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Exciton dynamics in a CdSe/ZnSe multiple quantum well
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We use time-resolved spectroscopy to study exciton relaxation at 10 K in a CdSe/ZnSe multiple quantum
well that exhibits well-thickness fluctuation. Three distinct relaxation processes contribute to the time evolution
of the luminescence. The first is the localization of excitons into local band-gap minima with a time constant
~4 ps, which includes hot-exciton formation and cooling. The second process is the migration of localized
excitons between local minima, which is a tunneling process accompanied by phonon emission; it cannot be
described by a single time constant and strongly depends on energy. The final contribution to the process is the
recombination of localized excitons with a time consta#70 ps.

Exciton dynamics in semiconductor quantum wellslocal minima of lower energy by tunneling accompanied by
(QW's) have been studied intensively in recent years. Inphonon emissiohtt'*or thermally activated processes.
high-quality QW's, which are characterized by homogeneous The dynamics of excitons in wide-band-gap II-VI QW's,
broadening and zero Stokes shift in optical spectra, it is unespecially the localization, is of particular interest since laser
derstood that intrinsic excitons dominate the relaxationemission is due to the recombination of localized exciténs.
processed.* The photoexcited electron-hole pairs emit Previous studies*® did not experimentally measure the lo-
phonons to form hot excitons with large in-plane wave vec-calization time of excitons in 1I-VI QW’s because of the
tor K, . The hot excitons interact among themselves and withimited temporal resolution in these experiments. In this pa-
phonons, and relax t&;~0 excitons which then recombine per, we present a femtosecond photoluminescence measure-
radiatively. In QW's with interface steps, inhomogeneousment of a CdSe/ZnSe multiple QW with monolayer fluctua-
broadening and a Stokes shift characterize the optical spetions. By using the above-mentioned concept of the localized
tra. Excitons in such QW'’s have not only kinetic energy, butexciton to analyze the luminescence evolution across the in-
also potential energy which varies following the in-planehomogeneously broadened peak, we measure successfully
band-gap fluctuation which is in turn controlled by the localthe localization, migration, and decay of the exciton.
well thickness. Apart from the momentum relaxation, exci- The sample used in this study was a 100-period 1-nm
tons may also move in response to the force due to the sp&dSe—5-nm ZnSe multiple quantum well. The cw lumines-
tial variation of the potential energy. An exciton may be lo- cence and absorption spectra of this sample show inhomoge-
calized in a local band-gap minimum within its lifetime’  neous broadening over 100 meV in linewidfall width at
In addition to the above-mentioned relaxation processes fdnalf maximum), which corresponds to &1 ML fluctuation
intrinsic excitons, localization of excitons from hot or in QW thickness. One result of the large inhomogeneous
K,~0 delocalized excitons, and the migration of localizedbroadening is that the thermalizatidrof localized excitons
excitons between local minima complicate the exciton dy-<can be ignored at low temperature. The 4050-A second har-
namics. Previous studi@$ 2 demonstrated clearly the mi- monic of a mode-locked Ti:sapphire laser was used as the
gration of localized excitons. However, there is not a satisexcitation source for time-resolved measurements. The auto-
factory study dealing with both the exciton localization andcorrelation width of the laser pulse is 100 fs, and that of its
the localized exciton migration. Localization of excitons is second harmonic is 300 fs. The excitation densityeeff
different from the localization of the electronic states in apairs in the QW is less thanx@L0'° cm™2. Time-resolved
disordered solid. This is because an exciton is a quasiparticleminescence spectra were measured using the frequency up-
with finite lifetime, and the localization of an exciton is conversion techniqdéand achromatic collection optics. The
therefore determined by whether it is movable within its life-temporal resolution of the whole system-s300 fs deter-
time. A common convention has proved useful for defining amined by the pulse width of the second harmonic. The up-
localized excitorf:%'® a K;~0 exciton is called localized conversion signal was focused intozan monochromator
when its center-of-mass wave function is centered at a poirwith 18-meV spectral resolution determined by the natural
in the QW plane where it has minimum potential energy withwidth of the laser pulse. The final signal was detected by a
respect to its surrounding ar@acal minimumn). It has been cooled photomultiplier tube with a photon counter. Data
showrt® that the distribution of localized exciton states is were accumulated either as spectral scans at fixed time de-
close to a Gaussian distribution in QW'’s with random mono-lays or as time scans at fixed spectral positions.
layer fluctuations, andot an exponential distribution with a The photon energy of the laser excitation, 3.1. eV, is cho-
mobility edge as is that of the localized electronic statessen to be larger than the band gap of the ZnSe confinement
Excitons situated at a local minimum may migrate to othedayer and much larger than ground-state energies of excitons
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. _ . FIG. 2. Time evolution of photoluminescence measured at dif-
FIG. 1. Photoluminescence spectra at 10 K at different timegerent photon energies. Symbols are experimental data. Solid curves

