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We present a systematic study of optical transitions in a modulation doped/@d, Te quantum well with
variable concentration of the hole gas. Using a semimagnetic semiconductor as the quantum well material
allowed us to control independently the total hole concentration and its distribution between the two spin
subbandsgby a small magnetic fie)d Therefore, in transmission experiment we analyze population effects and
distinguish the influence of spin-independent efféstseening from spin-dependent onéghase-space filling
and intensity stealing The observed variation of the excit@) and charged excitonX") oscillator strengths
can be accounted for assuming that the influence of phase-space filling is negligible and the variation of
oscillator strength due to screening is found to be similar for both exciton species. We also show ¥iat the
dissociation energy significantly increases with the population of preexisting carriers with the appropriate spin.
[S0163-182699)09147-X

[. INTRODUCTION decrease the hole gas concentration, through the neutraliza-
tion of holes by photocreated electrotfsHence, using bar-
The existence of charged excitons in semiconductors wager illumination and the giant Zeeman effect, we control
predicted long agq1958 by Lampert: The small binding independently the total concentration of the hole gas and the
energy of the additional carrier forbids the observation ofdistribution of the holes between the two spin states. The
these charged excitons in bulk material, butotand Ain-  total hole concentration determines spin-independent screen-
ane pointed out in 1989Ref. 2 that in two-dimensional ing effects (hereafter shortened as ‘“screening effegis”
(2D) structures the binding energy should increase drastiwhereas varying the occupation of one of the hole spin sub-
cally. The observation of negatively charged excitofis  levels at a constant total hole concentration should modify
was done by Khengetal®? in modulation doped spin-dependent screening and phase-space filling effects.
CdTe/Cdzn,_,Te multiple quantum well§MQW'’s). This  Therefore, we have a direct experimental way to distinguish
observation was rapidly followed by experimental evidencethe influence of screening from that of phase-space filling.
for both kinds of excitons in 1lI-V and II-VI 2D systenfs® We performed a systematic study of transmission versus
In this paper we report on the detailed study of the neutramagnetic field under blue light illumination. We feel that the
excitonX and the positively charged excit@positive trion choice of transmission as the principal magneto-optical
X* in a single quantum well made of a semimagnétie  tool'®!is important for the reliability of the results and their
luted magnetit semiconductor (Cd ,Mn,Te). The intro-  direct relationship to a model description at the present stage
duction of such a material in a modulation doped heteroof knowledge. Photoluminescenceurrently used in such
structure brings the new possibility of tuning the spinstudies for its experimental simplicitis much more difficult
polarization of the carrier gas by using the so-called gianto interpret since it involves not only intrinsic processes but
Zeeman splitting induced by a small applied magnetic fieldalso relaxation and competition with other recombination
The applied field remains small enough that the exciton wavehannels. The information obtained from reflectivity mea-
function can be negligibly perturbed. Thus we obtain puresurements, although in principle equivalent to that provided
information about population effects. by absorption, requires usually a more precise description of
In our experiment we utilize the same technique to controthe light interferences due to various dielectric interfaces in
the total hole gas concentration, as for studies of the carriethe sample and, therefore, is more difficult. Performing care-
induced ferromagnetic interaction in modulation dopedful numerical fits of the absorption spectra, we analyze the
quantum wells. The illumination of the sample by a light of oscillator strength ofX and X* transitions and propose a
energy higher than the energy gap of the barrier allows us teimple model to describe the dependence of the intensities of
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+1/2 -1/2 electron zero at fields of a few tenths of a tesla, at constant total
populationp=p*+p~. Similar effects have been observed
on a sample with a higher Mn content=€0.005) and a
slightly higher hole density.
The nitrogen doped region in the front barrier is located at
a distance. =200 A from the QW. Furthermore, in order to
B>0 reduce depleting effects, two additional nitrogen doped lay-
o- | oF ers reside at a distance of 1000 A from the QW on both
sides. The nominal hole concentration in the doped structure,
— evaluated from a self-consistent solution of the Poisson and
D Schralinger equations, is 2 10'* cm™2. The order of mag-
nitude of the hole density was confirmed by Hall measure-
ments on similar structures, with the top barrier modified to
allow contacting the 2D hole g&3.The presence of a delo-
calized hole gas in the present samples was checked by pho-
both X andX* lines on the population of each spin compo- toluminescencePL) and PL excitatior(PLE). Typical spec-
nent of the 2D hole gas. The values of the oscillatort@ in magnetic field are presented in Figa2 In such a
strengths, and the efficiency of the intensity transfer from thdi€!d, the spin splitting in the valence band is larger than the
neutral exciton to the charged exciton, are determined fof €Mi €nergy, so that the spin-down band is free of holes and
vanishing hole concentration. We also show thatXHedis- @ exciton can be formed between a photocreated electron
sociation energy significantly increases with the populatior?Nd @ photocreated spin-down héle. sharp exciton line is
of preexisting carriers with the appropriate spin. These reoPserved inr™ polarization[Fig. 2(@], which will be shown
sults should stimulate efforts toward a more complete dePe€low to actually be a charged exciton. A steplike PLE spec-
scription of the charged exciton and of its evolution to thetrum is observed inr™ polarization, as expected for an op-

