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Trion, biexciton, and exciton dynamics in single self-assembled CdSe quantum dots

B. Patton, W. Langbein, and U. Woggon*
Experimentelle Physik IIb, Universita¨t Dortmund, Otto-Hahn-Str. 4, 44221 Dortmund, Germany

~Received 7 February 2003; published 18 September 2003!

We present an analysis of time- and polarization-resolved data taken in microphotoluminescence experi-
ments on individual CdSe/ZnSe quantum dots grown by molecular beam epitaxy. The identification of indi-
vidual dots was performed by a spectral jitter correlation technique and by their polarization properties and
density dependences. Decay times are given for exciton, trion, and biexciton states and evidence is shown for
a spin-relaxation-limited energy relaxation of the trion. For the bright-exciton state the temperature dependence
of the decay time is studied and a repopulation from the dark-exciton state is observed. Trion binding energies
of 15–22 meV and biexciton binding energies of 19–26 meV are found.

DOI: 10.1103/PhysRevB.68.125316 PACS number~s!: 78.67.Hc, 78.55.Et, 78.66.Hf
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I. INTRODUCTION

The original interest in self-assembled wide-gap semic
ductor nanostructures was driven by their potential appl
tions in light-emitting or lasing devices for the green, blu
or ultraviolet spectral ranges.1–4 Nowadays, a further pecu
liarity attracts attention to wide-gap materials: Coulomb c
relation energies have been observed in quantum dots w
are up to 10 times higher than those in III-V semiconduc
materials.5–9 It makes, e.g., II-VI semiconductor quantu
dots interesting candidates in the study of few-particle sta
such as trions, biexcitons, or charged biexcitons, yield
binding energies, lifetimes, and fine structure of the
electron-hole complexes with both integer and half-inte
total spin states.

Much of the initial work on the optical properties of sel
assembled II-VI quantum dots has focused on ensemble
dots.10–14The spectroscopy of such groups exhibits an in
mogeneous broadening of spectral features due to varian
the geometry and composition of different dots within t
same sample. More recent times have seen the publicatio
data on single CdSe/ZnSe quantum dots.6–8,15–20An advan-
tage of performing measurements on individual dots is t
the homogeneous broadening for different transitions in
dots should be accessible. However, when single-dot s
troscopy was initially attempted it was found that the spec
position of optical transitions in the dot varied with tim
This spectral jitter reflects the effect of fluctuating elect
static fields on the energy levels within the dot.21–25 The
mechanism which generates the fields is the trapping
charge carriers in the vicinity of individual dots leading to
local electric field and a resulting Stark shift in the positi
of spectral features corresponding to that dot. The magnit
and dynamics of the shift due to this quantum confined S
effect differ between different dots, since they are located
different positions. By correlating the dynamic shift in th
spectral position of several emission peaks one is there
able to identify emission peaks from transitions within t
same dot.

In this paper we present measurements on self-assem
CdSe quantum dots whence we perform a correlation an
sis on the spectral jitter which allows us to group spec
transitions from individual dots. With this information we a
0163-1829/2003/68~12!/125316~9!/$20.00 68 1253
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able to label individual spectral features according to
quasiparticles which generate them. In doing so we h
focused on properties of excitons with an additional cha
~trions!, a quasiparticle in which a single electron~hole! in-
teracts with a spin-singlet state of two holes~electrons!, re-
spectively.

The trion is an interesting elementary excitation beca
its radiative decay can be used to monitor properties
single electrons or holes which are usually optically inacc
sible. It is expected that the number of charge carriers wit
a quantum dot will affect both the lifetime of the state and
other spectroscopic properties such as exchange splitting
binding energy. The existence of trions was first repor
almost ten years ago26–28and predominantly studied in quan
tum well structures~see, e.g., Ref. 29–31 and referenc
therein!. Only recently were trion states studied in se
assembled quantum dots using magnetophotoluminesc
and microphotoluminescence (mPL) experiments.32–39 In
parallel the problem of charged nanocrystals has been
dressed through experiments on colloidal CdSe quan
dots.40 While detailed theoretical work predicts binding an
charging energies,41–44 there is a substantial lack of exper
mental data with which to be compared.

