and the
shifts and splitting of the valence band extrema (AVy,,
for heavy-holes and AV, foi light-holes), can be writ-

ten aslol:

AV, = Al

AI/],_]L = A]ﬁ[b + AS s (1)

AVip = AH, —AS

with
AH; =2A;(S11 + 2519)X
and
AS = B(S;, - 52X,
where (i = ¢,v), A, and A, are the hydrostatic de-

formation potentials of conduction and valence band
respectively, B is tlic shear deformation potential, Spy
and Sy, are the clastic compliance constants, and X 1s

the in-plane stress experienced by the layers,

X = (as — a;) _ 1 _ !
a (S11 + Si2)

where a5 () 1s the lattice parameter of the substrate

(2)

of buffer layer (layer). Foi the samples studied here,
CdTe/Cdy_,7Zn,Te (z = 8%) we can distinguish three
distinct situations, illustrated in lig. 1. With a CdTe
buffer layer (Fig. 1a.) the quantum well is not strained
{(Xw = 0), since it has tlic same lattice paramecter astlie
buffer layer, whereas tlic harricrs are in biaxial dilata-
tion (Xp > 0). Tlie ground state of tlie systern is tlie

indirect light-hole exciton (e{;). When a Cdy_.,Zn,Te
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Figure 1: Schematic diagram of tlie conduction (V.) and va-
lence (Vi and Vi) bands of astrained CdTe/Cdi_.Zn.Te
superlattice as a function o tlie zinc content o the
Cd;_yZnyTe buffer layer. (a) y = 0, (b) y = 0.08: and
(c) y = 0.04.

(v = 8%) buffer layer is used (Fig.1b), the barrier is not
strained (Xp = 0), but the quantum well isin biaxial
compression { Xy < O). The heavy-holes are pushed
above the light-holes in tlie CdTe layer, and the heavy-
hole cxciton (e;h;) is the ground state of the system.
An intermediate situation occurs when the zinrc con-
tent of tlie buffer layer is in between 0% and 8%, for
example y = 4% (Fig.1¢c). The CdTe layer is in biaxial
compression and the Cd;_,Zn,Te (z = 8%) layers are
in biaxial dilatation. While in the well tlie heavy-holes
are pushed above the light-holes, the inverse occurs in
the barriers. Nevertheless, in all cases, we have a type
| superlattice for the heavy-hole excitons and atype I1

superlattice for the light-hole ones.

B. Experiments

The samples were grown by MBE on {001}-oriented
Cdy_yZnyTe (y ~ 4%) substratcs. Most of tlie samples
discussed here consist of equal thicliness layers of CdTe
and Cdy_.Zn.Te (with tlie amount of zinc ranging be-
tween 6% and 12%) They were grown either directly
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Table |. Sample parameters. y% and 2% are the zinc
content of she substrate and barriers respectively, Ly
and Lp the quantum well antl barrier widths, and N
the number of periods.

Sample y% 2% Lw (nm) Lp (nm) N

S1 0.0 6.0 6.2 6.1 10
S2 0.0 8.0 6.5 6.4 10
S3 45 93 6.1 6.0 70
S4 8§84 84 6.5 6.4 10
S5 45 103 7.1 7.3 67
S6 34 87 3.2 3.5 67
S7 15 8.6 14.0 13.8 278
S8 14 99 12.8 12.6 254
S9 1.6 83 7.1 138 15
S10 38 107 13.0 20.5 30
S11 1.0 11.0 12.7 13.0 40
512 5.0 108 16.9 25.3 20
Q13 IR 80 18.0 18.0 10

on the substrate or on a buffer layer. The structural
parameters of these samples arc summarized in Table
I. The optical dtiicly of these samples includes transmis-
sion, reflect:vity, photoluminescence (PL), and photo-
luminescence excitation (PLE) spectra. The high qual-
ity of the s:ructures is shown by the small linewidth
and the very small Stokes shift. Transitions related to
the light-hole exciton were distinguished from heavy-
hole ones by polarized photoluminescence excitation
(PPLE)®),

C. Buffer layer effect

The experimental positioiis of the heavy- antl light-
hole cxciton transitions are plotted in Tig. 2 for tlie
samples S1, S2, S3, and S4. These data are compared
with the calzulated direct gap /7y F; and indirect gap
E1Ly, plotted versus tlie average strain ¢ in tlie SLS,
l.e. as a function of the Zn composition in the buffer
layer that iniposes the in-plane lattice parameter.

