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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/Cd#lg, ,Te and CdTe/CdMn, ,Te, were obtained by molecular beam epi-
taxy on vicinal substrates misoriented by 1°, which corresponds to a 186-A 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 (Mig) 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.

DOI: 10.1103/PhysRevB.63.165304 PACS nuniber73.21-b, 81.15.Hi, 78.55.Et, 78.20.Bh

[. INTRODUCTION those obtained for quantum well@W's). The radiative life-
time of excitons confined in ideal quantum wires has been

Organized growth of semiconductors on vicinal surfacegredicted to be one order of magnitude higher than that of
is an attractive way to realize one-dimensional quanturmexcitons confined in QW8 These theoretical predictions as-
structures in a single technological step. The advantage afume that excitons are free to move in the unconfined direc-
this approach is that the array of quantum wires, also calletion so that only excitons with a center-of-mass wave vector
a lateral or tilted superlattice, can have a period on the 10-nmsmaller thank, (wherek, is the wave vector of a photon
scale with a lateral confinement potential that depends on thigaving the same energy as tke0 exciton can decay ra-
degree of modulation of the lateral composition. The re-diatively with conservation of energy momentum. In real
peated deposition of a fractional monolayeiof materialA  heterostructures, however, it is difficult to observe this intrin-
followed by a fractional monolayer of materialB results in  sic radiative lifetime directly due to localization of the exci-
a tilted A,B,, superlattice TSL). TSL'’s of llI-V compounds  tons, which is induced by potential fluctuation, always
have been reported extensivelgee, for example, Refs. present in the quantum heterostructutdsvaluation of the
1-5, and more recently TSL’'s of II-VI compounds have intrinsic radiative lifetime in nanostructures relies on mea-
been grown by atomic layer epitafyPractically, one of the surement of the temperature dependence of the decay time.
main challenges is the precise control of the impinging In QW structures, a linear increase of the effective life-
atomic fluxes, to get a surface coveragem+n as close as time with temperature has been prediét¥tifor a two-
possible to unity, for which the TSL is vertical; any depar- dimensional(2D) exciton, with a slope proportional to the
turee from p equal to unity p=1+¢) leads to a severe tilt intrinsic radiative lifetime. This is due to the thermal distri-
of the TSL with respect to thE001] growth direction. The bution of the exciton population: when the temperature in-
present paper deals with this problem, namely, the strongreases, the fraction of excitons that participate in radiative
dependence of the electronic properties of II-VI TSL struc-decay (that is, those with a wave vector smaller thiag)
tures one, presenting both theoretical and experimefo@-  decreases, and so the effective lifetime is longer than the
tical) results. radiative one and has a linear temperature dependence.

As concerns the optical measurements, we will focus on As concerns the QWR’s, a similar calculation was per-
the problem of photoluminescen¢BL) dynamics in quan- formed by Citrin” who predicted that the effective lifetime
tum wires(QWR'’s). In particular, we report measurements would vary as the square root of temperature due to the dif-
of PL decay times and their temperature dependence iferent densities of states in a one-dimensional system. Previ-
nanometer-scale QWR'’s, and compare these results withus experiments on V-groove GaAs QWRRef. 9 and on
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cleaved-edge-overgrown GaAs QWR(Ref. 11 estimate Cdy1MggaTe YV =oo T

the intrinsic radiative lifetimes from this temperature depen- Y l°911
dence. The time-resolved spectroscopy data reported here as ( a) (growth axis)
a function of temperature show such 1D behavior in II-VI

TSL structures. L,=30a

The paper is organized as follows.

We first present a theoretical approach that allows us to >
describe the electronic properties of the TSL system as a Cdy,sMgopsTe V=00 x[010]
function of the tilt angle. This theoretical calculation is based
on a previous theoretical model developed byliNMend -0.2 -0.1 0.0 0.1 0.2
co-workerd? for GaAs/GaAl,_,As TSL systems. In the ; ' : —0
present case, for II-VI TSL systems, the modulation potential (b)
that describes the lateral confinement is of the same order of
magnitude as the kinetic energies of both electrons and
holes. As a consequence, a complete calculatising a
wide basi$ of the energy states and the wave functions of the
electrons and holes in the TSL is presented in detail.

In the second part, the procedure for growing II-VI
TSL's, in two types of materials systems,
CdTe/CdgMn;_,Te and CdTe/CdMg,_,Te, is described in
detail. These TSL'’s are characterized by their cw photolumi-
nescence spectra: the energy redshift observed for the exci- 0 —t——t———— 0
tonic emission is related to the tilt angle of the TSL, and is (c)
compared to the theoretical calculation. This allows us to __
confirm the 1D character of the appropriate part of the se- 3 101
lected area of the sample, and to study the limitations of the £
lateral confinement due to some intermixing between Cd and £ ool
Mn (or Cd and Mg.

