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Acceptor-induced threshold energy for the optical charging of InAs single quantum dots
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We study the photoluminescence of single InAs/GaAs self-assembled quantum dots for a range of excitation
powers, excitation energies and sample temperatures 4 K,T,50 K. Our results demonstrate the existence of
a well-defined excitation energy threshold, above which negatively charged excitons could be effectively
created in a single quantum dot at helium temperatures. This threshold energy is in the range between the
wetting layer ground state energy and the GaAs barrier energy, and is ascribed to the acceptor to the conduction
band transition in GaAs. A model is presented, according to which a laser excitation of this energy creates an
extra number of free electrons in the GaAs barrier in addition to the equal number of electrons and holes in the
wetting layer. The excitation power dependence of these extra electrons has been calculated and found to be in
good agreement with the experimentally derived values of the total electron charge, accumulated in the
quantum dot. At elevated temperatures (T.30 K), this effect vanishes due to the essential decrease of the
steady-state free electron concentration in the GaAs barrier as a result of thermally excited free holes appearing
in the GaAs barrier valence band which provides an effective recombination channel for the free electrons.
These experimental observations could be used as an effective tool to create and study charged excitons in
quantum dots.

DOI: 10.1103/PhysRevB.66.195332 PACS number~s!: 73.21.La, 71.55.Eq, 73.22.Dj, 71.70.Gm
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INTRODUCTION

Semiconductor quantum dots~QD’s! are of great contem
porary interest mainly for their similarities to real atoms
the sense of an effective confinement of electrons~e! and
holes~h! on the nanometer length scale in all three directio
and hence may be referred to as ‘‘artificial atoms’’1 with
discrete energy levels fore and h. This results in a zero-
dimensional density of states as well as in an increased
portance of Coulomb interactions in QD’s.1 The latter fact
together with the restricted number~typically two! of par-
ticles, which could be accommodated in the ground state
the QD, result in considerable multiparticle effects, whi
are of great importance both from a fundamental phys
point of view as well as for a variety of applications. Indee
multiparticle states, consisting of a large number ofe andh
~equal or nonequal! in QD’s, which have been studie
theoretically2–9 and experimentally,1,10–21determine the per-
formance of a number of QD’s based optoelectronic~elec-
tronic! devices, such as QD lasers,22 QD infrared detectors,23

QD memory devices,24,25 and single-electron transistor
which in turn are considerably affected by the charge, sto
in the QD25,26

This highlights the important role of multiparticle com
plexes with nonequal number ofe and h, and hence stimu-
lates the study of charged exciton complexes, which in
simplest case consist of one exciton and one additio
charge carrier~i.e., e or h!. The formation of more complex
charged excitons in QD’s with up to 20 electrons has b
considered theoretically.3 Also the influence of the electro
occupation of the QD on its absorption spectrum7 and the
effect of dielectric mismatch between the QD and the s
rounding material on the QD’s quasiparticle energies8,9 have
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been calculated recently. Experimental evidence for the
mation of few electron states in QD’s was revealed in capa
tance experiments14,18 and combined studies of capacitan
and interband transmission.16,17 The formation of negatively
charged exciton complexes was demonstrated in photolu
nescence~PL! experiments.5,15,17,19,20However, these optica
studies have been based on measurements of large ense
of dots, so the results inevitably include the effect of inh
mogeneous broadening, which prevents accurate meas
ments and hence a detailed analysis of the optical prope
of the QD. There is accordingly a strong demand for lum
nescence studies of charged exciton phenomena in si
dots.

In recent years, intensive studies on luminescence of
dividual QD’s have resulted in a number of publications.27–38

Several different approaches have been employed to lo
single QD with extra charges in these experiments. For
stance, a sophisticated sample design has been employ35

in which a layer of low density In~Ga!As QD’s is embedded
in a wide GaAs quantum well~QW!, while a neighboring
more narrow QW separated from the front QW by a rath
thin AlAs barrier, serves as an effective supply of extra c
riers under optical excitation. Another method is to u
samples containing ann-doped layer with contacts30,33 or
samples prepared as a Schotty diodes.34 The number of extra
electrons in the QD can then be tuned by an applied exte
voltage. This gives a possibility to control the average nu
ber of excess electrons in the dot. However, the applied v
age causes a shift of the entire spectrum and deforms
wave functions, which eventually leads to a change in
interaction energies. This circumstance was mentioned19 as a
possible reason responsible for the deviation between
©2002 The American Physical Society32-1
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calculated interaction energies and the experimentally
rived energies.

A third way to study charged excitons can be achieved
employing samples, where the QD’s are initially filled with
random number of electrons from the backgrou
doping.27–29 The results obtained have allowed the ident
cation of distinct transitions related to excitons charged w
up to six additional electrons.28 However, the drawback o
this method is that the initial number of excess electro
depends on the arbitrary number of impurity atoms in
close vicinity of the investigated QD and hence hardly co
trollable.

In our previous publications,31,32 we have suggested
new method to create and study negatively charged exci
in InAs/GaAs self-assembled QD’s by pure optical mea
This was based on the idea that the QD effectively colle
the free carries, photocreated with an excitation energyhnex

higher than the band gap energyEg
GaAs of the GaAs barrier.

