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Few-particle effects in single CdTe quantum dots
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Optical emission from individual,n-type modulation-doped CdTe quantum dots~QD’s! is presented. Mag-
netomicrophotoluminescence and power-excitation-dependent measurements allows one to identify the neutral
exciton, the negatively charged exciton, and the biexciton. All these few-particle species are exposed to
randomly fluctuating electric fields attributed to charges trapped in the vicinity of the QD. The resulting
quantum confined Stark effect, characteristic for each quantum dot, is analyzed in detail. The correlations
between the emission energies of the neutral and charged exciton as well as between their integrated intensities
confirm the identification of the charged species. The binding energies of the biexciton and charged exciton
decrease sharply with the magnitude of the local electric field.
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The discrete atomiclike density of states of semiconduc
quantum dots~QD’s! is of considerable interest for ultimat
nanoelectronics or optoelectronics devices. For exam
QD’s are expected to become the active region in sing
electron memories or single-photon sources. But the sm
number of carriers involved in the operation of such devi
will make them very sensitive to local fluctuations in th
solid-state environment. For instance, fluctuation with ti
of electric fields created by localized carriers will lead
broadened emission lines even for individual QD’s.1 And im-
purities in the neighborhood of a dot can provide a source
doping as well as changing the discrete energy levels
additional Coulomb interaction.2

In this paper we report a study of charged- and neut
exciton complexes in the microphotoluminescence (mPL)
spectra of single CdTe QD’s. The charged exciton, wh
recombination emission appears between the emission
of the exciton and of the biexciton, is identified by magne
mPL measurements. The excitation power dependence
the exciton, the biexciton, and the charged exciton are m
sured and analyzed. Randomly fluctuating Stark shifts of
emission lines are recorded and are attributed to the ele
field of carriers trapped near the QD’s. The perfect synch
nization in the Stark shifts of the three excitonic peaks in
spectrum enable us to assign them to the same QD. We
a perfect anticorrelation of the charged exciton and exc
intensities under fluctuating electric field. Analysis of the e
ergy difference between the QD’s emission lines revea
significant electric-field dependence of the Coulomb corre
tion in the excitonic complexes. The binding energy of t
biexciton and of the charged exciton both decrease with
crease of the local electric field. This has a particularly p
nounced effect on the charged-exciton transition, which
blueshifted by the electric field.

The samples for the present study consist of a CdTe la
6.5-ML-thick embedded in ZnTe barriers and grown
atomic-layer epitaxy on a ZnTe substrate. The QD struct
is formed by CdTe-rich regions of about 10 nm size in t
ZnTe matrix, as revealed by compositional analysis of tra
mission electron microscopy~TEM! images.3 To introduce
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excess electrons in the CdTe layer, a plane of aluminum
nors with nominal concentrationNAl5431011 cm22 is
grown after a 300-Å spacer. Due to compensation effect
the ZnTe barriers, only a fraction of donor electrons trans
into the QD’s in the CdTe layer. Once electrical equilibriu
is reached, the carriers in the CdTe layer are submitted to
average electric field created by the ionized donors in
doping plane.

Single dots are isolated for investigation by fabricati
submicron apertures in an opaque aluminum mask us
electron-beam lithography and wet etching. The sample
excited nonresonantly in the ZnTe barriers by the 488-
line of an Ar1 laser. The PL collected from the submicro
apertures through a microscope objective is dispersed b
1-m monochromator~0.07-meV resolution! and detected by
a cooled charged coupled device camera.

Figure 1 shows typicalmPL spectra of a single QD mea
sured at 4 K through a 0.25-mm-diameter aperture. At low
excitation density (Pex'5 W cm22), the emission consists
of three major lines labeledX, Xd , andX2, and an additional
weak line (X2) on the low-energy side of the spectrum.

Measurements of the laser power dependence~inset of
Fig. 1! allow clear assignment of peakX and peakX2 to the
optically active exciton and to the biexciton, respective
With increasing excitation density, peakX gains intensity
linearly at first, reaches a maximum, and then falls shar
for higher excitation. PeakX2, which emerges 13.1 meV
below X, gains intensity quadratically at low excitation de
sity and saturates asX disappears. Similar behavior has no
been observed in various QD systems4–7 and is regarded as
the fingerprint of exciton and biexciton emissions.

