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Oscillator strength of trion states in ZnSe-based quantum wells
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The oscillator strength of negatively charged excitons~trions! in ZnSe/~Zn,Mg!~S,Se! quantum-well struc-
tures withn-type modulation doping is studied by means of reflectivity as a function of electron concentration,
temperature, and external magnetic fields. The trion oscillator strength is found to increase linearly with
increasing electron concentration up to 631010 cm22. The trion nonradiative damping shows no dependence
on the electron concentration or external magnetic field. An optical method, based on the analysis of the
polarization of the trion line, is proposed to investigate two-dimensional electron gases of low density from 109

up to 1011 cm22.
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A negatively charged exciton complex~trion! in semicon-
ductors, consisting of an exciton attracting an additio
electron, was predicted theoretically in 1958.1 This state has
been under intensive study since 1993, when the first exp
mental proof of the existence of trions in quantum-w
~QW! structures was reported.2 Trions have been observed
QW structures based on different semiconductor compou
such as CdTe,2,3 GaAs,4 and ZnSe.5,6 Negatively and posi-
tively charged trions related both to heavy-hole and lig
hole excitons have been studied experimentally.3,6,7Coherent
and recombination dynamics of the trion states are ac
topics of ongoing research in this field.8,9 Theoretical works
supporting the experimental studies are also in progres10

However, quite a number of features of the trion states
not understood yet and/or are the subject of controversy

In particular, an important problem of the trion and ex
ton oscillator strengths at various concentrations of free
riers in QW’s has been raised in a number of publicatio
~see Refs. 3, 10, 11, and 12!. However, detailed experimenta
investigations of this problem have been published only v
recently. They are exemplified by the positively charg
excitons (X1) in CdTe-based QW’s embedded in
microcavity13 and in semimagnetic~Cd,Mn!Te QW’s.14,15 In
both papers an oscillator strength ‘‘transfer’’~i.e., redistribu-
tion of oscillator strength! between exciton andX1 reso-
nances dependent on the concentration of free holes wa
tablished experimentally. In these studies the experiment
measured Moss-Burstein shift was used to evaluate the
sity of the hole gas. This method is limited to the range
high concentrations~above 631010cm22) and for lower
concentrations hole densities were estimated via mo
calculations.15

In this paper we present detailed experimental invest
tions on the modification of the negatively charged exci
(X2) and neutral exciton~X! resonances in the presence o
low-density two-dimensional electron gas~2DEG! with con-
centrationne varying from 53109 up to 1.231011cm22. An
optical method to characterize the low-density 2DEG, ba
on the analysis of trion polarization in external magne
fields, was developed. The oscillator strength of the exc
and trion is treated from the point of view of their resona
contribution to the dielectric function of the crystal. Refle
PRB 620163-1829/2000/62~15!/10345~8!/$15.00
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tivity spectroscopy is used as the most reliable and inform
tive technique. The radiative and nonradiative damping
trions and excitons was examined as a function of elect
concentration, external magnetic field, and temperature.
chose modulation-doped ZnSe/~Zn,Mg!~S,Se! quantum-well
structures as a model system for this study. The choice
ZnSe-based QW’s with strong Coulomb interaction, as co
pared with GaAs- or CdTe-based QW’s, allows us to obse
very pronounced exciton and trion resonances in the refl
tivity spectra and to provide high experimental accuracy
calculated parameters.

I. EXPERIMENT

ZnSe/Zn0.89Mg0.11S0.18Se0.82 single QW~SQW! structures
were grown by molecular-beam epitaxy on~100!-oriented
GaAs substrates~for details of growth and optical properties
see Ref. 6!. An 80-Å-thick ZnSe SQW was embedded b
tween 1000- and 500-Å-thick Zn0.89Mg0.11S0.18Se0.82 barriers.
The total band-gap discontinuity of 200 meV between
QW and the barrier materials was distributed approximat
evenly between the conduction- and valence-band ed
One structure was nominally undoped with a residual el
tron concentration ofne<1010cm22 in the SQW, due to the
weak n-type background conductivity of the barriers. A s
of modulation-doped structures with a 2DEG concentrat
in the range fromne5331010cm22 up to 1.231011cm22

were grown with a Cl-doped layer separated from the QW
a 100-Å-thick spacer. Most of the reflectivity measureme
were performed at normal incidence and only some spe
were taken under Brewster angle incidence in order to a
lyze transitions with very weak oscillator strength.16 Reflec-
tivity spectra were taken at 1.6 K in magnetic fields up
B57.5 T applied in Faraday geometry and atB50 T in a
temperature range from 1.6 up to 35 K. Circularly polariz
light was analyzed by means of achromatic quarter-w
plates. The signal was dispersed by a 1-m spectrometer
detected by a charged-coupled device~CCD camera!.