Finally, a systematic study of the decay time versus tem-
perature is performed by time-resolved spectroscopy for both
the QW and the TSL excitonic emissions. When the TSL is
vertical, the PL decay times in the TSL were found to vary
less with increasing temperature than those of the reference L
QW:; moreover, the decay time dependence is roughly pro- -0.2 -0.1 0.0 0.1 0.2
portional to the square root of temperature. Such a tempera- €

ture behavior of the lifetime is an unambiguous signature of . o
a 1D system and allows us to show that ithiginsic radiative FIG. 1. (a) Sketch of the tilted superlattice with all the param-

lifetime is two orders of magnitude larger in the QWR than€ters used for our calculation; the lateral confinement inxtio:
rection arises from the modulation potenti4lx,y) (see texx the

in the QW. : e g
tilt angle B is given by tanB=¢L,/a; (b) Calculated energy shift
for a CdTe/Cd ,gMngo4Te superlattice versus, and for three dif-

Il. THEORETICAL APPROACH ferent misorientationsy: 2°, 1°, and 0.5°, corresponding to ter-
race widths of, respectively, 93 A, 186 A, and 371 &) calcu-

) lated energy shift for a 1° misorientation versas and for two

The TSL heterostructures consist of arrays ofgifferent compositions: a CdTe/GeMn, . Te superlattice, and a

CdTe/Cd 7Mng 24T quantum wires stacked in thedirec-  cdTe/Cgq ;Mg .eTe superlattice.

tion and parallel to the010] crystallographic orientation; the

whole structure is embedded in GodMg, ,6Te barriers along Vi(X,Y) =VamodCOS 2mX/L,— 2meyla),  (2.1)

the y growth direction parallel t¢001] [see Fig. 1a) for a
complete sketch of the T9LInstead of the expected abrupt wheree is the tilt parameter as previously defindd, the

modulation between pure CdTe and Ggn,,.Te, we get terrace width,a=3.24 A is the step height of the vicinal
something close to a sinusoidal modulation betweersubstrate, ant=C or V for the conduction or the valence
Cdy ¢ Mng osTe and CggMng 16Te compositions: it enables band, respectively. We also introduce the tilt angléhat is
us to take into account the intermixing of Cd and Mn, whichsimply given by tamB=e¢L,/a. The numerical values of
occurs during the epitaxy, as studied befot& This inter-  Vumog COrresponding to a CdTe/@dn; _,Te superlattice
mixing model, which is discussed in Sec. IlI B, leads to Mn (Mn TSL) are the following:Vcmod=42.5 meV andVymoq
compositions in the middle of the wire and the middle of the=21.25 meV. The potential expressidi2.1) includes a
barrier of 8% and 16%, respectively. The lateral confinementclassical” part 27x/L, that takes into account the wire

inside the TSL is well described by a sinusoidal modulationperiodicity along thex direction, but also a contribution
potential: 2mreyla that enables us to deal with the superlattice tilt. In
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A. Modeling of the tilted superlattice
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the growth direction ¥), the potentialV{(y) is due to the with m;=0.096n, andm,=0.6m, (heavy-hole mags This
Cd, 74Mgg 2eTe barriers, i.e.V{(y) =0 inside the TSL width  equation can be rewritten, with=mx/L,, as
(0<y<L,), andV{(y)=Vyey in the barriers. Initially, we
will consider the barriers in thgdirection as infinite, i.e., we d’e 5 5 —0 23
take Vyou=(N=C or V); this approximation will be dis- d—U2+[a— qcod2v)]e= 23
cussed at the end of Sec. Il C. Finally, no strain effects are
included because the ggMg,.eTe barriers match the With a=e/Eyc and q=Vymod/(2Enc)- Enc IS the kinetic
Cdy oeZNgosT€ substrate and the mean composition of theenergy of the particle for k,==/L,, ie., Eyc
TSL, Cd, gMing 15Te, gives a strain of 0.03%, which is neg- =#2/2my(m/L,)?. Equation (2.3 corresponds exactly to
ligible given the other uncertainties. Mathieu’s equatiort® we are then able to calculate the ener-

We calculated the confinement energies and the assodgiese of the TSL and its wave functiong along thex axis.
ated envelope functions in both the conduction and the vaWith the numerical values given abovke., for a Mn TSL
lence band for different values ef between—1 and+1, on a 1°C substrajethe total confinementconduction+
for a given miscut angle, i.e., for a given terrace width,. ~ valence bandobtained in the wires induces an energy red-
Since our goal is to compare the properties of the TSL foshift of 27 meV. Here the reference for the redshift is the
different values of, and assuming that the exciton-binding quantum well of CggdVing ;,Te, i.e., the situation for large
energy does not vary much in the considesetange!? we  values ofe (see Sec. Il B L Thus, a redshift is expected for
will not take it into account. Before describing the generalthe luminescence peak of the TSL when going from a tilted
calculation, we first focus on particular cases, correspondinguperlattice to a vertical one.
to large tilt angles §=89°, i.e.,|e|=1) and perfect vertical
superlattices g=0, i.e.,e=0).

Finally, this calculation is also applied to Mg TSL's, with C. Numerical calculations in the general case
the following potential values corresponding to arrays
of intended composition CdTe/gGeMggsTe: Vemod
=46.2 meV anVy o= 23.1 meV.

