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with equivalent and nonequivalent interfaces

S. V. Zaitsev, A. A. Maksimov, P. S. Dorozhkin, V. D. Kulakovskii, and I. I. Tartakovskii
Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia

D. R. Yakovlev; W. Ossau, L. Hansen, and G. Landwehr
Physikalisches Institut der Universitavirzburg, 97074 Wizburg, Germany

A. Waag
Abteilung Halbleiterphysik, UniversitaJim, 89081 Ulm, Germany
(Received 24 March 2002; revised manuscript received 1 October 2002; published 18 Decembper 2002

Electron-hole recombination at the interfaces formed by Zn-Te and Be-Se chemical bonds has been inves-
tigated in type-11 ZnSe/BeTe heterostructures at low and high levels of excitation power by means of polarized
light spectroscopy with applying of electric field across the structure. A more than fourfold variation of the
matrix element squared has been reached by changing the electric field for the spatially indirect optical
transitions at the interface. The radiative time of electron-hole transitions at the Se-Be interface is found to be
at least 50 times longer than that at the Zn-Te interface. The contribution of Be-Se interface emission in the
structures with nonequivalent (Te-Zn Se-Be) interfaces is negligible in the whole range of applied fields.
The emission at the Te-Zn interface is carefully investigated. The ratio of matrix-elements squared along
and perpendicular to the Zn-Te bonds has been found to be nearly constant in the range of carrier density
10*2x 10'? cm™2 and equal to 7:1.
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. INTRODUCTION (110) and(110). As a result, interface contributions to the
lateral anisotropy cancel each other. In NCA QW's with non-
In type-ll semiconductor heterostructures the energyequivalent interfaces, the chemical bonds at opposite inter-
minima for electrons and holes lie in different layers. Spa+taces are parallel to each other. This leads to an inherent
tially separated electron and hole layers are easily realized iifh-plane anisotropy of the optical propertiés.
such systems, which greatly influences their optical A gjant lateral optical anisotropy has been proved experi-
properties: One of the promising systems for both funda- mentally in type-ll ZnSe/BeTe heterostructuféd? The

mental research and potential apD“((?:%iOf_\S is a wide-gagmission of the spatially indirect optical transition turns out
ZnSe/BeTe semiconductor heterostructiiraith a high lo- ;e strongly linearly polarized along the directiph10]

calizing potential &2.0 eV) for electrons i_n_the Zn_Se_Iayer and[110], which is connected with the orientation of chemi-
and for hof:a%s (u.olg eV), whose energy minimum liesinthe o honds at the interfacda detailed analysis of the sym-
BeTe layer [Fig. 1(@)]. Such deep potential wells for car- qyrical properties of different interfaces and corresponding

riers result in a very small penetration of the electron andschemes of their chemical bonds are presented in the

hole wave functions into the neighboring layers. The radia'papeﬁz) Studies of the emission polarization anisotropy in

tive recombinat'ion of photoexci'ted electrpns in the ZnSe Iay—,[he QW structures have shown that the polarization degree
ers and holes in BeTe layers is determined by the electr05|:(|ﬁo_lm)/(lﬁon) depends on the interface con-

[Ve(2)] and hole[ ¥(2)] wave functions overlap within a iy ration and excitation powé?. It was found thatP, as
rather narrow region about 1-2 monolay@Wl) in vicinity  high as 75% can be observed depending on the interface
to the type-Il interfac€. That makes the spatially indirect configurations. However, the precise determination of the
optical transition(IT) very sensitive to the interface proper- transition probabilities and matrix-element anisotropy for ei-
ties and, in particular, to the orientation of chemical bonds ather Zn-Te or Be-Se transition demands the separation of the
the interface. emission from a single interface. That is possible to do with
The main specific feature of ZnSe/BeTe structure is that ithe use of an external electric field applied across the type-II
contains no common atoniSICA) at the interface. Chemical heterostructure. Indeed, at zero electric field the maxima of
bonds across the interface in these heterostructures do mit,(z) andV,(z) are separated by half a multiple QW pe-
exist in either of the hosts. In the case of zinc-blende-baserdod, the electron-hole transition energies at two interfaces
NCA heterostructures a variety of different interface configu-are equal to each other and their contributions into the lumi-
rations can be realized. Some of them can result in a strongescence signal can be hardly separfég. 1(b)]. An elec-
in-plane optical anisotropy.In the case of equivalent tric field inclines the conduction and valence bands of the
interface combinations, such as Te-ZnZn-Te or structure. As a result, the transition energies for the IT bands
Be-Se - - Se-Be, chemical bonds at opposite interfaces ofat two interfaces vary in opposite directigrg. 1(c)]. That
quantum wells(QW’s) lie in mutually orthogonal planes allows one not only to separate the emission lines from op-
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first (inverted interface the ZnSe layer grown on a Te-

terminated BeTe layer resulting in the Te-Zn bond through
BeTe BeTe - the interface whereas at the secomdrma) interface the

