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CdTe/Cd _,Zn,Te multiple quantum wells were modulation doped with indium donors compensated by
nitrogen acceptors so that the two-dimensional electron concentration in the mg@llsould be varied from
near 0 up to~10'* cm 2 by optical pumping. In zero field & =2 K, the optical absorption spectra show
trion (X™) and exciton(X) resonance peaks at lomg, with an electron-exciton scattering wing extending to
high energy from the exciton resonance. At the higimgstthe spectrum evolves towards the single asymmet-
ric peak traditionally associated with the many-body “Fermi edge singularity” but its total integrated intensity
remains almost constant, in agreement with recent few-body theories of the optical respogsel/aé.
Under magnetic fiel8=8 T atT=2 K, sharpX™ andX resonance peaks are seen as well as a broadzand
situated about w. (the electron cyclotron energhigher in energy. Band is attributed to a known exciton-
electron scattering procef¥akovlev et al, Phys. Rev. Lett79, 3974(1997] where the electrons are mag-
netically quantized. Inr* circular polarization, theX resonance attenuates rapidly with but theX ™ reso-
nance grows almost as rapidl§intensity sharing”) so that their intensity sum falls only slowly. in~ the X
resonance also attenuates rapidly withand theZ band grows to compensate, with the intensity sum again
falling only slowly. It is concluded that the spectrum evolutiomasaries from 0 to 18t cm™2 in CdTe is due
to intensity sharing between théandX™ resonances and between these resonances and scattering processes.
This is a lown, (and low B) model of the excitonic properties, where screening and phase-space filling
contribute only to the<10% decrease of the oscillator strength sums. As regards the samples’ luminescence
properties, two series of phonon peaks seen in emission spectra are attributed to recombination of two-
dimensional electrons with nitrogen acceptors that have migrated close to and into the wells.
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[. INTRODUCTION minescence excitation or photocurrent spectroscopies
gives absolute values for the oscillator strengths of excitonic
In optical studies of semiconductor quantum wells con-resonances and other optical processes.
taining a two-dimensional electron gas, the electron concen- Hence we have been working on MQW structures where
tration per unit arear(y) is naturally a principal experimental the electron concentration could be varied in all the wells
parameter. It is therefore very helpful to have a method otogether by an optical pumping method. Our samples are
varyingn, in a given sample, rather than use a set of sample€dTe quantum wells separated by,CgZn, Te barriers. The
each with different doping levels. structures are modulation doped in the usual way with donor
Most frequently,n, is controlled in modulation-doped impurities (indium) in the barriers. But we compensate the
single quantum well structures by applying a depleting volt-donors with acceptor impuritiegitrogen, also doped into
age to a transparent Schottky gate deposited on the samplee barriers, so that ideally,~0 in the quantum wells in
surface'~* However, surface gating is not appropriate for athermal equilibrium. Under illumination with light above the
multiple quantum wellMQW) sample, as the multiple wells barrier band gap, free electrons accumulate in the CdTe wells
at successively greater depths will not deplete together.  while the corresponding holes become trapped at the accep-
But studies of MQW's rather than single quantum wellstors in the CdZnTe barriers.
can be very useful, especially for absorption spectroscopy As illustrated in Fig. 1, the holes get trapped because the
where the weak responses of the individual wells will add upvalence-band offset is very small at a CdTe/CdZnTe inter-
to give more accurately measurable values. And absorptioface: The barrier acceptors make a deeper hole trap than the
spectroscopy is fundamental becalsempared to photolu- valence-band wells. The excess electron concentration in the
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wells, ng, increases with the illumination intensity. In a ° °
sense, illumination “uncompensates” the sample and the ul- A : Conduction Band
timate limit of n, is fixed (as in conventional, single-
impurity modulation dopingby the barrier donor concentra- T
tion.
The 2 K spectra of the CdTe wells modified by the pres- hv NF
ence of the electron gas show absorption/emission peaks as- A— A,
sociated with the creation/annihilation transitions of neutral
excitonsX and of charged exciton@rions) X~. The spectra
also show very strong electron-acceptor recombination peaks
in emission. o

The present paper completes a previous brief report on
P pap p P P FIG. 1. Optically induced charge separation process in our

these double-doped sampfeK.also corrects several of our L
previous conclusions, in the light of recent progress in theCOl-l—E/Cdzm—e MQW's with compensated donor and acceptor dop-

. . .. Ings in the barriers. The pumping lightv generates free electrons
theory of the optl%a_llgrespons_e ofa 2D Semlcor21ductor _Wlth aand holes. Electrons collect in the deep conduction-band wells.
dilute eIeCtzron 9? - Here, d'!Ute mean’_;e<_1/a8' that '_S’ Holes get trapped at acceptors because the valence-band well is
ne<2X10">cm ? (whereag is the excitonic Bohr radius shallower than the 55 meV barrier acceptor levels. Competition

=7 nm.in bulk CdTe. _ between electron-acceptor tunneling recombinatiorand optical
Sections Il and Ill present the experimental methods angumping iv) determines,.

sample characterization. We then give absorption spectra as a
function of ng, in zero field(Sec. IV A) and under applied regation and diffusion of the dopants. As schematized in Fig.
magnetic fieldB to 8 T (Sec. IV B\. Especially, we measure 1, we introduced planes of indium donors in the barriers at
properties of the exciton and trion-creation transitions, an®5 nm from the well edge$two planes per period, each
also of electron-exciton scattering processes, botB-ab nominally 5x10'° In cm~?). A nominally single plane of
andB=8 T. acceptors was introduced at each barrier center, that is, at 40
The data are analyzed in Sec. V. In Sec. \(z&ro-field nm from the well edges.
spectra, we find that the oscillator strength associated with  In fact, even at 220 °C, nitrogen dopant unfortunately un-
the excitonic resonance is transferred progressively talergoes considerable movement, towards and even into the
exciton-electron scattering and trion-creation transitions asvells, see also Ref. 11. This led to fast electron-acceptor
ne increases, with the total intensity integrated over all pro-recombination rates, so that we had to use high pumping
cesses remaining surprisingly stable. powers to achieve the desired valuesngf (This is unlike
In Secs. V B and V Qanalysis of magnetoabsorptiomve  the relatively easy control of hole concentration grtype
attempt to demonstrate that there is no fundamental changedTe/CdMgTe single QWs, see, e.g. Ref. 12, which works
in this pattern of oscillator-strength sharingBat8 T. Even  via charge transfer to natural depletion states localized on the
as the lowest spin sublevel of the lowest conduction-bandCdMgTe surface.
Landau level fills with electrons up towards filling factor Also, since the efficiency of nitrogen doping is very low
=1, it appears unnecessary to invoke any large contributioi~10"2 only) in CdTe and in low zinc content CdZnTe
of phase-space filling or screening effects to explain the oballoys!® it proved very hard to adjust the nitrogen concen-
served strong weakening of the excitonic resonance, at leastation accurately. Sample typ@ ©r p) was determined by
in CdTe QW's withn, of order 16* cm 2. capacitance-voltageQ—V) measurements. Our intention
But with the two-dimensional2D) electron-gas spin po- was to compensate ¥donors cm? per period exactly, by
larized, the optical spectrum is very different in the two cir- introducing 16! acceptors cm? per period. Of five samples
cular polarizations. Inoc* polarization, theX resonance grown, Sl ...S5, fairly close compensation was achieved
shares intensity out mainly to the trion resonaXceasn,  with two samplesS3 andS5.
increases. Ino~ it shares intensity out to a broad pezk Absorption in the quantum well exciton range starting at
which we attribute to the magnetically quantized exciton-~1.60 &/ was measured with a tungsten lamp as light
electron scattering process identified by Yakowsal®As  source, with the samplest & K in pumped helium. The
in zero field, the total intensity integrated over all three pro-Cd, g&Zn, 1,Te substrates with optical cutoff at 1.66 eV are

[e] Valence Band

cesses shows only a small decrease with transparent in the quantum well exciton region, but they filter
out all the above barrier-band-gap light from the lamp; this
Il. EXPERIMENT we call absorption measurements “in the dark.”

