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A bri ef review i s give n of opti cal exp eriments relate d to creation and
recombination of charged excitons . T heir results are analyzed in terms of
a simple three -particle free trion model. I t is show n that the simple model

explain s w ell such results as temp erature variation of lif etime and absorption
intensity or photolumin escence line shap e and a decrease in absorption oscil-
lator strength per carrier with increasin g carrier concentration. T he range of

applica bi li ty of the simple model is examined and found to b e limited by tw o
factors : disorder- indu ced locali zati on and many- body interactions occurring
and high carrier sheet concentrations (of order of 1 0 11 cmÀ 2 ).
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1. I n t rod uct io n

The existence of charged exci to ns in semiconducto rs was predi cted long
ago (1958) by La mpert [1]. Ho wever, the smal l bi ndi ng energy of the addi ti onal
carri er m akes the observati on of these charged exci to ns in bul k materi al very di f-
Ùcul t and possibl e only in extrem ely pure crysta ls [2, 3]. In 2D structures the
bi ndi ng energy is stro ngly enhanced and often charged excito ns dominate the op-
ti cal spectra of semiconducto r quantum wells conta ining 2D -carri er gas. The Ùrst
identi Ùcati on of negati vely charged exci tons (X À ) in quantum wells was done by
Kheng et al . [4]. Thi s observati on was rapidl y fol lowed by experim enta l evidence
for both ki nds of exci to ns in II I { V and I I{ VI 2D system s [5{ 9]. Since then opti cal
pro perti es of such com plexes have been intensi vely studi ed by means of several
spectroscopic techni ques. Af ter the Ùrst contro versy related to pro per identi Ùca-
ti on of the charged exci to ns, several importa nt questi ons related to thei r proper-
ti es were addressed. For exampl e, deta i led studi es were perform ed on the selection
rul es [10, 30], dyna m ics [5, 11, 16], ro le of the carri er gas local izati on [12{ 14],
local izati on of charged excito n in quantum well (QW ) [14{ 16], the stabi l ity of
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the com plex in high magneti c Ùeld [17, 18] and intera cti on between neutra l and
charged exci to n states [19, 20].

W e wi sh to discuss here selected probl ems related to opti cal properti es of
charged excito ns in zero magneti c Ùeld. They wi l l be i l lustra ted by exp erimenta l
resul ts obta ined on m odul ati on doped CdT e-based quantum wel ls. In parti cul ar
we pl an to present a compl ete descripti on of the oscil lato r strength in term s of a
free three- parti cle charged exci ton model. W e wi l l discussthe vari ati on of radi ati ve
l i feti m e of the charged exci to n wi th tem perature and carri er concentra ti on. It wi l l
be demonstra ted tha t the experim enta lly observed l inear increase in l i feti me wi th
tem perature is predi cted for delocal ized tri ons for whi ch the radi ati ve recom bina-
ti on can ta ke pl ace wi th a speciÙc strongly k dependent selection rul e [21, 22]. The
sam e model describes correctl y the change of photo lum inescence (PL) l ine shape
wi th tem perature as well as the variati on of absorpti on and PL spectra wi th carri er
concentra ti on. The val idi ty of the m odel can be l im ited by local izati on phenom ena
and/ or m any- body ẽ ects at high concentra ti ons of the carri er gas. W epl an to es-
ti m ate the im porta nce of tho se phenom ena by studyi ng the range of appl icabi l it y
of the simpl e model.

2 . E x per i m en t a l

For our charged exci to n studi es we selected m odul ati on doped CdT e-based
quantum wells. Such choice is determ ined by a good structura l and spectroscopic
qual i ty of I I{ VI hetero struc ture s as well as m uch larger di ssociati on energies tha n
for equivalent GaAs- based sam ples [5, 6]. The sampl es conta ini ng a sing le 8 nm
wi de Cd 1 À x Mn x Te QW were grown by m olecular beam epi ta xy. Two di ˜erent
designs were used for observati on of positi vely and negati vely charged excito ns
(X + and X À ). In the Ùrst case the barri ers were made of Cd 1 À y À z Mg y Zn z T e,
in whi ch the Mg content (Û = 0 : 2 5 Ë 0 : 2 8 ) determ ined the valence band o˜set,
whi le the presence of Zn (z = 0 : 0 8 Ë 0 : 0 7 ) ensured a good latti ce m atch to the
Cd 0 : 8 8 Zn0 :1 2 T e substra te. The barri ers were doped by ni tro gen at three positi ons:
at the distance 20 nm from the QW on the surface side and, in order to pi n the
Ferm i level by neutra l izing interf ace or surface charges, at 100 nm on each side of
the QW .