( a) BeTe layer was grown on a Se-terminated ZnSe layer result-

ing in the Se-Be bond. Chemical bonds at the normal and

inverted interfaces are parallel to each other in sampplasd

] C with nonequivalent interfaces, while in samgBe with

GaAs % E % E equivalent interfaces they are orthogonal to each other. De-
= e g 2 tails of the termination procedure used for the growth of
| ZnSe ZnSe ZnSe/BeTe interfaces are given in Sec. Il of Ref. 14. This

paper also contains comprehensive information on the struc-
— growthdirection z tural quality of the ZnSe/BeTe interfaces examined by opti-
cal microscopy, conventional and high-resolution transmis-
sion electron microscopy, x-ray diffractometry, and atomic
force microscopy. It has been shown that abrupt chemical
(b) (C) transition regions with width less than 1 ML are achieved for
ZnTe-rich growth conditions. Under the BeSe-rich condi-
tions the chemically diffuse interfaces with width of 2-3

E=0 Ez0 ML’s are formed.

— Photoluminescencd’L) was excited by a pulsed,Naser
E with a pulse duration of 10 ns and.,.=337.1 nm(3.68

eV), with pulse repetition frequency 150 Hz. The transverse
dimensions of the laser excitation spot were>0®%2 mnf.

The laser emission is absorbed in the ZnSe layers with the

_ band gap of 2.8 eV only, as the direct band gap of BeTe
(=~4.5 eV) markedly exceeds the excitation energy. Polar-

ized time-resolved PL spectra were recorded in the direction
normal to the QW plane by use of a photomultiplier with a
temporal resolution of-1 ns. At low photoexcitation densi-
FIG. 1. Scheme of investigated ZnSe/BeTe heterostructales ties and at low PL intensity, respectively, time-integrated PL
wave functions and energy levels for electrditsthe ZnSe layer  spectra were recorded. The measurements were carried out at
and holes(in the BeTe layerand spatially indirect optical transi- g temperature of 5 K.
t?ons (IT) in structures without(b) and with applied(c) electric A 5-nm-thick semitransparent Au film, deposedsitu on
field. the last ZnSe layer, serves as a top electrical contact. The
Schottky barrier at the Au contact to the ZnSe layer causes a
posite interfaces but also to make the unique assignment @juilt-in voltageV;,, of —0.6 V and results in a negative elec-
these transitions to either normal or inverted interface. Foltric field across the BeTe-ZnSe structdfdo avoid the large
lowing the definition given in Ref. 11, in this paper the in- voltage drop on the GaAs substrates, theoped substrates
terface is referred to asreormal one when BeTe is growing have been chosen. This let us suggest that the main drop of
on ZnSe and as ainvertedone for ZnSe on BeTe case.  the voltage takes place in the nondoped layers of ZnSe/BeTe
The objective of this paper is a comprehensive investigaheterostructures.
tion of the influence of electric fields on the radiative recom-  The range of voltages applied to the samples was limited
bination in the type-ll ZnSe/BeTe heterostructures for vari-hy increasing current leading to the structure breakdown. In
ous photoexcitation densities, a comparison of the opticabur samples the applied voltages were usually in the range
matrix elements at Zn-Te and Be-Se interfaces, and the-0.9—+0.7 V (the voltageV is referred to as positive when
evaluation of their anisotropy. plus of the voltage source is connected to the gold contact
The latter is only enough to compensatg . As a result, in
the largest part of the range of used biases the electric field
across the structure induced Wy, +V was negative and the
ZnSe/BeTe samples with three sets of different interfacgarriers are shifted to the inverted interface. This situation is
configuration were grown by molecular beam epitaxyi||ustrated by Fig. {c). Note the inverted interface has Te-Zn
on (001)-oriented n-doped GaAs substratéBig. 1(a)], bonds in the samples andB and Be-Se bonds in the sample
namely, nonequivalent Te-Zn-Se-Be (sample A), equi- C.
valent Te-Zn--Zn-Te (sample B), and nonequivalent