To pump electrons into the quantum wells, we used a
Samples are ten-period CdTe/CdZnTe (X titanium sapphire laser beam at 710 (ihi75 eV, just above
=0.13-0.14) multiple quantum wells grown by molecular-the Cd_,Zn,Te (x=0.135) barrier band gap. The beam spot
beam epitaxy with their average lattice matche@lli@0] ori-  size was 1 mm, giving fairly uniform coverage of a 0.5 mm
entation Cd_,Zn,Te (x=0.12) substrates. The CdTe wells diameter aperture on the front of the sample. The pump laser
are 10 nm thick and the CdzZnTe barrier thickness is 80 nminduced luminescencévery strong at high powersso the
The growth temperature was 220 °C, well below the op-pure absorption spectrum was extracted by taking the differ-
timum for growing good interfaces but chosen to reduce segence between transmission spectra with and without the
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tungsten lamp. At the highest powers used {00 mW over
1 mm diameter, the helium was starting to boil at the sample
surface.

The transmission of the MQW drops to 0.1 or less in the
main exciton and trion absorption peaks. Spectra were con
verted to optical density by taking lggf1/transmission). Re-
flection corrections were not needed for these ten-perioc
structures.

Only 10% of the red pumping light reaches to the full
depth of the 0.9um thick sample and, in retrospect, it might
have been better to grow a smaller number of periods. How-
ever, photocarriers can diffuse distances of ordermt, and
the logpowel dependence ofi, (see below helps reduce
any concentration gradient. We found no obvious indication
in our spectra for different values of, in the ten wells.

Assuming equality between the wells, we can attempt to
predict the dependence nf on pumping power, referring to
the analySiJSA of photoeffects in modulation doped GaAs/ FIG. 2. Emission spectrum of N and In doped CdTe/CdZnTe
GaAlAs heterojunctions having unintentional deep acceptorgiowy sampleSL excited by blue argon laser light at 2 K, showing
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in the GaAlAs layer.

The photoinduced transfer of negative charge frAm
centers to the QW's is limited, at loW, by tunneling assisted
electron-acceptor recombinati¢Rig. 1). Electrons confined
in levels at energ\e in the QW's tunnel through potential
barriers of height profilAV(x) (measured with respect to
E) to recombine with acceptors at distande The WKB

excitonic peaks at 1.60-1.61 eV and the “higher serig¢$3) and
“lower series” (LS) of electron to acceptor recombination peaks.

very strong optical pumping, the threshold region of its ab-
sorption spectrum showed no trion peak, only the neutsal 1
exciton peak(X) and a weak donor-bound exciton peak
(D°X). Observation of neutral donof3° in the wells im-

plies very low free-electron concentratiqotherwise one
would have charged donoB3™).
The nature of its luminescence spectrum, see Fig. 2,

tunneling probability is e % with Y
=(1/ﬁ)f8\/2meeAde. At equilibrium in a plane of accep-
tors at distanced, the annihilation rate, which is _
NN pol (VAV) meadl], is equal to the hole trapping rate, helped us to understand wimy remained so low for sample
which is «<n,- X pumping power. S1. In the quantum well band-gap region, we identify heavy-
The equilibrium equation is complicated because the barhole X andD°X peaks, possibly a trion peak(), but the
rier profile AV(x) depends self-consistently an, (the bar- ~dominant emission consists of intense, broad peaks at lower
riers become more transparent as negative charge is added&gergy o _ ) .
the welly. The n, dependence of the tunneling exponents ~ One can distinguish two series of peaks: a *lower series
equations, except near the minimum and maximum values dtach series are separated by the LO phonon energy of 21
ne. Then, the electron-acceptor recombination rate tends tgeV. In CdTe, strong phonon replicas are characteristic of
1 . - — 0 —
root barrier profile (/AV)nea,decreases with?, with pnot ~ €lectron-accceptor recombinatien +A"—A +hw, a re-
much less than 1.0 for our sample geometry. combination process that is normally undetectable in un-

So the pumping rate necessary to equilibrate tunneling!oPed CdTe/CdZnTe quantum well structures. _
recombination is approximately an exponential function of Our identification of these transitions lies outside the main

n. In other words we expeat, to be approximately pro- theme c')f'this paper and i§ presented in the Appendix. The
portional to logpump powey, except near the initial and recombining electrons are |nth_e E1 subbands of the quantum
saturation values. yvells. The acceptors are the nitrogen do_pant atoms, situated

In Sec. V we will use logpump powey as abscissa to in the quantum wells for the LS peaks, in the barriers near

graph spectrum properties. This concentration scale shoufffe QW edgeg fof the HS pealsee the Appendix .
be considered as indicative only. However, the measured in- So recomblnatlon with a large excess of Pe“"a' nlj[rogen
tensity of the high-field trion resonan¢&ec. V B, which acceptors situated in and near the welimplying massive

provides an alternate scale, is consistent with an approxihnigration of the nitrogen dopant deposited at the barrier cen-
mately logarithmic power dependencergy. terg was preventing buildup of free electrons in sample
Therefore, we grew further samples with progressively lower

nitrogen doses. Sample2 still had far too much nitrogen
but sampleS3, although still slightlyp type inC-V measure-
ments p~3x10°cm 2 per period proved almost opti-
We begin by discussin§l, the first sample grown, which  mum for our studies. The final samples had somewhat too
had too much nitrogen: It was-type electrically, with hole little nitrogen and weren type: SampleS4 had n~1
concentrationp~2.0x 10t cm™2 per period. Even under x10'cm 2 and sampleS5 hadn~3x 10" cm~? per pe-

Ill. EMISSION SPECTRA

235303-3



R. T. COX, R. B. MILLER, K. SAMINADAYAR, AND T. BARON PHYSICAL REVIEW B 69, 235303 (2004

0.8
0.7 +
0.6 +
oy >
] =
8 5 0.5+
= 5
S A 0.4
8 W
o =
S 8
O, o3l
o
0.2+
01+
1605 1610 1615 1620 1625
Energy (meV) 0
FIG. 3. Optical density log(1%) of CdTe/CdZnTe MQW 1600 1605 1610 1615 1620

sampleS3 atB=0, nominalT= 2 K, for various pump powers,
showing increase of trion absorption peak and decrease and asyn.-
metric broadening of exciton peak with increasimg

Energy (meV)

FIG. 4. Optical density logy(1/t) of sampleS5 atB=0, nomi-
nal T= 2 K for various pump powers, showing evolution of trion

riod, as determined from the room temperat@e/ mea-  peak to “Fermi edge singularity-like” form.

surements. These numbers becomel.1X 10" cm~2 and

n~4x10%° cmf_z, respectively, when determined from the 2 oy yalence band by GggZn, 1sTe substrate¥ This con-
K magneto-optics studies in the dai®ecs. IVB and VB giderably simplifies our spectra and their analysis, particu-
SamplesS3, $4, and S5 still gave intense electron- larly under magnetic field.

acceptor recombination bands but, significantly, the trion re-
combination peaKconsiderably broadened for sam#8)
dominated the excitonic region of their emission spectra.

