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Optical properties of tilted II-VI superlattices grown on vicinal surfaces
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We have investigated the lowest emission state in tilted superlattices as a function of their tilt angle. The
II-VI tilted superlattices, CdTe/CdxMg12xTe and CdTe/CdxMn12xTe, were obtained by molecular beam epi-
taxy on vicinal substrates misoriented by 1°, which corresponds to a 186-Å terrace width. The tilt sensitivity
of the optical properties is shown by both theoretical calculations and experimental results. The one-
dimensional character is studied experimentally by optical spectroscopy in both excitation regimes: continuous
wave and time-resolved spectroscopy. In continuous-wave photoluminescence spectra, an energy redshift of
about 15 meV is observed when the superlattice is vertical. Such behavior is accounted for quantitatively by a
theoretical approach that uses a periodic modulation potential to describe the lateral confinement and that takes
into account the intermixing between Cd atoms and Mn~Mg! ones. In time-resolved spectroscopy, a tempera-
ture dependence of the decay time that is typical of exciton thermalization in one-dimensional systems is
observed. Both these results, the energy shift and the lifetime dependence, are very sensitive to the one-
dimensional character, that is, to the tilt angle of the tilted superlattice, as calculated theoretically.
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I. INTRODUCTION

Organized growth of semiconductors on vicinal surfac
is an attractive way to realize one-dimensional quant
structures in a single technological step. The advantag
this approach is that the array of quantum wires, also ca
a lateral or tilted superlattice, can have a period on the 10
scale with a lateral confinement potential that depends on
degree of modulation of the lateral composition. The
peated deposition of a fractional monolayerm of materialA
followed by a fractional monolayern of materialB results in
a tiltedAmBn superlattice~TSL!. TSL’s of III-V compounds
have been reported extensively~see, for example, Refs
1–5!, and more recently TSL’s of II-VI compounds hav
been grown by atomic layer epitaxy.6 Practically, one of the
main challenges is the precise control of the imping
atomic fluxes, to get a surface coveragep5m1n as close as
possible to unity, for which the TSL is vertical; any depa
ture« from p equal to unity (p511«) leads to a severe til
of the TSL with respect to the@001# growth direction. The
present paper deals with this problem, namely, the str
dependence of the electronic properties of II-VI TSL stru
tures on«, presenting both theoretical and experimental~op-
tical! results.

As concerns the optical measurements, we will focus
the problem of photoluminescence~PL! dynamics in quan-
tum wires ~QWR’s!. In particular, we report measuremen
of PL decay times and their temperature dependence
nanometer-scale QWR’s, and compare these results
0163-1829/2001/63~16!/165304~10!/$20.00 63 1653
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those obtained for quantum wells~QW’s!. The radiative life-
time of excitons confined in ideal quantum wires has be
predicted7 to be one order of magnitude higher than that
excitons confined in QW’s.8 These theoretical predictions a
sume that excitons are free to move in the unconfined di
tion so that only excitons with a center-of-mass wave vec
smaller thank0 ~where k0 is the wave vector of a photon
having the same energy as thek50 exciton! can decay ra-
diatively with conservation of energy momentum. In re
heterostructures, however, it is difficult to observe this intr
sic radiative lifetime directly due to localization of the exc
tons, which is induced by potential fluctuation, alwa
present in the quantum heterostructures.9 Evaluation of the
intrinsic radiative lifetime in nanostructures relies on me
surement of the temperature dependence of the decay ti

In QW structures, a linear increase of the effective lif
time with temperature has been predicted8,10 for a two-
dimensional~2D! exciton, with a slope proportional to th
intrinsic radiative lifetime. This is due to the thermal distr
bution of the exciton population: when the temperature
creases, the fraction of excitons that participate in radia
decay ~that is, those with a wave vector smaller thank0)
decreases, and so the effective lifetime is longer than
radiative one and has a linear temperature dependence.

As concerns the QWR’s, a similar calculation was p
formed by Citrin7 who predicted that the effective lifetim
would vary as the square root of temperature due to the
ferent densities of states in a one-dimensional system. Pr
ous experiments on V-groove GaAs QWR’s~Ref. 9! and on
©2001 The American Physical Society04-1
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cleaved-edge-overgrown GaAs QWR’s~Ref. 11! estimate
the intrinsic radiative lifetimes from this temperature depe
dence. The time-resolved spectroscopy data reported he
a function of temperature show such 1D behavior in II-
TSL structures.

The paper is organized as follows.
We first present a theoretical approach that allows us

describe the electronic properties of the TSL system a
function of the tilt angle. This theoretical calculation is bas
on a previous theoretical model developed by Me´lin and
co-workers12 for GaAs/GaxAl12xAs TSL systems. In the
present case, for II-VI TSL systems, the modulation poten
that describes the lateral confinement is of the same orde
magnitude as the kinetic energies of both electrons
holes. As a consequence, a complete calculation~using a
wide basis! of the energy states and the wave functions of
electrons and holes in the TSL is presented in detail.

In the second part, the procedure for growing II-V
TSL’s, in two types of materials system
CdTe/CdxMn12xTe and CdTe/CdxMg12xTe, is described in
detail. These TSL’s are characterized by their cw photolu
nescence spectra: the energy redshift observed for the
tonic emission is related to the tilt angle of the TSL, and
compared to the theoretical calculation. This allows us
confirm the 1D character of the appropriate part of the
lected area of the sample, and to study the limitations of
lateral confinement due to some intermixing between Cd
Mn ~or Cd and Mg!.