II. EXPERIMENTAL RESULTS

A. Reflectivity spectra of trions and excitons

Reflectivity spectra of modulation-doped QW’s with di
ferent 2D electron concentrations are shown in Fig. 1
10 345 ©2000 The American Physical Society
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zero magnetic field. Details of the identification of trion tra
sitions and basic trion properties in ZnSe-based QW’s w
published in Refs. 5 and 6. In the nominally undoped sam
~upper spectrum! only a single strong resonance, which co
responds to a heavy-hole exciton~X! in the QW, is detectable
at normal incidence of the reflected light. In doped samp
~middle and lower spectra!, a new resonance of a negative
charged exciton (X2) appears at about 5 meV on the low
energy side from the exciton line. The amplitude of the tri
resonance grows with increasing electron concentration
turn, this is accompanied by a reduction of exciton-resona
amplitude. At high electron concentrations~above
231011cm22) the exciton line disappears from the reflecti
ity spectra.

Parameters of the exciton and trion resonances@i.e., reso-
nance frequency (v0), radiative damping (G0), and nonra-
diative damping~G!#, which govern their contribution to the
dielectric function, were deduced from a best fit of expe
mental reflectivity spectra to the calculated ones in
framework of the non-local dielectric response theory.17,18

This approach was successfully used for the reflectiv
analysis of undoped QW’s.16,17 An example of such a fit is
shown by the dotted line in Fig. 1.G0 andG determined by
this procedure for different temperatures, magnetic fie
and electron concentrations are presented in Figs. 3, 5
and 9.

Following Ivchenko and co-workers18,19 the exciton-
resonant reflection coefficient in a SQW is given by

r 5
iG0

v02v2 i ~G1G0!
. ~1!

In this case the radiative dampingG0 has a physical mean
ing, namely, the exciton oscillator strength in the QW. It

FIG. 1. Reflectivity spectra taken from 80-Å
ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW’s with different electron concen
trations in zero magnetic field. Arrows indicate the resonance e
gies of excitons~X! and trions (X2). The best fit with parameter
G0

X5170meV, GX50.73 meV,G0
T568meV, andGT50.6 meV is

shown by a dashed line.T51.6 K.
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proportional to the exciton oscillator strength per unit vo
ume (FX) used in Refs. 20 and 21, i.e.,G0}FX . It is worth
noting here the relation between the exciton radiative dam
ing and the exciton radiative lifetime (t rad), G0

X5 1
2 t rad.18

The nonradiative damping constantG is characteristic for
the broadening of the exciton resonance. It includes
broadening mechanisms with the exception of the radia
broadening, which is controlled byG0 . At low temperatures,
when the exciton-phonon scattering is negligible, and in
doped QW’sG is dominated by inhomogeneous broadenin
which, in turn, mainly arises from well-width fluctuation
and alloy fluctuations in barriers. In QW’s with a 2DE
exciton-electron scattering could cause considerable ho
geneous broadening of exciton states.22 This mechanism is
spin dependent and, as we will show, is important for
studied ZnSe-based QW’s.

A set of reflectivity spectra measured in a SQW withne
5631010cm22 is shown in Fig. 2 for different temperature
in the range from 1.6 up to 35 K. With increasing tempe
ture the trion resonance becomes weaker and becomes
solvable atT>25 K. In contrast the exciton resonance i
creases its amplitude. A weak energy shift of the resonan
is due to the temperature-induced narrowing of the ene
gap.