II. EXPERIMENT

Be-Se - - Zn-Te (sampleC) interfaces. The structures con- 1. EXPERIMENTAL RESULTS AND DISCUSSION

tain a five-monolayer BeTe buffer layer and five periods of _

alternating five-nm-thick BeTe and 10-nm-thick ZnSe layers A. Introduction

with the last ZnSe layer as a cap. In this section we will discuss emission spectra of a ZnSe/

The structure with Te-Zn - Se-Be interfaces has at the BeTe structure recorded in two linear polarizations. Spatially
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indirect optical transitions at type Il interfaces involving %
electrons from ZnSe layers and holes from BeTe layers will otk “..r'.‘

be in the center of our attention. In both polarizations there e

are contributions from the emission at the nornfal and - e

inverted (i) interfaces. Before discussing the spectra let us
first describe the technique used for separation of these con-
tributions. The emission spectrum measured in linear polar-
ization along the [110] and [110] directions is »
I 110(110(7 @) =i 170(210)( 2 @) + I n 110(110) (A ). As we will Prad
show later the ratio of intensities in two polarizationg,, e A
=li(n),120/li(n),110 C@n be determined from the spectra re-
corded at high electric fields when the emission from the one
type of interfaces dominates. In this case using, the 01 1 1'0 1(')0
contributions from two interfaces can be separated as

PL Intensity
Y

S
v
.

-
o
)
T
L]

P, (kW/em?)
| =(ail 110~ 1 170)/ (i — apy), 1
nato= (@il 0~ l1a0)/ e ) @ FIG. 2. The dependence of the integrated PL intensity on the
_ laser excitation poweP,,. for sampleB.
li 120= (anl 110~ 11720)/ (an— @). 2 P exc P

Matrix elements for optical transitions at the interfaces for@ typical dependence of the PL intensity on the laser excita-

ot BT, tion power Pe,.. It is seen that aP<10 kW/cnt the
polarization alond110] (py/) and[110] (p,.) axes can be exc i o e exe .
calculated in the the tight-binding approximatithCalcula- dependence of the PL intensity is linear Bgy, in the re-

tions show that the absolute valuegxf /) depend strongly gion of the excitation power fronPe,.~10 kWicnt to

- : . - ~50 kW/cn? the PL intensity demonstrates a superlin-
on the tunneling of electrons and holes into the nelghborm{exc ) . ;
layers across the type Il interface but the rapip /py, is ar behavior, and &,,>50 kw/cnf the PL intensity be-

; : linear orP., again. As it follows from the analysis
nearly independent of electrofole) quantization energy. ©OMeS exc again. / i
Taking into account this result the transition probability canOf the datg represented |n.F|g. 2, the Qbservgd behaV|or' of the
be approximated as PL intensity can be explained by an increasing saturation of

the centers of nonradiative recombination at considerably in-

p2, . ocp? 72 (3) creased hole concentration in the BeTe lay&iEhat in turn

X1y REOXT (YT would cause the increase of the nonradiatiyetime, so that
whereJ?= (f¥¥,d)? gives the probability to find elec- at high excitation powers the radiative lifetime becomes
tron and hole in one place and the tepfireflects the prob- much shorter than the nonradiative ong> 7, , and the sys-
ability of their radiative recombination in this place. It is tem is characterized now by an unique time*® In this case
clear that in this approximation the change in the emissiorthe PL intensity of the spatially indirect transitions is propor-
intensity at a fixed interface with electric field is determinedtional to P, and does not depend on the overlap integral.
by the variation of the electron-hole overlap, whereas the Below we will consider emission spectra of ZnSe/BeTe
ratio of the intensities in two polarization is completely structures both at low and high excitation regimes.
determined by the type of the interfa¢®e-Zn or Be-Sg

In the structures with equivalent (Te-ZnzZn-Te or B. Low excitation regime
Be-Se - - Se-Be) interfacesy;= 1/a,, due to mutually per- _ ) )
pendicular directions of the interface layer bonds. 1. Structure with equivalent TeZn---Zn-Te interfaces

