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Electric-field effects on the radiative recombination in type-II ZnSeÕBeTe heterostructures
with equivalent and nonequivalent interfaces
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Electron-hole recombination at the interfaces formed by Zn-Te and Be-Se chemical bonds has been inves-
tigated in type-II 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
1011/231012 cm22 and equal to 7:1.
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I. INTRODUCTION

In type-II semiconductor heterostructures the ene
minima for electrons and holes lie in different layers. Sp
tially separated electron and hole layers are easily realize
such systems, which greatly influences their opti
properties.1–4 One of the promising systems for both fund
mental research and potential applications is a wide-
ZnSe/BeTe semiconductor heterostructure5,6 with a high lo-
calizing potential (.2.0 eV) for electrons in the ZnSe laye
and for holes ('0.9 eV), whose energy minimum lies in th
BeTe layer6,7 @Fig. 1~a!#. Such deep potential wells for ca
riers result in a very small penetration of the electron a
hole wave functions into the neighboring layers. The rad
tive recombination of photoexcited electrons in the ZnSe l
ers and holes in BeTe layers is determined by the elec
@Ce(z)# and hole@Ch(z)# wave functions overlap within a
rather narrow region about 1–2 monolayers~ML ! in vicinity
to the type-II interface.8 That makes the spatially indirec
optical transition~IT! very sensitive to the interface prope
ties and, in particular, to the orientation of chemical bonds
the interface.

The main specific feature of ZnSe/BeTe structure is tha
contains no common atoms~NCA! at the interface. Chemica
bonds across the interface in these heterostructures do
exist in either of the hosts. In the case of zinc-blende-ba
NCA heterostructures a variety of different interface config
rations can be realized. Some of them can result in a str
in-plane optical anisotropy.9 In the case of equivalen
interface combinations, such as Te-Zn•••Zn-Te or
Be-Se•••Se-Be, chemical bonds at opposite interfaces
quantum wells~QW’s! lie in mutually orthogonal planes
0163-1829/2002/66~24!/245310~9!/$20.00 66 2453
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(11̄0) and ~110!. As a result, interface contributions to th
lateral anisotropy cancel each other. In NCA QW’s with no
equivalent interfaces, the chemical bonds at opposite in
faces are parallel to each other. This leads to an inhe
in-plane anisotropy of the optical properties.10

A giant lateral optical anisotropy has been proved exp
mentally in type-II ZnSe/BeTe heterostructures.11,12 The
emission of the spatially indirect optical transition turns o

to be strongly linearly polarized along the direction@11̄0#
and@110#, which is connected with the orientation of chem
cal bonds at the interfaces~a detailed analysis of the sym
metrical properties of different interfaces and correspond
schemes of their chemical bonds are presented in
paper.12! Studies of the emission polarization anisotropy
the QW structures have shown that the polarization deg
Pl5(I 11̄02I 110)/(I 11̄01I 110) depends on the interface con
figuration and excitation power.13 It was found thatPl as
high as 75% can be observed depending on the inter
configurations. However, the precise determination of
transition probabilities and matrix-element anisotropy for
ther Zn-Te or Be-Se transition demands the separation of
emission from a single interface. That is possible to do w
the use of an external electric field applied across the typ
heterostructure. Indeed, at zero electric field the maxima
Ce(z) and Ch(z) are separated by half a multiple QW p
riod, the electron-hole transition energies at two interfa
are equal to each other and their contributions into the lu
nescence signal can be hardly separated@Fig. 1~b!#. An elec-
tric field inclines the conduction and valence bands of
structure. As a result, the transition energies for the IT ba
at two interfaces vary in opposite directions@Fig. 1~c!#. That
allows one not only to separate the emission lines from
©2002 The American Physical Society10-1
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posite interfaces but also to make the unique assignmen
these transitions to either normal or inverted interface. F
lowing the definition given in Ref. 11, in this paper the i
terface is referred to as anormal one when BeTe is growing
on ZnSe and as aninvertedone for ZnSe on BeTe case.

The objective of this paper is a comprehensive investi
tion of the influence of electric fields on the radiative reco
bination in the type-II ZnSe/BeTe heterostructures for va
ous photoexcitation densities, a comparison of the opt
matrix elements at Zn-Te and Be-Se interfaces, and
evaluation of their anisotropy.