Such design of the hetero struct ure makes i t possibl e to tune the hole con-
centra ti on isotherm al ly by varyi ng the intensi ty of i l lum inati on by photo ns wi th
energy greater tha n the band gap of the barri er m ateri al . The photo -holes gen-
erated in thi s way are parti al ly tra pped in the barri ers whi le the photo -electrons
m igrate to the QW and recombi ne wi th the holes conÙned therei n. The tra pp ed
holes tunnel more slowl y to the QW . A competi ti on between these two pro cesses
determ ines the steady- state hole concentra ti on p [23]. The e£ ciency of thi s pro cess
wa s cal ibra ted in the high concentra ti on range by measuri ng the Mo ss{Burstei n
shi ft (the distance between the PL l ine and the energy of the absorpti on edge) and
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wa s di scussed in deta i l in [23]. It wa s possibl e to tune hole concentra ti on in the
range f rom 1 : 3 È 1 0 1 0 cm À 2 to 1 : 6 È 1 0 1 1 cm À 2 :

The sampl es used for X À observati on, were one-side m odul ati on doped
Cd 1 À x Mn x T e/ Cd 0 :7 5 Mg 0 :2 5 T e hetero struc ture s. The rem ote donor layer of iodine
wa s situa ted 10 nm from the QW . Its thi ckness was changed wi thi n the same sam -
pl e in four steps: no doping layer, 2, 5, or 10 m onolayers labeled hereafter spot
A , B , C , and D . Thi s al lowed us to tune the concentra ti on of the electro n gas in
steps by selecti ng one of the four di ˜erent spots on the sampl e. Addi ti onal ly, on
a given spot, the electron concentra ti on can be increased further by i l lum inati ng
the sam ple wi th l ight of energy higher tha n the energy gap of the barri er. The
m echani sm of thi s e˜ect is based on the com peti ti on between the QW and surface
states whi ch can both tra p carri ers and is simi lar to one used in p - typ e sam ples.
The m aximum atta inabl e electron concentra ti on wa s 2 È 1 0 1 1 cm À 2 on spot D :

The exp eriments were carri ed out in hel ium cryo stats wi th sam ples m ounted
stra in- free and im mersed in pum ped liqui d hel ium . The m agneti c Ùeld was gener-
ated by a superconduct ing m agnet. Photo lum inescence was exci ted by Al 2 O 3 :Ti
lasers wi th a power less tha n 2 mW / cm2 in CW experim ents or by a pi cosecond
tunea ble Al 2 O3 :Ti laser wi th a 2 ps pul se wi dth, a repeti ti on rate of 80 MHz,
and an avera ged power density of less tha n 100 mW cm À 2 in ti me-resolved ones.
The signal was col lected thro ugh a spectrom eter by a CCD cam era or a 2D streak
camera wi th 10 ps resoluti on. PL exci ta ti on wa s tuned below the energy gap of
the barri ers, so tha t nei ther carri er concentra ti on nor spin tem perature was per-
turb ed. Al so l ight used in tra nsmission or reÛectivi ty exp eriments was Ùltered by
appro pri ate red Ùlters. An addi ti onal i l lum inati on, servi ng to change the hole or
electron concentra ti on, wa s pro duced by standard halogen lam ps equipped wi th
one blue and several grey Ùlters.