In the work presented here, we have measured the bin
energies of trions and biexcitons relative to the exciton.
give a systematic study of both the fine structure and
dynamics of all three quasiparticles. The observed ene
shift of the trion transition due to the presence of an ad
tional charge carrier is compared with data obtained for c
loidal CdSe dots40 and those predicted in theory.41 We also
give data on the lifetimes of trion states and show evide
for a spin-relaxation-limited energy relaxation of the trio
Finally, we present a temperature-dependent study of
bright-exciton decay and discuss the influence of a therm
activated repopulation from the dark-exciton state.

II. EXPERIMENT

The results presented in this paper were obtained fro
sample containing CdSe quantum dots embedded in Zn
Previous work has characterized such systems.5,13 The
sample consists of three monolayers of CdSe grown betw
ZnSe layers of 25 and 50 nm thickness. In Ref. 5 we fou
©2003 The American Physical Society16-1
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that the dots consist of Cd-rich regions embedded in
ZnCdSe matrix. The strong interdiffusion of Cd within ZnS
leads to islands with concentrations of Cd greater than 7
forming within a ZnCdSe quantum well. It is these islan
that trap the charge carriers, forming the quantum d
~QD’s!.

To enable small numbers of dots to be isolated the sam
was etched into an array of mesa structures~for details see
Ref. 45!. The separation between each mesa was chose
be 200mm to allow us to isolate individual mesas both wh
exciting the sample and when collecting the photolumin
cence. The mesas are patterned in a square geometry
vary in size from (1mm)2 down to (50 nm)2, meaning that,
at the lower end of this range, only a few (,5) optically
active dots would be expected to be in each mesa.

All the data presented here were detected in amPL geom-
etry with the sample mounted in a cold-finger cryostat,
lowing measurement down to a sample temperature of 10
Unless otherwise stated, all the data was taken at a temp
ture of 13 K. The excitation source was a frequency-doub
mode-locked Ti-sapphire laser working in the range of 40
440 nm. When an excitation intensity is presented it is giv
with respect to a reference intensityI 05250 mW focused
into a 50-mm-diam excitation spot. The photoluminescen
was collected with a 0.4-NA-long working distance objecti
lens. Subsequently, the time-resolved data were collecte
a streak camera with a 4-ps resolution, and the tim
integrated, polarization-resolved data come from eithe
0.5-m or a 2-m spectrometer, with each of which using th
own nitrogen-cooled charge-coupled device array.

As discussed above, the trapping of carriers in the
noenvirons of these dots will lead to changes in the posi
of spectral features over time. An example of this is given
the jitter spectrum in Fig. 1 which was generated by tak
256 consecutive spectra of 1 s integration time. This chang
in the emission energy of the spectral features is readily
cernible. However, it should also be noted that the rate
change of the field is sufficiently slow that the dot may
through repeated exciton creation and decay cycles befo
resolvable change in the magnitude of the shift becomes
parent. This means that even though certain spectral fea
~such as trions and excitons! cannot be present simulta
neously, the slow rate of change of the Stark shift compa
to the time scale of the population dynamics and the cha
in the charge state in the dots sees them appearing in
same spectra. Hence, we can make a correlation of the

Ci j 5
^EiEj&2^Ei&^Ej&

s is j
, ~1!

with Ei being the time-dependent position of peak numbei,
^•••& denotes the time average ands i5A^Ei

2&2^Ei&
2 is the

standard deviation ofEi . This correlation coefficient will be
exactly unity for peaks that show up to a scaling factor
same time evolution, and we expect peaks with a high c
relation coefficient to come from the same dot.

More specifically, the spectral position of each transiti
can be expanded in powers of the local electric field at
position of the corresponding QDk Fk :
12531
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Ei5Ei01piFk1
1

2
FkPiFk1O~F3!, ~2!

with the permanent dipole momentpi5pi p̂i of amplitudepi

and directionp̂i , and the polarizability tensorPi of the tran-
sition. Using only the linear term and assuming zero aver
field ^F&50 ~can be satisfied by the choice ofEi0), we find

Ci j 5
^~ p̂iFk!~ p̂ jFl !&

A^~ p̂iFk!
2&^~ p̂ jFl !

