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Trion and exciton dephasing measurements in modulation-doped quantum wells:
A probe for trion and carrier localization
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To investigate the properties of a two-dimensional carrier gas at intermediate densities, we perform pico-
second transient four-wave mixing experiments on tri@hs&irged excitonsand neutral excitons in modulation
p-doped CdTe/Cd ,_,Mg,Zn,Te quantum wells. The determination of trion and exciton dephasing rates
reveals a localization of both trions and holes in potential fluctuations induced by the ionized remote acceptors.
We demonstrate that trions can be efficiently used as a charged optical probe sensitetrtstatiqpotential
fluctuations which are imperceptible for neutral excitdig0163-18209)15731-X]

Modifications of optical spectra due to the introduction of pared to free ones. Second, this scattering plays an important
carriers into a semiconductor quantum wegllW) recently  role in the dephasing of the quasiparticles. Consequently, the
have been of considerable interest, in particular as they praletermination of exciton and trion dephasing rates under dif-
vide information on the electronic properties in the vicinity ferent conditions(exciton, trion and carrier densities, tem-
of the metal-insulator transition, and on the role of disofder. perature allows us to test the possible localization of exci-
It has been known for a long time that excitons characterizéons, trions, and carriers. To show this, we apply FWM to
the optical spectra of undoped semiconductors while banddigh-quality p-type CdTe/Cd_, ,Mg,Zn,Te multiple
to-band transitions are observed on strongly doped sampleBIDQW'’s, in which positive trions have been identified by
It has been recognized more recently that spectra of modermagneto-optical spectroscop¥.Thereby, we perform the
ately doped QW'’s feature also charged excitons, either posfirst, to the best of our knowledge, direct measurements of
tively or negatively according to the type of doping—the dephasing dynamics of trions. The results obtained in this
so-called trions™> Extensive investigations have been re-way for the considered sample directly point to a localization
ported on the binding energy of trioAs> on their polariza-  of both trions and charge@n our case: holéswhereas the
tion in a magnetic field;® and on their behavior in an electric neutral excitons are found to be delocalized. Thus, through a
field® and at different carrier densitiés:*”Up to now, how-  study of their dephasing dynamics, trions and excitons are
ever, only very few papers have been devoted to the dynanused as an optical probe of disorder. In particular, unlike
ics of trions, including transport and relaxatibr. neutral excitons, charged excitons experience electrostatic

Actually, there has been some controversy in the literaturgotential fluctuations, as those induced by the remote dop-
about the possible localization of trions in modulation dopedants.

QW's (MDQW), in which carrier gases are formed in the  The sample we chose contains 5 CdTe QW’s of 8-nm
QW'’s by introducing doping layers in the barriers. It was thickness enclosed between {ggMgg »ZNg ggT€ barriers. It
argued that free carriers would screen the Coulomb interasvas grown by molecular-beam epitaxy on agGéng oTe

tion thus forbidding the formation of excitons and tridrfs. substrate which is transparent at the QW optical gap. At a
Hence the charge carriers should be localized by electrostatidistance of 50 nm on both sides of each QW the barriers are
potential fluctuations caused by the ionized remote donordoped with 2 10'* c¢m™2 nitrogen acceptor¥. The holes

or acceptors. Recent near-field photoluminescencéunnel from the acceptors into the QW(mset of Fig. 2
experiment¥ directly evidence the localization of trions in creating a two-dimensiona(2D) hole density of about
n-doped GaAs QW's and conclude indirectly to the localiza-10'* cm™2 per QW.C-V measurements confirm these dop-
tion of the carriers themselves. Other autfdtshave re- ing characteristics**For our FWM experiments, we used a
ported the observation of free trions in high-quality sample with a hole density, in the QW’s such that the
MDQW'’s with relatively thick spacer layers, which de- resonances of the heavy-hole éxciton(X) and the positive
creases the fluctuation depth. trion (X™) have comparable transition probabilities. The low