We empl.asize that the zinc concentration and the
width of the barrier and tlic well layers are nearly the
same for the four samples. Therefore, the depth and
width of the confinement potential V},;, for heavy-holes
and V3, for light-holes are practically unchanged when
one varies the buffer layer. The differences in the elas-

tic constants and deforination poteritials between CdTe
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Figure 2: Influence of ¢, tlie superlattice’s average in-plane
strain, on the calculated gaps F) H; (solid line) and £1L;
(dashed line) for samples with a period (6.5 nm)/(6.5 nm)
and aii tlie experimeiital excitonic energies E(esk1) (closed
circles) and F(e;1l1) (closed squares) for samples S1, S2, S3,

and S4. The strain ¢) = (“f_ree-standing_ = @y ffer)/ “buffer:
where afee standing 18 the in-planelattice parameter o the

hypothetical free-standing superlattice and ap e, is tlie
buffer’s lattice parameter.

antl Cdy_.Zn.Te (z ~ 8%) are such that Var and Vin
are coiistant within an acciiracy of 1%. Varying the
buffer only shifts the lieavy- and light-hole potentials
as a whole relative to each other. Then, the inversion
of tlie optical type in tliese superlattices is entirely due
to the strain changes.

D. Influence Of the period

1. binding energy and band offset

We have plotted in Fig. 3 the experimental energy
positions of the e;f; and ejly excitonic transitions as
a function of tlie period of the superlattice. The solid
and dashed lines represent the variations of tlie opti-
cal gaps 1 H; and E;L; respectively, obtained using
a Kronig-Penney calculation assuming that the VBO
is zero in the absence of strain. The heavy-hole ex-
citon energy E(e1h1) follows the optical gap F1H; as
the period increases, which shows that, over this range
of thickness, the heavy-hole EBE (of the order of 14
meV, i.e. only 40% larger than in the bulk CdTe) re-
mains roughly constant. The experimental values of
tlie light-hole EBE (i.e. the energy difference between
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Figure 3. Calculated gaps FEi1H: (solid line) and

E1L; (daslied line) versus tlie superlattice period for
CdTe/Cd;—»7ZnsTe SLS (z = 0.08, Loare = Lod,_, znaTes
grown on @ Cdi—,7Zn,Te (y =~ 0.04) substrate). Tlic closed
circles and syuares are the experimental excitoiiic energies
E(ei1hi) and E(e;ly) measured for samples S3, $5. S8, S11,
aiid S13.

the experimental excitoiiic energies aiid tlie calculated
optical gaps, see Fig. 3) are always smaller than the
heavy-hole exciton values, which appears reasonable for
an indirect exciton. Moreover, the energy position of
e1l; tends towards the calculated optical gap F1L: as
tlie period increases. This result is fully consistent with
tlie indirect nature of the light-hole exciton; tlie larger
the period, the smaller the overlap integral, and there-
fore, tlie smaller tlie indirect EBE.

The VBO for the heavy- and light-holes have three
components. Thefirst is due to the shear strain, which
is approximately equal and opposite in tlie well aiid in
the barriers, in all the samples considered here. Tl
second component is tlie so-called chemical offset AV,,
which is often expressed asafraction § of the energy gap
difference AF, between the well and barrier. The third
component is a hydrostatic strain term which depends
on the absolute deformation potential A, of the valence
hands of tlie two inaterials. These absolute deforma-
tion potentials are not accessible by piezospectroscopic
experiinents, which measures the relative deformation
potential, A = A, — A,, of the conduction- and valence-
band edgesin tlie same material. The second and third
components cannot be determined independently, SO we
will call tlie suin of these two components tlie “aver-
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age band offset" AV,, the average being over the light-
and heavy-hole band edges. Note that the conduction-
band offset is determined by AV,, since AE, and A are
known. To estimate AV, we will analyse the binding
energy of tlie light-holeexciton.

