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In thi s wor k we employ techni que of optic all y detected cyclotron reso-
nance for evaluation of the role of lo cali zati on pro cesses in C dTe/C dMnT e
and C dMnT e/C dM gT e quantum w ell structures . F rom microw ave- induced

changes of excitonic emission s we evaluate magnitude of potential Ûuctua-
tions ( Stokes shif t ) , correlate optically detected cyclotron resonance results
w ith the results of time- resolved exp eriments and discuss nature of recom-
bination pro cesses in the limit of a strong localizati on .

PACS numb ers: 71.35.J i, 72.25.Rb, 76.70. Hb, 78.55.Et

1. I n t rod uct io n

It wa s demonstra ted by several groups tha t at low tem peratures exci to ns can
be site local ized in quantum well (QW ) structures of I I{ VI and I I I{ V com pounds.
By site local izati on we mean here tra ppi ng of exci to ns (carri ers) by potenti al Ûuc-
tua ti ons present in a QW plane. Then exci tons are local ized in a given region and
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cannot m ove freely in a QW . Such site local izati on signiÙcantl y a˜ects the proper-
ti es of excito ns. Increase in exci to n 's l i feti m e, photolum inescence (PL) l ine bro ad-
ening, weaker exci ton{ phonon coupl ing were related to the localizati on e˜ects, as
di scussed in R ef. [1] for CdT e/ CdMnT e and CdMnT e/ CdMg Te QW structures.
D eÙnitel y, the m ost stri ki ng local izati on-related observati on is e£ cient radi ati ve
recombi nati on in heavi ly defected (hi gh density of di slocati ons) GaN- based QW
structures [2].

In thi s wo rk we employ techni que of opti cal ly detected cycl otro n resonance
(OD CR) for evaluati on of strength of local izati on. Mo di Ùcati ons of PL spectra at
cycl otro n resonance (CR ) condi ti ons in selected low- dim ensional structures and
thi n Ùlm s of I I{ VI and I I I{ V semiconducto rs are Ùrst discussed. Then we relate
S-l ike shape of tem perature dependence of PL l ine wi dth and an anom alous tem -
perature dependence of PL energy to stro ng local izati on e˜ects in QW structures
of CdT e/ CdMnT e and CdMnT e/ CdMg Te. Fi na l ly, we show tha t not onl y excito ns
but also free carri ers can be localized in QW structures showi ng stro ng potenti al
Ûuctua ti ons.

2. E x per i m en t a l

OD CR inv estigati ons were perform ed wi th 10, 36, and 60 GHz microwave
system s, the latter two devel oped by us in the Insti tute of Physi cs, W arsaw, wi th
a m icrowave cavi ty m ounted in a spli t- coi l Spectrom ag 6000 m agnet of the Oxf ord
Instrum ents. We used argon laser (2.41 eV to 3.64 eV exci ta ti on), semiconducto r
laser di ode (1.92 eV excita ti on) or 2nd harm onics of YAG:Nd diode-pum ped solid
state laser (2.34 eV exci ta ti on) for the PL exci ta ti on. OD CR signals were detecte d
vi a relevant PL changes wi th ei ther photo mul ti pli er or CCD cam era. Cha nges
in intensi ty or a shift of the PL spectra l positi on were m easured synchro nousl y
wi th on-o˜ modul ated microwave power. The experim ents were perform ed on
a range of I I{ VI (CdT e/ CdMnT e, CdMnT e/ CdMg Te, ZnCdSe/ ZnSe) and I II{ V
(G aAs/ Al GaAs) QW structures and in thi n Ùlm s, suppl ied by the co-autho rs. PL,
m agneto -PL, and ti m e-resolved inv estigati ons were also perf orm ed using conven-
ti onal setups. The resul ts for the two Ùrst typ es of structures wi l l be discussed in
deta i l .

3 . Pr i nci pl es of t he O D C R m et hod

The m echani sms responsibl e for the opti cal detecti on of cycl otro n resonance
in bul k sampl es are related to carri er heati ng at CR condi ti ons [3, 4]. In the case
of dum ped CR signals carri ers are heated at nonresonant condi ti ons. Then the
m etho d shoul d be referred to as m icrowave-induced free carri er heati ng. In both
cases(resonant or nonresonant condi ti ons) carri er heati ng can inÛuence the rate of
thei r tra ppi ng, the rate of exci to n form ati on, or can lead to di ssociati on of bound
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exci to ns and ioni zati on of shal low im puri ti es. The latter two e˜ects are caused
by impact wi th m icrowave-heated hot carri ers (see Ref. [3] and references given
therei n).

