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Dominance of charged excitons in single-quantum-dot photoluminescence spectra
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Single InxGa12xAs/GaAs quantum dot photoluminescence spectra, obtained by low-temperature near-field
scanning optical microscopy, are compared with theoretically derived optical spectra. The spectra show shell
filling as well as few-particle fine structure associated with neutral and charged multiexcitons, in good agree-
ment with the many-body calculations. There appears to be a greater tendency to charged-exciton formation,
which is discussed in terms of the high diffusivity of photogenerated electrons.

DOI: 10.1103/PhysRevB.66.041302 PACS number~s!: 73.21.La, 78.67.Hc
-
s
fle
ro

ri

i
ite
o

a
d

n

a

y
in

op
lu

sin
c

tra
u
es
e

pe

by

fe

o
ts
A

rre

of
a
bi-

et-

d
nd-
the
pper
f a

ed
s of
o-

.
eld
on
ure

ped

re
ts.
ost

ce
pec-

ar-

y

The optical properties of single InxGa12xAs self-
organized quantum dots~QDs!, have been intensively inves
tigated in recent years.1 Atomiclike features and narrow line
have been observed in the power-dependent spectra, re
ing the shell-like electronic structure of the dots and the p
gressive filling of the confined single-particle states.2 Be-
sides, multipeaked structures arise from the carrier-car
Coulomb interactions and related effects.3

While the photogenerated electron-hole complexes are
trinsically neutral, different mechanisms have been explo
in order to induce a tunable electrical charging of the d
resulting in strong renormalizations of the optical spectra.4–8

Among these, the spatial separation of the electron-hole p
in coupled quantum wells,9 the capture of photogenerate
electrons by ionized donors,10 the tuning of the ratio betwee
the electron and hole capture rates by modifyingT and the
excitation wavelength.11

In this work we present a detailed study of the optic
spectra of a single InxGa12xAs/GaAs QD performed by low-
temperature~35 K! near-field scanning optical microscop
~NSOM!. These spectra are compared with a theoretical
vestigation of the few-particle states and of the optical pr
erties of the QD. Both the experimental and theoretical
minescence spectra are shown to evolve, with increa
carrier population, from a single sharp line, to richly stru
tured features, which we attribute to the formation of neu
and charged multiparticle complexes. The overall spectr
is found to include several exciton and multiexciton lin
which increase linearly with the excitation intensity togeth
with the charged-complexes emission which exhibits a su
linear behavior.

Indium gallium arsenide quantum dots were grown
metal organic chemical vapor disposition onn1 GaAs~001!
substrates. Following the growth of a 200 nm GaAs buf
layer, at a temperature of 580 °C and that of a 5 nm GaAs
buffer layer at a slower growth rate, five monolayers
InxGa12xAs were deposited, to form a layer of quantum do
These were capped by an undoped 35 nm layer of Ga
From atomic force microscopy measurements of a co
0163-1829/2002/66~4!/041302~4!/$20.00 66 0413
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sponding uncapped sample we estimate a dot density
'(324)31010 cm22. In order to isolate single QDs, mes
structures of 100 nm diameter were fabricated by a com
nation of electron beam lithography and chemical w
etching.

For the photoluminescence~PL! measurements we use
an in-house built NSOM, based on an aperture-NSOM sta
alone head employing a tuning fork system to detect
tip-sample distance. The sample was mounted on a co
holder which is thermally connected to the cold finger o
He gas flux cryostat by an ultrapure~99.999 %! copper wire
bundle. The system was immobilized by a suitably design
thermal insulating basement, which reduces the vibration
the flux cryostat to a level complying with the vertical res
lution of the distance control of NSOM~about 1 nm!. The
sample temperature during the measurements was 35 K

The single-dot luminescence was excited in the near-fi
condition by the continuous wave 514.5 nm line of an Arg
ion laser coupled to a tapered fiber with a nominal apert
of 50 nm ~Nanonics Ltd!. It was collected in far-field and
dispersed by a 0.3 m focal length spectrograph equip
with a cooled low-noise charge coupled device detector~An-
dor Technologies!. The spatial and spectral resolutions we
approximately 200 nm and 0.4 meV in all the experimen
Integrations times of the order of 5-10 min were used in m
measurements.

