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Oscillator strength transfer from X to X1 in a CdTe quantum-well microcavity

T. Brunhes, R. Andre´, A. Arnoult, J. Cibert, and A. Wasiela
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F-38402 Saint Martin d’He`res Cedex, France
~Received 6 May 1999!

We report on a study of oscillator strength transfer from the neutral excitonX to the positively charged
exciton X1, in a modulation doped CdTe quantum well embedded in a microcavity. The strong-coupling
regime betweenX or X1 and the cavity photon mode has been analyzed for various hole densitiesp and the
oscillator strengthsf X and f X1 are derived accurately from polariton line energies. For increasingp, f X1

increases andf X is shown to decrease linearly withf X1. We propose a model that accounts for those oscillator
strength variations. This model relies on an effective cross sectionSX156.63104 Å 2 for the creation ofX1

in the vicinity of a hole, and a saturation density equal to 1011 cm22 for phase-space filling effect.
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I. INTRODUCTION

The existence in semiconductor materials of trions
charged excitons (X2, X1) resulting from the binding of an
electron or a hole with an exciton~X! was predicted by
Lampert in 1958.1 The additional carrier has a weak bindin
energy, so that the observation of these charged exciton
bulk materials is only possible at very low temperatur
However, in two-dimensional~2D! structures, the binding
energy of the additional carrier is dramatically increase2

and in 1993 Khenget al. reported the first observation, to ou
knowledge, of 2DX2 in a n-type modulation doped CdT
quantum well~QW!.3 It was followed by the observation o
both kinds of trions in III-V 2D systems,4–6 andX1 was also
observed in II-VI QW samples.7 In the pioneering experi-
mental papers pointing out the existence ofX2 (X1) in 2D
structures, optical lines were identified as charged excit
on the basis of magneto-optical study, temperature dep
dence, and selection rule considerations. Among the num
ous experimental works that have followed on the effect
2D carrier gas on excitonic properties, a few papers deal w
the relative strength ofX andX2 versus electron-gas densit
Shieldset al.8 observed, in GaAs QW’s, a quenching of ne
tral exciton photoluminescence~PL! and the emergence o
X2 PL line when the electron density increases. Howev
PL studies are difficult to interpret since they involve both
complicated thermal equilibrium between trions and neu
excitons, and dynamics. Recently, Milleret al.9 showed
quantitatively by absorption measurements on mu
quantum-well structures that there is both a sharing of
absorption strength betweenX and X2 and a decrease o
their summed absorption when the 2D electron-gas den
increases. Note that the idea that the trion seems to s
oscillator strength from the neutral exciton was already p
posed by Khenget al.3 However, the efficiency of this trans
fer of oscillator strength is still an open question.

We present an experimental investigation of this pheno
enon of oscillator strength transfer fromX to X1 in a single
p-type modulation doped CdTe quantum well. The QW
use is identical to one period of the multi-QW in whic
Hauryet al.7 identifiedX1. The key point of our work is tha
PRB 600163-1829/99/60~16!/11568~4!/$15.00
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we insert this QW in the middle of a microcavity. Hence, t
oscillator strengths ofX and X1 are extracted from their
coupling with the confined photon mode when the cav
mode is brought into resonance with exciton states. This
fect, known as strong-coupling regime between QW excito
and cavity modes, was observed in a semiconductor mi
cavity by Weisbuchet al.10 in 1992. The main feature of this
regime is an anticrossing between exciton and photon st
giving rise to mixed states called cavity polaritons.11 Strong
coupling is achieved when the coupling effect is significan
larger than both the exciton and cavity mode linewidths.
this case the energy levels of the system can be describe
the eigenvalues of the following Hamiltonian:

H5S Eph VX

VX EX
D , ~1!

whereEph andEX are the energies of the photon and excit
modes, andVX is defined by

VX5\A e2

4pe0e r

2p

m0Leff
f X. ~2!

e r is the dielectric constant in the cavity,m0 is the free
electron mass,Leff is the effective photon length in the cav
ity, which depends on refractive index contrast of the hete
structure materials, andf X is the 2D exciton oscillator
strength.12 When the detuningd between exciton and photo
energies vanishes (d5Eph2EX), the two polariton lines are
split by the so-called Rabi splitting\VRabi52VX . The os-
cillator strengthf X ~per unit area! is then directly propor-
tional to the square of the Rabi splitting energy measured
optical spectra@Eq. 2#.

