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Oscillator strength transfer from X to X* in a CdTe quantum-well microcavity
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We report on a study of oscillator strength transfer from the neutral exeittm the positively charged
exciton X*, in a modulation doped CdTe quantum well embedded in a microcavity. The strong-coupling
regime betweeiX or X* and the cavity photon mode has been analyzed for various hole demséiesthe
oscillator strengthdy and fy+ are derived accurately from polariton line energies. For increagjnig+
increases anély is shown to decrease linearly wifly+~. We propose a model that accounts for those oscillator
strength variations. This model relies on an effective cross se8ior6.6x 10* A 2 for the creation oiX*
in the vicinity of a hole, and a saturation density equal t&*16m~ 2 for phase-space filling effect.
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[. INTRODUCTION we insert this QW in the middle of a microcavity. Hence, the
oscillator strengths oX and X* are extracted from their
The existence in semiconductor materials of trions orcoupling with the confined photon mode when the cavity
charged excitonsX{~, X™) resulting from the binding of an mode is brought into resonance with exciton states. This ef-
electron or a hole with an excitofX) was predicted by fect, known as strong-coupling regime between QW excitons
Lampert in 1958 The additional carrier has a weak binding and cavity modes, was observed in a semiconductor micro-
energy, so that the observation of these charged excitons iavity by Weisbuctet al1®in 1992. The main feature of this
bulk materials is only possible at very low temperaturesregime is an anticrossing between exciton and photon states
However, in two-dimensional2D) structures, the binding giving rise to mixed states called cavity polaritddsStrong
energy of the additional carrier is dramatically increased, coupling is achieved when the coupling effect is significantly
and in 1993 Khengt al.reported the first observation, to our larger than both the exciton and cavity mode linewidths. In
knowledge, of 2DX™ in a n-type modulation doped CdTe this case the energy levels of the system can be described as
quantum well(QW).2 It was followed by the observation of the eigenvalues of the following Hamiltonian:
both kinds of trions in 11I-V 2D system$;%andX ™ was also
observed in 1I-VI QW sample§.in the pioneering experi- Epn  Vx
mental papers pointing out the existencexof (X*) in 2D v By
structures, optical lines were identified as charged excitons
on the basis of magneto-optical study, temperature depenwhereE,, andEy are the energies of the photon and exciton
dence, and selection rule considerations. Among the numemodes, and/y is defined by
ous experimental works that have followed on the effect of
2D carrier gas on excitonic properties, a few papers deal with \/ e’ 2m
the relative strength of andX™ versus electron-gas density. Vx=h
Shieldset al® observed, in GaAs QW's, a quenching of neu-
tral exciton photoluminescend®L) and the emergence of ¢ is the dielectric constant in the cavityn, is the free
X~ PL line when the electron density increases. Howeverglectron mass. o is the effective photon length in the cav-
PL studies are difficult to interpret since they involve both aity, which depends on refractive index contrast of the hetero-
complicated thermal equilibrium between trions and neutrabtructure materials, andy is the 2D exciton oscillator
excitons, and dynamics. Recently, Millatal® showed —strengtht? When the detuning between exciton and photon
quantitatively by absorption measurements on multi-energies vanishess¢ Ep,— Ex), the two polariton lines are
guantum-well structures that there is both a sharing of thesplit by the so-called Rabi splittingQ gp=2Vy. The 0s-
absorption strength betweet and X~ and a decrease of cillator strengthfy (per unit areais then directly propor-
their summed absorption when the 2D electron-gas densitijonal to the square of the Rabi splitting energy measured on
increases. Note that the idea that the trion seems to steaptical spectrdEq. 2].
oscillator strength from the neutral exciton was already pro- In the present case polariton states arise from coupling of
posed by Khengt al® However, the efficiency of this trans- the photon mode with botiX and X* simultaneously, and
fer of oscillator strength is still an open question. the aim of this work is to extract, for various hole densities,
We present an experimental investigation of this phenomify andfy+ from polariton line energies measured on reflec-
enon of oscillator strength transfer froxito X* in a single  tivity spectra as a function of the exciton-photon detuning.
p-type modulation doped CdTe quantum well. The QW weThe interest of this approach for a quantitative oscillator
use is identical to one period of the multi-QW in which strength study is that all the information is contained in op-
Hauryet al.” identifiedX ™. The key point of our work is that tical line energy separations with no need of absolute absorp-
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FIG. 2. Reflectivity spectra at 1.7 K corresponding to different
FIG. 1. Scheme of the sample on a refractive index scale. Firsipositions along the wedged-shape cavity. The 2D hole concentra-
a 21-pair CggdMing ziTe/Cd) 3Zng o Mdoeol€ Bragg mirror has tion in the quantum well igp,=8x10 cm 2. Three polariton
been deposited on a ggZn, 1;Te substratgnot shown. Then the  lines arising from the strong coupling between the exciton states
active layer consists of a 80-A-thick CdTe QW located in theand the cavity mode are observed.
middle of a Cg ¢Zny 0dMdo 23T€ A cavity. 480 Ap-doped regions
are located 700 A from the QW on both sides. The surface of theaxciton-photon coupling as a function of the exciton-photon
sample is covered by a 4-pair YFZnS Bragg mirror. energy detuning. We will focus only on coupling with the
fundamental excitonic state, which involves heavy holes be-
tion measurement and no difficulty with integrated absorptause compressive strain in the QW splits the valence band
tion and baseline determination. This technique is also verihto light- and heavy-hole subbands. In the following, for the
sensitive and allows us to investigate a single QW instead ofake of simplicity, the heavy-hole exciton will be referred to
a multi-QW, thus avoiding effects of QW width or carrier as exciton.
gas density fluctuations. The drawback is that the sample Reflectivity measurements were performed, at normal in-

