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Few particle effects in the emission of short-radiative-lifetime single quantum dots
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We report on photoluminescence measurements on single GaAs monolayer fluctuation quantum dots. We
show that, because the quantum dots have short radiative lifetime, the biexciton line is composed of various
contributions originating from the Coulomb interaction with higher energy excitons. This appears as a broad
low energy sideband on the biexciton line which appears for an average number of excitons in the system as
small as 0.3. A simple model allows us to account for our observations and to show that this sideband is the
spectral signature of fast quantum dots in continuous wave measurements.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) are zero-dimensional
traps for electrons and holes in a three-dimensional semicon-
ductor medium. The intensive study of their fundamental
properties has led to the common image of the semiconduc-
tor “macro-atom,” and has given rise to a large interest for
their use in the field of quantum cryptography and quantum
computing.' This “macro-atom” image comes from the usual
spectral properties of QDs. First, due to the zero-dimensional
confinement, QDs present discrete optical transitions. Sec-
ond, thanks to Coulomb interaction, the energy of the optical
transitions is determined by the total number of excitons in
the QD. This fundamental properties have first been evi-
denced by continuous wave (c.w.) photoluminescence
measurements,?> and recently revisited through correlation
measurements which evidence a radiative cascade in the QD
emission.* The understanding of the crucial role played by
Coulomb interaction in the QD emission has led to theoreti-
cal proposals to use QDs for quantum bit generation' and to
first experimental demonstrations of quantum functionalities.
For instance, all optical quantum gates®’ and single photon
sources®” based on QDs have recently been demonstrated.
For such applications and other like indistinguishable photon
sources, short radiative lifetime QDs are needed. To find out
the best system, various QDs are investigated, such as II-VI
QDs with a radiative lifetime of 7=300 ps,!! InGaAs QDs
(7=400 ps),'° ... . Recently, we have evidenced that the ra-
diative lifetime of a GaAs QD can be as short as 100 ps for
the exciton (X) and 60 ps for the biexciton (XX) and is con-
trolled by its lateral size.'? In the present work, we show that,
whenever one deals with fast QDs, few particule effects have
to be revisited to describe the QD emission.

We report on photoluminescence measurements on QDs
formed at the interface fluctuation of a thin GaAs quantum
well under continuous wave nonresonant excitation. When
increasing the excitation power, a low energy sideband to the
biexciton line develops. The sideband appears for an average
number of excitons in the system as small as 0.3. We show
that this sideband is the result of the biexciton coulombian
interaction with the continuum of higher energy excitons. We
develop a rate equation model describing the emission of
these QDs under c.w. excitation, which perfectly accounts
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for our experimental observations. It shows that the appear-
ance of the biexciton sideband at very low number of exci-
tons in the system is the result of the very fast radiative
lifetime of GaAs quantum dots. Finally, to further analyze
the influence of the radiative lifetime on the biexciton side-
band, we extend our model to compare the case of fast QDs
to slow QDs.

II. EXPERIMENTAL OBSERVATIONS

The sample under study consists of a nominally 10 mono-
layer GaAs quantum well embedded in Alj33Ga, ¢;As barri-
ers. The description of the sample growth and its optical
characterization are detailed in Ref. 9. To isolate single QDs,
microdisk structures have been chemically etched. Measure-
ments are performed at a sample temperature of 8 K using a
cold-finger helium cryostat. Micro-photoluminescence (u
-PL) measurements are performed in the far field using a
microscope objective, with an excitation spot diameter of
2 um. The excitation beam is delivered by a continuous
wave (c.w.) Ti:sapphire laser with energy around 1.73 eV.
The signal is detected by a N,-cooled Si CCD camera with a
0.1 meV spectral resolution.

The insert of Fig. 1(a) shows a c.w. photoluminescence
(PL) spectrum on a large energy scale for an excitation
power of P=1.35 uW. On the high energy side, the broad
emission corresponds to the radiative recombination of exci-
tons in the QW. On the low energy side, two discrete lines
labelled X and XX appear, attributed to the emission of a
single QD named QDI, as explained below. Figure 1(a) pre-
sents the emission of QDI1, for various excitation powers.
The spectra have been normalized to the peak intensity of the
exciton line, at the energy of 1.6988 eV. At the energy of
1.6962 eV, a second line appears when increasing the exci-
tation power. On the low energy side of this line, a broad
emission develops when increasing the excitation power. To
identify the origin of these lines, we consider the spectrally
integrated intensity of the emission line as a function of the
excitation power. For low excitation density, the exciton line
increases linearly with excitation power. Meanwhile, the in-
tegrated intensity of the low energy line, as well as its side-
band, increases quadratically. These observations indicate
that the emission originates from the recombination of exci-
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FIG. 1. (a) PL spectra of QD1 for various excitation powers P
under c.w. excitation. The spectra are normalized to the X peak
intensity. Insert: broad energy spectrum for P=1.35 uW. (b) Pho-
toluminescence spectra under nonresonant pulsed (3 ps) excitation.
Top: time integrated spectrum. Bottom: spectra for different time
delays after the excitation pulse.