We obtained the ground-state energy and envelope func-
tions of the TSL numerically using the Luttinger formalism.
The calculation cannot be simplified here as it was done in
the case of GaAs/GAl,_,As TSL'’s (see Ref. 1P Indeed,

B. Limiting cases in the latter case, the coupling induced by the modulation
potential was restricted to thrég states, namelyk,=0 and
k,==*2w/L,. This was justified by the smaller values of

Let us consider a 1° misoriented surface, and a tilt correVymoq@s compared with the ones of the kinetic enerigs
sponding tae=0.1. This gives a tilt angl@ of around 80°.  of both electrons and holes, especially wikgr 27/L, . For
Therefore, we shall consider that for values|ef=1 (i.e., GaAs/GaAl,;_,As TSL's, these values are typically:
B=89°), there is no longer a superlattice but a simple quan-

1. Case of the large tilt angle@

tum well having the mean composition(here Vemod2 q Vemod2
CdysdMng 15T€). In this case, we treat the heterostructure as E27 ~0.3-04 an EA™ ~0.1
a CdyggMng 1,Te quantum well with infinite barriers. The b bx
calculation is therefore analytical, and the resulting confine- i
ment energy gives a reference for the subsequent calcula- for the conduction band,
tions. v )
_ _ Vm;ff ~0.4-06 and ij;{ ~0.15-0.2
2. Vertical superlattice:e=0 EcL— EcL—

For zero tilt angle, the heterostructure corresponds to a
perfect vertical superlattice. In this particular case, the modu- for the valence band.
lation potentialVy(X,y) no longer depends oy) and is sim- . )
ply V(x). The confinements in theandy directions can be By contrast, these raths are completely different for our
separated. In the growth directiory)( the confinement is CdT€/CdMn,Mg)Te TSL's, where
associated with a GdJMng ggTe quantum well, embedded in
Cdy 7qMgg 26T€ barriers considered as infinitsee end of

VCmot!2 n VCmoc/2

onsid : >—~0.4-05 and—(—5—~0.1-0.2
Sec. 110. In the lateral directionx), the confinement po- E.” B
tential is Vy(X) = Vymod COS(27X/L,). Assuming a parabolic * *
approximation for both the conduction and the valence band for the conduction band
dispersions, the Schdinger equation for thg-direction mo- '
tion is the following:
\ 2 \ 2
Vm;’;{ ~3.2-33 and ij;{ ~0.8-0.9
Ec2” Ecim
ﬁz dZ(P X X
———+V cog2mx/L,)p=eqp, (2.2
2my gy2 - NMmed . WY for the valence band.
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27T) > [2 ,(n'wy)>
— X osinl .
heavier effective masses in II-VI as compared to II-V semi- x y y

Lx
conductors. Thus in the present case, the calculation with 24
three coupling states is not justified anymore, especially for The envelope functions and the associated confinement
the valence band. We consider here a complete calculationergies are determined for a zero wave vektpwherek is

for which a wide basis was used, not only along thairec- parallel to the direction of the wires), which is the spin
tion (lateral modulation but als'o along they direction guantization axis as wédllThe conduction band is treated as
(growth axig a parabolic band near the minimum, and the topmost valence

o ) ) band is described by the Luttinger-Kohn Hamiltonian. Thus,
Our calculation is an extension of a calculation done foline  conduction-band Hamiltonian  is WritterHC=(p)2<

isolated q_uantum—wire h_eterpstrgctui‘é_m the present case, 4 p§) 12mg+Ve(x,y) +V&(y), wherem, is the electron ef-
the effective-mass Hamiltonian is projected on a Fourier bafective massm,=0.096n,. The valence-band Hamiltonian
sis that allows us to deal with the periodic part of theis written: Hy="H, «+ Vy(X,y) + V{(y), Where’H, g is the
Vn(X,y) modulation potential. The basis envelope functions| uttinger-Kohn Hamiltonian. Wittk,=0, 7, « is reduced to

This is due to the larger modulation potential present in

1
our samples and the smaller kinetic energies due to thékn)|n’>=‘fexpi ky+n

are then a 2x 2 matrix in the basi$3/2=3/2), |3/2+1/2):
J
" _( 72 ) (71t 72) (K k7) ~ V3L y2(Ki— k) — 21 ykok, ] 25
HO2mg )| — VB y(KE—K2) + 2i yakyky] (1~ 72) (Kz+KD) '

with k,=—idldx, ky=—id/dy. The Luttinger parameters The two main characteristics of a 1D behavior can be seen
arey;=5, y,=1.6, andy;=2.1.1" The wave function of the in these figures. The first one is the clear energy redshift of
ground state of the valence band &,=0 is the ground-state emission of the TSL, about 30 meV fora 1°
|:3/2:3/2(x,y)|§4_r g>+ F3/2,Il/2(xvy)|%: 3). With the above ~Mn TSL, which increases with the terrace width, that is,
axes, where the spin quantization is parallel to the wireWwith the wire periodicity, as can be seen in Figb)l Note
|Fai2+1/4>|F3.+ 37 contrary to the situation where the spin