3. O pt ical t r an si t io n s

The opti cal tra nsiti ons related to creati on or annihi lati on of neutra l exci -
to ns were extensi vely studi ed by m any autho rs (see for exampl e [24]). The m ain
qual i ta ti ve di ˜erence between neutra l and charged exci to n tra nsiti ons is related
to di ˜erent ini ti al sta te (i n absorpti on) or Ùnal state (i n emission). For neutra l
exci to n thi s state is the state wi th no band carri ers. Theref ore, the conservati on of
m omentum and smal l wave vecto r of photo n lead to a very smal l range of exci to n
k -vecto rs whi ch are opti cal ly acti ve. In contra ry , the Ùnal state of charged exci -
to n recom binatio n consists of a band carri er. Thus charged excito n wi th k -vecto rs
larger tha n zero can also recom bine radiati vely as i ts m omentum can be tra nsferred
to the remaini ng parti cle. Theref ore, a larger popul ati on of charged exci to ns wi th
hi gher k -vectors is inv olved in the opti cal tra nsi ti ons. However, the probabi l i ty of
tra nsiti on depends on the overl ap between the wa ve functi on of free carri er and
tha t of the charged exci ton. It decreases wi th increasing m omentum of both parti -
cl es.The pro babi l iti es of opti cal tra nsi ti ons were calcul ated Ùrst by StÇebÇe et al . for
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absorpti on [25] and later by Esser et al . [21] for lum inescence. In both cases, the
tra nsiti on pro babi li ti es were based on a m atri x element between ini ti al and Ùnal
states of the sam e m omentum. The calculati ons where done for three- parti cle free
compl exes(tri ons). The tri on wave functi ons ˆ T were obta ined by num eri cal solu-
ti on of three- parti cle Schr�odi nger equati on. The opti cal tra nsi ti on m atri x element
is then given by the fol lowi ng equati on:

M ( k ) =

Z

d£ 1 d£ 2 ˆ T ( £ 1 ; £ 2 ) exp

˚

À ik £ 2

M X

M T

Ç

£ ( £ 1 ) ; (1)

where k denotes to ta l momentum of tri on or carri er, M X and M T = M X + m

m assesof neutra l excito n and tri on and £ 1 , £ 2 rela ti ve positi ons of electrons and
holes in tri on. It wa s shown [21] tha t the dependence of the m atri x element on the
wa ve vecto r can be very well appro xi mated by an exponenti al functi on: j M ( k ) j

2
¿

exp [ À " ( k )= " 1 ], where " ( k ) = ñh
2

k 2 M X =2 mM T : The characteri stic energy " 1 was
obta ined num erical ly and was equal , f or exam ple, 2 m eV and 0.6 m eV for X À and
X + states, respectively, in an 8 nm wi de CdT e quantum wel l . Thi s f orm of matri x
element is very conveni ent to expl a in the results of several opti cal experim ents.
Fi rst of al l , the photo lum inescenceintensi ty can bedescribed by using Ferm i golden
rul e and a certa in therm al di stri buti on of tri on states. In most PL experim ents,
the exci ta ti on is done wi th reasonably smal l power and the popul ati on of tri ons is
smal l enough to justi fy appro xi mati on of i ts Bol tzm ann di stri buti on. Neglecting
bro adening m echanisms, the intensi ty of the PL l ine is thus given by

I T (ñh ! ) ¿ j M ( k ) j
2 exp

˚

À

"

k B T

m

M X

Ç
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in whi ch ˚ is the Hea vi side step functi on. The photo n energy ñh! i s given vi a
" = E T ( k = 0 ) À ñh! = ñh 2 k 2 M X =2 mM T . Equati on (2) shows tha t the shape of PL
l ine is asym metri c and has an exponenti al tai l on the low energy side. The length
E t a i l of thi s ta i l can be extra cted and is given by 1 =E ta il = (1 =k T )( m=M X ) + 1 =" 1 .
The Ùrst term due to Bol tzm ann di stri buti on leads to a l inear increasein E wi th
tem perature and dom inates at low tem peratures. At higher tem peratures, as higher
X T k -sta tes are increa sing ly popul ated, the opti cal m atri x element sets the m axi -
m um decay constant of the spectra l ta i l at " 1 . Thi s is in clear contra st to R ef. [14],
where the low energy ta i l is cl aimed to increase conti nuously wi th temperature. Ex-
perim ental ly such behavi or can be observed in PL m easured as a functi on of tem -
perature [21, 22]. Exa m ple spectra obta ined for X À l ine in CdT e/ Cd 0 :7 5 Mg 0 : 2 5 T e
quantum well are presented in Fi g. 1a. The dashed l ines show predi cted slopes of
the ta il at the highest and lowest temperature for whi ch two indi vi dual components
of Eq. (2) are dom inant. Fi gure 1b shows good agreement of the tem perature vari -
ati on of the PL ta i l wi th the presented model. However, one should note here tha t
a correct descripti on of the who le PL l ine shape must inv olve homogeneous and
inhom ogeneous bro adening. In the presented case the second one was dom inant
and the true l ine shape was described by a convol uti on of a Gausssian l ine wi th
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Fig. 1. (a) C W- photolumin escence spectra of n -dop ed C dT e/C dMgT e quantum well

at di ˜erent temp eratures. T he dashed lines represent exp ected slop es of low energy tails

at tw o selected temp eratures. (b) Fitted values of the decay constant E t a i l of the X
À

exponential spectral tail as a function of temp erature. T he full line show s the calcula ted

values of E tail . T he horizontal dashed line sets the value of " 1 , the other one show s the