Fermi edge singularity as the density of the 2D gas is indic@l transition that involves the spin-up hole subband, which
creased. is partially occupied. In such spectra characteristic of a me-

tallic system, the Moss-Burstein shifty,z between the en-
ergy of PLE step and the PL maximum is generally used to
evaluate the hole gas concentration. In the case of full spin

The present study was carried out on structures grown ipolarization, we measurgyg=11 meV, which givegfor
a molecular-beam epitaxy chamber equipped with a homen-plane effective masses,=0.1 m, and m,,=0.25 m,
designed electron cyclotron resonance plasma cell as a nitréRef. 14] a hole concentration equal to X@0' cm 2.
gen source. Prior to fabrication of the proper samples, dopinghis value is quite close to the one expected from the design
characteristics of the barrier material £¢_,Mg,Zn,Te  of the structure. However, such a determination of the hole
have been determined. It has been fddrtbat by lowering  density relies on the actual value of the electron nass,
the growth temperature down to 220—240 °C it becomes podo a lesser extent since it is larger, of the hole maasd this
sible to reduce the nitrogen induced diffusion of Mg atomsdetermination can be altered by mass renormalization and
and to obtain hole concentrations up t< &0 cm 3 in  excitonic effects.

Cdy_,_,Mg,Zn,Te with z=0.07 andy up to 27%. In order to reduce the carrier concentration in the quan-

The studied modulation doped structure consists of dum well, we illuminate the barriers with additional light of
single 80-A quantum wellQW) of Cd,_,Mn,Te embedded controlled power and spectral characteristicalogen lamp
between CglsdVigg »-ZNg o7T€ barriers grown pseudomorphi- with a blue filter or Ar-ion laser The mechanism of the
cally on a(100) CdygZn, 1oTe Substrate. Such a layout en- reduction of the hole gas concentration by illumination will
sures a large confinement energy for the holes in the quarke discussed in Sec. IIl.
tum well, minimizing at the same time the effects of lattice ~All magneto-optic measurements were performed in the
mismatch in the thick barriers. Due to strain and confinemenktaraday configuration with the magnetic field applied per-
in the QW, the light-hole—heavy-hole splitting is of the order pendicular to the sample surface. The sample was mounted
of 30 meV, and in the following we shall consider only strain-free in a superconducting magnet and immersed in lig-
heavy holes. We label the two spin subband -a8/2 uid helium. PL without additional above-gap illumination
(spin-up hole, with populatiop™), and —3/2 (spin-down and PLE were measured using an®@4:Ti laser providing
holes, with populatiop ™), corresponding to the normal mo- about 2 mW/crA. PL under illumination was measured with-
ment of holesnot electronkin the valence band. With this out any further excitation than the source of light used for
convention, as™ transition involves the creation of-a1/2  hole gas neutralization. The results of transmission experi-
electron and of at+3/2 hole; in Cd_,Mn,Te, due to the ments are given in the form of optical density, i.e., we plot
giant Zeeman splitting, it occurs at lower energy than thdN(linc/ltrand, Whereli,. andlyans are intensities of incident
correspondingr~ transition(see Fig. 1 and transmitted light.

The low Mn concentration in the QWxE0.0018, see
below) allows us to keep very sharp lines, but it is high
enough to have a significant Zeeman splittingy meV in a
magnetic field 65 T and at a temperature of 1.5 Krhus we The concentration of the hole gas is reduced by an addi-
adjust the ratigp~/p* from unity at zero field to practically tional illumination by light of energy higher than the energy

32 +3/2 heavy-hole

FIG. 1. Schematic diagram of optical transitions.