At low tem peratures and for low- dimensional structures wi th rough inter-
faces, intera cti on of hot carri ers (heated by m icrowaves) can resul t in carri er/
exci to n delocal izati on, as is di scussedhere. Then, the CR signal is detected vi a a
shi ft in a spectra l positi on of the relevant PL emission, as shown in Fi g. 1. The
up- in-energy shi ft of the PL is shown for a m ulti ple ZnCdSe/ ZnSe QW structure
wi th 12% Cd fracti on in the QW s. W e show the PL response to the CR condi -
ti ons for two ZnCdSe QW s, 2.2 nm and 4.3 nm wi de. For a narro w QW PL shifts
to wards a higher energy once m icrowave power is appl ied. The m agnitude of thi s
shi ft al lows us to estimate the Stokes shift, as shown in Fi g. 1, equivalent to the
one estim ated by us from the com parison of the PL and PL excita ti on (PL E)
spectra. W e detected a sim i lar response for a hi gh qual i ty terna ry GaAl As al loy,
showi ng a dom inant f ree exci to nic (FE) PL and only weak donor bound exci to n
(D BE) PL. DBE PL is reduced (by about 1%) in intensi ty , wherea s FE PL shows
a very smal l up- in-energy shift, whi ch could not be resolved in the PLE study .

Fig. 1. PL and resp onse of the PL emission to the cyclotron resonance conditi ons,

observed for (a) ZnC dSe/ZnS e M QW structure and for (b) GaA lA s epilayer. D BE PL

emission s are deactiv ated and locali zed excitons are replaced w ith free excitons. T he ob-

served microw ave- induced shif t b etw een localized and FE excitons estimates the Stokes

shif t.
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For the 4.3 nm wi de ZnCdSe QW OD CR pro ved tha t a low tem perature PL
is dom inated by a radiati ve decay of donor bound exci to ns. D BE PL is quenched
and free exci to nic PL is enhanced at CR condi ti ons, as can be seen in Fi g. 1.
W e observed very di ˜erent response to m icro waves in ZnCdSe/ ZnSe structures
showi ng stro nger local izati on e˜ects. DBE PL was enhanced once exci tons were
delocal ized. Appa rentl y D BE form ati on was deacti v ated once exci tons are tra pp ed
in a QW plane.

T o conÙrm the latter concl usion we perform ed OD CR and PLE inv estiga-
ti ons for a series of ZnCdSe/ ZnSe QW structures wi th a di ˜erent strength of
local izati on. Properti es of these structure s were di scussed in Ref. [5 ]. By select-
ing exci ta ti on condi ti ons we could exci te either free (local ized) or D BE PL. At
low temperatures selecti vi ty of the exci ta ti on was 100%, conÙrm ing tha t the l ink
between two excito ni c tra nsiti ons is deacti vated by exci to n localizati on. Thi s l ink
is reta ined at increased tem peratures or by appl yi ng m icrowave power. W i th in-
creasing tem perature the selectivi ty of the PLE decreases fast and is not observed
once exci to ns are therm ally delocal ized.

4. Exci t on s in t he l i m i t o f a st r ong l ocal i zat ion

Once we establ ished possible responses of the QW PL to the appl ied m i-
cro wave power, we used the OD CR to expl ain anom alous PL properti es observed
by us f or a series of CdT e/ CdMnT e structures wi th a varyi ng Mn fracti on (10, 30,
51, and 68%)) in 50 nm wi de CdMnT e barri ers and wi th 2, 4, 6, and 10 nm wi de
CdT e QW s. In thi s wo rk we di scussthe results of the OD CR study for the 10 nm
wi de QW in the CdT e/ CdMnT e structure wi th 68% Mn fracti on. For 10 nm wi de
QW penetra ti on of an exci to n wave functi on to the barri er regions is m inimized.
Thus we could avo id com pl icati ons related to a m agneti c polaron form atio n.