Boltzmann contribution of E tail [22].

tha t given by Eq. (2). The X l ine showed also a second ta i l in a lower energy
wi th a signiÙcantl y longer decay constant. Thi s tai l wa s due to localized states
and wi l l be di scussedlater.

The pho tolum inescence radiati ve decay ti me is inversely proporti onal to the
average of the emission pro babi l i ti es of al l populated k -sta tes. It can be obta ined
by integ rati on of Eq. (2). Radi ati ve decay ti me increasesl inearl y wi th tem perature
as the maxi mum recom binati on pro babi l i t y is close to k and the popul ati on
of these states decreaseswi th temperature. In parti cul ar, the analysis can be done
analyti cal ly and it gives

§
M §

M E
k T "

m

M

M

M
E ; (3)

where the last term resul ts from the Ùnite m omentum of photo n (l ight cone ef-
fect) and can be neglected for tem peratures higher tha n a few degrees of Kel vi n.
Param eters E and § are obta ined by num eri cal integ rati on wi th the use of m a-
teri al constants. The experim enta l check of thi s form ula was done by ti me-resolved
m easurements of photo lum inescence. In such exp eriment the radiati ve l i feti m e §

m ight be m easured di rectl y as a decay ti m e of PL signal . However, in order to
determ ine a correct value of the tri on radiati ve l i feti me, i t is necessary to exclude
any role of neutra l exci to n popul ati on. In parti cul ar, for low carri er concentra ti ons
and non resonant exci ta ti on the PL decay ti me is usually determ ined by decay
of large popul ati on of neutra l exci to ns. Such decay ti m e is considerably longer
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tha n §T . There are tw o experim ental soluti ons: Ùrst is based on the use of sampl es
wi th a high carri er concentra ti on for whi ch the f orm atio n ti me of charged exci to n
is short in com parison to § T . In such case the X popul ati on relaxes to charged
exci to n states and does not inÛuence the decay ti m e [27]. The second soluti on
is to exci te resonantl y charged excito n l ine [28]. Addi ti onally i t is necessary to
l im it the tem perature range by the v alue for whi ch therm al dissociati on app ears
(f or 2 meV dissociati on energy and typi cal carri er concentra ti ons i t corresp onds to
about 30 K). The second appro ach wa s used in [22]. The exam ple X À PL tempora l
pro Ùles after pul se resonant exci ta ti on, are shown in Fi g. 2a. The m onoexponen-
ti al decay was observed wi th decay ti me increasing wi th tem perature. Fi gure 2b
shows tha t the calcul ated radi ati ve l i feti m es of X À were in good agreem ent wi th
the measurements. Al l devi ati ons were wi thi n exp erimenta l accuracy. Onl y below
7 K, the X À l i feti m e devi ated from the l inear increase tendi ng to wards a constant
value. Thi s behavi or is typi cal when local izati on inÛuences the l i feti m e.

Fig. 2. (a) T ime- resolved spectra of X
À in n -dop ed C dT e/C dMgT e quantum w ell for

di˜erent temp eratures. (b) Decay time of the X À PL w hen exciting resonantly on X À

as a function of temp erature. T he lines give the predictions of the mo del [22] .