2&
. ~3!

The correlation is thus independent of the amplitudepi ,
which is only a scaling factor of the fluctuations. For tran
tions in the same dot (k5 l ), the correlation is unity for
parallel dipole moments (p̂i5 p̂ j ). In other cases, the corre
lation depends on the directional distribution ofF. For tran-
sitions in different dots, the correlation depends also on
correlation between the fieldsFk andFl . If they are uncor-
related (̂ FkFl&50), Ci j will vanish. Otherwise a finite value
can be present. Since the investigated transitions are al
cated within the size of the investigated mesa, the fields
likely to be partly correlated, and thus even transitions
different dots can show some correlation.

To make the jitter correlation described in Eq.~1! we take
a series of consecutive spectra with each individual spect
having an integration time of approximately 1 s~naturally,
this depends on the intensity of an individual mesa!. We then
do a simple peak-finding routine to find the position of ea
transition for each spectrum. We can now correlate
change in spectral position for each transition, allowing us
group spectral features together. Due to the statistical na

FIG. 1. Top: spectrally resolved intensity vs time~logarithmic
greyscale!. Bottom: jitter-corrected time-integrated photolumine
cence spectra for the two linear polarizations along@110# and

@11̄0#. Peaks are marked by their index in the correlation ma
given in the text.
6-2
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TRION, BIEXCITON, AND EXCITON DYNAMICS IN . . . PHYSICAL REVIEW B68, 125316 ~2003!
of the shift, the correlation value is subject to error for
finite ensemble of emission energies in time. Additiona
due to the finite accuracy of the peak position, even fu
correlated peak shifts would show a measured correla
smaller than unity. Taking this into account, about ten me
each containing one to three dots have been screened t
tract reliable data.

The correlation coefficients found for an individual me
were always arranged in two groups, one in the ran
20.2–0.2, which we assigned to transitions of different do
and another one in the range 0.7–1.0, which we assigne
transitions in the same dot. The advantage of this metho
that it allows us to rapidly find interesting groups of lin
within spectra that would otherwise be laborious to wo
with.

III. RESULTS AND DISCUSSION

A. Peak assignment, fine structure, and binding energies

Having identified transitions as being correlated, we m
examine other properties of their emission to identify th
source. To illustrate the identification of features we take
correlated peaks in Fig. 1 as an example. This figure show
typical time-integrated photoluminescence spectrum
which five peaks have been identified in order to perform
jitter correlation. The resulting correlation matrix for the
peaks is

Ci j 5U 1 20.143 20.138 20.173 20.108

. . . 1 0.915 20.113 0.907

. . . . . . 1 20.145 0.882

. . . . . . . . . 1 20.130

. . . . . . . . . . . . 1

U .

Since the matrix is symmetric, we present only the up
half. It can be seen that peaks 2, 3, and 5 are correlated w
peaks 1 and 4 belong to different dots. To identify the tra
sitions further we use the fact that exchange interaction
quantum dots will lead to a polarization splitting of the tw
spin-degenerate optically active exciton states into a dou
of orthogonal linear polarizations~a detailed discussion o
the observed fine structure effects will be given below!. Ex-
change interaction is also responsible for the fact that b
citons and excitons show an interesting effect; for one po
ization the peak for the biexciton transition is at a low
energy than for the other polarization while the exciton
peak is at a higher energy. This process whereby the p
for one polarization act as bookends to those of the o
polarization is characteristic of a biexciton and excit
within a single dot and hence allows us to identify peak
and 5 as being such a pair. Trions will exhibit no splittin
and it can be seen that this is the case for peak 3.

Exciton, biexciton, and trion PL peaks were then furth
examined with respect to their excitation density dep
dences. An example of the excitation-density-dependen
sponse of the dots is given in Fig. 2 which shows the tim
integrated photoluminescence of a single mesa at mult
excitation intensities. In accordance with the above disc
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sion it can be seen that the trion and exciton are presen
the lowest excitation intensities and the biexciton is abse
With increasing excitation the emission from the exciton
seen to saturate and emission from the biexciton is obser
The exciton is always identified as being the peak presen
low excitation energies.