Temperature dependencies of the radiative and nonra
tive damping for excitons and trions are plotted in Fig.
One can see that the vanishing of theX2 resonance is cause
by two factors: a decrease ofG0 and an increase ofG. It is
interesting to note that the decrease of the trion damp
constantG0

T ~from 68meV at 1.6 K down to 0meV at 30 K!
is accompanied by an increase of the exciton dampingG0

X

~from 170meV at 1.6 K up to 210meV at 30 K! in a way that
a sumG0

X1G0
T is about constant. Finally, the nonradiativ

damping of excitonsGX50.7 meV was found to be tempera
ture independent.

r-

FIG. 2. Reflectivity spectra taken from an 80-
ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW withne5631010 cm22 at differ-
ent temperatures.B50 T.
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The modification of reflectivity spectra in magnetic fiel
is shown in Fig. 4 for two circular polarizationss2 ands1,
corresponding to different spin orientations of excitons a
trions. In the undoped structure no changes of the exc
oscillator strength~i.e., G0

X) was detected. The exciton lin
shows a weak diamagnetic shift of 0.25 meV atB57 T ~Ref.
5! and is split in two Zeeman components with an excitong
factor gexc510.38.6 However, in the doped structures bo
the trion and exciton resonances became strongly polari

FIG. 3. Radiative (G0) and nonradiative~G! damping of exciton
and trion states in an 80-Å ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW with
ne5631010 cm22 as a function of temperature.

FIG. 4. Reflectivity spectra taken from 80-Å
ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW’s with different electron concen
trations detected ins1 ~solid! and s2 ~dotted! circular polariza-
tions at a magnetic field of 7 T.T51.6 K.
d
n

d.

The polarization of the trion line reflects specifics of
spin structure.2 Being composed of two electrons and o
hole, the trion ground state has a singlet configuration w
two electron spins oriented antiparallel to each other. T
triplet state with parallel spins is unbound at low magne
fields. In external magnetic fields applied along the Q
growth axis a 2DEG shows spin polarization that, in tu
induces circular polarization of the trion resonances in
reflectivity spectra.6 The strong circular polarization of th
X2 resonance can clearly be seen in Fig. 4. The trion re
nance becomes two times stronger ins2 polarization as
compared to its zero-field value~see Fig. 1! and loses its
intensity ins1 polarization.

In more detail the magnetic-field dependencies of the
citon and trion parameters are shown in Fig. 5 for the SQ
with ne5631010cm22. The nonradiative damping of trion
was found to be independent of the magnetic field and
equal for both spin orientations@see Fig. 5~b!#. By contrast,
the exciton nonradiative damping shows a strong depende
both on magnetic field and on polarization.GX1 ~shown by
solid triangles! decreases from 0.73 meV atB50 T to 0.35
meV atB57.5 T. GX2 ~open triangles! has a nonmonotonic
behavior with a maximum value of about 1 meV atB54 T
and a subsequent decrease to 0.7 meV atB57.5 T. A differ-
ence betweenGX1 and GX2, caused by spin-dependen
exciton-electron scattering,22 grows up toB54 T and then
saturates at a value of 0.35 meV. It is represented in Fig
by solid circles and will be discussed in more detail in S
III.

Exciton radiative damping is weakly varied by applie
magnetic fields@see Fig. 5~a!#. Only in fields above 4 T is a
small difference shown in oppositely polarized spectra:
B57.5 T G0

X15182meV andG0
X25165meV. For the trion

resonanceG0
T1 and G0

T2, being detected in different polar
izations, symmetrical variations are seen in reference to

FIG. 5. Magnetic-field dependence of radiative (G0) and nonra-
diative ~G! damping for the exciton~triangles! and trion ~circles!
states in an 80-Å ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW with ne

5631010 cm22. s1 and s2 circular polarized components ar
shown by solid and open symbols, respectively.
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zero-field value ofG0
T568meV, keeping the sum value o

G0
T11G0

T2 constant for all magnetic fields used.
The enhancement ofG0

T2 ~suppression ofG0
T1) with in-

creasing magnetic field reflects the increase~decrease! of
electron concentration for the corresponding spin com
nent. Therefore, the degree of circular polarization of
trion resonance calculated asPc5(G0

T12G0
T2)/(G0

T1

1G0
T2) corresponds to a polarization of a 2DEG in extern

magnetic fields. Experimentally measuredPc(B) dependen-
cies are plotted by circles in Fig. 6 for QW’s with differen
electron concentrations. These results allow us to get in
mation not only about the polarization of a 2DEG but a
about the 2DEG density.