II. EXPERIMENT

ZnSe/BeTe samples with three sets of different interf
configuration were grown by molecular beam epita
on ~001!-oriented n-doped GaAs substrates@Fig. 1~a!#,
namely, nonequivalent Te-Zn•••Se-Be ~sample A), equi-
valent Te-Zn•••Zn-Te ~sample B), and nonequivalen
Be-Se•••Zn-Te ~sampleC) interfaces. The structures con
tain a five-monolayer BeTe buffer layer and five periods
alternating five-nm-thick BeTe and 10-nm-thick ZnSe lay
with the last ZnSe layer as a cap.

The structure with Te-Zn•••Se-Be interfaces has at th

FIG. 1. Scheme of investigated ZnSe/BeTe heterostructures~a!,
wave functions and energy levels for electrons~in the ZnSe layer!
and holes~in the BeTe layer! and spatially indirect optical transi
tions ~IT! in structures without~b! and with applied~c! electric
field.
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first ~inverted! interface the ZnSe layer grown on a T
terminated BeTe layer resulting in the Te-Zn bond throu
the interface whereas at the second~normal! interface the
BeTe layer was grown on a Se-terminated ZnSe layer res
ing in the Se-Be bond. Chemical bonds at the normal a
inverted interfaces are parallel to each other in samplesA and
C with nonequivalent interfaces, while in sampleB with
equivalent interfaces they are orthogonal to each other.
tails of the termination procedure used for the growth
ZnSe/BeTe interfaces are given in Sec. II of Ref. 14. T
paper also contains comprehensive information on the st
tural quality of the ZnSe/BeTe interfaces examined by op
cal microscopy, conventional and high-resolution transm
sion electron microscopy, x-ray diffractometry, and atom
force microscopy. It has been shown that abrupt chem
transition regions with width less than 1 ML are achieved
ZnTe-rich growth conditions. Under the BeSe-rich con
tions the chemically diffuse interfaces with width of 2–
ML’s are formed.

Photoluminescence~PL! was excited by a pulsed N2 laser
with a pulse duration of 10 ns andlexc5337.1 nm ~3.68
eV!, with pulse repetition frequency 150 Hz. The transve
dimensions of the laser excitation spot were 0.530.2 mm2.
The laser emission is absorbed in the ZnSe layers with
band gap of 2.8 eV only, as the direct band gap of BeT15

('4.5 eV) markedly exceeds the excitation energy. Po
ized time-resolved PL spectra were recorded in the direc
normal to the QW plane by use of a photomultiplier with
temporal resolution of;1 ns. At low photoexcitation densi
ties and at low PL intensity, respectively, time-integrated
spectra were recorded. The measurements were carried o
a temperature of 5 K.

A 5-nm-thick semitransparent Au film, deposedin situ on
the last ZnSe layer, serves as a top electrical contact.
Schottky barrier at the Au contact to the ZnSe layer caus
built-in voltageVin of 20.6 V and results in a negative elec
tric field across the BeTe-ZnSe structure.16 To avoid the large
voltage drop on the GaAs substrates, then-doped substrates
have been chosen. This let us suggest that the main dro
the voltage takes place in the nondoped layers of ZnSe/B
heterostructures.

The range of voltages applied to the samples was lim
by increasing current leading to the structure breakdown
our samples the applied voltages were usually in the ran
20.9–10.7 V ~the voltageV is referred to as positive whe
plus of the voltage source is connected to the gold conta!.
The latter is only enough to compensateVin . As a result, in
the largest part of the range of used biases the electric
across the structure induced byVin1V was negative and the
carriers are shifted to the inverted interface. This situation
illustrated by Fig. 1~c!. Note the inverted interface has Te-Z
bonds in the samplesA andB and Be-Se bonds in the samp
C.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Introduction

In this section we will discuss emission spectra of a Zn
BeTe structure recorded in two linear polarizations. Spatia
0-2
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indirect optical transitions at type II interfaces involvin
electrons from ZnSe layers and holes from BeTe layers
be in the center of our attention. In both polarizations th
are contributions from the emission at the normal~n! and
inverted ~i! interfaces. Before discussing the spectra let
first describe the technique used for separation of these
tributions. The emission spectrum measured in linear po
ization along the @11̄0# and @110# directions is
I 11̄0(110)(\v)5I i ,11̄0(110)(\v)1I n,11̄0(110))(\v). As we will
show later the ratio of intensities in two polarizationsa i (n)
5I i (n),11̄0 /I i (n),110 can be determined from the spectra r
corded at high electric fields when the emission from the
type of interfaces dominates. In this case usinga i (n) the
contributions from two interfaces can be separated as

I n,1105~a i I 1102I 11̄0!/~a i2an!, ~1!