after excitation. The intensities are normalized and base lines argre the least-squares fit using E§). Intensities are normalized and
shifted for clarity. The inset shows the spectra measured at 0.1, 108ase lines are shifted for clarity.

and 500 ps after excitation on a logarithmic intensity scale.

in the QW. This means that photoexcited electron-hole pairéensity changes differently at different energies. For the data
will populate the QW’s according to the distribution of local measured at 2.52 eV, the intensity decreases exponentially.
well widths. In contrast, near-resonant and resonant excita=or other photon energies, as the photon energy decreases
tion may create excitons preferentially in some QW siteshe rapid rise of luminescence turns into a slower rise before
with a particular well thickness, which give extra terms in ait falls off exponentially. The slow rise time increases with
description of the luminescence line shape, and/or cause LQlecreasing photon energy. The decay of the luminescence
phonon-assisted tunneling of excitons within the inhomogeintensity follows a similar rule.
neously broadened photoluminescence band which show ad- Comparing Figs. 1 and 2, we obtain a clearer picture of
ditional sharp peaks in the spectrdt® the exciton relaxation. During the fast rise in luminescence
Figure 1 shows the luminescence spectra at different déntensity—from 0- to~10-ps delay—the spectral shape re-
lays after excitation. The peak intensities are normalized anthins the same form. For longer times, the redistribution of
the base lines are shifted for clarity. For the first 1 to 10 psthe excitons in the inhomogeneously broadened band of
the luminescence spectra have almost the same shape astdtes causes a shift of the emission towards lower energies.
peak position. From 10 to 100 ps, the luminescence peakhe loss of excitons from the high-energy states also leads to
redshifts by about 30 meV, and the shape of the spectrura narrowing of the emission spectrum. These results are very
also changes. The high-energy side of the luminescence peaknilar to those reported by Masumoto, Shionoya, and
decreases faster than the low-energy side, as shown mok@awaguchi for a GaAs multiple quantum wel(MQW)
clearly in the inset of Fig. 1. For delays greater than 100 pssample, though the inhomogeneous broadening in that case is
both the peak position and the width of the spectrum showedver an order of magnitude smaller than that in the present
little further change. The time evolution of the luminescencework.
intensity was measured at 2.30, 2.34, 2.42, 2.48, and 2.52 eV. We now present an exciton relaxation model to describe
Each data set was taken froa20 to 500 ps at 5-ps intervals. the above experimental results. The important relaxation pro-
These decays are shown as symbols in Fig. 2, with base lineesses involved in the exciton dynamics include the follow-
offset and the maximum intensities normalized for clarity.ing: first, photoexcited hot carriers emit phonons to form hot
The rise of the luminescence is also measured at the peakcitons with large in-plane wave vectSiHot excitons may
position 2.42 eV from—5 to 50 ps with 0.5 ps per step. The be formed in QW’s or in the confinement layers. Second, hot
decay curve for 2.42 eV in the figure combines data fromexcitons lose kinetic energy by emitting phonons and even-
both sets of measurements. It can be seen that the two dataally form excitons withK,~0. While excitons lose kinetic
sets join smoothly, confirming the reliability of the experi- energy, they are also driven by the gradient of the potential
ment. The common feature for all photon energies is that thenergy between the QW and confinement layers in searching
luminescence intensity follows a rapid rise in the first fewfor low potential energy sites. As a result, excitons with
picoseconds. Following the rapid rise, the luminescence inK;~0 accumulate in QW's rather than in the confinement
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layers. This argument is justified by the fact that lumines-minima, but also distributions of the depth, the size of local
cence from confinement layers is much weaker than from theninima, and the distance between them. This is itself an
wells in most MQW samples. By the same token, excitonaunsolved problem. In addition, the solution of these equa-
are also driven by the gradient of the in-plane potential entions requires many parameters, some of which have to be
ergy towards band-gap minima during their momentum reassumed. In order to compare our experimental results with
laxation. Eventually, all excitons witk{,~0 should be found the data, we decompog#) into three population rate equa-
at local minima in QW's. This leads to the argumfefitthat  tions, which can be solved analytically. The first equation
luminescence is due to the recombination of localized excidescribes the hot carrier cooling. If the laser pulse is much
tons. Third, excitons may migrate in and out of local minimashorter than the carrier cooling time, hot carriers are created
in searching for lower energy sites by emitting phononsinstantly with the same energy after excitation. If we ignore
Fourth, localized excitons radiate into photons. The timethe thermalization of hot carriers and hot excitons, the relax-
evolution of the luminescence is determined by these relaxation of hot excitons can be treated as a two-level system of
ation processes: because they occur on different time scaldspt exciton and localized exciton. Then,