ton (X) and biexciton (XX) inside the QD. This analysis is
confirmed by time resolved measurements.'” Figure 1(b)
shows the emission spectra obtained on the same QD under
nonresonant pulsed (ps) excitation for various time delay af-
ter the excitation pulse. First, the biexciton line, including its
sideband, is emitted before the exciton line. Moreover, as the
QW excitons radiatively recombine, the emission of the QD
biexciton first takes place in the low energy part of the side-
band, then in its high energy part, and finally at the bare XX
energy. These observations allow us to rule out the presence
of charged excitons in the system which would radiate simul-
taneously to the exciton.'? Lastly, note that the sideband to
the XX line remains unchanged if we change the excitation
energy. QD charging is known to depend strongly on the
excitation energy,'* a dependence we do not observe here. As
a result, we can conclude that the sideband observed on the
low energy side of the biexciton line is the result of various
multiexciton lines corresponding to the radiative recombina-
tion of a biexciton in the QD while higher energy excitons
are in weakly localized states of the 2D quantum well. In the
following, we refer to the gathering of these multiexcitonic
lines as to the “XX sideband.”

We observe this low energy sideband on the biexciton line
on every single QD we have studied, from several samples
presenting monolayer fluctuation QDs. The sideband appears
whenever the biexciton emission is observed. However, the
contribution of the sideband to the biexciton emission varies
from dot to dot. To qualitatively understand the appearance
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FIG. 2. Top: representation of the various occupations i of the
system contributing to the c.w. PL signal with probability p;. Bot-
tom: Squares: experimental spectrum of QD1 for (i)=1.12 corre-
sponding to an excitation power of 1.35 uW. Bars: probabilities p;.
Full lines: spectral function with unity area multiplied by p;.
Dotted-dashed line: calculated spectrum.

of this sideband, let us analyze the origin of the discrete lines
in the PL signal under continuous wave excitation. To sim-
plify, we consider that the QD only contains one confined
state. This assumption well applies for the QDs under study
since we measured no excited states by photoluminescence
excitation spectroscopy as in Ref. 15. We consider the sys-
tem composed of the QD and its immediate surrounding, i.e.,
the QW states from which excitons can scatter toward the
QD. These states can be pure 2D states or weakly localized
states. We define i as the number of excitons in the system.
The c.w. PL signal is the sum of the radiative signal emitted
by the system for each number of excitons i for i varying
from i=0 to i=% with a weight g,. ¢; will be explicitly cal-
culated later in the paper. Each case corresponding to each
value of i is illustrated in the upper part of Fig. 2. The system
occupation i=1 gives rise to an emission at the energy of the
exciton E;=Ey; when i=2, the emission occurs at the unper-
turbed biexciton energy E,=Exx.

For i=3, the system radiates either through the QW or
through the QD. In this case, the QD emission takes place at
an energy that is redshifted as compared to the biexciton
energy, as we explain below. In the following, we show that
the QD emission spectral shape is governed by the relative X
and XX lifetime with respect to the QW lifetime. Time re-
solved measurements have shown that QD1 presents an X
(resp. XX) radiative lifetime of 150 ps (resp. 100 ps). The
QW radiative lifetime has been measured to be 160 ps. In the
following, we show that when the radiative lifetime of the
exciton and biexciton lines are of the same order as QW
radiative lifetime, the large occupancies of the system (i
=3) significantly contribute to the QD emission, even at
very low average number of excitons in the system. This
results in the appearance of the XX sideband at low occu-
pancy of the system. This behavior is in great contrast to
what is observed with long radiative lifetime QDs such as
self-assembled InAs QDs.