It is important to note that in the ZnSe/BeTe heterostruc- The emission at normal and inverted interfaces in the
tures with rather thin€10 nm) ZnSe layers the hole relax- structure with equivalent interfaces has opposite dominating
ation (tunneling time 7, from the ZnSe layer to the BeTe linear polarization due to a mutually perpendicular direction
layer is much shorter than the radiativetime of the spatial  of the interface bonds. At zero electric field across the struc-
indirect transitions and nonradiativg, time!” On the other  ture the transition energies at two interfaces are equal to each
hand, at low excitation powers ZnSe/BeTe heterostructuresther and no linear polarization of emission is expected due
are characterized by low quantum efficiency of PL indicatingto an equal transition probability at the interfaces. The elec-
that the nonradiative lifetime is much shorter than the radiatric field disturbs the equality of the transition energies and
tive oner,>7,,. Thus, at low excitation powers the system probabilities (namely J%) at the interfaces. It is clear from
can be characterized by an unique timg. In this case the Fig. 1(c) that the sign of the energy shift of the emission line
measured ratio of PL intensities of spatially indirect transi-with applied electric field allows one to assign the optical
tions at opposite interfaces gives us the ratio of radiativeransition to the normal or inverted interfaces.
recombination times at these interfaces. In turn, the change Figure 3 displays linearly polarized time-integrated PL
in the line intensityl ocrr’loc pSJ2 can be directly compared spectra for the sample B with equivalent Te-ZnZn-Te in-
to the change in the overlap integral. terfaces at various external voltages in the spectral range of

At high excitation powers quantum efficiency of PL ZnSe/ spatially indirect transitions. The spectra are recorded at low
BeTe heterostructures increases considerably. Figure 2 showsotoexcitation densitP.,~10 kW/cn? andT=5 K. The
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the IT band on external voltage in samfideLow photoexcitation

FIG. 3. Linearly polarized time-integrated PL spectra of sampledensity P.,s~10 kW/cn?.
B at low photoexcitation densitP.,-~10 kW/cnf and different
external voltageglabeled in the figureat T=5 K. Thick solid |ine with dominating[110] polarization corresponding to the
lines—PL spectra, polarized along the10] principal axis, dotted  emission from normal interfaces appears upVie 0.5 V.
lines—along[110] axis (multiplied by a factor of 7 and shifted | ater, in Sec. I1I B, we will show that the inclusion of the
vertically for clarity). Thin solid lines—difference of the latter and regions with Be-Se bonds at the Zn-Te interface is relatively
the former(see text For the three lower panels the vertical scales gm gl Thereby one has to suppose that the external field is
are changed by a factor given in the figure. not enough to overcompensate the field caused by a built-in
voltageV;,~ —0.6 V from the the Schottky barrier at the Au

spectral position of the emission at t is shifted to : o
h?gher enpergies about 10 meV comparrz%xcto the low excitagontaCJ‘G and shift the electrons and holes to this interface.
However, Fig. 3 shows that the marked difference in the line

tion limit.>” As a rule, the observed structure in the spectral h ded | 4 polarizati
range of spatially indirect transitions consists of two bandsS"aPe recorded in two crossed polarizations appears\hear

the intensity of the violet one being less than that of the bang” 0-> V- An additional contribution shows up @10] polar-
at low energy. This is assumed to result from the radiativé2€d spectra at the low energy tail of the emission line at 1.85

recombination of QW’s from the top layer and from four ev. Basgd on its polarizat.ion.it is naturally_ to assign this
lower layers(e.g., due to different mechanical stredgigure contribution to the recombination at normal interfaces. That
3 shows thati) in both polarizations the lines shift linearly M&&ns that the transition energy at the normal interface is

