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Negatively charged trion in ZnSe single quantum wells with very low electron densities
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The polarization- and excitation-intensity-dependent photoluminescence of the negatively charged trion is
investigated for ZnSe single quantum wells embedded in ternary and quaternary barriers. The measurements
were performed in magnetic fields up to 11.8 T perpendicular to the quantum well. The spin-singlet state of the
trion is clearly identified. In contrast to GaAs quantum wells, the increase of the trion binding energy through
the magnetic field is found to be negligible, which is explained by the relatively small spatial extent of the
trionic wave function in wide-band-gap materials. For magnetic fields beyond 7 T a resonance becomes
stabilized that is identified as excited trion spin-triplet state because of its anticorrelation with the trion
spin-singlet state behavior for increasing excitation energy.
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I. INTRODUCTION

Since the negatively charged trion (X2) - consisting of an
electron bound to an exciton - was first identified
CdTe/~Cd,Zn!Te quantum wells~QW’s! quite recently in
1993 by Khenget al.,1 it was the subject of intense invest
gations, mainly concentrating on GaAs- and CdTe-ba
QW’s.1–9 Similarly, positively charged trions (X1) - consist-
ing of two holes and one electron - were studied.9–12 In the
following we concentrate on the negatively charged excit
SinceX2 consists of two identical fermions~electrons! the
antiparallel orientation of their spins leads to a trion sp
singlet ground state (Xs

2) with zero total electron spin. The
parallel electron spin orientation results in an excited sp
triplet state (Xt

2) with a total electron spin of one. Wherea
Xt

2 is unbound at zero magnetic field it becomes stabilized
strong fields.4 For GaAs-based QW’sXt

2 was observed in a
sub-meV distance from the 1s heavy-hole exciton resonanc
(Xhh). In spite of the small energy distances both lines w
sharp and well separated due to the negligible localizatio
these ultrahigh-quality structures.3,4 With decreasing carrie
density a strengthening of theXt

2 transition with respect to
Xs

2 was found and discussed.3

However, up to now, only very few studies on trions
ZnSe-based structures were performed,15–18 although the
trion binding energy in ZnSe-based QW’s is considera
increased compared to GaAs- and CdTe-based QW s
tures due to the larger exciton Rydberg energy of 20 meV
ZnSe bulk material. To our best knowledge, there is only o
short report on first indications of a trion spin-triplet state
wide-band-gap materials like ZnSe.19 Therefore, we system
atically investigate the formation ofXs

2 and Xt
2 in

ZnSe/Zn~S,Se! and ZnSe/~Zn,Mg!~S,Se! single QW’s
~SQW’s! by magneto-optical studies under stationary con
tions. The samples are characterized by a very small in
mogeneous broadening of theXhh resonance that results in
clear spectral separation of the trion and exciton resonan
Especially for the ZnSe/Zn~S,Se! QW’s the electron and
PRB 620163-1829/2000/62~11!/7413~7!/$15.00
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trion concentrations are very low being of the order
108–109 cm22 due to the small conduction-band offset
Thus, insight into the trion formation in the very-low-densi
limit is obtained whereXt

2 is expected to play an importan
role.

The paper is organized as follows. The sample struct
the experimental details, and results are given in Sec. II.
discussion follows in Sec. III. Some conclusions are dra
in Sec. IV.