Hence the carrier diffusivity considerably depends on its
netic energy,39 one can expect that ashnex is tuned, the
markedly different diffusivities of excitede’s andh’s would
result in a faster capture ofe’s into the QD. This effect
resulted in the appearance of two new lines in micro
~m-PL! spectra, redshifted relative to the neutral exciton a
interpreted as the negatively charged excitons, while only
neutral exciton was detected, when the excitation energy
resonant with the wetting layer~WL! ground stateEWL .31

The observations of a PL line, blueshifted with respect to
neutral exciton and interpreted as positively charged exci
were reported also for InAs/GaAs QD’s in the case ofhnex

.EWL ~Ref. 37! andhnex.Eg
GaAs,36,38 respectively.

In the present contribution, we report on a sharp thresh
for hnex in the range ofEWL,hnex,Eg

GaAs in them-PL spec-
tra for the formation of the negatively charged exciton,
contrast to the results of Ref. 37, where the charged exc
line was detected at anyhnex.EWL . To explain the exis-
tence of this threshold energyhn th we propose a model, ac
cording to which the laser excitation in the range ofEWL

,hnex,Eg
GaAs, creates an equal number ofe’s and h’s in

the WL region. In addition, extra electrons originating fro
the acceptor atoms, positioned in the GaAs barrier at so
distances from the QD~which are restricted, of course, b
the radius of the laser spot<1 mm! are excited. Since elec
trons, once being photoexcited in GaAs, are able to m
over a distance of severalmm’s at helium temperatures,39

they are effectively captured into the QD, initiating the a
pearance of negatively charged exciton lines.

We would like to stress here that our results are in sh
contrast to the findings of Ref. 28, where the QD under st
was found to be negatively charged without laser illumin
tion ~as a result of the electrons capture into the QD from
donor atoms, positioned in the close vicinity of the QD! and
became more neutral as a result of ‘‘photodepletion’’ p
cesses, when the laser was switched on. In our case, o
other hand, the appearance of negative charge in the Q
demonstrated as a result of laser excitation. In addition
necessary condition for the QD charging from impuri
defect atoms in Refs. 28, 29 was the rather short dista
19533
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@typically not longer than 10 nm~Ref. 40!# between the QD
and the defect atom, providing the nonvanishing probabi
for the electron to tunnel from the defect atom into the Q
Performing the spatially resolved measurements, by shif
away the laser spot from a QD, we have succeeded to p
experimentally that in our case, the QD’s under study
able to collect carriers photocreated at rather large distan
~;2.5 mm! from the QD’s, thus avoiding the aboveme
tioned necessary condition for the QD’s charging.

We also present calculations of the steady-state conce
tion of extra electrons photoexcited from the acceptor ato
as a function of the excitation powerPex and crystal tem-
peratureT. The theoretical predictions are found to be
good agreement with the experimentally derived amoun
extra charge accumulated in the QD. We suggest that
presently proposed method~complementary to the previ
ously presented31! to create charged excitons in the QD cou
be widely used in practice as an effective tool to study ‘‘a
tificial atoms’’ populated with a nonequal amount of ele
trons and holes.

SAMPLES AND EXPERIMENTAL SETUP

The samples studied were grown by molecular beam
itaxy on a semiinsulating GaAs~100! substrate. The buffer
layer was prepared with a short-period superlattice
32 nm/2 nm AlAs/GaAs at a growth temperature of 630 °
On top of a 100-nm GaAs layer the QD’s were formed fro
a 1.7 InAs monolayers layer deposited at 530 °C. A fi
growth interruption of 30 sec was used to improve the s
distribution. Then the dots were covered with a thin Ga
cap layer with a thickness oftcap53 nm before a crucial
second growth interruption of 30 sec. Finally, a 100-nm-th
GaAs layer was deposited to protect the QD’s. Transmiss
electron microscopy studies of analogously grown samp
revealed that uncapped original dots are lens~hemispherical!
shaped with a typical lateral size of 35 nm and a height of
nm.41 The deposition of a GaAs capping layer after that t
dots have been formed withtcap53 nm leads to an essentia
reduction in the QD’s height down to 4.5 nm. Consequen
the PL is blueshifted to the spectral region of 1.34 eV~;950
nm!,41 i.e., within the sensitivity spectral range of the S
CCD camera. The sample was grown without rotation of
substrate, so that a gradual variation of In flux is achiev
across the wafer resulting in a gradient in both the den
and the average size of the dots across the epitaxial lay41

The QD’s were studied by means of a convention
diffraction-limitedm-PL setup. To excite the QD’s, we used
cw-Ar laser pumped Ti-Sp laser, tunable between 700
1000 nm, which power was adjusted by the use of a conti
ously graded neutral density filter. The beam of the Ti-
laser was focused on the sample surface by a microsc
objective through a thin optical window of the continuo
flow cryostat. The lowest temperature available was 3.8
and could be increased up to 100 K. The laser beam coul
focused on the sample surface down to a spot size of 2mm in
diameter. The luminescence signal was collected by the s
objective and dispersed by a single-grating 0.45-m mo
chromator combined with a LN2 cooled Si-CCD camera. The
2-2
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spectral resolution achieved in the region of the studied
was 0.15 meV. For the PL excitation~PLE! measurements, a
double-grating 0.85-m monochromator was used in com
nation with a LN2 cooled InGaAsP photomultiplier.