I i ,1105~anI 1102I 11̄0!/~an2a i !. ~2!

Matrix elements for optical transitions at the interfaces
polarization along@110# (px8) and @11̄0# (py8) axes can be
calculated in the the tight-binding approximation.19 Calcula-
tions show that the absolute values ofpx8(y8) depend strongly
on the tunneling of electrons and holes into the neighbor
layers across the type II interface but the ratiopx8 /py8 is
nearly independent of electron~hole! quantization energy
Taking into account this result the transition probability c
be approximated as

px8(y8)
2 }p0,x8(y8)

2 J2, ~3!

whereJ25(*CeChd3r )2 gives the probability to find elec
tron and hole in one place and the termp0

2 reflects the prob-
ability of their radiative recombination in this place. It
clear that in this approximation the change in the emiss
intensity at a fixed interface with electric field is determin
by the variation of the electron-hole overlap, whereas
ratio of the intensities in two polarization is complete
determined by the type of the interface~Te-Zn or Be-Se!.
In the structures with equivalent (Te-Zn•••Zn-Te or
Be-Se•••Se-Be) interfacesa i51/an due to mutually per-
pendicular directions of the interface layer bonds.

It is important to note that in the ZnSe/BeTe heterostr
tures with rather thin (<10 nm) ZnSe layers the hole relax
ation ~tunneling! time t rel from the ZnSe layer to the BeT
layer is much shorter than the radiativet r time of the spatial
indirect transitions and nonradiativetnr time.17 On the other
hand, at low excitation powers ZnSe/BeTe heterostructu
are characterized by low quantum efficiency of PL indicat
that the nonradiative lifetime is much shorter than the rad
tive onet r@tnr . Thus, at low excitation powers the syste
can be characterized by an unique timetnr . In this case the
measured ratio of PL intensities of spatially indirect tran
tions at opposite interfaces gives us the ratio of radia
recombination times at these interfaces. In turn, the cha
in the line intensityI}t r

21}p0
2J2 can be directly compared

to the change in the overlap integral.
At high excitation powers quantum efficiency of PL ZnS

BeTe heterostructures increases considerably. Figure 2 sh
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a typical dependence of the PL intensity on the laser exc
tion power Pexc. It is seen that atPexc<10 kW/cm2 the
dependence of the PL intensity is linear onPexc, in the re-
gion of the excitation power fromPexc'10 kW/cm2 to
Pexc'50 kW/cm2 the PL intensity demonstrates a superli
ear behavior, and atPexc>50 kW/cm2 the PL intensity be-
comes linear onPexc again. As it follows from the analysis
of the data represented in Fig. 2, the observed behavior o
PL intensity can be explained by an increasing saturation
the centers of nonradiative recombination at considerably
creased hole concentration in the BeTe layers.18 That in turn
would cause the increase of the nonradiativetnr time, so that
at high excitation powers the radiative lifetime becom
much shorter than the nonradiative onetnr@t r , and the sys-
tem is characterized now by an unique timet r .18 In this case
the PL intensity of the spatially indirect transitions is propo
tional to Pexc and does not depend on the overlap integra

Below we will consider emission spectra of ZnSe/Be
structures both at low and high excitation regimes.

B. Low excitation regime

1. Structure with equivalent Te-Zn"""Zn-Te interfaces

The emission at normal and inverted interfaces in
structure with equivalent interfaces has opposite domina
linear polarization due to a mutually perpendicular directi
of the interface bonds. At zero electric field across the str
ture the transition energies at two interfaces are equal to e
other and no linear polarization of emission is expected
to an equal transition probability at the interfaces. The el
tric field disturbs the equality of the transition energies a
probabilities~namelyJ2) at the interfaces. It is clear from
Fig. 1~c! that the sign of the energy shift of the emission li
with applied electric field allows one to assign the optic
transition to the normal or inverted interfaces.

