
e

PHYSICAL REVIEW B 15 JANUARY 1997-IVOLUME 55, NUMBER 3
Quantum-confined Stark effect on spatially indirect excitons
in CdTe/CdxZn12xTe quantum wells
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The quantum-confined Stark effect is studied in the mixed type-I/type-II CdTe/CdxZn12xTe strained het-
erostructures. The type-II nature of the light-hole excitons is unambiguously confirmed by the blueshift ob-
served under increasing electric field, in good agreement with calculations. On the other hand, the heavy-hole
excitons are redshifted as expected for type-I excitons. The peculiar valence-band alignment, resulting from the
sign reversal of the strain between the wells and the barriers, is used to detect the electric-field induced mixing
of LH1 and HH2 confined hole states. An accurate value for the long-disputed chemical valence-band offset of
CdTe/ZnTe system is extracted asDEV5(1163)% of the band-gap difference between unstrained CdTe and
ZnTe materials.@S0163-1829~96!06835-X#
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The CdTe/CdxZn12xTe quantum-well~QW! system of-
fers unique physical properties due to the difference in lat
parameter between CdTe and ZnTe which alters consi
ably the band alignment of the heterostructure because o
relatively small valence-band offset~VBO! in the absence o
strain. But, while the deformation potentialsac , av , andb
linking the strain to the band structure are relatively w
known,1 the ‘‘chemical’’ VBO has not yet been accurate
determined and different values ranging between 0%
20% have been proposed.2,3 As shown in Fig. 1 depicting the
band structure under a 10-kV/cm electric field for a VBO

FIG. 1. Calculated band structure of CdTe/Cd0.62Zn0.38Te mul-
tiple quantum wells under a 10-kV/cm electric field showing ele
tron (E1

left ,E1
right), heavy-hole (H1 ,H2), and light-hole (L1) con-

fined states. The heavy-hole valence band~full line! and light-hole
valence band~dotted line! are split by the lattice mismatch strai
imposed by the substrate. The arrows correspond to the ty
(E1H1,2) and type-II (E1

l ,r ,H1) absorption transitions. At 10 kV/cm
theH2 heavy-hole state confined in the CdTe quantum well is
generate with theL1 light-hole state confined in the Cd0.62Zn0.38Te
barrier.
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11%, the strain of opposite sign in the barrier and in the Q
induces a type-II band structure for light holes which a
confined in the CdxZn12xTe barriers whereas the heav
holes are confined in the same layer as the electrons~type-I
band structure!. This configuration is possible only if the
strain contribution is superior to the chemical VBO.2 This
can be checked by the measurement of the quantum-con
Stark effect~QCSE! which allows one to determine unam
biguously the valence-band configuration. Indeed, by app
ing a longitudinal electric field it will be easy to check th
nature of electron–light-hole transitions because type-II
citons are expected to shift linearly to the blue where
type-I transitions should redshift quadratically.4 The goal of
this paper is to describe experimental measurements of
QCSE obtained on Schottky diodes and calculations wh
allow us to determine the nature of the excitons and the b
lineup in the CdTe/CdxZn12xTe system. These results ad
new insights about the behavior of mixed type-I system
such as InAs/GaAs, already studied.5

The samples are grown by molecular-beam epitaxy
~001! Cd0.75Zn0.25Te substrates transparent at the energy
the excitons in CdTe quantum wells. The use of this spe
substrate with a lattice parameter situated between thos
the QW ~CdTe! and the barrier~Cd0.62Zn0.38Te! allows
pseudomorphic growth of strain symmetrized structures.6 An
n-type strain-free Cd0.75Zn0.25Te indium-doped layer
~n51017 cm23! of 1.5mm thickness is grown first, providing
a buried electrical contact layer. The multiple QW
~MQW’s! are made up of 40 periods of 81-Å CdTe and 1
Å of Cd0.62Zn0.38Te layers as deduced from x-ray diffractio
measurements. The MQW region is embedded in a Scho
diode, formed by a semitransparent gold film deposited
top of the cap layer and the buriedn-type doped layer. Stan
dard photolithography is used to produce circular diodes o
mm diameter. A chemical etch give access to the doped la
which is contacted Ohmically by evaporation of indium. T
wide transparent spectral range of the substrate allows u
measure directly the transmission of the samples. We de
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1564 55H. HAAS, N. MAGNEA, AND LE SI DANG
the optical density of the samples as the natural logarithm
the transmitted intensity divided by the transmitted intens
in the completely transparent region at lower energy~hn
,1.568 eV!. Electroabsorption experiments are preformed
low temperature~2–30 K! with a white lamp source filtered
by the substrate which cuts off the highest-energy photo
Photoluminescence and polarized photoluminescence ex
tion ~PPLE! experiments are preformed with a Ti-sapph
laser as excitation source.