To find the particular QD to study, a laser beam w
scanned across the sample surface. Once the desired QD
found, special marks~grids! were fabricated on the samp
surface around the QD with the laser beam of very h
power density. This allowed us to estimate the average
tance between the adjacent QD’s to be around 10mm in the
studied QD structure. To control the exact position of t
laser spot on the sample surface, the image of the interes
sample region was projected by a video camera, which m
it easy to find the desired QD by using the fabricated ma
In addition, this arrangement allowed us to effectively c
rect the laser position on the sample, if the sample w
moved due to the thermal drift. It should be noted that w
this method to locate the exact QD position by using
described grids, one can avoid some undesirable co
quences, which take place with other methods. For exam
when a metal mask with small holes is deposited on top
the sample, this metal mask may produce an electric fiel
the near-surface region of the sample and act as a stre
which could spoil the entire quality of the QD’s.

Fourteen single QD’s located at different spatial positio
of the sample were examined in this study. All of them
vealed an analogous behavior@what concerns the PL spectr
evolution with Pex andT at hnex.(,)hn th], except for the
exact value ofhn th , which could be achieved at highestPex.
With respect to this difference, all QD’s studied can be
vided into two groups: One group, which at highestPex
showshn th at an energy of 1.483 eV and another group w
hn th at 1.493 eV. For consistency, we present the PL spe
taken for only one QD1~chosen from the first group! and
compare the data ofhn th as a function ofPex with those
taken for the other QD2~chosen from the second group!.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 a shows PL spectra of an individual dot QD
taken at a temperature ofT54.1 K and an excitation power
Pex550 nW, for a number of excitation energiesEWL

,hnex,Eg
GaAs, where EWL and Eg

GaAs correspond to the
maximum of the wetting layer PL emission@shown as a solid
line in Fig. 1~b!# and the band gap energy of the GaAs b
rier ~1.519 eV!, respectively. The excitation energies used
each of the PL spectra, correspond to the zero-level pos
of the particular spectrum relative to the vertical axis of t
panel~b! in Fig. 1. Altogether three emission lines, mark
as X, X2, and X22 in Fig. 1~a!, peaking at 1.3406 eV
1.3375 eV, and 1.3328 eV, respectively, could be detec
with an intensity distribution depending on the exact value
the hnex. The detailed analysis of the origins of these sp
tral lines, made by us previously,31 allows one to ascribe
these to the neutral (X), the single negatively charged (X2),
and the doubly negatively charged (X22) exciton com-
plexes, consisting of the 1e1h, 2e1h, and 3e1h configura-
tions, respectively.

Evidently, the PL spectra undergo a considerable evo
19533
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tion with the increase ofhnex in the energy range betwee
1.484 and 1.490 eV, with a progressive intensity redistrib
tion in favor of theX2 andX22 lines at the expense of th
X line. All PL spectra with 1.490 eV,hnex,1.510 eV en-
tirely consist of theX22 line, indicating the QD has bee
loaded with two extra electrons. Thus, the spectra in Fig
reveal the existence of a distinct threshold energyhn th ,
above ~below! which the QD is in the negatively charge
~neutral! state, respectively. In what follows, we will analyz
the origin of this threshold energy and its dependence on
experimental conditions, such asPex andT.

First of all, we would like to note that thehnex value,
which could be derived from the data shown in Fig. 1~a!,
coincides in energy with the peak denoted as LHWL in the
PLE spectrum of the wetting layer shown in Fig. 1~b! as a
dashed line. The origin of this peak is claimed to be due

FIG. 1. ~a! PL spectra of a single QD1 taken atT54.1 K, for an
excitation powerPex550 nW and a number of excitation energie
which correspond to the zero-level position of the particular sp
trum relative to the vertical axis of the panel~b!. All spectra are
normalized at the maximum value of their PL amplitude and
vertically shifted for clarity.~b! Normalized macro-PL~solid line!
and macro-PLE~dotted line! spectra taken from a large~50 mm!2

sample area around the QD1 position atT54.1 K and Pex

550 mW. The PLE spectrum is obtained by detecting at 1.441
andhnex51.675 eV was used to excite the PL spectrum.
2-3
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the transition from the valence band of the GaAs barrier
the electron level in the WL~arrow 1 in Fig. 2!. With this
interpretation, the appearance of extra electrons in the
could be understood as follows. Athnex.hn th , an equal
number ofe’s andh’s is excited in the WL due to transition
between the heavy hole~HH! and the conduction ban
~shown as arrow 2 in Fig. 2!. In addition, free holes can b
excited ~together with electrons from the WL’s conductio
band! in the valence band of the GaAs barrier~arrow 1 in
Fig. 2! in the close vicinity of the WL. These holes wi
move away from the WL region, forced by the internal ele
tric field ~which could be as much as 104 V/cm, as shown in
analogously grown samples!,15 thus effectively populating
the WL ~and hence the QD! with an extra amount of elec
trons.

To confirm or deny this explanation, we compare thehn th
values, obtained for different QD’s with the details of th
corresponding PLE spectra, registered from a very sm
sample area~2 mm!2 around each QD. This small area co
tains only one QD, in contrast to the case illustrated in F
1~b!, where the PLE spectrum was detected from a larger~50
mm!2 part of the sample. The threshold energies for the Q
~QD2! are given in Fig. 3~a! by solid ~open! symbols for a
range ofPex’s. The dependence ofhn th on Pex will be dis-
cussed below. Figure 3~b! shows an example of the exper
mentally derivedhnex value for QD1~marked by an arrow!
from the plot of the amplitudes of theX andX22 PL lines on
its dependence on thehnex, taken for T54.1 K and Pex
550 nW @as in Fig. 1~a!#. The comparison of thehn th values
obtained for the QD1 and QD2 together with the details
the correspondingm-PLE spectra shown in Fig. 3~c!, reveals
that there is not any one-to-one correspondence betwee
hn th values and the spectral features of the peaks, marke
LHWL . Hence, the immediate conclusion to be drawn fro
these findings, is that the threshold-related phenomenon

FIG. 2. Conduction~c! and valence~v! band profiles and the
acceptor level position in the studied sample. Arrows 1, 2, 3, an
indicate the free-to-bound, heavy-hole, light-hole, and accepto
conduction band transitions, respectively. Also the energies of
GaAs band gap (Eg

GaAs), the threshold energy (hn th), and the ac-
ceptor binding energy (Ea) are shown.
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the peak, denoted as LHWL , have completely different ori-
gins.