II. EXPERIMENTAL SETUP AND RESULTS

All investigated ZnSe-based QW structures were pseu
morphically grown on GaAs substrates by molecular-be
epitaxy in an EPI 930 twin chamber system. First, we co
pare two 7-nm ZnSe/Zn~S,Se! SQW’s with ternary-barrier
widths of 100 nm. One of the samples is nominally undop
~in the following denoted byS1). The barriers of the othe
sample (S2) are intentionallyn-doped to approximately
731017 cm23 by Cl except for 50-nm-wide spacing laye
adjacent to the undoped well. The total band offset betw
the barrier and the QW was deduced from photolumin
cence ~PL! measurements. For the nominally undop
sample it amounts to approximately 35 meV mainly occ
ring in the valence bands. The nominally doped sam
yields slightly less electronic confinement with a total ba
offset of about 25 meV. Additionally, we investigate a nom
nally undoped 20-nm ZnSe/~Zn,Mg!~S,Se! SQW ~sample
S3). For this QW structure, the total band offset amounts
approximately 200 meV. A fraction of about 60% occurs
the valence bands in coincidence with values found for si
lar samples in the literature.20,21 The samples are characte
ized by means of reflection, polarization-dependent PL,
photoluminescence excitation~PLE! spectroscopy unde
continuous-wave laser excitation at cryogenic temperatu
~1.5–2 K!. For the magnetic-field-dependent measureme
the samples were mounted in a 12-T magnet cryostat w
the field perpendicular to the QW plane and parallel to
wave vectors of the incident and emitted light~Faraday con-
7413 ©2000 The American Physical Society
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7414 PRB 62O. HOMBURGet al.
figuration!. The signal was dispersed by a monochroma
and detected by a photomultiplier or an optical multichan
analyzer.

Reflectivity spectra, PL spectra for an excitation ene
slightly above the barrier band edge, and PLE spectra
detection on theXs

2 trion line ~see below! are recorded a
T52 K and a typical low excitation density ofP
51 W/cm2 ~Fig. 1!. The reflectivity spectra clearly show
the 1s heavy-hole (Xhh) and the 1s light-hole exciton (Xlh)
resonances, respectively. The PL spectra exhibit theXhh and
Xs

2 transitions. The latter are identified by their characte
tics in a magnetic field~see below!. It is well known that
trions can also be observed in nominally undoped structu
due to the contamination with unintentional dopants.2,15 This
is supported by the observation of a weakI 2 line that is
typically 5 meV below theXhh line for ZnSe and corre-
sponds to a donor-bound exciton complex. For sampleS1,
the energy separation between theXhh andXs

2 line amounts
to 2.9 meV, which is an approximate estimate of the tr
binding energy. Compared to sampleS1, Xhh is found at a
slightly lower energy forS2. The energy separation betwee
the Xhh and Xs

2 line exhibits a smaller value of 2.7 meV
These characteristics can be attributed to the slightly redu
electronic confinement in QWS2. In accordance with the
barrier doping sampleS2 exhibits a strongerXs

2 line inten-
sity than sampleS1, and a more pronouncedI 2 line that
indicates a stronger contamination of the QW with dopan
Compared to the samplesS1 andS2, the intensity of theXs

2

line is much stronger for the nominally undoped QWS3.
This is in accordance with the larger conduction-band off
of this sample resulting in a higher electron and thus tr
density. ForS3 the energy difference between the intens
maxima of theXhh and Xs

2 PL lines amounts to 2.5 meV
Since the well width of QWS3 is four times larger than the
exciton Bohr radius ofaB54.8 nm in ZnSe, this sample ca
be looked upon as being ‘‘bulklike’’ so that the binding e

FIG. 1. PL ~solid!, reflectivity R ~dotted!, and PLE ~dashed!
spectra of samplesS1 to S3, excited with a low excitation density
of P51 W/cm2 at T52 K.
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ergy of the negatively charged trion can be assumed
amount roughly to 2.5 meV for bulk ZnSe.

The linewidth of theXhh PL line amounts to 0.7, 0.9, an
1.9 meV for the samplesS1, S2, andS3, respectively. It
mainly originates from inhomogeneous broadening. Ad
tionally, PLE measurements with a detection energy on
low-energy side ofXhh were performed. In the PLE spectr
of theXs

2 lines, theXhh
(1s,m51) resonance is observed togeth

with the weakerXhh
(1s,m52) quantized polariton mode~m

mode number!,13 pointing to the extremely good structura
quality of the samples~see Refs. 13 and 14!. The lowestXlh

1s

resonance is partly mixed with theXhh
2s transition suggesting

a relatively high strength. Additionally, for the samplesS1
andS2 the onset of the barrier absorption is observed~partly
not depicted in Fig. 1! at approximately 2.84 and 2.83 eV
respectively—in coincidence with the above stated diff
ence of the total band offsets. The Stokes shift between
Xhh PL line and PLE resonance is less than 0.4 meV for
samplesS1 and S2 and amounts to'1.3 meV for S3.
Thus, localization effects are negligible particularly for th
samplesS1 andS2. Therefore, the following studies mainl
concentrate on these QW’s.