Finally, a systematic study of the decay time versus te
perature is performed by time-resolved spectroscopy for b
the QW and the TSL excitonic emissions. When the TSL
vertical, the PL decay times in the TSL were found to va
less with increasing temperature than those of the refere
QW; moreover, the decay time dependence is roughly p
portional to the square root of temperature. Such a temp
ture behavior of the lifetime is an unambiguous signature
a 1D system and allows us to show that theintrinsic radiative
lifetime is two orders of magnitude larger in the QWR th
in the QW.

II. THEORETICAL APPROACH

A. Modeling of the tilted superlattice

The TSL heterostructures consist of arrays
CdTe/Cd0.76Mn0.24Te quantum wires stacked in thex direc-
tion and parallel to the@010# crystallographic orientation; the
whole structure is embedded in Cd0.74Mg0.26Te barriers along
the y growth direction parallel to@001# @see Fig. 1~a! for a
complete sketch of the TSL#. Instead of the expected abru
modulation between pure CdTe and Cd0.76Mn0.24Te, we get
something close to a sinusoidal modulation betwe
Cd0.92Mn0.08Te and Cd0.84Mn0.16Te compositions: it enable
us to take into account the intermixing of Cd and Mn, whi
occurs during the epitaxy, as studied before.13,14 This inter-
mixing model, which is discussed in Sec. III B, leads to M
compositions in the middle of the wire and the middle of t
barrier of 8% and 16%, respectively. The lateral confinem
inside the TSL is well described by a sinusoidal modulat
potential:
16530
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VN~x,y!5VNmodcos~2px/Lx22p«y/a!, ~2.1!

where« is the tilt parameter as previously defined,Lx the
terrace width,a53.24 Å is the step height of the vicina
substrate, andN5C or V for the conduction or the valenc
band, respectively. We also introduce the tilt angleb that is
simply given by tanb5«Lx /a. The numerical values o
VNmod corresponding to a CdTe/CdxMn12xTe superlattice
~Mn TSL! are the following:VCmod542.5 meV andVVmod
521.25 meV. The potential expression~2.1! includes a
‘‘classical’’ part 2px/Lx that takes into account the wir
periodicity along thex direction, but also a contribution
2p«y/a that enables us to deal with the superlattice tilt.

FIG. 1. ~a! Sketch of the tilted superlattice with all the param
eters used for our calculation; the lateral confinement in thex di-
rection arises from the modulation potentialV(x,y) ~see text!; the
tilt angle b is given by tanb5«Lx /a; ~b! Calculated energy shift
for a CdTe/Cd0.76Mn0.24Te superlattice versus«, and for three dif-
ferent misorientationsa: 2°, 1°, and 0.5°, corresponding to te
race widths of, respectively, 93 Å, 186 Å, and 371 Å;~c! calcu-
lated energy shift for a 1° misorientation versus«, and for two
different compositions: a CdTe/Cd0.76Mn0.24Te superlattice, and a
CdTe/Cd0.74Mg0.26Te superlattice.
4-2
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the growth direction (y), the potentialVN8 (y) is due to the
Cd0.74Mg0.26Te barriers, i.e.,VN8 (y)50 inside the TSL width
(0,y,Ly), andVN8 (y)5VNout8 in the barriers. Initially, we
will consider the barriers in they direction as infinite, i.e., we
takeVNout8 5`(N5C or V); this approximation will be dis-
cussed at the end of Sec. II C. Finally, no strain effects
included because the Cd0.74Mg0.26Te barriers match the
Cd0.96Zn0.04Te substrate and the mean composition of
TSL, Cd0.88Mn0.12Te, gives a strain of 0.03%, which is neg
ligible given the other uncertainties.

We calculated the confinement energies and the ass
ated envelope functions in both the conduction and the
lence band for different values of« between21 and11,
for a given miscut anglea, i.e., for a given terrace widthLx .
Since our goal is to compare the properties of the TSL
different values of«, and assuming that the exciton-bindin
energy does not vary much in the considered« range,12 we
will not take it into account. Before describing the gene
calculation, we first focus on particular cases, correspond
to large tilt angles (b>89 °, i.e.,u«u>1) and perfect vertica
superlattices (b50, i.e.,«50).

Finally, this calculation is also applied to Mg TSL’s, wit
the following potential values corresponding to arra
of intended composition CdTe/Cd0.74Mg0.26Te: VCmod
546.2 meV andVVmod523.1 meV.

B. Limiting cases

1. Case of the large tilt anglesb

Let us consider a 1° misoriented surface, and a tilt co
sponding to«50.1. This gives a tilt angleb of around 80 °.
Therefore, we shall consider that for values ofu«u>1 ~i.e.,
b>89 °), there is no longer a superlattice but a simple qu
tum well having the mean composition ~here
Cd0.88Mn0.12Te). In this case, we treat the heterostructure
a Cd0.88Mn0.12Te quantum well with infinite barriers. Th
calculation is therefore analytical, and the resulting confi
ment energy gives a reference for the subsequent calc
tions.