Figure 3 shows very clearly the remarkable evolution of
the exciton and trion peaks with increasing. As we in-
crease the pumping power, the excitonic absorption broadens
and its peak amplitude decreases. The broadening is asym-
IV. ABSORPTION SPECTRA metric towards the high-energy side. Such broadening has
been explained in terms of many-body proce¥sé8 or
(more recently just three-body processés,*' where back-
Figure 3 shows an overlaid set of optical density spectrgyround electrons are excited to higher energy states during
for different laser pumping powers for sampgB in zero  the exciton creation event.
magnetiC f|E|d(The upward SlOpe of the base line from left Simu|taneous|y, theX™ absorption peak gains intensity
to right is due to the low-energy tail of the substrate’s band-and has become a very significant feature in the spectrum at
gap absorption; the weak oscillations starting at 1621 me\the highest pump poweéi10 m\W). Comparing to spectra of
are gaseous oxygen bands. other samples with knowffixed) n,, we estimate that the
In the dark(zero pump pOWGr we have an intense heaVy' 110 mW spectrum Corresponds n@%6>< 1010 Cmfz'
hole exciton peakX) about 2 meV wide and a very weak  Figure 4 shows further evolution of the absorption spec-
heavy-hole trion peakX"™) in its low-energy wing. These trym, for the slightlyn-type sampleS5 which starts from a
peaks correspond to the two fundamental optical processesjgher initial value ofn, in the dark. The trion absorption
(1 evolves to a form that looks like the classical, asymmetric
“Fermi edge singularity{FES and the exciton peak is lost
- - in the high-energy wing. For the highest pump pow@o
horte =X, (1b) mW) in Fig. 4, we estimatedh,=9.2x 10'° cm™2 from de-
respectively.(The weakX™ peak may be due to electrons tecting the onset of emptying of the lowest free-electron Lan-
induced by stray light at lowl since sampleS3 measured dau level aB= 1.9 T (see Sec. IV B
slightly p type electrically at roonT.) The more stronglyn-type sampleS4 already gives this
Note that light-hole excitons are not seen for thesekind of FES-like absorption shape in the dddee its zero-
samples due to the large strain splitting imposed on the CdTeld spectrum at bottom right in Fig)Slts electron concen-

A. Zero-field spectra

hﬂ)xﬁx,
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FIG. 6. Optical density of CdTe MQW samp in o™ ando ™~
polarizations at 8 T for various pump powegrsominal T=2 K),
showing strengthening of the trion and weakening of the exciton as

H 0 —2
1605 1610 1615 1605 1610 1615 ne increases up te=6x 10" cm 2.

Energy (meV) ferent from the asymmetrically broadened zero-field excita-
tions. This is presumably because the electronic continuum is

FIG. 5. Stacked absorption spectra for CdTe/CdZnTe MQWquantized into Landau levels separated by the cyclotron en-
samplesS5 and S4 in the dark at 2 K, ino" polarization for  ergy fiw.: The small amplitude excitations of the electron
various magnetic field8. For S5 (n,~4x10'cm ?), distinct  gas that broadened the exciton and trion asymmetrically at
trion and exciton peaks are seen atBilfrom 0 to 7.8 T. Circled  zero field no longer exist. But these excitations do persist as
regions for sampleS4 (n,=1.1x10" cm™?) show sharp trion discrete “combined” exciton plus cyclotron proce nd
resonance emerging from low-energy wing of the “FES-like” peak we will return to this point in Sec. V C.
at 2.3 T (#=2), and exciton resonance emerging around 4.2 T. That one can label the emerging magnetoabsorption peaks
Sloping line marks field dependence of peak “trion” and “exciton” is confirmed by the continuity we see

in resonance energy positions over the parameter spad@
tration ne=1.1x10"cm 2 (also determined magneto- for samplesS3, S4, andS5. The pair of peaks resolved at
optically) appears almost saturated, increasing only a littledll fields for low n. correlates in position with the pair of
under illumination. to 1.3% 10 cm~2. peaks that are seen only at high fields for high We show
' this in Fig. 5 which compares field dependencesrin po-
. larization for sample§5 and$4, all the spectra being taken
B. Magnetoabsorption spectra in the dark.

Even when the zero-field absorption spectrum has For sampleS5 (with the lowern,), trion and exciton
evolved to the broad FES-like form, a pair of sharp excitonabsorption resonances are distinguished at all fields, includ-
and trion resonance peaks always reemerges at high enougiy B=0. [See also, for example, the sets of reflectivity
magnetic field, at least for CdTe quantum wéfighe sharp spectra for lightly modulation doped €dMn,Te (x
trion peak emerges first and a sharp exciton peak emerges0.01) QW'’s given in Ref. 26.
later, at higher field. For sampleS4 with highern,, which shows the FES-like

The attribution of these sharp peaksX@ndX™ is justi-  spectrum form in zero field, narrow resonance emerges at
fied below (see after next paragraphThe fieldsB where B= 2.3 T. Narrow resonanc¥ emerges around 4.2 T.
they emerge have been associ&tetf with characteristic These magnetoabsorption resonances have very different
values of the Landau-level filling factor parameter amplitudes in opposite circular polarizations, as seen for
=n¢h/eB, which is sweeping down from infinity aB is  sampleS3 at 8 T in Fig. 6(but their Zeeman splitting, which
swept upwards from 0. Th&™ resonance emerges at varies with well width and strain state, is accidentally almost
=2, when the upper spin sublevel of the lowest Landau levetero for these particular MQW3¥ sAs is well known, the
n=0 begins to empty. Th& resonance emerges at a lesstrion absorption transition is strongly polarized when the
well-defined filling, perhaps varying with, and degree of electrons become spin polarized at highand low T; this
disorder but usually somewhere aroumé=1 (where the comes from the selection rules for the transitibm +e~
lower spin sublevel of then=0 Landau level starts to — X~ that creates the electron-spin singlet trion, for the case
empty. These sharp peaks then persist to the highest fieldsf negative electrory factor g..2* (We attribute the weak
available(e.g., 20 T in Ref. 2% trion intensity seen inr~ in Fig. 6 to electron spin depolar-

There has not been any real theory of this. The symmetriézation by disorder, and also by sample heating at the higher
magnetoabsorption resonancésnd X~ are somehow dif- pump powers.
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FIG. 8. Optical density of sampl85 in ¢* and o~ polariza-
Energy (meV) tions atB=4 T, nominalT=2 K, for pumping powers from O to
60 mW. At this field, a distinct absorption pe@kis just starting to
FIG. 7. Optical density of sampl85 in o~ polarization atB resolve out above the rapidly weakeniKgesonance at the higher
=8 T, nominalT=2 K, for pumping powers from 0 to 60 mW, n, values.
showing weakening of 4 and X exciton peaksX and concurrent
growth of absorption band asn, increases. A weak trion peak”
also appears due to spin depolarization. Arr@ay®, ¢ mark inte-
gration ranges for Fig. 13.

name independant of any proposed assignindéinpeaks at
~10 meV above the 4 exciton peakx. PeakZ grows asn,
increases, and is strongerdn than ino™*.