growth and design are more complicated. cidence, in a helium bath cryostat, at 1.7 K, with a tungsten
lamp. The incident light was filtered to reject photons with
Il. SAMPLE GROWTH AND EXPERIMENTAL DETAILS energies higher than the barrier material band gap, and the

reflected light was analyzed with a monochromator coupled

The microcavity sample used in this study was elaborateéo a CCD camera. The carrier density in the QW can be
by two  different  techniques: a  21-period decreased fronp=p, to p~0 by recombination of the hole
Cdy 362N 0M0p soT €/ Cch gdMng 31T€ Bragg mirror and the gas with electrons photocreated in the barfféhy the 5145
active layers X cavity and QW were first grown A line of an Ar" laser, whose intensity was increased from
by molecular-beam epitaxy on a £gZn,Te substrate. zero to about 1 mW/ch The dielectric materials Yfand
Then a 4-period YE/ZnS Bragg mirror was evaporated on zZnS of the top mirror were chosen because they are trans-
top of the sampléFig. 1). The active layer is a single 80-A- parent at the laser wavelength.
thick CdTe QW withp-type doped barriers. The QW is lo-
cated 'at an antinode qf the confined electromagnetic field in IIl. RESULTS AND DISCUSSION
the middle of the\ cavity. An electron-cyclotron-resonance
nitrogen plasma source was used to obtain a doping level of For a hole concentratiop~0, the experimental data
about 3x 10*” c¢cm™2 in the barriers on a thickness of 480 A, show two polariton lines, arising from the strong coupling
and the QW is separated from the doped layers by 700eetween the QW exciton and the cavity photon mode. This
A-thick undoped spacer layers. The doped regions are lceffect, briefly introduced in Sec. | is fully developed in Ref.
cated symmetrically on each side of the QW to avoidll, and references therein. The Rabi splitting measured be-
electric-field effects and subsequent oscillator strength redudween the two polariton lines when exciton and photon mode
tion by a spatial separation of electrons and holes insidenergies are brought into resonance7i$)g = 2Vy=28.2
an asymmetric QW. The barrier material is meV. Forp=p, the situation is somewhat different: we ob-
Cdy s Mo 2ZNoosTe€, Which has a large band gap, and aserve three polariton states resulting from the coupling be-
large enough valence-band offset with CdTe to ensure &weenX, X", and the cavity mode. This is shown in Fig. 2
good hole transfer from nitrogen acceptors into the Well. by a series of reflectivity spectra corresponding to different
The 2D hole density in the QW has been evaluated By\a  positions along the wedged-shape sample. To analyze these
measurement at room temperatdrbefore evaporating the data, we take into account not only a variation of the photon
top mirror, and is equal t@,=8x10"° cm 2. The rela- mode energyE,, with the sample thickness but also slight
tively high doping level of the barriers was obtained thanksvariations of the uncoupled exciton energigg and Ey-.
to a structure matched with the £gZn,,Te substrate, For this purpose, the sample thickness is represented by the
which prevents nitrogen diffusiolf. Moreover, the sample detuningé of the cavity mode defined with respect to tke
was wedged during the growth by positioning the substrat@xciton energy at resonancg,: o6=Ep,—E,, with Eg
off the effusion cell axis. Hence, by moving the observation=1630.7 meV. We assume that the energieX ahdX™ are
spot along the sample, the strong variation of the photomiven by Ex(6)=Eq+ ad and Ex+(5)=Ey—W+ ad with
mode energy with the cavity thickness enables us to studw=0.042. The charged exciton binding energy slightly
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tion between the two oscillator strengthg(p) and fy+(p) which
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are respectively proportional Mf( andvf<+ .