2. Vertical superlattice:«Ä0

For zero tilt angle, the heterostructure corresponds t
perfect vertical superlattice. In this particular case, the mo
lation potentialVN(x,y) no longer depends ony, and is sim-
ply VN(x). The confinements in thex andy directions can be
separated. In the growth direction (y), the confinement is
associated with a Cd0.92Mn0.08Te quantum well, embedded i
Cd0.74Mg0.26Te barriers considered as infinite~see end of
Sec. II C!. In the lateral direction (x), the confinement po-
tential is VN(x)5VNmod cos(2px/Lx). Assuming a parabolic
approximation for both the conduction and the valence b
dispersions, the Schro¨dinger equation for thex-direction mo-
tion is the following:

2
\2

2mN

d2w

dx2
1VNmodcos~2px/Lx!w5ew, ~2.2!
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with mc50.096m0 andmv50.6m0 ~heavy-hole mass!. This
equation can be rewritten, withv5px/Lx , as

d2w

dv2
1@a22q cos~2v !#w50 ~2.3!

with a5e/ENc and q5VNmod/(2ENc). ENc is the kinetic
energy of the particle for kx5p/Lx , i.e., ENc
5\2/2mN(p/Lx)

2. Equation ~2.3! corresponds exactly to
Mathieu’s equation:15 we are then able to calculate the ene
giese of the TSL and its wave functionsw along thex axis.
With the numerical values given above~i.e., for a Mn TSL
on a 1 °C substrate!, the total confinement~conduction1
valence band! obtained in the wires induces an energy re
shift of 27 meV. Here the reference for the redshift is t
quantum well of Cd0.88Mn0.12Te, i.e., the situation for large
values of« ~see Sec. II B 1!. Thus, a redshift is expected fo
the luminescence peak of the TSL when going from a til
superlattice to a vertical one.

C. Numerical calculations in the general case

We obtained the ground-state energy and envelope fu
tions of the TSL numerically using the Luttinger formalism
The calculation cannot be simplified here as it was done
the case of GaAs/GaxAl12xAs TSL’s ~see Ref. 12!. Indeed,
in the latter case, the coupling induced by the modulat
potential was restricted to threekx states, namely,kx50 and
kx562p/Lx . This was justified by the smaller values o
VNmod as compared with the ones of the kinetic energiesENc
of both electrons and holes, especially whenkx.2p/Lx . For
GaAs/GaxAl12xAs TSL’s, these values are typically:

VCmod/2

Ec
2p
Lx

'0.320.4 and
VCmod/2

Ec
4p
Lx

'0.1

for the conduction band,

VVmod/2

Ec
2p
Lx

'0.420.6 and
VVmod/2

Ec
4p
Lx

'0.1520.2

for the valence band.

By contrast, these ratios are completely different for o
CdTe/Cd~Mn,Mg!Te TSL’s, where

VCmod/2

Ec
2p
Lx

'0.420.5 and
VCmod/2

Ec
4p
Lx

'0.120.2

for the conduction band,

VVmod/2

Ec
2p
Lx

'3.223.3 and
VVmod/2

Ec
4p
Lx

'0.820.9

for the valence band.
4-3
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This is due to the larger modulation potential present
our samples and the smaller kinetic energies due to
heavier effective masses in II-VI as compared to III-V sem
conductors. Thus in the present case, the calculation
three coupling states is not justified anymore, especially
the valence band. We consider here a complete calcula
for which a wide basis was used, not only along thex direc-
tion ~lateral modulation!, but also along they direction
~growth axis!.

Our calculation is an extension of a calculation done
isolated quantum-wire heterostructures.16 In the present case
the effective-mass Hamiltonian is projected on a Fourier
sis that allows us to deal with the periodic part of t
VN(x,y) modulation potential. The basis envelope functio
are then
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ALx

expi Fkx1nS 2p

Lx
D GxL UA 2

Ly
sinS n8py

Ly
D L .

~2.4!

The envelope functions and the associated confinem
energies are determined for a zero wave vectork @wherek is
parallel to the direction of the wires (z), which is the spin
quantization axis as well#. The conduction band is treated a
a parabolic band near the minimum, and the topmost vale
band is described by the Luttinger-Kohn Hamiltonian. Th
the conduction-band Hamiltonian is writtenHC5(px

2

1py
2)/2mc1VC(x,y)1VC8 (y), wheremc is the electron ef-

fective mass,mc50.096m0. The valence-band Hamiltonia
is written: HV5HLK1VV(x,y)1VV8 (y), whereHLK is the
Luttinger-Kohn Hamiltonian. Withkz50, HLK is reduced to
a 232 matrix in the basisu3/263/2&, u3/271/2&:
HLK5S 2
\2

2m0
D F ~g11g2!~kx

21ky
2! 2A3@g2~kx

22ky
2!22ig3kxky#

2A3@g2~kx
22ky

2!12ig3kxky# ~g12g2!~kx
21ky

2!
G ~2.5!
een
t of
1°

1°

l to
le-

c-
with kx52 i ]/]x, ky52 i ]/]y. The Luttinger parameter
areg155, g251.6, andg352.1.17 The wave function of the
ground state of the valence band atkz50 is
F3/2,63/2(x,y)u 3

2 6 3
2 &1F3/2,71/2(x,y)u 3

2 7 1
2 &. With the above

axes, where the spin quantization is parallel to the w
uF3/2,71/2u.uF3/2,63/2u contrary to the situation where the sp
quantization is normal to the wire.16,18 In the case of interest
the calculation shows thatuF3/2,71/2u@uF3/2,63/2u ~about ten
times larger!, so that only theuF3/2,71/2u component is given
in Fig. 2.

