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Observation of Localized Above-Barrier Excitons in Type-I Superlattices
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This Letter reports experimental evidence for the existence of localized excitons at above-barrier ener-

gies in type-I superlattices. By using magnetoabsorption measurement on a series of Znp. 86Cdp[4-

Se/Znp75Mno25Se superlattices, where the subbands localized in nonmagnetic and magnetic layers un-

dergo drastically diA'erent Zeeman splittings, we show conclusively that above-barrier excitons are local-

ized in the barrier rather than in the well regions.

PACS numbers: 73.20.Dx, 71.35.+z, 78.20.LS, 78.65.Fa

In studies of semiconductor superlattices carried out so

far, the focus of attention has generally been on energy
states below the barriers, i.e., on conduction and valence
subbands confined in the wells of the superlattice. Al-

though the existence of above-barrier subbands in super-
lattices has been recognized for a long time [1], theoreti-
cal understanding of such subbands has been largely lim-

ited to numerical calculations of eigenstates and optical
transition probabilities [2,3]. Optical transitions involv-

ing above-barrier states have also been observed experi-
mentally in GaAs/Gai —„AI„As superlattices, either by
Raman spectroscopy [4] or by photoluminescence excita-
tion spectroscopy [3]. While it was recognized that the
above-barrier subbands can form excitons, it was as-
sumed that such above-barrier excitons are delocalized
[4].

In this Letter we present evidence that above-barrier
excitons can in fact be localized (or confined), and that
in type-I superlattices the regions of localization are the
barrier layers To acco.mplish this, we use magneto-
transmission spectroscopy on superlattices formed from

alternating nonmagnetic and diluted magnetic semicon-
ductor (DMS) layers [5]. In such structures the Zeeman

splitting of states localized in the DMS regions is consid-

erably larger than in non-DMS regions (on the scale of
tens of meV) [6,7]. This difference in behavior in

different layers can be exploited to pinpoint the localiza-
tion in space of subbands taking part in specific transi-
tions.

The mechanism of localization of electrons at above-
barrier energies can be physically understood as follows.

A electron wave traveling in the barrier region experi-
ences a reflection as it reaches the barrier-well interface,
similarly to the case of below-barrier electrons traveling
inside the well. Just as for electrons in the wells, the con-

structive interference condition will have a strong eAect
on the shape of the above-barrier electron wave function.
A simple calculation using the Kronig-Penney model re-

veals that this condition in fact leads to a strong localiza-
tion of the wave function in the barrier region, which can

be as strong as (or even stronger than) that for the states
at below-barrier energies, localized in the wells. Our
analysis sho~s that the condition of localization corre-
sponds to the constructive interference condition, i.e.,

kbLb =nz,

where kt, =1/h(2m*E)'I is the wave vector in the bar-
rier region, Lb the barrier width, and n an integer. The
energy E (relative to the top of the barrier) that corre-
sponds to the localized above-barrier states can be ob-
tained from Eq. (1). Our numerical results show that the
integrated probability of the lowest above-barrier state in

the barrier (which provides measure of localization) can
be as large as (or larger than) the integrated probability
of the ground state in the wells. In a type-I superlattice,
a localized exciton can therefore form between such a lo-
calized above-barrier electron in the conduction band and
a localized above-barrier hole in the valence band, whose

wave functions are schematically shown in Fig. 1. As is

clear from the figure, such an exciton will be localized in

the barriers.
We investigated three Znp s6Cdp ~4Se/Znp 75M np 25Se

superlattices, with the concentrations of Cd and Mn so
chosen as to give type-I band alignment (band offset be-

ing 210 meV for the conduction band and 40 meV for the
valence band) [8]. This provided an opportunity to ex-
amine the behavior of above-barrier subbands in a type-I
superlattice. The superlattices were grown by molecular
beam epitaxy (MBE) on (100) GaAs substrates, after
deposition of a ZnSe buAer layer. The details of the
growth are given elsewhere [9]. The superlattices con-
tained alternating ZnCdSe layers (wells) and ZnMnSe
layers (barriers). The well widths in the three superlat-

tices (referred to subsequently as SL1, SL2, and SL3)
were 60, 85, and 130 A, respectively, and the barrier
width was kept the same (Lt, =85 A) in all three cases.
The number of periods in the three superlattices were