In Fig. 2 the PL spectra at different excitation densiti
are exemplarily depicted for sampleS2 when being excited
slightly above the barrier band edge at 2 K. The spectra
normalized to the intensity maximum of theXhh line. At the
lowest excitation density (P50.1 W/cm2) the Xs

2 line is
very weak. With increasing excitation density theXs

2 line
intensity at first exhibits a superlinear increase~see inset Fig.
2! and pass into a square-root-like increase. This indicate
increase of the excess electron density in the QW with
excitation density, however, followed by soon beginni
saturation. This is discussed in Sec. III. At higher excitati
densities (P'5 W/cm2)—corresponding to an electron
hole-pair density of about 109 cm22—the Xs

2 line dramati-
cally saturates. Obviously, this can be attributed to a lim
tion of the excess electron concentrationne in the QW. Thus,
a maximumne on the order of 13109 cm22 is deduced for
sampleS2. We note that the superlinear increase of theXs

2

line intensity contradicts its interpretation as a donor-bou

FIG. 2. Normalized PL spectra for sampleS2 excited slightly
above the barrier band edge (Eexc52.835 eV) with different exci-
tation intensities ~solid line, P525 W/cm2; dashed line, P
51 W/cm2; dotted line,P50.1 W/cm2) at 2 K. The spectra are
normalized to the intensity maximum of theXhh line. The inset
shows the integrated intensity of theXs

2 line versus the excitation
energy for this measurement.
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PRB 62 7415NEGATIVELY CHARGED TRION IN ZnSe SINGLE . . .
exciton transition. For such a complex, at first the ratio of
PL intensity with respect toXhh is expected to stay nearl
constant and then saturates with increasing excita
density—as observed for theI 2 line in Fig. 2.

For the nominally undoped sampleS1, which is charac-
terized by a slightly increased total band offset, a less p
nounced superlinear increase of theXs

2 line intensity is ob-
served at very low excitation densities. Additionally, t
saturation occurs at a lower excitation density compared
sampleS2. At P525 W/cm2 the Xs

2 transition has already
totally vanished. Conclusively, for this sample the QW e
cess electron concentration amounts tone5108–109 cm22

only. For QWS3 theXs
2 line intensity increases almost lin

early at low excitation densities. At higher excitation den
ties ~about 20 W/cm2) it exhibits a clear sublinear increas
being characteristic for saturation. These findings are in
incidence with a~nearly! constant excess electron concent
tion of several 109 cm22. For all samples the determine
excess electron densities are quite low so that in a magn
field the lowest Landau level with degeneracyeB/h
'2.431010B/(T cm2) can pick up all excess electrons a
ready at a low field value ofB51 T.

In Fig. 3 the PL spectra of sampleS1 at 2 K obtained for
excitation via the barrier at a low excitation density ofP
50.1 W/cm2 are depicted in dependence on the magn
field B for s2 ~a! and s1 ~b! polarized light. Most promi-
nently, thes2 polarized contribution~a! to the Xs

2 line in-
tensity strongly increases with magnetic field whereas
stays optically nearly inactive ins1 polarization~b!. This
polarization characteristic is consistent with the Zeem
splitting of Xs

2 into a low-energymJ523/2 and a high-
energymJ513/2 state due to the unpaired heavy-hole s
of 3/2 in ZnSe@compare Fig. 5~b!#. Thus, the optical transi
tion from the more strongly occupiedmj523/2 state to the
electron ground state withmJ521/2 leads to the characte
istic s2 polarizedXs