Figure 3 shows the binding energies we derived using
method for trions and biexcitons plotted versus their em
sion energy.46 As a result of this analysis we have foun
biexciton binding energies of 19–26 meV and trion bindi
energies of 15–22 meV. We have always observed the t
emission at a higher energy than that of the correspond
biexciton. Note that the binding energy for both quasipa
cles is quite well defined. Interestingly, the trion binding e
ergy is comparable to energy shifts observed in charged
loidal CdSe nanocrystals.40 Theoretical predictions41 indicate
that singly charged nanocrystals should emit 22 meV to
red of the neutral exciton emission. For the biexciton bind
energy the data reproduce well the value measured in q
tum dot ensembles by use of femtosecond four-wave mix
~FWM! and two-photon absorption techniques.5 No system-
atic trend of biexciton binding energies with increasing e
citon localization is observed. This may be due to the 1
meV energy window in which we detected biexcito
emission being too small to observe any pronounced c
finement induced increase in biexciton binding energy.

Next we discuss the observed polarization splittin
~lower part of Fig. 3! which have been inferred from the pea
fine structure observed when detecting the photolumin
cence polarized along the@110# and @11̄0# crystal direc-
tions. The fine structure is due to exchange interaction wh
has been treated theoretically, e.g., in Refs. 47–50 and
served in both semiconductor nanocrystals51–53 and epitaxi-
ally grown III-V ~Ref. 37 and 54! and II-VI ~Refs. 55,56 and
58! quantum dots. Electron-hole exchange interaction sp
the fourfold-degenerate heavy-hole exciton state by a s
ting energyd0 into a radiative doublet with total pair angula

FIG. 2. Time-integrated photoluminescence of single mesa
multiple excitation intensities. All spectra have been normalized
the peak at 2.287 eV and are vertically displaced for clarity.I 0

5250 mW.
6-3
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B. PATTON, W. LANGBEIN, AND U. WOGGON PHYSICAL REVIEW B68, 125316 ~2003!
momentum of61\ and a nonradiative~dark! doublet of
62\. In QD’s of cylindrical symmetry in~001! direction
~point group symmetryD2d) the dark doublet is split furthe
by a splitting energyd2. Breaking the cylindical symmetry
e.g., by an anisotropic confinement potential splits the bri
doublet by a splitting energyd1 into two states which have
optical transitions to the ground state which are linearly
larized along the two orthogonal principal axes of the ell
tical part of the anisotropy. For single excitons in CdSe/Zn
QD’s values ofd1 between 0 and more than 0.8 meV we
reported.7 In a CdSe/ZnSe QD ensemble, average value
d051.9 meV, d150.2 meV, andd2,0.02 meV ~Ref. 56!
were measured. For comparison, in CdTe/ZnTe quantum
bright-state splittingsd1 from 0.06 to 0.32 meV were
found.25

The observed polarization splittingsE[110]2E[11̄0]5d1 of
the exciton peak plotted in Fig. 3 are thus an indication
anisotropically confined excitons. The asymmetry-induc
splitting does not show a systematic size dependence, sim
to findings in InGaAs QD’s.37 However, the splitting has
dominantly a positive sign for the exciton, so that the exci
anisotropy is not random, but its size is preferentially larg
in the @11̄0# crystal direction.57

The consequences of the exchange interaction for the
structure of the biexciton and trion transitions are the follo
ing: The trion ground state is a spin-singlet state and
wave function overlap of the two electrons~or holes! in the

FIG. 3. Top: the binding energy of trions and biexcitons vs
spectral position of the transition. Bottom: the polarization splitti
observed for biexcitons and excitons vs the spectral position of
transition.
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trion gives zero local spin density of the two electron~holes!.
The remaining third carrier does not experience an excha
interaction and thus the trion peak does not exhibit an
change splitting. To within the experimental resolutio
(100 meV) we have not observed any trion polarizatio
splitting. Because the biexciton has no spin degeneracy,
biexciton to exciton transition shows the~inverted! fine
structure of the exciton transition.7,58 Therefore the peak po
sitions of the linearly polarized exciton and biexciton tran
tions are inverted relative to each other, in agreement w
our experiment~see, e.g., Fig. 4, upper panel!. The polariza-
tion splitting observed for the biexciton is 0.2–1.2 meV
can be seen in Fig. 3. As expected, the observed excha
splitting of the exciton and biexciton is, within the exper
mental accuracy equal. We have not seen any relation
between the magnitude of the polarization splitting and ot
parameters such as the biexciton binding energy or the t
sition energy.