4.1. Or igin of anomal ous temperat ure dependence of QW PL

PL for the 10 nm wi de QW shows several anomalous properti es. PL decay
ti m eis not only signi Ùcantl y longer tha n tha t expected for free excito ns, but is also
energy dependent, i .e., PL decay ti m e changes wi thi n the who le PL l ine wi dth [1].
PL decay ti m e is the shortest at high-energy wi ng of the PL and is the longest at
low- energy wi ng of the PL. In addi ti on, S-l ike tem perature dependence of the PL
l ine wi dth, simi lar to tha t reported for quantum dot system s [6, 7], wa s observed.
PL l ine Ùrst narro ws at increased tem peratures, then i ts wi dth comes back to the
one observed at l iqui d hel ium tem perature. Onl y for tem peratures above 80 K i t
shows a l inear dependence on tem perature, as expected for free exci to ns intera ct-
ing wi th phonons. Ano malous tem perature dependence of the PL energy is also
observed. Energy of the PL Ùrst increases wi th increasing tem perature and onl y
for f urther increased tem peratures starts to fol low temperature- induced changes
of the band gap energy.
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For quantum dots (QD s) S-l ike tem perature dependences of the PL l ine
wi dth and PL energy were expl ained by a tem perature- induced exci to n migrati on
am ong dots of various sizes [6, 7]. By analogy, we tenta ti vely related PL pro perti es
for the system studi ed to a hi gh density of localizati on sites in a QW plane and to
a very slow m igrati on (tunnel ing) of excito ns am ong these sites [8]. Such migrati on
m ust be slow, as compared to excito n decay ti m e. Then exci to ns do not therm al ize
to the sites of the lowest energy (the largest local izati on strength) duri ng thei r
l i feti m e. PL l ine is inhom ogeneousl y bro adened and shows energy dependence of
the l i feti m e. Increase in tem perature can Ùrst help exci to ns to redi stri bute am ong
local izati on sites | at low tem perature m ostly to sites of the lowest energy, and at
increased | am ong al l local izati on sites, includi ng tho se wi th the highest energy
(the weakest local izati on).

T o veri fy thi s m odel , and expl ain why S-l ike dependence of the PL l ine
wi dth is not accom panied by a sim i lar dependence of the PL energy, we appl ied
the OD CR study . W e found tha t redistri buti on of exci to ns can also be pro moted
by appl icati on of m icrowaves at CR condi ti ons, as shown in the inset of Fi g. 2.
Scatteri ng of m icrowave-heated hot carri ers at localized excito ns helps them to
redi stri bute to sites of a lower energy (l ow m icrowave power) or a hi gher energy
(hi gh m icro wave power). Mi cro wave-induced PL shif ts occur wi thi n the PL l ine
wi dth. W e observe thi s in the OD CR study as a derivati ve-l ike response of the
10 nm QW PL to the appl ied m icrowave power. Positi ve signal m eans tha t PL
at a given energy is enhanced. Negati ve signal means tha t PL is deacti vated.

Fig. 2. Photolumine scence and resp onse of the QW PL to the cyclotron resonance con-

ditions (O DC R- PL spectrum), observed for the 2, 4, 6, and 10 nm w ide C dT e QWs in

C dT e/C dMnT e structure w ith 68% Mn fraction in the barriers. ODC R-PL spectra for

low (1 mW) and high (200 mW) microw ave p ower are show n. I n the inset we show in

more detail ODC R- PL spectrum observed for the 10 nm QW.
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Mi cro wave induced PL changes are f airl y small and are of about 1% of a signal
am pl i tude. AC detecti on in phase wi th on-o˜ modul ated m icrowaves was necessary
to measure OD CR-PL spectra .

The m icrowave induced PL shifts are of about 8 m eV (ta ken as a di ˜er-
ence between peaks in the OD CR -PL spectra shown in the inset of the Fi g. 2),
whi ch estimates streng th of potenti a l Ûuctua ti ons present in a QW pl ane. Thi s
value is com parabl e to a Sto kes shift between PL and PLE spectra , measured
for thi s QW . The estimated local izati on energy is relati vel y large. Thus we did
not observe m icrowave-induced delocalizati on of exci to ns but mostl y thei r redis-
tri buti on am ong local izati on sites. Exci to n migratio n am ong local izati on sites is
very smal l , as we conÙrm ed by ti m e-resolved PL and also a small magni tude of
m icrowave-induced PL shif ts. Thi s m ost l ikel y expl ains why we do not observe
S-l ike shi ft of the PL energy.

Fi gure 2 also shows tha t scatteri ng of hot carri ers at exci to ns can help them
to escape f rom narro wer QW s, observed in the OD CR -PL as a weak quenchi ng
of the PL from 2, 4, and 6 nm wi de QW s. For structures wi th large Mn fracti on
in the barri ers the e˜ects were relati vel y smal l. For tho se wi th 10% Mn fracti on
the e˜ect was m uch stro nger. For thi s structure the PLE exp eriments showed a
surpri sing ly e£ cient inter- QW tra nsfer. The process was f ast deacti vated wi th
increasing tem perature and also at increased m agneti c Ùeld. Thus, i t canno t be
expl ained by over the barri er carri er m igrati on. Mechani sm of inter- wel l migrati on
rem ains unkno wn.

