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We present a transmission study of the energies of neutral and positively charged excitons in mod-
ulation doped Cd;_,Mn,Te quantum wells with variable concentration of the hole gas. Application
of the semimagnetic semiconductor as the QW material gives the opportunity to control indepen-
dently the total hole concentration and its distribution between the two spin subbands (by a small
magnetic field). The positively charged exciton dissociation energy is found to be a linear function
of the concentration in only one hole spin subband (the one with the spin opposite to that of
photocreated hole). This can be seen as a consequence of the fact that a charged exciton is not
simply a three particle complex, but it consists of an exciton interacting with many holes.

Optical effects resulting from the exciton—carrier interactions in the presence of 2D
carrier gas of low density, recently became a subject of intensive investigations. This
interest has been stimulated by the observation of negatively and positively charged
excitons in several types of quantum wells [1 to 6]. One of the issues that attracted
much attention is the charged exciton dissociation energy defined as the difference be-
tween energies of charged and neutral excitons. This was extensively studied in several
systems both experimentally [5, 6] and theoretically [7].

In this paper we focus on the dissociation energy of positively charged excitons in the
presence of hole gas. Choosing a quantum well of semimagnetic material (Cd;_,Mn,Te)
gives us the unique opportunity to tune independently the total hole concentration
(through barrier illumination) and its distribution among the two Zeeman split +3/2 spin
subbands (by applying a weak magnetic field) [8, 9]. Therefore we were able to analyze
independently effects of total population and carrier spin polarization, as opposed to the
direct influence of the magnetic field, present in most studies of similar systems. In parti-
cular, we are able to distinguish spin-independent effects from spin-dependent ones.

In our experiment, we used MBE grown samples consisting of a single 80 A quantum
well (QW) of Cd;_,Mn,Te embedded between CdygMgor7Zngg7Te barriers grown
pseudomorphically on a [100] CdygsZng1,Te substrate. Such a layout assures a large
confinement energy for the holes in the quantum well, minimising at the same time the
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effects of lattice mismatch. A low Mn concentration in the QW (x = 0.0018) assured
that the line broadening characteristic for mixed semimagnetic material was kept as low
as possible, but was large enough to provide a significant Zeeman splitting (=5 meV in
magnetic field of 5 T and at temperature 1.5 K). A nitrogen doped region in the front
barrier was located at the distance which determined the equilibrium hole gas concen-
tration and was chosen from 200 A to 700 A. The nominal hole concentration in the
doped structure with 200 A spacer, evaluated from a self-consistent solution of the Pois-
son and Schrodinger equations, was 2 x 10! cm=2 [10].

In order to control the total carrier concentration we used above-barrier illumination,
which reduces the concentration of hole gas in the quantum well. The mechanism of
this effect [11] is based on the diffusion of electrons created by light into the quantum
well. These electrons neutralize the hole gas and under continuous illumination the
system approaches a stationary state with lowered hole gas concentration.

In order to determine carrier concentrations in the range where sharp X and X*
absorption lines are observed, we applied a simple model describing the neutralization
of the hole gas, by the photo-created carriers. We assume [10, 12] that the current of
photo-created electrons recombining in the quantum well (participating in the hole gas
neutralization) is proportional to the illumination, and in the steady state, it is equal to
the current of holes tunneling from acceptors into the quantum well. Therefore the
hole concentration is determined by the probability of the hole tunneling through the
potential barrier between the quantum well and doped region. The model has two param-
eters which define the relation between the illumination and the electron current as
well as the probability of the tunneling from acceptor to the quantum well. These param-
eters were obtained empirically [10] from the high concentration range, where the
Moss-Burstein shift (the distance between well-resolved PL line and the energy of the
absorption edge) gives directly the hole gas concentration.

The magnetooptic measurements were performed in the Faraday configuration with the
magnetic field perpendicular to the sample surface. The sample was mounted strain-free in a
superconducting magnet and immersed in liquid helium which was pumped to achieve 1.5 K.
PL and PLE spectra were measured using an Al,Os: Ti laser providing about 2 mW/cm?.