The ohserved 1S exciton energy for the spatially di-
rect (heavy-hole) and indirect (light-hole) transitions
may be expressed as:

Bleihi) =  EY + AHW 4 AHY — ASW
+E(E) + E(Hy) — Ewp (3)
and
E(esly)=  EY + AHY + AHY - AV, — ASP

+E(E) + E(L) — En, . (4)

Here £/ = 1.606 eV isthe band gap of the bulk CdTe,
AHY + AHY the hydrostatic strain shift of the con-
duction band edge in the CdTe layer relative to the
valence band, AV, the average VBO, ASW the shear
strain shift of the heavy-hole band in the CdTe layer,
and ASE that of thelight-holeband in the Cd; _,Zn, Te
layer. E(FEi), E(Hy), and E(Ly) are, respectively, the
electron, heavy-hole, and light-hole confinement ener-
gies in the n = 1 subband, aiid Ex, and Ej, are the
respective EBE’s. In principle all of these parameters
are accurately known, the only unknown one is AV,,
which is taken as an adjustable parameter.

Since tlie heavy-hole transition energy does not de-
pend explicitly on AV,, we will concentrate our anal-
ysis on the light-hole transition energy. Fig. 4 shows
the liglit-hole EBE as a function of the superlattice pe-
riod. The points are the experimentally determined
EBE obtained from tlie difference between the opti-
cal gap FiLy, calculated using different values of AV,
and the measured transition energies E(eyl;). The two
lines are calculated binding energies using the method
of Leavitt and Littlel”. The lowest curveisobtained for
alight-hole in-plane effective mass given by (y; —72)~!
where v; aiid vz are the Luttinger parameters. The
highest curve, which is calculated using an infinite in-

plane cffective mass, represents an upper limit. The



Brazilian Journal of Physics, vol. 24, no. 1, March, 1994

125 ]

< 100 [ .
@ - ]
E n ]
% 75 - 'E
s F :
% 50 .

= C

=, - 1
- 25 n °© s 7
o ]
0 E_]__[ TR R ST VSN VO NN TN ST R S SN W M T W

0 10 20 30 40

SLS period (nm)
Figure 4: Experimentally determined light-hole exciton

binding energy, of samples S3, 85, S6, 57, S8, S9, and S10,
for different values of AV,: —0.08AF, (stars), +0.02AFE,
(squares), +0.13AFE, (triangles), and 4+0.22AE, (circles).
The lines are the calculated light-hole exciton binding en-
ergy using an ir-plane effective mass given by the Luttinger
parameters (y1 — 72)’1 (solid line) and an infinite mass

(dashed line).

best agreemert between theory and experimental re-
sults is obtained for a AV, = 0.02 (+0.04) AE;. Thus,
it appears that within our experimental accuracy the

average VBO 'n this system is indeed zero.

2. oscillator strength

The oscillator strength is an useful quantity to char-
acterize the strength of an optical transition, which can
help in the idertification of direct and indirect excitons.

The EOS per quantum well is defined by!®:

o= sl (B2 |

where a3, is the 3D exciton Bohr radius (~

()
7 nm for
CdTe), c(z) ard v(z) are the envelope functions de-
scribing the electron and hole motion along the growth
axis, (p) describes the in-plane relative electron-hole
motion and y is the electric dipole matrix element be-
tween the conduction and valence bands Bloch states:
(p2p/psp)? = 3/4 and 1/4 for heavy- and light-hole
respectively. fsp is the 3D EOS which is given by:

mg € ,
fap = _h_zo_ ; AEpr, (6)

I o(p = 0)[’,
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with ¢s the high-frequency dielectric constant (for
CdTe ¢x = 7.4), a the constant of fine structure
(o = 1/137), and A the wavelength of the excitonic
transition (Ap & 770 nm for the structures studied).
AFErr is the longitudinal-transverse splitting of the ex-
citonic polariton, AFLr = 0.9 meV, as determined
from reflectivity measurements(®). Using these values
we obtain for CdTe fzp ~ 1.6 x 1072 nm~3.