We will be particularly concerned with the electron con- PeakZ can be seen moving away from the exciton reso-
centration dependence of the exciton peak’s intensity, whicinance towards higher energy in Fig. 5 for samp. It
has not previously been measured continuously over suchrasolves out of the wing of th¥ peak for values oB slightly
wide range at high field and has been variously interpretedbelow 4 T. Figure 8 presents a set of overlaid spectra for
As seen in ther™ spectra of Fig. 6, the amplitude of the 1 sampleS5 under various pumping powers at 4.0 T, showing
exciton peakX at B=8 T decreases considerably with in- peakZ just resolved. This figure gives a useful intermediate

creasingn,. view between the zero-field spectra of Fig. 4 and the 8 T
The X peak’s amplitude decreases less in the oppositspectra of Fig. 7.
polarizationo~ (see on the right in Fig.)6 This gives the We have observed magnetoabsorption features similar to

o and o~ spectra a complementary appearance, with theZ for many modulation-doped CdTe quantum wells with

trion strong inc* and the exciton strong ior—, see the 100 values ranging up te=3x 10' cm™2. PeakZ is stronger in

mW spectra in Fig. 6. o~ polarization than ino™ under high fields, that is, it has
But an accurate analysis of the dé&ec. V B will show  opposite polarization to the trion resonance. For this reason

that the strong polarization anisotropy seen Xois some-  we initially attributed peal (labeled “T1” at the time to a

what deceptive. It comes partly from an anisotropy in widthhigh-lying electron-spin triplet state of the trionresonance

and partly from a real but quite small inequality in the two state®?

quenching mechanisms that operatesconando™ excitons, However, the data analysis of Sec. V C will lead us to a

respectively. severe reinterpretation of peakas ascatteringpeak (one
Figure 7 shows spectra extending out to higher energynight of course suspect this from a simple visual comparison

above the X andX resonances, for sampg5 in ¢~ polar-  of Fig. 7 and especially Fig. 8 with Fig.)4This scattering

ization atB=8 T. assignment for peak will provide a new key to the under-
Note first that this figure shows thes2xciton at 1631.5 standing of the electron concentration dependence of the ex-

meV disappearing with increasing,. The beginning of this ~ citon resonance.

process can be seen in spednat shown herefor sample

S3 where the initial amplitude of thes2exciton is several

times larger. For sampl&4 with highern, the 2s exciton V. SPECTRUM ANALYSIS AND DISCUSSION

peak is no longer detectable. This behavior of tlkee2citon

might be considered a paradox in some viewpadints.
But we will be concerned here with the broad absorption Because of the high optical densities of our MQW

peak or band that we have labeled™ (to give it a neutral samples, Figs. 3 and 4 provide excellent images of the

A. Zero field spectra
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strengthening of the trion absorption and of the weakening 30— T
and asymmetric broadening of the exciton absorption with % Fn=4 10" ~910" ]
increasingn, . =J v o o ¢ S5 1
We note first, however, that one important known prop- = ;\Eﬂmﬁ%\ ]
erty of the two absorptions seems to be missing here. The = i O A ]
splitting Awx—7%wr between the two optical excitation 5 204 e - -
thresholds of Eq(1) should be equal to the energy to disso- A 53 T
ciate a trion into an exciton and a free electron at the lowest § 15 [ n=610°
empty electron state, which is at the Fermi leuein the E1 g i 1
conduction subband af=0 K.1%2?’ This splitting is just ®) i
Epr+Eg, WhereE,; is the trion binding energy in tha, 8 10q
—0 limit (=~2.1 meV in 10 nm CdTe wells, Refs. 23 and) 27 = i
andEg is the Fermi energy= u— Eg; (with Eg; the energy X osi
of the E; subband edge E i
In fact, any increase in the exciton-trion splitting seen in [
Fig. 3 or Fig. 4 is<0.5 meV, much smaller than the values 0.0 ' '
of the Fermi enegy calculated from the formulgae 0.1 1 10 100 1000
=nemh?/m, (e.9.,Er should be 1.4 meV at the estimated Pump Power (mW)

maximum electron concentration o&6L0'° cm™2 in Fig. 3. . . . .

We think this means that these samples are so highly disor- FIG. 9. Optical density log(1/t) integrated over the trion and

dered by the combined donor and acceptor doping that th@xciton regions of absorption spectra for CdTe MQW samfigs

Fermi energyEr is not a meaningful parameteiA similar andsS5, in zero field under the pumping powers used in Figs. 3 and
. " L . 4. Nominal T=2 K. Integration is over the full 23 meV wide

regime of constanvy — wt splitting, but occurring at much f Figs. 3 and ft btracti e b

lower n. in much higher mobility GaAs quantum wells, has ranges of Figs. 3 and 4, after subtracting an exponential for sub-

. . . ; strate absorption. Horizontal line throu@3 data and sloping line
been attributed to disorder effec$.Also, with the nominal throughS5 data are guides for the eye only. The logarithmic pump
Er only =~1-2 meV in our samples, heating to perhaps

: “M>power abscissa should give an approximately linear measurg, of
10-20 K by the laser beam could be preventing the excitonp gitterent for the two samples. Numbers are estimatedalues
trion splitting evolving at the higher pump powers. cm2).

We next discuss the spectrum intensities. Although the
shape of the absorption spectrum changes dramatically witate to a dilute electron gas situatiop<1/aj. These recent
increasingn, in Figs. 3 and 4, there is surprisingly little theories include specifically the essential correlations of
change in itdntegrated intensitythat is, in the total intensity three particles(i.e., two electrons, one hglehat generate
summed over the trion resonance, the exciton resonance, ahdth an exciton-electron scattering wing and a trion reso-
the high energy wing. nance.

This is shown in Fig. 9, which plots the total absorption Thus, Esseet al® have predicted explicitly that, with in-
intensity integrated over the range of Figs. 3 and 4 forcreasingn,, the exciton resonance will transfer oscillator
samplesS3 andS5, respectively, at the various pump pow- strength to the trion resonance, as well as to the exciton-
ers. (An exponential base line has been subtracted to simuelectron scattering processes, with the total intensity inte-
late the tail of the substrate absorption. grated over these three processes falling only very slowly.