the luminescence within a certain time range may only be

determined by one or two of these processes. In addition to dn,  ny

the above-mentioned relaxation, electrons and holes may not dat o 2)

form excitons if they are trapped at different local minima

with a large separatiof?’* The dynamics of recombination Whereny is the density of hot excitons. At=0, n,=ng

of “nongeminate" electrons and holes is on a much |Ongerequa.|s the carrier denSity created by photoeXCitation. In the
time sca|e’ beyond the time range of our measurements. ﬂecond equation, we treat the localized excitons above en-

will not be discussed here. ergy E as if they are in a single level,

The above analysis may be quantified by a rate equation.
We will use the hypothesis that the first two processes are d(ny) =F(E)%— <n1)_ (n1) 3)
much faster than the latter two. Moreover, since the time dt T1 v Tmi

resolution of our system is not able to measure and distin- E . _ _

guish exciton formation, cooling, and localization, we will Where (n;)=nofc"*f(E,t)dE is the density of excitons
use asingle time constantr; to describe these processesfrom E to Epqy; F(E)szmaXf(E,O)dE. Because there
taken together. The migration of a localized exciton will be are no localized excitons abo#s,,,, the second term ifil)
described by 17(E;,E;), the migration rate from states of does not appear if8). The last term corresponds to the mi-
energyE; to those ofE,. Finally, the radiative recombina- gration of localized excitons into lower energy states,
tion can be described bysangletime constantr, across the 4, Tm1=fEma>{1/r(g,E,t)]dE. The third equation is a
inhomogeneously broadened luminescence spectrum. In aﬂiodificati%n of(1)

dition, the exciton migration to higher energy is assumed to '

be negligible at low temperature. The rate equation for the dn(E,t) nn o (N 1 1
time-related distribution of localized excitorf{E,t) can q = E,t) —+ ———n(E,1) —+—), (4)
then be written as t 71 Tmi Tr  Tmo

