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Type-Il interface exciton in ZnSe/(Zn,Mn)Se heterostructures

V. V. Rossin
A. F. loffe Physico-Technical Institute, St. Petersburg 194021, Russia

T. Bottger and F. Henneberger
Humboldt-Universitazu Berlin, Institut fu Physik, Berlin 10115, Germany

(Received 2 May 1996

Two emission bands are observed in the photoluminescence spectrum ofZZn&ejSe heterostructures.
These bands emerge in a magnetic field and are associated with interface excitons formed as a result of a
magnetic-field-induced type-l-type-Il transition of the band alignment. Time-resolved measurements yield
lifetimes in the ns range signifying a relatively large spatial separation of electrons and holes and hence low
optical oscillator strength. These features are confirmed by a theoretical analysis of the interface exciton state
revealing a reduced importance of the electron-hole Coulomb interaction in comparison with type-Il excitons
in qguantum wells[S0163-182€06)03435-2

In semidilute or dilute magnetic semiconduct@®MS’s),  The samples were mounted in the bore of superconducting
the Zeeman splitting of the carrier states is greatly enhancesplit-coil magnet capable of fields up to 12 T. The circularly
due to thes, p-d exchange interaction with localized mag- polarized cw photoluminescencdL) and PL excitation
netic ion moment$. The use of these materials in hetero- (PLE) spectra were studied at temperatures from 1.6 to 10 K
structuregie.g., in combination with nonmagnetic layped-  Using a tunable dye las¢8tilbene 3 pumped by an argon-
fers the unique possibility to tailor the band offsets spinion laser. For time-resolved measurements, a synchronously
selectively by an external magnetic field. One of the relatedumped tunable dye laser with a pulse duration of 2 ps and
phenomena is the formation of spin 5uper|atti%‘é§or pro-  76-MHz repetition rate was used. The PL was recorded ei-
totype 11-VI DMS’s, the hole exchange coupling is typically ther with a synchroscan streak-camérene resolution 5 ps
a factor 4-5 stronger than for electrons. Therefore, choosingr & time-correlated single-photon counting system of better
a zero-field valence-band offset that is small enough, #&lynamic range but worse time resolutit0 ps.
magnetic-field-induced type-I — type-Il transition of the band PL data atT=1.6 K are summarized for different mag-
alignment can be accomplishé‘cﬁ (Zn, Mn)Se/ZnSe is a netic fields in Fig. 1a). The PL spectrum at zero field exhib-
system where this transition is easily observed at relativeljts a line from the QW heavy-hole excitoiX;) and emis-
low magnetic fields B~2 T).”~° In the situation of type-l1l  Sion from the ZnSe BL. Unlike previously studied multiple
alignment, the spatial separation of the electron and holeQW structures of similar design but thicker barrfetpwhere
confined now in different layers, will reduce the oscillator the QW is under tensile strain, the ground-state exciton of
strength for the optical transitiof.However, the Coulomb light-hole nature X,) and shifted below the ZnSe bulk reso-
interaction can partly compensate for this tendency, and eg:ancd, the barriers are compressively strained by the much
tablish an indirect or type-Il exciton state where the electrorthicker ZnSe BL in the present samples. Since the position of
and hole are still significantly correlated. Indeed, studies orthe QW excitons is now dominated by confinement effects,
(Zn,Mn)Se/ZnSe quantum-we{QW) excitons have not re- Xy, is the one of lowest energy and appears on the high-
vealed any dramatic change of the optical absorption anénergy side of the ZnSe emission. This assignment is directly
lifetime.”~® On the other hand, the existence of a long-livedconfirmed by the magnetic-field dependencies of the reso-
type-ll exciton magnetic polaron was recently claimed fornances seen in PLEFig. 2). The Zeeman splitting oK, is
ZnSe(Zn,Mn)Se superlattice structurésin this paper, we much larger than forX, located 11 meV aboveX, at
report on the direct observation of an emission from a singlé8=0 T. The emission from the ZnSe BL consists of a free-
heterointerface exciton formed above a critical field by elec-exciton line on the high-energy side, and bound-exciton fea-
trons and holes situated in differetitulklike) layers. The tures with a dominant, peak at 2.7945 eV. When a mag-
design of the DMS structures used in our study allowed us tmetic field in Faraday geometry is applied, tg, line in PL
monitor simultaneously the magnetic-field behavior of aundergoes a pronounced low-energy shift while the emission
DMS QW exciton, and to figure out the qualitatively differ- from the nonmagnetic ZnSe BL stays at fixed energies. At a
ent role of the Coulomb interaction in these two excitonicmagnetic fieldB > 0.5 T, an additional lineHl;) appears in
states. PL energetically below the ZnSe bound exciton. The PLE