As explained in Secs. Il and V B, we consider that the log The sharing of excitonic oscillator strength is actually ob-
(pump powe) abscissa in Fig. 9 gives an approximately lin- vious to the eye in Figs. 3 and 4 and demonstrated numeri-
ear scale oh, over the ranges show@f course we have to cally by Fig. 9. Note also that Astakhost al. have found
drop the data for zero pump poweBut the proportionality indications of exciton-trion oscillator strength sharing in
factors and the dark values of are necessarily different for their zero-field reflectivity spectra of a set of modulation
the two samples. The somewhat higher overall optical dendoped ZnSe QWS
sity for S5 compared tdS3 presumably comes from slight In summary of the present section, with increasipghe
differences in the sample parameters, especially well widthzero-field optical response evolves progressively to the

The remarkable stability seen for the integrated intensityoroad, asymmetric FES-like form. This evolution corre-
in the excitonic region—at most a 5% decreasengdn-  sponds(in first order of neaé) to the trion resonance at
creases to nearly #bcm™2 in Fig. 9—is an original, and we threshold% o with a residual exciton resonance at a second
believe an important, result of these measurements. thresholdf wy and an exciton-electron scattering wing ex-

Such a result would have been unexpected in older thedending out from# wy .
ries where exciton effects disappear entirely due to phase- But note that broadening to high energy of tke reso-
space filling and screenin§:?®3° But these theories were nance itself, as seen in Fig. 4, requires at least two back-
developed for materials such as GaAs and InGaAs with largground electrons: one to bind in the trion and another to
exciton Bohr radiusag and for cases of high electron con- scatter the trion. Most recently, Esseral3? have begun
centrationn,. Our Fig. 9 is consistent, however, with recent extension of their theory to second order riga% to treat
calculations of the optical resporisihat are more appropri- such “quatron” optical excitationsthree electrons and one
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The circular polarization has opposite signs in CdTe where
221 &3 - Je IS negative and in ZnSe whegg is positive. Our results
o+ are consistent with inelastic exciton-electron exchange-
scattering as proposed by Astakhewal3! Such processes
operate on the particular exciton statel€—1 in ZnSe,
M= +1 in CdTe whose bound electron has opposite spin to
18 1 r that of the polarized background electrons. Note also that
_9__&,3_’_9_3:;0_9_0-93 calculations of electron-exciton scattering in zero-field show
16 4 0©0° o— 1 exchange broadening to be much stronger than direct Cou-
lomb broadening?
The rest of this section and all of Sec. V C will concern
14 = = = the absorption intensities, and especially the reduction of the
1 10 10 intensity of the excitonic magnetoresonantevith increas-
Pump Power (mW) ing n.. We will first show that a large fraction of the lost
intensity reappears as the trion magnetoresonance, something
FIG. 10. Width of the Lorentzian fitted to the exciton peak for that has a|WayS seemed obvious but which we evaluate quan-
CdTe MQW sampleS3 in polarizationsr* (filled symbolg ando™  tjtatively here(Sec. V B. But somewhat more than half the
(open symbolsat B=8 T, nominal T=2 K. Log(pump powe)  mjssingpolarization-averagedntensity will then remain un-
Sho“'g b’{f” approximately linear SC?'er%f' Maximumne~6  5ccounted for, and this will lead us to a new idea: Intensity
x 101 cm™?. Line and curve throughy~, o data, respectively, gharing with a magnetoscattering process, discussed in Sec.
are guides for the eye. vV C.

o ) ] As a way of estimating accurate relating values, fol-
valence holg These excitations can be considered as a firsfowing work by Lovisaet al* we believe that the trion ab-

stage on the way to the full many-body optical response thaéorption intensity inc* at 8 T, low temperature is a good
gives the traditional Fermi edge singularity at higf measure of, over the range fromm,=0 up tor=1 (which
We do not know whether the asymmetric peak seen at th@orresponds ton,=1.94x 10" cm 2 at B=8 T). For
highestn, for our samples represents a four-body or a manysamplesS3 and S5 the integrated intensity ok~ in o
body optical response. For this reason, we have taken care {|arization showed an almost linear increase when plotted
call the peak FES-like rather than an FES, everywhere in th'égainst the logarithm of the pump powexcept of course at
paper. very low powej. Note that this confirms our expectation in
Sec. |l thatn, should be approximatelylog(pump power),
B. Exciton and trion magnetoresonances based on the properties of a tunneling-limited charge transfer
In a first analysis of the magnetoabsorption spectra Wé)ro;:esi. P vy id ful e f
determined amplitudes, widths, and integrated intensities of 0 thea trlo.n |n.tenS|ty T provides a useiul scale for
absorption peakX andX~ atB=8 T by fitting a Lorentzian plotting the excitonic properties although, since oscillator
function to peakX and a Gaussian function to peak . strength depends on structure parameters, especially the QW

These two functions give a good fit to the two line shapesYVidth’ the scaling factor may vary from sample to sample.

respectively, in bothr™ ando— polarizations, except at the Also, for the present samples showing signifigant depolariza-
lowest electron concentrations for samfe where the ex- tion, we use the total trion intensity'=17 +17 as a scale
citon line showed some underlying Gaussian character. ~ Of Ne.

First we discuss the excitonic linewidths. In Fig. 10 we Thus in Fig. 11 we plot the integrated intensities of ¥e
plot the full width of the Lorentzian fitted to the exciton peak resonancéy” and1y~ againstl ¥ for samplesS3 andS5.
as a function of logpump powey for sampleS3. There is a We use a double, doubley scale in this figure because the
marked broadening of th¥ peak inc™ polarization asn,  zero-field studiegFig. 9 showed that sampl85 has higher
increases, with little or no broadening i . (We are aware optical density than sampk3: thex andy scales forS5 are
that electronic broadening mechanisms could be affected bgach set to 15/16 times ttxeandy scales foiS3, an arbitrary
any laser beam heating, so the data of Fig. 10 may not badjustment that brings the optical densities for the two
absolute, but ther~ data show there is no strong phonon samples into approximate coincidence. One can then see that
broadening. thes™ ando ™ intensity data foiS5 overlap and prolong the

A symmetric Lorentzian broadening implies a lifetime o ando ™ intensity data for sampl&3.
broadening process, different in nature from the exciton- This implies that the relation between the intensities of
electron processes identified in zero field. And ¢éhepolar-  the X andX™ peaks, a$\ varies, is a well-defined law for a
ization of the broadening implies that this process is spirgiven high fieldB and a given set of QW parameters.
dependent. The main feature seen in Fig. 11 is a strong decrease of

Polarization-dependent broadening has also been meé#tensity for the exciton resonance pealbwth polarizations
sured in the low-temperature reflectivity spectra of modulawith increasingn.. The decrease appears to be a little faster
tion doped CdTeRef. 33 and ZnSe(Ref. 3) QW’s, as an in o' than in o, but not much.[Note that one can be
increase of the exciton’s nonradiative damping paramiéter misled by spectra obtained iag values wherd " is nearing

20 T

Exciton width (meV)
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S5 total trion intensity (eV) n=1 X —
3.00'0 055 130 1;5 250 W,
T+ 30 n=0 Nrre e
c = A so0—00-0 o O+

°
—_ %QOD o~ o-
> >
- N
? =T g - 2.0
E) § n,=0
k= 5
» ] FIG. 12. Creation ob* anda ™~ excitons and trions is shown in
=~ o+ very high magnetic field, where the exciton and trion are made
g 104 & mainly of electron-hole pair excitations im=0 conduction- and
b X110 valence-band Landau levels. Background electrons are shown po-
8 3 larized spin up h=+1/2) atv<<1. One expects weakening of the

e O S3 o~ exciton oscillator strength by phase-space filling, but the present

mo 85 work seriously questions thignd therefore the usefulness of draw-

ings like this ong One also expects stealing of" exciton oscil-
0.0 } = = = 0.0 lator strength byo™ trion creation, which is confirmed by the
00 05 1.0 15 20 present work. Cyclotron excitation of a background electron is

S3 total trion intensity (eV) shown for discussion in Sec. V C.

ladder of transitions seen fortype CdMnTe wells withn,
~2x 10" cm™? (rather higher than our owm, values.
Also, screening by 2D holes was invoked as a major influ-
ence on the exciton intensity ip-type CdMnTe quantum