B. Optical method to determine the 2DEG concentration

In this part we describe optical methods to determ
2DEG densities in QW’s forne in the range from 109 up to
about 231011cm22. The experimental results shown by do
in Fig. 6 represent the polarization degree of a 2DEG
QW’s. At very low electron concentrations (ne
,1010cm22), when the Fermi energy«F,kBT, the electron
polarization is well described by a Boltzmann distribution
electrons on the Zeeman sublevels. The Boltzmann distr
tion calculated forT51.6 K with an electrong factor ge5
11.14 ~Ref. 6! is shown in Fig. 6 by dotted lines. A clea
deviation of the experimental data from the Boltzmann d
tribution is seen at low magnetic fields, increasing for high
electron concentrations. For the highest concentration s
ied here (ne51.231011cm22) the trion resonance is com
pletely unpolarized in magnetic fields below 4 T. Ferm
Dirac statistics, accounting properly for the properties o
degenerate electron gas, was used for the calculation o
polarization. A good agreement with experimental data w

FIG. 6. Magnetic-field-induced circular polarization degreePc

of the trion resonance in reflectivity evaluated for 80
ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW’s. Dashed lines show the Boltz
mann distribution and solid lines trace Fermi-Dirac statistics, wh
gives the best fits and allows us to determine the electron con
tration.
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achieved~see solid lines in Fig. 6!. The Fermi energy was
the only fitting parameter in this calculation. In turn, th
Fermi energy is directly linked with the electron concent
tion via «F5p\2ne /me . In ZnSe-based QW’s the effectiv
mass of conduction-band electrons isme50.16m0 and «F

51.44310212ne , where«F is given in meV andne in cm22.
Therefore, fitting the experimental points from Fig. 6 wi
the polarization based on the Fermi-Dirac statistics allow
us to determine the 2DEG density. In the modeling we
sume that the Fermi level is pinned by the donors in
modulation-doped layer.~This is valid for our ZnSe-based
QW’s with relatively small band offsets. Detailed discussi
on the validity of this assumption will be presented els
where.! For the ZnSe-based QW’s under study this meth
allows us to determine the electron density in QW’s withne
down to 231010cm22.

At lower electron densities the difference between
Fermi-Dirac and the Boltzmann distribution is too small
allow an accurate determination ofne . In this case the elec
tron density can be determined by means of the linear dep

dence of the trion radiative damping onne with G0
T/ne

51.1631029 meV cm2 measured for ZnSe-based QW’s
this paper~see Sec. II C!. Our goal is to measureG0

T with
high accuracy. Modulation spectroscopy and/or reflectiv
measurements under Brewster angle16,18 extend significantly
the sensitivity of the light-reflection technique and allow
to detect transitions with low oscillator strength.

As an example a reflectivity spectrum of an undop
SQW taken under incident anglew571°, which is close to
the Brewster angle ofwBr569°, is shown in Fig. 7. The
radiative damping of the trionG0

T56 meV is only 3% of the
exciton radiative damping. The electron concentration
this structure found accounting to the relationne

FIG. 7. Reflectivity spectra taken from an undoped SQW a
light incidence close to the Brewster angle. Electron concentra
of ne553109 cm22 was evaluated for this structure from the valu
of the trion radiative dampingG0

T56 meV ~see text!. T54.2 K.
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5G0
T/(1.1631029) is equal to 53109 cm22. We believe that

ne values as low as 109 cm22 can be measured by means
the suggested procedure.

C. Exciton and trion parameters as a function
of 2DEG concentration

Now, having an optical method of measuringne , we ana-
lyze parameters of the exciton and trion resonances as f
tions of the 2DEG density.G0(ne) andG(ne) dependencies
measured at zero magnetic field are plotted in Fig. 8. I
remarkable that the trion radiative dampingG0

T ~i.e., the trion
oscillator strength! increases linearly with electron conce
trations up tone'631010cm22 @see closed circles in Fig
8~a!#. This result is intuitively expected, as a necessary c
dition for trion formation is the presence of background el
trons in the QW. For this three-particle excitonic comple
one electron and one hole are photogenerated by an abso
photon and second electron is taken from a 2DEG. Fo
diluted 2DEG, where the average distance between elect
is larger than the size of the trion orbit, one can expec
linear dependence of the trion generation probability on
electron density.