1660

1650 well resolved whatever the detuning. To extract the coupling

termsVy and Vy+, we have calculated numerically the ei-
genvalues oH(6). For each value of the carrier densjty

we compared experimental measurements and calculated
curves of polariton energies versisThe parametergy and

Vy+ were adjusted to obtain the best fit between experiment
and calculationsFig. 3). For example, fop= py, the best fit

is obtained withVy(pg) =2.6 meV andVy+(pg)=2.2 meV

_ Detuning (meV) _ [Fig. 3(¢)]. In Fig. 3b) the best fit corresponds tdy=3.4
FIG. 3. Polariton energies as a function of the exciton-photon, o\, andVy:=1.1 meV.

detuning(defined in the tejt Dots are experimental results and . 2 2 .
lines represent model calculations. The 2D hole density vanishes in In F_Ig' 4,Vx is plotted versuS/x+Ofor t‘gle concentration
(a), is equal top,=8x10'° cm™2 in (c), and has an unknown P Varying f“?m g:() to 80:8>;101 cm = We observe a
intermediate value ittb). linear behavioN§(p) = Vg — ¥V (p), with Vo~4 meV and

) . i v~2. According to Eq. 2, this demonstrates also a linear
varies W|th hole denS|tyW= 3.5 meV forp=py). The slope dependence ofy(p) versusfy:(p): fx(p)= f?<— vy (p).
a is obtained from optical measurements far below and.o

. . ; is th illator st th of th itofin the CdTe QW
above the anticrossing region at the two edges of the samplg? 'S the osciiator Strength oF the excitahin the eQ

B _ 3 A2
The slight variation of excitonic energies withresults from free of hole 9as f@ 2.2¢10°% em ). It corresponds to a

the dependence of the electron and hole confinement eneR-abl splitting of 8.2 meV, which is typical for a single CdTe

gies on the QW thickness. Energies of the polariton lines a W and agrees with previous data from undoped CdTe

y . . . 5 .
a function of § and for different hole densities are plotted in W’s in a microcavity.” The fact that’.’ is found to be larger
. : . . than 1 shows that the summed oscillator strength decreases
Fig. 3. Figure 8a) shows the particular case obtained for

_ . . . with p.
oTeOn\sA{thye?strr]r?aZiorLeu?r?rs\od(le;sseltryt;/eaar\]; f;ensd Iirr1] 'T:%) 3313) htﬁlee We propose a simple model that accounts for this linear
intensity of the A laser has been attenuated so thatfd dependence. The model, valid for a dilute hole gas, assumes

<pg- The important feature is that polariton energies arouncPOth a sharing of the QW surface between hole sensitive or
Po- b P 9 insensitive areas and a quenching>ofand X™ transitions

