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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 #K50 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 temperaturds>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
guantum dots.
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INTRODUCTION been calculated recently. Experimental evidence for the for-
mation of few electron states in QD’s was revealed in capaci-
Semiconductor quantum dof®D’s) are of great contem- tance experiment$® and combined studies of capacitance

porary interest mainly for their similarities to real atoms in and interband transmissidfrl’ The formation of negatively
the sense of an effective confinement of electrégsand charged exciton complexes was demonstrated in photolumi-
holes(h) on the nanometer length scale in all three directionmescencéPL) experiments:**>171%2%owever, these optical
and hence may be referred to as “artificial atomsiith  studies have been based on measurements of large ensembles
discrete energy levels fog and h. This results in a zero- of dots, so the results inevitably include the effect of inho-
dimensional density of states as well as in an increased immogeneous broadening, which prevents accurate measure-
portance of Coulomb interactions in QD'sThe latter fact ments and hence a detailed analysis of the optical properties
together with the restricted numbeérypically two) of par-  of the QD. There is accordingly a strong demand for lumi-

ticles, which could be accommodated in the ground state Ofescence studies of charged exciton phenomena in single
the QD, result in considerable multiparticle effects, whichygig.

are of great importance both from a fundamental physics
point of view as well as for a variety of applications. Indeed
multiparticle states, consisting of a large numbeead h

(equal or nonequalin QD’s, which have been studied

In recent years, intensive studies on luminescence of in-
'dividual QD’s have resulted in a number of publicatiéhs®
Several different approaches have been employed to load a
theoretically° and experimentally;°~?* determine the per- single QD with extra charges in these experiments. For in-
formance of a number of QD’s based optoelectrofeiec- §tange, a sophisticated sample design ha’s peen empfoyed,
tronic) devices, such as QD Iasér?sQD infrared detector®’ !n Whlc.h a layer of low density KGa)As QDS IS gmbedgied
QD memory device&? and single-electron transistors, N @ Wide GaAs quantum wellQW), while a neighboring
which in turn are considerably affected by the charge, stored'0re narrow QW separated from the front QW by a rather
in the QIF>28 thln AlAs barrler_, serves as an effective supply of _extra car-
This highlights the important role of multiparticle com- ers under op_tlgal excitation. Anothe_r method is to use
plexes with nonequal number efandh, and hence stimu- Samples containing an-doped layer with contac$* or
lates the study of charged exciton complexes, which in théamples prepared as a Schotty diotfeEhe number of extra
simplest case consist of one exciton and one additionaglectrons in the QD can then be tuned by an applied external
charge carriefi.e., e or h). The formation of more complex Vvoltage. This gives a possibility to control the average num-
charged excitons in QD’s with up to 20 electrons has beeter of excess electrons in the dot. However, the applied volt-
considered theoreticalf/Also the influence of the electron age causes a shift of the entire spectrum and deforms the
occupation of the QD on its absorption spectfuamd the wave functions, which eventually leads to a change in the
effect of dielectric mismatch between the QD and the surinteraction energies. This circumstance was mentibhesia
rounding material on the QD’s quasiparticle eneryfdsave  possible reason responsible for the deviation between the
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calculated interaction energies and the experimentally ddtypically not longer than 10 nrtRef. 40] between the QD
rived energies. and the defect atom, providing the nonvanishing probability
A third way to study charged excitons can be achieved byor the electron to tunnel from the defect atom into the QD.
employing samples, where the QD’s are initially filled with a Performing the spatially resolved measurements, by shifting
random number of electrons from the backgroundaway the laser spot from a QD, we have succeeded to prove
doping?’~?° The results obtained have allowed the identifi- €xperimentally that in our case, the QD's under study are
cation of distinct transitions related to excitons charged witraPl€ to collect carriers photocreated at rather large distances
up to six additional electrorfé. However, the drawback of (~2.5 #m) from the QD’s, thus avoiding the abovemen-

this method is that the initial number of excess electrondioned necessary condition for the QD's charging.
depends on the arbitrary number of impurity atoms in the We also present calculations of the steady-state concentra-

close vicinity of the investigated QD and hence hardly con-tion of extra electrons photoexcited from the acceptor atoms

as a function of the excitation powét., and crystal tem-
trollable. . L .
. L 32 peratureT. The theoretical predictions are found to be in
In our previous publication$;*? we have suggested a

thod t t d stud tively ch d it ood agreement with the experimentally derived amount of
new method to create and study r]ega IVely charged excllong, 5 charge accumulated in the QD. We suggest that the
in InAs/GaAs self-assembled QD’s by pure optical means

. . s resently proposed metho@omplementary to the previ-
This was based on the idea that the QD effectively collect usly presentet)) to create charged excitons in the QD could

the free carries, photocreated with an excitation enéngy,  pe widely used in practice as an effective tool to study “ar-
higher than the band gap ener§f** of the GaAs barrier. tificial atoms” populated with a nonequal amount of elec-
Hence the carrier diffusivity considerably depends on its ki-trons and holes.