Il. SAMPLES AND EXPERIMENTAL

Ill. CONTROL OF THE HOLE GAS CONCENTRATION
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T T T T related to the quantization of the hole gas into Landau levels.
4 B B=IT | The variation of the Moss-Burstein shift under moderate blue
1 light illumination is shown in Fig. @). For higher values of

[ pr. fl‘ ".| ] the illumination (i.e., for lower densities of the hole gas,
h i PLEc ; below about 6 10'° cm™?), the character of the absorption
’l " PLEc" ] feature changes from step-like to a well-resolved line. This is

due to the excitonic effects, and this point also limits the
applicability of the Moss-Burstein shift, as a source of accu-
rate hole gas concentration. In order to estimate carrier con-
centrations in the range where sharp absorption lines are ob-
served, we applied a simple model describing the
neutralization of the hole gas, by the photocreated carfters.
We assume that the current of photocreated electrons recom-
bining in the quantum wel(hence participating in the hole

: —Ll— gas neutralizationis proportional to the illumination and
1630 1635 1640 1645 that a steady state is achieved when this current balances the
Energy [ meV ] current of holes tunneling from the barrier into the quantum
well. Therefore, the hole concentration is determined by the
probability of the hole tunneling through the potential barrier
e r—— between the doped region and the quantum furedlet of Fig.

2(b)]. Since the height,, of the triangular potential barrier is
\I\—If given by the hole gas concentration, if we neglect the small

Hole gas concentration [ 10" cm™ 1
0 2 4 6 8 10 12 14 16

20F

potential drop within the doped region, the height of the
triangular barrier i8/,=e?pLg/ee,, and its thickness ikg.
Hence, one obtains an approximate self-consistent equation,

I = a(p—po)exp — B\p), (6

wherel is the light intensity,p and p, are hole concentra-
tions with and without illumination, andr and B are
structure-dependent parameters defining the relation between
4107 the illumination and the electron current as well as the prob-
(b) 1195 ability of the tunneling from the barrier into the quantum
N P 1 well. We expectB=(8/9meL3/7i%ee)?>~3X 107 m in
0 2 4 6 8 10 12 this simple model of a triangular barrier. Actually, the pa-
rametersa and 8 were used as fitting parametdree Fig.
Moss Burstein shift [ meV | 2(b)]. We had to usgg=4x10"" m, which is in reasonable
FIG. 2. Determination of the hole gas concentration in the me_agreement with this CT“de model. These parameter_s were
tallic region. (a) Example spectra of Pl(dashed ling and PLE used for th(_e extrapolation of the hole_ gas concehtratlon be-
(dotted line ino~ polarization and solid line iw*) used to mea- IOW_ the region where we can det.ermme the carrier concen-
sure Moss-Burstein shiftb) Moss-Burstein shift versus blue light trat'o_n from.the Moss-Burstein shift. Our.lowgst hole density
illumination: The solid line represents calculation described in the?Ptained with the halogen lam(i00% illumination and
text, based on tunneling across the charge-induced triangular barri€stimated using this extrapolation is approximately
(insed. The scaleillumination intensity to the power 1shas no ~ 2X 10" cm™2. Lower hole densities were obtained with the
physical meaning and is used only to reduce the scale. Ar-ion laser illumination.

tunneling 110
>

1.5F

10F

Tlumination'” [ %> ]
Tlumination [ % ]

gap of the barrier material. The mechanism of this effect was
discussed by Shield=t al>® and is based on the diffusion of
photocreated electrons from the barrier into the quantum
well where they rapidly recombine with the hole. Under con-  Figure 3 shows some transmission spectra for different
tinuous illumination, the system approaches a stationarjiole densities. Two narrow lines are well resolved at the
state, with a reduced hole gas concentration. lowest concentration displayee;2x 10'° cm 2. When the

In our samples the efficiency of this process was deterearrier concentration increases, the low-energy line becomes
mined experimentally from the value of the Moss-Bursteinmore intense while the other one weakens and finally disap-
shift. This shift between PLE above the Fermi energy and Plpears at a hole concentration of about 80'° cm™2. At the
at the center of the Brillouin zone is characteristic of thesame time the lower-energy line changes its shape, and a
metallic region at high hole density. We enhance this rangsignificant broadening is observed for higher carrier concen-
by polarizing the hole gas in a small magnetic field andtrations. For low hole concentration, the distance between
measuring only ther* polarization, which involves the cre- the two lines approaches 2.7 meV, i.e., the same value as that
ation of a spin-up hole in the populated subband. Thanks teeported for the difference between the energies of exefton
the giant Zeeman effect, this field remains low eno(ges and trion X* in CdTe-Cd ,Zn,Mg,Te quantum wells of
than 1 T to make negligible in PL and PLE any effects similar characteristic8 This finding, as well as the behavior