quantization is normal to the wir&:'8In the case of interest, Ne =0 Ne=1.5 Ne=10
the calculation shows thdf s/, < 1/5/>|F a2+ 3 (about ten 80l 8 o0} o
times largey, so that only théF, -1/ component is given —_ s 6 601 03 V(x,y)
in Fig. 2. L 4 40 I° Vood
The calculation was carried out with=0,+1...+12 2 2 2 03
andn’=1,2...25. Thenumerical accuracy is then of the % 50 10 150 0 100 150" %0 5o fo0 10 O
order of 1 meV. 80/ 80 80| 10 g
It is important to notice that the particular case0 isas  _ & 60, 60, I3'75*1‘:|F P
well described with Mathieu’s equatiofSec. I1B2, para- <% iy a0 25w 2
bolic bands approximationas with the general calculation % 2 % 1230
(which is numerical but takes into account the valence-banc % 50 100 150" % 50 160 150’ 0 50 100 160 ¥
structurg. However, whene #0, the general calculation is 80, 80| 80| 10 .
required since the lateral potential depends on both variable _ s . 60 60 PR
x andy, which can no longer be separated. Furthermore, ins g - i
order to justify takingVy,,,=, a complete calculation was 2 r o

performed once using the exact finite values in the LRI R N
Cdy7Mgg¢Te barriers, namelyV¢, ,=223.3 meV and

Vyou=111.6 meV. This lengthy calculation gave a confine-
ment energy that differed by less than 1 meV from the resul
for Vo= Given the experimental and numerical accu-
racies, the infinite barrier approximation is thus justified.

FIG. 2. Normalized modulation potentidV(x,y)/V,.q and
guared modulus of electron and hole envelope functions for a 1°
n TSL, represented versusandy, for three different values of
e, namely, 0, 1.5, and 10. The spin quantization axis is parallel to
the wire. F4 represents the electron-envelope function; the hole-

wave function is writtenFa . 5(X,Y)|3 = )+ Fapz1(X.Y)| 3
I%), but only the larger componerfits;, ;- 1, is given here(see

The numerical results are presented in Fig)) IMn TSL,  text), and written asF,,,. The electron- and hole-envelope func-
various miscut anglgsand Fig. Ic) (1° miscut, TSL with  tions have a clear 1D behavior fer=0, and we see the evolution
Mg or Mn composition for the energy calculation. Figure 2 toward a 2D behavior wheNe=10 (¢=0.33); the intermediate
gives the envelope function representations for a 1° Mrcase wherdNe=1.5 (i.e., e=0.05 and3=70°) is already rather
TSL. 2D-like.

D. Numerical results
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also that, considering a 1° substrate, a Mg TSL gives a largestrates with step edges parallel to the direc{i®oh0]). This
redshift (36 me\) than a Mn TSL[28 meV, see Fig. (£)].  geometry, with steps aligned along th@10] direction, is
The second characteristic is related to the spatial extension eofiore appropriate for CdTe than the misorientation toward
the envelope functions, and can be seen in Fig. 2: the ele¢110] used for growing GaAs-based TSL's, because CdTe
tron and hole envelope functions have a clear 1D behaviohas a natural tendency to grow with step edges aligned along
for e=0, since both electron and hole are confined inside th¢010] directions as demonstrated by scanning tunneling
wire. In that case, the wire section in tRedirection corre-  microscopy® The growth was performed on ggZng g.Te
sponds to the dark regione[45 A; 135 A] of Fig. 2. C substrates, with misoriention anglesof 1° and 0.5°,

As pointed out in Ref. 12, the physical parameter thatinducing terrace widths, of, respectively, 186 A and
controls the confinementlD or 2D) is Ne, where N 371 A along thex direction. One can then expect to have a
=L/a corresponds to the number of monolayers depositedSL which generates an array of wires with typical lateral
while growing the TSL N will always be equal to 30 for the sizes of about half the terrace width.
superlattices studied here, see Sec. Il A for more details con- In order to fulfill the conditions for the step-flow growth
cerning the growth Indeed,Ne=0 gives a vertical super- mode, we chose a substrate temperature of typically 300°C,
lattice, whereas wheiNe~1 we begin to have more than for which no oscillation of the reflection high-energy elec-
one wire per patterfiseeV(x,y) in Fig. 2 whenNe=1.5];  tron diffraction specular intensity is observed. This is a sig-
in other words, the carriers can move aloxn@s much as nature of a steady-state surface roughness, and consequently
alongy, i.e., the transition from 1D toward 2D is occurring. of a step-flow growth. The temperature of 300°C is adequate

