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Cascade evolution and radiative recombination of quantum dot multiexcitons studied
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We resolve spatially, spectroscopically, and temporally the photoluminescence emission from single self-
assembled InAs/GaAs quantum dots. The rich photoluminescence spectrum and its evolution with time after
pulse excitation and with the density of excitation is experimentally measured and analyzed using a theoretical
multiexciton model. The model accounts quantitatively for the dynamics of a small number of interacting
electrons and holes confined in optically excited semiconductor quantum dots.

[. INTRODUCTION photoexcited carriers and determines the radiative decay
rates of the correlated excitofdmultiexcitons™).

Optical studies of semiconductor quantum dots in The paper is organized as follows. In Sec. Il we briefly
general—® and self-assembled quantum dots in partidafdr  discuss the samples and the experimental system. In Sec. Il
have been a subject of very intensive investigations for quiteve present our experimental data and in Sec. IV we extend
some time. These reports brought strong spectral evidendbe multiexciton theoretical model. In Sec. V we discuss our
that the presence of few confined carriers in such a smalheasurements and analyze them in terms of the extended
volume gives rise to correlated few-carrier multiplexes,multiexciton model. Our conclusions are briefly summarized

which are unstable otherwise. in Sec. VI.
In our previous publications we reported on optical inves-
tigations of Single |nAS/AJGag__XAS self-assembled strained II. SAMPLES AND EXPERIMENTAL SETUP
quantum dot§SAQDS.1% We demonstrated there that the
radiative recombination processes in these three dimension- A. Samples

a”y confined Systems are fundamenta"y different from the The SAQD Samp|e under investiga‘[ion was fabricated by
recombination processes in systems of higher dimensionainolecular-beam epitaxy of a strained epitaxial layer of InAs
ity. Specifically, it was established that confined carriers exgn a(100) oriented GaAs substrate. Small islands connected
change terms are most instrumental for the understanding qgfy a very thin wetting layer are thus formed during the depo-
the experimental results when more than two carriers of thgjtion of the strained InAs layer in the Stranski-Krastaifov
same type participate in the radiative prockss? growth mode. These islands form high-quality QDs with di-
The  previously —studied, aluminum  contained, gmeters of less than 50 nm when they are capped by an
InAs/Al,Ga _xAs SAQDs(Refs. 10 and 1jthave very effi-  epitaxial layer of GaAs. The vertical and lateral dimensions
cient nonradiative decay channels, which drastically affecbf the InAs SAQDs were adjusted during growth by the par-
the PL efficiency, particularly at low excitation density. tially covered island growth techniq@®This technique was
These channels, which are due to the presence of Al atomgpplied for the deposition of a 3-nm-thick GaAs cap layer at
within the SAQD A|Ga, _,As hosting layers; are avoided 530°C on the InAs SAQDs, thus fixing their height. The
in the present work where (GaAs/GaAs SAQD are stud- growth sequence was then terminated with the deposition of
ied. We present continuous-wavew) and time-resolved a GaAs cap layer at an elevated growth temperature of
spectroscopical studies of the dynamics and recombinatioggg °C. Atomic force microscopy was used to determine the
processes of photogenerated carriers confined in singlgimensions of the uncapped reference sample. The dots were
In(Ga)As/GaAs SAQDs. In these dots, the nonradiative defgynd to have base dimensions of 45 nm by 40 nm and
cay rates are greatly reduced. Their significantly enhancefleight of 4.5 nm. During the growth of the SAQD layer, the
PL emission makes it easier to optically study them and t&ample was not rotated, forming thus a gradient in the QDs
facilitate time-correlated  single  photon  counting density. In particular, low density areas, in which the average
techniques:**~ distance between neighboring QDs is larger than our optical

The previously developed theoretical mddés extended  spatial resolution, could easily be found on the sample sur-
here to quantitatively analyze our new low light level time- fgce.

correlated single photon counting of the PL from single
SAQDs. Our model systematically explains the measured cw
and time-resolved PL spectra and it quantitatively accounts
for the dependence of the PL spectra on time and on excita- We use a diffraction-limited low-temperature confocal
tion density. In particular, it accounts for the dynamics of theoptical microscope for the photoluminescen@d.) studies