In the present case polariton states arise from coupling
the photon mode with bothX and X1 simultaneously, and
the aim of this work is to extract, for various hole densitie
f X and f X1 from polariton line energies measured on refle
tivity spectra as a function of the exciton-photon detunin
The interest of this approach for a quantitative oscilla
strength study is that all the information is contained in o
tical line energy separations with no need of absolute abs
11 568 ©1999 The American Physical Society
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PRB 60 11 569OSCILLATOR STRENGTH TRANSFER FROMX TO X1 . . .
tion measurement and no difficulty with integrated abso
tion and baseline determination. This technique is also v
sensitive and allows us to investigate a single QW instea
a multi-QW, thus avoiding effects of QW width or carrie
gas density fluctuations. The drawback is that the sam
growth and design are more complicated.

II. SAMPLE GROWTH AND EXPERIMENTAL DETAILS

The microcavity sample used in this study was elabora
by two different techniques: a 21-perio
Cd0.38Zn0.02Mg0.60Te/Cd0.69Mn0.31Te Bragg mirror and the
active layers (l cavity and QW! were first grown
by molecular-beam epitaxy on a Cd0.88Zn0.12Te substrate.
Then a 4-period YF3 /ZnS Bragg mirror was evaporated o
top of the sample~Fig. 1!. The active layer is a single 80-Å
thick CdTe QW withp-type doped barriers. The QW is lo
cated at an antinode of the confined electromagnetic fiel
the middle of thel cavity. An electron-cyclotron-resonanc
nitrogen plasma source was used to obtain a doping leve
about 331017 cm23 in the barriers on a thickness of 480 Å
and the QW is separated from the doped layers by 7
Å-thick undoped spacer layers. The doped regions are
cated symmetrically on each side of the QW to avo
electric-field effects and subsequent oscillator strength red
tion by a spatial separation of electrons and holes ins
an asymmetric QW. The barrier material
Cd0.69Mg0.23Zn0.08Te, which has a large band gap, and
large enough valence-band offset with CdTe to ensur
good hole transfer from nitrogen acceptors into the wel13

The 2D hole density in the QW has been evaluated by aC-V
measurement at room temperature14 before evaporating the
top mirror, and is equal top05831010 cm22. The rela-
tively high doping level of the barriers was obtained than
to a structure matched with the Cd0.88Zn0.12Te substrate,
which prevents nitrogen diffusion.14 Moreover, the sample
was wedged during the growth by positioning the substr
off the effusion cell axis. Hence, by moving the observat
spot along the sample, the strong variation of the pho
mode energy with the cavity thickness enables us to st

FIG. 1. Scheme of the sample on a refractive index scale. F
a 21-pair Cd0.69Mn0.31Te/Cd0.38Zn0.02Mg0.60Te Bragg mirror has
been deposited on a Cd0.88Zn0.12Te substrate~not shown!. Then the
active layer consists of a 80-Å-thick CdTe QW located in t
middle of a Cd0.69Zn0.08Mg0.23Te l cavity. 480 Åp-doped regions
are located 700 Å from the QW on both sides. The surface of
sample is covered by a 4-pair YF3 /ZnS Bragg mirror.
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exciton-photon coupling as a function of the exciton-phot
energy detuning. We will focus only on coupling with th
fundamental excitonic state, which involves heavy holes
cause compressive strain in the QW splits the valence b
into light- and heavy-hole subbands. In the following, for t
sake of simplicity, the heavy-hole exciton will be referred
as exciton.

Reflectivity measurements were performed, at normal
cidence, in a helium bath cryostat, at 1.7 K, with a tungs
lamp. The incident light was filtered to reject photons w
energies higher than the barrier material band gap, and
reflected light was analyzed with a monochromator coup
to a CCD camera. The carrier density in the QW can
decreased fromp5p0 to p'0 by recombination of the hole
gas with electrons photocreated in the barriers16 by the 5145
Å line of an Ar1 laser, whose intensity was increased fro
zero to about 1 mW/cm2. The dielectric materials YF3 and
ZnS of the top mirror were chosen because they are tra
parent at the laser wavelength.