The line labeledXd on the low-energy side of the exc
tonic emission is observed in most of the investigated Q
but only for very low excitation density. We have attributed
to the emission of the dark-exciton statesJz562, by doing
magneto-optical measurements.8,10 The energy difference
d050.95 meV between these two linesX and Xd corre-
sponds to the electron-hole exchange energy that is enha
from the bulk CdTe value9 (d0'0.07 meV) by the quantum
confinement.
©2002 The American Physical Society14-1
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We now consider the central lineX2, situated 8.0 meV
below the excitonic transitionX. The intensity ofX2 in-
creases faster than linearly at low-excitation density~inset of
Fig. 1! but the slope of the logarithmic plot is clearly lowe
than two, indicating that this line does not correspond t
multiexciton complex. Moreover,X and X2 reach a maxi-
mum intensity simultaneously atPex'400 W cm22 and de-
crease for higher excitation density suggesting thatX2 cor-
responds to a single-exciton species.

Under a magnetic field applied along the growth direct
@001#, the exciton statesJz561 are split by the Zeeman
energy and give purely circularly polarized lines in the lum
nescence spectra.10 Since the biexciton is a spin-singlet stat
the splitting and polarization properties of its recombinat
emission are governed by the exciton remaining in the fi
state of the optical transition. The biexciton emission th
reproduces the spectral pattern of the exci
emission.7,8,11,12

The luminescence spectrum in Fig. 1~b!, recorded at 8 T

FIG. 1. ~a! Photoluminescence spectra of a single QD tak
under two different excitation densitiesP0 and 40P0 (P0

'5 W cm22) at 4 K and at zero magnetic field.~b! Nonpolarized
spectrum obtained under a magnetic fieldB58 T applied along the
growth direction@001#. The inset shows the integrated intensity
the emission lines of the excitonX, of the biexcitonX2, and of the
charged excitonX2 plotted as a function of the excitation densit
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without a circular analyzer, gives the degree of circular p
larization of the QD’s emission. The exciton and biexcit
transitions do not present any significant circular polarizat
at 8 T. On the other hand, the central lineX2 is clearly
polarizeds1 ~high-energy component ofX2 doublet!. This
circular polarization of the peak labeledX2 indicates that it
indeed corresponds to the recombination of a negativ
charged exciton.13 In its lower-energy state, a singlet state
the negatively charged exciton has the spin of the hole. Th
if the holes are thermalized,14 the degree of polarization o
charged-excitonemissionunder magnetic field is governe
by the holeg factor gh . The measured degree of circula
polarization (P'17%) corresponds togh'0.1 given byP
5tanh(ghmBB/kBT). This small value ofgh is consistent with
magneto-optical measurements from which we deduce a
g factor approaching zero in all the investigated QD’s.8,10

This degree of polarization leads us to assign the central
X2 to the negatively charged exciton. The attribution to
negatively charged exciton in the same QD that gives lineX
and X2 will be confirmed by the time fluctuations of th
emission lines, described now.

Figure 2 showsmPL spectra recorded sequentially wi
individual integration times of 1 s. Fluctuations of the po
tions of the three QD emission lines are clearly observ
with abrupt reversible energy shifts of about 1 meV at a ti
scale less than 1 s. Such behavior has recently been obse
in other materials systems16,17 and is attributed to fluctuating
Stark shifts. In our modulation-doped structure, the QD’s
the CdTe layer are submitted to an average electric field
duced by the plane of ionized donors. The exciton lines

n

FIG. 2. Time evolution of the emission lines of an individu
QD. This contour plot consists of 400 sequentially recorded spe
with an integration time of 1 s. The three emission lines exh
synchronized energy fluctuations.
4-2
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then redshifted by the quantum confined Stark effect. O
cally excited carriers trapped in the vicinity of the dot ra
domly screen the local electric field leading to random flu
tuations of the emission line.17 Due to the random
distribution of traps, each QD is submitted to a differe
local electric field and so it exhibits its own sequence
Stark shifts. The synchronized fluctuations observed for
three emission linesX, X2, and X2 confirm that they arise
from the same single QD.

Both the neutral and charged exciton line are observe
the emission spectra because a QD may contain one ele
or no electron during the integration time. Coexistence of
two lines has also been reported over a certain bias rang
mPL studies of InxGa12xAs QD structures where a tuneab
electrical bias is used to load the QD’s with electrons.18–20

As in the bias-controlled structures, the QD’s in our Cd
layer are submitted to an average electric field, caused in
case by the plane of ionized donors. When the integra
time is short enough, random Stark shifts of the sharp em
sion lines due to local fluctuations of this average field c
be recorded.

The correlated fluctuations are also observed in the i
grated intensities. In Fig. 3 the integrated intensities of thX
andX2 lines recorded over a period of 250 s are compa
with the energy shifts. First, there is a perfect correlat
between the spectral shift and the intensity of the exci
line: a redshift of theX line is accompanied by a reduction o
its intensity. A reduction of about 50% is obtained for
maximum redshift of 1.5 meV. This large decrease of
intensity cannot be explained simply by an electrical-fie
induced reduction of the oscillator strength. Rather, th
intensity fluctuations are correlated with those observed
the negatively charged excitonX2, or more exactly an anti-
correlation is found: when the intensity of the exciton d
creases the intensity of theX2 line increases by about th
same amount.