In Fig. 1~a! we show the excitation-intensity dependen
of the single dot PL spectra. The main features of these s
tra are~i! at very low excitation intensity (0.26mW) ~Ref.
12! a single line@labeledX in Fig. 1~a!#, of full width half
maximum ~FWHM! 1.5 meV, appears at 1.223 eV;~ii !
around 1 mW the spectra become more structured. In p
ticular a lineB0 first appears and grows to'1.5 meV below
the X line, followed by a dominant emission lineX1, which
grows superlinearly 4.5 meV belowX; additional lines
(X2 ,X3 ,X4) appear in the energy range 10 meV belowX: all
these features are related to thes shell of the QD;~iii ! above
1.3 mW two p-shell bands rise at 1.258 eV, and split b
approximately 3 meV. Above 2.9mW the s shell progres-
©2002 The American Physical Society02-1
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sively saturates and disappears, and thep shell becomes
more structured, with a shoulder in the low-energy tail of t
high intensity feature at 1.258 eV.

In order to interpret the observed optical spectra we h
investigated the few-particle states by means of detailed
oretical calculations. We started by computing the sing
particle ~SP! eigenstates and eigenvalues within t
envelope-function and effective-mass approximations.13 As a
further step, the few-particle states are provided by
configuration-interaction calculation,14 which fully accounts
for the Coulomb-induced correlation effects. We expand

FIG. 1. ~a! Photoluminescence spectra of a single InxGa12xAs
quantum dot, excited by a 514.5 nm line of an Argon laser a
sample temperature of 35 K, as a function of the excitation int
sity; ~b! calculated luminescence spectra for the recombination
neutral~gray filled lines! and negatively charged~black lines! mul-
tiexciton complexes.
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few-particle Hamiltonian, including all the carrier-carrier in
teraction terms, within the basis of the six bound SP elect
states and of the ten energetically lowest hole states.
truncate the resulting Hilbert space by keeping only the c
figurations of lowest SP energy and finally obtain the fe
particle states by directly diagonalizing the Hamiltoni
matrix.15

The shape of the potential accounting for the confinem
of the carriers in the dot and the values of the compositi
dependent physical parameters are required for the comp
tion. The resulting eigenfunctions reflect the cylinder sy
metry of the system: as discussed below, this impl
selection rules with respect to the optical transitions, wh
are expected to simplify the optical spectra. The SP s
structure is reminiscent of that determined by a tw
dimensional~2D! parabolic confinement potential.13 We enu-
merate the shells byn50,1,2,. . . : each of them is compose
by n11 levels, withz components of the angular momen
m52n,2n12, . . . ,n22,n. All the eigenvalues corre-
sponding to mÞ0 are doubly degenerate:e(n,m)
5e(n,2m). The energy-level splitting between the shells
of the order of 35 meV for electrons and 7 meV for hole
This is consistent with the overall splitting of thes and p
shells (;40 meV) reported in Fig. 1~a!.

Figure 1~b! shows the computed contributions to the o
tical spectra due to different numbers of electrons (ne) and
holes (nh) in the dot. We assume that the few-particle co
plexes relax before a radiative recombination occurs: the
tial state is thus a statistical mixture of the few-partic
eigenstates associated to each system (ne2nh), the weight
of each eigenstate being determined by the correspon
Boltzmann factor.13 Let us first examine the complexes wit
equal numbers of electrons and holes (ne2nh gray filled
peaks!. Starting from the single-exciton case@Fig. 1~b!#, 1e
21h. A single peak~X! is obtained, due to the recombinatio
of the lowest exciton state, that can be identified with t
configuration where the carriers occupy the respectivs
shells. Transitions from higher exciton states are eit
dipole-forbidden, due to the selection rules arising from
cylindrical symmetry of the system, or suppressed by
Boltzmann factors. With increasing photoexcitation inten
ties recombination from the multiexciton states appear in
optical spectra. The main peak (B0) in 1~b! corresponds to
the transition between the biexciton and the exciton low
states. The line is redshifted by 1.5 meV with respect toX:
this biexciton binding energymainly arises from the Cou
lomb correlation between carriers.16