B. Decay dynamics

Having assigned the transitions within our spectra,
now turn to an analysis of the time-resolved emission fr
the dots. Figure 4 shows the time-resolved decay of a tr
and an exciton at a low excitation intensity along with t
corresponding time-integrated photoluminescence spect
for this dot. We have fitted the data for the exciton with
bicomponent exponential decay~Fig. 4, lower panel!. The

e

FIG. 4. Top: time-integrated photoluminescence for linear po

izations along@110# ~solid line! and @11̄0# ~dashed line!. Bottom:
time-resolved photoluminescence intensity~logarithmic scale! of
the exciton~X! and trion ~T! emission after pulsed excitation a
time zero. The excitation intensity wasI 05250 mW.
6-4
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TRION, BIEXCITON, AND EXCITON DYNAMICS IN . . . PHYSICAL REVIEW B68, 125316 ~2003!
initial decay is dominated by a part with a decay constan
240 ps. The second component of the decay has a d
constant of 2.560.5 ns. We attribute this long-time compo
nent to a repopulation process of the bright- from the da
exciton states. From the presence of the long-time com
nent it is clear that there is a finite probability of a transiti
between bright- and dark-exciton states, which presents
additional channel for the initial population decay of t
bright-exciton state. The initial decay time of 240 ps is th
not purely due to radiative decay. Note that the trion does
possess such a dark ground state and, indeed, we see
hibit no such behavior at long times. Instead we observ
single exponential decay with a time of 320 ps. In addition
shows an initial refilling behavior, which is not shown by th
exciton, even at low excitation intensities. We attribute t
to a spin-relaxation process in which the trion starts from
state with equal spin for all carriers, which is a dark sta
One of the two equal carriers is in the first excited electro
state since Pauli blocking prevents the relaxation into
ground state. A spin flip lifts the blocking and allows th
carrier to relax. After the spin flip, the trion state is brig
and the radiative recombination can be observed. The p
ability of creating the discussed initial state by nonreson
optical pumping, assuming a random spin distribution of
carriers, is only 1/4, so that the slow process does not do
nate the average trion emission dynamics. The observed
has a time constant of 30–50 ps, which we attribute to
discussed spin-flip relaxation.

Figure 5 shows the time-resolved photoluminescence
the exciton and biexciton transition for medium and hi
excitation intensities. The biexciton is fitted by a monoexp
nential decay and was found to have a decay time of 170

FIG. 5. Top: time-resolved photoluminescence plot of an ex
ton ~X! and biexciton~XX ! for the same quantum dot. Bottom: th
same features as above at a higher excitation intensity such tha
biexciton also shows signs of refilling.
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which is faster than the exciton. In most cases we found
the ratio of the exciton decay time to the biexciton dec
time was approximately 2:1, in contrast to some previo
results8 but in agreement with ensemble data5 and recent
experiments on InAs quantum dots59 which also show an
enhancement of the biexciton decay rate over that of
exciton. For both intensities shown in Fig. 5 the exciton n
shows an initial refilling. A good fit is obtained by setting th
time constant for this refilling to the decay time of the bie
citon. At the highest intensities we also see evidence
refilling of the biexciton from states which have three
more excitons in the dot. Examination of the spectra from
streak camera at times soon after the excitation of the sam
showed a short-lived peak 4 meV below the biexciton.
decay time of 140 ps is comparable to the rise time of
biexciton at this intensity and so we have tentatively labe
it as a triexciton. Naturally, further examination of the pro
erties of this peak would be required to make this identifi
tion more trustworthy. We have seen that also the tri
which does not show refilling at medium excitation intensi
at the highest excitation intensities begins to show refilling
well, with a time constant comparable to that of the biexcit
decay. While this does suggest that a charged biexcito
responsible for this effect, we have been unable to isola
peak corresponding to this transition and so also can
present an energy splitting.