Moreover, from these figures one can deduce the stronghen the terrace width is 186 Anisorientation ofL°). It is
limitations on a 1D behavior, or in other words, the limiting a compromise between a low temperature minimizing the
factors that will destroy the lateral confinement. Indeed, theexchange between Cd and Mar Mg)—which would re-
redshift of energy occurs in a very thin region aroure 0 duce the lateral orderifig—and a high temperature allowing
(considering a 1° misoriented sampdes 0.1 already gives a a good mobility of the adatoms, ensuring a step-flow growth.
tilt angle B of around 80° as stated above, and a redshifLarger terraces(smaller misorientationsrequire using a
smaller than 2 me)/ This feature is also reproduced in the higher growth temperature, which generates a stronger
envelope functiongsee Fig. 2 whenNe goes from 0 to 10 Cd/Mn intermixing, whereas smaller terraces=2°) in-
(i.e.,e from 0 to 0.33 one can see the evolution toward a 2D duce smaller 1D effects due to the increasing tunneling be-
behavior where both electron and hole are no longer confinetiveen adjacent wiregsee below and Ref. 20
in the lateral direction X). Note that the intermediate case  The various active layers of our samples were grown by
whereNe=1.5 (i.e., e=0.05 andB=70°) is already rather molecular beam epitaxfMBE). A sketch of a typical sample
2D-like. Another key parameter controlling the 1D behavioris shown in Fig. 3: before growing the TSL itself, we buried
is the miscut angle, or the terrace width. Indeed, for larggwo quantum wells, one of pure CdTe of intended composi-
miscut angles¢=2°), the 1Deffect is small due to the low tion 25 ML (QW1), and the other one identical, but with the
periodicity (L,=93 A) that allows a strong coupling be- central CdTe ML replaced by a ML of MnTér MgTe)
tween adjacent wires. When the lateral periodicity gets largefQW?2). The TSL growth then consists of depositimgML
(smaller miscut angles such a coupling effect decreases,of CdTe, followed by n ML of Cdy,dMng4Te (or
which is reflected by a larger energy redshift for the 1DCdy7qMggeT€), With m and n=0.5, this cycle being re-
behavior[see Fig. )]. peated\N= 30 times. As a consequence, 1° misoriented sub-

However, from the experimental point of view, one has tostrates give rise to approximately square wires of 93 A
keep in mind that the longer the terrace is, the harder it is to< 97 A.
grow a lateral superlattice: indeed, as the terrace width in- Two kinds of samples are then obtained: Mg TSL'’s cor-
creases, the adatoms have to follow a longer path in order tesponding to an array of wires with intended composition
enable the step-flow growth mode. To grow a TSL, one mus€dTe/Cg ;MgpeTe, or CdTe/Cg,gMng..Te for Mn
increase the growth interruption times under vacuum and/ofSL’s. The whole structure is embedded inGgMgg »¢Te
increase the substrate growth temperature, but both condbarriers, which give a large confinement in the growth direc-
tions will also strongly increase the Cd/Mn or Cd/Mg inter- tion (y), and also match the GgdeZng g4T€ Vvicinal substrate.
mixing, which tends to limit the lateral potential Finally, our samples are at least 1 cm long, and the substrate
modulation®® In practice, it will thus be difficult to grow a is placed in the MBE chamber in a position where there is a
lateral superlattice on a vicinal surface tilted less than 1°. marked flux gradient: this gives a TSL with a tilt anglehat

varies from positive to negative values along the sample,
with a vertical superlattice £/=0) at a given spot of the
ll. FABRICATION AND OPTICAL CHARACTERIZATION sample.

Such a sample design, with the two quantum wells under-
neath the TSL, first reported by Bloctetal?® for

The growth of lateral superlattices on vicinal surfaces isGaAs/GgAl;_,As, allows local evaluation of the TSL tilt
based on the step-flow growth of fractional monolayersangle when doing PL measurements along the sartgae
(ML’s) over a very regular array of monomolecular steps. InFig. 3). By exploring the sample one can find the position
order to fulfill the latter condition, we grow the TSL ¢801]  where the superlattice is verticétorresponding top=m
surfaces misoriented toward tH&00] directions (C sub- +n=1, i.e.,,e=0), as detailed in the next section.

A. Design of the samples

165304-5
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FIG. 4. Energy position of lowest emission peak of the TSL

FIG. 3. Typical photoluminescence spectrum taken at 1.7 K folyersuse, for a Mn TSL sample. The data pointx | were taken
a Mn TSL, with sketch of the sample inserted at top. SUB denotegjong one 1°C sample in photoluminescence experiments at 1.7 K.
the substrate emission, QW1 pure CdTe quantum well, QW2 thehe dotted line corresponds to the calculation done with a value
CdTe well with one monolayer of MnTe inserted in the middle, Vemod= 42.5 meV(see text; the solid line corresponds to the the-
TSL the tilted superlattice, and BAR the (dg, _,Te barrier. The  oretical calculation made with a fitted value B oq= 36.5 meV.
sample’s misorientation was 1°C. The top scale £e,,) corresponds to the value efcalculated from
the experimental spectra, whereas the bottom scalg)( corre-
sponds to the value of adjusted in order to have=0 when the

The continuous wave experiments were performed aTrSL is vertical.
1.7 K with an Ar laser. The beam diameter is about 108;
at this scale, any flux fluctuation can be neglected. We tookreme casegabrupt profile, and diffusion of all the Mtor
spectra every 0.5 mm along each sample. A typical PL sped/g) atoms inside the well Having an effective profile be-
trum taken at a precise spot on the sample is shown in Fig. 3ween these two extreme cases, the difference is small
this sample contained a Mn TSL, and one can clearly idenenough(2 meV) so that we can consider an abrupt profile for
tify the four peaks corresponding to the substrdtdeled the evaluation ok from the energy position of peak QW2.
SUB), QW1, QW2, and TSL. Then, by plotting the TSL's Figure 4 shows the energy position of the Mn TSL'’s low-
PL energy versus (which is correlated to the CdTe flux, see est energy emission versuas together with the calculation
below) for a given samplgsee Fig. 4 for a Mn TSL, we  (dotted curve explained earlier. The top scaled) corre-
have a fingerprint of the TSL's behavior as a function of itssponds to the value of deduced from the spectrsee
tilt: besides the monotonic variation due to the flux gradientabove, whereas the bottom scale ;) is the same scale
along the sample, we clearly observe a superimposed redshihifted by 0.15 to adjust the minimum of emission energy in
of up to 15 meV. The maximum redshift should correspondthe TSL (see later. The experimental energy redshifA E
to the position on the sample where the TSL is vertical, as=15 meV), which confirms the 1D character of the TSL, is
expected from the theoretical calculation described earliesmaller than the calculated on&E=28 meV). Two effects
(see Sec. ) can explain this difference.