IV. IDENTIFICATION OF X AND X*
AT LOW HOLE GAS CONCENTRATION
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TABLE |. Parameters used to fit the intensity transfer at low
hole density(partial hole polarization calculated with a Maxwell-
Boltzmann distribution

- Relative power Helium Spin Carrier

g of the bath temperature  temperature
= illumination temperature T Th

=

'é 10% 1.3t0.1 K 1.48-0.1 K 1.870.1K
g 10% 4.2:0.1 K 452+0.1 K 4.54:0.1K
§ 100% 1.3r0.1 K 1.770.1K 1.9+r0.1 K
=

For an unambiguous identification, we use a quantitative test
] based on the fact that the giant Zeeman splitting is four times
P S S I S S S — larger in the valence band than in the conduction band. First,
1630 1635 1640 1645 we fit the measured exciton splitting using the phenomeno-
logical expressions given in Ref. 16 for bulk material, using
the exact Mn content as adjustable parameter and assuming
FIG. 3. Zero-field transmission spectra for different hole gasthat the temperature of the Mn spifis may be slightly

concentrationgas controlled by additional blue light illuminatiopn ~ Nigher than the nominal temperatusee Table)l A good fit
is obtained forx=0.0018. We then analyze the intensity of
of intensities of the two lines at low hole concentrations,both transitions by fitting two Gaussian functions to the ab-
suggests that their origin is related to creation of neuial ~ Sorption spectra. The integrated intensity of respective lines
and positively charged excitonX{), respectively. We ex- IS represented versus magnetic field in Figh)4At constant
pect that the presence of carriers will attenuate the neutrgPtal hole concentratiop, we expect the intensity of the*
exciton line, due to screening and phase-space filling, whiléne to be roughly proportional to the population of holes
the presence of carriers, necessary for creation of chargetith the appropriate spin, i.ep,” in o™ polarization, respec-
excitons, should enhance the" line with respect to th&  tively. Using a Maxwell-Boltzmann distribution between the
line. A further test of this assignment can be performed byZeeman split subbands to describe the hole concentration, we
studying the influence of a magnetic field. Figute)shows obtain for the intensity,
transmission spectra at the lowest hole concentration, taken
at several magnetic fields in both circular polarizations. We A, (A,)=A(e) 1 @
observe a characteristic population effect on the low-energy =Tz 1+exp FA,/kgTh)’
line: Its intensity increases with field -~ polarization,
while it decreases im". At a field of about 0.3 T, theet ~ WhereA; denotes the valence-band Zeeman splitting and is
component disappears completely. dri polarization, the t@ken to be positive for one spin and negative for the other
creation of aX* exciton in its singlet state involves a pho- ©N€, T i the carrier gas temperature, akglis the Boltz-
tocreated spin-up hole and a preexisting spin-down holgann constaniA(=) is the maximum intensity, achieved at
Thus, this observation reflects the absence of such spin-dowfta! hole spin polarization. Indices and— of the intensity
holes? Note, however, that in a GMn,_, Te quantum well, denote the two circular polarizations of light. To calculate
the giant Zeeman effect in the conduction band leads to thé€ intensity, we assume for the conduction-to-valence-band
same circular dichroism for the negatively charged excitonSPlitting the ratio 1:4, which applies for bulk heavy-hole
excitons,” and we treat the temperature of the carrier gas
: 0.6 and the maximum intensiti(«) as fitting parameters. Re-
Jm— sults shown in Fig. @) confirm the proportionality of the
X* intensity to the population of holes with the relevant
spin. Similarly good fits are achieved at 4.2 K or at higher
hole density, as shown in Fig. 5. The carrier gas temperature
Ty, obtained from the fit is slightly higher than the tempera-
ture of the localized spin§g (Table ). The observed differ-
ence may be related to the fact that the sample remains under
stationary conditions with a continuous diffusion of photoex-
cited electrons that neutralize the hole gas but may also heat
® the carrier gas in the quantum well. Note also that we used
PP | the Maxwell-Boltzmann distribution to describe the popula-
tion ratio at low hole density where the holes are likely to be
localized**®1°The same assumption was done in Ref. 6 for
FIG. 4. Transmissiotin of incident intensity/transmitted inten- & CdTe quantum well. At higher density the full Fermi-Dirac
sity) in magnetic field, obtained for low hole gas concentrationdistribution should be used.
(under 100% blue light illuminatiorat temperature 1.3 Ka) spec- The change of th&™ oscillator strength is accompanied
tra and(b) integrated line intensities by a significant change of thg exciton line intensity. This

Energy [ meV ]