In this paper we demonstrate that the study of the cohertemperature(5 K) absorption spectra in Fig. 1 presents a
ence properties of trions and excitons by degenerate foudoublet structure with th¥ peak at 1628 meV and thé" at
wave mixing(FWM) is a very efficient method to investigate 2.7 meV below. This splitting represents the binding energy
a possible localization of both trions and carriers in aof the trion in such CdTe QW's. The high optical quality of
MDQW. The idea is as follows: First, localized quasiparti- the sample is demonstrated by the rather small linewidths
cles have a strongly reduced scattering efficiency as comd.4 meV forX and 1.6 meV forX*).
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FIG. 1. Absorption spectrat® K showing theX andX* peaks g
for two different hole densities, i.e., withousolid line: ny, = 10"
~10" cm ?) and with(dashed linen;,~10* cm™?) excitation of =
the sample by a cw He-Ne laser. Inset: Band structure of the QW's &
showing the hole transfer from the acceptors N to the Qfdid kS
arrowg and the effect of the cw HeNe laser excitatiGaashed S 102 b/
arrows, see text = E
TR

Our transient FWM experiments are performed in the
usual two-beam self-diffraction configuratiéhThe FWM delay time (ps)
signal is measured as a function of the delay time between
the two exciting pulses and detected by a photomultiplier and FIG. 2. FWM signals for a spectrally narrow picosecond exci-
a lock-in amplifier. The laser pulses emitted by a tunableation centered on the excitéa) and trion(b) resonances measured
self-mode-locked Ti:Sapphire laser have a duration of 1.7 pat different densitiesx andny- (as indicated in 18 cm?). The
and a spectral widtffull width at half maximum(FWHM)] autocorrelation(AC) of the picosecond pulses is also depicted in
of 0.7 meV, narrow enough to excite selectively t%é or (a). The solid lines correspond to the numerically calculated re-
the X resonance and to prevent the excitation of continuun$Ponse of an inhomogeneously broadened two-level system.

states. Unless explicitly mentioned, the sample is kept in a . _
helium bath cryostat at 5 K. with the parametergyy and Bx+x+ describing the exciton-

Figures 2a) and 2b) display the FWM signal as a func- gxciton an.d. trion-trion scattering, respectively. The quasipar-
tion of the delay time with the laser centered on thand  ficle densitiesny and ny. created by the two subsequent
X* resonances, respectively, for different excitation intensi/aSer pulses are estimated from the measured spot size and
ties. At equivalentX* and X densities we observe that the the absorption coefficients of the two resonances.
exciton dephases much faster than the tfbAssuming the
trions to move freely in the QW'’s, their charge would force 0.4 L
them to strongly scatter with each other and with the like- T
wise charged holes. This scattering would be by far more - ST
efficient than the exciton-excitonX¢X) or exciton-hole < D/,El -
(X-h) interaction. Consequently, free trions should dephase2 X , - TR e Rl I
much faster than excitons at equivalent densities. The fac— s ﬂ’ | Xt
that we observe the contrary suggests that Xiie FWM
signal originates from localized trions.

As both resonances are inhomogeneously broadened, th
dephasing rates are obtained from the decay timgdy I'
=#/(2Tp).** Since the exciton decay times at high densities
are comparable to the pulse duration we determineXhe
dephasing rates by fitting the results of a numerical integra-
tion of the usual optical Bloch equatidiigo the experimen- 0.0 L L L L
tal transientgsolid curves in Fig. @)]. 0 1 2 3 4 5

The dephasing ratdd, andI'y+ at 5 K are plotted in Fig. exciton or trion density (10" cm™®)

3 as a function of the exciton and the trion densitigsand

ny+, respectively. In both cases we find a linear increase of FIG. 3. Dephasing rates for excitokspen squargsand trions

' with increasing densities, fitted by (filled squaresat 5 K as afunction of theX andX™ densities. The
inset shows the variation of the dephasing rates for excitons and
trions as a function of the hole density in the QW’s. In this latter
measurement the constant picosecond excitation intensity creates
for maximumn,, an X density of 0.6<10° cm™2 and anX* density
Iy+(ny+)=Ty+(Ny+=0)+ By+x+Ny+, (2 of 4.4x10'° cm™2,
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I'x(ny) =Tx(nx=0)+ Bxxnx, (1)
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03 LALLM L E, is the activation energy andl measures the strength of
. [~ /' —'D‘T