Figure 3 displays linearly polarized time-integrated P
spectra for the sample B with equivalent Te-Zn•••Zn-Te in-
terfaces at various external voltages in the spectral rang
spatially indirect transitions. The spectra are recorded at
photoexcitation densityPexc'10 kW/cm2 andT55 K. The

FIG. 2. The dependence of the integrated PL intensity on
laser excitation powerPexc for sampleB.
0-3
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spectral position of the emission at thisPexc is shifted to
higher energies about 10 meV compared to the low exc
tion limit.3,7 As a rule, the observed structure in the spec
range of spatially indirect transitions consists of two ban
the intensity of the violet one being less than that of the b
at low energy. This is assumed to result from the radiat
recombination of QW’s from the top layer and from fo
lower layers~e.g., due to different mechanical stress!. Figure
3 shows that~i! in both polarizations the lines shift linearl
to the lower energies, by approximately 45 meV/V, and
crease in the intensity with increasing voltage,~ii ! the emis-
sion is highly linearly polarized~about 75%! in the whole
range of biases andPl does not change sign in the who
range ofV, and finally,~iii ! the emission spectra in the@110#
polarizations multiplied by a factor of 7 coincide well wit
those in@11̄0# polarization in a wide range of applied vol
ages. Only forV> 0.3 V an additional emission appears
the low-energy tail of the@110#-polarized spectrum. A simila
behavior~line shift and polarization degree! of two observed
lines, corresponding to the spatially indirect transition, w
the increasing electric field indicates that they originate fr
one interface.

The similar emission polarization and monotonic line
line shift in the whole investigated bias range from20.9 to
0.5 V indicate that the emission dominating the spectr
both at positive and negative voltages originates from
same sort of interfaces. Its assignment is determined from
line shift: The decreasing transition energy is the charac
istic for the inverted interface that is Te-Zn in our case.

FIG. 3. Linearly polarized time-integrated PL spectra of sam
B at low photoexcitation densityPexc'10 kW/cm2 and different
external voltages~labeled in the figure! at T55 K. Thick solid

lines—PL spectra, polarized along the@11̄0# principal axis, dotted
lines—along@110# axis ~multiplied by a factor of 7 and shifted
vertically for clarity!. Thin solid lines—difference of the latter an
the former~see text!. For the three lower panels the vertical sca
are changed by a factor given in the figure.
24531
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line with dominating@110# polarization corresponding to th
emission from normal interfaces appears up toV50.5 V.
Later, in Sec. III B, we will show that the inclusion of th
regions with Be-Se bonds at the Zn-Te interface is relativ
small. Thereby one has to suppose that the external fie
not enough to overcompensate the field caused by a bui
voltageVin'20.6 V from the the Schottky barrier at the A
contact16 and shift the electrons and holes to this interfa
However, Fig. 3 shows that the marked difference in the l
shape recorded in two crossed polarizations appears neV
50.5 V. An additional contribution shows up in@110# polar-
ized spectra at the low energy tail of the emission line at 1
eV. Based on its polarization it is naturally to assign th
contribution to the recombination at normal interfaces. T
means that the transition energy at the normal interfac
smaller than that at the inverted one and proves that
electric field does not change the sign up to maximum u
voltage ofV510.5 V (Vin1V,0).

At the negative voltages, the emission from the norm
interface is completely negligible, the ratio of PL intensiti
in the two linear polarizationsI 11̄0 :I 11057:1 is just equal to
the ratio of matrix elementsan5p11̄0

2 /p110
2 for transitions in

the two polarizations at the Te-Zn interface. For the oppos
Zn-Te, interface, with Zn-Te bonds rotated by 90 deg,
ratio p11̄0

2 /p110
2 is just inverted, resulting ina i51/7. The line

shape of the contribution from the inverted layer at posit
V can be extracted with the use of Eqs.~1! and ~2! by sub-
stituting an57 anda i51/7. Figure 3 shows this contribu
tion at 0.35 V and 0.52 V with thin solid lines. In the latte
case, the emission band is well observable. It is located a
50 meV below that from the direct interface~thick solid line!
and has the intensity about an order of magnitude smalle