The calculation was carried out withn50,61 . . .612
and n851,2 . . . 25. Thenumerical accuracy is then of th
order of 1 meV.

It is important to notice that the particular case«50 is as
well described with Mathieu’s equation~Sec. II B 2, para-
bolic bands approximation!, as with the general calculatio
~which is numerical but takes into account the valence-b
structure!. However, when«5” 0, the general calculation i
required since the lateral potential depends on both varia
x andy, which can no longer be separated. Furthermore
order to justify takingVNout8 5`, a complete calculation wa
performed once using the exact finite values in
Cd0.74Mg0.26Te barriers, namelyVCout8 5223.3 meV and
VVout8 5111.6 meV. This lengthy calculation gave a confin
ment energy that differed by less than 1 meV from the re
for VNout8 5`. Given the experimental and numerical acc
racies, the infinite barrier approximation is thus justified.

D. Numerical results

The numerical results are presented in Fig. 1~b! ~Mn TSL,
various miscut angles! and Fig. 1~c! (1° miscut, TSL with
Mg or Mn composition! for the energy calculation. Figure
gives the envelope function representations for a 1°
TSL.
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The two main characteristics of a 1D behavior can be s
in these figures. The first one is the clear energy redshif
the ground-state emission of the TSL, about 30 meV for a
Mn TSL, which increases with the terrace widthLx , that is,
with the wire periodicity, as can be seen in Fig. 1~b!. Note

FIG. 2. Normalized modulation potentialV(x,y)/Vmod and
squared modulus of electron and hole envelope functions for a
Mn TSL, represented versusx and y, for three different values of
N«, namely, 0, 1.5, and 10. The spin quantization axis is paralle
the wire. Fs represents the electron-envelope function; the ho

wave function is writtenF3/2,63/2(x,y)u 3
2 6

3
2 &1F3/2,71/2(x,y)u 3

2

7
1
2 &, but only the larger componentF3/2,71/2 is given here~see

text!, and written asF1/2. The electron- and hole-envelope fun
tions have a clear 1D behavior for«50, and we see the evolution
toward a 2D behavior whenN«510 («50.33); the intermediate
case whereN«51.5 ~i.e., «50.05 andb570°) is already rather
2D-like.
4-4
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also that, considering a 1° substrate, a Mg TSL gives a la
redshift ~36 meV! than a Mn TSL@28 meV, see Fig. 1~c!#.
The second characteristic is related to the spatial extensio
the envelope functions, and can be seen in Fig. 2: the e
tron and hole envelope functions have a clear 1D beha
for «50, since both electron and hole are confined inside
wire. In that case, the wire section in thex direction corre-
sponds to the dark regionxP@45 Å; 135 Å# of Fig. 2.

As pointed out in Ref. 12, the physical parameter t
controls the confinement~1D or 2D! is N«, where N
5Ly /a corresponds to the number of monolayers depos
while growing the TSL (N will always be equal to 30 for the
superlattices studied here, see Sec. III A for more details c
cerning the growth!. Indeed,N«50 gives a vertical super
lattice, whereas whenN«'1 we begin to have more tha
one wire per pattern@seeV(x,y) in Fig. 2 whenN«51.5];
in other words, the carriers can move alongx as much as
alongy, i.e., the transition from 1D toward 2D is occurrin

Moreover, from these figures one can deduce the str
limitations on a 1D behavior, or in other words, the limitin
factors that will destroy the lateral confinement. Indeed,
redshift of energy occurs in a very thin region around«50
~considering a 1° misoriented sample,«50.1 already gives a
tilt angle b of around 80° as stated above, and a reds
smaller than 2 meV!. This feature is also reproduced in th
envelope functions~see Fig. 2!: whenN« goes from 0 to 10
~i.e.,« from 0 to 0.33! one can see the evolution toward a 2
behavior where both electron and hole are no longer confi
in the lateral direction (x). Note that the intermediate cas
whereN«51.5 ~i.e., «50.05 andb570°) is already rather
2D-like. Another key parameter controlling the 1D behav
is the miscut angle, or the terrace width. Indeed, for la
miscut angles (a52°), the 1Deffect is small due to the low
periodicity (Lx593 Å) that allows a strong coupling be
tween adjacent wires. When the lateral periodicity gets lar
~smaller miscut angles!, such a coupling effect decrease
which is reflected by a larger energy redshift for the 1
behavior@see Fig. 1~b!#.