2 line. In the inset of Fig. 3~b! the de-
gree of polarizationPc5(I s12I s2)/(I s11I s2) is depicted
for the Xhh andXs

2 lines. I s1,I s2 denote the integrated in
tensities of the corresponding PL lines fors1 ands2 polar-

FIG. 3. PL spectra of sampleS1 excited via the barrier in de
pendence on the magnetic field fors2 ~a! ands1 ~b! polarization
at 2 K and a low excitation density (P50.1 W/cm2). Inset: Degree
of polarization Pc5(I s12I s2)/(I s11I s2) for the Xhh and Xs

2

lines in dependence on the magnetic field.I s1,I s2 denote the inte-
grated intensities of the corresponding PL lines ins1 ands2 po-
larization, respectively.
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ization, respectively. Opposite to the strongs2 dominance
of theXs

2 line at high fields, a slightlys1 polarizedXhh line
is observed, as expected for the recombination of neu
excitons~see, e.g., Ref. 2!. The overall increaseof Xs

2 by a
factor of about 4 governed by the increase of itss2 compo-
nent is discussed in detail in Sec. III.

In the case ofs1 polarization a new emission feature o
the low-energy shoulder ofXhh emerges for magnetic field
beyond 7 T. AtB510 T it is well-resolved separated from
the Xhh maximum byDE50.84 meV. This line can be at
tributed to the trion spin-triplet state (Xt

2). WhereasXt
2 is

unbound atB50 T, it is expected to become stabilized
high magnetic fields and was first reported for Ga
QW’s.3,4 The correlation of theXs

2 and Xt
2 lines in depen-

dence on the excitation density is investigated in more de
below.

Figure 4 shows the Zeeman pattern ofXhh ~a! andXs
2 ~b!

including identification ofs1 @E(s1)] and s2 polarization
@E(s2)# components for sampleS1 at T52 K. The solid
and dashed lines in Fig. 4~a! represent a fit to the data ac
cording to a Zeeman splitting of the heavy-hole exciton~in
analogy to, e.g., Ref. 22!

DEZee5E~s1!2E~s2!5ge f fmBB, ~1!

with

ge f fª2~ge13gh! ~2!

and an excitonic diamagnetic shift

DEDia5aB2, ~3!

with the resulting fit function

E~B!5E~B50!6ge f fmBB1aB2, ~4!

wherege f f , ge , gh , andmB denote the effectiveg factor, the
electron and holeg factors, and the Bohr magneton, respe
tively. The constanta in Eq. ~3! includes the spatial exten
sion of the excitonic wave function that is not discussed
this paper.23 With ge f f520.33 anda55.7 meV/T2 a very
good agreement to the experimental data is obtained. S
the electrong factor is ge511.10 ~Ref. 24! for ZnSe the
hole g factor can be calculated togh520.26 according to

FIG. 4. Xhh ~a! and Xs
2 ~b! Zeeman patterns of sampleS1 for

s1 and s2 polarization at 1.5 K. The solid and dashed lines~a!
represent a fit of theXhh energies in accordance with an exciton
Zeeman splitting and diamagnetic shift. The energies were
tracted from PL measurements.
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7416 PRB 62O. HOMBURGet al.
Eq. ~2!. Due to this calculation the heavy-hole state w
mJ523/2 lies belowmJ513/2 @compare Fig. 5~b!#, this
ordering being qualitatively consistent also with the abo
discussed polarization degree of theXs

2 line. However, com-
pared toXhh a larger Zeeman splitting ofXs

2 @Fig. 4~b!# is
found. This can be explained by the larger spatial exten
the trionic wavefunction resulting in a differentgh , which
may even change with the magnetic field.3,9 In fact, with
increasing field, theXs

2 transition exhibits a decreasingge f f

from about zero at 0 T to20.8 at 10 T as calculated accord
ing to Eq.~1!. A similar decrease of theXs

2 Zeeman splitting
was found by Glasberget al. for GaAs QW’s.9 Thus, in anal-
ogy to Ref. 9 the decrease ofge f f might be due to band
mixing of the electron and hole wave functions with high
Landau levels and/or subbands.