To further elucidate the possible role of the LHWL peak on
the results obtained, we performed polarized cleav
sample-edge measurements, which allowed us to identify
character~heavy or light hole! of this peak. We first note tha
although the spatial separation between QD1 and QD2
several mm, them-PL and m-PLE spectra in Fig. 3~c! are
almost identical, except for the small shift~'2 meV! for
both spectra, which is explained by slightly different avera

4
o-
e

FIG. 3. ~a! The threshold energyhn th positions taken atT
54.1 K and for a number ofPex for two different QD’s: QD1~solid
symbols! and QD2~open symbols!. ~b! The amplitudes of theX and
X22 PL lines as a function of the excitation energyhnex taken at
T54.1 K and Pex550 nW for QD1. The arrow shows thehn th

value derived from this plot.~c! The normalizedm-PL andm-PLE
spectra taken from a small~2 mm!2 sample area around QD1~solid
lines! and QD2~dotted lines! at T54.1 K andPex50.1 mW. PLE
spectra were obtained by detecting at the maximum of the co
sponding PL lines. The PL spectra were excited athnex

51.530 eV. ~d! The degree of polarization derived from th
cleaved-edgem-PLE spectra~see text for the details! registered at
the same conditions as in~c!. The left ~right! vertical dotted line
shows thehn th value achieved at highestPex for the QD1~QD2!,
respectively.
2-4
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thicknesses of the WL in the vicinity of these QD’s. Se
ondly, them-PLE and the macro-PLE spectra of QD1 show
in Fig. 3~c! ~solid line! and Fig. 1~b! ~dotted line!, respec-
tively, are similar. These two circumstances imply that
features, obtained in the cleaved-edge experiments,
formed at the sample edge, are identical to those reveale
m-PLE spectra of Fig. 3~c!, which were detected from th
sample surface.

The cleaved-edgem-PLE experiments were performed
a geometry such that the laser light was focused on
sample edge, which was cut prior to the measureme
m-PLE spectra were measured at two linear polarizationsei

and e') of the exciting light, parallel and perpendicular
the plane of the WL, respectively. We exploit here the a
sorption selection rules valid for the InAs quantum wells42

namely, that the absorption due to transitions involving lig
holes~LH’s! should be stronger fore' than forei while the
opposite situation should apply for the heavy holes~HH’s!.
Consequently, the HH~LH! character can readily be obtaine
from a positive~negative! value of the polarization degre
(I i2I')/(I i1I'), where I i and I' are the PLE intensities
registered in theei ande' cases, respectively. The polariz
tion degree, measured by PLE at the sample edge posi
equally spaced with a similar spatial separation from Q
and QD2, is shown in Fig. 3~d!. As seen from this figure, the
LHWL peak exhibits an obvious LH character~arrow 3 in
Fig. 2!, while the transitions at lower energies have HH ch
acter~arrow 2 in Fig. 2!. Consequently, whenhnex is tuned
into resonance with the LHWL peak, an equal number ofe’s
and h’s are created in the WL and, as a result, no ex
electrons can appear. As a result, any association betw
this peak and thehn th can be ruled out.

Another possible explanation of thehn th origin is based
on the dependence of the carrier relaxation and transport
cesses on the carrier interaction with the optical phon
~LO!. In fact, in our previous work,31 we exploited this cir-
cumstance and found a well-defined periodic~with the pe-
riod of 41.4 meV! counterphase evolution of the PL amp
tudes for theX and X22 lines as a function ofhnex

(.Eg
GaAs). The present experimental findings, on the co

trary, do not exhibit any periodic evolution~in hnex) of the
PL spectra, but reveal a very narrow~few meV’s! energy
range ofhnex’s, in which the PL spectra undergo a comple
transformation. Accordingly, some other mechanism has
be taken into account to explain the charging of the excit
in the present experiments.

LO-assisted relaxation processes could also be consid
as important, when the energy difference betweenhnex and
the WL ground state or the QD ground~excited! state exactly
matches an integer number of LO phonon energies, as
experimentally demonstrated in Ref. 43 for the case of In
GaAs QDs. The experimental results show that this mec
nism can not be used to explain thehn th existence in our
case. This fact is based on the following findings.~i! hn th
energies acquire different values, by 10 meV, for the t
groups of QD’s@Fig. 3~a!#, while theirm-PLE spectra differ
significantly less, by 2 meV@Fig. 3~c!#. Hence, the resonan
excitation with respect to the WL ground state can be
19533
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cluded.~ii ! hn th energies have the same (Pex dependent! val-
ues for different QD’s within each group. At the same tim
the ground~excited! state transition energies vary~by up to
40 meV! between different QD’s within each group, thu
totally excluding the resonant excitation conditions as p
vailing in Ref. 43.~iii ! The well-definedhn th energies differ
between the two groups by'10 meV, while it was possible
to find QD’s belonging to the different groups with almo
the same ground state transition energies~shifted by '1
meV!. ~iv! hnex reveals aPex dependence~to be further ex-
ploited below!, analogous for both groups of QD’s@Fig.
3~a!#, which could hardly be expected for the resona
phonon-assisted relaxation.