Beside this representative quantum dot discussed in F
4 and 5, we screened the decay dynamics of a much la
number of quantum dots. Figure 6 shows the resulting de
times for the different transitions in the investigated sing
dot ensemble.60 In general, we find that the trion has a life
time comparable to that of the exciton, while the biexcit
has a lifetime which is shorter than the exciton, typically
a factor of 2. The result for the ratio of the exciton:biexcito
lifetime of 2:1 is in agreement with earlier data measured
ensembles5 and recent single-dot experiments.59

The observed systematic increase of the decay times
decreasing transition energy~see Fig. 6! is in agreement with
measurements on the ensemble5 and is attributed to the de

i-

the

FIG. 6. Measured PL intensity decay times for exciton, biex
ton, and trion transitions in multiple quantum dots vs the cor
sponding exciton transition energy.
6-5
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B. PATTON, W. LANGBEIN, AND U. WOGGON PHYSICAL REVIEW B68, 125316 ~2003!
creasing coherence volume of the excitons with increas
localization. While trions and biexcitons are characterized
an almost monoexponential decay, the presence of a
state complicates the analysis of the exciton dynamics.

The interplay between the lowest forbidden and hig
allowed exciton states becomes even more clear in the
perature dependence of the exciton dynamics. Thermally
tivated repopulation of the bright-exciton state from the e
ergetically lowest dark exciton has been already reported
CdSe nanocrystals61; however, the analysis in the decay d
namics was limited to the nanosecond time range given
the time resolution of the used single-photon counting s
tem. In the next section we therefore give an overview of
temperature-induced change in the exciton dynamics in
early time range,2 ns using data from a streak camera.

C. Temperature dependence of emission

In Fig. 7 we show the emission of an exciton transition
varying temperatures and at low excitation intensities,
which the biexciton emission is negligible. It can be seen t
at the lowest temperatures the emission dynamics is do
nated by the decay of the exciton and, compared to hig
temperatures, repopulation from the dark state is suppres

FIG. 7. Time-resolved photoluminescence decay of the exc
at varying temperatures as indicated. The inset shows the extra
temperature dependence of the effective radiative lifetimeg r

21(T)
of the spin-singlet exciton state ensemble~see text!.
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With increasing temperature the repopulation of the exci
from the dark state is seen to increase so that by 65 K
emission dynamics contain a strong contribution from
dark-state refilling. Above 100 K there is a strong decreas
the lifetime of all transitions, presumably due to the therm
escape of the carriers out of the dots and subsequent no
diative recombination.

To analyze the measured PL transients, we apply a sim
rate equation model. At low temperatures, the dynamics a
the initial relaxation is dominated by the radiative decayg r
and the phonon-assisted scattering quantified by the ratg0
between the two bright-~spin-singlet! and the two dark-
~spin-triplet! exciton states. The dark-state energy is byd0
lower than the bright-state energy. At higher temperatu
both the thermal population of excited exciton states and
thermal escape into the ZnCdSe QW states have to be
cluded. The thermal population of excited exciton states
fast process relative to escape and spin flip, so that we
take it into account by considering a temperature-depend
effective radiative decay rateg r(T) of the spin-singlet exci-
ton states. The escape is modeled by a phonon-assisted
sition with a given escape energyde and a scattering ratege.
The recapture into the dot is assumed to be negligible, s
in the small mesa structures under investigation the carr
are mostly captured into surface states. This is supported
the thermally activated decrease of the time-integrated em
sion intensity. With these assumptions, the rate equations
the probability of bright excitons (nb) and dark excitons (nd)
can be written as

] tnb52nb~g r1~11N0!g01Nege!1ndN0g0 ,

] tnd52nd~N0g01Nege!1nb~11N0!g0 . ~4!