FIG. 11. Integrated optical densities B=8 T, nominal T
=2 K, and various pump powers for peak in CdTe MQW
samplesS3 (circles and S5 (squares in polarizationse™ (filled
symbolg and o~ (open symbols The x,y scales ofS3 and S5

: 12
were adjusted proportionally to bring their data points into approxi-Wells at zero or very small fields3(<1 T). o
mate coincidence. Abscissas ale= integrated optical density of But it seems to us now that this may be assigning screen-

the trion peak in the same sample summed avérando . This  INg too important a role. Screenin@ mean-field concept
abscissa should be directly proportional ig (maximumn, is  does not appear in the recent theory of the optical response
~0.9x 10" cm™2, equivalent tor~0.46). Reference straight line for low ng which, by emphasizing few-particle correlations,
has slope—1 for both samples. gives an excellent explanation of amongst other things the
trion absorptior?. The theory is for zero-field only at present,
zero on its intensity curve and the anisotropy of tesidual  but an 8 T field will tend to reduce if anything the effects of
intensities (3 —1%7)/(15 +1%") becomes very largg. screening, depending an*° Moreover, in two-dimensional
There is no convenient theory of excitonic intensities rel-systems, screening is generally considered to be less impor-
evant to the case of CdTe quantum wells at 8 T. We have atant than phase-space filling.
intermediate field situation, combined with fairly law, see So we next consider, referring to Fig. 12, the possible
Ref. 34 listing relative length scales for magnetic lenigth  effect of phase-space filling, in particular for tee exci-
excitonic radius, and interelectronic distance. High-field apton, which consists of am= + 1/2 photoelectron with am
proximations exist, but high field meahg< excitonic ra- =—3/2 photohole.
dius, or combined electron and hole Landau energgxci- In high magnetic field, the excitations illustrated in Fig.
ton binding energy E,x=16 meV, whereas we have 12 that create the lowest electron-hole pair statendau
3 (hweethwe,) =6 meV only (which is why the exciton’s staten.=n,=0), have a large weight in the exciton’s wave
energy position is quadratic iB still at 8 T in Fig. 5, not  function. So asv increases from zero towards 1, filling the
linear inB). We will reexamine two mechanisms—screeninglowest spin sublevel o= +1/2) of the n=0 conduction
and phase-space filling—that are frequently invoked to exlevel with electrons, one expects the exciton to weaken.
plain the attenuation of QW excitons in the presence of freé¢n very high field, where one would have a nearly pure
electrons. We will then discuss how intensity sharing, dis-—=0 “magnetoexciton,” the intensityy would be propor-
cussed above for the zero-field cgSzc. V A, is modified tional to (1—v) or to 1— neIZB (wherelg is the magnetic
by the magnetic field. length.
We first mention screeniny. Qualitatively, screening of This has been our model for the weakening of pXak
the electron-hole interaction by a searof= +1/2 spin po- ¢ till now.?2-2*But it ignores that 8 T is not a very high
larized electrons could well produce the reduction of inten-ield for CdTe(and that we do not have the correspondingly
sity seen in both polarizations but somewhat stronger for theery highn, that would be needed to approaci 1 at very
ot exciton if Pauli exclusion effects are conside(#ie " high fields; see numbers in Ref.)3At 8 T, the exciton wave
exciton is made with am= —1/2 electron bound to am  function is made from many Landau levels, not just the
= +3/2 hold. We note that Lemére et al>® have postulated =0 levels. Now, for zero field there is a simple formula for
very strong screening to explain the energy positions of thehe effect of space-face filling on the exciton intensity:
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3.5

Ix(Ne) = ———5—14(0) )

o (1+newa§/2) " 30+ \omgﬂsci@::t:i%} 1 \0‘%61;::;@%_
(see, e.g., Ref. 29This gives an upper limit on the strength ©
of phase-space filling @=0, because it assumes the wave & >°]
function does not adjust to the filling. X X

Equation (2) predicts <7% intensity loss atng 20+
=10"cm 2 in a CdTe QW. Furthermore, comparing the
o s 55 0+ ' 55 0-

very high-field formulal Xocl—nelzB with a low n, approxi-
mation to Eq.(2), Iyx1— newaélz, we expect the effect of
phase-space filling to decrease continuously on progressin
from zero field to very high fielat constant g.

Also (neglecting the small electron spin depolarizatjon

Integrated Optical Density (meV)

phase-space filling cannot explain any part of the even faste oor W T o

loss of intensity for the peak associated with the exciton o X e
made with aifm= — 1/2 electron and am= + 3/2 hole, since 00 = | | O.8% . =
the m=—1/2 conduction sublevel remains empty unil 1 10 100 1 10 100

=1 (that is, untiln, reaches 1.9410'* cm 2 at 8 T).

In any case, as mentioned in Sec. V A, the recent theory
for zero-field indicates that, far.a2<1, phase-space filling FIG. 13. Optical density log(1/t) atB=8 T for trion and ex-
affects the exciton intensity very much less than intensityciton resonances and absorption bahébr sampleS5 in o™ (at
sharing, which we now consider. left) and o~ (at righd. In both polarizations, “Total” is humerical

In fact, since the discovery of the trion, our model for the integral between points 1603.0 meV and 1628.1 meV, marked by
carrier-induced weakening of the* exciton resonance in arowsaandc in Fig. 7. “Z” is partial numerical integral frfm
CdTe QW's has always been “intensity stealing” byr shar-  POINtb to pointc in Fig. 7 foro™, and equivalent range far ™.
ing of intensity to the trion resonanc® 24 The idea was X_ls_ln.tensny of Lorent2|a_1n fItFed to the_ exciton resonance, gnd
that excitonic oscillator strength dtwy just gets shifted “ X" is intensity of Gaussian fitted to trion resonance. Abscissa

: . - . should be an approximately linear scale mf (maximum n, is
down in energy a little to become trion oscillator strength a 0.9 10" cm2, equivalent tov~0.46). Least-squares fitéin-
hwy as the 2D space fills with electrons. This has seemegar fits for total integrals, second-order polynomials for partial in-

self—evi.dent if one considers the triofi” as a neutral excitpn_ tegral3 are plotted through data as guides for the eye.
core with a more loosely bound “outer” electron, and it is
now supported by the recent theoretical work. Remarkably, the total integrated intensity then decreases

Polarization-dependent intensity sharing between excitoonly 6% or 7% over the range of, available with sample
and trion has also been invoked to explain spectra obtaine85 (which goes from perhaps »410° up to ~9
at nearly zero field in semimagnetic CgMn,Te quantum X 10 cm™?). This is true in both polarizations; see Fig. 13
wells}2°6 Therefore, we continue to propose intensity steal(left and righj.
ing by the trion as a real and major cause of lossoof Note that the total intensity data in Fig. 13 can shift up or
exciton intensity with increasing, in a magnetic field. down depending on the base line chosen for the integrations

There is nevertheless a small quantitative problem. Théwe subtract an exponential base line, slightly different for
slope of any line that one could draw through the intensitythe o~ spectra anar* spectra, that approximates the under-
data for thes" exciton peak in Fig. 11 is significantly lying absorption tail of the CdZnTe substrateo the abso-
steeper than lcompare with the reference lineSo intensity  lute precision is perhaps only 5% or 10%. But any intensity
sharing with the trion is not everything, evendri. And in  shift from this cause will be the same for all data points in
o~ , where there is no triofneglecting spin depolarizatipn  one graph.
we need a new explanation for the attenuation of peak Note also that, comparing Fig. 13 with the zero-field in-

So is intensity lost by the excitonic resonancerin with  tegrations of Fig. 9, we find only=20% magnetic-field in-
increasingn, transferred elsewhere? We address this quesduced enhancement of the total absorption intensity for
tion in Sec. V C and the answer does indeed appear to bgampleS5. This confirms that we are far from the very high-
yes. field limit wherely becomes linear ifB.