To get further insight on the origin ofhn th , we studied the
Pex dependence of the PL spectra taken at a fixedhnex. This
is shown in Fig. 4 forT54.1 K and~a! hnex51.486 eV and
~b! hnex51.472 eV, respectively. The PL spectra in Fig. 4~a!
clearly reveal an intensity redistribution in favor of theX2

and X22 lines. ForPex.200 nW, the lineX22 dominates
the spectra. This means that the QD becomes progress
more charged with increasingPex. In sharp contrast, for

FIG. 4. PL spectra of a single QD1 taken atT54.1 K, for a
number of excitation powers~shown in the figure! and different
excitation energies:~a! hnex51.486 eV, ~b! hnex51.472 eV. All
spectra are normalized at the maximum value of their PL amplit
and are vertically shifted for clarity. The integrated PL intensities
the detected PL lines, calculated for~c! hnex51.486 eV and~d!
hnex51.472 eV, mi ( i 5X,X2,X22) give the slope of the corre
sponding fitting lines.
2-5
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E. S. MOSKALENKOet al. PHYSICAL REVIEW B 66, 195332 ~2002!
spectra taken athnex,hn th in the samePex range@Fig. 4~b!#,
only the singleX line appears. Its intensity develops linear
with Pex up to Pex'100 nW, at which saturation is initiated
to reach a maximum atPex5700 nW and then slightly de
creases with further increase ofPex @Fig. 4~d!#.

This behavior can be explained in terms of an avera
exciton occupation numberNx for a given QD.35 At low Pex,
Nx,1 and the amplitude of theX line, which directly reflects
the probabilityWx for the occupation of the QD with a con
figuration, corresponding to the neutral exciton (1e1h), de-
velops linearly withPex. With increasing excitation power
Nx approaches 1,Wx reaches its maximum value, and co
sequently theX line reveals its maximum amplitude. At eve
higher excitation power, whenNx starts to exceed 1, th
probability to find a QD populated with the 2e2h configu-
ration increases at the expense of the neutral exc
(1e1h), which eventually results in a decreasingX line am-
plitude (Wx progressively quenches!. This is expected, since
at any given time, only one well-defined multiple excito
~configuration! may exist in the QD. For example, if the Q
is occupied with two excitons (2e2h configuration!, the
probability to find the QD with a single exciton 1e1h and
consequently the PL intensity of the lineX is expected to be
zero. On the contrary, when a time-averaged~tens of sec-
onds! spectrum, as used in the present study is record
several PL lines are detected. Each of them corresponds
well-defined QD configuration, which exists at an insta
given time. Thus, the experimentally derived dependenc
the X line on Pex @Fig. 4~d!# could be used as a reference
determine the evolution ofWx with excitation power.

ThePex dependence of the intensity of theX line, taken at
anotherhnex51.486 eV, shown in Fig. 4~c!, is in sharp con-
trast to the case illustrated in Fig. 4~d!. Indeed, it exhibits a
linear increase in a very restricted power range~up to 20
nW!, increases at a slower rate for higherPex to reach its
maximum atPex5100 nW. The remarkable feature is th
the X line completely vanishes atPex.300 nW, i.e., at an
excitation power, even below the maximum value of theX
line ~and hence maximum value ofWx) in case ofhnex
,hn th @Fig. 4~d!#. Accordingly, this observed rapid quenc
ing of the PL amplitude of the lineX @Fig. 4~c!# is not ex-
plained by the increased probability of the QD occupat
with 2e2h with Pex, but rather the competing charged exc
ton, which gains intensity. The obvious difference betwe
these two excitation energies is the extra electrons accu
lated in the QD in the first case@Fig. 4~a!#. This anomalous
behavior of theX line can be readily understood if we, i
addition toWx , introduce probabilities for a QD to becom
charged with one (W1) or two (W2) extra electrons. Here we
will just consider the case when the QD could be charg
with up to two extra electrons, due to the fact that the
spectra@Fig. 4~a!# reveal only two extra lines correspondin
to charged excitons (X2 andX22) in addition to theX line.
These charging probabilities obey the equationW01W1
1W251, whereW0 corresponds to the probability to fin
the QD empty. This equation follows from the simple co
sideration that an exciton, captured into the QD, can be fa
with only three different situations: The QD is empty
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filled with 1 or 2 electrons. Correspondingly, the PL inten
ties I X , I X2 , andI X22 of the spectral linesX, X2, andX22

are given byWx3W0 , Wx3W1 , andWx3W2 , respectively.
The above revealed redistribution of the PL spectra@Fig.
4~a!# means that with increasingPex, the values ofW1 and
W2 progressively increase at the expense ofW0 and atPex

.300 nW the latter becomes negligible. This fact expla
the disappearance of theX line in PL atPex.300 nW nicely,
despite of a progressive increase ofWx in the power range up
to 700 nW. It should be mentioned, that deriving theWx from
the power evolution of theX line @Fig. 4~d!#, we implicitly
imposed the conditionW051, W15W250, which is justi-
fied by the absence of the linesX2 and X22 in the PL
spectra in Fig. 4~b!.

