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Picosecond nonlinear relaxation of photoinjected carriers
in a single GaAsÕAl0.3Ga0.7As quantum dot
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Photoemission from a single self-organized GaAs/Al0.3Ga0.7As quantum dot~QD! is temporally resolved
with picosecond time resolution. The emission spectra consisting of the multiexciton structures are observed to
depend on the delay time and the excitation intensity. Quantitative agreement is found between the experimen-
tal data and the calculation based on a model which characterizes the successive relaxation of multiexcitons.
Through the analysis we can determine the carrier relaxation time as a function of population of photoinjected
carriers. Enhancement of the intradot carrier relaxation is demonstrated to be due to the carrier-carrier scatter-
ing inside a single QD.
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Semiconductor quantum dots~QDs! are designable meso
scopic atoms easily integrable in bulk electronics. Th
zero-dimensional structures, being solid state systems
an atomiclike density of states, have attracted large inte
as possible efficient replacements of other quantum het
structures for standard optoelectronic devices. Recent
more general prospective has been addressed, aiming t
ploit the specific features of QDs for a new generation
novel devices. Examples of this new trend are in the field
quantum cryptography1 and quantum computing,2 based on
single QD~SQD! devices. Within this framework it is obvi
ous that the main effort in QD research has been focuse
the comprehension and the control of SQD properties. S
ies of the phase relaxation,3 the spectral diffusion,4 and the
carrier-carrier correlation5–8 are nowadays the focus of atte
tion in QD basic research.

In this Rapid Communication we study the ultrafast no
linear properties on the carrier relaxation inside a single Q
The SQD emission transients are resolved with ps time re
lution and interpreted in terms of the successive transi
between the correlated few-exciton states. Quantita
analysis on the SQD emission allows us to determine
temporal dependence of the carrier population confined
single dot. This allows us to show a strict correlation b
tween the intrinsic carrier energy relaxation and the num
of photoinjected carriers. We demonstrate that the intra
carrier-carrier scattering process is responsible for the
cient carrier relaxation in semiconductor QDs.

The samples are GaAs/Al0.3Ga0.7As self-assembled QD
grown by modified droplet epitaxy~MDE!.9,10 MDE is a
nonconventional growth method for self-assembling Q
even in lattice matched systems.10 By modifying the surface
reconstruction and the adatom mobility it is possible to o
tain QD samples with a density as low as'63108 cm22.
Surface and cross sectional high resolution scanning elec
microscope images demonstrate the formation of pyram
shape nanocrystals of 16 nm height and 20 nm base.11

The optical measurement was performed with a fs mo
locked Ti-sapphire laser of 76 MHz repetition rate. A secon
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harmonic beam of the laser output (l5400 nm) was used
for excitation. This beam was loosely focused on the sam
by a conventional lens off 5200 mm. The emitted signa
was collected by a microscope objective of N.A.50.5. The
present configuration allows one to irradiate the sample
mogeneously inside the detection spot, and to determine
power density with precise accuracy. The spatial resolut
was;1.2 mm, causing;7 QDs to be collected on average
The signal was dispersed by a polychromator, and dete
by a synchronously scanning streak camera. The temp
and spectral resolution was 15 ps and 0.8 meV, respectiv
The sample was attached to a cold finger of a He-flow c
ostat. All experiments were performed at 3.5 K.

FIG. 1. Temporally and spectrally resolved images of a SQ
emission at various excitation power densities:~a! Pexc

547 nJ/cm2, ~b! 150 nJ/cm2, and ~c! 470 nJ/cm2. Three emission
components characteristic to the SQD spectra are denoted by A
and C.
©2002 The American Physical Society02-1
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Figure 1 shows a series of time-resolved SQD emission
a linear gray scale at various excitation powers, Pexc. These
emissions originate from the recombination of an electr
~and a hole! which is in the lowest-energy QD state. As
clearly shown, a highly nonlinear behavior and peculiar te
poral dynamics appear on the SQD emission. At low exc
tion, Pexc547 nJ/cm2, Fig. 1~a! exhibits a narrow line, de-
fined as A, and a weak band, defined as B, at the low-ene
side of A. Both components decrease monotonically w
time, although the B band decays much faster than the A l
With increasing excitation power to 150 nJ/cm2 @Fig. 1~b!#,
the B band appears as strong as A, and an additional ra
decay component, defined as C, emerges at the lower en
Simultaneously, the temporal shape of A tends to
stretched, and the finite rise profile is evidently resolve
After nearly 500 ps the spectral evolution is almost identi
with that of the lower excitation case. On increasing the
radiation, as in Fig. 1~c!, the broad C band dominates th
transient stage of emission, and the rise of A and B is fou
to be slower. It is worth noting that the present features
common to all the SQD emissions, independent of their
ergy or dot size.