So far we have focused on the opti cal properti es of emission due to charged
exci to n recom binati on. We wi l l now link these properti es to the absorpti on. The
calculati on of the absorpti on pro babi l ity is very sim i lar to Eq. (2). The Bol tzm ann
therm al di stri buti on of X À is repl aced by the therm al di stri buti on of the electron
whi ch is now the ini ti al sta te. For low electro n concentra ti ons, the electro n gas is
non degenerate and i ts therm al di stri buti on fol lows also a Bol tzm ann distri buti on.
It can be easily shown tha t the absorpti on probabi l i ty is obta ined by expl icitl y
repl acing m by M T
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I T (ñh! ) ¿ j M ( k ) j
2 exp
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Thi s impl ies tha t the m ain di ˜erence between absorpti on and emission at
low electron densiti es is due to the di ˜erence in m assesbetween X À or X + and
free carri er. Theref ore, one can com pare di rectl y the tem perature vari ati on of the
l i feti m e, and the absorpti on when the tem perature axi s is rescaled by m=M T .
The resul t obta ined for reÛectivi ty m easurement on X À sam ple is shown as a
ful l l ine in Fi g. 3b. It di splays good agreem ent between the m easured vari atio ns
of the radiati ve l i feti m e and the absorpti on of X À . Thi s can be seen as another
argum ent of the appl icabi l i t y of sim ple idealized m odel of free X À . Here one should
note tha t in pri ncipl e also the absorpti on l ine is predi cted to be asym m etri c, wi th
i ts low energy ta i l increasing wi th temperature. Ho wever, in real isti c cases, thi s
asym m etry is hardl y accessibl e in experim enta l observati ons. For exam ple the " 1

parameter of X À conÙned in QW of 8 nm CdT e is equal to 2 m eV and the mass
rati o is m=M T = 0 : 2 5 . Then the maxi mum length of the ta i l at T = 3 0 K is onl y
0.9 m eV whi ch is smal ler tha n the norm al l ine wi dth at the same tem perature [29].

Fig. 3. (a) N ormalized reÛectivity spectra as a function of temp erature for n -dop ed

C dT e/C dMgT e quantum well. (b) Extracted relative oscillator strength of X
À in arbi-

trary units (p oints) and comparison w ith the rescaled inverse trion lif etime (solid line).

Ano ther test of the above m odel was done [27] by increasing the carri er
concentra ti on. Then the Boltzm ann di stri buti on of carri ers cannot be appl ied. It
has to be replaced by Ferm i{D i rac distri buti on, whi ch leads to the modiÙcati on of
Eq. (4). As a resul t, even at low temperature, the increasing carri er concentra ti on
resul ts in popul ati ng states wi th hi gher k -vecto r. Theref ore the probabi l i ty of
opti cal tra nsiti on per carri er is reduced. Such experim ent was done in tra nsmission,
for X + [27]. The appro pri ate spectra and absorpti on oscillato r streng th per hole
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Fig. 4. (a) T ransmission spectra for di˜erent hole gas concentrations as controlled

by additiona l blue light illu min atio n. (b) Integrated intensity of X
+ transmissi on line

p er hole versus hole concentration A ( p ) (squares) compared to the oscillato r strength

extracted from inverse trion lif etime (circles) [27]. T he temp erature w as 1.3 K . The lines

represent prediction s of the model describ ed in the text.

A ( p ) are presented in Fi g. 4a and Fi g. 4b (sol id circl es). The sol id l ine in Fi g. 4b
wa s obta ined num erical ly assuming Ferm i{ D ira c di stri buti on at T = 2 K for the
independentl y calculated param eter " 1 = 0 : 6 meV. It shows excellent agreement
wi th the experim enta l data . It is interesti ng to point out tha t oscil lator streng th per
carri er obta ined from tra nsmission m easurem ent can be com pared to radi ati ve PL
l i feti m e. The quanti ta ti ve com pari son of both ki nds of data (PL and absorpti on)
can be done using an ato mic-l ike form ula [24, 30], whi ch has been successful ly
appl ied for exci to ns bound to im puri ties. Such an appro ach leads to the fol lowi ng
relati on between l i feti m e and absorpti on:

ñh

§
=

n 2 ! 2

3 ¤ 2 c 2
A ( p ); (5)

where n i s the refracti ve index, c | the veloci ty of l ight, and ! | the frequency. The
exp ected oscil lato r streng th A ( p ) extra cted from PL l i feti m e measurements [27]
and ta ki ng into account the e˜ect of the cap layer [23, 31] is shown by sol id circl es
in Fi g. 4b. One noti ces good agreement between both experim ents for vanishi ng
hole density , whi le for the hi gher ones the di ˜erence increasesand reaches a factor
of two for 6 È 1 0 1 0 cm À 2 . Thi s di ˜erence is relati vel y obvi ous since in the PL
exp eriment, in contra ry to absorpti on, always very few ini ti al sta tes are popul ated.
Theref ore, the charged exci to ns, for al l ho le concentra ti ons, m ight therm al ize to
states of k -vecto r close to zero.