) . this contribution toX™ dephasing. Similar behaviors have
-/ D | been observed for the temperature-dependent dephasing of
T bound and localized excitoR$?! The fit depicted as a
0.2k X |:|. i dashed curve in Fig. 4 yieldE,=(1.5+0.2) meV andA
EE‘DEIEE"., =(0.8=0.2) meV. SincekE, is only about one-half of the

X* binding energyEg=2.7 meV, the observed activation
process cannot consist in the dissociation of a trion leaving a
. localized hole and a free exciton. On the contrary, the ab-

0.1
f X+ sorption of thermal energy from the lattice leads to a delo-
PRI N T T T T

dephasing rate T (meV)

calization of a trion as a whold, thus corresponds to the
Ly localization energy of the trions and constitutes a good esti-

5 10 15 20 5 mation of the depth of the electrostatic potential fluctuations.
As E, is only slightly smaller than thX™ linewidth we can
exclude the existence of a mobility edge within the inhomo-
geneously broadened™ line?® above which the trions are
delocalized.

By extrapolation, we determine the low-density low-

_ I .
We obtainByy=(1.2+0.2)x 10~ meV cnf. Using the temperature limit of theX and X™ dephasing rates. They

exciton binding energEs=20 meV (Ref. 16 and a Bohr include the residual contributions to the dephasing due to

: : ; . ring with holes, interf roughn impuriti nd al-
radiusag=6 nm we define, as usual, a dimensionless param§Catte g with holes, interface roughness, impurities, and a

_ 2- \_ . . . loy fluctuations in the barriers. We obtaifiy (ny=0,
eter yxx 'BXX/(iBEB) 1.7. This value is only slightly T=0)=(0.06+0.02) meV in good agreement with the values
smaller thanyyxx=2.5 observed for the scattering of free

! . . obtained for the undoped CdTe/Zah, ,Te QW’s of Ref.
excitons in an undoped 6-nm-thick CdTe/Zd,_,Te ) X :
QW.Y" Moreover, values reported for CdTe/®th,_,Te 17 and with those reported for GaAs/ia, As QW's

- : . . .y X'~ (Ref. 22 free of any carrier gas. Moreover, ollg are much
Sr\évjﬁ;nggggho?ﬁgggisu?éz zlrjnb;ﬁgtr ttcr)]ae;fl(;:;tllg\c/:\?gziit_lon, smaller than dephasing rates found on excitons immersed in

: . . free 2D carrier gases of comparable den&it§! Conse-
];et:{etrharfatr?g eaceitothrisé)rllntr(i)g; Siirt];?;it?orﬁ dpealltr);rilgtgg On th uently, the dephasing induced by collisions between exci-
’ - +x+ .
— (0.9+0.3)x10-12 meVen? is one order of magnitude tons and holes cannot be predominant compared to the

ler th Thi in di th i fexciton-exciton or exciton-phonon scatterfiigThis indi-
smaller thanBxy . This again disproves the conception of oo 4t the holes themselves are localized. The trions can
free trions strongly interacting through Coulomb forces an