III. MODEL

We now give a quantitative description of the biexciton
sideband by developing a simple model accounting for our
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FIG. 3. Right: Ixx/Ix ratio as a function of excitation power for QD1. Symbols: experiment. Full line: fit. Top scale: average number of
excitons (i) in the system. Left: symbols: experimental PL spectra measured for various (i) for QD1 (top) and QD2 (bottom). Full lines:

calculated spectra.

experimental observations. In the following, we assume that
the capture toward the ground state of the QD is instanta-
neous. This assumption is strongly supported by the very
short risetime (=30 ps) observed in time resolved
measurements.'? As a result, we consider that whenever the
system contains =2 electron-hole pairs, two electron-hole
pairs are in the QD ground state, i—2 are in the QW con-
tinuum state. We define p; as the probability that the system
contains i electron-hole pairs. Each probability p; decays due
to radiative recombination of the excitons inside the QD or
the QW, with a decay time noted #;. We have t,=tx, t,=fxx,
and 1/t;=1/txx+(n-2)/tqy for i=2. The system occupa-
tion i=1 (resp. i=2) gives rise to an emission at the energy
of the exciton E,=Ex (resp. biexciton E,=Exx) with a
weight p,/t, (resp. p,/t,). When i =3, recombination in the
QD ground state gives rise to an emission with weight
pil txx.'® This emission is redshifted as compared to the un-
perturbed biexciton energy Eyxy. Such a redshift of a QD
emission line in presence of excitons in higher energy states
has been theoretically analyzed in InAs QDs.!'” It has been
shown that the influence of the Coulomb interaction on the
emission energy can be understood as follows: whenever the
high energy state interacting with the biexciton state inside
the QD is partially occupied, the biexciton ground state en-
ergy is reduced by the sum of the electron-electron and hole-
hole Coulomb exchange terms. As a result, we expect a red-
shift of the emission, which is supposed to be larger when
the population of the quantum well electron-hole pairs is
large. In the following, we neglect the exchange interaction
between excitons in the QW so that Coulomb interaction
gives rise to only one additional line for each i=3. We as-
sume that the redshift of each line is simply proportional to
the number of excitons in the QW: E;=Exx—(i—2)AE. Full
calculation of the redshift in multiexciton complexes indi-
cates that this simplification holds as long as the number of
excitons inside the excited states is small.!® We only need to
consider at most four excitons in the QW state (i<6) to
account for the observed XX spectral line shape. We take

AE=0.7 meV as the only fitting parameter for all calcula-
tions.

We note 1/t, the optical injection rate of one electron-
hole pair in the system. 1/z,=P/A, where P is the excitation
power and A describes the optical injection efficiency in the
sample. The probabilities p; are governed by the following
rate equations

+——-pl—+—).

dp; _ pist | Piny (1 1)
dt  tig t, t; ot

l a

The first two terms contribute to the increase of the p; proba-
bility:radiative recombination of an exciton in the i+1 case
and optical injection of an exciton in the i—1 case. The last
two terms contribute to a decrease of the p; probability:ra-
diative recombination of an exciton and optical injection of
an exciton in the i case.

The stationary solution of this system is given by p;
:(p(,H;-:ltj)/ (t,)" for i=1. p, is obtained by the probability
normalization 2 p,=1. 1y, txx, and fqy have been mea-
sured for each QD in time resolved measurements so that we
know every ,.!> We can then numerically calculate every p;
as a function of 7,=P/A. To determine A, we consider the
intensity ratio Ixx/Ix=(p,/tx)/(X;_,p;/txx) which depends
only on the parameter A through the p;. By fitting this ratio
as a function of P as shown in Fig. 3(c), we determine the
value of A for all measurements. Then, each excitation power
corresponds to an average number of excitons in the system,
given by (i)=X7_,jp;, as shown on the top scale of Fig. 3(c).

Finally, to calculate the emission spectra, we sum the con-
tribution to the emission of each case i, with weight g,
=p,/tx at energy Ex for i=1 and ¢;,=p,/txx at E; for i=2
(see the lower part of Fig. 2). Each contribution is broadened
by the same spectral function with unity area. This spectral
function is taken as the sum of two Lorentzian functions so
as to account for both the zero phonon line and the phonon
sidebands of the exciton line."
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FIG. 4. (a) Symbol: Experimental sideband fraction inside the
biexciton line for QD1 (square) and QD2 (circle). Lines: Calculated
sideband fraction inside the biexciton line as a function of the av-
erage number of excitons in the system (i) for QD1, QD2 and a
typical InAs QD. (b) p; (log scale) as a function of i for (i)=1 for
QD2 (circle) and a typical InAs QD (triangle).