The solid line in Fig. 8~a! which is a linear interpolation
of data points forne<631010cm22, has a slopeG0

T/ne

51.1631029 meV cm2. Data points forne.1011cm22 devi-
ate significantly from the linear dependence and show a s
ration tendency forG0

T(ne) function.
The exciton radiative dampingG0

X decreases from 210
meV for the undoped QW down to about 170meV for ne
5331010cm22 and then remains constant at this level up

FIG. 8. Radiative (G0) and nonradiative~G! damping of the
exciton and trion states in 80-Å ZnSe/Zn0.89Mg0.11S0.18Se0.82SQW’s
as a function of the electron concentration at zero magnetic fie
Dashed and dotted lines are given as guide to the eye. The solid
is a linear interpolation of experimental data for trions forne

<631010 cm22. T51.6 K.
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ne51.231011cm22. Qualitatively the results presented
Fig. 8~a! are in agreement with the idea on oscillator stren
‘‘transfer’’ between excitons and trions.13,15

The nonradiative broadening of excitons demonstrate
strong dependence onne increasing from 0.4 meV in the
undoped QW to 2.1 meV forne51.231011cm22. This ad-
ditional broadening is caused by exciton-electr
scattering.22 Surprisingly, the nonradiative broadening of th
trion resonances is rather independent of the electron den
@see solid circles in Fig. 8~b!#.

Figure 9 is analogous to Fig. 8, but the exciton and tr
parameters are given for a magnetic field ofB57 T and for
two circular polarizations. The exciton radiative damping h
a dependence, which is very similar to the zero-field c
@compare Figs. 9~a! and 8~a!#. For the trion radiative damp
ing in strong (s2) polarization (G0

T2) we obtain a linear
dependence onne with a slope, which is twice larger tha
that at zero field@the straight solid line in Fig. 9~a! is drawn
with a slope of 2.3231029 meV cm2#. However, one should
keep in mind that trions are totally polarized atB57 T and
G0

T150. Taking into account the zero-field value

G0
T5

G0
T11G0

T2

2
, ~2!

we establish that the trion oscillator strengths atB50 and 7
T coincide with each other for the whole range ofne studied.
These results are depicted in Fig. 9~c!.

s.
ne

FIG. 9. ~a! Radiative (G0) and~b! nonradiative~G! damping of
the exciton and trion states in 80-Å ZnSe/Zn0.89Mg0.11S0.18Se0.82

SQW’s as a function of the electron concentration at a magn
field of 7 T. The solid line in the~a! panel has a slope o
2.3231029 meV cm2. ~c! Comparison of the trion radiative damp
ing measured atB50 and 7 T and treated with Eq.~2!. T51.6 K.
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Similar to the zero-field results from Fig. 8~b! GT is inde-
pendent ofne at B57 T @see circles in Fig. 9~b!#. As we
have already shown in Fig. 5 the exciton broadening depe
strongly on polarization and on the magnetic field value.
B57 T s1 polarized excitons have a stable level ofGX1

50.4 meV @see solid triangles in Fig. 9~b!#, except for data
points atne$1.131011cm22. On the other hand,GX2 in-
creases rapidly withne similar to theGX(ne) dependence a
B50 T.

III. DISCUSSION

In this part we concentrate on the discussion of the
lowing aspects:

~i! Electron-density dependence of the trion oscilla
strength, i.e.,G0

T(ne).
~ii ! Transfer of oscillator strength between excitons a

trions.
~iii ! Broadening of exciton resonances due to excit

electron interaction.

