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Band-offset determination of the CdTe(Cd,Mn)Te interface

T. Lebihen, E. Deleporte, and C. Delalande
Laboratoire de Physique de la Mati Condense de I'Ecole Normale Supieure, 24 rue Lhomond, 75231 Paris Cedex 05, France
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We report on photoluminescence excitation spectroscopy of Q@@#n)Te separate confinement hetero-
structures. The Mn concentration and layers thicknesses are carefully chosen, so that transitions that are
strongly dependent on the valence-band offset are observable. Comparison between theory and experiments
gives a valence-band offset between CdTe and_Chin,Te equal to 25%+ 7% of the total band-gap
difference [S0163-182¢07)06504-1

[. INTRODUCTION (see Table)l In fact, these calculations involve the surface
charges distribution induced by dipolar interactions at the
Among various 1I-VI systems, the growth by molecular- interfaces, and this distribution is very difficult to modelize.
beam epitaxy of semimagnetic heterostructures, like CdTeExperimental techniques like x-ray photoemission spectros-
(Cd,Mn)Te, ZnSefZn,Mn)Se or ZnSdZn,FeSe, is increas- copy (XPS) or ultraviolet photoemission spectroscopy pro-
ingly well controlled!=® The study of such heterostructures vide interesting information about the interfaces but give the

has opened a large area of new phenomena such as magnetielue of g, with poor accuracy. In a similar way, the,
field-induced type-l/type-Il transitiSror spin superlattice$, determinations involving a fit of the excitonic optical transi-
because of the large variation of the conduction- andions energies in single quantum wells are not accurate. On
valence-band edges as a function of an applied magnetitie contrary, theg, determinations that use a comparison
field. This large variation results from the exchange interacbetween the experimental and theoretical magnetic depen-
tion between the carriers and the magnetic ions spins. Preciskence of the excitonic transitions are very precise, but the
knowledge of the band alignment is important to understanébsolute value of|, can be wrong. The problem arises from
the properties of these heterostructures. A great amount ahe control of the sharpness of the interfaces, which can
work has been done, in particular, in Cdied,Mn)Te, con-  modify the penetration of the electronic wave functions in
cerning the determination of the valence- and conductionthe semimagnetiocCd,Mn)Te barrier and therefore their
band offsets. But the relative valence-band oftgetdefined  magnetic dependené®.Moreover, a possible modification
as the percentage of the gap difference between the binaof the antiferromagnetic interaction between neighboring
and ternary alloys lying in the valence band, is still a topic ofmanganese ions in the interface vicinity could also alter ev-
controversy: see Table | where somgvalues are compiled. ery determination of g, based on magneto-optical
Theoretical evaluations af, yield very different results properties’!

TABLE I. Different values ofg, found in the literature. The structures studied in the reported references
are CdTe/Cd_,Mn,Te heterostructures, whereis the Mn concentration. The method used for the
determination is indicated.

Ref. Structure X Method used for the), determination g, (%)
7 CdTe/MnTe interface 1 Calculation 28.2
8 CdTe/MnTe interface 1 Calculation 47
9 and 10 thin Cd_,Mn,Te films  From 0 to XPS 0

grown on CdTe 0.9

substrates
11 superlattices 0.24 Magneto-optical study 6.5
12 quantum wells 0.2 Magneto-optical study 10
13 multiple-quantum wells 1 Magneto-optical study 0-18
14 guantum wells 1 E,L,—E;H, difference 17
6 superlattices 0.07 Magnetic-field-induced type I-type Il 15-20
15 multiple-quantum wells 0.12 and E,L,—E,H; difference 30
0.27