to the lower energies, by approximately 45 meV/V, and de-Smaller than that at the inverted one and proves that the
crease in the intensity with increasing voltage) the emis-  €lectric field does not change the sign up to maximum used
sion is highly linearly polarizedabout 75% in the whole ~Voltage ofV=+0.5V (V;,+V<0).
range of biases an@, does not change sign in the whole At the negative voltages, the emission from the normal
range ofV, and finally, (iii ) the emission spectra in tfi&10] !nterface is completely ne_ghglble, the ratlo_ of PL intensities
polarizations multiplied by a factor of 7 coincide well with I the two Ilnear.polarlzatlonsgo:l110=27:1 is just equal to
those in[lTO] polarization in a wide range of applied volt- the ratio of I’T?atI’I.X elementa, = pﬁ_olpllo for transitions in )
ages. Only folv= 0.3 V an additional emission appears at the two .polarlzatlon.s at the Te-Zn interface. For the opposite,
the low-energy tail of thg110]-polarized spectrum. A similar £N-Te, interface, with Zn-Te bonds rotated by 90 deg, the
behavior(line shift and polarization degreef two observed — ratio pi3,/p310is just inverted, resulting i; = 1/7. The line
lines, corresponding to the spatially indirect transition, withshape of the contribution from the inverted layer at positive
the increasing electric field indicates that they originate fromV can be extracted with the use of E¢%) and (2) by sub-
one interface. stituting @,=7 and «;=1/7. Figure 3 shows this contribu-
The similar emission polarization and monotonic lineartion at 0.35 V and 0.52 V with thin solid lines. In the latter
line shift in the whole investigated bias range fron0.9 to  case, the emission band is well observable. It is located about
0.5 V indicate that the emission dominating the spectrunb0 meV below that from the direct interfa¢ick solid line
both at positive and negative voltages originates from theand has the intensity about an order of magnitude smaller.
same sort of interfaces. Its assignment is determined from the The measured transition energies and emission intensities
line shift: The decreasing transition energy is the characterat normal and inverted interfaces with bias are shown in Fig.
istic for the inverted interface that is Te-Zn in our case. No4 by solid and open dots, respectively. The solid and dashed
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lines are the fitting of experimental bias dependencies by A (Te-Zn...Se-Be)
calculated ones. The calculated dependencies have been ob-
tained by solving the self-consistent problem of the coupled
system of Schidinger and Poisson differential
equations:>?°No renormalization effects due to many-body
Coulomb interaction have been taken into account. This ap-
proximation is justified for a semiquantitative description of

a dense electron-hole system when the Fermi energy strongly
exceeds the exchange-correlation enétg$’ The fitting to

the experimental data has been achieved by scaling the volt-

age to the electric field to get the total line shift in {Hel0]
polarization. According to this scaling, the obtained range of
electric field$* is from — 135 to — 45 kV/cm with an accu-
racy of =10 kV/cm. The line intensities are fitted by calcu-
lating the dependence of the squared electron-hole integral.
Figure 4 shows that calculations of the overlap integral in
this range of-135 to—45 kV/cm gives a four-fold decrease

in the line intensity, which is in a good agreement with the y ¥ T
change in the PL intensity from the inverted Te-Zn interface 1.8 1.9 2.0 21
shown in Fig. 4b). Also the relative emission intensity from Energy (eV)

the normal Zn-Te |nterche observgd =05V isin a FIG. 5. Linearly polarized time-integrated PL spectra of sample
reasonable agreement with calculations. A at low photoexcitation densitP.,.~10 kW/cn? and different
On the other hand, a good agreement between the overlaiernal voltageglabeled in the figureat T=5 K. PL spectra,

integral and the change in the PL intensity, which depends 0fgarized along th¢110] and[110] principal axes, are shown by
the ratio of /7, at 7,>7,, shows thatr,, remains inde-  sgjid and dotted lines, respectively.

pendent of the shape of wavefunction at different electric

fields. Thgt in turn in'dicates that the spatial distribution of ., \ch smaller transition probability at Se-Be interfaces com-
nonradiative centers is homogeneous. pared to Te-Zn interfaces. We will discuss this question in
the following section.