III. RESULTS AND DISCUSSION

For a hole concentrationp'0, the experimental data
show two polariton lines, arising from the strong couplin
between the QW exciton and the cavity photon mode. T
effect, briefly introduced in Sec. I is fully developed in Re
11, and references therein. The Rabi splitting measured
tween the two polariton lines when exciton and photon mo
energies are brought into resonance is:\VRabi52VX58.2
meV. Forp5p0 the situation is somewhat different: we ob
serve three polariton states resulting from the coupling
tweenX , X1, and the cavity mode. This is shown in Fig.
by a series of reflectivity spectra corresponding to differ
positions along the wedged-shape sample. To analyze t
data, we take into account not only a variation of the pho
mode energyEph with the sample thickness but also slig
variations of the uncoupled exciton energiesEX and EX1.
For this purpose, the sample thickness is represented by
detuningd of the cavity mode defined with respect to theX
exciton energy at resonanceE0 : d5Eph2E0, with E0
51630.7 meV. We assume that the energies ofX andX1 are
given by EX(d)5E01ad and EX1(d)5E02W1ad with
a50.042. The charged exciton binding energyW slightly

t,

e

FIG. 2. Reflectivity spectra at 1.7 K corresponding to differe
positions along the wedged-shape cavity. The 2D hole concen
tion in the quantum well isp05831010 cm22. Three polariton
lines arising from the strong coupling between the exciton sta
and the cavity mode are observed.
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11 570 PRB 60BRUNHES, ANDRÉ, ARNOULT, CIBERT, AND WASIELA
varies with hole density (W53.5 meV forp5p0). The slope
a is obtained from optical measurements far below a
above the anticrossing region at the two edges of the sam
The slight variation of excitonic energies withd results from
the dependence of the electron and hole confinement e
gies on the QW thickness. Energies of the polariton lines
a function ofd and for different hole densities are plotted
Fig. 3. Figure 3~a! shows the particular case obtained forp
50 when the hole gas density vanishes. In Fig. 3~c! the hole
density is maximum~no laser beam!, and in Fig. 3~b! the
intensity of the Ar1 laser has been attenuated so that 0,p
,p0. The important feature is that polariton energies arou
d50 are shifted compared to the uncoupled states, and
shift depends onp because the oscillator strength ofX and
X1, namely, their coupling with the photon mode, depe
on p.

We describe the energies of this three level system by
eigenvalues of the Hamiltonian:

H~d!5S Eph~d! VX VX1

VX EX~d! 0

VX1 0 EX1~d!
D . ~3!

This model is valid unless polariton lines are too broad co
pared to their separation, but in our case polariton lines

FIG. 3. Polariton energies as a function of the exciton-pho
detuning ~defined in the text!. Dots are experimental results an
lines represent model calculations. The 2D hole density vanishe
~a!, is equal top05831010 cm22 in ~c!, and has an unknown
intermediate value in~b!.
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well resolved whatever the detuning. To extract the coupl
termsVX and VX1, we have calculated numerically the e
genvalues ofH(d). For each value of the carrier densityp,
we compared experimental measurements and calcul
curves of polariton energies versusd. The parametersVX and
VX1 were adjusted to obtain the best fit between experim
and calculations~Fig. 3!. For example, forp5p0, the best fit
is obtained withVX(p0)52.6 meV andVX1(p0)52.2 meV
@Fig. 3~c!#. In Fig. 3~b! the best fit corresponds toVX53.4
meV andVX151.1 meV.

In Fig. 4,VX
2 is plotted versusVX1

2 for hole concentration
p varying from p50 to p05831010 cm22. We observe a
linear behaviorVX

2(p)5V0
22gVX1

2 (p), with V0'4 meV and
g'2. According to Eq. 2, this demonstrates also a line
dependence off X(p) versusf X1(p): f X(p)5 f X

02g f X1(p).
f X

0 is the oscillator strength of the excitonX in the CdTe QW
free of hole gas (f X

052.231013 cm22). It corresponds to a
Rabi splitting of 8.2 meV, which is typical for a single CdT
QW and agrees with previous data from undoped Cd
QW’s in a microcavity.15 The fact thatg is found to be larger
than 1 shows that the summed oscillator strength decre
with p.

We propose a simple model that accounts for this lin
dependence. The model, valid for a dilute hole gas, assu
both a sharing of the QW surface between hole sensitive
insensitive areas and a quenching ofX and X1 transitions
when the 2D hole gas density increases. Within this
proach, the oscillator strength, per surface unit, forX and
X1, respectively, have the expressions:

f X~p!5 f X
0 S 12

p

2
SX1D r~p!, ~4!

f X1~p!5 f X1
0 p

2
SX1r~p!. ~5!

p has been divided by 2 because of the spin degenerac
the heavy-hole valence subband.r(p) stands for screening

n

in

FIG. 4. VX
2 vs VX1

2 for hole densities varying fromp50 to p0

5831010 cm22, whereVX andVX1 are coupling matrix elements
between exciton and photon states. This demonstrates a linear
tion between the two oscillator strengthsf X(p) and f X1(p) which
are respectively proportional toVX