The radiative dampingG0 extracted by us from reflectivity
spectra has a physical meaning of an oscillator strength
is proportional to the exciton oscillator strength per unit v
ume (FX) used in Refs. 20 and 21, i.e.,G0}FX . Following
the approach developed in Refs. 20 and 21 for the oscill
strength of a bound exciton, one can derive the follow
relationship between the exciton radiative damping (G0

X) and
the trion radiative damping (G0

T):

G0
T5G0

XNe

AT

A
5G0

XnepaT
2. ~3!

HereNe is the number of electrons in the QW,A is the area
of the QW layer, andAT5paT

2 is the area of the trion with
radiusaT . ne5Ne /A is the electron concentration. In de

FIG. 10. Spin-independent part of the exciton nonradiat
damping (GX11GX2)/2 ~open triangles! and spin-dependent pa
GX12GX2 ~solid circles! as a function of magnetic fields. The sol
line is taken from the middle panel of Fig. 6. It shows polarizati
of a 2DEG withne5631010 cm22.
ds
t
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riving Eq. ~3! we used the fact that the exciton and trio
oscillator strength per unit volume equal each other. This
valid for the case when the binding energy of the seco
electron in the trion is much smaller than the exciton bind
energy. For the studied ZnSe-based QW’s the differenc
about 6 times.

Putting in Eq. ~3! the experimentally determine
parameters G0

X(ne'0)5210meV and G0
T/ne

51.1631029 meV cm2 we evaluate the radius of the trio
aT5132 Å. For comparison, the in-plane radius of 1s exci-
ton states in the studied QW’s is about 40 Å.

At electron concentrations exceeding ne*
51.831011cm22 estimated from the conditionpne* aT

251,
efficient supression of trions by the 2DEG is expected. W
believe that the data points forG0

T at ne.1011cm22 deviat-
ing from the linear dependence plot@see Fig. 8~a!# indicate
the approaching of this regime.

We found that the radiative damping of the trion increas
linearly with electron concentrations up tone
'631010 cm22 @see Figs. 8~a! and 9~a!#. Experimental data
in external magnetic fields presented in Fig. 5~a! allow us to
conclude that in ZnSe QW’s atne<631010cm22 the phase-
space filling~which increases by a factor of 2 for thes2

polarization when a 2DEG is polarized! has no strong influ-
ence on the trion oscillator strength per electron. These
perimental findings are in agreement with the experimen
results of Ref. 11, where the linear dependence of theX2

integral absorption with electron concentration has been
tablished for CdTe QW’s in a magnetic field of 8 T and for
a 2DEG filling factorsn,1. A linear dependence ofG0

T(ne)
has been also reported forX1 states in~Cd, Mn!Te QW’s for
hole densitiesnh<3.731010cm22.15 However, we cannot
confirm the dependence of the trion oscillator strength va
tion on the 2DEG filling factor reported for CdTe QW’s.11 In
our findings the trion oscillator strength depends only on
electron concentration and the observed effect of the m
netic field comes from polarization of the trion line.

An effect of an oscillator strength transfer between ex
ton and trion states is verified in ZnSe QW’s by the tempe
ture @Fig. 3~a!# and electron density@Fig. 8~a!# dependencies
of the radiative damping for the excitons and trions. T
value of the transfer for the studied range ofne
<1.231011cm22 does not exceed 25% of exciton radiativ
damping atne'0. We suppose that the oscillator streng
transfer is caused by an interaction between exciton and t
states via the 2DEG. A trion can lose an electron and tra
form into an exciton and, in turn, an exciton can capture
electron and transform into trion. Obviously, the strength
the interaction between exciton and trion states is scaled
the 2DEG density. A theoretical treatment of this proble
will be presented elsewhere.23

We have not observed a decrease of the sum of exc
and trion oscillator strengths~i.e., G0

X1G0
T value! with in-

creasingne . Such a decrease has been reported for C
QW’s with a 2DEG~Ref. 24! and ~Cd, Mn!Te QW’s with a
2D hole gas.15 It has been explained by a reduction of th
exciton oscillator strength due to screening and phase-s
filling effects. The stronger Coulombic interaction in ZnS
compared with CdTe makes excitons in ZnSe QW’s m
robust against these destruction factors. It follows from o

e
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experimental data that in ZnSe QW’s the critical electr
concentration to destroy excitons exceeds 1.231011cm22,
which is the maximal concentration for the structures stud
in this paper.