However, from the experimental point of view, one has
keep in mind that the longer the terrace is, the harder it i
grow a lateral superlattice: indeed, as the terrace width
creases, the adatoms have to follow a longer path in orde
enable the step-flow growth mode. To grow a TSL, one m
increase the growth interruption times under vacuum an
increase the substrate growth temperature, but both co
tions will also strongly increase the Cd/Mn or Cd/Mg inte
mixing, which tends to limit the lateral potentia
modulation.13 In practice, it will thus be difficult to grow a
lateral superlattice on a vicinal surface tilted less than 1°

III. FABRICATION AND OPTICAL CHARACTERIZATION

A. Design of the samples

The growth of lateral superlattices on vicinal surfaces
based on the step-flow growth of fractional monolay
~ML’s ! over a very regular array of monomolecular steps.
order to fulfill the latter condition, we grow the TSL on@001#
surfaces misoriented toward the@100# directions ~C sub-
16530
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strates with step edges parallel to the direction@010#!. This
geometry, with steps aligned along the@010# direction, is
more appropriate for CdTe than the misorientation tow
@110# used for growing GaAs-based TSL’s, because Cd
has a natural tendency to grow with step edges aligned a
@010# directions as demonstrated by scanning tunnel
microscopy.19 The growth was performed on Cd0.96Zn0.04Te
C substrates, with misoriention anglesa of 1° and 0.5°,
inducing terrace widthsLx of, respectively, 186 Å and
371 Å along thex direction. One can then expect to have
TSL which generates an array of wires with typical late
sizes of about half the terrace width.

In order to fulfill the conditions for the step-flow growt
mode, we chose a substrate temperature of typically 300
for which no oscillation of the reflection high-energy ele
tron diffraction specular intensity is observed. This is a s
nature of a steady-state surface roughness, and consequ
of a step-flow growth. The temperature of 300°C is adequ
when the terrace width is 186 Å~misorientation of1°). It is
a compromise between a low temperature minimizing
exchange between Cd and Mn~or Mg!—which would re-
duce the lateral ordering13—and a high temperature allowin
a good mobility of the adatoms, ensuring a step-flow grow
Larger terraces~smaller misorientations! require using a
higher growth temperature, which generates a stron
Cd/Mn intermixing, whereas smaller terraces (a52°) in-
duce smaller 1D effects due to the increasing tunneling
tween adjacent wires~see below and Ref. 20!.

The various active layers of our samples were grown
molecular beam epitaxy~MBE!. A sketch of a typical sample
is shown in Fig. 3: before growing the TSL itself, we burie
two quantum wells, one of pure CdTe of intended compo
tion 25 ML ~QW1!, and the other one identical, but with th
central CdTe ML replaced by a ML of MnTe~or MgTe!
~QW2!. The TSL growth then consists of depositingm ML
of CdTe, followed by n ML of Cd0.76Mn0.24Te ~or
Cd0.74Mg0.26Te), with m and n'0.5, this cycle being re-
peatedN530 times. As a consequence, 1° misoriented s
strates give rise to approximately square wires of 93
397 Å.

Two kinds of samples are then obtained: Mg TSL’s co
responding to an array of wires with intended composit
CdTe/Cd0.74Mg0.26Te, or CdTe/Cd0.76Mn0.24Te for Mn
TSL’s. The whole structure is embedded in Cd0.74Mg0.26Te
barriers, which give a large confinement in the growth dire
tion (y), and also match the Cd0.96Zn0.04Te vicinal substrate.
Finally, our samples are at least 1 cm long, and the subs
is placed in the MBE chamber in a position where there i
marked flux gradient: this gives a TSL with a tilt angleb that
varies from positive to negative values along the samp
with a vertical superlattice (b50) at a given spot of the
sample.

Such a sample design, with the two quantum wells und
neath the TSL, first reported by Blochet al.20 for
GaAs/GaxAl12xAs, allows local evaluation of the TSL til
angle when doing PL measurements along the sample~see
Fig. 3!. By exploring the sample one can find the positi
where the superlattice is vertical~corresponding top5m
1n51, i.e.,«50), as detailed in the next section.
4-5
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B. cw Spectroscopy

The continuous wave experiments were performed
1.7 K with an Ar laser. The beam diameter is about 100mm;
at this scale, any flux fluctuation can be neglected. We t
spectra every 0.5 mm along each sample. A typical PL sp
trum taken at a precise spot on the sample is shown in Fig
this sample contained a Mn TSL, and one can clearly id
tify the four peaks corresponding to the substrate~labeled
SUB!, QW1, QW2, and TSL. Then, by plotting the TSL
PL energy versus« ~which is correlated to the CdTe flux, se
below! for a given sample~see Fig. 4 for a Mn TSL!, we
have a fingerprint of the TSL’s behavior as a function of
tilt: besides the monotonic variation due to the flux gradi
along the sample, we clearly observe a superimposed red
of up to 15 meV. The maximum redshift should correspo
to the position on the sample where the TSL is vertical,
expected from the theoretical calculation described ea
~see Sec. II!.

We determined the value of« at each point of the sampl
as follows. The energy of a CdTe quantum-well exciton v
sus the well width has been calculated in Ref. 21 and ena
us to deduce a precise value ofm for the emission energy
the position of QW1 peak enables us to determine its wid
and thus the precise flux of CdTe at any spot of the sam
and consequently the value ofm. A similar analysis of the
position of QW2 peak gives us the precise flux of MnTe~or
MgTe! at each spot, which leads to the value ofn. Here, we
checked that whatever the dilution profile of 1 ML of MnT
~or MgTe!, the energy of the ground-state exciton in
25 ML wide well varies by only 2 meV between the two e

FIG. 3. Typical photoluminescence spectrum taken at 1.7 K
a Mn TSL, with sketch of the sample inserted at top. SUB deno
the substrate emission, QW1 pure CdTe quantum well, QW2
CdTe well with one monolayer of MnTe inserted in the midd
TSL the tilted superlattice, and BAR the CdxMg12xTe barrier. The
sample’s misorientation was 1°C.
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t
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e,

treme cases@abrupt profile, and diffusion of all the Mn~or
Mg! atoms inside the well#. Having an effective profile be-
tween these two extreme cases, the difference is sm
enough~2 meV! so that we can consider an abrupt profile f
the evaluation of« from the energy position of peak QW2

Figure 4 shows the energy position of the Mn TSL’s low
est energy emission versus«, together with the calculation
~dotted curve! explained earlier. The top scale («exp) corre-
sponds to the value of« deduced from the spectra~see
above!, whereas the bottom scale («ad j) is the same scale
shifted by 0.15 to adjust the minimum of emission energy
the TSL ~see later!. The experimental energy redshift (DE
515 meV), which confirms the 1D character of the TSL,
smaller than the calculated one (DE528 meV). Two effects
can explain this difference.