PL Intensity

2. Structures with nonequivalent T&n---Se-Be interfaces

In the structureA the Te-Zn and Se-Be bonds at opposite C. High excitation regime
interfaces are parallel resulting in the same sign of their
emission polarization. Therefore the polarization cannot be
used as a criterion for assignment of the line to specific in- Let us now consider modifications in the type-ll interface
terfaces. In this case the emission lines of direct and invertedmission with increasing excitation density. Figure 6 shows
interfaces can be distinguished only when they are separatde time-integrated PL spectra for samplén both polariza-
spectrally at high sufficient electric fields, Fig. 5 displaystions at different external voltages. The spectra were re-
linearly polarized, time-integrated PL spectra for the sampleorded aP,,~50 kW/cn? andT=5 K. The higher density
A recorded aP,,.~ 10 kW/cn? and various external volt- of spatially separated electrons and holes in the ZnSe and
ages. The emission is highly linearly polarized in the wholeBeTe layers realized under this photoexcitation level results
range of biases, the polarization degree is as high as 75% in an additional band bending and a blue shift of the IT band
a very broad range of and decreases slightly to 62% only at maximum® The line maximum is located at2.08 eV. Nu-
maximum positive voltages. The 75% polarization degree isnerical calculations show that this value corresponds to
the characteristic for the Te-Zn interface that is the invertedlensities of spatially separated electrons and holes of about
interface in the sampla as well as in the sampR. The fact  2x10*2 cm 2. In addition, the increase in carrier density
that the dominating emission corresponds to the Te-Zn inleads to a marked line broadening due to the increasing
verted interface also at positizé is confirmed by a mono- quasi-Fermi energies for electrons and hdl&@ne can see
tonic, nearly linear line shift to lower energies and a decreas&rom Fig. 6 that the IT linewidth aP.,s~50 kW/cnt ex-
in its intensity with increasing/. The line from the normal ceeds 200 meV.
interface should show the opposite dependencies. Moreover, Comparison of Figs. 6 and 3 shows that both the polar-
the lineshift and the change in its intensity just coincide withization degree and the spectral shift of the IT band in the
those for the inverted Te-Zn interface in the sampleThe  interval —0.9<V<+0.6 V decrease drastically. Particularly,
absence of a marked emission from the normal Se-Be intethe spectral shift decreases from 45 meV/V at By, to
face can be explained by a much smaller electron-hole ovetess than 10 meV/V at higR.,.. The IT emission band shift
lap at the normal interfacghe total electric field across the at P.,~50 kWi/cnt is displayed in Fig. 7. Here the center
heterostructure is negative even\at-0.5/ due to an Au  of gravity of the IT emission band is used as its spectral
contact induced additional built-in electric figldr by a  position because the line half-width exceeds markedly its

1. Structure with equivalent Te&Zn---Zn-Te interfaces
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—0.6 V is essentially redshifted leaving the violet range for
the emission from the only Te-Zn normal interface. Figure
6(c) shows thatP, as high as~75% is observed at w
=2.2-2.25 eV. A fast decrease Bf at smalleriw is con-
nected with the appearing contribution from the opposite in-
terface.P; of 75% at the high-energy side of the emission
spectrum corresponds to the emission of high-energy carri-
ers. Nevertheless this polarization degree just coincides with
that measured at the low-density excitation level. Thus we
can conclude that the ratio of matrix elements in the two
polarizations is nearly independent of carrier energy. This
result is in agreement with experiments reported in Ref. 12
and theoretical calculations of lvchenkbal who found that

the polarization degree of the emission at the interface de-
pends on carrier energy very weakfy.

Figs. 7a) and 7b) display the shift of the emission lines
and their intensities at two interfaces on bias voltage at the
high excitation density. Figure(& shows thadE,r ,/dV is
less than 10 meV/V. A strong decreased#,t ,/dV com-
pared to the low excitation leve45 meV/V, Fig. 4 indi-

FIG. 6. Linearly polarized time-integrated PL spectra of samplecates that the external voltage across the ZnSe/BeTe hetero-

B at different applied voltage@abeled in the figurgat high photo-
excitation densityP,,~50 kW/cnt. At the bottom row are given
the spectral dependencies of the polarization defjeelr =5 K.

structure decreases drastically with increasing carrier density.
Note that our experiments show that any effect of an external
voltage on the luminescence spectrum disappears, with in-
— creasingP,,. to 500 kW/cnt. A comparison with calcula-
shift. First, it is seen that thel 10]-polarized line shifts to  tjons shows that aP,,~50 kW/cnt the difference in the
lower energies whereas tHd10]-polarized line shifts to electric fieldAE=E(—0.9V)— E(+0.5V) is equal to 15—20
higher energies. This behavior allows us to conclude thakyv/cm. Such a change in the electric field results in a rela-
these lines originate from opposite interfaces. Second, ifively small redistribution of electron and hole wave func-
contrast to the case of low excitation |eV€|, the ratio of in-tions across the quantum well. The respective Changes in the
tensities in the two polarizations varies within the whole  emission intensity should not exceed a factor of 2. The latter

range from—0.6 to 0.6 V . More precise information is s in a good agreement with experimental data given in Fig.
obtained from the spectral dependencePgfi w) in Fig. 6. 7(b).

The emission from the inverted Te-Zn interface \at The other important distinction of the results Bfy.