100, 85, and 65 in SL1, SL2, and SL3, respectively. %'e

emphasize that the prediction of exciton localization in

the barriers of type-I superlattices is universal, and our
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FIG. 1. The band structure of a type-I superlattice (solid
lines) and the wave functions (dashed lines) of the first above-

barrier subbands both in the conduction band and in the
valence band are schematically plotted. The eigenenergies at
the center of the superlattice Brillouin zone, which correspond
to the wave functions shown, are plotted by the dash-dotted
lines. The localization of the subbands shown results in the for-
mation of above-barrier excitons localized in the barrier regions
of the superlattice.

choice of a DMS/non-DMS structure was dictated only

by the possibility of identifying the layers in which

specific optical transition actually take place.
In order to carry out transmission experiments, the

GaAs substrates were removed from the samples by
mechanical polishing, followed by selective etching (using
a 20:1 Hz02. NH4OH solution at room temperature). All
absorption experiments were carried out using circularly
polarized light in the Faraday configuration, i.e., with the
magnetic field and the wave vector of incident light both
parallel to the growth axis of the sample. The samples
were placed in a temperature-variable (from 1.5 to 300
K) optical cryostat equipped with a 6-T superconducting
magnet. The light source consisted of a halogen lamp
and a monochromator. The monochromatic light was
mechanically chopped, and standard lock-in detection
was used to reduce the noise.

Figure 2 shows a low-temperature (1.5 K) transmission
spectrum for SL1 in the absence of magnetic field.
Several excitonic absorption peaks are observed. We
identify the peak at 2.721 eV (labeled Eii) as the free
exciton transition between the first heavy-hole subband
and the first electron subband (the ground state below the
barriers) of the superlattice, and the peak at 2.802 eV
(labeled EaF) as the free exciton transition from the
ZnSe buffer layer. We also measured the transmission

Energy (ev)

FIG. 2. Transmission spectrum of a Zno. s6Cdo i4Sel
Zne. 75Mne. 25Se superlattice (SLI) observed at 1.5 K and zero
magnetic field. The peak labeled Ei| is the excitonic transition
associated with the lowest heavy-hole and electron subbands
(N I) confined in the wells; EeF is the excitonic transition
from the ZnSe bulfer layer; and Efi is the excitonic transition
associated with the lowest above-barrier heavy-hole and con-
duction electron subbands. The arrow labeled Eg indicates the
energy gap of the barrier material, obtained from a Zno. 75-

M n0.2&Se epilayer.

spectrum of an epitaxial film of ZnQ75MnQ25Se grown un-

der exactly the same conditions as those for the barriers
of the superlattices, which determines the band edge of
the barriers as 2.920 eV (marked as Eg) (10j. In Fig. 2,
the energy of the peak labeled Ei i is 2.965 eV, which is
larger than Eg. The shape and sharpness of this peak
suggest that it is also an excitonic transition. Since
ZnQ75MnQ25Se is present in the sample only in the bar-
riers of the superlattice (i.e., not in the buffer layer, nor
in the cap layer), all the states associated with Zno75-
Mnoz5Se are described by the subbands of the superlat-
tice. Therefore we identify transition Eii as between the
first above-barrier heavy-hole state and the first above-
barrier electron state (the lowest-energy above-barrier
transition). In the following we will focus on Ei ~

and Ei i

peaks, and we will not concern ourselves with the other
peaks in Fig. 2.

Magnetotransmission data on the ZnCdSe/ZnMnSe
superlattices studied here fully verify the theoretical
analysis already discussed, as argued below. When an
external magnetic field is applied, the. band edges of the
ZnMnSe barrier will be Zeeman split, leading in turn to
the splitting of optical transitions in the superlattice. Fig-
ure 3 shows the energies of the Ei i and E|1 transitions as
a function of the magnetic field observed in SL3. Also
shown in the figure is the splitting of the exciton line ob-
served in the epilayer of ZnQ 75MnQ 25Se having the same
Mn concentration as the barriers in SL3, and already
used to determine Eg in Fig. 2. It is significant that the
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FIG. 3. Spin splittings of the excitonic transitions E)) and