However, with the exception of the larger Zeeman sp
ting compared toXhh , theXs

2 resonance exhibits almost th
same energy shift. This means that for this sample the st
lization of Xs

2 in magnetic fields up to 10 T is negligible—i
contrast to GaAs-based QW’s where an increase of the t
binding energy of more than 60% was detected.3,9 We at-
tribute this fact to the smaller spatial extent of the trion
wave function in ZnSe as implied by its larger binding e
ergy EX2

B '2.9 meV and smaller exciton Bohr radiusaB

54.8 nm compared to GaAs (EX2
B

5122 meV, aB

'10 nm). Thus, the effective electronic confinement
duced by the magnetic field should be less for ZnSe- than
GaAs-based structures—in agreement with our experime
data.

In Fig. 5 the energy level diagrams ofXhh and Xs
2 in a

magnetic field are depicted with the separation of the ene
levels due to the Zeeman splitting. The occupation therm
ization of the energy levels at low temperature explains
dominance of thes1 (s2) polarized transition for theXhh

(Xs
2) in coincidence with the presented experimental da

To further support the presented trion energy scheme, P
measurements atB510 T with a detection energy on th
low-energy side of theXs

2 PL line were performed~not de-
picted!. For the detection of the PL signal no polarizer w
used. Fors2 polarized light, a strong excitation via theXs

2

resonance is observed. In contrast to that, no PLE signal
be detected under excitation withs1 polarized light—in co-

FIG. 5. Energy schemes and the optically allowed transition
Xhh ~a! andXs

2 ~b! in a magnetic field. The solid arrows denote t
strong polarization components. For the sake of clearness, only
spin-split lowest Landau levels are depicted for the trionXs

2 and the
electron.
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incidence with a thermal occupation of the lowest electr
energy level mJ521/2 only, as found also in othe
materials.1,2,15

In Fig. 6 the PL spectra fors2 ~a! ands1 ~b! polarized
light are displayed in dependence on the excitation densit
a magnetic field ofB511.8 T andT51.5 K for sampleS2
excited via the barrier. At the lowest excitation density, b
sidesXhh only the trionic triplet lineXt

2 is observed for both
cases~weak for s2). With increasing density theXs

2 line
strongly evolves especially fors2 polarized light, accompa-
nied by a saturation of theXt

2 line indicating the correlation
of these emission features. We note that the integrated in
sity of the trionic PL~including the transitionsXs

2 andXt
2)

increases first superlinearly with the excitation density
similar to the case of zero magnetic field~compare inset Fig.
2!. In analogy to Ref. 3, the stronger intensity of theXt

2 line
at very low carrier densities can be attributed to the lar
spatial extent of the excited triplet state as implied by
small binding energy. This results in a more effective ele
tron capture cross section of heavy-hole excitons thus c
verting into triplet-state trions at very low carrier densitie

Figure 7 shows the integrated intensities of theXhh and
Xs

2 PL lines and their sum (I tot) in dependence on the mag
netic field for sampleS1 ~a! compared to sampleS3 ~b!,
both excited via their barriers with an excitation density
1 W/cm2 at 1.5 K. I tot at B50 T is normalized to unity
respectively, in the insets the corresponding PL spectra
magnetic fields ofB50 T andB510 T are depicted. For
this intermediate excitation density theXt

2 transition is al-
ready saturated. For sampleS1 ~a! the intensity of theXs

2

line stays constant at low magnetic fields up to 2 T. Beyo
this field value, it shows a strong, nearly linear increase w
magnetic field that is accompanied by a slight decrease of
Xhh PL line intensity. Thus, the increase of the total intens
of about 40% is mainly caused by the strengthening of
Xs

2 transition. This is supported by the observation that
even higher excitation densities when theXs