The measured transition energies and emission intens
at normal and inverted interfaces with bias are shown in F
4 by solid and open dots, respectively. The solid and das

e

FIG. 4. Experimental~dots! and calculated~lines! dependencies
of spectral position~a! and PL intensity in two polarizations~b! for
the IT band on external voltage in sampleB. Low photoexcitation
densityPexc'10 kW/cm2.
0-4
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lines are the fitting of experimental bias dependencies
calculated ones. The calculated dependencies have bee
tained by solving the self-consistent problem of the coup
system of Schro¨dinger and Poisson differentia
equations.2,3,20No renormalization effects due to many-bod
Coulomb interaction have been taken into account. This
proximation is justified for a semiquantitative description
a dense electron-hole system when the Fermi energy stro
exceeds the exchange-correlation energy.21–23 The fitting to
the experimental data has been achieved by scaling the

age to the electric field to get the total line shift in the@11̄0#
polarization. According to this scaling, the obtained range
electric fields24 is from 2135 to245 kV/cm with an accu-
racy of 610 kV/cm. The line intensities are fitted by calc
lating the dependence of the squared electron-hole inte
Figure 4 shows that calculations of the overlap integral
this range of2135 to245 kV/cm gives a four-fold decreas
in the line intensity, which is in a good agreement with t
change in the PL intensity from the inverted Te-Zn interfa
shown in Fig. 4~b!. Also the relative emission intensity from
the normal Zn-Te interface observed atV50.5 V is in a
reasonable agreement with calculations.

On the other hand, a good agreement between the ove
integral and the change in the PL intensity, which depends
the ratio oft r /tnr at t r@tnr shows thattnr remains inde-
pendent of the shape of wavefunction at different elec
fields. That in turn indicates that the spatial distribution
nonradiative centers is homogeneous.

2. Structures with nonequivalent Te-Zn"""Se-Be interfaces

In the structureA the Te-Zn and Se-Be bonds at oppos
interfaces are parallel resulting in the same sign of th
emission polarization. Therefore the polarization cannot
used as a criterion for assignment of the line to specific
terfaces. In this case the emission lines of direct and inve
interfaces can be distinguished only when they are separ
spectrally at high sufficient electric fields, Fig. 5 displa
linearly polarized, time-integrated PL spectra for the sam
A recorded atPexc' 10 kW/cm2 and various external volt
ages. The emission is highly linearly polarized in the wh
range of biases, the polarization degree is as high as 75
a very broad range ofV and decreases slightly to 62% only
maximum positive voltages. The 75% polarization degree
the characteristic for the Te-Zn interface that is the inver
interface in the sampleA as well as in the sampleB. The fact
that the dominating emission corresponds to the Te-Zn
verted interface also at positiveV is confirmed by a mono-
tonic, nearly linear line shift to lower energies and a decre
in its intensity with increasingV. The line from the normal
interface should show the opposite dependencies. Moreo
the lineshift and the change in its intensity just coincide w
those for the inverted Te-Zn interface in the sampleB. The
absence of a marked emission from the normal Se-Be in
face can be explained by a much smaller electron-hole o
lap at the normal interface~the total electric field across th
heterostructure is negative even atV;0.5V due to an Au
contact induced additional built-in electric field! or by a
24531
y
ob-
d

p-
f
ly

lt-

f

al.
n

e

lap
n

c
f

ir
e
-
d

ted

le

e
in

is
d

-

e

er,

r-
r-

much smaller transition probability at Se-Be interfaces co
pared to Te-Zn interfaces. We will discuss this question
the following section.

C. High excitation regime

1. Structure with equivalent Te-Zn"""Zn-Te interfaces

Let us now consider modifications in the type-II interfa
emission with increasing excitation density. Figure 6 sho
the time-integrated PL spectra for sampleB in both polariza-
tions at different external voltages. The spectra were
corded atPexc'50 kW/cm2 andT55 K. The higher density
of spatially separated electrons and holes in the ZnSe
BeTe layers realized under this photoexcitation level res
in an additional band bending and a blue shift of the IT ba
maximum.3 The line maximum is located at;2.08 eV. Nu-
merical calculations3 show that this value corresponds
densities of spatially separated electrons and holes of a
231012 cm22. In addition, the increase in carrier densi
leads to a marked line broadening due to the increas
quasi-Fermi energies for electrons and holes.4 One can see
from Fig. 6 that the IT linewidth atPexc'50 kW/cm2 ex-
ceeds 200 meV.