We determined the value @fat each point of the sample The first one is the exact value of the miscut angle.e.,
as follows. The energy of a CdTe quantum-well exciton ver-the terrace width. As seen in Fig(h), the larger the miscut,
sus the well width has been calculated in Ref. 21 and enabldbe smaller the expected energy redshift, due to the coupling
us to deduce a precise value mffor the emission energy: between the wires when the periodicity gets smaller. The
the position of QW1 peak enables us to determine its widthmiscut angles of our GtheZng oaT€ Substrates were checked
and thus the precise flux of CdTe at any spot of the samplegy x-ray diffraction and they vary from 1° up to 1.3°, so that
and consequently the value of. A similar analysis of the the theoretical energy redshithE could be as low as
position of QW2 peak gives us the precise flux of MNBe 23 meV.
MgTe) at each spot, which leads to the valuenoHere, we The second cause for reduction of the energy redshift
checked that whatever the dilution profile of 1 ML of MnTe could be the intermixing between Cd and Mor Cd and
(or MgTe), the energy of the ground-state exciton in aMg) that limits the lateral modulation potenti¥ly,oq. The
25 ML wide well varies by only 2 meV between the two ex- solid line in Fig. 4, which fits the experimental data, is the

B. cw Spectroscopy

165304-6



OPTICAL PROPERTIES OF TILTED II-V. .. PHYSICAL REVIEW B 63 165304

theoretical result calculated wit¥ic,,=36.5 meV instead
of Vemod=42.5 meV(dotted ling.

From this value oV .4, We can extract some new in- 51000
sights about the exchange between the cations in these II-V 4
systems. Usually, the Mn concentration profile is accounted g

—

for by assuming that exchange occurs only between the sur

Mn TSL

nits

i ; >
face monolayer being growflabeledsurf), and the previ- S 7o
ously deposited monolayélabeledincorp). Then the equi- aC> 7 .
librium can be described by a phenomenological mass actior& 100 e
2 = - £ a
la\NZ — 5oo-§
o g
o LT L,
Cdsurf+ Mnincorp:Canorp"' Mnsurf ° d W o, 8 1
500 1000 1500 2000
time (ps)

with a mass action constanK=[Cdcopl[ MNg1l/
[Cdsyr£][MNincorp]. Quantitative analysis of this intermixing  FIG. 5. Emission decay profiles from time-resolved spectros-
was done for both CdTe/GlIn,_,Te (Ref. 23 and CdTe/ copy for a Mn TSL sample at low temperaturé=2.7 K); the
MnTe (Ref. 19 interfaces, and gave a value Bf=1 at insert gives the evolution of the decay time versus temperature for
280°C. We have taken this exchange into account to modehis TSL.
the growth of the TSL on vicinal surfaces, by considering
that the atoms impinging during growth are first exchangedemperaturg This then justifies the results based on PL mea-
with the most recently incorporated monolayer, and then misurements, for which only the absolute values of energy have
grate toward the step edge. Wkh=1, this approach gives a to be shifted.
Mn composition variation along the terratédetween 1/3
and 2/3 of the nominal value, that is, between 8% Mn and IV. TIME RESOLVED SPECTROSCOPY
16% Mn instead of between pure CdTe and 24% Mn. The
calculated lateral modulation potential that fits the experi-
mental results {cmoq=36.5 meV) corresponds to a larger  Time-resolved spectroscopy experiments have been per-
value ofK (K~1.2). Because the TSL was grown at 300°Cformed by exciting the CdTe/Gd Mg, ,eTe TSL considered
and not 280°C(in order to enable the step-flow growth above with 250 fs pulses at a wavelength of 412 (e, an
mode, the exchange process described by the mass actiashergy of 3 eV. With this pumping energy, the carriers are
law is expected to be thermally activated, as already showgenerated in both the CdTe wires and the/@g, _, Te bar-
for the Cd/Mn system at growth temperatures lower tharriers. There will be various relaxation pathways for the car-
280°C!* So when the growth temperature increases aboveiers, including the capture from reemission to the
280°C, the value oK is expected to be larger than 1, which Cd Mg, _,Te barriers. In order to check that the capture time
is coherent with the experimental results. from the barriers to the TSL was not rate limiting, we have
As concerns the bottom scale of Fig. 4, it has been adalso excited below the band edges of the barri2rg7 eV,
justed(shift of 0.15 betweemr,, ande,q;) So that its origin  i.e., with pumping conditions for which the carriers are di-
corresponds to the minimum of emission energy observedectly created in the wires. Similar results are obtained in
for the TSL. This adjustment of the value is supported by both cases, demonstrating the efficient carrier capture in
the two following arguments: first, instead of using a squarehese wires.
QW model in order to deduce the valuesrafand n, and Typical decay times at low temperature, integrated over
consequently o, we can use a QW with segregated inter-the whole energy range of each emission line, are presented
faces for the two CdTe/G¥g, _Te interfaces, which leads in Fig. 5 for the CdTe/CdMn; _,Te wires, and in Figs. 6 and
to an estimated value of larger than the previous one by 7 for CdTe/C¢dMg;_,Te wires. The decay times measured at
almost 0.1, and also does account for most of ¢hshift. ~ low temperature for these wiréabout 700 ps for a Mn TSL,
Second, the PL linear polarization, although it is not asand 400 ps for a Mg TSLare found to be systematically
strong as expected, is more pronounced for the sample aréanger than those measured for both Q\lre CdTe quan-
where the energy redshift is maximum: this supports outum well) and QW2(CdTe with a ML of MgTe, which are
interpretation, that is the TSL sample is vertical in this con-between 250 ps and 300 ps.
sidered area, i.eg should be equal to zero at the energy It is tempting to consider this as a manifestation of a TSL
minimum. property, as compared to the lifetime for a QW having simi-
Let us note that, in order to insure that the energy redshiftar confinement dimensions, because of the finite spatial co-
is not due to a Stokes shift between the PL and the PLE, herence of the TSL exciton in the lateral direction, which is
systematic study of the TSL emission energy as a function dimited by the 1D geometry. However, there are two effects
position was also done at higher temperafma@mely, 77 K.  that could dominate the expected effect of a longer intrinsic
At such temperature, the Stokes shift is expected to beadiative lifetime when the exciton dimensionality decreases
smaller, but the same energy redshift is obserxeith en-  from 2 to 1: (i) the first one is localization of excitons in
ergy values shifted by the variation of the energy gap withpotential fluctuations due to size and alloy composition