The measured EOS is obtained from the integrated
absorption spectral®! assuming that in a MQW struc-
ture the absorption of each quantum well adds linearly,

which gives:

12
/HMA(E)‘]E = non 2N Fen (7)

where A{E) is the absorption coefficient as a function
of the energy, N is the number of quantum wells, and
n Is the refractive index.

The experimental results for the heavy-hole EOS
(closed circles in Fig. 5) show a great dispersion which
can be due to the difficulty of measuring large optical
densities and/or to the assumption that the quantum
well absorption adds linearly independently of the bar-
rier thickness. Nevertheless the average value measured
for the e;hy EOS coincides with the theoretical estima-
tion made using the bulk AErr. For the light-hole
the theory predicts an important reduction of the oscil-
lator strength at large superlattice periods due to the
spatial separation of electrons and holes and the result-
ing decrease of the wavefunction overlap. Experimen-
tally the e;l;y EOS (closed squares in Fig. 5) is found
to be essentially independent of the superlattice period
which strongly desagrees with the theoretical predic-
tion. This points toward a highly correlated motion of
the electron-hole pair which leads to the formation of an
interface exciton. This localisation could be enhanced
by a surface electric field or by structural differences

between the two interfaces.

III. Cdte/Cd;_,Mn, multiple quantum wells

In the CdTe/Cd;_Mn;Te system the replacement
of the Cd atoms by those of the Mn alters not only

the band-gap energy!!l, but also leads to an exchange
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Figure 5: Oscillator strength measured for e;hy (closed cir-
cles) and ;11 (close squares) for samples S7, S8, 510, S11,
S12, and S13. The lines show tlie resulis obtained for ek
(solid line) and e:!; (dashed ling) using eq. (5).

interaction between tlie spins of the carriers essen-
tially confined in tlie CdTe layers, and those of the
paramagnetic Mn?+ ions located in the Cdj_,Mn,Te
barriersl!].  These exchange effects cause a lot of
nem spin dependent phenomena like large Faraday
rotation(!?], magnetic polar01ls[]3*'4], and their dynam-
ical behaviorlt5:16], Noticeably, the formation of the
magnetic polarons is expected to greatly influence tlie
recombination dynamics in thesc structures. However,
tlie far most spectacular property, due to the spin ex-
cliange, is the so-called giant Zeeman splitting of the
band edges(!™.

magnetic field at low temperature opens the unique

Thus, the application of an external

possibility of a magnetic tuning of the barriers heights
experienced by the carrierst®19].

A. Experimental details

The structures investigated were pseudomorphically
grown by MBE on a {00!}-oriented InSh substrate.
The growtli temperature was 235°C. Further details of
tlie growth are given in reference [20]. The growth was
initiated by a 0.1um layer of CdTe ancl the MQW stack
clad between two 0.15pm layers of Cd,_,Mn.Te, ench
with tlie same manganese content as the barrier lay-
ers. The two samples described in cletail here were each
grown with eight wells of widths 7.5 and 35 nm respec-
tively. We refer to these as samples | and IT (see Table
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Table II. Structural parameters and observed exciton
transition energies for samples | and II. All energies
are given in meV, ancl tlie well (Lw ) and barrier (Lg)
widths in nm.

Sample Lw Lp e hi(1S) e hi(25) e1ls
1 75 20 1619.2 1639.2 1626.2
11 15 20 1602.6 1615.2 1607.3

II). Tlie barrier thickness were 20 nni in each structure.

Magneto-optical investigations were carrier out with
the samples mounted, strain free, in a superconduct-
ing magnet, and immersed in overpumped liquid he-
lium. Photoluminescence (PL) and photoluminescence
excitation (PLE) were performed in both Faraday and
Voigt configurations with the sample excited by a pyri-
dine dye laser. Since the magnetization of the samples
vary strongly with temperature the sample temperature
lias to be carefully controlecl; therefore to avoid heat-
ing of the manganese spin system the laser beam was
loosely focused with a power level mantained bellow
0.01 W/cm?.