The temporal behavior of SQD emission is characteriz
by the transient PL spectra reported in Fig. 2~a!. We selected
four spectra from the PL trace at Pexc5150 nJ/cm2, indi-
cated by the white arrows in Fig. 1~b!. The spectra show that
~i! the broad C band together with the B band dominates
early stage of the emission;~ii ! the C band rapidly fades
away with time; and finally,~iii ! in the long time limit, the B
band is totally replaced by the A line. Temporal developm
of these emission bands are reported in Figs. 2~c! and 2~d!
for two different excitation powers. In the transient spect

FIG. 2. ~a! transient SQD emission spectra at Pexc

5150 nJ/cm2 for various delay times, which are presented by t
white arrows in Fig. 1~b!. ~b! high-resolution SQD spectra with cw
excitation at 2 kW/cm2 ~solid line! and 70 W/cm2 ~dotted line!. ~c!
and~d! temporal evolution of the SQD emission bands of A, B, a
C, at Pexc547 nJ/cm2 and 150 nJ/cm2, respectively. Spectral win-
dows for the signal integration are shown in~a!.
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we also resolve a red shift of the A line@;0.8 meV, pre-
sented by vertical lines in Fig. 2~a!# and a narrowing of the B
band with increasing time. These observations suggest th
and B originate from multiple components which are n
spectrally resolved. This speculation is supported by
high-resolution SQD spectra with cw excitation, reported
Fig. 2~b!. In fact, the high-resolution spectra exhibit tw
lines split by 0.8 meV in the A line region, while four line
characterize the B band region. When the irradiation is w
enough, the highest-energy line appears alone, and with
creasing irradiation, other lower-energy lines take pla
Note that a very similar spectral profile is obtained for Fig
2~a! and 2~b!, although a different QD was captured.

The transient emissions are therefore characterized
three components: the long lasting, high energy A line
1828 meV, the B line at 1823 meV, and the fast and broa
band whose energy depends on the excitation power and
lay time. This peculiar evolution can be attributed to mul
excitonic effects. The presence of more than one exciton
the QD determines the splitting and the red shift of the em
sion energy of the QD ground state transition. In fact,
carrier exchange interaction leads to a progressive decr
of emission energy when increasing the number of excit
in the QD, although a certain reduction is expected due
correlation effects.12 Thus, when the number of excitons in
creases, more lines appear in the low energy side of
fundamental single exciton transition. Within this framewo
we attribute the doubly degenerate A line to single exci
and biexciton recombinations, and the fourfold degenerat
band to the recombinations when the total number of ex
tons is between 3 and 6. A larger number of excitons c
tured in the QD give rise to the C band. These attributio
reproduce the power dependence of the SQD emissions w
as will be discussed later.

It is noteworthy that the multiexciton complex has be
first explored in bulk indirect semiconductors weakly dop
by impurities.13,14 In this case multiple carriers are bound b
the Coulomb interaction, and their eigenstate is described
the shell model, which specifies the relative motion o
carriers.15 For the case of QDs, on the other hand, multip
carriers are bound mainly due to the quantum confinem
and theshell structure is simply given by the confineme
sublevels determined for a single carrier. The carrier-car
correlation reflects in the renormalization of the single carr
levels. In the present QDs, the energy split between the l
est energy shell (s shell! and the second-lowest one (p shell!
is ;80 meV, and we focus on the recombination of an el
tron ~and a hole! occupied in thes shell, which is modified
by the correlation with the other carriers.

To perform a quantitative discussion, we analyze the ti
evolution of the SQD PL using a model based on the succ
sive transitions between the multiexciton states. Since
observations suggest that the transient SQD spectrum
solely determined by the population of excitons at a spec
time, the emission dynamics are described by a set of
equations,8,13 dr i /dt52G ir i1G i 11r i 11 , wherer i(t) is the
probability to findi excitons inside the QD, andG i is the iX
transition rate—hereafteriX indicates the recombination
with i excitons inside the QD. We also adopt the realis
2-2
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assumption that the number of photoinjected carriers are
tistically distributed, and it is given by the Poisson distrib
tion, so thatr i(t50)5e2 r̄r̄ i / i !, wherer̄ represents the av
erage number of photoinjected carriers.13

The efficiency of photoinjection was extracted by analy
ing the time-integrated~TI! intensities of the SQD emissions
Variations of the TI intensities for the A, B, and C emissio
bands are presented in Fig. 3~a!, together with the calcula-
tions based on the above model. The best fit to the data g
an efficient carrier-capturing cross section,j, of 1.85
310211 cm2. With the use ofj, the number of photoinjected
carriers is given by the multiplication ofj with the photon
flux, or the carrier density at the sample surface. The pres
procedure allows us to determine the carrier population
side the QD. It was found that the magnitude ofj is consis-
tent with a result of the PL yield measurement of the pres
sample, and of the same order with that of the InAs/Ga
QDs reported in Ref. 8.