0.4

o)

02

+
o

Transmission In(l.
Integrated intensity [ meV ]

Energy [ meV ] Magnetic Field [ T ]
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0.6 — P L B V. X AND X* AT INCREASED CARRIER DENSITY
o5 P O transition ] A. Phenomenological description of the absorption intensities
% ! When the relevant population of holes is increased, we
E o4l x ] observe an increase of the trion intensity and a decrease of
£ h ] the neutral exciton intensity. To describe this opposite be-
5 o3l = . havior, the idea of “intensity stealing” has been
é [ N suggested;}! which could be justified by the existence of a
E 02r ooy . sum rule in a closed system formed by the neutral exciton
£ i i ¢ 1 and the charged exciton. However, the total intenéitya
0.1 X . given polarization is generally observed to vary as the car-
i ] rier population changes, which suggests that some intensity
00 - 1 e 2 ——— 3 e 4 is transferred, eg.,to band-to-ba_nd transitions. Here we can
change the population of each spin subband so that we obtain
Pap [10%%m?] complementary information.

(i) When we change the total hole density, at constant
FIG. 5. Integrated intensity of transmission lines versus the hol@pplied field, the exciton intensity decreases faster than the
concentration in one spin subband. Squares représentirclesX,  trion intensity increases, i.e., the sum of the two intensities
and solid lines are a fit with Eq2). Total hole concentration was decreases. This is clear on the spectra in Fig. 3 at zero field
2X 10 cm™2 (open symbolsand 3.7 10" cm~2 (full symbolg.  and most directly evidenced in Fig. 6, where we plot the
The hole polarization was controlled by a magnetic field varyingintensity of the neutral exciton against the trion intené}ty_
from -05Tto05T. In this plot, data at zero fieltbpen squares at 4.2 K and full
squares at 1.3 Kand data at full hole polarization i~

change can also be described by E2jwith the same carrier polarization(circles both exhibit a slope higher than unity,

gas temperature. Actually, the two changes are proportiondfhich re:‘lects thehdecreaﬁe ﬁf Ithe slumme_d intensity.
to each other if the total hole populatignis kept constant (i) When we change the hole polarization at constant to-

(see Fig. 5 and below Fig,)6This effect cannot be explained f[al density(by applying a field, it is the trion intensity that

as a result of th line width variation as suggested in Ref increases faster than the neutral exciton decreases. This is
20: As shown in Fig. @), the exciton linewidth remains. observed qualitatively on the spectra in Fig. 4, on the plots

. ) .~ assuming the Maxwell-Boltzmann distributidifrigs. 4b)
almost constant in the whole range of applied magnetic f'9|d§md 5, and once again most directly in Fig. 6 where the data
(full width at half maximum equals 2 meVIn the present '

at two different hole densitiggriangles both exhibit a slope
sample, a broadening on the high-energy side is observegd,jier than unity. & gles P

only at higher hole densities. It is well known that the exciton intensity is reduced in

the presence of carriers, due to various effects such as
screening and phase-space filling. This reduction has been
widely studied in nonmagnetic quantum wells, as a function
of the total carrier densit}*?*??In our phenomenological
description of the transition intensities, we introduce a reduc-
tion factor »(p,p~), for which we assume a dependence on
the total carrier concentratiqn regardless of its distribution
between the spin subbands, and a dependence on the occu-
pation of the valence states participating in the exciton for-
mation,p-- .

In addition, we have to introduce the possibility of creat-
ing a charged exciton.

(i) The presence of carriers in the initial state is necessary
for the creation ofX™. It applies to the spin subband oppo-
site to that participating in the optical transition. As a first
approximation, this would make the trion oscillator strength
in o~ polarization proportional tp™* (respectively tgp~ in
o" polarization, see Refs. 3, 10, and 11; hence we take the

FIG. 6. Correlation between th¥ and X" intensities. Lines osciIIator st.rength to be .proportionalmncx(p,pi), Where .
result from the model, full symbols are data at 1.3 K, and openany d_eV|at|0n from_ a linear de_pendence on population is
symbols are data at 4.2 K. Squares are measured at zero field li§€n into account in the reduction factequal to 1 at van-
varying the total hole densitfblue light illumination; with respect  15hing hole densitigs o
to these data, symbols on the righespective left side represent (it) The oscillator strength of the neutral exciton is re-
data ino~ (respectivect) polarization. Circles are data im~  duced, and this appears to be correlated to the possibility of
polarization at complete hole polarizatignorresponding data in forming the charged exciton in the same polarization. As a
% would sit on the vertical axjs Triangles represent magnetic first approximation, we would assume this intensity
field scans under constant illumination of different intensity. stealing’*! to be proportional to the population in the rel-