The typical zero field transmission spectra as a function of the hole gas concentration
are presented in Fig. 1. The two lines are related to neutral (X) and positively charged
exciton (X*) formation. At the lowest concentration displayed, both lines are sharp and
the X line is much stronger than X*. When the carrier concentration increases, the low-
energy line (X*) becomes more intense while the other one (X) weakens and finally
disappears at a hole concentration of about 8 x 10! cm~2. The energies of the lines
move slightly when the hole gas concentration is changed. The energy of X* transition
decreases by 0.5 meV when concentration is increased from 1.3 x 10 to 6 x 10! cm~2.
Simultaneously the X energy increases by 0.4 meV. This corresponds to an increase of
the X-X* splitting from 2.7 to 3.6 meV as it is presented in Fig. 2 (empty symbols).
Note that in Fig. 2 the hole concentration in only one spin subband (+3/2) is used as
abscissa, and in zero field it is equal to half of the total concentration (p.3, = (1/2) p).

The energies of both X and X* transitions as a function of the magnetic field are
shown in Fig. 3 for various total hole concentrations. For the neutral exciton X the
shape of the magnetic field dependence does not vary with hole concentration. It repro-
duces well the bulk CdMnTe Zeeman effect which is described by a modified Brillouin
function [9]. This shows that any spin-dependent effects (such as phase space filling) have
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negligible influence on the neutral exciton energy. Therefore the observed slight increase
with hole concentration of the X transition energy should be understood as an influence
of spin-independent screening on the exciton binding energy [13, 14], partially balanced
by band gap renormalization and by a variation of the electrostatic potential in this asym-
metric modulation doped quantum well. The significance of the last contribution has been
tested by growing a pair of samples having the same hole gas concentration, but one sym-
metric and one asymmetrically doped. The measurements of the X energy versus hole gas

concentration showed exactly the same dependence on both samples.
Much more interesting is the field dependence of the charged exciton energy. At
relatively high magnetic fields, high enough to completely spin polarize the hole gas
(p+32 = p), one finds that in 6~ polariza-
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energy suddenly gets smaller. This appears below a characteristic field, which increases
with the hole density, and which corresponds to the field necessary to fully polarize the
hole gas. If we then plot together the zero-field dissociation energy and the dissociation
energy in the magnetic field versus population of holes in one spin subband (containing
carriers necessary for X* formation), we find that the dependence is equal. An extrapo-
lation to vanishing hole concentration gives a value of 2.5 meV. This is slightly smaller
than the value 2.7 meV measured on samples with a low (but non-zero) doping [3].

The first consequence of the variation of the charged exciton dissociation energy is
the remark that sufficient care must be taken when evaluating the trion binding energy
and comparing it to any calculations. Most theoretical models are valid in the limit of
vanishing density [7]. Our present extrapolation, 2.5 meV, is slightly smaller than the
energy 2.7 meV measured previously in a similar quantum well at small but finite hole
gas concentration [3].

The observed increase of the X* dissociation energy with the concentration of holes
with the relevant spin (preexisting carriers only) requires a deeper analysis. Theoretical
results of Hawrylak and coworkers [15] predict in fact a linear increase of the splitting
between neutral and charged exciton, as the population increases in the absence of spin
splitting. In a simple intuitive picture, both the neutral exciton and the charged exciton
are due to the existence of a bound level which appears in the 2D gas in the presence
of a carrier of opposite sign (i.e., of a hole in the case of an electron gas as described
by Hawrylak, or of an electron in the present case of a hole gas). The neutral exciton
then corresponds to a single occupancy of this level. The charged exciton involves, in
addition to the creation of the exciton, the transfer of a carrier of opposite spin from
the Fermi level down to the bound level. If we assume that the bound level exhibits the
same giant Zeeman splitting as the band, we obtain that the X—X* splitting exhibits, in
addition to the binding energy, an energy proportional to the population of the sub-
band of preexisting carriers. Although the theory described in [15] has been developed
principally for an electron gas and dispersionless holes, it would need to be extended to
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the case where the photocreated carrier has a finite mass (which in the present case is
smaller than the mass of the majority carriers), and to include spin splitting.

In summary, we show that the energy of the neutral exciton exhibits no influence of
phase space filling and follows the giant Zeeman splitting of the bulk Cd;_,Mn,Te ma-
terial. The behaviour of the charged exciton is different: its dissociation energy, mea-
sured as the distance between the X and X" lines, is not constant with the hole gas
concentration. It increases by a factor of two, when the hole concentration increases
from 1 x 10'% up to 1 x 10" cm~2. Surprisingly the dissociation energy is found to be a
linear function of the concentration in only one hole spin subband (the one with the
spin opposite to that of the photocreated hole). This can be seen as a consequence of
the fact that a charged exciton is not simply a three particle complex, but it consists of
an exciton interacting with many holes. We find a qualitative agreement with the theo-
retical results of Hawrylak and coworkers [15] predicting such an effect but further
theoretical analysis is necessary.
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