5:.0 are shifted compared to the gncoupled states, and ﬂWhen the 2D hole gas density increases. Within this ap-
shift depends om because the oscillator strength Xfand proach, the oscillator strength, per surface unit, Xoand

X*, namely, their coupling with the photon mode, dependx+ respectively, have the expressions:

Energy (meV)
[=] o [=]

P38 10° em? |
1610,

20 15 10 -5 0 5 10 15 20 25 30

on p.
We describe the energies of this three level system by the D
eigenvalues of the Hamiltonian: fy(p)= f§’<< 1— Esw)p(p), (4
Eph( 6) VX Vx+
H(&=| Vx Ex(9) 0 : 3

- (P)= 15 Sy p(p). ©
Vx+ 0 Ex+(5)

This model is valid unless polariton lines are too broad comp has been divided by 2 because of the spin degeneracy of
pared to their separation, but in our case polariton lines artéhe heavy-hole valence subbandp) stands for screening
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effects[p(p)<1]. 1% is the oscillator strength oX at van-  Experimentallyfx+(po)/fx(Po) = Va+(Po)/V&(Po) ~ 1.4 and
X

ishing hole densities or far from a hole, afffl. is the analo- Po=8x10' cm 2 We get Sx+~6.6x10" A? and p,
gous forX* when holes are available. We also define an™ 10*cm 2. The radius of this cross section isSlA , that is

effective cross section per ho- for the creation ofX*. about twice the 2D exciton Bohr radius in CdTe QW'’s, and

This model is quite intuitive if we assume a localization of It IS clearly smaller than the mean hole distancegerpy,
holes and charged excitons in potential fluctuations. BrinkVhich is about 355 A. The saturation density expressed in
mann et al. evidenced such localization effects, jntype ~ Units of reciprocal exciton surface g~0.11/ra; with ag
modulation doped CdTe QW's, from a determination of the= 60 A. This dimensionless crltlca_l densny is twice thg satu-
exciton and trion dephasing rates by four-wave mixihg. ration densﬂy calcglated by Schmitt-Riek al. for screening

Up to that pointp(p) could stand for all kinds of screen- Dy free-carrier pairs in the low-temperature lirtfitTheir
ing effects. It has been found in 2D systems that phase-spa¢B0del, purely bidimensional, takes into account phase-space
filling (i.e., Pauli exclusion principledominates over Cou- filling and exchange interaction.

lomb screening and is described by CONCLUSIO
IV. CONCLUSION

p(p)= (6) A microcavity containing a modulation doped CdTe QW
was used to measure the oscillator strendgthandfy+ as a
wherep, is a critical hole density® We assume this expres- function of the 2D hole gas densifyin the QW. We have
sion, although we have no direct evidence here that Coulomghown thatf, decreases with increasingwhereasf y+ in-
screening is negligible. Combining Edd), (5), and(6), we  creases with a linear relationship between these two oscilla-

obtain a linear relationship betweefy and fy+, fxzfg’( tor strengths. The effect of oscillator strength transfer and

1+p/pe’

— yfy+, with reduction of the summed oscillator strength is consistent
0 with a simple model, valid for small 2D hole density, where

_ fx 2 the efficiency of holes for the creation of a positively charged

v PeSx+ exciton is represented by a cross section. The radius of this

effective surface is estimated to be 145 A. The screening
The ratio f/f>. has been evaluated recently by magneto-effects, mainly phase-space filling effects in our case, are
optical measuremeritsin very similar QW'’s, except a few characterized by a critical hole density of'1@m~2. The
percent Mn in the well to enhance the valence-band Zeemadecrease of the summed oscillator strength results of a com-
splitting for low magnetic-field studies. Their experimental pined effect of the ratio‘§’</f8(+ and of screening: it would
result ing(/f?(+~O.5. With this ratio and the experimental increase if there were no screening.{>=) because
determination ofy (y~2), we getp.Sx+~0.66. Moreover, fg(/f?(+<1,

considering the case=p, [Fig. 3(c)], we get from Eqs(4)
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