B. Zero-field spectra

PL and PLE spectra of sample II are shown in Fig.
6. The lines observed in both spectraat 1602.6 meV are
due to tlie ¢; ~y free exciton. The absence of a Stokes
shift ancl the small linewidths, &~ 1 meV, are represen-
tative of good quality samples. The relative intensity
of tlie PL line observed 2.8 meV below the free exciton
line decreases as the laser power isincreased; we assign
it to an exciton trapped on a donor. A polarized PL
studyl®!] diowed that the line at 1607.3 meV is related
to aliglit-hole transition; it is assigned to the e;l; ex-
citon. The large diamagnetic shift observed leads us to
assign the 1615.2 meV line to the 2s state of the e, h,
free exciton. Sample | has similar spectra.

C. Parallel magnetic field

Due to the exchange interaction between the car-
riers ancl tlie magnetic ions, it is possible to tune
tlie band-gap of the magnetic layers, and hence the
conduction- and valence-band offsets, by application of
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Figure 6: Photoluminescence (dashed line) and photolumi-
nescence excitztion (solid linc) spectra of sample 1I at 1.45
K. Tlie excitation spectrum was recorded whilst monitoring
the impurity band at 1596 meV.

a magnetic fizld. Thus tlie applied field can induce
large changes of the carrier confinement energies and
the EBE8:22 Eventually if the changes of the band
offset are large enough a field-induced transition of the
MQW from type | (direct ground state transition in
real space) to type II (indirect ground state transition
in real space) may take place. Such transition have
been observed by Liu ¢t. ol[23] in ZnSe/Zn;_,Fe,Se
structures and by Deleporte et. o704 in {111}-grown
CdTe/Cdy_,Mn,Te structures with * = 6.7%. How-
ever, in a (001) CdTe/Cd;-,.Mn,Te structure with the
same manganese concentration Wasiela ¢t. ol '8! found
no evidence for this transition. In an attempt to bet-
ter understand this transition, we have chosen MQW
samples with small manganese concentrations in the
range of 3% t> 5%, as described above. This range
was chosen because at small manganese concentrations
the relative vaiiations of tlie band offset with magnetic
field are the largest. This occurs because it is only at
very small z (< 2%) that tlie magnetic susceptibility of
Cd; —Mn, Te increases lincarly with z 071, At higher
concentrations the susceptibility increases less rapidly
and eventually decreases at = > 15% as more and
more manganese ions form antiferromagnetically cou-
pled pairs which do iiot contribute to the susceptibil-
ity. On the other hand the band-gap of Cd;_,Mn,Te,
and hence the bhand offsets, vary lineraly with . Thus
the type | to type II transition should be most readily
observed at low x values. At low x values the ]>ar-
rier heights, ard hence the carrier confinement ener-
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gies, are small and may be coinparable with the EBE’s
of about 15 meV so that the interpretation of the low-
temperature optical spectra requires a precise determi-
nation of the EBE’s. All additional advaritage of using
low-2 Cd;_.Mn.Te layers is that the lattice mismatch
to the InSh substrate is small, 0.07% ate z = 5%, and
pseudoinorphic structures of high quality can be grown.

In Fig. 7 the Zeeman splitting of the PLE lines
measured at 1.5 K is shown for sample IT with a mag-
netic field applied paralled to the growth axis. Each
line splits into a doublet with the ¢+ and ¢~ compo-
nents nearly 100% polarized. The splittinps are larger
by one order of magnitude than those observed in the
non-magnetic CdTe/Cdy_,Zn,Te structures. The ef-
fect of applying a magneticfield, parallel to the growth
direction, to the MQW structure is shown in Fig. 8.
The magnetic field causes large changes in the barrier
heights which in turn result in changes of hoth the car-
rier confinement energies and the EBE’s13:22,