N0,e denotes the Bose occupation number of phon
@exp(d0,e/kBT)21#21 at the energiesd0,e of bright-dark
splitting and escape, respectively. Since the PL is exc
nonresonantly with linear polarization, the carriers lose th
spin polarization during the phonon-assisted relaxation i
the dots, and we can assume an initially equal probability
creating bright or dark excitons—i.e.,nb(0)5nd(0). Since
the excited average exciton number is less than 1, the e
of multiexciton states on the dynamics62 is not considered.

The set of temperature-dependent transients of the PL
tensity can be fitted with the analytical solution of Eqs.~4!
for nb(t), since the intensity is proportional to the probabili
of the exciton being in the bright state. A consistent fit~see
dashed lines in Fig. 7! is found for the parametersd0
51.5 meV,de530 meV,g050.08 ns21, ge530 ns21, and
the temperature-dependent effective radiative lifetime of
spin-singlet statesg r

21(T) shown in the inset. The value o
d0 is similar to previous findings,56 and the escape energyde
is close to the LO-phonon energy of ZnSe~31 meV!, indi-
cating that the escape is proceeding via LO-phonon abs
tion. The spin relaxation timeg0

21 is about 13 ns, much
longer than the radiative decay rate. This is consistent w
previous observations of the bright-state spin dynamic20

The radiative lifetimeg r
21 is 270 ps at low temperature

where only the lowest electronic states are populated. W

n
ted
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increasing temperature, the effectiveg r
21(T) of the spin-

singlet exciton states is increasing due to the population
excited exciton states, of which a large fraction has sma
radiative rates due to the small envelope function over
between electron and hole.

The long-time dynamics ~spectral wandering! also
changes with temperature, as shown in Fig. 8. This dynam
can be divided into a continuous jitter of the spectral posit
and intensity of spectral features, and of abrupt change
the spectral intensity. With increasing temperature, the
mogeneous linewidth of the emission increases, so that
spectral jitter becomes less obvious. The low-frequency c

*Electronic address: woggon@fred.physik.uni-dortmund.de
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Grün, K.P. O’Donnell, H. Kalt, and C. Klingshirn, Phys. Rev.
55, 1364~1997!.

3M. Strassburg, V. Kutzer, U.W. Pohl, A. Hoffmann, I. Brose
N.N. Ledentsov, D. Bimberg, A. Rosenauer, U. Fischer, and
Gerthsen, Appl. Phys. Lett.72, 942 ~1998!.
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FIG. 8. Spectrally resolved intensity vs time~logarithmic grey-
scale! shown at temperatures of~from top! 10, 30, 60, and 120 K.
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ponents of the spectral jitter decrease with increasing t
perature, so that at 120 K only fast intensity jitter is rema
ing. We leave our discussion at this qualitative level, while
quantitative analysis and modeling like in Refs. 23,24,36
and 64 is not attempted.

IV. SUMMARY

We have analyzed the nonresonantly excited photolu
nescence of samples containing few CdSe/ZnSe quan
dots. By using the dynamic shift in the spectral position
emission peaks we were able to correlate these peaks
hence identify transitions within single dots to excitons, t
ons, and biexcitons. Analysis of both polarization and tim
resolved data allowed us to identify the quasiparticles
sponsible for these peaks and subsequently present da
their dynamics.

The trions have a binding energy of 15–22 meV, on
slightly smaller than the biexciton binding energy of 19–
meV. In the same dot, the biexciton binding was alwa
some meV higher that the trion binding energy. The e
change splitting of the two bright-single-exciton states w
found to be in the range of 1 meV and preferentially orien
along one crystal axis (@110# or @11̄0#).

The population dynamics was measured by time-resol
photoluminescence. In general, we find that the trion ha
lifetime comparable to that of the exciton, while the biexc
ton has a lifetime which is shorter than the exciton, typica
by a factor of 2. A systematic increase of the decay tim
with decreasing transition energy is found. The trion dyna
ics shows a refilling from an excited trion state that deca
radiatively only after phonon-assisted spin and energy re
ation with a time constant of several tens of picosecon
The exciton dynamics shows a refilling from the dark st
for long times, which was modeled by a temperatu
dependent rate equation. The deduced spin relaxation
between singlet and triplet exciton states at low temperatu
is 13 ns.
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