A. Low temperature results
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variations, which also tends to increase the recombination
lifetime; (ii) the second effect is the energy relaxation pro-
cess, which may not be fast compared to the radiative life-
times in one or both of the QW and TSL cases.

In order to lift the ambiguity due to these two possible
effects, the temperature dependence of the PL decay time in
TSL’s for T<100 K has been studied. As pointed out by
Citrin,” such experiments serve as an analytic tool to identify
high-quality TSL’s.

B. Temperature dependence

Figures 5, 6, and 7 compile decay times observed
at different temperatures for exciton emission in both
type of samples, CdTe/CMIn,_,Te (Fig. 5 and
CdTe/CgMg,_,Te (Figs. 6 and Y. An increase of decay
time with temperature, as observed for Mg samples, indi-
cates that radiative recombination dominates. By contrast, in
Mn samples, the decrease of the decay time versus tempera-
ture is a signature of nonradiative processes that are ther-
mally activated and eventually dominate the recombination
at high temperature: the decay time varies from 700 ps at
2.7 K to 400 ps at 80 KFig. 5. In these diluted magnetic
semiconductor quantum wires, formation of magnetic po-
larons, that is a strong correlation between the carrier spins
and Mn ions spins, induces a localization of the excitons at
low temperature. This localization is reflected by the large
exciton lifetime measured at 3.5 €00 p9 as compared to
the one measured for Mg TSL samplg®0 ps, where no
such localization effect exists. As temperature increases, the
localization within a magnetic polaron is progressively sup-
pressed, as already observed for QRéf. 24 and quantum
dots?® The decrease of the lifetime then reflects the ther-
mally induced redistribution of exciton population from lo-
calized statesmagnetic polaronto extended state$ree ex-
citons.

By contrast, for the Mg TSL, all PL decay times increase
with temperature, and a clearly different behavior is ob-
served between the QW and the TSL in the sample area
where the superlattice is vertical. The PL decay times of the
TSL are longer than those of the QW at low temperature, but
shorter at 80 K(700 ps, instead of 1.1 ns for QW1More-
over, a logarithmic scal@nset of Fig. 7 shows that the PL
decay times follow a power-law temperature dependence,
namely, 7=AT?. The PL decay times of the QW increase
linearly with temperature with a fitted slope=1.2. Similar
values of the decay time, together with a linear tempera-
ture increase up to 80 K, have already been reported for
CdTe QW's?®

On the other hand, for the TSL’s, the temperature depen-
dence of the decay time in the wire syst€WSL ¢=0) is
fitted with a valuec=0.35. Moreover, for the part of the

FIG. 7. Decay times versus temperature in a log scale, measurétRMple where the TSL presents a large tilt an@8L ¢ =
for QW1, QW2, TSL on the same spot as Fig. 5, and for the TSL on—2), the PL decay time variation again increases almost

another spot where #0, showing clearly the different lifetime

linearly with temperature. This shows that, in the latter case,

dependence of the 1D TSL as compared to the 2D QW. The inséhe TSL can be considered as a simplg/@g, _,Te quan-
shows the same points on a linear scale.

tum well having an average Mg composition.
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C. Discussion like, and that facilitate rapid energy relaxation. Our calcula-
tion of the electronic properties of these II-VI 1D systems