The first one is the exact value of the miscut anglea, i.e.,
the terrace width. As seen in Fig. 1~b!, the larger the miscut
the smaller the expected energy redshift, due to the coup
between the wires when the periodicity gets smaller. T
miscut angles of our Cd0.96Zn0.04Te substrates were checke
by x-ray diffraction and they vary from 1° up to 1.3°, so th
the theoretical energy redshiftDE could be as low as
23 meV.

The second cause for reduction of the energy reds
could be the intermixing between Cd and Mn~or Cd and
Mg! that limits the lateral modulation potentialVNmod. The
solid line in Fig. 4, which fits the experimental data, is t

r
s
e

FIG. 4. Energy position of lowest emission peak of the TS
versus«, for a Mn TSL sample. The data points (3) were taken
along one 1°C sample in photoluminescence experiments at 1.
The dotted line corresponds to the calculation done with a va
VCmod542.5 meV~see text!; the solid line corresponds to the the
oretical calculation made with a fitted value ofVCmod536.5 meV.
The top scale («exp) corresponds to the value of« calculated from
the experimental spectra, whereas the bottom scale («ad j) corre-
sponds to the value of« adjusted in order to have«50 when the
TSL is vertical.
4-6



-
II-
te
su

tio

g

d
ng
e

m

n
h
r
r
C
h
ti
w
a
ov
h

ad

ve

ar

r
s
y

a
a
ou
n

gy

h
,

n

b

it

a-
ave

per-

re

ar-
he

e
ve

i-
in
in

ver
nted

at

y

SL
i-
co-
is

cts
sic
ses
n
on

os-

for

OPTICAL PROPERTIES OF TILTED II-VI . . . PHYSICAL REVIEW B 63 165304
theoretical result calculated withVCmod536.5 meV instead
of VCmod542.5 meV~dotted line!.

From this value ofVCmod, we can extract some new in
sights about the exchange between the cations in these
systems. Usually, the Mn concentration profile is accoun
for by assuming that exchange occurs only between the
face monolayer being grown~labeledsurf!, and the previ-
ously deposited monolayer~labeledincorp!. Then the equi-
librium can be described by a phenomenological mass ac
law22

Cdsur f1Mnincorp
Cdincorp1Mnsur f

with a mass action constantK5@Cdincorp#@Mnsur f#/
@Cdsur f#@Mnincorp#. Quantitative analysis of this intermixin
was done for both CdTe/CdxMn12xTe ~Ref. 23! and CdTe/
MnTe ~Ref. 14! interfaces, and gave a value ofK51 at
280°C. We have taken this exchange into account to mo
the growth of the TSL on vicinal surfaces, by consideri
that the atoms impinging during growth are first exchang
with the most recently incorporated monolayer, and then
grate toward the step edge. WithK51, this approach gives a
Mn composition variation along the terraces13 between 1/3
and 2/3 of the nominal value, that is, between 8% Mn a
16% Mn instead of between pure CdTe and 24% Mn. T
calculated lateral modulation potential that fits the expe
mental results (VCmod536.5 meV) corresponds to a large
value ofK (K'1.2). Because the TSL was grown at 300°
and not 280°C~in order to enable the step-flow growt
mode!, the exchange process described by the mass ac
law is expected to be thermally activated, as already sho
for the Cd/Mn system at growth temperatures lower th
280°C.14 So when the growth temperature increases ab
280°C, the value ofK is expected to be larger than 1, whic
is coherent with the experimental results.

As concerns the bottom scale of Fig. 4, it has been
justed~shift of 0.15 between«exp and«ad j) so that its origin
corresponds to the minimum of emission energy obser
for the TSL. This adjustment of the« value is supported by
the two following arguments: first, instead of using a squ
QW model in order to deduce the values ofm and n, and
consequently of«, we can use a QW with segregated inte
faces for the two CdTe/CdxMg12xTe interfaces, which lead
to an estimated value of« larger than the previous one b
almost 0.1, and also does account for most of the« shift.
Second, the PL linear polarization, although it is not
strong as expected, is more pronounced for the sample
where the energy redshift is maximum: this supports
interpretation, that is the TSL sample is vertical in this co
sidered area, i.e.,« should be equal to zero at the ener
minimum.

Let us note that, in order to insure that the energy reds
is not due to a Stokes shift between the PL and the PLE
systematic study of the TSL emission energy as a functio
position was also done at higher temperature~namely, 77 K!.
At such temperature, the Stokes shift is expected to
smaller, but the same energy redshift is observed~with en-
ergy values shifted by the variation of the energy gap w
16530
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temperature!. This then justifies the results based on PL me
surements, for which only the absolute values of energy h
to be shifted.