Let us now turn to nonradiative damping of excitons a
trions. The trion nonradiative damping shows no depende
on ne @Fig. 8~b!#. We note that a similar behavior has be
reported forX2 in CdTe QW’s,11 and therefore it is not
unique for ZnSe QW’s. However, this result is very surpr
ing. Trions are charged particles and one can expect t
effective interaction with a 2DEG. The reason why this
teraction is absent or does not contribute to the broadenin
the trion line is not clear and requires further investigatio

The exciton nonradiative damping shown in Fig. 8~b! in-
creases drastically~about 4 times! with ne . We assign this
exciton line broadening to the exciton interaction with 2DE
electrons. In exciton-electron scattering events electrons
excited above the Fermi level and a homogeneous contr
tion of this mechanism to the exciton linewidth is of th
order of «F . Indeed, an increase ofGX is very close to«F
values shown in the upper scale of Fig. 8. It is worthwhile
note here that exciton line broadening at high electron d
sities contributes significantly to the reduction of the amp
tude of the exciton reflectivity line~see Fig. 1, ne
51.231011cm22).

A pronounced effect of spin-dependent exciton broad
ing, visualized by a difference betweenGX2 andGX1 in Fig.
5~b! becomes obvious upon polarization of a 2DEG by m
netic fields. In Fig. 10 spin-dependentGX22GX1 and spin-
independent (GX21GX1)/2 contributions of the exciton
broadening in a SQW withne5631010 cm22 are plotted.
The magnetic-field behavior of the spin-dependent part c
cides with the polarization dependence of the 2DEG sho
by a solid line in Fig. 10. It increases, reaches the value
about 0.4 meV in magnetic fields of 5 T, and then satura
The exciton line is broader fors2 polarization, when an
electron spin in the exciton is oriented opposite to the 2D
polarization. In this case the electron exchange is an inela
process with characteristic energies corresponding to
Zeeman splitting. For thes1 polarization the electron ex
change will be elastic, as the electron orientations in
exciton and in the 2DEG coincide. This effect has been a
established in CdTe QW’s.22
i-

.
M

et

V.
.
an

u

d

ce

-
ir

-
of

re
u-

n-
-

-

-

-
n
f

s.

tic
e

e
o

We attribute the reduction of spin-independent excit
broadening in magnetic fields above 4 T~see open triangles
in Fig. 10! to a suppression of exciton-electron scatteri
when the electron spectrum is transformed into discrete L
dau levels.25 From comparison ofGX(B50) values in Fig.
8~b! with GX1(B57 T) values in Fig. 9~b! we conclude that
for electron densities below 631010 cm22 exciton-electron
scattering is suppressed when the 2DEG is polarized and
exciton has the proper spin orientation~i.e., when the spin of
the electron belonging to this exciton is parallel to the 2DE
orientation!. The exciton linewidth in this case is dominate
by inhomogeneous broadening.

In conclusion, reflectivity spectra were analyzed in det
for n-type modulation-doped ZnSe/~Zn,Mg!~S,Se! quantum-
well structures. Exciton and trion parameters were de
mined as a function of the 2DEG density, temperature,
magnetic field, and a relation between exciton and trion
cillator strength was established. A linear dependence of
trion radiative damping on the 2D electron concentration w
found. An all-optical method is proposed, which allows us
obtain information about 2DEG’s of low densit
(,1011 cm22), namely, to detect its polarization and to d
termine its density. We found that the effect of an excit
oscillator strength transfer with an increase of the elect
density does not exceed 25% of the exciton oscilla
strength in undoped QW’s. The exciton nonradiative dam
ing has been found to increase rapidly with the 2DEG d
sity, and this increase leads to an exciton line bleaching
reflection spectra. This increase can be attributed to
mechanism of exciton-electron exchange scattering, whic
turn is strongly dependent on the carrier spin orientati
ZnSe-based QW’s studied show large radiative damping
relatively small nonradiative damping, which allows us
extract parameters of excitonic and trionic resonances w
high accuracy. Qualitatively similar behavior of exciton a
trion resonances has been observed for CdTe/~Cd,Mg!Te
QW’s. These results will be presented elsewhere.
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