Integrated intensity of neutral X [ meV ]

Integrated intensity of X~ line [ meV ]
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evant hole spin subband, i.@.7 in o~ polarization andp™ 08
in o™ polarization. Hence we take

> 06F ]
AX(P.p+ . P-)=AF7x(P.p+)(1—0ops) 3) [ x*
8 —
and =2 oal . ]
2 E 1
®
AZX(p,p+ p-)=AG TPz nex(P.P=), (4) 2
=

where the “cross section for intensity stealing” could de-
pend on populations but shall be assumed to be constant.
Note that we have introduced in the trion absorption, so
that Ay andAS* can be compared directly: Their ratio bears
information on the extension of the wave functions in the
two forms of the exciton.

The intensity effects described previously for the lowest
hole concentration persist within the range of experimental
conditions, where the spectra exhibit well-defined absorption
lines. In particular, Fig. 5 and Fig. 6 show an identical be-

X" intensity per hole
[10"" meV cm’]

havior at a higher total hole densitg0% illumination. [ (b)
We established that to a reasonable approximation the two ol v v vy e
oscillator strengths, measured at constant total hole concen- 01 2 3 4 5 6 7 8

tration p, are linear functions op.. : This is clearly demon-
strated in Fig. 5 for low hole density. This statement is inde-
pendent of assumption of a Maxwell-Boltzmann distribution  F|G. 7. Integrated intensity as a function of the hole gas con-
of holes on the two spin states, since we observe a doublingentration obtained for holes fully polarized by the magnetic field
of the trion intensity ino~ polarization when applying a (squaresg* polarization; circlesg™ polarization. (a) Full sym-
field, with respect to the trion intensity at zero field, i.e. bols represent th& line and open symbols th¥* line. (b) X*
Nex(PP+=P) = nex(P, P+ =p/2). We conclude that the re- intensity per hole.

duction factory.,(p,p~) depends only on the total popula-

tion and not on its distribution on the two spin states. Weonly at full polarization, but also at zero fieldo(=p_
assume that the same is true for the neutral exciton reductios p/2), or at constant hole density. These curves agree quite
factor n.(p,p+). As a consequence, the two oscillator well with the experimental datdig. 6), showing the consis-

Hole concentration [ 10%cm™ 1

strengths become tency of our empirical description.
AL(P.p+ P-)=A7x(P) (1~ 0Ps) 5 B. Transition energy
and The energies of bot andX™ transitions as a function of
cx _cx the magnetic field are shown in Fig. 8 for various total hole
AZ(PP+ . P-)=Ag P35 7ex(P).- ®  concentrations. For the neutral excitd the shape of the

magnetic-field dependence does not vary with hole concen-

Of course, the observed linear relation between the tw ration and agrees well with the modified Brillouin function.

oscillator strengths for a given total hole concentration fol-
lows directly from the above equations:

Anx(p) i

AX(p,ps) =A% (p) A (p,py). (7 [

=(P.P+)=Agmx(P) Agxﬂcx(p) = (p,p+) (7 ) 138

The parameters entering E¢S) and(6) were determined Z’ 1636 F
on spectra with fully polarized hole gas. From the ratio of ;a [ !
neutral exciton intensities ir™ and o~ polarization, as a 5 el !
function of hole densityFig. 7(a)], we obtain the cross sec- H -
tion for intensity transferc”1=5x10"° cm 2. The un- [ i
screened absorptions and the characteristic decay of screen.  1932[
ing are obtained from the plot &% and A®* [with use of [ i

phenomenological functionsz,=exp(—p/p,) and 7qy 1630 ————— 5 1 )

=exp(—p/pcx)]. We obtain for the neutral exciton an un-
screened intensit)pxéz 0.9 meV and a screening with a char-
acteristic genS|t)pX=3.9>< 10 cm 2, and for the charged FIG. 8. Energies of the absorption lines versus magnetic field
exciton Ag¥=1.3 meV and a characteristic density for (left side, o polarization; right sideg~ polarization), measured
screeningg,=4.7X 10° cm™2. Using these values, we can under different blue light illumination. Dashed lines represent the
calculate theX intensity as a function of th¥™ intensity, not  giant Zeeman effect.