IV. TIME RESOLVED SPECTROSCOPY

A. Low temperature results

Time-resolved spectroscopy experiments have been
formed by exciting the CdTe/Cd0.74Mg0.26Te TSL considered
above with 250 fs pulses at a wavelength of 412 nm~i.e., an
energy of 3 eV!. With this pumping energy, the carriers a
generated in both the CdTe wires and the CdxMg12xTe bar-
riers. There will be various relaxation pathways for the c
riers, including the capture from reemission to t
CdxMg12xTe barriers. In order to check that the capture tim
from the barriers to the TSL was not rate limiting, we ha
also excited below the band edges of the barriers~2.07 eV!,
i.e., with pumping conditions for which the carriers are d
rectly created in the wires. Similar results are obtained
both cases, demonstrating the efficient carrier capture
these wires.

Typical decay times at low temperature, integrated o
the whole energy range of each emission line, are prese
in Fig. 5 for the CdTe/CdxMn12xTe wires, and in Figs. 6 and
7 for CdTe/CdxMg12xTe wires. The decay times measured
low temperature for these wires~about 700 ps for a Mn TSL,
and 400 ps for a Mg TSL! are found to be systematicall
longer than those measured for both QW1~pure CdTe quan-
tum well! and QW2~CdTe with a ML of MgTe!, which are
between 250 ps and 300 ps.

It is tempting to consider this as a manifestation of a T
property, as compared to the lifetime for a QW having sim
lar confinement dimensions, because of the finite spatial
herence of the TSL exciton in the lateral direction, which
limited by the 1D geometry. However, there are two effe
that could dominate the expected effect of a longer intrin
radiative lifetime when the exciton dimensionality decrea
from 2 to 1: ~i! the first one is localization of excitons i
potential fluctuations due to size and alloy compositi

FIG. 5. Emission decay profiles from time-resolved spectr
copy for a Mn TSL sample at low temperature (T52.7 K); the
insert gives the evolution of the decay time versus temperature
this TSL.
4-7
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FIG. 7. Decay times versus temperature in a log scale, meas
for QW1, QW2, TSL on the same spot as Fig. 5, and for the TSL
another spot where«5” 0, showing clearly the different lifetime
dependence of the 1D TSL as compared to the 2D QW. The i
shows the same points on a linear scale.

FIG. 6. ~a! Emission decay profiles from time-resolved spectr
copy for QW1, QW2, and TSL, taken for a Mg TSL sample, on t
area where« is close to 0, at low temperature (T53.5 K); ~b! same
figure at high temperature (T580 K).
16530
variations, which also tends to increase the recombina
lifetime; ~ii ! the second effect is the energy relaxation p
cess, which may not be fast compared to the radiative l
times in one or both of the QW and TSL cases.

In order to lift the ambiguity due to these two possib
effects, the temperature dependence of the PL decay tim
TSL’s for T,100 K has been studied. As pointed out b
Citrin,7 such experiments serve as an analytic tool to iden
high-quality TSL’s.

B. Temperature dependence

Figures 5, 6, and 7 compile decay times observ
at different temperatures for exciton emission in bo
type of samples, CdTe/CdxMn12xTe ~Fig. 5! and
CdTe/CdxMg12xTe ~Figs. 6 and 7!. An increase of decay
time with temperature, as observed for Mg samples, in
cates that radiative recombination dominates. By contras
Mn samples, the decrease of the decay time versus temp
ture is a signature of nonradiative processes that are t
mally activated and eventually dominate the recombinat
at high temperature: the decay time varies from 700 ps
2.7 K to 400 ps at 80 K~Fig. 5!. In these diluted magnetic
semiconductor quantum wires, formation of magnetic p
larons, that is a strong correlation between the carrier sp
and Mn ions spins, induces a localization of the excitons
low temperature. This localization is reflected by the lar
exciton lifetime measured at 3.5 K~700 ps! as compared to
the one measured for Mg TSL samples~400 ps!, where no
such localization effect exists. As temperature increases,
localization within a magnetic polaron is progressively su
pressed, as already observed for QW~Ref. 24! and quantum
dots.25 The decrease of the lifetime then reflects the th
mally induced redistribution of exciton population from lo
calized states~magnetic polaron! to extended states~free ex-
citons!.

By contrast, for the Mg TSL, all PL decay times increa
with temperature, and a clearly different behavior is o
served between the QW and the TSL in the sample a
where the superlattice is vertical. The PL decay times of
TSL are longer than those of the QW at low temperature,
shorter at 80 K~700 ps, instead of 1.1 ns for QW1!. More-
over, a logarithmic scale~inset of Fig. 7! shows that the PL
decay times follow a power-law temperature dependen
namely,t5ATs. The PL decay times of the QW increas
linearly with temperature with a fitted slopes51.2. Similar
values of the decay timet, together with a linear tempera
ture increase up to 80 K, have already been reported
CdTe QW’s.26

On the other hand, for the TSL’s, the temperature dep
dence of the decay time in the wire system~TSL «50) is
fitted with a values50.35. Moreover, for the part of the
sample where the TSL presents a large tilt angle~TSL «5
22), the PL decay time variation again increases alm
linearly with temperature. This shows that, in the latter ca
the TSL can be considered as a simple CdxMg12xTe quan-
tum well having an average Mg composition.
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C. Discussion