16 multiple-quantum wells 0.05 Magneto-optical study 25-40
17 superlattices 0.066 Magneto-optical study 40
18 multiple-quantum wells 0.08 Magneto-optical study 40
19 multiple-quantum wells 0.07 Spin-flip Raman under a magnetic field 46
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TABLE Il. Nominal values and measured values with their un-

r h dy 42 certainty of the concentrations and layer thicknesses for samples
=a== = - I_ A andB.
Parameters Nominal Measured value with
(i) — value its uncertainty
Es? SampleA
. X (%) 30 25.7-0.2
= y (%) 20 18.5-0.2
N 1 d; (monolayers 25
q! q$>q3 d,, (monolayers 9 8x1
! d, (monolayers 25
FIG. 1. Schematized representation of the QWSCH potential SampleB
profile for two values of the relative valence-band offggt show- X (%) 30 29+0.2
ing the three kinds of optical transitions. y (%) 20 19.3£0.2
d; (monolayery 5
In this paper, we use a determinationapf that is com- 0w (monolayers 22 25+2
pletely independent of magnetic properties. The basic idea i¢. (monolayers 0

to find a heterostructure so that there are optical transitions
strongly dependent og,. Quantum-well separate confine-
ment heterostructurdQWSCH'g are such heterostructures. layer, and then a, Cd;_,Mn,Te layer are successively
They have already been used in systems like GaAsgrown. Sample B is grown on a 2000 A-thick
(Ga,AlAs (Ref. 22 and CdTe(Cd,ZnTe (Ref. 23 to deter- Cd;_,Mn,Te buffer layer, deposited on a ggZng 7€
mine the band offset. As recalled schematically in Fig. 1, asubstrate. On the buffer layerda thick Cd, _,MnTe layer,
QWSCH consists of a CdTe well embedded in a lagethen ad,, CdTe layer, and thend, Cd,_,Mn,Te layer are
Cd;_yMn,Te well (called the intermediate barrieand this  successively grown. A 250-A-thick Gd,Mn,Te layer is
structure is surrounded by a ¢dMn,Te barrier of larger grown 500 A after the QWSCH. On top of the two samples,
Mn concentration. Three kinds of optical transitions can bethere is a 500-A-thick cladding layer.
observed in a QWSCH depending on where the conduction Photoluminescence and excitation spectroscopy measure-
and valence states are confiné€d:both of them are in the ments are performed at low temperatufB=2 K) using
narrow CdTe well,(ii) one lies in the CdTe well and the standard cw laser excitation and lock-in techniques. Figure 2
other lies in the intermediate barri@hese kinds of transi- shows the photoluminescence and excitation spectra of
tions are called hybrid transitiongiii) both of them are in  sampleA. The excitation spectrum exhibits several peaks
the intermediate barrier. Whep) increases, the variations of whose light-(lh) or heavy-(hh) hole nature has been deter-
the electron and hole confinements partially compensate eachined by means of magnetoexcitation spectroscopy, per-
other for the(i) and (iii) transitions. On the contrary, the formed up to 5.5 T with a superconducting magnet in the
difference in energy spacing between adjacent levels of thBaraday configuration. In such semimagnetic materials,
CdTe well and of the intermediate barrier induces a strondeavy-hole transitions exhibit a larger Zeeman splitting than
dependence on the conduction and valence barrier heightse light-hole transitiond? Note that the magnetic field is
for the energies ofii) transitions. As a consequence, the
hybrid transitions are well suited to determigg. RS RERREmRRAT A aan A
We report on photoluminescence and photoluminescence i

ENSITY (arh. units

excitation spectroscopy experiments performed on two P (hh)
QWSCH's in which there are hybrid transitions having a
nonzero oscillator strength. The experimental results are ¢ T o

compared to the calculated ones. After the sample is care-
fully characterized, the hybrid transitions are identified: we
find a relative valence-band offsef;, =25%+ 7%. The in-
fluence of the interface quality on this result is discussed: we
show that the existence of an interface mixing does not
modify the value ofg, we have obtained.
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The two studied samples andB are quantum-well sepa- 1680 1760 1840 1920 2000
rate confinement heterostructures whose nominal parameters ENERGY (meV)
are reported in Table Il. Sampke is grown on a very thick
3.6-um Cd;_,Mn,Te buffer layer, deposited on a 270 A FIG. 2. Photoluminescencélashed ling and photolumines-
CdTe layer, deposited on a ggkZng g4T€ substrate. On the cence excitation spectroscofsolid line) of sampleA. The inset is
buffer layer, ad, thick Cd,_,MnTe layer, then a,, CdTe  an enlargement of thBs line.
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TABLE IIl. Minimum, maximum, and average values of the material parameters used in the calculation of the excitonic transition

energies. The contribution of each material parameter to the uncertairty,omamedAq, , is evaluated.