4.2. Me chani sm of local ization

Surpri sing ly, the scenario of local izati on of ten rem ains unkno wn. In an ideal
case (sm ooth interf aces, weak local izati on) pho togenerated and inequi l ibri um free
carri ers di ssipate thei r excessenergy by a m ulti phonon emission. Fi rst, a cascade of
LO phonons is emi tted, fol lowed by emission of rest of energy by acousti c phonons.
Then, free exci to ns are form ed or free carri ers are tra pp ed at im puri ty sites. Free
exci to ns decay radi ati vely or som e of them can be bound at local izati on sites.

D eÙnitel y, such scenari o cannot be used for structures showi ng stro ng lo-
cal izati on e˜ects. For these structures therm al izati on of energy by hot carri ers
(exci to ns) is signi Ùcantl y slower. Then, recombi nati on of untherm al ized carri ers
(exci to ns) can be observed. The most stri ki ng consequence was observati on of the
so-cal led hot PL and of much slower PL decay ti m es [1].

The unsolved questi on is if carri ers can be localized in a QW plane before
being tra pped to form exci to ns. W e appl ied the OD CR study to answer thi s ques-
ti on. CR signals were detected vi a the change in intensi ty of the PL of local ized
exci to ns, wi th the PL detecti on set at di ˜erent energies wi thi n the PL l ine wi dth.
The idea of the experim ent is very sim ple. W e showed tha t shift of the PL in the
OD CR-PL spectra can be expl ained by delocal izati on of exci to ns caused by scat-
teri ng of micro wave-heated hot carri ers. If carri ers intera cti ng wi th exci to ns are
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free then identi cal CR signals should be detected vi a QW PL, when detecti on is
set at di ˜erent PL energies. If carri ers intera cti ng wi th local ized exci to ns are also
site local ized, then resonant signals should be observed at di ˜erent Ùelds, reÛecting
carri er localizati on.

The OD CR resul ts shown in Fi g. 3 were ta ken for a sing le 8 nm wi de QW in
CdMnT e/ CdMg Te structure wi th 1% Mn fracti on in the wel l and 20% Mg fracti on
in the barri ers. For the 10 nm QW in the CdT e/ CdMnT e (68% of Mn) structure
electron and heavy hole CR detected vi a QW PL were to o broad and to o weak to
perform a sim i lar study .

Fig. 3. Cyclotron resonance signals of electrons detected at high- energy (signal in the

low est Ùeld), at maximum, and at low-energy w ing (signal in the highest Ùeld) of the

PL emission of lo calized excitons in 8 nm w ide Q W in C dMnT e/C dMgT e (1% of Mn in

the QW, 20% of Mg in the barriers) structure, show ing strong lo calizati on e˜ects.

W e attri bute the observed resonance signal (see Fi g. 3) to CR of electrons.
W hen detected at high-energy wi ng of the PL the calcul ated e˜ecti ve m ass is
0 : 0 9 8 m 0 , whi ch is close to the electron e˜ecti ve mass in CdT e. Ho wever, the CR
signal shi fts to hi gher magneti c Ùelds f or PL detecti on shi fted to lower energies
wi thi n the PL l ine wi dth. Mo reover, the signal signi Ùcantl y broadens.

For a m agneti c QW two e˜ects contri bute to the observed exci ton local izati on
| potenti al Ûuctuati on caused by Ûuctua ti ons of a QW wi dth and also compositi on
Ûuctua ti ons. Mo reover, for local ized exci to ns a m agneti c polaron e˜ect is expected.
W e have shown recentl y tha t scatteri ng of free carri ers at Mn local ized spins can
increase an e˜ecti ve spin tem perature and thus decrease sampl em agneti zati on [9].
Then PL of a m agneti c QW should shift up- in-energy. In our exp erim ent PL is
shi fted down- in-energy at CR condi ti ons, indi cati ng a dominant ro le of exci to n
redi stri buti on am ong local izati on sites, ra ther tha n of m agneti c polaron e˜ects.
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Shi fti ng detecti on energy to a low energy wi ng of the PL, i .e., increasing
contri buti on of stro ngly localized exci to ns to the PL, we observed tha t CR reso-
nance signals also shi ft. Thi s observati on indi cates tha t electrons intera cti ng wi th
local ized excito ns are also localized, i .e., not only excito ns but also carri ers can be
site- local ized in a QW plane.

5. Co n cl usion s

W e demonstra te tha t the OD CR study can yi eld deta i led inf orm atio n on
exci to n pro perti es in low- dimensional structures. Som e anom alous tem perature
dependences of exci to nic PL are related to strong local izati on e˜ects. Using the
OD CR we also show tha t local izati on lim its f orm ati on rate of bound excito ns by
tra ppi ng at donor site of free exci to ns, and tha t not only exci to ns, but also carri ers
can be local ized in a QW plane in structure s showi ng stro ng local izati on e˜ects.
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