Figure 13 also gives the partial intensities for the three
spectrum componen, X, andZ for each polarization. We
split off the integration range & by choosing(in each po-

Figure 13 giveqat top the total absorption intensity for larization a pointb that appeared to be the energy threshold
sampleS5 at the various pumping powers. The intensity isof Z (see Fig. 7. Splitting betweenX™ and X was more
integrated numerically over a wider spectrum range than justiifficult because the two resonances overlap considerably.
the X andX™ resonances, between the two “static” poirgts  So, as in Fig. 11, we have plotted the intensities of the fitted
and ¢ marked in Fig. 7. This extended range includes thelorentzian peak foX and the fitted Gaussian peak f&r .
broad peak we have labeledin Fig. 7. (Partly because of the base line and fitting uncertainties, the

Pump Power (mW) Pump Power (mW)

C. Magnetoscattering
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X, X~, andZ intensities in Fig. 13 do not add up exactly to progressively to negative energiésy about—2 meV over
the numerically integrated overall spectrum intensity “To- the n, range of samplé&5), and this does not fit well with
tal.”) Eq. (4). Similar numbers have been reported recently by
Figure 13 obviously recalls Fig. 9, which showed nearKochereshkeet al3®
stability of the sum of trion, exciton, and electron-exciton We do not understand these variations, and a detailed de-
scattering states with increasingin zero field and compari- scription of the properties of peakis beyond the scope of
son of Fig. 7(8 T spectraiand Fig. 8(4 T spectrawith Fig.  the present paper. Perhaps collective electron excitation ef-
4 (zero field spectra of the same sambows that peakk  fects(magnetoplasmonsieed consideration at higheg val-
appears in the energy region of the electron-exciton scatteues. In fact, as observed for a variety of CdTe QW's, dur
ing wing of the zero-field case. Also, the-Z splitting of  peak—or rather Z band”—appears to have a substructure,
~10 meV corresponds approximately to the electron cyclodifferent in the two polarizations, and changing wihand
tron energyfw. of 8.9 meV at 8 T. All this suggests that n.,. Moreover there is a series of such absorption bands,
peakZ corresponds to the electron-exciton scattering statesttributed by Yakovlewet al°to promotion of an electron to
but transformed by a magnetic-field induced quantization ot.andau level:=1,2, .. ..
the free-electron momentum. There is an alternative explanation of absorption features
Which is forcing us to abandon finally our early attribu- having the characteristics of baidl in the more traditional
tion of peakZ to a resonance state, an electron spin tripletdescription much used in discussion of modulation-doped
state of X~ with one of the bound electrons on time=1 GaAs QW’s. That is the very high field description, where
Landau leveP? Following a suggestion made by Kheng successive absorption peaks are assigned to the hierarchy of

et al®’, we now assign peak to the combined exciton and optically allowed magnetoexciton levets=0,1,2 . . ., that
cyclotron-scattering process discovered by Yakoweal® s, to electron hole pairs in the.=n,=n conduction and
This process can be written as valence Landau levels. Bard could be assigned to the
=1 magnetoexciton, situated at distance
ho+ey—X+eq, ©) hoc(1+mg/my)—hardly distinguishable from A w(1

+m./My)—above the ground=0 magnetoexciton.

wheree, and e; mean an electron on Landau levels-0 =X , ,
In fact, exactly this interpretation has been given most

and n=1, respectively(the cyclotron excitation 6-1 is 39 e
shown in Fig. 12 As explained in Ref. 10, this is just the '€cently by Fromeet al™ for a tlroad peak, very similar to
magnetically quantized version of the scattering process thdfe CdTe Z,baqd, seel in élhlf z%tz)sorptlon spectrum of
broadens the exciton resonance asymmetrically in zero field>aAs MQW's with ne_=2>< 1 cm < T_h_ey assign this to
There are nevertheless some problems with this assigﬁ-en:l magnetoexciton creation transition, broadened by a
ment. The detailed theol§ given for the exciton-electron Magnetoplasmon effect. o ,
scattering process incorporates the requirement that the exci- VYe do not think Sucfll a qiscrlptlon appropriate for CdTe
ton must recoil to compensate the electron’s momentun®@W's at 8 T andh.= 10" cm™ 2 (see also Ref. 250ur data

change in Eq(3). With respect to the exciton resonance atall favor a “low B, low n.” description. We mean by this that

fiwy, the maximum of absorption should occur at peakZ corresponds to aslexciton (i.e., electron and hole
interacting much more strongly with each other than with the
ho=hoyx+ho(l+ms/My), (4) magnetic field, and that this exciton is almost unaffected by
screening or phase-space filling but is scattered to higher
whereMy=me+m, is the exciton mass. k-vector states. It appears that in these circumstances, the

With me=0.105m, in 10 nm CdTe quantum wells, the exciton’s oscillator strength is essentially preserved, that is,
bare cyclotron energyiw. is 1.11 meV/T. Plausible values merely shifted to higher energy.
for the in-plane hole massy, in our highly strained wells If we accept that band corresponds to exciton-electron
range from a calculated band-mixed mass of Mg%o the  scattering, Fig. 13 provides a fairly complete resolution of
diagonal(no-mixing) mass of 0.181;. With these mass val- the difficulties encountered in Sec. V B.

ues the momentum conservation form@apredicts that the (1) In o, one can see clearly thé resonance sharing
scattering peak should separate from ¥eesonance peak intensity with scattering bang and with the weakdepolar-
with a slope in the range from 1.44 to 1.52 meV/T. ization relategl trion resonance.

In fact, the slope of the energy separatioy—Ey is 1.13 (2) In o™, one can see th¥ resonance sharing intensity

meV/T for sampleS5 when measured at the lowegtvalue  with the X~ resonance, as already discussed in Sec. V B, as
where accurate measurement is possible. This number seeg|l as with a weakZ scattering band.
too low, being essentially the bare cyclotron energy, but it (3) There is only a relatively small overall loss of inten-
corresponds to the value first measured by Yakoeleal.in ity (<10%), in either polarization, just as in zero field.
CdTe QW's(1.14 meV/T), also at quite lown,.*° It seems therefore that there is no fundamental difference
We find that the slope oE,—Ey increases considerably betweenB=8 T and zero field: Intensity lost by the exci-
with increasingn,. It is 1.37 meV/T for sampleS5 at its  tonic resonance is shared out (&tolen by the trion reso-
maximumn, and 1.51 meV/T for sampl&4 in the dark nance and electron-exciton scattering. However, in a mag-
(ne=1.1x10" cm™?). These slope values fit better with Eq. netic field the intensity sharinig circularly polarized And
(4) but, whereas the differendé,— Ey extrapolates accu- this has allowed us to separate the two components of the
rately to zero atB=0 for the lowestn, values, it moves sharing.
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So finally, for explaining the intensity variation of the studied here have shown more clearly than in previous work
excitonic absorption resonance in our samples, intensithow the exciton peak attenuates and broadens and how the
sharing appears to be everything, or almost. With  trion peak grows, both in zero field and under magnetic field.
<1/a3, screening and phase space filling need not be in- Although the attenuation of the excitonic resonance with
voked except perhaps to explain the relatively small losses dficreasingn, looks dramatic, very little oscillator strength is
total oscillator strength. actually lost. A large part of the intensity is just shifted up in