The observed variation of the exponents, characterizing
the power law temperature dependence, with the dimen
of the system (s51.2 for the QW and 0.35 for the QWR! is
in qualitative agreement with the theoretical model usua
developed.7,8,10,27Due to the thermal distribution of the ex
citonic population within a different density of states, t
exponents is expected to change from 1 to 1/2 when goi
from a 2D to a 1D system. Moreover, by comparing t
experimental data with the calculations mentioned abo
one can deduce~from the logarithmic scale, insert of Fig. 7!
the intrinsic radiative lifetimet0 of the exciton atk50. The
averaged lifetime t measured here is given by27 t
5t0ApkBT/4D for a 1D system, andt5t0kBT/D for a 2D
system, whereD5\2k0

2/2M is the kinetic energy of exciton
that can decay radiatively, withM the in-plane mass of the
lowest-energy exciton. The lifetimet0 deduced from the ex
perimental data is 140620 ps in the TSL, whereas it is onl
of the order of 1 ps in the QW. This large increase of t
exciton’s intrinsic radiative lifetime in QWR’s by more tha
two orders of magnitude over that of a comparable QW
be accounted for by theory:7 it is due to the decrease of th
exciton coherence length imposed by the lateral confinem
in the TSL. Let us note also that the small value oft0 found
for a CdTe QW, as compared to lifetimes reported for Ga
QW’s (1064 ps),28 reflects the increase of the oscillat
strength when going from III-V to II-VI QW’s: a factor of 5
was reported for a 100 Å CdTe QW as compared to a G
QW with the same width.29

The departure of the temperature dependence of the p
lation lifetime from the simple theoretical predictions, as o
served here for both the QW (s51.2 instead of 1! and QWR
(s50.35 instead of 0.5! can be due to additional contribu
tions to the homogeneous linewidth of the exciton transiti
and their temperature dependence. First there is the cont
tion of disorder that tends to localize the excitons, prevent
them from propagating freely along the wire axis~well
plane!. In real heterostructures, such disorder is induced
interface roughness and composition fluctuations, which
always present, and influences the exciton population di
bution ~see Refs. 9 and 30 for GaAs wires, and the res
presented above for Mn-based wires!. A second problem
could be the energy relaxation: the model for the tempera
dependence assumes that excitons reach thermal equilib
on a time scale that is fast compared to their radiative l
time. It was predicted that this assumption could not be
filled in TSL’s, because the bottleneck effects expected
the scattering processes can prevent rapid thermalizaton31,32

Nevertheless, the temperature dependence of the PL
cay time in the TSL, which is close toT1/2, indicates the
existence of rapid thermalization of excitons. Such rapid c
rier relaxation (,2 ps) with no sign of the inhibited relax
ation predicted for ideal 1D systems, has already been
served in fractional-layer GaAs superlattices.33 It was
proposed that in such quantum-wire array structures, the
finement potential produces high-energy states that are
16530
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like, and that facilitate rapid energy relaxation. Our calcu
tion of the electronic properties of these II-VI 1D system
confirms this interpretation~the excited states are so close
the continuum that they have rather a 2D-like behavi
whereas we can expect a 1D density of states for the low
subband!.

V. CONCLUSION

We have presented the optical properties of the low
emission state in a tilted superlattice as a function of its
angle b, which is reflected by its tilt parameter«. These
II-VI TSL’s, CdTe/CdxMn12xTe and CdTe/CdxMg12xTe,
were grown by MBE on vicinal substrates misorient
around the~100! direction, with a lateral period of 186 Å fo
a miscut angle of 1°. The 1D periodic potential modulati
in the TSL has been demonstrated experimentally by opt
data obtained in both excitation regimes, continuous w
and time-resolved spectroscopy. In cw photoluminesce
spectra, scanning of the length of the sample gives a m
mum energy redshift of about 15 meV, observed at the po
where the TSL is vertical. Such behavior of the emitting st
in the 1D structure is accounted for quantitatively by a th
oretical approach that uses a modulation potential of
form V(x,y)5Vmod cos(2px/Lx22p«y/a) to describe the lat-
eral confinement. This complete calculation includes the
termixing between the cations Cd and Mn~or Mg! that oc-
curs during the growth.

In the pulsed excitation regime, the dependence of
ground-state-decay time as a function of temperature dif
for the two systems. As concerns the CdTe/CdxMn12xTe
TSL samples, a strong localization of excitons due to
formation of magnetic polarons is seen. On the other ha
for CdTe/CdxMg12xTe samples, the temperature depe
dence, which is close toT1/2 when the TSL is vertical, dem
onstrates the thermal distribution of the exciton populat
within a 1D density of states by contrast to a 2D dens
Moreover, a detailed analysis of the data allows us to eva
ate the intrinsic radiative lifetime in these low-dimension
systems: the 1D radiative lifetime is found to be much long
in 1D than in 2D, due to the decrease of the exciton coh
ence length imposed by the lateral confinement. Moreo
the radiative lifetime of the CdTe QW is shorter than that
a GaAs QW, in agreement with the stronger oscilla
strength expected for the II-VI compounds. This relative i
portance~interplay! between the enhancement of the oscil
tor strength and the exciton coherence length calls for furt
analysis with this II-VI material system, particularly b
studying TSL and QW’s of various sizes.
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