~50 kW/cnt from those at low photoexcitation powers is

B (Te-Zn...Zn-Te) that the sum of the PL intensities of the IT bands in different

_< 20 polarizations remains approximately constant and indepen-
g2 ole o o oo dent of the external voltage as can be seen from Fig). 7
3= © %o These data indicate that at high excitation powers nonradia-
%’é 20 S e (a) tive recombination processes are saturated and the observed
L L PL is determined by radiative lifetime,. The externally
T2 08 L (b) applied electric ﬂeld provi_des a possibility to contrgl at
N g ° o o6 the normal and inverted interfaces and thus to govern the
g € 0.4f e o ©® o0 polarization degree of the IT band in the symmetrical hetero-
S - hd structure.
0.0 L . .
/\; 50fm (c) 2. Structures with nonequivalent T&n---Se-Be interfaces
°v~ o5k " . . The linearly polarized emission spectra in two polariza-
o L] tions andP,(% w) at various applied voltages for the sample
0 A with Te-Zn. - - Se-Be interfaces configuration are displayed

FIG. 7. Spectral characteristics of the IT band vs external volt
age in sampleB : (a) spectral shift relative to the position at the
minimal external voltage used in experimefit) normalized inten-

-08 04 00 04
Voltage (V)

in Fig. 8. As expected for this sample with identically ori-
ented chemical bonds at two interfaces the emission intensity

in the [110] direction exceeds strongly that in th&10]

direction in the whole range of used voltages. With increas-
ing electric field from—0.7 to + 0.6 V, the[ 110]-polarized

sity in both polarizations an¢t) spectrally integrated polarization line shifts to lower energies by about 10 meWhich is

degreeP, . High photoexcitation densitP,,-~50 kW/cnf and T

=5 K.

similar to that for the sample B at the same excitation den-
sity) and decreases in intensityee Fig. 8)]. Both appear-
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I3
0.0 =
SER .
- 0 ~ : X
o 0.6V \\ ] oL
50| (C) 19 20 21 22
20 21 22 23 Energy (eV)
Energy (eV) FIG. 9. Linearly polarized time-integrated PL spectra in the

. . . . [110] polarization(a) and[110] polarization(b) of sampleC at
FIG. 8. Linearly polarized time-resolved PL spectra in thediﬁerent external voltages (labeled in the figure Pe.

[110] polarization(a), [110] polarization(b), and the correspond- 100 kW/cn? andT=5 K.
ing polarization degree vs spectral positi@ of sampleA at dif-
ferent external voltage@abeled in the figure P~ 50 kW/cn?

—0.9 to +0.9 V. This figure shows that the emission is
andT=5 K.

highly polarized: the ratio of the intensities in the two polar-

ances indicate that the dominant emission originates from th&ations is 6—7 which is similar to that in the sampleTo
inverted Te-Zn interface. Unexpectedly, FighBshows that ~assign the emission in preferred polarization, we have ana-
the IT band in thd110] polarization broadens and its violet lyzed the line shift with increasing bias. Figure 10 shows that
edge shifts to the higher-energy side with increasing voltagel contrast to the sampla, the emission line in the favored
As a result,P, reaches -7 10% at the violet edge at posi- polarization alondg110] direction moves in the samp(@to

tive voltages. Note that this polarization value cannot be conhigher energies. That means that this emission originates
nected with emission from the areas with Se-Be bonds at thifom the normal interface that is the Zn-Te one. Thus, again
normal interface because these bonds have the same orientae contribution from the Be-Se interface is negligible even
tion as the Te-Zn bonds at the inverted interface and have tat negative voltages when the electron and hole layers are
provide the same polarization. The negative sign of polarizadefinitely strongly shifted to the latter interface. Hence no
tion on the violet edge of the IT band ¥t=0.6 V indicates information on the anisotropy of the transition matrix ele-
that this emission occurs at minor inclusions of Zn-Te inter-ments at the Be-Se interface can be extracted.

