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Abstract

We present a systematic study of the oscillator strength of the positively charged excitons (X`) in Cd
1~x

Mn
x
Te

quantum wells. CW-absorption and time-resolved photoluminescence measurements were combined as two approaches
for the determination of the oscillator strength. By varying (in a small magnetic "eld) the spin subband hole distribution
at constant total concentration, we observe an increase of the oscillator strength in absorption, proportional to the hole
concentration in one spin subband (the one which allows the X` formation). The measurements done for di!erent total
hole concentrations show an important decrease of the X` oscillator strength per carrier when increasing the total
concentration. On the contrary the radiative lifetime, measured in time-resolved PL experiment, is found to be constant
over the whole range of hole gas concentrations, and equal to the value which we deduce from transmission in the limit of
vanishing hole concentration. ( 2000 Published by Elsevier Science B.V. All rights reserved.
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Interest in optical e!ects resulting from the
exciton-carrier interactions in the presence of a
2D-carrier gas of low density, has been renewed

recently by the observation of charged excitons
[1}3] in several types of quantum wells (QW).
Several aspects of this new quasiparticle have been
extensively studied. One of them is the oscillator
strength which has been analyzed on the basis of
re#ectivity [4}6] and absorption measurements
[7]. Also, the radiative lifetime was measured and
discussed for several systems [8}11] and is usually
considered to be linked to the oscillator strength
per exciton. In this communication we combine the
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Fig. 1. Transmission spectra (transmitted intensity/incident
intensity) at a temperature of 1.3K: (a) at zero-"eld for di!erent
hole gas concentrations (controlled by additional blue light
illumination) (b) at a density of 2]1010 cm~2 as a function of
magnetic "eld.

determination of the oscillator strength from the
CW transmission spectra, with the direct measure-
ment of the charged exciton radiative lifetime from
time resolved photoluminescence (PL).

Additionally, choosing a semimagnetic material
(Cd

1~x
Mn

x
Te, with very low Mn concentration

x"0.0018), we exploited 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 "eld) [12]. Therefore,
we were able to analyze independently the e!ects
of carrier polarization and of total carrier concen-
tration, as opposed to the direct in#uence of the
magnetic "eld present in most studies of similar
systems. In particular, we can distinguish spin-
independent e!ects from spin-dependent ones. This
is especially important for the analysis of the oscil-
lator strength because it allows us to distinguish the
true population e!ects from screening and electro-
static "eld variation, which are usually dominant in
nonmagnetic structures [3,8,9].

In our experiment, we used samples grown
by molecular beam epitaxy, consisting of a single
80As QW of Cd

1~x
Mn

x
Te embedded between

Cd
0.66

Mg
0.27

Zn
0.07

Te barriers. The nitrogen-
doped region in the front barrier was located at a
distance of 200As from the QW. The nominal hole
concentration in the QW was 2]1011 cm~2.

To control the carrier concentration we used
above-barrier illumination, which reduces the con-
centration of the hole gas in the QW due to the
di!usion of electrons photocreated in the barrier
into the QW [13]. These electrons recombine with
the holes and under continuous illumination the
system approaches a stationary state with a de-
creased hole concentration. The e$ciency of this
process was calibrated in the high concentration
range by measuring the Moss}Burstein shift (the
distance between the PL line and the energy of the
absorption edge) and is discussed in detail in Ref.
[12].

All magnetooptic measurements were performed
in the Faraday con"guration with the magnetic
"eld applied perpendicular to the sample surface.
The sample was mounted strain-free in a supercon-
ducting magnet and immersed in liquid helium.
Transmission spectra were obtained with a halogen

lamp conveniently "ltered to avoid hole depletion.
We used an Al

2
O

3
: Ti laser providing about

2mWcm~2 for CW PL, and for time-resolved PL
a picosecond tunable Al

2
O

3
: Ti laser with a 2 ps

pulse width, a repetition rate of 80MHz, and an
averaged power density of less than 100 mWcm~2.
The PL signal was collected through a spectrom-
eter by a 2D streak camera with 10 ps resolution.

Typical transmission spectra as a function of the
hole gas concentration and magnetic "eld are pre-
sented in Fig. 1 (a and b, respectively). At zero "eld
the two lines related to neutral (X) and positively
charged exciton (X`) are observed. At the lowest
concentration, +1.3]1010 cm~2, both are sharp
and the X line is much stronger than X`. When the
carrier concentration increases, the X` line be-
comes more intense while the X line weakens and
"nally disappears at a hole concentration of about
8]1010 cm~2. For low hole concentrations the dis-
tance between the two lines approaches 2.7meV,
i.e., the same value as that reported in CdTe}
CdZnMgTe QWs of similar characteristics [2].
These "ndings support the identi"cation of these
lines. The unambiguous test is given by studying
quantitatively the in#uence of a magnetic "eld.
Fig. 1b shows typical transmission spectra at con-
stant hole concentration, taken at several magnetic
"elds in both circular polarizations. We observe a
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Fig. 2. (a) Integrated intensity of X` transmission line versus
p
`3@2

hole concentration, keeping the total hole concentration
constant. The p

`3@2
hole concentration was controlled by

a magnetic "eld varying from !0.5 to 0.5 T. The temperature
was 1.3 K. Squares represent experimental data and solid lines
are a "t of X` intensity per p

`3@2
hole (with Eq. (1)). (b) A(p) as

a function of the total hole gas concentration.