Parameter Notation Minimum Maximum Average Aq, (%)
value value value

Effective masses along me 0,088(Ref. 29 0,11 (Ref. 29 0,099 +0.5

the growth axig(in units M 0,4 (Ref. 28 0,66 (Ref. 29 0,53 +1

of my, the free-electron My, 0,11 (Ref. 29 0,159 (Ref. 30 0,1345 +0.5

mass$

Luttinger parameters V1 3,9 (Refs. 30 and 2P 5,595(Refs. 27 and 28 4,7475 +2
Vo 0,95 (Refs. 28 and 30 1,894 (Refs. 27 and 2P 1.422 +15

CdTe band-gap Eq 1606 (Ref. 31 1606,1(Ref. 31 1606.05 +0

energy(meV)

Cd;_,Mn,Te band- AE, 1564 (Ref. 32 1592 (Ref. 3) 1578 +0.25

gap energy:

Eg=Eg+AEgx (meV)

Ratio of the S11/S:, —2,424(Ref. 33 —2,57 (Ref. 39 —2,497 +0.5

elastic constants

Deformation a. 2,151 (Refs. 35 and 36 3,114 (Refs. 37 and 38 2,6325 0

potentials(eV) a, —1,215(Refs. 35 and 3y —0,4 (Refs. 35 and 38 —0,8075 +0.25
b, —1,22 (Ref. 39 —1,06 (Ref. 39 -1,195 +0

Cd,_,Mn,Te a; 6,481 (Ref.40 6,486 (Ref. 30 6,4835 +0

lattice parameter a, —0,138(Ref. 41 —0,152(Ref. 42 —-0,145 +0

a(x)=a;+ayx (A)

Dielectric constant x(0) 9,4 (Ref. 31 10,6 (Ref. 31 10 +0.5

used here only to discriminate the heavy- and light-hole natransitions, the sample has to be carefully characterized and
ture of the transitions and will not be involved in the deter-the real values of the sample parameterg, d,, d, have to

mination ofq, . The nature of th&; line could not be evalu-

be determined. The thickness of the intermediate barrier is

ated: the intense neighborimy line exhibits a huge Zeeman large (190 A) and the states confined in the C4MnTe
splitting and theP;5 line is hidden even for small magnetic layers, like the states confined in the CdTe layer, are not
sensitive tod; andd,, so we will use the nominal values of

In order to assign the peaks observed in the excitatiom; and d,. The x concentration and the strain state of the
spectrum, we compare their experimental energy positionketerostructure are determined by performing the excitation
with calculated excitonic transition energies. The variationakpectrum of the C¢g_,Mn,Te barrier photoluminescence.
calculation of the excitonic transition energies is reported irNo heavy-hole—light-hole splitting of the fundamental exci-
detail in Ref. 25. It takes into account the strain and excitonidon of the barrier can be resolved. This attests that the strain

fields.

effects. This calculation is valid for a typetélectrons and

in the barrier is zero: the barrier layer is completely relaxed.

holes localized in the same layemnd a type-llelectrons and  The thicknessl; +d,,+ d, being inferior to the critical thick-
holes localized in adjacent laygrstructure. The values of nesgabout 1000 A(Ref. 3], we reasonably assume an elas-
the material parameters used in the calculation, effectivéic accommodation of the Gd ,Mn,Te and CdTe layers
masses, band gaps, dielectric constant, deformation poterattice parameters on the ¢d,Mn,Te layer lattice param-
tials, elastic constants, and lattice parameters, are reported éter: we find that the heterostructure is compressed. The en-
Table Ill. As a great dispersion on the value of these paramergy position of the fundamental exciton of the barrier allows
eters exists in the literature, we compile in Table Ill their the determination of: taking the average energy gap param-

minimum, maximum, and average values.