B. Experimental setup
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FIG. 1. Measureda, and gray solid lines in)tand calculatedb,

black solid lines, right axissingle SAQD PL spectra at various cw

excitation powers. The spectra are vertically shifted for clarity. ~ changes in the PL spectrum occur. First, a satellite spectral
line, A,, appears 3.5 meV belo#;. In some cases, an ad-

of the single SAQDs. The setup is described in detailditional spectral line, which we denote By, , accompanies

elsewheré! We used an X6n situ microscope objective in  the appearance @;,. This line, which is about 1 meV below

order to focus Ar-ion, tunable Ti:sapphire, or dye laser lightA,, is not always spectrally resolved. Second, a higher-

at normal incidence on the sample. Both cw and picosecongnergy spectral linéB;, emerges at 1.324 eV, 40 meV above

pulsed excitations were used. The emitted light was collecteghe first line to be observedy;. At yet higher excitation

by the same microscope objective which was accurately ma;owers, an additional spectral linB,, develops 1.5 meV

nipulated in three directions u_sing computer-controlled Moy er in energy tharB,. Further increase in the excitation
t(zrsb.'lA CC[t)hcambgratpased act||ve feek(jbacollg I?op Waﬁ_#sed If?fower results in an increase in the number of satellites,
stabilizing the objective-sample working distance. 1he co “gradually forming spectral emission bands to the lower-
lected light was spatially filtered, dispersed by a 0.22 m : . : "
; energy side of the lined,; andB, respectively. In addition,
monochromator, and detected by a nitrogen-cooled CCD arﬁew higher-ener roups of spectral ling, D, and E
ray detector. The system provides diffraction-limited spatial 9 gy group P Y '

resolution, both in the excitation and the detection channelg.eSpeCt'VeW' gradually emerge and similarly develop their

The spatial full width at half maximum of a single QW PL 9N satellites aqd Iower—energ_y spectral bands. For clarity,
emission intensity was found to be 0.5-Qufn, in agree- € mqu the various .spectral Ilne.s by letters and numerical
ment with the expected diffraction-limited optical resolution SUDSCripts, representing, respectively, the energy group to
at this wavelength(=750 nm). The collection efficiency of W_hlch the spectral .Ilne_s belong and th_elr appearance order
our system was carefully determined from the measured/ith increasing excitation density. For instanég, denotes
spectrum of the reflected laser beam. For the time-resolvel® blueft line in group\, andB; is the first satellite line in
spectroscopy, the dispersed light from the monochromatdg"OUpB. = , _ ,
was focused onto a small, thermoelectrically cooled, single With the increase in power, all the observed lines at their
channel avalanche silicon photodiode. The signal from théPPearance order undergo a cycle in which their emission
photodiode was analyzed using conventional photon countDtensity first increases, then reaches maximum and satu-
ing electronics. The photodiode dark count rate is 1005ec rates, and eventually, at yet higher excitation powers, the

and the system temporal resolution is 200 ps. emission intensity significantly weakens. As a result, since
the higher-energy lines in each spectral group are the first to
Il EXPERIMENTAL RESULTS appear, they are also the first to lose strength. Consequently,

the various groups seem to be “redshifted” with the increase

We locate an optically excited SAQD by scanning thein excitation power. Our model simulationsee below
sample surface while monitoring the resulting PL spectrawhich are presented for comparison in Figb)1 (solid black
Once a typical emission spectrum from an SAQD is ob-lines, right axig overlaid on the experimental measurements
served, the scan is terminated and the objective position isolid gray lines, left axis duplicate this behavior.
optimized above the dot while verifying that the emitting The evolution of the PL spectrum with increasing excita-
area is indeed limited by our system’s spatial resolution. tion power is shown in Fig. (&), where the measured inte-