To interpret the temporal evolution of the SQD emissio
r i(t) is solved numerically. For simplicity we assume th
the transition rate of the multiexciton state is given by t
summation of the relevant single-carrier recombination ra
In this treatment, dynamics of up to 10 excitons are speci
using the three lowest intershell (s, p, and another higher
shell! transition rates as free parameters. In Figs. 3~b! and
3~c!, the best fits of the data@Figs. 2~c! and 2~d!# are pre-
sented, where the transition times for thes, p, and the higher
energy shells are derived as 400 ps, 600 ps, and 300
respectively, by an accuracy of 20%. Excellent agreem
between calculation and the data supports the validity of
assumption that the multiexciton transition strength, i.

FIG. 3. ~a! excitation power dependence of time-integrated
tensities of the A~circles!, B ~diamonds!, and C~triangles! bands.
Solid lines indicate the fit withj51.85310211 cm2. ~b! and ~c!;
Model calculations for the temporal development of SQD emissi
These curves are compared with the experiment, Figs. 2~c! and
2~d!. The relation between the magnitudes ofr̄ for panel b and
panel c corresponds to that of the excitation powers in the exp
ment. The ratio of the vertical scales is identical with that in Fig.
12130
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overlapping between the few electron-hole pairs, is
strongly modified by the carrier-carrier correlation.

The rise characteristics of the SQD emissions are sho
in Fig. 4. Here we plot a phenomenological rise time,tM , by
measuring the time delay needed for each emission ban
reach its maximum, as a function of average number of p
toinjected carriers. Note thattM is roughly three to four
times larger than the conventional rise time,tR , obtained by
a single-exponential fit. The C band indicates the fastest
time (tM585610 ps), close to our time resolution limi
The A band and the B band show an increase in rise t
when the exciton number is larger than two. This delay f
ture is understood by the present model based on the suc
sive relaxation of multiexcitons: the emission of theiX band
starts only when the internal excitons decrease toi, through
several recombinations after pulse excitation, thus resul
in a delay of theiX onset time. The observed behavior of th
emission rise forr̄.2 is well reproduced by the calculatio
using the parameters described above. On the other han
the case of low carrier injection,r̄,2, the experimental rise
time is instead longer than the predicted one. It is theref
suggested that the intradot carrier relaxation to the gro
state configuration is evidently slowed down in the abse
of multiple carriers inside the QD. This phenomenology
strictly related to the well known PL characteristics observ
by the ensemble QD experiment. In this case, the emis
rise time,tR , increases to several 10 ps at weak excitat
density. With increasing density, on the other hand, the
rise is observed to be fast. The commonly accepted inter
tation is that the intradot relaxation is enhanced due to
Auger-like scattering of photoinjected carriers involving co
tinuum electronic states.16–18

Our SQD data is consistent with the result of ensem
QD measurements, which generally show a monotonic
crease in PL rise time with photoinjection intensity.19 In ad-
dition, by resolving the SQD emission dynamics we obtai
different and more precise picture of the intrinsic relaxati

-

.

ri-
.

FIG. 4. Variation of a phenomenological rise time,tM , as a
function of average number of photoinjected carriers~or excitation
power density! for the A ~circles!, B ~diamonds!, and C~triangles!
bands. Model results oftM for the A ~B! band are indicated by a
broken~broken dotted! line.
2-3
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process. The speeding up of the carrier energy relaxa
occurs whenever the number of excitons in the SQD is lar
than few unities. At low carrier injection, when there is le
than two excitons per QD~in this case the B band is weak o
not resolved!, the carrier relaxation to the ground state
relatively slow and almost independent of the excitat
power. The B band already shows a fast rise at the minim
injection needed for detection. With increasing photoinje
tion, the C band becomes the dominant contribution of
SQD emission~the A and B bands appear only at very lon
delay times!. Contribution of the all SQD emission band
leads to the monotonic decrease in the PL rise time, foun
the ensemble averaged measurement. These results de
strate that the shortening of the rise time of the QD emiss
stems from a multiexciton recombination, which cannot
resolved in standard PL of the QD ensemble, due to the la
V.
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inhomogeneous broadening. At the same time our data s
that the Auger-like processes effective in the QD relaxat
should be associated to carrier-carrier scattering inside
QD,19,20 rather than that involving the carrier population
the wetting layer and/or barrier states, as usually conside
in the literature.16–18

In conclusion, we have determined the nonlinear car
dynamics in a single quantum dot by means of PL meas
ments with picosecond time resolution. Effects of the mu
exciton dynamics leads to strong nonlinearities in the S
emission. The observed behavior stems from successive
laxation dynamics of multiexcitons. Moreover, the efficie
intradot relaxation has been shown to be due to the nonlin
interaction between carriers inside a QD. We believe that
investigation of transient SQD emissions allows us to
deeper understandings on the ultrafast carrier dynamic
zero dimensional semiconductor systems.
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