We now describe various simulations which show
that the large band-gap decrease, expected to be ob-
served in ot polarization at the type | to type II tran-
sition, may be fully compensated hy asimultaneous de-
crease Of tlie EBE. We first discuss the three diagrams
on tlie left-hand side of Fig. 9 which refer to sample
IT. The band-gaps are calculated in the effective mass
approximation with the heavy- and light-hole longitu-
dinal effective masses given in terms of the Luttinger
parameters (v, F 2v;)~'. Because the Mn composi-
tion in tlie alloy is small, the Luttinger parameters are
taken from the CdTe optical datal?®! for both CdTe
and Cd,_.Mn,Te. The binding energies have been cal-
culated with a variational model that is applicable to
quantum wells with a small or negative valence band
offset(24].

In the upper diagram of Fig. 9(a) the shifts of the
band-gap are very asymmetrical, due to the larger rel-
ative variation of the +3/2 VBO with magnetic field.
The arrows indicate the type | to type II transition. In
the centre diagram (b) we show the binding energies,
E}, and Ej of the 6% and ¢~ heavy-hole excitons as
a function of the magnetic field. Large variations of
the E¥ are observed in the vicinity of the type | to
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Figure 7: Zeeman spliting o tlie exciton lines observed in
sample 11 at 1.45 K, with closed circles the o and tlie
open circles tlie o~ polarizations. Tlie curves show pre-
dicted splittings for different values of 6, tlie fraction of tlie
band offset in the vaence band: § = 0.2 (daslied lines),
§ = 0.3 (solid lines), and 6 = 0.4 (dashed-dotted lines).

LIGHT-HOLE
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Figure 8. Effect o ainagnetic fidd applied parallel to tlie
growth axis on the bantl edges o a CdTe/Cd;i...Mn,Te
quantum Well. Tlie solid lines show tlie band edges at zero
inagnetic field while tlie effect o applying a magnetic field
is shown by the changes in tlie barriers height given by the
dashed and dotted lines. The dotted and dadlied Lines iuside
o the quantum wel represent the energy o tlie confined
states of the corresponding giiantum wells formed by the
dotted and daslied barriers. Tlie o+ and ¢~ optical transi-
tions observed in PLE are shown by the vertical arrows.
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type 1I transitions; as the valence band barrier height
approaches zero, E}; approaches the three-dimensional
values, 10 meV, and for higher inagnetic fields the bind-
ing energy reaches a plateau of about 5 mev for 6 = 0.2.
In the lower diagram (c) we show the energy shifts of
the ot and o~ excitons, calculated from the difference
of tlie two upper curves. Because the band-gap and
binding energy variations counteract, the shape of the
lower curve can depend niarkedly on the value of the
assumed VBO and of tlie other parameters such astlie
width of the quantum well. This is well illustrated when
data for § = 0.2 and 0.3 are compared.

Tlie three diagrams on the right-hand side of Fig.
9 apply to sample | and illustrate the effect of reduc-
ing the quantum well width from 15to 7.5 nm. Whilst
the magnetic-field-induced changes of the hinding en-
ergy remain nearly the same, the band-gap variations
in sample | are much larger than those of sampleil asa
result of tlie larger confinement energies. Consequently
the variations of the exciton energies with applied field
are also larger. The lower diagram (c) also shows that
for sample | there is no clear signature of a type | to
type II transition whereas there is a clear step-like fea-
ture for sample11 when 6 = 0.2.