As concerns experiments wheBeis swept at fixedn,, energy to optical transitions that create excitons witin
we would now attribute the emergence and then progressivgero momentupsimultaneous with electron scattering. An-
strengthening of the exciton resonance with increasing fiel@ther large part of the oscillator strength is shifted down in
B to a progressive decrease of the efficiency of the magnesnergy to the trion creation transitions. Less than 10% of the
toscattering progress as the cyclotron eneigy..=eB/m,  excitonic oscillator strength is unaccounted for.
increases. In this view, filling factor plays no special role  These results show that, m¢ of order 16' cm™2 in CdTe
and the emergence of the resolved resonance nedr is  quantum wells, there is hardly any change of the exciton
perhaps accidental. wave function, at least in the traditional sense of effects of

The trion has in a sense simpler magneto-optical propetPhase-space filling and screenfttgAnd, moreover, that the
ties than the exciton at 8 T. The trion resonance, seen esse@xciton wave function is hardly modified by a medium-sized
tially in o™, remains Gaussian in high field at all studied field like 8 T. This lown,, low B description of the excitonic
here, and from Ref. 4 we know that in CdTe QW's at 8 T itseffects is contrary to models frequently used to interpret op-
intensity increases linearly with, up to v=1. Apparently, tical and magneto-optical spectra for other QW systems, but
at least aB~8 T, the trion is rather impervious to possible We believe it is valid here.
scattering or screening effects in this range, because such Further work is needed to unravel more accurately the
effects would be second order in the electron concentratiofifferent contributions of the processes involved in intensity
or simply because the trion’s negative charge repels elegharing/stealing, as well as the possible contributions of
trons. And any phase-space filling cannot affectdtietrion ~ phase-space filling and screening, particularly at higher
for v<<1 (see Fig. 12 where the latter two effects must inevitably become signifi-

It is known that fromv=1 to v=2 (beyond the range of cant.
our Fig. 11, the o" trion peak loses intensity and

disappear§.Referring to Fig. 12, it would seem blatant that ACKNOWLEDGMENTS
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makes us much less certain that phase-space filling can eRrevious optical work orX™ and X, the pronoun “we” as

plain any optical property of CdTe QW’s at concentrationsused in the paper is often meant to include other group mem-
ne~10" cm™2. bers, especially V. Huard, K. Kheng, S. Lovisa, and the late

At thesene, the fieldsB corresponding to=1-2 are not  Yves Merle d’ Aubigne We thank J. Cibert for valuable dis-
high fields and the trion’s wave function involves mixing of cussions during the manuscript writing. Also, R.T.C. wishes
many Landau level® So the extinction of the trion reso- to acknowledge V.P. Kochereshko's tireless efforts to con-
nance at precisely=2 with increasingn, (and its emer- Vvince him he was in error about many things, some of which
gence atv=2 with increasingd) remains a mystery. errors have hopefully been resolved in this paper.

VI. CONCLUSION APPENDIX IDENTIFICATION OF LS AND HS

. . . ELECTRON-ACCEPTOR EMISSION SPECTRA
In fact, it is hard to extract accurately the intensities of the

different spectrum components even for these thick MQW The electrons participating in the two series of electron-
samples. There are various anomalies in our results. For excceptor recombination peaks called HS and LS in Sec. lll
ample, the model of intensity sharing lineamigimplies that must be situated in the quantum wells, as barrier electrons
the intensity of theX resonance should decrease linearly ini-would give peaks at about 40 meV higher energy. But the
tially, whereas the data of Fig. 11 have a definite curvaturdocation of the acceptors is less obvious. Because the
near the originzero of trion intensity for the lower concen- valence-band offset is small, acceptor levels lie at similar
tration sample S3. At highar,, one does of course expect a absolute energies in the wells and in the barriers.
downward curvature, because effects second ordencin To interpret the emission of Fig. 2, we take the quantum
(“quatron” effects) or higher must start up, as demonstratedwell exciton peak(X) as reference of energy. The higher
by the evolution to the FES-like form in zero field. But our series and lower series zero-phonon peaks li¢ a8 and
measurement accuracy was not good enough to study this=37 meV belowX (in zero magnetic field If the acceptor
properly. were in the quantum well, the paramet®rwould be just

To get a really good intensity law fok at 8 T field, we  Eyp—Epx, whereE,, andE,y are the acceptor and exciton
would need to be able to vary, all the way from 0 to about binding energies respectively.
2X 10" cm™? in a single sample. Nevertheless, the samples Thus, with E,x=16 meV for these wells, the acceptor
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CdZnTe CdTe tion of quantum well electrons with nitrogen acceptors situ-
ated within the quantum well. The very high intensity of this
emission in Fig. 2 implies there has been large segregation or
diffusion of nitrogen into the wells.

The origin of the higher series, which is less intense than

. EE1 the lower series, is less obvious. However, identical circular
polarizations observed for the LS and HS emission® at
=8 T show that they both involve heavy hole acceptor

HS LS states. We suggest that the HS emission corresponds to indi-

rect recombination of quantum well electrons with acceptors

A situated in the barriers near the well edge.
In this interpretation, as shown in Fig. 14, the HS-LS
A ' well energy differencAE=9 meV is just the difference between

barr ! _* +=b the absolute energies of well and barrier acceptor levels. It is

Eb ! AE rl.- EH1 made up of the binding-energy difference between quantum
Y v well and barrier acceptors plus the difference between the 2D

A QW and the 3D barrier reference levels:
FIG. 14. Energy-level diagram for recombination of QRd AEZ(E‘QV,‘?\"—Egime’)ﬂL(AEv—AEHl). (A1)

subband electrons with holes on QW acceptor levely, (the o el barrier

lower series L$and on barrier acceptor levets ., (higher series 1N EQ. (A1), binding energie€, ;" andEy, " are measured

HS). with respect to the H1 subband edge in the quantum well and
to the 3D valence band edge in the CdzZnTe barrier, respec-

levels involved in the HS and LS recombinations would havelively; AE, is the valence-band offset anflEy; is the

to have binding energies 44 and 53 meV, respectively. Th€onfinement-induced shift of the QW H1 subband with re-
first number(44 me\) looks wrong, but 53 meV is close to SPect to the ”3D CdTe va'egce band; see Fig. 14.

Epa=55 meV measured for nitrogen acceptors in thick CdTe With EfX’=53 meV, Ej3"“=55 meV, E, =3 meV,
layers*?*31t is also close to a value d,,=52 meV mea- and takingA,=1.3x=17.5 meV for the CdTe/Gd ,Zn,Te
sured for 13 nm wide GgbeZnyosTe quantum wells doped heavy hole valence-band offsét, we expect AE

with nitrogen?* (The anomalouslecreasef Ey, in a quan- =12.5 meV close enough to the measured separation of 9
tum well comes from strong strain effects on a heavy holemeV between the HS and LS peaks to justify our attribution
acceptor levet?) of the HS emission to recombination of QW electrons with

So we attribute the lower energy series LS to recombinaholes on barrier acceptors.
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