The observed variation of the exponent characterizing ) e . :
the power law temperature dependence, with the dimensiopenfirms this interpretatiofthe excited states are so close to

of the system ¢= 1.2 for the QW and 0.35 for the QWS the continuum that they have rather a 2D-like behavior,
in qualitative agreement with the theoretical model usually/Vhereas we can expect a 1D density of states for the lowest
developed:®1%2’Due to the thermal distribution of the ex- subban

citonic population within a different density of states, the

exponento is expected to change from 1 to 1/2 when going V. CONCLUSION

from a 2D to a 1D system. Moreover, by comparing the . _

experimental data with the calculations mentioned above, We have presented the optical properties of the lowest
one can deducérom the logarithmic scale, insert of Fig) 7 €emission state in a tilted superlattice as a function of its tilt
the intrinsic radiative lifetimer, of the exciton ak=0. The  angle 8, which is reflected by its tilt parameter. These
averaged lifetime r measured here is given #y r lI-VI TSL's, CdTe/CdMn,_,Te and CdTe/CMg,_,Te,

= 7o\ kg T/4A for a 1D system, and= 7,kgT/A fora 2D  Were grown by MBE on vicinal substrates misoriented
system, where\ =7%2k3/2M is the kinetic energy of excitons around the100) direction, with a lateral period of 186 A for
that can decay radiatively, witM the in-plane mass of the & Miscut angle of 1°. The 1D periodic potential modulation
lowest-energy exciton. The lifetimes, deduced from the ex- N the TSL has_been demo_nst_rated experlmentally by optical
perimental data is 14020 ps in the TSL, whereas it is only data obtained in both excitation regimes, continuous wave
of the order of 1 ps in the QW. This large increase of the@nd time-resolyed spectroscopy. In cw photolqminescencg
exciton’s intrinsic radiative lifetime in QWR’s by more than SPectra, scanning of the length of the sample gives a maxi-
two orders of magnitude over that of a comparable QW carfUm energy redshift of about 15 meV, observed at the point
be accounted for by theofyit is due to the decrease of the where the TSL is vertical. Such behavior of the emitting state
exciton coherence length imposed by the lateral confinemert the 1D structure is accounted for quantitatively by a the-
in the TSL. Let us note also that the small valuergfound oretical approach that uses a modulation potential of the
for a CdTe QW, as compared to lifetimes reported for GaAdOrM V(X,y) =Vmoq COS(27x/L,—2mey/a) to describe the lat-
QW's (10+4 ps) 28 reflects the increase of the oscillator eral confinement. This complete calculation includes the in-
strength when going from 111-V to 1I-VI QW's: a factor of 5 t€rmixing between the cations Cd and Nor Mg) that oc-

was reported for a 100 A CdTe QW as compared to a GaA§Urs during the growth. .
QW with the same widtR® In the pulsed excitation regime, the dependence of the

The departure of the temperature dependence of the popg_round-state—decay time as a function of temperature differs
lation lifetime from the simple theoretical predictions, as ob-for the two systems. As concerns the CdTel@d,; ,Te

served here for both the QWrE 1.2 instead of Land QWR TSL samples, a strong localization of excitons due to the
(0=0.35 instead of 0)5can be due to additional contribu- formation of magnetic polarons is seen. On the other hand,
tions to the homogeneous linewidth of the exciton transition{0f CdTe/CdMg; _,Te siz;azmples, the temperature depen-
and their temperature dependence. First there is the contrib@€nce, which is close @ when the TSL is vertical, dem-
tion of disorder that tends to localize the excitons, preventin@nstrates the thermal distribution of the exciton population
them from propagating freely along the wire axiwell within a 1D dens_lty of states by contrast to a 2D density.
plang. In real heterostructures, such disorder is induced byMoreover, a detailed analysis of the data allows us to evalu-
interface roughness and composition fluctuations, which aréte the intrinsic radiative lifetime in these low-dimensional
always present, and influences the exciton population distrifyStems: the 1D radiative lifetime is found to be much longer
bution (see Refs. 9 and 30 for GaAs wires, and the resultd 1D than in 2D, due to the decrease of the exciton coher-
presented above for Mn-based wireé second problem €nce length imposed by the lateral confinement. Moreover,
could be the energy relaxation: the model for the temperaturt€ radiative lifetime of the CdTe QW is shorter than that of

dependence assumes that excitons reach thermal equilibriufn GaAs QW, in agreement with the stronger oscillator
on a time scale that is fast compared to their radiative life-Strength expected for the I1-VI compounds. This relative im-

time. It was predicted that this assumption could not be fulPortancelinterplay between the enhancement of the oscilla-

filled in TSL’s, because the bottleneck effects expected ifor stre_ngth_ and t_he exciton coh_erence length cqlls for further

the scattering processes can prevent rapid thermalizfgn. analysis with this II-VI material system, particularly by
Nevertheless, the temperature dependence of the PL d&tudying TSL and QW's of various sizes.

cay time in the TSL, which is close t6'2 indicates the

e_xistence qf rapid thermqlization_of excitong. S_u_ch rapid car- ACKNOWLEDGMENTS
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