In Fig. 1(a) we display typical PL spectra from a single grated emission intensity of three of the spectral lines is plot-
SAQD for various cw excitation powers at photon energy ofted as a function of the excitation power on the QD. The
2.25 eV. At the lowest excitation densit9.01 uW), a single  calculated(see below integrated PL as a function of the
narrow spectral line is observed at an energy of 1.284 eVaverage number of steady-state excitafis,), in the QD,
We denote this line byA;. Its linewidth at this excitation presented for comparison in Fig(l, accurately describes
density is limited by the spectral resolution of our systemthis evolution. We note also that, with the knowledge of our
(0.2 meV). As the excitation density increases, two notableexperimental setup efficiency, Fig. 2 can be used in order to
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140 TE sty symbol 15K - = significant difference. With the increase in excitation power,
Solid 80K v £ z after reaching saturation, the intensity of the emission from
- %I’;%I % - the various spectral lines remains constant and it does not
3 138 ; E. ;’% ' decrease with further increase in the excitation power. Our
2 x F-25 . & model simulationgsee belowfor this case are presentéay
3 N & &= solid black lines, right axjsfor comparison in Fig. @),
> 1.32{ % i A+ - . .
g . {’%ﬁ-‘ A = overlaid on the measured spectsalid gray lines, left axis
5 wk* Bf . In Fig. 5(a) we present the PL intensity as a function of
108 o ® C, 4] time after the excitation pulse at a given power, for various
, , , D, v spectral lines from Fig.(@). In general, for each spectral line
1.28 1.30 1.32 1.34

there are two distinct time domains. In the first one, the emis-
sion intensity rises with time after the excitation and in the
FIG. 3. PL emission energy of various spectral lines vs theSecond it_ decays. qu a given excitation power, the variou§
energy of theA, line for various SAQDS. §pectrgl lines have different t_emporal responses. As a rule, it
is easily seen that the lower is the energy of a given spectral

accurately determine the radiative rate of a single QD exci9roUP Of lines, the longer are their rise and decay times.
ton 751 (see below: Within a given group of lines, however, lower-energy lines
R g

Figure 3 presents a compilation of the energies of all the'S€ and decay faster. Qur ”.‘Ode.' calculatlome bgloWare
observed spectral groups of lines from more than 60 SAQDgresented for comparison in Fig(th. The rise time Of. a
of the same sample. The energies of the various groups apéalrncular speptral line strong!y depends on thg exqtaﬂgn
presented in the figure as a function of the energy of thdOWer- The h|ghe_r th_e power is, the longer _the rise time is,
lowest spectral liné\;. A clear correlation between the vari- while the decay time is hardly affect(_—:-d. In Figchwe d's'.
ous energies is observed. All the energies increase at t ay by symbols the_ meastired rse t.|me salhh spect.ral '"."es
same rate so that the energy differences between the vario andB, as a function of the excitation power. The lines in
groups remain more or less constant. As a result, the numb 19- 5(d) represent our model calculatioteee below
of spectral groups of lines, which is associated with the num-
bgr of d_iscrete cpnfined carriers’ energy Ievel_s, Qecre_aseﬁl_ TIME EVOLUTION AND RECOMBINATION MODEL
with the increase in the energy of the.SA_QD emission, since FOR MULTIEXCITONS
they are limited from above by the emission from the wetting
layer. This clear correlation indicates that there is uniformity The PL emission spectrum of an optically excited semi-
in the structural variables of the various SAQDs. Namely,conductor quantum dot results from optical transitions be-
the dimensions, compositions, and strain fields of the varioutveen multiexciton state's. The physical picture is as fol-
dots are strongly correlated, and cannot be considered dews. The optical excitation generates a population of equal
statistically independent variables. amounts of electrons and holes within the quantum dot. The

In Fig. 4(a), we present PL spectra of a single SAQD many electron-hole pairs form a correlated multiexcitonic
excited by picosecond short 1.750 eV laser pulses, at variowgtate. The photoexcited carriers reach thermal distribution on
excitation powers. The spectra, as measured in this case, rep-very short time scale as compared with the time required
resent the temporal average on the PL emission. Their evder radiative recombination of an electron-hole pair. Thus, at
lution with increasing excitation power is similar to that ob- low temperatures, the specific excited multiexciton state
served in the cw excitation mod€&ig. 1(a)], except for one quickly relaxes to its ground multiexciton level. A radiative

annihilation of one of the electron-hole pairs that composes
O ' ' the multiexciton may then occur by emission of a photon.
LO'G 11 This photon carries the energy difference between the energy
of the initial (ground multiexcitonic state and that of the
final (possibly exciteflnew multiexcitonic state.