Comparison of Figs. 6 and 3 shows that both the po
ization degree and the spectral shift of the IT band in
interval20.9,V,10.6 V decrease drastically. Particularl
the spectral shift decreases from 45 meV/V at lowPexc to
less than 10 meV/V at highPexc. The IT emission band shif
at Pexc'50 kW/cm2 is displayed in Fig. 7. Here the cente
of gravity of the IT emission band is used as its spec
position because the line half-width exceeds markedly

FIG. 5. Linearly polarized time-integrated PL spectra of sam
A at low photoexcitation densityPexc'10 kW/cm2 and different
external voltages~labeled in the figure! at T55 K. PL spectra,

polarized along the@11̄0# and @110# principal axes, are shown by
solid and dotted lines, respectively.
0-5
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shift. First, it is seen that the@11̄0#-polarized line shifts to
lower energies whereas the@110#-polarized line shifts to
higher energies. This behavior allows us to conclude t
these lines originate from opposite interfaces. Second
contrast to the case of low excitation level, the ratio of
tensities in the two polarizations varies withV in the whole
range from20.6 to 0.6 V . More precise information i
obtained from the spectral dependence ofPl(\v) in Fig. 6.
The emission from the inverted Te-Zn interface atV5

FIG. 6. Linearly polarized time-integrated PL spectra of sam
B at different applied voltages~labeled in the figure! at high photo-
excitation densityPexc'50 kW/cm2. At the bottom row are given
the spectral dependencies of the polarization degreePl . T55 K.

FIG. 7. Spectral characteristics of the IT band vs external v
age in sampleB : ~a! spectral shift relative to the position at th
minimal external voltage used in experiment,~b! normalized inten-
sity in both polarizations and~c! spectrally integrated polarizatio
degreePl . High photoexcitation densityPexc'50 kW/cm2 and T
55 K.
24531
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20.6 V is essentially redshifted leaving the violet range
the emission from the only Te-Zn normal interface. Figu
6~c! shows thatPl as high as'75% is observed at\v
52.2–2.25 eV. A fast decrease ofPl at smaller\v is con-
nected with the appearing contribution from the opposite
terface.Pl of 75% at the high-energy side of the emissi
spectrum corresponds to the emission of high-energy ca
ers. Nevertheless this polarization degree just coincides w
that measured at the low-density excitation level. Thus
can conclude that the ratio of matrix elements in the t
polarizations is nearly independent of carrier energy. T
result is in agreement with experiments reported in Ref.
and theoretical calculations of Ivchenkoet al who found that
the polarization degree of the emission at the interface
pends on carrier energy very weakly.19

Figs. 7~a! and 7~b! display the shift of the emission line
and their intensities at two interfaces on bias voltage at
high excitation density. Figure 7~a! shows thatdEIT,n /dV is
less than 10 meV/V. A strong decrease ofdEIT,n /dV com-
pared to the low excitation level (;45 meV/V, Fig. 4! indi-
cates that the external voltage across the ZnSe/BeTe he
structure decreases drastically with increasing carrier den
Note that our experiments show that any effect of an exte
voltage on the luminescence spectrum disappears, with
creasingPexc to 500 kW/cm2. A comparison with calcula-
tions shows that atPexc'50 kW/cm2 the difference in the
electric fieldDE5E(20.9V)2E(10.5V) is equal to 15–20
kV/cm. Such a change in the electric field results in a re
tively small redistribution of electron and hole wave fun
tions across the quantum well. The respective changes in
emission intensity should not exceed a factor of 2. The la
is in a good agreement with experimental data given in F
7~b!.

The other important distinction of the results atPexc
'50 kW/cm2 from those at low photoexcitation powers
that the sum of the PL intensities of the IT bands in differe
polarizations remains approximately constant and indep
dent of the external voltage as can be seen from Fig. 7~b!.
These data indicate that at high excitation powers nonra
tive recombination processes are saturated and the obse
PL is determined by radiative lifetimet r . The externally
applied electric field provides a possibility to controlt r at
the normal and inverted interfaces and thus to govern
polarization degree of the IT band in the symmetrical hete
structure.