TheX2 line increases in intensity up toPex5200 nW, but
decreases at higher powers. TheX22 line exhibits an analo-
gous behavior, except for an increasing intensity up to a c
siderably higher excitation intensityPex'750 nW, which
approximately coincides with thePex value, corresponding to
the maximumWx , derived from the data shown in Fig. 4~d!.
In terms of the above introduced charging probabilities, t
behavior means that forPex.200 nW, the probability to find
a QD loaded with more than one extra electron is essen
and increases progressively at the expense ofW1 andW0 . It
is interesting to note that the integrated intensity of theX2

line I X2 shows a slightly superlinear increase (I X2;Pex
1.12) at

Pex<150 nW similarly to theX22 line characterized by
I X22;Pex

1.44 at Pex<200 nW. Accordingly, in order to ob-
serve theX2 and X22 lines, absorption of more than on
photon on average is needed.

In contrast to these findings, an exactly linear power
pendence of the charged exciton line was reported in R
36 and 38. In our previous studies of the same QD,31 per-
formed at other excitation conditions (hnex.Eg

GaAs), we also
found a simultaneous linear increase, saturation and decr
for all the I X , I X2 , and I X22 with increasingPex. The
charging mechanism proposed in Ref. 31 was based on
different diffusivities of e’s and h’s, which could be
achieved at certainhnex values, and hence an essentia
faster capture processes for the electrons~compared to the
holes! into the QD. Consequently we implicitly assumed
capture process limited by the diffusion mechanism, i.e.,
exact value of thehnex determined the ratioW0 :W1 :W2 ,
which was not dependent onPex. This mechanism could
explain the existence of the small contribution of theX2

line, which progressively decreases in amplitude ashnex de-
creases fromhn th down toEWL @Fig. 1~a!#. Our present find-
ings evidently imply a completely different charging mech
nism, which should take into account both the existence o
threshold energy and a high sensitivity to changes inPex.

To explain the experimental results obtained we prop
the following model. The laser excitation withhnex.hn th
will create equal number ofe’s andh’s, absorbed in the WL
~arrow 2 and 3 in Fig. 2!, but will in addition photogenerate
some free electrons in the surrounding barriers as a resu
the light absorption by the ionized acceptor atoms, which
present in the barrier as residual dopants~arrow 4 in Fig. 2!.
Then, thehn th has to be equal to theEg

GaAs2Ea , whereEa is
2-6
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ACCEPTOR-INDUCED THRESHOLD ENERGY FOR THE . . . PHYSICAL REVIEW B 66, 195332 ~2002!
the acceptor binding energy. In fact thehn th values, obtained
for high Pex for the two groups of QD’s, would implyEa to
be equal to 36~26! meV for the first~second! QD’s group,
respectively. These values are similar to the Si~C! acceptor
binding energies of 34~25.5! meV.44

The extra electrons created in the GaAs barriers, are
pected to be effectively captured into the WL~and subse-
quently into the QD! due to their very efficient transport i
GaAs crystals39 accompanied by the absence of free holes
the barriers athnex,Eg

GaAs. This model, indeed, implies tha
to populate the QD with a charged exciton configuratio
absorption of at least two photons is needed. One of th
excites an exciton inside the WL~processes, illustrated b
arrows 2 and 3 in Fig. 2! and the second should excite a
electron in the GaAs barrier~arrow 4 in Fig. 2!. This results
in an expected superlinear dependence (;Pex

m) of the PL
amplitude of the charged exciton lines onPex. When an
extra electron, loaded into the QD, remains there for a tim
te , much longer than the time intervaltx between two se-
quential events of thee-h pair ~excited in the WL! capture
into the QD, thenm should be close to 1. In case of a shor
te , m will exceed 1 with an expected maximum,m52,
when two photons are required to generate each charged
citon. In our case, we are in the intermediate range betw
these two extreme cases, since the derived values aremX2

51.12 andmX2251.44 @Fig. 4~c!#.
IncreasingPex results in the progressive loading of th

QD with extra electrons, redistributing theWi ’s ( i 50,1,2)
in favor of W2 . The Wi ’s were obtained directly from the
experimental results@Fig. 4~c!# according toW05I X /(I X
1I X21I X22), W15(I X2)/(I X1I X21I X22), and W2
5(I X22)/(I X1I X21I X22). The results are shown in
Fig. 5~a! as a function ofPex. Taking into account thatW1
(W2) represents the probability to find the QD loaded w
one~two! extra electron~s!, the calculation of the total charg
accumulated in the QD is rather straightforward and given
W1123W2 @Fig. 5~b!#. According to the model presente
W1123W2 should be proportional to the total number
extra electronsnb, photoexcited in the barrier and, as a co
sequence, must directly reflect the power evolution ofnb.

The calculated absorption coefficient for the acceptor
conduction band transition for bulk GaAs45 was found to be
proportional to (Ec)

1/2, whereEc5hnex2(Eg
GaAs2Ea) is the

kinetic energy of the photocreated electron in the GaAs, s
ply reflecting the 3D density of states of the conducti
band. ~We note here that the GaAs barriers in the sam
studied are 100-nm thick and hence can be regarded as
like.! Consequently, whenhnex decreases toEg

GaAs2Ea , the
absorption approaches zero. Hence, a highPex is needed to
createnb, sufficient to result in threshold phenomenon.
contrary, whenhn th (Ec) progressively increases, a relative
smaller value ofPex would be enough to create the sam
number ofnb and, correspondingly, load the QD with th
same number of extra charge as in case of smallEc . These
circumstances explain the redshift of thehn th with Pex, de-
tected in the experiment for the both groups of QD’s@Fig.
3~a!#.