face in the primarily Se-Be normal interfaces. This assign- The absence of any observable emission from the Be-Se
ment is also supported by the fact th&| at V=0.6 V at interface in two samples with direct and inverted Be-Se in-
two sides of emission spectra coincide with each other and

within an experimental error are equal ||| at the Te-Zn [ [ A (Tezn.seBe) |
interface 75%). Note once more that the emission from a0r
the areas with Se-Be bonds at the normal, mainly Se-Be — 20} (a) 1.10 o *
interface has th¢ 110] polarization. Thereby any marked > I ° 170
contribution of emission from this areas has to result in a E or e 80 o o o}
decrease of the polarization degree below 75%. The absence £ _0'8 0'0 0'8
of any pronounced emission from the areas with Se-Be Z
bonds can be explained if we accept that the squared matrix f_,g 20F | C (BeSe..znTe) |
element for this transition is more than one order of magni- 8 - B
tude smaller than that for the Te-Zn interface. 2 10r (b) 110
We have attempted also to find the emission from the I o ©0o0
Be-Se interface in the structu@ with the inverted Be-Se oro©
and normal Zn-Te interfaces, where the built-in electric field _1'_0 ofo 1fo
caused by the Au contact shifts the carriers to the Be-Se Voltage (V)

interface. The experimental problem with this structure is in

its very low quantum efficiency? To excite a dense electron-  FIG. 10. Shift of the spectral position of the IT band relative to
hole gasP .= 100kW/cnt has been used. Figure 9 displays the position at minimal external voltage used in experiment vs ex-
the polarized spectra from this sample in the range stbm ternal voltage in sampla (a) and sampleC (b).
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terface in the whole range of applied voltages indicates, thadbeen achieved by applying external electric fields to ZnSe/
it has a much smaller optical matrix element than the Zn-TeBeTe heterostructures with equivalent (Te-ZnZn-Te) and
one. Measurements in the electric field allow to obtain thenonequivalent (Te-Zn -Se-Be) interfaces. The emission
crude estimation of the maximum possible ratio for at ~ from the the Te-Zn interface has been well defined and ana-
Se-Be to Te-Zn interfaces in the favored polarization. Tolyzed. The ratio of matrix elements for optical transitions at
explain the absence of the Be-Se-interface emission line ifhe Te-Zn interface,which determines the in-plane optical an-
the whole interval of used biases one can take this ratiésotropy, is equal to/7.
larger than 1:50. Partially this difference is due to the de- At high density of photoexcited carriers of 10" cm™2
creased tunneling of electrons and holes into the neighborinil€ changes in the line shift and intensity in the same range
layers at Be-Se interface originating from a larger band ga|9f biases are much smaller. However, the polarization studies
of the virtual (1 ML thick) “interface layer” Se-Be(5.4 eV) allow to separate partly the emission from direct and inverted
compared to the Te-Z2.4 eV).'® However, more detailed Zn-Te interfaces and to determine the ratio of matrix ele-
calculations in a tight-binding model are necessary to obtaiff€nts in two polarizations for carriers near the Fermi edge.
quantitative results. This ratio isﬁ: 1 and turns out to be very similar to the case
of low-density photoexcitation. Thus we conclude that the
matrix-element anisotropy is nearly independent of carrier
IV. CONCLUSIONS density, that is in agreement with theoretical predictibhs.

The influence of electric fields on the intensity, the spec- Attempts to sepa_rate the emission on Be-Se interfaces in
tral shift and the in-plane polarization anisotropy of Spatial|yheterostructure§ with nonequivalent Te-ZnSe-Be af‘d.
indirect radiative recombination in type-ll ZnSe/BeTe het- Be-Se . -Zn-Te mterfaces were not successful. The emission
erostructures with equivalent and nonequivalent interfaces i@n Primarily Be-Se interfaces has been shown to be masked
studied in a wide range d®.,.. The electric field shifts the y that from the sm_all_mclusmns Qf ZT"Te areas. An estimate
wave functions¥.(z) and ¥ (z) so that both the overlap of the_rat|o of rz_idlatlve rec_on_wblnatlo_n times at B_e-Se to
integrals and the transition energies for the indirect emissiof?”’Te interface gives the radiative lifetime at Be-S_e interface
increase at one and decrease at the other interface. As a rest&tbe at least 50 times longer than that at Zn-Te interface.
contributions to PL from the normal and inverted interfaces
can be separated and analyZ&d.

In the experiment, the effects of the Au contact to the We would like to thank E.L. Ivchenko and N.A. Gippius
ZnSe layer induced a built-in electric field across the strucfor useful discussions. The work was supported by the grants
ture which has been taken into account. At low photoexcitedrom Grant Nos. INTAS 9915, RFBR 01-02-17750, and the
carrier densities€ 10" cm™?), the change of the PL inten- Deutsche Forschungsgemeinschaft through Grant Nos. SFB
sity of ~ a factor of 4 and a spectral shift 660 meV have 410.
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