2 line is already
bleached no change of the total integrated intensity is fo
within an experimental error of about 10%~we note that with
increasing magnetic field the alignment of the optics sligh
changed which prevented the clear observation of sma
intensity changes!. SampleS2 exhibits a similar strengthen
ing of the Xs

2 line as S1. However, QWS3 ~b! shows a
strongly deviating characteristic. The total integrated inte

f

he FIG. 6. PL spectra of sampleS2 excited via the barrier in de
pendence on the excitation intensity fors2 ~a! and s1 ~b! polar-
ized light atT51.5 K.
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PRB 62 7417NEGATIVELY CHARGED TRION IN ZnSe SINGLE . . .
sity exhibits only a slight increase with the magnetic fie
TheXhh PL intensity increases strongly, almost linearly wi
B in the range between 0 and 10 T. In contrast theXs

2 line
intensity stays nearly constant at magnetic fields up to
and then exhibits a decrease of about 30%. In the follow
these characteristics are discussed in detail.

III. DISCUSSION

The experimental data give clear evidence that for
samples theXs

2 PL line is due to the electron-hole recomb
nation from the negatively charged trion spin-singlet sta
As a consequence of the small electronic confinement in
structures—either due to the low total band offsets~samples
S1 and S2) or due to the large QW thickness~sample
S3)—all QW’s show small trion binding energies in th
range of 2.5–2.9 meV. However, with varying total ba
offset and dopant concentration of the samples, theXs

2 line
exhibits pronounced differences concerning its depende
on the excitation density~compare Fig. 2! or on a magnetic
field ~Fig. 7!. A initial superlinear increase of theXs

2 line
intensity at low excitation densities was found to be m
pronounced for sampleS2 excited via the barrier. We at
tribute this to an increase of the QW excess electron den
with increasing excitation density. In thermodynamic eq
librium, i.e., without laser excitation, only a very low ele

FIG. 7. Relative integrated intensities of theXhh and Xs
2 PL

lines for sampleS1 ~a! andS3 ~b! in dependence on the magnet
field at T51.5 K. For both samples, the total integrated intens
(I tot) at B50 T is normalized to unity. The insets show the corr
sponding PL spectra at zero and the highest~10 T! applied magnetic
fields.
.
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tron concentration accumulates in the QWS2 due to the
small total band offset. Thus, at the lowest excitation den
ties only a very weakXs

2 line is observed~independent of
the excitation energy!. Under irradiation of light additional
excess electrons and thus trions can be created. In the li
ture various mechanisms for the light-induced creation
excess electrons in different QW structures a
discussed,25,26 which, however, are not applicable for th
given excitation situation in our samples. Here, sampleS2,
as the first example, is characterized by a high donor dop
~bound electron! concentration in the barrier. Excitation o
this sample via the barrier leads to a higher trion concen
tion in the QW than resonant excitation~via Xhh or Xlh).
After excitation of the electron-hole pairs with the given lo
concentration, fast binding into excitons is followed by t
onset of recombination. Either, donor scattering with exc
energy, or even more, a two-electron process,27 i.e., partial
energy transfer from the recombing exciton to a donor el
tron, leads to an increase of the concentration of free exc
electrons in the barrier conduction band@this process easily
provides the Cl donor ionization energy of 26 meV~Ref.
27!#. After that, trions, on one hand, may already be form
in the barrier and then relax into the QW. However, cons
ering the small trion binding energy, this process can pra
cally be ruled out. On the other hand, in a more proba
process, the neutral donor ionization by the above-mentio
processes is followed by unbound electron relaxation into
QW. Such a process should lead to an increase of the ex
electron density with increasing excitation density whi
eventually results in the observed initial superlinear incre
of the Xs

2 line intensity.
In contrast to that, a fairly weakly superlinear increase

the Xs
2 line intensity was observed for the nominally u

doped sampleS1 and a linear increase forS3, followed by
early saturation. For these samples, no electron reservoir
vided by a high amount of dopants is available, leading t
nearly constant excess electron density in the QW~at a con-
stant magnetic field!, which is fully used up for trion forma-
tion already at moderate excitation densities.