Magnetic Field [ T ]
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Fermi energy [ meV ] spin subband in the 2D hole gas. This is done by applying a
00 04 08 12 16 20 small magnetic field—the highest field value necessary to
1 L R S S S fully polarize the hole gas at the highest hole density we use
Vg hole concentration | (b) is B=0.6 T, which corresponds to a magnetic length
1 p L107em” ] wj (A/qB)=330 A , much larger than the exciton Bohr radius
3F v v 10 ~60 A in such a QW, and to a cyclotron energy0.3 meV
> L % o6 | A A if we assume a hole mass Or2§ Hence, we can ignore any
E (a) ooc> VV s 37 effect directly induced by the applied field, such as localiza-
o 4 o o2 *' 4, tion or Landau-level splitting. The only effect of the applied
g v ¥ field is to change the relative populations of the two spin
9 AA subbands. This is achieved at constant total hole density,
@ -5 v N an wp an since the Zeeman shifts in the valence band, a few meV, are
o transition v . ) more than one order of magnitude smaller than the QW
I % | cxcion trion depth. Thus, independently, we control the hole spin polar-
P B T S no mo ization and the total hole densitpptically, using blue light
o2 4 6 8 10 illumination of the barriers
P,y [ 107 cm™ ] At vanishing hole density, we extrapolate the integrated

FIG. 9. (a) Charged exciton dissociation energ@lifference be- absorption by negtral exciton tAO_Q'g meV. This com-
tween theX andX™ energy as a function of the hole gas concen- pares favorably W't_h thg YaIUﬂO' with I'g~0.12 meV as
tration in the spin subband promoting the formation (full sym- USU_a”,y measu_red 'n, similar CdTg QV\?’%However, as an
bols, complete polarization of holes; big open symbols, no applie€Missionlike signal is observed in reflectarioet shown,
field; small open symbols, partial hole polarization calculated with aVe Would expect a constructive interference with the surface,
Maxwell-Boltzmann distribution (b) Possible mechanism. and an enhancement of the QW absorption up td'g(1

—r.), Where the effect of surface reflectivity is introduced

This means that no phase-space filling effects influencthe PY the amplitude reflectivityr=(1-nc)/(1+n;)~-0.5
energy, in agreement with the conclusions from the oscillato#SSUMINg & refrac_tlve 'ndm%,%e’ for the claddln.g Iayer.. We
strength analysis. A slight variation of the absolute Va|uescertalnly_und_erestlmate the line area by c_hoos_mg to fit it with
(an increase with hole concentratjshould be therefore un- & Gaussian line shape, but more appropriate line shepgs
derstood as an influence of screening on the exciton bindinfji¢/uding a Lorentzian pomporlint at vanishing carrier den-
energy?>? partially balanced by band-gap renormalization Sity; Or @ high energy tait= (%)~ at higher densitywould
and by a variation of the electrostatic potential in this asym-P€ 100 sensitive to small, badly defined features in the wings

metric modulation doped quantum well. of the line. When slightly increasing the hole density, we
Much more interesting is the dependence of the charge'€asure a strong intensity transfer from the neutral exciton
exciton energy. At relatively high magnetic fieldsdn po- line to the charged exciton line, in the circular polarization

larization, the energy ok* varies with field almost parallel Where it exists(both at low field,o~ at higher field. The
to that of the neutral exciton, but the distane* (the X* increase in intensity of the charged exciton line is faster than

dissociation energyincreases linearly with the hole concen- the corrgfpoxndlng decrease of the neutral exciton line, by a
tration (Fig. 9, closed symboJsAn extrapolation to vanish- aCtor Ag”/Ag~1.5, which bears information on the exten-
ing hole concentration gives a value of 2.5 meV. This isSioN of theX_f wave function. The transfer is complete for
slightly smaller than the value 2.7 meV measured on sample&@rrier densities larger tham™'~5x 10" cm?, i.e., the
with a low (but nonzerd doping® At lower field, the disso- Cross sections is characterized by a radiugo/ m~250 A
ciation energy suddenly gets smaller. This appears below @&uch larger than the Bohr radius. It may be worth stressing
characteristic field that increases with the hole density anthat, for densities just above>610'° cm™?, transmission
corresponds to the field necessary to fully polarize the holéand reflectangespectra feature a single exciton line in both
gas. If we plot the dissociation energy as a function of thePolarizations, which must be attributed to the neutral exciton
population of the subband containing carriers necessary fdh ¢ polarization and to the charged excitondn polar-
formation of X* (Fig. 9), it comes out to be common for all 1zation.
the values of subband hole concentration. This is observed at For still higher densities, th&™ line—not the neutral
full polarization of holeg(closed symbolsp™ =p, p~=0), exciton—merges with the Fermi edge singularity, as already
without applied field at any total hole populati¢big open ~ shown in the case ok~ in CdTe QW's(Refs. 26 and 27
symbols,p™ =p/2), and at low hole density when using the and in GaAs QW'$84 We also demonstrate here that the
Maxwell-Boltzmann distribution to calculate the hole polar- €xcitonic feature, which appears at high density few
ization (small open symbojs The deviation observed at the 10"* cm™?) on one circular polarization when the carrier gas
maximum hole density displayed most probably indicateds fully polarized (i.e., in o~ polarization in ap-doped
that the full Fermi-Dirac distribution should be used. CdiMn;_,Te QW), has to be related to the charged exciton,
not to the neutral exciton. Of course, this should occur also
in similar cases, such as magnetoexcitons and light-hole ex-
VI. DISCUSSION citons observed in the presence of a gas of heavy Kbles.
Quite similar screening factorg(p), dependent on the
The use of a strongly diluted magnetic semiconductor irtotal population, are measured here ¥oandX*. They ap-
the QW allows us to easily control the population of eachpear at low density, much lower than expected for phase-
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space filling (1frag~10" cm 2). It is not the aim of this CdTe-based QW'S] which calls for a coherent theoretical
paper to address this problem, but one probable source @fescription of both the electron and the hole gas in such
screening in the present structure is the built-in electric fieldstructures.