Typical electroabsorption spectra recorded in the vicin
of the fundamental excitonic transitions are shown in F
2~a! for electric fields varying between 10 and 60 kV/cm
The heavy-hole transitionse1h1 and e1h2 shift towards
lower energies under electric field which is characteristic
the QCSE on type-I QW’s. The redshift of the fundamen
transition between flat-band conditions and 60 kV/cm
around 5 meV. As expected for a parity-forbidden transit
between even and odd states, thee1h2 transition gains in
oscillator strength because the overlap of the electron
hole wave functions increase under electric field. For
same range of applied electric fields thee1l 1 transition is

FIG. 2. ~a! 2-K excitonic absorption of CdTe/Cd0.62Zn0.381Te
multiple quantum well for electric fields varying between 10 and
kV/cm in steps of 10 kV/cm showing heavy-hole related lin
e1h1and e1h2 . The oscillator strength of the parity-forbidde
e1h2 transition increases with the field.~b! 2-K excitonic absorption
of CdTe/Cd0.62Zn0.38Te multiple quantum wells for electric field
varying between 10 and 60 kV/cm for the light-hole related li
e1l 1 . The blueshift of thee1l 1 line is characteristic of a spatially
indirect transition.
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shown in Fig. 2~b!. The e1l 1 transition shifts rapidly to
higher energies. It blueshifts nearly linearly by 35 meV b
tween flat-band conduction and 60 kV/cm. For comparis
the redshift of the type-Ie2h1 transition for the same fields i
only 5 meV. Such a fundamental difference can only be
plained if the light holes are confined in barriers whereas
heavy holes are confined in the same layer as the electr

If we neglect initially the excitonic interaction the energ
of transition under an electric fieldF for a type-I EnHm
transition can be written

EnHm5Eg1En~F !1HHm~F !2eFLW , ~1!

whereEn(F) and HHm(F) are the field-dependent confine
ment energy of electrons and heavy holes in the QW
LW is the well thickness. The last term of relation~1! ex-
plains the redshift of the type-I transitions. For a type-II tra
sition involving light-hole states a different behavior is e
pected. As shown in Fig. 1, the light-hole state LH1 can give
rise to two transitions: one with an electron to the right of t
QW and the other with the electron to the left. These tran
tions are equivalent in the absence of an electric field. Bu
electric field the wave function of the light hole LH1 shifts
towards the right interface which gives rise to two kinds
transition differing in their energy:

En
rightLm5Eg1En~F !1LHm~F !, ~2a!

En
leftLm5Eg1En~F !1LHm~F !2eF~LW1LB!. ~2b!

TheE1
rightL1 transition, and thus thee1l 1 excitonic transi-

tion, shifts to the blue due to the increasing carrier confi
ment in triangular wells~see Fig. 1! and gains in oscillator
strength owing to the greater overlap of the wave functio
On the other hand, for the transitionE1

leftL1(e1l 18 excitonic
transition! with the electron confined in the CdTe layer at t
left, a large redshift is expected because of the potential d
across the barrierplus the well. Since the overlap of the
electron and light-hole wave function~already small at zero
field! decreases very quickly, this transition has not be
observed in the transmission spectra of our samples. Ne
theless it can strongly influence the electronic band struc
through band mixing effects as we shall see below.