Fig. 3. X` PL decay time versus hole gas concentration: (open
symbols) } experimental (measured at 1.5K); (closed) } values
obtained from absorption intensity per hole (Eq. (3)).

characteristic population e!ect on the X` line. Its
intensity increases with "eld in p~ polarization,
while it decreases in p` to disappear at a "eld of
about 0.2 T. In p` polarization, the creation of an
X` in its singlet state involves a photocreated
spin-up hole and a pre-existing spin-down hole.
Our observation re#ects the disappearance of such
spin-down holes [1] at large enough "eld.

Quantitatively, we analyze the intensity of both
transitions by "tting two Gaussian functions to the
absorption spectra. The integrated intensity of
the X` line when varying the magnetic "eld is
shown in Fig. 2a, as a function of the concentration
of holes with spin #3

2
(p

`3@2
) . The hole distribu-

tion between the Zeeman split subbands was
obtained by using a Maxwell}Boltzmann distribu-
tion, with the valence band Zeeman splitting
deduced from the directly measured splitting of the
exciton line by assuming the ratio 1 : 4 of the con-
duction- to valence band splitting [14]. Note that
we used the Maxwell}Boltzmann distribution to
describe the population ratio at low hole density, as
done in Ref. [2] for a CdTe QW. At higher density
the Fermi}Dirac distribution should be used [4}6].
As examples, experimental results obtained for two
di!erent total hole concentrations p are displayed

in Fig. 2a. At constant p, we "nd that the intensity
A

B
of the X` line in pB polarization is propor-

tional to the population of holes with the appropri-
ate spin, i.e., pB respectively,

A
B
"A(p)p

G
, (1)

where the absorption intensity per carrier A(p) is
proportional to the oscillator strength. Similarly,
good "ts were achieved at 4.2K or at other hole
densities. The slope [i.e., A(p)] decreases when the
total hole density increases, as shown in Fig. 2b.

We now turn to the time-resolved PL results.
The X` lifetimes were extracted from the monoex-
ponentional decay of the PL signal. Under non-
resonant excitation (with a laser energy higher than
the X transition) and hole gas concentration
p(1.3]1010 cm~2, X was at least 10 times less
intense than X`. When excited resonantly with X`,
no neutral exciton line was detected in PL, and
therefore the process of X` dissociation could be
neglected (details of the internal dynamics of the
X}X` system in a CdTe QW are reported in Refs.
[10,11]). In both cases, the PL dynamics was dom-
inated by the charged exciton radiative recombina-
tion and we measured the same decay time, shown
in Fig. 3 as a function of hole gas concentration.
Within experimental accuracy it is constant over

P. Kossacki et al. / Journal of Crystal Growth 214/215 (2000) 837}841 839



the whole range of concentrations for which sharp
lines were observed in absorption. The measured
value of 65 ps is in good agreement with lifetimes
reported for similar structures [8}11]. Also, ap-
plying a magnetic "eld (up to 0.7T) did not change
this value: this agrees with the fact that the absorp-
tion coe$cient, for a given total hole concentration,
is proportional to the concentration of preexisting
holes in the relevant spin subband. The radiative
character of the observed PL decay (absence of
nonradiative processes) was tested by a PL
measurement under a strong blue light illumina-
tion, which further decreased hole gas concentra-
tion and increased its temperature. No decrease of
the total energy- and time-integrated PL signal was
observed even when the PL spectra were com-
pletely dominated by X line and the decay time
increased by a factor of 2.5.

The quantitative comparison of both sets of data
(PL and absorption) can be done using an atomic-
like formula [7,15], which has been successfully
applied for excitons bound to impurities. Such an
approach leads to the following relation between
lifetime and absorption:

+
q
"

n2u2

3p2c2
A(p), (2)

where n is the refractive index, c the velocity of
light, and u the frequency.

The expected lifetime calculated using absorp-
tion data (Fig. 2b) and taking into account the
e!ect of the cap layer [12,16] is shown in Fig. 3.
One notices a good agreement between both ex-
periments for vanishing hole density, while for the
higher ones the di!erence increases and reaches
a factor of two for 6]1010 cm~2.

The observed di!erence has no obvious explana-
tion. It suggests that the states observed in absorp-
tion are di!erent from the one participating in PL.
The calculation of SteH beH et al. [17] shows that at
high density, the absorption involves preexisting
carriers with higher wave vectors, for which the
transition matrix element is smaller. Therefore, one
may expect the reduction of the oscillator strength
with respect to that at k"0 which is involved in
PL. Another mechanism could be based on the
localization of the trions.

In conclusion, we have combined the determina-
tion of the oscillator strength of trions from CW
transmission experiments, with the direct measure-
ment of the charged exciton radiative lifetime.
Varying the spin subband hole distribution (by
magnetic "eld) we observe an increase of charged
exciton oscillator strength proportional to the hole
concentration in one spin subband. The measure-
ments done for a fully polarized hole gas (in mag-
netic "eld up to 0.7T), show an important decrease
of the X` oscillator strength per carrier of a given
spin when increasing the total hole gas density. On
the other hand, the charged exciton radiative life-
time, measured in time-resolved PL experiment, is
found to be constant over the whole range of hole
gas concentrations, and equal to 65 ps. This value
corresponds to the oscillator strength per hole ob-
tained from transmission in the limit of vanishing
hole concentration.

The direct comparison of the measurement of the
oscillator strength in absorption and time-resolved
luminescence leads to interesting conclusions. In
particular it shows, e.g., that due to phase space
"lling and/or localization, charged excitons may
have very di!erent characteristics when observed in
transmission and in PL.
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