Eff, and of the Eg transition obtained from a Zne 75M nQ.2sSe

epilayer, as a function of magnetic field. The crosses are ob-

tained with cr—circular polarizations and represent transitions
between spin-up states; the squares correspond to a+ polariza-
tions and represent transitions between spin-down states.
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FIG. 4. Energy shifts of the excitanic transitions EQF (ZnSe
buffer), Ef~ (lowest well-tp-well transition), Et~ (lawest-energy
above-barrier transition), and Eg (Zne, 75MnQ. Q5Se epilayer) ss s
function of temperature. All shifts are measured relative to
transition energy of the respective line observed at 1.5 K.

spin splitting of the above-barrier transition E~ ~ is clearly
larger than that of the below-barrier transition E~], and
almost (but not quite) as large as that in the ZnMnSe
epilayer.

We recall that the structures investigated in this Letter
are type-I superlattices, consisting of nonmagnetic wells

and magnetic barriers. The relatively small (but observ-

able) Zeeman splitting of the ground-state exciton transi-
tion El l (which originates and terminates in the nonmag-
netic wells) thus arises from the partial penetration of the
wave functions of the initial and final states into the mag-
netic barriers [8]. By contrast, the much larger Zeeman
splitting of Ebll (almost the same as that for "bulk"
Znp 75Mnp 25Se material) indicates that the E l l transition
originates and terminates on states localized predom-
inantly in the DMS (i.e., barrier) region. The fact that
the splitting of El 1 is slightly (about 15%) below that in

the Zn075Mn02pSe epilayer indicates that a small part of
the wave function extends into the non-DMS layers,
again in accord with the picture shown in Fig. I. The
data shown in Fig. 3 are very similar to those observed on

SL1 and SL2, and provide direct evidence that the
above-barrier exciton in a type-I superlattice can be lo-
calized in the barrier layers.

Additional corroboration that the wave functions of the
above-barrier states reside primarily in the barrier layers
is obtained as follows. We recall that the energy gaps of
wide gap II-VI semiconductors decrease as the tempera-
ture increases. Furthermore, the zero field energy gap of
a II-VI-based DMS changes faster than that of non-

DMS materials due to the exchange interaction [11].
The temperature dependences of the transitions E~ t, EBF,
Eg and E ] ~ in SL 1 in the absence of the magnetic field

are shown in Fig. 4. The data clearly indicate that the
energy shift with increasing temperature of the first
above-barrier excitonic transition E~~ is larger than that
of the first below-barrier excitonic (ground-state) transi-
tion, and follows closely the temperature dependence of
the energy gap Eg of the Zn075Mn025Se epilayer, again
showing that the behavior of El l is more "barrierlike" as
compared to El l, which must necessarily reflect the prop-
erties of the (nonmagnetic) well material.

To confir our arguments, we have calculated the
wave functions and the energies of the ground states
below the barriers and of the lowest states above the bar-
riers in Znp sQCdp l4Se/Znp 75Mnp 25Se superlattices, using
aeeurate band-structure calculation in the k- p approxi-
mation (with the conduction band, the valence bands, and
the spin-orbit-split band included [12]) and parameters
corresponding to our samples [8]. For the ground states,
most of the wave function is confined in the well regions
(as of course is expected). In contrast, for the lowest
states above the barriers most of the wave function in the
valence as well as in the conduction bands is confined in

the barrier regions, resulting in the formation of the exci-
tons localized in the barrier layers. The calculated ener-
gies are also in good agreement with the assignment of
the transitions. The discussion of the numerical results,
and detailed fitting of all the optical transitions shown in

Fig. 2 with and without magnetic field, will be given in a
more extensive paper.

In summary, we have compared the Zeeman splittings
in Znp sQCdp l4Se/Znp 75Mnp 25Se superlattices for the
above-barrier exciton transition with that for the
ground-state exciton, and we compared the temperature
dependence of the two transitions. Both observations
show that the above-barrier transition is determined pri-
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marily by the barrier layer parameters, indicating that
the wave functions of the above-barrier subbands are lo-
calized in the barriers, in excellent agreement with
theoretical predictions.
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