since the QW is mainly doped on one side only.

Finally, the most appealing result of this study is the in- VIl. CONCLUSIONS
crease of thex-X* energy difference as the hole density
increases. On one hand, that means that sufficient care must We present a systematic study of optical transitions in a
be taken when evaluating the binding energy of the trion andnodulation doped Cd ,Mn,Te quantum well with variable
comparing to calculations that are valid in the limit of van- concentration of the hole gas. At low hole concentrations,
ishing density. Our present extrapolation, 2.5 meV, isabsorption lines due to neutral and positively charged exci-
slightly smaller than the energy measured previously at smatons were detected. At high concentrations when the exci-
but finite energy’. tonic effects are eliminated by carriers, Moss-Burstein shift

The observed increase of tg dissociation energy with was used to measure the hole concentration. The data were
the concentration of holes with the relevant sfpreexisting ~ successfully described using a simple model of carrier-
carriers only requires a deeper analysis. Theoretical resultgoncentration control by light.
of Hawrylak and co-workefS=° predict, in fact, an increase ~ Using semimagnetic Gd,Mn,Te as the QW material,
of the splitting between neutral and charged exciton, as thallowed us to control independently the total hole concentra-
population increases, in the absence of spin splitting. In &on (by light) and its distribution between the two spin sub-
simple intuitive picture, both the neutral exciton and thebands(by a small magnetic field, negligibly perturbing the
charged exciton are due to the existence of a bound level th&lectronic wave functions Therefore, we were able to ana-
appears in the 2D gas in the presence of a carrier of oppositgze population effects, as opposed to the direct influence of
sign(i.e., a hole in the case of an electron gas as described e magnetic field, present in most studies of similar systems.
Havrylak and co-workers, an electron in the present case of td particular, we distinguish the influence of spin-
hole ga$. The neutral exciton then corresponds to a singlgndependent effectgscreening from spin-dependent ones
occupancy of this level. The charged exciton involves, in(phase-space filling and oscillator strength stealing
addition to the creation of the exciton, the transfer of a car- At constant total carrier density, we observe an increase
rier of opposite spin from the Fermi level down to the boundof the charged exciton oscillator strength and a reduction of
level. If we assume that the bound level exhibits the saméeutral exciton oscillator strength, both proportional to the
giant Zeeman splitting as the band, we obfaiee Fig. %)],  respective subband concentration. The observed variation of

the oscillator strengths can be accounted for assuming that
ﬁZkE; the influence of phase-space filling is negligible and the
o +Eg|, (8)  variation of oscillator strength due to screening was found to
be similar for both exciton species. While no influence of
i.e., theX-X* splitting exhibits, in addition to the binding phase-space filling was found on the energy of the neutral
energyEg, an energy proportional to the population of the exciton, the charged exciton dissociation energy increases
subband of preexisting carriers. However, the theory delinearly with the population of carriers that have the good
scribed in Refs. 29 and 30 has been developed principally fospin to promote the trion formation in a given circular polar-
an electron gas and dispersionless holes; it would need to kzation.
extended to the case where the photocreated carrier has a
finite mas_s(a_nd in the present case it is sr_naller_ t_han the mass ACKNOWLEDGMENTS
of the majority carriersand to include spin splitting.
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