The samples were fabricated by molecular-beam epitaxgpectrum ofH, [Fig. 1(b)] displays the exciton of both the
on GaAs substrate on which, first, audn-thick ZnSe bulk ZnSe BL and(Zn,Mn)Se barrier, but no indication of the
layer (BL) was grown. This layer is followed by a 35-nm- resonance itselfunder detection at the low-energy side of
wide Zng gMn g ,Se barrier and a ZnSe QW of a width close the H; PL band is seen. Contrary to the emission from
to the ZnSe exciton Bohr radiusg=4.5 nm. The structure  ZnSe, theH, feature is strongly circularly polarizeds(")
is completed by a ZpgMn ,Se cap layer again 35 nm thick. and exhibits a distinct low-energy shift with increasing mag-
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- o . e FIG. 3. PL decay kinetics for different magnetic fields measured
FIG. 1. PL spectra im™ polarization at various magnetic fields at theX,,, peak(a), H, peak[(b), B=1.5 T}, H, peak[(b), B = 3.0
(a) and PLE spectra detectedidf for B = 1.5 T (b). and 7.0 7. Traces are arbitrarily shifted along tlgeaxis.

netic field, being, however, somewhat smaller than Xqg
(Fig. 2. At B = 3 T, a second lineH,) emerges 4 meV
above theH; position. Under further field increaskH,; dis-
appears andH, becomes the only PL feature on the low-
energy side oK. As is seen from Fig. 2{, shifts practi-
cally parallel to X, with B. The PLE spectrum of, is

appears at slightly larger temperatuf@® K), whereas the
appearance oH, is merely shifted to somewhat higher
fields.

Time-resolved measurements demonstrate that the kinet-
ics of both H lines is quite similar but totally different from

similar to the one ofH 4, with resonances from the ZnSe BL that Of Xpy :_and the Z”S‘? BL exutqn. Figure(e ;hqws the
time behavior of theXy,, line for various magnetic fields. At

and (Zn,Mn)Se barrier. The different nature éf, andH, B = 0, whenX,, is the energetically highest feature in the

however, is documented by the fact that the former line d|s-PL spectrum, its decay is very fast, with a time constant of

13 ps extracted by deconvolution of the experimental decay

286 ———— T T T transients with the apparatus function. In a magnetic field,
this time increases continuously, reaching a value of 107 ps
2.84 atB=9 T. In marked contrast, the decay of the H lines de-
picted in Fig. 3b) evolves on the ns time scale, and the 1/e
. lifetime decreases from 2.2 ns aBd= 1.5 T (H;) to 1.1 ns
- 282 atB =7T (H,).
- The experimental data allow us to conclude that the H
25380 lines represent emission from the heterointerface between the
é ZnSe BL and théZn,Mn)Se barrier. Direct evidence of this
is that both lines are effectively excited via absorption at
2.78 both sides of this interface. The field range of their emer-
gence is close to the one observed previously for the type-1—
2.76 type-1l transition on multiple-QW structures of similar Mn

concentration&® Thus an electron situated in the ZnSe BL
Magnetic field (T) recombines with a hole in th&Zn,Mn)Se barrier, explaining

the long lifetimes and why no indication of the H features is

FIG. 2. Energy positions of PLEopen symbolsand PL(filed ~ found in PLE. However, though separation of electron and

symbol3 peaks vs magnetic field. The solid lines represent the calhole also occurs for the QW exciton, its behavior is strik-

culated magnetic-field dependencies of QW and heterointerface eingly different. This is a consequence of the much stronger
citon energies. role of the Coulomb interaction. To confirm this quantita-
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tively, we have numerically solved the ScHioger equation

for both the QW and interface exciton. The Hamiltonians for <
the along-growth-axis(z) and in plane[two-dimensional g
(2D)] motion read as ‘;
(o))
h? 92 @
HZ= - — —+V(z,B);, 1 <
i=2e,h 2mi (9Zi2 |( i ) ( ) g 10l ]
£ H
/
2D 2109 9 e? . e’B? @ g °
= ——_——— —_— m L Il L L
21 p ap” op eVp?+z2 8u P % 2 4 6 & 10
[z, andmy, are the electrorthole) position and effective Magnetic field (T)
mass in the growth direction, respectivelysz.—z,, p is 102 . . . .
the electron-hole relative in-plane coordinate,is the re- (b)
duced in-plain mass, and is the dielectric constahtThe £
external magnetic fieldg]|z) enters both parts, but the major 2 Xhh
role is played by the field-dependent band offsets g 5
» 10 H Xih
Vi(z,B)=60(z)i AV;—1/2xS ;B ﬂ %
il4, i i aibBs5o) kB(T+TO) ) % /
(7]
O 10t :
with 6(z) as the Heaviside function defining the interface at 0 2 4 & 8 10

z=0, andAV, (i=e and h as the zero-field potential barri-
ers. When the QW exciton is consideréz) is replaced by
0(—z)6(z—d), with d as the well width. The magnetization
of the Mn?* ions in mean-field approximation is expressed FIG. 4. Calculated binding enerdg) and oscillator strengttb)
by the Brillouin functionBs, with the Mn2* g factor,x is for QW and heterointerface excitorishown schematically in the
the Mn concentration, and the;’s are the exchange con- insed, respectively, vs magnetic field.

stants. The phenomenologically introduced quantifigand
Sy account for antiferromagnetic pairing of the Kin
spins*? Following Refs. 13 and 14, we look for a solution of
the form ¥(rq,ry) =®P(ze,2,)91(p,2), where g, is the
ground state of

Magnetic field (T)

previously published datal’ and yield the type-I—type-Ii
transition forB=0.85 T. In the calculations, the interface
exciton becomes stable at a somewhat lagewhen the
absolute value of the valence-band offset exceeds the differ-
ence of bulk and interface exciton binding energies.