df(E.D) Enax F(e,0) F(E.D) where 1 1, is th(_a migr_ation—in rate fro_mnl_); 1/74is the
=G(E,t)+J de— total decay rate including the recombination rater1plus
dt 7(e,E,1) Tr the migration-out rate Ar,,, from E into lower energies,
E f(E1) while the _recombir_1atic_m rate includes both the radia_tive and
_f — e, (1) nonradiative contributions. Froifl), the second term i¥)
Emin T(E.&,1) is mathematically incorrect. Becau$¢e,t) in the second
E i o term in (1) cannot be taken out of the integral, the
where [">f(E,00dE=1, andf(E,0) is the distribution of g ation-in of excitons cannot be described by a single time
localized state$® The first term on the right-hand side of the constant. Therefore,,; does not relate to any real physical
equation describes the formation of localized excitons by hoprocess. We assume this will not much affect the solution of
carrier or hot-exciton cooling. It is proportional to the distri- (2)—(4) for 7, and 74 if 7, is of a different order of magni-
bution function of localized state E,0). The second and tude. Since the luminescence intendify,(E,t) is propor-
last terms are, respectively, the migration rate into and out ofional ton(E,t) at energyEg, the solution of(4) can be com-
localized exciton states with enery E,., andE,, repre-  pared directly with the experimental data. By assuming
sent the upper and lower energy limits of localized excitons< r,; <7, , we obtain
determined by the largest and smallest local well widths. The
third term describes the recombination. The density of the lum(E t)oc{[exp(—t/ 7, —t/ 7o) —€Xp( —t/ 71) ]
exciton population atand within the energy interv@lE can
then be written as,f(E,t)AE, whereng is the density of

+Clexp —t/ 7, —t/ 7o)

photoexcited carriers at=0. A similar rate equation has —exp(—1/ 7, —t/ Ty ]} (5)
been derived by Takagahdig. (7) in Ref. 6] without con- ' m
sidering the direct generation of localized excit@BéE,t), The above expression has five parameters; four time con-

where 7(E;,E,) was described explicitly in terms of stants describe the exciton localization, migration, and re-
exciton-acoustic phonon interactions. To sold¢ numeri-  combination, respectively; the coefficie@tis a function of
cally one needs to know not only the distribution of local f(E), F(E), 74, and7,;. Because the second term(#) has
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TABLE |. Time constants obtained using E®). The migration-out timer,,, increases rapidly with de-
creasing photon energy as shown in column 4. This is so
Photon  Localization ~ Decay Migration  because at low energy, there are fewer localized states avail-
energy time time Migration-out time able to lower energy and it is therefore more difficult for
(eV) 71 (ps) 7 (P9 time 7o (P9 Ty (P9 excitons to migrate out. Because the total decay rate of the
230 40 466 9262 404 luminescence intensity is the sum of the recombination rate

1/, and the migration-out rate/¥,,, the fast migration-

2.34 4.0 468 3858 766 out rate ¥ 7 at the high-energy part of the luminescence

2.42 4.0 476 2030 43.9  gpectrum leads to a faster apparent decay rate, while the
2.48 4.0 494 939 12.3 low-energy part of the spectrum decays at a rate close to the
2.52 4.2 472 610 20.3 recombination rate. Eventually, the whole luminescence

. —— — . ~spectrum shifts to lower energy and its width narrows. After
®This value is fixed in the fitting. By varying, the least squares fit 1gg ps, the temporal evolution of the band is dominated by
gives 7y, 6.6 ps andr;, 405 ps. the recombination decay.

The slow rise of the luminescence is due to the
been modified, the migration timg,; is not the same as the migration-in of localized excitons. It requires the exact solu-
one in(3). It does not relate to a real process. tion of (1). However, the phenomenological valug,; ex-