To calculatenb5n3Vb , where n is the photoexcited
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steady-state electron concentration in the GaAs andVb58
310213 cm3 is the volume of the barrier excited by the las
light, we apply a simple rate equation, which accounts
the electron generation from the ionized acceptors~with con-
centrationNa

2) and the reverse recombination process
neutral acceptors (Na

0):

dn/dt51g03a03Na
22~n3Na

0!/t0 , ~1!

whereg0 is the number of incident photons per area and ti
unit, a051.2310215 cm2, which is calculated forhnex
51.486 eV andEc53 meV,45 t0523109 s cm23, calcu-
lated forT54.1 K.45 The barrier material isp type46 with a
compensation degreek5Nd /Na,1, whereNd (Na) is the
total concentration of donor~acceptor! atoms. Consequently
we consider the total number of ionized acceptors atg050
andT54.1 K to be equal tok3Na . To solve the Eq.~1!, a
distribution functionf has been introduced, which accoun
for the probability fork3Na atoms to be filled with electrons
at g0Þ0. Then, the neutrality condition can be expressed
the form

FIG. 5. The QD1 charging probabilitiesW0 , W1 , and W2 ~a!
and a total charge accumulated in the QDW112W2 @~b! left verti-
cal axis# as a function of Pex, taken at T54.1 K and hnex

51.486 eV. The solid line in~b! represents the results of a calc
lated value ofnb ~right axis!.
2-7
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n5k3Na3~12 f ! ~2!

and, correspondingly,

Na
25 f 3k3Na , ~3a!

Na
05k3Na3~12 f !1Na3~12k!. ~3b!

Taking into account Eqs.~2! and ~3!, the steady-state so
lution of Eq. ~1! has been obtained and is shown as a fu
tion of Pex in Fig. 5~b!. The calculations are based on a
acceptor concentration ofNa51013 cm23 and k5 1

3 as ad-
justable parameters. It is clearly seen, that the calcula
curve rather nicely reproduces theW1123W2 Pex depen-
dence. ~The maximum value of Na

2 used is 3.3
31012 cm23, which approximately corresponds to the thr
ionized acceptor atoms in the excited volume of the cryst!
It should be pointed out that even at such a low accep
concentration it is still possible to createnb, which is suffi-
cient to load the QD under study with up to two extra ele
trons.

This fact is valid under the assumption that the QD c
collect most of thenb electrons~in the upper limit—all!,
generated in the GaAs within the laser spot, which is'2 mm
in diameter. To check this idea, we performed space-reso
experiments, in which PL spectra, taken with the laser s
positioned on the QD, were compared with spectra dete
with the laser spot moved aside of the dot. The spectra
shown in Fig. 6 a for the case of excitation with ahnex

.Eg
GaAs, generated in such a way that an equal numbe

e’s andh’s are created in the sample. The above discus
acceptor model has no effect here due to the negligible v
of Na with respect to the values of the 3D density of sta
involved in the band-to-band transitions.hnex was chosen31

in such a way that the PL spectrum involves both the neu
and charged exciton lines@the upper part of Fig. 6~a!#. It is
clearly seen, that only theX line is observed in the PL, whe
the laser spot was moved aside of the QD by 2.5mm.

These dramatic changes can be explained as follows
already discussed above, the QD becomes negati
charged although the total number of photoexcited electr
and holes are equal, due to the faster capture ofe’s into the
QD. These processes are effective when the QD is positio
in the center of the laser spot: The electrons move faster
the holes and are accordingly faster captured into the Q
Still the total charge neutrality is not broken within the las
spot. On the contrary, when the laser spot is positioned n
to the QD, the propagation of photoexcited electrons a
holes from the excitation spot in pairs~as excitons! is ex-
pected, because the hole mobilities will limit the transport
photocreatede-h pairs in GaAs.47 As a result, the QD is
expected to be populated with only neutral excitons as
clearly demonstrated in the lower part of Fig. 6~a!.

In striking contrast to these observations, at excitat
with hn th,hnex,Eg

GaAs, the PL spectra remain the same f
both excitation conditions@Fig. 6~b!#. According to the
above conclusions this could be realized only for the c
when the excitation produces nonequal amount of free e
trons and holes. Indeed, if in addition to the equal numbe
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e’s andh’s photoexcited in the WL, some extra electronsnb

are excited in the GaAs barriers, these charge carriers
eventually reach the QD to generate a negatively char
QD. The same amplitude ratio between the three lines in
6~b! for both ‘‘geometries’’ clearly indicates the loading o
the QD with the same number of extra electrons, wh
proves the QD’s ability to collect extra charges from a d
tance, exceeding the size of the laser spot.

To further elucidate the role of the experimental con
tions on the acceptor-induced charging mechanism of a Q
PL spectra were detected for a range of sample tempera
for excitations with hn th,hnex,Eg

GaAs and EWL,hnex

,hn th @Figs. 7~a! and 7~b!#, respectively. The eviden
gradual disappearance of theX22 line with increasingT is
clearly revealed forhn th,hnex,Eg

GaAs @Fig. 7~a!#. At high-
est temperatures employed (T549 K), the PL spectrum con
sists only of theX2 line. In sharp contrast, forEWL,hnex
,hn th the opposite behavior is observed@Fig. 7~b!#, for
which the increase ofT leads to the redistribution of the P
intensities in favor of theX2 line, while a monotonous red
shift of the entire spectra is observed for both cases@Figs.
7~a! and 7~b!#. At high T, the spectra for the two excitatio
energies are the same@Figs. 7~a! and 7~b!#. This means, that