Sum mari zing, a decrease in tri on oscillato r strength is always observed when
ini ti al sta tes of higher k -vecto r are popul ated. It m ight be caused by an increase
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in temperature or by Paul i exclusion rul e when increasing carri er concentra ti on.
The same e˜ect is observed in absorpti on and in emission experim ents. Thi s is
in contra st to the behavi or of neutra l exci to n for whi ch the radi ati ve decay ti m e
increases wi th tem perature but the absorpti on oscillato r streng th remains almost
constant.

4. L i m i t s of f r ee t r ion ap pr oach

In the above discussion, i t was assumed tha t charged exci tons are delocal ized
three- parti cle compl exes. There are two m ost obvi ous l imits of such appro ach. The
Ùrst one is consti tuted by m any- body intera cti ons in dense carri er systems. At high
concentra ti ons we m ust see the charged exci to n rather as a col lective state of the
carri er sea induced by the presence of a carri er of opp osite sign. Thi s e˜ect can
be seen in Fi g. 4, where spectra wi th clearl y disti nguishable X and X + l ines are
vi sibl e onl y up to about 6 È 1 0 1 0 cm À 2 . Theref ore, we l imi t the range of the hole
concentra ti ons in Fi g. 4b to about tha t value. In the fo llowing discussion we woul d
l ike to focus on a second l im ita ti on of the sim ple model, i .e., a local izati on in any
ki nd of disorder. There are two l imi ts of the localizati on. If the local izati on length
is smal l , the wa ve functi on of charged exci to n is signiÙcantl y perturb ed. In tha t
case, the model of free tri on di scussed before, cannot be appl ied. It is necessary
to perform three- parti cle calculati ons wi th a deÙned conÙni ng potenti al . If the
conÙning potenti al is Co ulomb one, the pro blem reassembl es rather the pro blem
of D 0 X or A 0 X com pl exes. Other l imit, is the local izati on in shal low, long-range
Ûuctua ti ons of potenti al . Then the local izati on range is long in compari son to the
charged exci to n size and charged exci to n m ight be trea ted as a quasiparti cl e of a

Fig. 5. Low excitation C W- photolumin escence spectra of n -dop ed C dT e/C dMgT e

quantum w ell w ith a very low electron concentration at di˜erent temp eratures.
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given center of m assm oti on. The wa ve functi on of such local ized state, is composed
of tri on three- parti cle wa ve f uncti ons ofdi ˜erent k -vecto rs. As local izati on length
is smal ler, the higher k -vecto rs are m ore im porta nt. In order to describe opti cal
tra nsiti on, i t is possible to employ a simi lar appro ach as for therm al di stri buti on of
free tri on states. It leads to a form ula equivalent to Eq. (2). Theref ore, the charged
exci to n local izati on resul ts in asym metry of PL l ine wi th a low energy ta i l even at
lowest tem peratures. The PL spectra showi ng such ta i ls were observed for several
sam ples conta ining X À . Exa mpl e spectra are presented in Fi g. 5. The length of
low energy ta i ls is l im ited by the value of the " 1 parameter, the same way as i t
wa s l imi ted for tem perature dependence of PL l ine shape of free tri on origin. Thi s
expl ains why the ta i ls of local ized states do not change to o m uch wi th tem perature
in Fi g. 5.

The increasing contri buti on of higher k -vecto r com ponents, leads to a de-
crease in opti cal tra nsi ti on pro babi li ty and an increase in PL- decay ti m e. Thi s
expl ains the devi ati on from the l inear increase, of X À l i feti m e, below 7 K (Fi g. 2b).

5 . Co n cl usion s

Selected probl ems related to opti cal properti es of charged exci to ns were di s-
cussed. A com plete model is presented of delocal ized charged exci to n for whi ch
the radi ati ve tra nsiti on can ta ke place wi th a speciÙc strongly k dependent selec-
ti on rul e. Thi s model describes correctl y the vari ati on of radiati ve l i feti m e of the
charged exci ton wi th tem perature as well as the asym metri c PL l ine shape and i ts
vari ati on wi th tem perature. The same m odel describes preci sely the change of the
absorpti on wi th tem perature and carri er concentra ti on. The m odel based on sim i-
lar assumpti ons, can be also empl oyed in descripti on of the shal low localizati on of
charged exci ton center of mass. The presented analysis indi cates the appl icati on
l im its of the model, caused by local izati on and/ or m any- body intera cti ons.
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