. s . hus be considered as excitons bound to localized holes. For
confirms the localization of trions. . the trions we find [y+ (ny:=0, T=0)=(0.03+0.02)
In order to investigate the interaction of excitons and tri- eV, As expected, it is smaller than the exciton value since
fife scattering of localized trions by holes, phonons, impuri-
ties, interface roughness, and alloy fluctuations is less effi-
cient than that of free excitons.
To get further insight into the contribution of the hole gas
the scattering of excitons and trions we determine their
%ephasing rates for different hole densitigs To reducen,
we photocreate electron-hole pairs in the doped barriers by
exciting the sample above the optical gap of the barriers with
a cw He-Ne laser. The electrons are attracted into the QW'’s
where they recombine with the hole gas. Finally, the system
% found in a steady state with decreasgdresulting in an
enhanced oscillator strength and a weaken¥d transition
_ (Fig. 1). We roughly estimate the reduceg by assuming
I, D =Tx(M0)+ BaxT ©®  that thex* oscillator strength per hole is approximately con-
to the experimental data we find the acoustic-phonon scattestant and thus thaty, is proportional to the integrated ™
ing parameterBay=(5.7=0.4) ueV/K and the low tem- absorption coefficiert®
perature limit of the dephasing rat&(ny,0)=(0.15 Honold et al*® state that the dephasing of excitons by
+0.01) meV. OurB,x is in very good agreement with the collisions with free electron-hole pairs is 10 times more ef-
value of 5 ueV/K found in undoped CdTe/GMg,_,Te ficient than the dephasing due %-X scattering. Koch
multiple QW’s (Ref. 20 and close to values obtained in et al** found that the scattering of excitons by a gas of free
GaAs/AlLGa _,As QW’s of comparable width& electrons is two times stronger than by other excitons. In
In contrast to the exciton case, the temperature depergontrast, we observe thhg andI'x+ only decrease by about
dence of theX™ dephasing rate is nonlinear and presents thé.04 meV whenn,, is reduced by one order of magnitude
characteristic shape of a thermal activation law (inset of Fig. 3. Comparing this result to the main part of
Fig. 3 we infer that in our case the scattering of excitons and
Iy+(ny+,T)=Tx+(ng+,00+Aexp —EalkgT). (4 trions with holes is by far less efficient thag X scattering.

0.0

temperature (K)

FIG. 4. Dephasing rates for excitofspen squargsand trions
(filled squaresas a function of temperature.

of the X and X" dephasing rateFig. 4). In these measure-
ments constant laser intensities photocreéamdX™ densi-
ties ofny=7x10° cm 2 andny+=2x10°> cm 2. In con-
trast to the exciton, the trion excitation lies in the Iow-densityto
limit so that the dephasing rates contain no contribution du
to X*— X" scattering. As expected for free excitons at low
temperature, theX dephasing rate depends linearly on the
lattice temperatur@. This is typical for the scattering of free
excitons by acoustic phonohsin the considered tempera-
ture range we can neglect the dephasing contribution due
longitudinal-optical phonons. Fitting the relation



PRB 60 BRIEF REPORTS 4477

This represents a direct confirmation of the localization oftons in undoped QW’s and smaller than rates measured for
the holes themselves. It is worthwhile to note that in thisexcitons in free carrier gases. The dephasing of the charged
measurement at constant picosecond excitation intensity theions, which should suffer an even stronger scattering by
variation ofI'y andI'x- is not only caused by the reduction free holes, is slower than that of uncharged excitons. In ad-
of the hole density but also by an increasengfand a de-  dition, bothX and X" dephasing rates are only slightly af-
crease ofy+ due to the change of the absorption spectrumsfected by changes of the hole density.

This contribution, however, is small compared to the total Consequently, while the excitons are delocalized, the tri-
variation ofI'y andI'y+ and thus does not alter our interpre- gns must be considered as excitons bound to localized holes.

tation. _ _ Confirmation of these hypothesis is provided by experiments
In summary, by a FWM study of the dephasing of trions yetormed for different photocreatéd” andX densities and
and excitons in a modulation p-doped

for different temperatures. We obtakX and X acoustic-
phonon collision rates in good agreement with measurements
o L for free excitons in similar undoped QW structures. The
localization of the charged quasipartickexcess holes and X*-X" collision rate is one order of magnitude smaller than

gbocr:as()j Il:? ttf;]ee Egjr?it;:é'c;gf‘ng{etgicgletzt:ssfﬁt'tchigoée;r:férm\;vghe X-X one, showing that trion localization prevents effi-
y ptors. ' gientX"-X" scattering. The temperature dependence of the

have demonstrated that trions can be used as a charged qps dephasing rate shows a thermal detrapping of localized

tical probe for electrostatic disorder. trions with an activation enerav of 1.5 meV
The hole localization is deduced from the low- 9y ' '

temperatureX andX™ dephasing rates. Despite the presence We thank Y. Merle d’Aubigneand R. Cox for fruitful
of a hole concentration of up to ¥0cm 2, we observeX  discussions. J. K. thanks the French government, MENRT,
dephasing rates comparable to values reported for free exder financial support.

CdTe/Cd - yMg,Zn,Te QW sample, we have evidenced
that this method is a very powerful tool to investigate the
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