The energy carried by the photon is determined mainly by
two factors.(a) The first is the single carrier energy level
(shel) to which the annihilated electron-hole pair belongs.
Thereby, the group of spectral lines which we denoteAby
B, C, and D results from the annihilation of pairs in their
first, second, third, and fourth single carrier energy levels,
respectively:®!! Clearly, the larger is the number of pairs
(i.e., the multiexciton orderwithin the SAQD, the more
shells are occupied and consequently more groups of spectral
lines constitute the PL spectrurth) Second, the number of

: , oires “spectator” pairs, occupying the SAQD when the radiative
e S I L annihilation occurs, determines the spectral position of the
emitted photon within a given group of liné%!! The larger

FIG. 4. Measureda, and solid gray lines intand calculatedb, ~ the number of spectator pairs is, the lower is the spectral
solid black lines, right axissingle SAQD PL spectra at various position of the emitted photot?:* This is because the en-
pulse excitation powers. The curves are vertically shifted for clarity.ergy difference between successive multiexciton ground
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states is reduced by the sum of the electron-eledeemnand  account? This small degeneracy removal is certainly less
hole-hole (h-h) exchange terms, whenever the higher-orderthan the typically measured PL spectral linewidth, and there-
multiexciton is odd and therefore consists of an additionafore it does not affect the analysis below.
partially filled higher-energy shell. When the QD is occupied Upon radiative recombination, the newly formed multiex-
by an even number of pairs, only one spectral line resultgitonic state contains one less electron-hole pair and it
from the annihilation of a pair in a given shéiee Figs. 3 quickly relaxes(nonradiatively to its ground level. In the
and 4 of Ref. 11 When there is an odd number of pairs, andpulsed excitation mode, the process continues sequentially.
thereby the highest energy shell of the multiexciton groundA subsequent radiative pair annihilation occurs and the pro-
state is partially filled, up to three spectral lines may resulicess continues, until the quantum dot remains empty from
from each such annihilation. The energy differences betweeaxcitons, or another exciting pulse arrives. In the cw excita-
these lines amount exactly to the sum of the e-e and h-tion mode, the number of excitons in the QD reaches a
exchange terms between the partially filled shell and thesteady-state value, which depends on the rate at which e-h
shell of the annihilated patt Hence, the same spectral line pairs are photogenerated.
may contain contributions from a few different multiexciton At any given time only one, well defined, multiexciton
states. For example, the spectral liAg results from the may exist in the QD. We define hy (0<n;<1) the prob-
annihilations of the single and the third multiexcitons, andability to find theith multiexciton in the QD. Thus, for ex-
the spectral lineg\, andB; result from the annihilations of ample,n; is the probability to find the QD empty, amg is
the third, fourth, and fifth multiexcitons. Similarly, the spec- the probability to find a biexciton in the QD. We note the
tral linesB, and A3 contain contributions from the annihila- obvious sum rule fon;:
tions of the fifth, sixth, and seventh multiexcitons. This rela-
tively simple description of the optical transitions between ~
confined multiexciton states is due to the fact that the differ- 240 ni=1. 1)
ences between the multiexciton direct Coloumbic terms are
much smaller than the exchange terhiand therefore they The temporal evolution of a multiexciton is described by the
are canceled out. The biexciton binding energy, which wefollowing rate equation:
find to be a fraction of the exchange energy between the first
and second shells, is an exception. As a result, the annihila- dn N, Niyq
tion of the biexciton ground state is spectrally unique. It W:G(t)”i—l_:”L Tiin
solely results in the PL liné, . o

We note here that this simple description is model-Here G(t) is the total(time-dependentQD exciton photo-
dependent. Namely, the expected degeneracy of spectrgéneration rate, which corresponds to the power of the ex-
lines due to different multiexciton annihilations is slightly ternal excitation source at a given time ands the radiative
removed when the spin-orbit interaction is taken intolifetime of theith multiexciton (rp==). The first term sim-