To confirm the attribution of thee1l 1 transition to the
light-hole subband we have measured the ratio of circu
polarization in PPLE under electric field. Because of t
presence of photogenerated carriers, the electric field is
given by the value of the applied voltage but is deduced fr
the shift of thee1l 1 transition. As shown in Fig. 3~a!, at low
field we observe a polarization ratio fore1l 1 opposite to the
ones ofe1h1 and e1h2 , attributed to heavy-hole excitons
which indicates clearly that this transition indeed involv
light-holes states.7 As we increase the electric field, this tran
sition shifts to higher energies as observed previously in
transmission measurements@see Fig. 3~b!# while preserving
its negative polarization ratio. Simultaneously, we can a
detect thee1l 2 transition at higher energies.

While the polarization ofe1l 1 remains negative betwee
5–20 kV/cm, the polarization of thee1h2 transition changes
its sign, indicating a light-hole character for field higher th
12 kV/cm. This phenomenon might be explained by mixi
of theH2 heavy-hole andL1 light-hole subbands under elec
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55 1565QUANTUM-CONFINED STARK EFFECT ON SPATIALLY . . .
tric field. As seen on Fig. 1 where we have drawn the cal
lated band structure at 10 kV/cm, theH2 subband is effec-
tively degenerated with theL1 subband. These subbands c
mix as shown theoretically by Schulman and Chang
GaAs.8 In the GaAs/GaxAl12xAs case light- and heavy-hol
subbands are in the same layer while in our case the in
acting subbands are in adjacent layers. Then thee1h2 transi-
tion will have a light-hole component reflecting the streng
of the mixing. On Fig. 3~b! we have plotted the energy shi
and the integrated intensity of thee1h2 versus the electric
field measured in the transmission spectra. In the absenc
any coupling we would expect a monotonic increase of
oscillator strength of this parity-forbidden transition alo
with the redshift. On the contrary, we see an initial decre
of the intensity of thee1h2 transition with a minimum nea
10 kV/cm, where the light-hole contribution is observe
This transfer of intensity towards thee1l 1 transition is an-
other indication of the mixing ofH2 andL1 states. For fields
higher than 30 kV/cm thee1h2 transition recovers its oscil
lator strength and probably its heavy-hole character but

FIG. 3. ~a! Circularly polarized photoluminescence excitatio
spectra of CdTe/Cd0.62Zn0.38Te multiple quantum wells under elec
tric fields of 5 to 19 kV/cm detected on the low-energy side of
e1h1 excitonic transition. Positive peaks are attributed to hea
hole excitons and negative peaks to light-hole excitons. Near
kV/cm the sign of the polarization ratio of thee1h2 line changes
from positive to negative as a result of the mixing between
H2andL1 confined hole states.~b! Electric-field dependence of th
energy~empty square! and integrated intensity~full circle! of the
e1h2 line measured in transmission spectra.
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fortunately we could not exceed 20 kV/cm in PPLE expe
ments because of the efficient screening of the electric fi
by the carriers generated by the optical excitation.

The theoretical calculation of the wave functions and
eigenvalues of electron and hole states under electric fie
based on the resolution of the Schro¨dinger equation as in
Ref. 9. The physical constants involved in the calculatio
are given in Ref. 2. The light- and heavy-hole exciton bin
ing energiesEb

X are calculated using the numerical solutio
of Peylaet al.10 based on the model of Leavitt and Little.11

To get an accurate value ofEb
X we have to include the effec

of the longitudinal-optical phonon field on the Coulom
electron-hole interaction. For this purpose we have used
three-dimensional~3D! model of Haken12 which gives an
effective dielectric constanteeff depending on the exciton
Bohr radius and on the electron and hole polaron lengths.
an 81-Å-thick QW between Cd0.62Zn038Te barriers the fun-
damental heavy-hole exciton has a calculated exciton b
ing energy of 19 meV witheeff59.4 instead of 10.6. From
the 1S-2S splitting and using the model of Mathieu, Lefevr
and Cristol13 we get an experimental exciton binding ener
Eb
X519.560.5 meV in very good agreement with the calc

lated value. Similar good agreement is obtained for differ
well thicknesses and barrier heights, confirming the imp
tance of a correct treatment of the Fro¨hlich interaction in the
calculation of the exciton binding energy especially wh
Eb
X is close to the LO phonon energy. The electric-field d

pendence of the exciton binding energy was calculated b
variational method only for thee1hh1 ande1hh2 transitions
as in Ref. 14.