The great sensitivity of the shape of the magnetic
variation of the ot e, hy exciton energy to the various
parameters such as band offset and quantum well width
may explain the previously reported(2* observation of
aplateau in asample similar to |. However, thissample
was grown along the {111} direction so that the strain-
induced piezoelectric field may also be at the origin of
these differences. The experimental Zeeman data for
tlie two samples are also shoivn in the lower diagrams.
For sample Il the date indicate a value of 6 equal t0 0.3
or larger. Simulations for 5 = 0.4 are not significantly
different from those of 0.3. Thusthese dataare consist-
ing with the measurements previously reported*¥l on
a superlattice with well and barrier widths of 7.5 nm
and with a manganese composition of 6.7%. The mag-
netic splittings observed for sample | are larger than
those calculated assuming 6 = 0.3. This may be due
to a slight diffusion of manganese into the quantum
well where interaction with the carrier is high. The en-
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Figure 9: Calculated variation with magnetic field of (a)
tlie band-gap energies, (b) the binding energies, and (c) tlie
transition energies o the heavy-liole exciton for sample 11
(left part o tlie figure) and sample | (right part). The cal-
culation are shown for two values o 6, the fraction o the
total band offset in the valence band: 6 = 0.3 (solid lines)
and 6 = 0.2 (dashed lines). The arrows indicate the mag-
netic field at which tlie type | to type 1I transitions occurs.
The points show tlie experimental data.

hancement of the Zeeman effect due to such adiffusion
in a smooth interface can be very large in a quantum
well with a high Mn content iii tlie barriex['®]. This ef-
fect, if riot taken into account will lead to a significant

underestimation of the VBO.

D. Perpendicular magnetic field

We analyse now the Zeeman splitting ohserved for a
magnetic field applied perpendicular to the growth di-
rection. Due ;o the anisotropy of the valence band, tlie
Zeeman effect. shows a complex hel-iavior: very strongly
asymmetric splittings are observed, reflecting tlie vari-
ation of the ‘best" quantization axis from the growth
direction at zero field to the magnetic-field direction.
At low field “he four lowest valence-band eigenstates
are well described in terms of heavy- and light-holes
states and the Zeeman splitting within the heavy-liole
doublet is quilesmall asisalso tlie case in non-magnetic
heterostructures®6l. At high field the best quantization
axisis along t he field direction and large Zeeman shifts

are observed.
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The PLE spectra of samplel shown in Fig. 10 were
measurecl in the Voigt configuration while monitoring
the D°X emission. The field was applied perpendicu-
lar to tlie growth direction and the laser beam was po-
larized either parallel () or perpendicular (C) to the
applied field.

intensity {arb.units)

0T A,
" L n i J L L 1 I
1.61 162 1.63 161 1.62 1.63
Energy (eV)

Figure 10: Photoluminescence excitation spectra measured
in tlie Voigt configuration with the magnetic field equal to
0,1, and 3T. (a) C and (b) 7 polarizations. The lines are
noted 1, 2, ..., 8in accordance with the transitions identified
in Fig. 12. The R line is due to Raman scattering.

1635
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Figure 11: Zeeman splittings observed at 1.45 K (circles
- C polarization; triangles - = polarization). The curves
show the calculated Zeeman shifts: dashed lines show tran-
sitions originating from the |{,1/2) and |k, —3/2) valence-
baud states; dashed-dotted lines show transitions originat-
ing from the|!, 3/2) and |k, —1/2) valence-band states. The
numbers correspond to the lines shown in Figs. 10(a) and
Figs. 10(b) and to the transitions identified in Fig. 12.

Tlie lilies observed at 1619.2 and 1626.2 meV in
zero fidcdl are assigned to the e;h; and eil; excitons
respectively. In an applied field each line splits into
two C and two 7 components. Thus, eight transitions
are observed. Their energies are plotted in Fig. 11

as a function of the magnetic field. This fan diagram
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is very different from tlie oue observed when the mag-
netic fidd is applied parallel to tlic growth direction
(Fig. 7). In Faraday configuration both the heavy-
and light-hole excitons split nearly symmetrically into
two components with opposite cireular polarization o+
and a- . In Voigt configuration, at small field, the Zee-
man splitting of thc heavy-hole exciton is very small,
as expecled theoretically and as observed!®’l in non-
magnetic quantum wells. At high field large splitting is
observed due to large mixing of tlie heavy~ and light-
hole statcs induced by the magnetic ficld.