—Oi+1- (2
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ply expresses the idea that the photogeneration rate aftthe [ Np ANp~ 1)

multiexciton linearly depends on the probability that the dot 2 Nk—(l—e*“fk), B

is occupied by thei(-1)th multiexciton. This means, of k=1 ﬁ (re—70) 1=0,

course, that the QD cannot be emptied by the excitation j=1j#k K

source (we neglect stimulated emission throughout this (={ N (Np—i—1)

analysig. We note that in addition to the “conventional” : D T 7 etk

first three terms in Eq(2), there is also a fourth term which =) ’ 0<i=Np,

describes the decrease in thé-multiexciton occupation J.:ll_Lk (k= 7y)

probability due to the photogeneration of thet+(L)th mul- ' )

tiexciton which causes thiegh multiexciton to “vanish.” \ O, I>Np.
When the QD is photoexcited by a cw light sour€ijs (4)

time-independent, and the QD will reach a steady state in gqy the purpose of comparison with the temporally inte-
which dn;/dt=0 for all i. By substituting this into Eq(2),  grated PL measuremer{ig. 4a], we temporally integrate
we get a set of linear equations which we solve analyticallygq. (4) to yield the probabilityR; for the ith multiexciton to

to yield n;(G) (i>0), recombine radiatively after the pulsed excitation,

(N -1)

P 1, 0<isNp

"o, i=N,.

p
L
ni=nOG'j1:[l Tj , H (Tk— TJ)

j=1j#k

5

As expectedR; is unity for alli<N,. Thus, in order to
no— 1 3) obtain the measured pulsed spectrum, we simply sum over
0 N ' all the allowed optical transitions of these multiexcitons.

1+ 7G4 7 7,G+ - - - +GNH 7| These sums are given for the first few multiexcitons in the
=1 last row of Table Il. The calculated spectra for various exci-
tation densities are presented in Figb)4 We note here that
in the calculations of Fig. @) we accounted for the statisti-
cal nature of the photoexcitation process. Thus, the probabil-
ry to photogenerat®l, excitons in the QD is given by

whereN is the highest-order multiexciton with nonvanishing
occupation probability to be considered.

These coupled rate equations thus give rise to a peculia
feature of the multiexcitons: each multiexciton has its own 2(Np—(N)
distinguished dependence on the excitation density. We dem- e F( - T)

onstrate these dependences in the calculated curves of Figs. P(Np) = 50— (N N,=012...,
1(b) and 2b). Using the calculated optical transitions from E exp{ _ (= (Ny) )

each multiexciton ground stateee below for details of the = (Ny)

calculationg, we calculate the PL emission spectrum of the (6)

SAQD under study. The calculated spedspectrally broad- \yhere here(N,) is the average number of photogenerated

engd by a qussmn qf 0.5 mey w@itﬁmr various cw exci-  Qp excitons per laser pulse.

tation densities are displayed in FigibL In Fig. 2b) we Our model emphasizes an important feature of pulsed ex-

present the calculated emission strength of a few spectrafitations, namely, the average number of excitons within the

lines as a function of the average steady-state number GAQD, during the lifetime of the photogenerated carriers, is

photogenerated e-h paird\,). The figure demonstrates that considerably larger than that in the cw case. Furthermore, the

the various spectral lines reach maximum at a comparableemporally integrated probability for a given multiexciton to

emission intensity, and that the spectrum shifts to the red aactually recombine is exactly 1. For that reason, already at

the excitation rate increases, in good agreement with the exery low excitation power, many characteristic spectral lines

perimental observations. are observed and, unlike the cw case, their intensity does not
We now turn to study the situation in which the QD is decrease with increasing excitation power.

photoexcited by a temporally short laser pulse, with a repeti-

tion time that is much longer than the characteristic recom- V. DISCUSSION

bination time & 7). For simplicity, we assume immediate

photogeneration of a well defined multiexciton following the The complex task of calculating the emission spectrum

pulse. This means that the photogeneration téine first which results from the radiative _annihilation pfamulticarrier

. . ) : state can be quite well approximated provided that the en-
term) in Eq. (1) is now given bys(t) dy, i, whereNy is the o0 jevels of single carriers within the dots are known and
number of photoexcited excitons in the QD per each lasethat, in addition, the exchange integrals between these levels
pulse. The temporal evolution of a given multiexcitonic oc-are known as weft! In order to calculate these values, an
cupation probability for this case is obtained in a straightfor-exact knowledge of the quantum-dot dimensions, geometri-
ward manner using the analytic solution of E@), which  cal shape, composition, and strain field has to be knoWa?.
yields At this stage, it is unrealistic to expect such a detailed knowl-
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TABLE I. Calculated exchange energies between single coning a successive redshift in the transition energies.
fined carrier states within the SAQD. In order to understand the spectral evolution of the SAQD
PL with excitation density and with time after pulse excita-
tion, knowledge of the various recombination rates of a par-

Ay Ay Ay As Ay Ay Ag

i e @ @ @ ) V) @V ticular multiexcitonic state is required. A realistic estimate of
1 1.7 1.6 076 1.1 1.0 058 0.55 these rates is obtained using the following simplifications.