Figure 3(a) presents both calculated and experimental
spectra for QD1 for three excitation powers corresponding to
three values of (i). Our model very well accounts for the
spectral line shape of the biexciton line for various excitation
powers. It also shows that the contribution of the biexciton
sideband to the biexciton line is significant even for an av-
erage number of excitons in the system as low as 0.35. In
Fig. 3(b), we present both calculated and measured spectra
for another QD (QD2), which presents shorter radiative life-
times (x=100 ps and txx=60 ps). For an average number of
excitons around 2, the emission at the unperturbed biexciton
energy is even smaller than the contribution of the sideband.

IV. DISCUSSION

We now compare the contribution of the sideband to the
emission line for QD1 and QD2. The experimental sideband
fraction in the biexciton line is reported in Fig. 4(a). For both
(iy=1.1 and {i)=0.7, the fraction of the sideband in the biex-
citon line is larger for QD2 than QD1. We experimentally
observe an influence of the QD radiative lifetime on the side-
band fraction in the biexciton line. This trend is quantita-
tively accounted for by our model. In Fig. 4(a), we have
plotted the calculated fraction of the biexciton signal emitted
in the sideband for QD1 and QD2. This fraction is given by
Liacbana! Ixx=223p;/ Z;2,p ;- We see that the calculated frac-
tion is larger for QD2 than for QD1, as experimentally ob-
served.

To complete this analysis, we analyze what is expected
for InAs QDs which present much longer typical radiative
lifetime (around 1-3 ns). First, let us analyze the PL spectra
observed for a single InAs QD as a function of excitation
power in Ref. 19. For low excitation power, only the exciton
and biexciton line are observed. The first red shifted biexci-
ton line (contribution i=3 of our sideband) is observed for
high excitation power, only when the first excited state of the
QD is filled. In this regime, no exciton is observed, and the
emission is maximum in the excited state. High QD filling
factors radiate mainly through the QD high energy states, in
contrast to fast emitting monolayer fluctuation QDs. To be
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more quantitative, we calculate the sideband contribution to
the XX line for a typical InAs QDs. In our model, we have
considered QDs with only one confined states. This analysis
still holds for QD with excited states; we then consider a
“mean excited state” with “an average radiative lifetime,”
gathering all excited states of the QD and QW. We take an
InAs QD exciton radiative lifetime around 1.5 ns, #xx
=tyx/2 and a typical two-dimensional lifetime for the high
energy state fow=200 ps.?’ In Fig. 4(a), we see that to ob-
serve a sideband fraction around 20%, an average number of
1.5 excitons in the system is needed in InAs QDs whereas an
average number of only 0.5 is needed in GaAs QDs.

Finally, note that the radiative lifetime influences the side-
band signal weight g,=p;/txx through both 1/#xx and p;.
Indeed, the stationary solution for the p; depends on all the
radiative lifetimes #;. This effect is illustrated in Fig. 4(b),
where p; is plotted as a function of i for QD2 and a typical
InAs QD for an average number of excitons in the system of
(i)=1. p; for i=3 decreases much more rapidly with i for
long radiative lifetime QDs than for fast emitting QDs. As a
result, the XX sideband is much smaller for long radiative
lifetime QDs than for short radiative lifetime QDs.

Studying carefully many measurements reported in vari-
ous QDs systems as a function of excitation power, one finds
that the appearance of the multiexciton lines is clearly corre-
lated to the radiative time of QD ground states. In the pio-
neer work on GaAs monolayer fluctuation QDs,? low energy
“satellite” can be seen on the low energy side of the biexci-
ton line at low excitation power. Recently, Santori and co-
workers have reported time resolved measurement in rela-
tively fast emitting InGaAs self-assembled QDs, (fx
=479 ps,txx=316 ps).!” In their measurements, such a side-
band also clearly appears in the low energy side of the biex-
citon line. On the contrary, on InAs QDs with very long
radiative lifetime, multiexciton lines only appear for very
high excitation density ({i)~2-13) when the system mainly
radiates in its high energy states.!”!°

V. CONCLUSION

In conclusion, we have evidenced a strong influence of
Coulomb interaction in the biexciton emission line of fast
emitting single GaAs QDs. For a very small number of ex-
citons in the system, it appears as a broad low energy side-
band to the biexciton line, due to exchange interaction be-
tween the biexciton in the QD ground state and excitons in
higher energy states. The appearance of this sideband at very
low exciton density is the signature of fast emitting QDs.
Our model gives an overall understanding of why the spec-
tral feature on the biexciton is visible in some QDs and not
in others. In the perspective of using single QDs to generate
gbits, fast emitting QDs are needed. Our work shows that
when the radiative decay of the QDs is fast, its Coulomb
environment plays a crucial role in its emission, even at very
low density.
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