H2Pg,(p,2)=E2°(2)91(p,2). (4) Figure 4 presents the binding energy, calculated relative
_ _ to the transition between the zeroth-order Landau levels fol-
The function® obeys the equation lowing from (4) when the Coulomb interaction is omitted,

and the oscillator strength of both exciton species. In the QW
[H2+EP(2)+ Wi(2) 1P (Ze,20) =ED(Ze,Z0),  (5) exciton, the electron is held close to the interface
with (~d/2=2.25 nm) through the confinement and, in combina-
tion with the Coulomb interaction, a significant electron-hole
h? (= overlap is hence maintained. Conversely, for a single hetero-
Wy(2) = 2_MJ0 interface, the maximum of the electron probability occurs at
much farther distance~1.5a¢5=6.8 nn) decreasing the role
comprising the kinetic energy associated with the relativesf Coulomb effects. The binding energy of the interface ex-
motion of the particles along the growth axis citon amounts only about 1/3 of the one in QW geometry and
(Up,=1ime+1/my). EI° is obtained by straightforward its oscillator strength is even more than one order of magni-
numerical solution of4). The functionW,(z) is substituted tude smaller. These results confirm strikingly the above con-
by 6Wi(z)=Wy(2)—Ilim,_.W,(z), an analytical fit of jecture about the different internal structure of QW and in-
which is given in Ref. 14. EquatioKb) is solved by the terface exciton. The slight increase of the binding energy
method of successive iteratioH’s, factoring the function seen for both excitons at larger fields in Figais related to
D(z0,24) = d(ze) #(z,) and tackling the respective single- a shrinkage of the in-plane radius caused byBReerm in
particle equations obtained by integration over the other coH?P, For H, this increase is reinforced by a shift of the
ordinate. We start with an arbitrary Gaussian #(z,) and electron towards the heterointerface caused by the decreasing
continue until the procedure converges. The parameter sebnduction band offset. The related rise of the oscillator
used in the calculations,=0.15m,, my,,=0.8my, £€=8.8  strength is in fact experimentally indicated for the interface
(Ref. 15, ©=0.1m, (Ref. 16, a,=0.26 eV anday, = 1.31  excitons by the tendency of longer lifetimes in FigbB
eV (Ref. 12, andS;=0.53 andT;=4.4 K (Ref. 9. The band Though our experimental results demonstrate unambigu-
offsets were adjusted to reproduce the Zeeman shift§,pf ously that bothH features are related with the heterointer-
and H, observed experimentallisee Fig. 2. Their values face, it is obvious that onlyH, can be identified with the
(AV=50 meV andAV,, = 15 me\) are in the range of “intrinsic” interface state treated theoretically above. The

2

391(p,2)
——| pdp

0z




54 BRIEF REPORTS 7685

origin of H; needs further investigation. One of our current  In conclusion, we have demonstrated the formation of a
hypotheses is localization on magnetic fluctuations since thiheterointerface exciton due to a magnetic-field-induced type-
line is rapidly quenched by an external field or lattice heatd—type-II transition in ZnS€Zn,Mn)Se heterostructures. Its
ing. The long lifetimes of theéd lines are of radiative origin. appearancésmall binding energy, low oscillator strength,
Conversely, the fast decay ¥, at B=0 is caused by non- |ong lifetime) is clearly distinguished from a type-Il QW
radiative processes. One possible explanation is energy trangxciton studied on the same heterostructure for which the

fer via barrier states that are energetically close to the QWjectron-hole Coulomb interaction is still the dominating fac-
excitons for the present structure design. In fact, we observgy,.

a relatively bright 2.1 eV emission on these samples. That
situation is qualitatively different from dilatation strained
QW’s where the groundstateXg,) is distinctly low-energy
shifted with respect to bulk ZnSe. The fast non-radiative ex-

citon decay prevents the formation of an exciton magnetic h h hank b q iesche for th
polaron observed previously under tensile strain '€ authors thank M. Raabe and J. Griesche for the

conditions®® At higher magnetic fields, the 2.1 eV Mn emis- sample growth, and J. Puls for assistance in the ps measure-

sion becomes increasingly quenched and the longer PL d&bents and many valuable discussions. One dMi¥.R.) is
cay lifetimes are now consistent with data reported previgrateful to the Alexander von Humboldt Foundation for fi-
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