Another interesting feature which requires a thorough d
cussion is the dependence of theXs

2 andXhh line intensities
on the magnetic field. The intensityI X(X2)(B) of the exci-
tonic ~trionic! radiative decay is given by

I X(X2)~B!5
NX(X2)~B!

tX(X2)~B!
, ~5!

with NX(X2)(B), tX(X2)(B) denoting the corresponding pa
ticle densities and the radiative decay times which depend
the magnetic field, respectively. Since the samples are c
acterized by very small inhomogeneous broadening we
sume that the energy dependence oftX(X2) is negligible. For
sampleS3 a decrease of theXs

2 line intensity with magnetic
field was observed. A similar decrease of theXs

2 line inten-
sity accompanied by an increase of theXhh line intensity was
also found in Ref. 28 for a GaAs QW with a large total ba
offset. However, this is not further commented upon in t
paper. In analogy to Ref. 28 the decrease of theXs

2 line
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7418 PRB 62O. HOMBURGet al.
intensity can be attributed to a decrease of theXs
2 coherence

volume which is induced by the effective confineme
caused by the magnetic field. This results in an increas
the radiative decay time. We note that the coherence volu
usually has a spatial extent much larger than the exc
Bohr-orbit size. Thus, at high fields the coherence volum
limited by the magnetic lengthl B5@c\/(eB)#1/2, which
amounts to 8 nm at 10 T~compare: the exciton Bohr diam
eter is about 9.6 nm for ZnSe!.

In contrast toS3, an increase of theXs
2 line intensity with

increasing magnetic field was observed for the samplesS1
and S2. Since for these QW’s a similar magnetic-fiel
induced decrease of the coherence volume should hold
other mechanism has to overrule this effect. According
Eq. ~5! we attribute the observed increase of theXs

2 line
intensity to an increase ofNX2 with magnetic field. As we
already pointed out above, in the QW’s with low conductio
band offsets only very few electrons accumulate in the Q
~at zero magnetic field!. In addition to the confinement of th
electrons, which is governed by the conduction-band of
~and the well width!, the number of excess electrons in t
QW is limited by their density of states at the band ed
Due to the low conduction-band offset it should be qu
small, i.e., close to the bulk value. In a magnetic field t
electron states split into Landau levels whose degene
increases proportionately toB. Thus, an increased amount
electrons proportional toB might accumulate in the QW
leading to an almost linear increase of theXs

2 line intensity
at elevated magnetic fields (B>2 T).

However, time-resolved measurements are necessa
get more detailed information on the relaxation proces
and kinetics of trions in these ZnSe-based QW structure
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IV. CONCLUSIONS

Trionic resonances have been identified in ZnSe quan
wells by means of excitation-intensity-dependent lumin
cence and polarization-dependent PL and PLE spectrosc
at moderate excitation densities. Trions are generated m
effectively for excitation into the barrier than for resona
excitation into the quantum well. This points to the Cl dono
in the barrier as being the source of the electrons. T
magnetic-field-induced splitting and shift of theXhh and the
Xs

2 resonances are in agreement with the expected en
level scheme. The effectiveg value of the trion was found to
vary with magnetic field and to involve agh hole value de-
viating from that in the free exciton. The term ordering of t
trion singlet state could be derived exhibiting a lower-lyin
mJ523/2 level. Due to the small spatial extension of t
trion spin singlet state in ZnSe the increase of its bind
energy with raising magnetic field is negligible. Fors1 po-
larization at magnetic fields beyond 7 T, an emission feat
emerges below theXhh resonance, which was identified a
trion spin-tripletXt

2 luminescence by means of the intens
anticorrelation ofXt

2 andXs
2 for increasing excitation den

sities. The strong intensity of theXt
2 resonance relative to

that of Xs
2 at very low carrier densities is caused by t

larger spatial extent of the triplet state leading to a m
effectivee2 capture.

In summary, a systematic investigation of trions in Zn
QW’s gave comprehensive insight into their internal stru
ture and characteristic parameters.
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