In Fig. 2, curves represent the least-squares fit5pfto  plains why the spectral redshift and narrowing were observed
the experimental data. It is no surprise that the agreemeritom 10 to 100 ps after excitation.
between the formula and the data is very good since five The similarity between this result in a CdSe-ZnSe QW
fitting parameters are used. However, the consistency of thand that in GaAs QW's in Ref. 5 suggests a universality of
fitting parameters for different photon energies suggests thahe localized exciton migration. Whether this process is im-
our model is a very reasonable one: the values are listed iRortant in a certain system depends on the relative order of
Table I. In deriving(5), we assumed; <7, <7, . Compar- the time constants. For example, !f the Ioc_ahzgtlon time is
ing the three time constants in Table I, we find such an as™uch larger than both the hot-exciton cooling time and the
sumption justified. Since these time constants are very diff©combination time, there should be no exciton localization.
ferent in magnitude, each of them should dominate the timd N& Stokes shift observed in cw photoluminescence is then
evolution of the luminescence in a certain time range. Thiglue to the thermalization of e_XC't‘?"]‘%-C_)” the other hand,
also confirms that the modification made (#) should not ~ comparing the luminescence rise time in an intrinsic QW and
affect 7, and 7, much. ina Q_W with layer thlckness_ﬂuctuatlon. will reveal how the

The fast rise of the luminescence is determined by thdield induced by the potential fluctuation affects the hot-

exciton localization timer, . It is almost a constant within €Xciton cooling. _

the experimental error for all photon energies, as shown in_ [N summary, we have, measured time-resolved spectra of
column 2, just as our model predicted. The value of about 4£94S€-ZnSe multiple QW’s with 300-fs time resolution which
ps accounts for the hot-exciton formation and hot-excitor!lOWS US to observe clearly the evolution of exciton lumi-
relaxation. It is much faster than the reported hot-excitor{'€SC€nce. Exciton relaxation was modeled by exciton local-
formation and cooling in aintrinsic GaAs QW2 The single ization, localized exciton migration, and recombination. The
localization time implies the possibility of a tunable laser €XCiton localization time is about 4 ps, which is much faster
diode of 1I-VI QW's, provided that laser emission is due to than.the recqmbmatlon time, while the migration time of
the recombination of localized excitons. The recombinatior]oc@/ized excitons depends on energy and could be much
times at different energies are also almost a constant at abol@9er than the recombination time.

470 ps(column 3, which also agrees with the prediction of

our model. This work was supported by EPSRC.

1J. Kusancet al, Phys. Rev. B40, 1685(1989. 13F. Yanget al, Phys. Rev. Lett70, 323 (1993; M. Wilkinson
2T. C. Dameret al, Phys. Rev. B42, 7434 (1990 et al, J. Phys. Condens. Mattdr 8863(1992.

3R. Ecclestoret al, Phys. Rev. B44, 1395(1997). 143, A. Kash, Phys. Rev. Let?1, 1286(1993.

*Ph. Roussignokt al, Phys. Rev. B45, 6965(1992. 15M. Gurioli et al, Phys. Rev. B50, 11 817(1994.

°Y. Masumotoet al, Phys. Rev. B29, 2324(1984. 183, Dinget al, Phys. Rev. Lett69, 1707(1992.

°T. Takagahara, Phys. Rev.®, 6552(1985. G, R. Hayeset al, Phys. Rev. B52, 11 569(1995.

’F. Yanget al, Phys. Rev. Lett71, 1287(1993. 18F Yanget al, Solid State Commur88, 687 (1993.

8Y. Masumotoet al, in Proceedings of the 17th International Con-
ference on the Physics of Semiconductedited by J. D. Chadi
and W. A. Harrison(Freeman, San Francisco, 1984

9H. Wanget al, Phys. Rev. Lett65, 1255(1990.

10k, Fujiwaraet al, Phys. Rev. B43, 13 978(1991)).

H, Kalt et al, Phys. Rev. B45, 4253(1992.

12y, Takahashiet al, Appl. Phys. Lett64, 1845(1994.

19From our experiment we do not know whether the hot carriers
relax to the band bottom and then form excitons or if they form
hot excitons first and then relax to the band bottom, or if both
processes contribute to the hot carrier cooling.

20%. Chenet al, Appl. Phys. Lett60, 2672(1992.

21|, Breneret al,, Phys. Rev. B46, 7927(1992.