The two first experimental intense transitiddgs (hh) and
P5 (Ih) are naturally assigned to the fundameriiaH, and
E,L, excitonic transitions, respectively. The levéls, H,
and L, being well confined in the CdTe well potential,
E,H,; and E;L, are not sensitive tx, d;, d,, y. On the
contrary, because the CdTe well is thieyH,; andE L, are

eter reported in Table Il and a value of the exciton binding
energy in Cd_,Mn,Te: E3P=11 meV/[the same value as in
CdTe (Ref. 31], we find x=25.7%* 0.2% (the uncertainty
+0.2% comes from the experimental error on the energy
position. The value ok thus determined is reported in Table
Il. To determiney, we take theP- line, identified as the
E,L, transition, for which the electronic and hole levels lay

very sensitive tod,. The comparison between the experi-in the Cd,_,Mn,Te layer. We deduce/=18.5%*0.2%

mental and theoretical energies provides= 8=+ 1 monolay-
ers. The P,(hh) line, which lays 23 meV higher than

when taking the average set of material parameters.
Figure 3 shows the calculated excitonic transitions versus

E;H,, and which appears to be rather a plateau than a peathe valence-band offset, taking the average values of the ma-

can be reasonably assigned to thel@vel or onset of the

continuum of theE;H, exciton.

terial parameters and the afore-determined sample param-

eters reported in Table II: th@) transitions are reported as
Before assigning all the peaks and identifying the hybridsolid lines, (iii ) transitions as dashed ling,) transitions as
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FIG. 3. Calculated excitonic transitions versys and energy qy (%)

position of the experimental peaks for sampleSolid lines arg(i)
transitions, dashed lines afié ) transitions, dashed-dotted lines are  FIG. 4. Calculated excitonic transitions verays, and energy
hybrid transitions, and dotted lines are type-ll transitions. Theposition of the experimental peaks for sampleSolid lines arg(i)
thickness of the lines representing the observed transitions is thgansitions, dashed-dotted lines are hybrid transitions, and dotted
uncertainty on the energy position of the experimental peaks.  lines are type-Il transitions. The thickness of the lines representing
the observed transitions is the uncertainty on the energy position of
dashed-dotted lines. Because of the strain, electrons ande experimental peaks.
holes can be localized in adjacent layénge-Il structure
for smallq, : for example, theée; L, andE,L 5 transitions are  nominal values ofl; andd, will be used. The comparison
type-ll for g, <10%; these type-Il transitions are reported ashetween the experimental and theoretical results is shown in
dotted lines in Fig. 3. The existence of several hybrid tran+ig. 4 for sampleB. The E;H; transition is not seen experi-
sitions can be seen and their large dependenag,aran be  mentally because it is hidden by the intenSgl, peak.
noted, confirming the validity of oum, determination E H, andE;L, transitions are not expected to be seen ex-
method. Note that th@), (ii), or (iii ) nature of the transitions perimentally because the oscillator strengths of these transi-
depends ory, : for example,E,H, is a (iii) transition for  tions are 100 times smaller than the neighboring transitions
0,<35% and thus is not sensitive ¢p ; it is a hybrid tran-  E,L, andEzH;. As for sampleA, a good fit is obtained for
sition for g,>35% and thus is very sensitive t . q,=25%, when taking the average set of material param-
From Fig. 3, it is possible to assign all the peaks observeéters.
in the excitation spectrum; the thickness of the lines repre- This value ofqg, has been determined using the set of the
senting the observed transitions is the experimental error ogverage material parameters in the calculation. The error on
the energy position of the lines. Tig(Ih) andPg(hh) peaks g, mostly arises from the great dispersion existing on the
are assigned without any ambiguity EgL; andE,H,, re-  values of the material parameters. So the comparison be-
spectively. TheE;H; transition is not observed experimen- tween theoretical and experimental results has to be per-
tally because it is hidden by the intenBelL ; peak. ThePs  formed for all the possible sets of material parameters: we
and P,4(lh) lines turn out to correspond to the;H; and  evaluateq,=25%=*7%. The contribution of each material
E;L3 hybrid transitions, respectivel{g; andH; being con-  parameter to the uncertainty ap has been evaluated and
fined in the CdTe welll; andEj; being delocalized over the reported in Table llI. It can be seen that the largest contribu-
Cd;_yMn,Te intermediate barrier. A good fit between the tion comes from the mass parameters. The strain parameters
experimental data and calculated results using the set of ays,,/S,,, a., a,, b,, a;, a,) give small contributions be-
erage material parameters is found fpr=25%. cause their only effect is to produce a global shift of all the
The same study has been performed on sarBpl€hex  excitonic transitions energies.
concentration and the strain state have been determined from The magneto-optical properties of the heterostructure are
the excitation spectroscopy of the CdMn,Te barrier lu-  not used to determing, in this paper. So we expect that our
minescencex=29+0.2%. The Cd_,Mn,Te layers are re- result is weakly dependent on the interface quality. Let us
laxed and the QWSCH is compressed. Jheoncentration is  evaluate the influence of the interface mixing on our deter-
deduced from the excitation spectroscopy of the wide 250-Anination of g, . Following the work of Gajet al.?° it is
Cd; _yMn,Te well: the Cd_,Mn,Te well being large, the possible to get quantitative information about the interface
E,H transition of this well will not be sensitive to the well quality from the study of the Zeeman splitting of the funda-
thickness but very sensitive ty, we obtainy=19.3%  mental excitorE,H,. Figure 5 shows thE;H, experimental
+0.2%. Thed,, value comes from the identification of the Zeeman splittingdots obtained for samplé. The dashed
E,H, transition of the QWSCH as for the previous sample:line is the calculatede;H,; Zeeman splitting considering an
d,=25+2 monolayers. As in the previous sample, theabrupt interface without mixing and taking the average set of
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- We have checked that the variations of the transition en-