2 andVX1
2 .
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effects@r(p)<1#. f X
0 is the oscillator strength ofX at van-

ishing hole densities or far from a hole, andf X1
0 is the analo-

gous for X1 when holes are available. We also define
effective cross section per holeSX1 for the creation ofX1.
This model is quite intuitive if we assume a localization
holes and charged excitons in potential fluctuations. Bri
mann et al. evidenced such localization effects, inp-type
modulation doped CdTe QW’s, from a determination of t
exciton and trion dephasing rates by four-wave mixing.17

Up to that point,r(p) could stand for all kinds of screen
ing effects. It has been found in 2D systems that phase-s
filling ~i.e., Pauli exclusion principle! dominates over Cou
lomb screening and is described by

r~p!5
1

11p/pc
, ~6!

wherepc is a critical hole density.18 We assume this expres
sion, although we have no direct evidence here that Coulo
screening is negligible. Combining Eqs.~4!, ~5!, and~6!, we
obtain a linear relationship betweenf X and f X1, f X5 f X

0

2g f X1, with

g5
f X

0

f X1
0 S 11

2

pcSX1
D . ~7!

The ratio f X
0/ f X1

0 has been evaluated recently by magne
optical measurements19 in very similar QW’s, except a few
percent Mn in the well to enhance the valence-band Zee
splitting for low magnetic-field studies. Their experimen
result is f X

0/ f X1
0 '0.5. With this ratio and the experiment

determination ofg (g'2), we getpcSX1'0.66. Moreover,
considering the casep5p0 @Fig. 3~c!#, we get from Eqs.~4!
and ~5!:

f X1~p0!

f X~p0!
5

f X
0

f X1
0 S 12~p0/2!SX1

~p0/2!SX1
D .
et
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Experimentallyf X1(p0)/ f X(p0)5VX1
2 (p0)/VX

2(p0)'1.4 and
p05831010 cm22. We get SX1'6.63104 Å 2 and pc
'1011cm22. The radius of this cross section is 145 Å , that is
about twice the 2D exciton Bohr radius in CdTe QW’s, a
it is clearly smaller than the mean hole distance forp5p0,
which is about 355 Å. The saturation density expressed
units of reciprocal exciton surface ispc'0.11/pa0

2 with a0

560 Å. This dimensionless critical density is twice the sa
ration density calculated by Schmitt-Rinket al. for screening
by free-carrier pairs in the low-temperature limit.18 Their
model, purely bidimensional, takes into account phase-sp
filling and exchange interaction.

IV. CONCLUSION

A microcavity containing a modulation doped CdTe Q
was used to measure the oscillator strengthsf X and f X1 as a
function of the 2D hole gas densityp in the QW. We have
shown thatf X decreases with increasingp whereasf X1 in-
creases with a linear relationship between these two osc
tor strengths. The effect of oscillator strength transfer a
reduction of the summed oscillator strength is consist
with a simple model, valid for small 2D hole density, whe
the efficiency of holes for the creation of a positively charg
exciton is represented by a cross section. The radius of
effective surface is estimated to be 145 Å. The screen
effects, mainly phase-space filling effects in our case,
characterized by a critical hole density of 1011 cm22. The
decrease of the summed oscillator strength results of a c
bined effect of the ratiof X

0/ f X1
0 and of screening: it would

increase if there were no screening (pc→`) because
f X

0/ f X1
0

,1.
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2B. Stébéand A. Ainane, Superlattices Microstruct.5, 976~1995!.
3K. Kheng, R. T. Cox, Y. Merle d’Aubigne´, K. Saminadayar, and

S. Tatarenko, Phys. Rev. Lett.71, 1752~1993!.
4G. Finkelstein, H. Shtrikman, and I. Bar-Joseph, Phys. Rev. L

74, 976 ~1995!.
5H. Buhmann, L. Mansouri, J. Wang, P. H. Beton, N. Mori,

Eaves, and M. Henini, Phys. Rev. B51, R7969~1995!.
6A. J. Shields, J. L. Osborne, M. Y. Simmons, M. Pepper, and

A. Ritchie, Phys. Rev. B52, R5523~1995!.
7A. Haury, A. Arnoult, V. A. Chitta, J. Cibert, Y. Merle
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