Tlie Zeeman splittings have been caleulated®™) for a
CdTe quantum well surrounded by Cdy_,MngTe bar-
riers with a magnetic field applied perpendicular to the
growth direction. Tlieresult of this calculation is shown
in Fig. 12a. The notation of the confined eigenstates®™
|v, m) rcflects their behavior at zero field. (¢ = h and {
refers t0 heavy- and light-holes) and at high field (the
cigenstates are labeled m = +3/2,4+1/2,—-1/2.-3/2in
order of increasing encrgg). We can see in Fig. 12
that at small field tlie heavy-hole Zeeman splitting is
vanishingly small. One also notice the anticrossing of
the |, +1/2) ancl |k, —3/2) states at 2 T. For compari-
son, the Zeeman splittings calculated for aficld applied
along the growth axisareshown in Fig. 12b. As already
noticed, the splitting in the conduction band isindepen-
dent. of the orientation of the magnetic field. Opposite
to that, the valence-band Zeeman effect is strikingly
anisotropic.

The cnergies of the transitions allowed in C ancl =
polarizations, calculated using the confinement energies
shown in Fig. 12 and assuming an IEBE independent of
tlie magnetic field and equal to 13 meV are plotted iii
Fig. 11. A good overall agreement between tlie theoret-
ical results and the experimental data is observed. At
small field, the lines involving heavy-holes exhibit much
smaller splitting tlian those involving light-holes. The
splitting between lines 8§ and 7. which involve transi-
tions originating from the same |{, +3/2) valence band
states, measures the Zeeman effect in the conduction
band. Thisis aso true for lines 6 and 5, which involve
transitions originating from the |/, +1/2) valence band

states. Therefore, these two splitting should be equal,

V. A. Chitta

which is not the case; the ineasured splitting originat-
ing from |[,+3/2) is appreciably larger tlian the one
from [I,+1/2). We attribute this difference to exci-
tonic eflects. Analyzing the Zeeman effect ohserved for
a field applied along the growth axis, we can see that
the exciton binding cnergy varies rapidly with the mag-
nctic fielcl. This is specially true for samples with low
manganese concentration in the barrier where the off-
set of the -3/2 subband niay become very small or even
negative (type Il structures). We recently measured
spin-flip resonant Raman scattering for a field applied
in the plane of the layer, i.e. we directly measured the
conduction-band Zeeman splitting. We found a value
which is intermediate between the two values rneasured

in the present experiment.

V. Summary

In the first. part of this paper we have shown the ef-
fect Of changing tlie buffer layer on the band structure
of a SLS CdTe/Cd;_,7Zn, Te. We alsoshow that the ex-
citon binding energy of type 11 e;{; excitons decreases
at large superlattice periods as predicted theoretically.
The corresponding variations of the oscillator strength
are not ohserved experimentally. The origin of these
discrepancies would deserve more elaborated calcula-
tions taking into account the valence band mixing and
a possible excitons localisation near an interface.

For the CdTe/Cd,_.,Mn,Te MQW system with
small manganese content in thr: barriers, we have shown
that atype | to type II transition takes place at mod-
erate magnetic field applied along the growth axis.
The Zeeman enecrgy shift of the ¢t heavy-hole exci-
ton does not show any clear signature, such as a step
or a plateau, at the transition. Calculations show that
this is due to the nearly perfect compensation of the
magnetic variations of the band-gap ancl of the exciton
binding energy. A magnetic field applied perpendic-
ular to the growth direction induces large mixing of
tlie valence-band subhands. This mixing occurs inde-
pendently in the (-3/2, $1.2) and (+3/2, -1/2) mani-
folds. It reflects the variation of the best quantization
axis from the growth axis toward the magnetic-field di-
rection. A calculation of the Zeeman splittings made
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Figure 12: Quantum well energy levels as a function of the magnetic field: (a) in-plane field, allowed transitions in C and =
polarizations. The numbers correspond to the lines shown on the experimental spectra of Figs. 10(a) and 10{b). (b) field

applied parallel to tlie growth axis

in the envelone-function approximation accounts fairly
well for the experimental results. The remaining dig-
crepancies ars probably due to variation of tlie exciton

binding energies with the magnetic field.
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