[ ergies versus the sample parameters tike y, and versus

the material parameters like effective masses, do not depend

on the interface quality. So the energy differences between

------ ] the excitonic transitions, calculated in the case of abrupt and

3 nonabrupt interfaces, are the same whatever the set of param-

] eters used in the calculation is. Only the absolute value of the

A ] excitonic transitions energies is altered. We find that, for a

1720 - N e ] diffusion lengthLy=3 meV, the absolute value of the exci-

L~ e ] tonic transitions energies is modified by a value which is
""" 3 inferior to the experimental uncertaintyypically 3—4 meVf

i So the existence of the interface mixing does not alter our

g, determination.

1740 |

1730 |

1710 |

TRANSITION ENERGY (meV)

1700 :||||||||||||||||||||||||||||||||||:

0 1 2 3 4 5 6 7
MAGNETIC FIELD (Tesla)

[ll. CONCLUSION

FIG. 5. Zeeman splitting of th&,;H, excitonic transition of . .
sampleA. Experimental values are reported as dots, the dashed line ' Summary, we have determined the value of the relative

is the calculated Zeeman splitting taking the average set of materidi@lence-band offset in CdT€d,Mn)Te, g, = 25%* 7%, by

parametersy, = 25% and assuming abrupt interfaces. The solid lineMeans of optical experiments on separate confinement het-
is the calculated Zeeman splitting takimg=25% but assuming €rostructures. These heterostructures allow the observation

nonabrupt interfaces as explained in the text. of optical transitions involving states localized in the CdTe
or Cd,_yMn,Te layers. Among these transitions, those in-

) . volving a state in the CdTe layer and the other in the
material parameters. It can be seen that the theoretical resuftg ,-,Mn,Te layer are very sensitive to the valence-band
do not fit the experimental results for the obtained value Offfset. Comparison between the observed transition energies
q,=25%. Gajet al”™ have shown that taking into account anq the calculated ones yields the valuegpf The uncer-
allows us to reproduce the experimental results. We hav, the values of the material parameters used in the calcula-
calculated the excitonic transitions taking into account thgjon, has been carefully evaluated. We point out that our

. . . . 20 1 * i X
existence of nonabrupt interfaces. Following @8pl.”" We  method does not use the magneto-optical properties of CdTe/
have modelized the interface profile by an exponential func{cg,Mn)Te heterostructures. So ogy determination cannot
tion, in which a diffusion length. 4 is defined. A good fit of  pe aitered by the modifications of the magnetic properties
the experimental Zeeman splitting is obtained =3 A que to the interface mixing. Moreover, we have explicitly

when takingg, =25%, as can be seen in Fig. 5. This value ischecked that the existence of an interface mixing does not
quite_coherent with the diffusion lengths found by Gaj modify the obtained value a, .

etal?® on samples grown in the same molecular-beam-

epitaxy machine. Note that if we do not take into account the

mterfa_ce mixing in the c_alculatlons, we woqld have fou.nd a ACKNOWLEDGMENTS
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