2 076 1.4 1.4 055 0.63 0.89 (a) We consider optical transitions in which a photon is
3 1.5 058 1.3 098 062 emitted as a result of the annihilation of one electron-hole
4 063 062 1.2 1.1 pair.

5 046 1.3 0.47 (b) For these cases we use the dipole approximation for
6 048 1.4 calculating the optical transition rate between initial and final
7 0.52 multiexcitonic states.

(c) We further assume that the dipole matrix element for
optically allowed transitions between single carrier states is
edge for each SAQD. Fortunately, these energies can be, toegjual to that of the single excitorg.'%!
large extent, deduced directly from the measured QD emis- (d) Since the change in the total spin and its projection
sion spectrum. For example, it is quite obvious that thealong the growth axis is “taken up” by the electron and hole
single line observed at low excitation densiiyje A,) is due  Bloch functions'®*? optical transitions can occur only be-
to the recombination of a single exciton within the optically tveen multiexcitonic states of the same total spin and the
excited SAQD. Similarly, it follows that the first line in the same spin projection along the growth axis. The optical re-
higher-energy group of spectral linéie B;) is due to the combination rates can thus be easily estimated by summing
recombination of an electron-hole pair in their respectivethe angular momentum and symmetry-conserving transitions
second energy levels. Line€; and D; similarly mark between the initial to the final states and by averaging over
higher-energy optical transitions due to the recombination o#ll the initial states.
electron-hole pairs at their respective third and fourth single (€) We assume that the QD is in thermal equilibrium
carrier energy levels. As discussed above and demonstrat&en photons are emitted due to exciton annihilation. There-
in Ref. 10, the combined electron-electron and hole-hole exfore, only optical transitions from the ground energy level of
change energy between their first and second single carri@ach N+ 1)th multiexciton to all possible levels of th¢th
levels is given precisely by the energy difference betweermultiexciton are considered. Therefore, the reciprocal of the
line A; and lineA,. Similarly, the energy difference between sum of all the recombination rates of a multiexciton ground
the spectral lined; and B, is an exact measure for the state constitutes its lifetime.
combined exchange energy between the first and third single In Table II, we list the estimated radiative rates of the first
carrier energy states. We emphasize here again that the spégD multiexcitons. These rates are given in units of the ra-
tral line A, acquires contributions from the recombinationsdiative rate of the QD single excitonr&l). The table also
of the third, fourth, and fifth multiexciton®:'Line A, does lists the radiative recombination rates of each multiexciton to
not originate from the recombination of the biexciton. The the various spectral lines. We note that a decaying multiex-
so-called “biexciton” spectral line is the line that we denote citon contributes to a few spectral lines, and that each spec-
by A.y. It is split downward in energy from the single exci- tral line may acquire contributions from the radiative recom-
ton line A; by the biexcitonic binding energy. Our model bination of a few multiexcitons. The last row of Table Il
calculations show that this energy amounts only to aboutontains the sum over all the radiative contributions of the
20% of the A,-A; exchange splitting, in agreement with various sequentially decaying multiexcitons to a given spec-
others!®222627 \oreover, since the biexciton PL line ac- tral line. In the calculation of these sums, the conditions of
quires contribution from the recombination of the biexcitonEq. (5) apply. Therefore, these rates represent the relative
only, its excitation density dependence is different from thaintensities of the saturated PL spectral lines for pulsed exci-
of the other spectral lines in grouly as correctly given by tation.
our model. The calculated temporal dependence of the emission in-