A transition to a higher exciton state appears on the lo
energy side, with a smaller oscillator strength. As the num
of carriers is further increased@see Fig. 1~b!, 3e23h to 7e
26h lines# the p shell is progressively filled: recombinatio
of electron-hole pairs can thus occur both from thes and the
p shells, with a splitting in agreement with the calculat
value. The transitions in thep shell are all degenerate o
quasidegenerate and thus give rise to a single broad pea

Due to the continuous wave nature of the optical exc
tion in the experimental results described here, a steady s
condition in the creation-recombination mechanisms of el
tron hole pairs in the dot is achieved. It is therefore reas
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able to expect that both neutral and charged multiexc
complexes are continuously created in the dot. The meas
optical spectra are temporally averaged and thus encom
contributions due to transitions involving different numbe
of carriers captured in the QD. In Fig. 1~b! ~black curves! we
show the emission of negatively charged complexesn
11)e2nh: the presence of an additional electron produce
strong redshift of the exciton peak@lowest panel in Fig. 1~b!#
and smaller redshifts of the multiexciton lines~upper panels!.

The prevailing trend in the spectra is the greater tende
to form charged-exciton complexes instead of neutral mu
exciton complexes. With increasing excitation intensity,
prevalence of charged-complexes formation is observe
increase. The main peak in both thes-shell (X1) and the
p-shell fine structure at high density can be attributed
charged single- and bi-excitonic transitions, whereas
lines X2 , X3 , X4 mostly arise from transitions involving
charged and neutral biexciton and triexciton complexes
inferred by the comparison with the 3e22h and 3e23h
curves in Fig. 1~b!.

The very fact that optical excitation results in the form
tion of negatively charged excitons is counter-intuitive sin
optical excitation is intrinsically neutral through the phot
generation of electron-hole pairs. Due to the photon ene
of the excitation~2.5 eV! in these experiments, the electro
hole pairs are generated in the GaAs barrier region and
then captured in the QD. The relaxation of the photogen
ated electron-hole pairs occurs most probably by scatte
events with longitudinal optical and acoustical phonons17

The smaller effective mass of the free electrons in the G
lattice results in a higher diffusivity of the electrons a
therefore facilitates the capture in the QD.

Positively charged complexes~not reported here! have
also been considered in our calculations. The addition o
excess hole does not produce the redshifted peaks obse
experimentally~for example, of the exciton and biexcito
lines!. This is due to the fact that the hole wave functions
more localized compared to those of the electron: the h
hole repulsion exceeds the electron-hole attraction in
mean-field limit, thus compensating the negative contri
tions due to correlation and exchange interactions.5

Finally, we discuss the dependence of the integrated
tensities of the linesXi andB0, which we determine by fit-
ting the spectral peaks and fine structure by means of Lo
ztian and Gaussian curves, on the power intensity~Fig. 2!.
Unlike the case of bulk and quantum well systems, we do
observe a quadratic dependence of the biexciton lineB0 with
respect to theX line ~close circles in Fig. 2!. We attribute this
,
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to the simultaneous occurrence of several different neu
and ionized complex states, into which the total oscilla
strength of the related states is distributed. Upon the in
tion of more than two excitons in the dots, neutral a
charged excitons and biexcitons are indeed formed, resu
in a complex intensity dependence of the spectra. Note
the total intensity~open circles in Fig. 2!, that is the sum of
all the contributions except forX, is superlinear.

In conclusion we have measured the photoluminesce
of a single InxGa12xAs/GaAs quantum dot at low tempera
ture by employing cryogenic scanning near-field optical m
croscopy. The physical origins and evolution of the spec
features have been compared with theoretical calculatio
The clear power-intensity dependence of the PL spe
strongly suggests that few interacting excitons are popula
the quantum dot. A greater tendency to form charged e
tons rather than neutral multiparticle complexes has b
observed, probably due to preferential electron trapping
the QD upon diffusion and scattering in the wetting layer

We take great pleasure in thanking D. Cannoletta for
expertise and technical assistance during the commissio
of the microscope. We would like to thank M. De Giorgi fo
many useful discussions. This project has been funded
Progetto Sud INFM ‘‘CryoSNOM’’ and SQID Europea
Project.

FIG. 2. Integrated intensity of peaksX, B0 , X1 , X2, and X3

from Fig. 1 as a function of the excitation power intensity. Gauss
fits to the PL spectrum used to determine the integrated intens
of the individual spectral components are shown in the inset.
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