FIG. 6. PL spectra of a single QD1 taken atT54.1 K and~a!
hnex51.560 eV, Pex560 nW and ~b! hnex51.486 eV, Pex

550 nW for the different excitation geometries: The laser spo
positioned on a@2.5mm side of~a!# QD shown in the upper~lower!
parts in~a! and ~b!, respectively. All spectra are normalized at th
maximum value of their PL amplitude and are vertically shifted
clarity. The integrated PL intensities between each pair of spe
differ by a factor of 9.2~a! and 3.2~b!.
2-8
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ACCEPTOR-INDUCED THRESHOLD ENERGY FOR THE . . . PHYSICAL REVIEW B 66, 195332 ~2002!
the threshold phenomenon is not observed at elevated
peratures. Indeed, the measurements, analogous to
shown in Fig. 1~a!, but performed atT550 K ~not shown
here! clearly demonstrate the absence of the threshold.

The evolution of PL spectra with increasingT taken at
hnex.Eg

GaAs has been studied previously.32 It was demon-
strated that at anyhnex.Eg

GaAs, the peak intensities in the
spectra are redistributed in favor ofX2 and X22 lines at
increasedT. Already at T5T0535– 40 K, the spectra ar
dominated by theX2 and X22 lines. This behavior is ex-
plained in terms of a temperature-induced increased elec
diffusivity in the GaAs barriers, which eventually leads to
faster electron capture into the QD. This behavior is con
tent with our present results@shown in Fig. 7~b!#, except one
thing. Even atT.T0 , theX22 line cannot be detected. Th
evolution of the PL spectra with increasingT @Fig. 7~a!# is
totally different, inevitably indicating that some othe
temperature-induced charging/discharging mechanism ha
be considered.

The above discussed model of an acceptor-induced ch
ing predicts the observed dependence on the tempera
nicely. Indeed, the increase of the temperature enhance

FIG. 7. PL spectra of a single QD1 taken at a number of te
peratures~shown in the figure! and different excitation conditions
~a! hnex51.501 eV, Pex550 nW and ~b! hnex51.471 eV, Pex

580 nW. All spectra are normalized at the maximum value of th
PL amplitude and are vertically shifted for clarity. The dotted lin
are guides for the eye.
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role of the acceptor ionization processes from the vale
band of the GaAs. On one hand, it should lead to an incre
of nb due to the increased total number ofNa

2 . On the other
hand, the presence of free holes in the valence band of G
will result in an extremely efficient~compared to the captur
of photocreatednb back to the acceptors! band-to-band re-
combination mechanism ofnb. Indeed, the typical radiative
recombination times for the free-to-free transitions are of
order of 1 ns,45 while that for the free-to-acceptor transition
in GaAs are of the order of 100ms calculated forNa
51013 cm23.45 Thus, the appearance of the free holes w
increasing temperature is expected to effectively decrease
nb, which in turn should result in a reduced charging~total
discharging! of the QD. This prediction of the accepto
model is in full agreement with our experimental observ
tions@Fig. 7~a!#. At the same time, the temperature-genera
extra concentration of free holesp in GaAs could explain the
X22 line absence atT.T0 observed in Fig. 7~b!.

To estimate the characteristic temperatureT* , above
which nb should be considerably decreased with respec
the values, calculated forT54.1 K, an additional term2g
3n3p, which accounts for the band-to-band recombinat
rate, has to be introduced in the right-hand part of Eq.~1!,
where g5g03T22 is the recombination coefficient48 and
g0'931025 cm3 s21 K2 could be calculated for bulk
GaAs.48 Then,n can be expressed as

n5g03a03t03Na
2/~Na

01g3t03p!. ~4!

The quantity ofp could be roughly calculated using the e
pression p5(Nv3Na

0/2)1/23exp(2Ea/2kBT),48 where Nv
52(2pmh* )3/23(kBT)3/2/h3 is the effective density of state
of the valence band for bulk material andmh* 50.45m0 (m0

is the free electron mass! is the hole effective mass in
GaAs.39 At b5g3t03p/Na

0@1, according to Eq.~4!, band-
to-band transitions will be the dominant mechanism, wh
determines the steady-state value ofn. We thus derivedT*
524 K providedb510. It is readily seen@Fig. 7~a!# that the
PL spectra start to become more ‘‘neutral’’ atT.25 K,
which agrees well with the estimatedT* value. Our calcula-
tions also result in a decrease ofn (nb) by one order of
magnitude atT540– 50 K compared with the calculatednb

values atT54.1 K @Fig. 5~b!#.

CONCLUSION

The threshold phenomenon regarding the excitation c
ditions for the QD’s charging has been revealed from
spectra of single InAs/GaAs self-assembled quantum dot
well-defined excitation energy, below~above! which the QD
is in the neutral~charged! state is manifested. The studies
this phenomenon for a number of different QD’s and at d
ferent experimental conditions~such ashnex, Pex, and T!
allow us to make a definite conclusion about the particu
mechanism responsible for the loading of the QD with up
two extra electrons. This is considered to be the accep
related transitions resulting in a photoexcitation of negat
charge in the barrier material, which was directly proved
the spatially resolved experimental findings. The latter f

-

r
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together with the results of the calculations show that the
can really be loaded with two extra electrons even at a v
low (;1013 cm23) concentration of residual dopants. Th
acceptor-induced charging phenomenon is suggested t
used in practice as an effective tool to create and st
charged versus neutral excitons in QD’s.
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