In Fig. 4 we compare the theoretical and experimen
shift of theenhm andei l j excitonic transitions as a functio
of the electric field. For the heavy-hole transitionse1h1 and
e1h2 , where the field dependence ofEb

X has been included, a
good agreement is obtained up to 70 kV/cm. Typically for
electric field of about 105 V/cm the calculated exciton bind
ing energy fore1h1 is reduced by 4 meV. In comparison th
exciton binding energy fore1h2 first increases up to 70
kV/cm ~1 meV! and then decreases slightly. These resu
can be explained by the increasing overlap of the wave fu
tions of the first electron level (e1) and the second hole leve
(h2) under electric field. This overlap reaches its maximu
around 70 kV/cm. Fore2h1 this correction has not been ca
ried out but the theoretical curve fits the experimental d
quite well. Similarly to the case ofe1h2 , the exciton binding
energy for a transition between an antisymmetric elect
wave function and a symmetric hole wave function does
vary too much~around 1 meV! with the electric field.

The measured zero-field energy and the observed b
shift of the light-hole transitione1l 1 with the electric field is
very well reproduced by the calculation for a theoretic
light-hole exciton binding energy of 5 meV. The agreeme
is good up to 40 kV/cm but above that value the observ
slowing down of the blueshift could result from an increa
of the exciton binding energy as expected for a spatia
indirect transition under an electric field.

The complete set of experimental data can now be use
determine precisely the valence-band offset. In Fig. 5
compare the experimental energy positions at zero field
the enhm and ei l j transitions with the calculated ones fo
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1566 55H. HAAS, N. MAGNEA, AND LE SI DANG
different values of the chemical VBO. The straight line co
responds to the ideal agreement of the calculation with
measured values. The heavy-hole transitionsenhm are quite
insensitive to the band offset because they are type-I–d
transitions. On the other hand, the type-II–indirect light-h
transitionsei l j show an extreme sensitivity to the band-offs
value as shown in Fig. 5. This leads to a precise determ
tion of the VBO in this system equal to~1163!% of the
band-gap difference between CdTe and ZnTe providing
it is independent of the strain. This result is quite differe
from our previous determinations where smaller values
the VBO have been obtained.2,3 We think that this last value
is more reliable than the previous estimates because o
existence in the present structures of a real type-II light-h
exciton. In structures with lower Zn content in the barrie
like those used in Refs. 2 and 3, the Coulomb interaction
make the light exciton effectively type I which hinders
precise deduction of the VBO. In a recent experiment
have indeed confirmed that in samples with only 10% Zn

FIG. 4. Experimental positions~symbols! and calculated ener
gies ~continuous lines! of the excitonic transitions observed i
CdTe/Cd0.62Zn0.38Te multiple quantum well as a function of electr
field.
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the barriers, thee1l 1 exciton is quasidirect with the light-hole
state LH1 localized in the CdTe wells at zero field but b
comes type II above a characteristic electric field of 20 k
cm. Such a behavior has been predicted and calculated t
retically by Kavokin and Nesvizhskii.15

In summary the quantum-confined Stark effect has b
observed for type-I/type-II CdTe/CdxZn12xTe quantum
wells in optical transmission experiments. In structures w
sufficient confinement we demonstrate unambiguously
the light-hole exciton transitions are spatially indirect. Th
peculiarity is used to determine a chemical valence-band
set of@~1163!%#DEg between ZnTe and CdTe. In these m
terials the excitonic effects are important and they must
considered in detail. The behavior of the light- and hea
hole excitonic transitions under an electric field can be
derstood very well and is reproduced quite accurately by
calculations. By using these results we have been abl
design heterostructures exhibiting room-temperature e
tonic absorption and efficient electromodulation propertie16

The authors acknowledge F. Kany, Q. X. Zhao, R. And´,
N. Pelekanos, R. T. Cox, J. L. Pautrat, and P. Gentile
their help and support during the course of this work.

FIG. 5. Plot of the experimental energy position of the excito
transitions observed in CdTe/Cd0.62Zn0.38Te multiple quantum
wells versus the theoretical energy positions calculated for sev
values of the valence-band offset. The straight line which co
sponds to the ideal fit shows that the best agreement between
periment and theory is obtained for a valence-band offsetDEV

511% DEg .
ev.
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