The integrated intensity of the neutral or charged-exci
line is proportional to the probability of probing an empty
charged dot, respectively, during the integration time. T
spectra show that the probability of probing a charged
increases with the strength of the local electric field~redshift
of the exciton!. This is easily understood if we take the co
jugated effect of ionized donors and trapped carriers i
account. An electron trapped near the QD screens the ele
field of the doping plane and increases the local poten
seen by the electrons in the CdTe layer. This gives two
fects: a decrease of the probability of finding an excess e
tron in the QD~decrease ofX2 intensity and increase ofX
intensity! and a reduction of the Stark shift of the exciton.
some extent, these fluctuating intensities of the neutral e
ton and the charged exciton recall the ‘‘blinking’’ effect
nanocrystals. However, in nanocrystals, the presence o
extra electron in the QD completely kills the luminescen
~due to Auger effects21! while in self-assembled QD’s it sim
ply changes the emission energy. An intensity exchange
tween two excitonic states of a given dot has been also
ported for InAs/GaAs QD’s,22 but no energy shifts were
observed and no explanation was proposed.
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Surprisingly, as observed in Fig. 3, the energy shifts of
X, X2, andX2 lines are not identical. When the exciton shif
to lower energy the shift of the biexciton is about a factor
2 smaller. Even more striking is the behavior of the charg
exciton line: a redshift of the exciton correlated with a blu
shift of line X2. The redshift of the exciton gives a measur
ment of the increase of the local electric field. The reduct
of the energy separation between theX and X2 lines and
between theX andX2 lines, respectively, can then be inte
preted as a reduction of the charged-exciton and biexc
binding energies with increasing electric field.

Figure 4 shows the biexciton and the charged-exci
binding energies defined in this way as a function of t
Stark shift of the exciton. This plot is composed of packets
points corresponding to the various discrete jumps of
energies of the spectral lines observed in Fig. 2. These
crete jumps arise from different stable charging configu
tions in the vicinity of the QD. Small fluctuations of the loc
electric field around these stable configurations contribute
the dispersion of the points. Since the Stark shift of the
citon is proportional to the square of the electric field, th

FIG. 3. ~a! Energy shifts of theX, X2, andX2 lines as a function
of time measured from 250 spectra recorded with an integra
time of 1 s.~b! Synchronized evolution of the integrated intensiti
of the excitonX and charged excitonX2 lines.
4-3
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plot gives an estimate of the electric field dependence of
binding energy of these two excitonic complexes. A line
decrease of the binding energy as a function of the excito
redshift is observed both for the biexciton and the negativ
charged exciton. We deduce that the reduction of the bind

FIG. 4. Binding energy of the biexcitonX2 and charged exciton
X2 plotted as a function of the energy shift of the excitonX de-
duced from the lines separation in the set of recorded spectra.
-
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energies is roughly proportional to the square of the elec
field. The charged exciton’s binding energy decreases ab
twice as fast as that of the biexciton. We note that a sh
reduction of the binding energy of the negatively charg
exciton has been reported for GaAs/AlxGa12xAs quantum
wells, where an electric field of about 10 kV cm21 applied
perpendicular to the quantum well nearly eliminates all bin
ing of the excess electron.23

This reduction of the binding energies of the exciton
complexes can be explained by the polarization of the e
tron and hole wave functions along the direction of the el
tric field. Since the electrons and holes are polarized to
posite sides of the QD, the electric field increases the aver
electron-hole separation~i.e., reduces the electron and ho
wave-function overlap! while having little effect upon the
interelectron or interhole distance. The polarization of t
wave functions weakens the attractive Coulomb terms
does not affect significantly the repulsive terms, inducing
reduction of the net binding energy of the excitonic com
plexes. The polarization of the wave function seems to
much more efficient for the charged species, giving a m
pronounced decrease of the binding of the excess electr

To summarize, we have identified the contribution fro
the exciton, the biexciton and the negatively charged-exci
in the emission spectra of single CdTe QD’s. Correlated
ergy and intensity fluctuations of these three PL lines w
observed. They have been discussed in terms of fluctua
local electric fields. Analysis of these random spectral sh
shows a sharp reduction of the binding energies of excito
complexes with increasing strength of the local electric fie
This reduction is particularly pronounced for the charged
citon, whose emission is blueshifted by the electric field.
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