2. Structures with nonequivalent Te-Zn"""Se-Be interfaces

The linearly polarized emission spectra in two polariz
tions andPl(\v) at various applied voltages for the samp
A with Te-Zn•••Se-Be interfaces configuration are display
in Fig. 8. As expected for this sample with identically or
ented chemical bonds at two interfaces the emission inten
in the @11̄0# direction exceeds strongly that in the@110#
direction in the whole range of used voltages. With incre
ing electric field from20.7 to10.6 V, the@11̄0#-polarized
line shifts to lower energies by about 10 meV~which is
similar to that for the sample B at the same excitation d
sity! and decreases in intensity@see Fig. 8~a!#. Both appear-

e

t-
0-6



th

t
g

i-
on
th

ie
e
iza

er
gn

an

m
-B
d

en
-B
at
n

th

ld
-S
i
-
ys

is
r-

na-
hat

tes
ain
en
are

no
e-

-Se
in-

he

-

he

to
ex-
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ances indicate that the dominant emission originates from
inverted Te-Zn interface. Unexpectedly, Fig. 8~b! shows that
the IT band in the@110# polarization broadens and its viole
edge shifts to the higher-energy side with increasing volta
As a result,Pl reaches -70610% at the violet edge at pos
tive voltages. Note that this polarization value cannot be c
nected with emission from the areas with Se-Be bonds at
normal interface because these bonds have the same or
tion as the Te-Zn bonds at the inverted interface and hav
provide the same polarization. The negative sign of polar
tion on the violet edge of the IT band atV50.6 V indicates
that this emission occurs at minor inclusions of Zn-Te int
face in the primarily Se-Be normal interfaces. This assi
ment is also supported by the fact thatuPl u at V50.6 V at
two sides of emission spectra coincide with each other
within an experimental error are equal touPl u at the Te-Zn
interface ('75%). Note once more that the emission fro
the areas with Se-Be bonds at the normal, mainly Se
interface has the@11̄0# polarization. Thereby any marke
contribution of emission from this areas has to result in
decrease of the polarization degree below 75%. The abs
of any pronounced emission from the areas with Se
bonds can be explained if we accept that the squared m
element for this transition is more than one order of mag
tude smaller than that for the Te-Zn interface.

We have attempted also to find the emission from
Be-Se interface in the structureC with the inverted Be-Se
and normal Zn-Te interfaces, where the built-in electric fie
caused by the Au contact shifts the carriers to the Be
interface. The experimental problem with this structure is
its very low quantum efficiency.13 To excite a dense electron
hole gas,Pexc5100kW/cm2 has been used. Figure 9 displa
the polarized spectra from this sample in the range ofV from

FIG. 8. Linearly polarized time-resolved PL spectra in t

@11̄0# polarization~a!, @110# polarization~b!, and the correspond
ing polarization degree vs spectral position~c! of sampleA at dif-
ferent external voltages~labeled in the figure!. Pexc' 50 kW/cm2

andT55 K.
24531
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20.9 to 10.9 V. This figure shows that the emission
highly polarized: the ratio of the intensities in the two pola
izations is 6–7 which is similar to that in the sampleA. To
assign the emission in preferred polarization, we have a
lyzed the line shift with increasing bias. Figure 10 shows t
in contrast to the sampleA, the emission line in the favored
polarization along@11̄0# direction moves in the sampleC to
higher energies. That means that this emission origina
from the normal interface that is the Zn-Te one. Thus, ag
the contribution from the Be-Se interface is negligible ev
at negative voltages when the electron and hole layers
definitely strongly shifted to the latter interface. Hence
information on the anisotropy of the transition matrix el
ments at the Be-Se interface can be extracted.

The absence of any observable emission from the Be
interface in two samples with direct and inverted Be-Se

FIG. 9. Linearly polarized time-integrated PL spectra in t

@11̄0# polarization~a! and @110# polarization~b! of sampleC at
different external voltages ~labeled in the figure!. Pexc

'100 kW/cm2 andT55 K.

FIG. 10. Shift of the spectral position of the IT band relative
the position at minimal external voltage used in experiment vs
ternal voltage in sampleA ~a! and sampleC ~b!.
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terface in the whole range of applied voltages indicates,
it has a much smaller optical matrix element than the Zn
one. Measurements in the electric field allow to obtain
crude estimation of the maximum possible ratio forp2 at
Se-Be to Te-Zn interfaces in the favored polarization.
explain the absence of the Be-Se-interface emission lin
the whole interval of used biases one can take this r
larger than 1:50. Partially this difference is due to the d
creased tunneling of electrons and holes into the neighbo
layers at Be-Se interface originating from a larger band
of the virtual~1 ML thick! ‘‘interface layer’’ Se-Be~5.4 eV!
compared to the Te-Zn~2.4 eV!.13 However, more detailed
calculations in a tight-binding model are necessary to ob
quantitative results.