In Table | we present the exchange energies calculated fdensity of a few spectral lines and a givéN,) is displayed
a simple geometrical shape for the SA&F*We found out  in Fig. 4(b). The calculations yield very good agreement with
that these integrals are not particularly sensitive to the gesthe measured spectf&ig. 4@]. In particular, it is worth
metrical shape of the QD. Therefore, the knowledge of onaoting that the multiexciton model explains the rise time of
or two exchange terms can be used for deducing the rest dfie various spectral lines and its dependence on the excita-
these terms. tion density[Fig. 4(c)]. Consider, as an example, the spectral

The e-e and h-h exchange interactions are responsible fdine A;. According to the modelt as can be seen in Table II,
the line splitting described in Figs(d) and 4a). In addition,  this line originates from the recombination of either a single
they give rise to a spectral redshift of optical transitions fromexciton or the third multiexcitor(triexciton). For a larger
successively higher-order multiexcitons, as we demonstratehultiexciton, the annihilation of the corresponding electron-
previously!® This redshift is caused by the number of ex- hole pair results in a redshifted linsuch asA, and A).
change interactions, which increases with the number of carFherefore, if the excitation pulse photogenerates more than
riers. Therefore, the sum of exchange interaction energiethree excitons in the QD, the appearance of Ahdine will
lowers the energy of th+ 1 multiexciton levels more than be delayed in time. It will only appear after enough radiative
it lowers the energy of th&l multiexciton levels, thus caus- annihilations of electron-hole pairs have occurred such that
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TABLE II. Estimated total and partial QD multiexciton radiative decay rates to the various spectral lines
(in units of 7,51). The sums in the last row, therefore, represent the relative intensities of the various spectral
lines at saturation under pulse excitati@ee texk

Al Ay A, A3 A, A By B, By C C C3 Dy 7t

1 i
2 8 2
3 ¥ 22 : 9
4 8 8 4
5 LI A A 17
6 7 7 Z 6
7 LI - S S T T
8 z z 7 i 8

rel. int. 150 1.00 1.10 0.75 052 041 088 0.69 052 057 049 041 041

all but three excitons have recombined. The larger the interefficiency (i.e., the relation betweefN,) and the excitation
sity of the exciting pulse is, the more excitons are initially density).

photogenerated. Therefore, the rise times increase strongly

with the pulse intensity. In addition, since higher-energy VI. SUMMARY

groups of spectral lines are associated with larger multiexci-
tons, their rise times are shorter.

We now turn to estimate the radiative lifetime of the
SAQD single exciton £;=47g). This task cannot be simply
accomplished by measuring the decay time of the spectr
line A4, since low light level emission rates are very sensi-

tive to nonradiative recombination chann&ig he rise times retical multiexcitonic model. The inout barameters for the

and their excitation intensity dependence, however, are mudif Id | ru tlhx Iin II i r.I vel 'npl: ip nd the exchan

less sensitive to the presence of saturable nonradiative chaffiod€’ are e Singie carrier [Evel energies a € exchange
ergies between these levels. We show that our model with

nels. Therefore, from the comparison between the measurefl. =" ¥ =~ . )
b ; is minimal set of parameters, which we directly deduced

and calculated rise times as a function of excitation densit o .
rom the measured spectra, quantitatively describes the evo-

[Fig. 3©)], = is straightforwardly estimated to be 4 nsec. lution of the photoluminescence spectrum of an optically ex-
This surprisingly long lifetime is also verified by yet another cited sinale Semiconductor uantLFl)m dot as a func?tion gf ox-
independent estimation. From the magnitude of the tempo- Y q

rally integrated PL emission in which the distinct spectralcItatlon density and time after its pulsed excitation.

We applied low-temperature diffraction-limited confocal
optical microscopy to spatially resolve and spectroscopically
study photoluminescence emission from single self-
E;@}ssembled InAs/GaAs quantum dots.

The measured spectra and their dependences on time and
excitation intensity are measured and analyzed using a theo-

lines saturate under pulse excitation, the efficiency of our
collection optics can be directly fourjdee Eq.(5) and Fig. ACKNOWLEDGMENTS
2(b)]. The determined efficiency is now used to obtain The research was supported by the US-Israel Binational

from the maximal intensity of the spectral linfg; in cw  Science Foundatio@®53/97 and by the Israel Science Foun-
excitation(see Fig. 2 Both methods agree to within a factor dation founded by the Israel Academy of Sciences and Hu-
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