IV. CONCLUSIONS

The influence of electric fields on the intensity, the sp
tral shift and the in-plane polarization anisotropy of spatia
indirect radiative recombination in type-II ZnSe/BeTe h
erostructures with equivalent and nonequivalent interface
studied in a wide range ofPexc. The electric field shifts the
wave functionsCe(z) and Ch(z) so that both the overlap
integrals and the transition energies for the indirect emiss
increase at one and decrease at the other interface. As a
contributions to PL from the normal and inverted interfac
can be separated and analyzed.25

In the experiment, the effects of the Au contact to t
ZnSe layer induced a built-in electric field across the str
ture which has been taken into account. At low photoexci
carrier densities (<1011 cm22), the change of the PL inten
sity of ; a factor of 4 and a spectral shift of;60 meV have

*Also at A. F. Ioffe Physico-Technical Institute, Russian Acade
of Sciences, 194021 St. Peterburg, Russia.

1F.C. Zhang, H. Luo, N. Dai, N. Samarth, M. Dobrowolska, a
J.K. Furdyna, Phys. Rev. B47, 3806~1993!.

2W. Langbein, M. Hetterich, and C. Klingshirn, Phys. Rev. B51,
9922 ~1995!.

3S.V. Zaitsev, V.D. Kulakovskii, A.A. Maksimov, D.A. Pronin, I.I
Tartakovskii, N.A. Gippius, T. Litz, F. Fisher, A. Waag, D.R
Yakovlev, W. Ossau, and G. Landwehr, JETP Lett.66, 376
~1997!.

4A.A. Maksimov, S.V. Zaitsev, I.I. Tartakovskii, V.D. Kulakovskii
D.R. Yakovlev, W. Ossau, M. Keim, G. Reuscher, A. Waag, a
G. Landwehr, Appl. Phys. Lett.75, 1231~1999!.

5A. Waag, F. Fischer, H.-J. Lugauer, Th. Litz, J. Laubender,
Lunz, U. Zehnder, W. Ossau, T. Gerhard, M. Mo¨ller, and G.
Landwehr, J. Appl. Phys.80, 792 ~1996!.

6A. Waag, F. Fischer, K. Schull, T. Baron, H.-J. Lugauer, Th. Li
U. Zehnder, W. Ossau, T. Gerhard, M. Keim, G. Reuscher,
G. Landwehr, Appl. Phys. Lett.70, 280 ~1997!.

7A.V. Platonov, D.R. Yakovlev, U. Zehnder, V.P. Kochereshko,
Ossau, F. Fischer, Th. Litz, A. Waag, and G. Landwehr, J. Cr
Growth 184Õ185, 801 ~1998!.

8A.A. Maksimov, S.V. Zaitsev, I.I. Tartakovskii, V.D. Kulakovskii
N.A. Gippius, D.R. Yakovlev, W. Ossau, G. Reuscher, A. Wa
24531
at
e
e

o
in
io
-
g
p

in

-

-
is

n
sult
s

-
d

been achieved by applying external electric fields to Zn
BeTe heterostructures with equivalent (Te-Zn•••Zn-Te) and
nonequivalent (Te-Zn•••Se-Be) interfaces. The emissio
from the the Te-Zn interface has been well defined and a
lyzed. The ratio of matrix elements for optical transitions
the Te-Zn interface,which determines the in-plane optical
isotropy, is equal toA7.

At high density of photoexcited carriers of; 1012 cm22

the changes in the line shift and intensity in the same ra
of biases are much smaller. However, the polarization stu
allow to separate partly the emission from direct and inver
Zn-Te interfaces and to determine the ratio of matrix e
ments in two polarizations for carriers near the Fermi ed
This ratio isA7:1 and turns out to be very similar to the ca
of low-density photoexcitation. Thus we conclude that t
matrix-element anisotropy is nearly independent of car
density, that is in agreement with theoretical predictions.19

Attempts to separate the emission on Be-Se interface
heterostructures with nonequivalent Te-Zn•••Se-Be and
Be-Se•••Zn-Te interfaces were not successful. The emiss
on primarily Be-Se interfaces has been shown to be mas
by that from the small inclusions of Zn-Te areas. An estim
of the ratio of radiative recombination times at Be-Se
Zn-Te interface gives the radiative lifetime at Be-Se interfa
to be at least 50 times longer than that at Zn-Te interfac
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