netic energy® one can expect that dsv,, is tuned, the
markedly different diffusivities of excited’s andh’s would
result in a faster capture af's into the QD. This effect

resulted in the appearance of two new lines in micro PL Tpe samples studied were grown by molecular beam ep-
(u-PL) spectra, redshifted relative to the neutral exciton anqtaxy on a semiinsulating GaA&00) substrate. The buffer
interpreted as the negatively charged excitons, while only thqeayer was prepared with a short-period superlattice 40
neutral exciton was detected, when the excitation energy Wass nm/2 nm AlAs/GaAs at a growth temperature of 630 °C.
resonant with the wetting layewL) ground stateEw > On top of a 100-nm GaAs layer the QD's were formed from
The observations of a PL line, blueshifted with respect to thg, 1.7 |nAs monolayers layer deposited at 530°C. A first
neutral exciton and interpreted as positivgly charged excitorgrowth interruption of 30 sec was used to improve the size
were reported also for InAs/GaAs QD's in the casénet,  distribution. Then the dots were covered with a thin GaAs
>Ew (Ref. 39 andhve,>EG™, % respectively. cap layer with a thickness df.,=3 nm before a crucial

In the present contribution, we report on a sharp thresholdecond growth interruption of 30 sec. Finally, a 100-nm-thick
for hveyin the range 0By <hve,<Eg**°in the u-PL spec-  GaAs layer was deposited to protect the QD’s. Transmission
tra for the formation of the negatively charged exciton, inelectron microscopy studies of analogously grown samples
contrast to the results of Ref. 37, where the charged excitorevealed that uncapped original dots are léremispherical
line was detected at anlyv,>Ey, . To explain the exis- shaped with a typical lateral size of 35 nm and a height of 10
tence of this threshold enerdwy, we propose a model, ac- nm*! The deposition of a GaAs capping layer after that the
cording to which the laser excitation in the range Kf, dots have been formed with,;=3 nm leads to an essential
<hwe< EgaAS, creates an equal number efs andh’s in  reduction in the QD’s height down to 4.5 nm. Consequently,
the WL region. In addition, extra electrons originating from the PL is blueshifted to the spectral region of 1.34(e\850
the acceptor atoms, positioned in the GaAs barrier at somem),*! i.e., within the sensitivity spectral range of the Si-
distances from the QDwhich are restricted, of course, by CCD camera. The sample was grown without rotation of the
the radius of the laser spetl um) are excited. Since elec- substrate, so that a gradual variation of In flux is achieved
trons, once being photoexcited in GaAs, are able to movacross the wafer resulting in a gradient in both the density
over a distance of severalm’s at helium temperaturés, and the average size of the dots across the epitaxial fayer.
they are effectively captured into the QD, initiating the ap- The QD’s were studied by means of a conventional
pearance of negatively charged exciton lines. diffraction-limited u-PL setup. To excite the QD’s, we used a

We would like to stress here that our results are in shargw-Ar laser pumped Ti-Sp laser, tunable between 700 to
contrast to the findings of Ref. 28, where the QD under studyt000 nm, which power was adjusted by the use of a continu-
was found to be negatively charged without laser illumina-ously graded neutral density filter. The beam of the Ti-Sp
tion (as a result of the electrons capture into the QD from thdaser was focused on the sample surface by a microscope
donor atoms, positioned in the close vicinity of the Ydand  objective through a thin optical window of the continuous
became more neutral as a result of “photodepletion” pro-flow cryostat. The lowest temperature available was 3.8 K
cesses, when the laser was switched on. In our case, on thed could be increased up to 100 K. The laser beam could be
other hand, the appearance of negative charge in the QD fecused on the sample surface down to a spot sizerohan
demonstrated as a result of laser excitation. In addition, @iameter. The luminescence signal was collected by the same
necessary condition for the QD charging from impurity/ objective and dispersed by a single-grating 0.45-m mono-
defect atoms in Refs. 28, 29 was the rather short distancehromator combined with a Lj\cooled Si-CCD camera. The

SAMPLES AND EXPERIMENTAL SETUP
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spectral resolution achieved in the region of the studied PL

was 0.15 meV. For the PL excitatidRLE) measurements, a a %1_52
double-grating 0.85-m monochromator was used in combi- z
nation with a LN, cooled InGaAsP photomultiplier. X X X g [ )

. L

To find the particular QD to study, a laser beam was ' : :
scanned across the sample surface. Once the desired QD w A :
found, special marksgrids) were fabricated on the sample : e
surface around the QD with the laser beam of very high'® MWW‘“MW 150
power density. This allowed us to estimate the average dis'§ ,...J:\ L '

tance between the adjacent QD’s to be aroungkd®in the 3 A : :
studied QD structure. To control the exact position of the & A T 14
laser spot on the sample surface, the image of the interesting WM—-—W :
sample region was projected by a video camera, which madrg : A A

it easy to find the desired QD by using the fabricated marks.§ : P
In addition, this arrangement allowed us to effectively cor- . WA.‘JL.W 148

rect the laser position on the sample, if the sample wasi : f\...J)L

moved due to the thermal drift. It should be noted that with © »WM«-JLW*
. : : 1.47

this method to locate the exact QD position by using the_&J

described grids, one can avoid some undesirable conseg mwwwﬂ\hw)‘vw
guences, which take place with other methods. For exampless : A

when a metal mask with small holes is deposited on top ofZ g . 146

e

51

the sample, this metal mask may produce an electric field in : D
the near-surface region of the sample and act as a stressc n— T i
which could spoil the entire quality of the QD's. M“NW“M 145 |-
Fourteen single QD’s located at different spatial positions E ; : i
of the sample were examined in this study. All of them re- [
vealed an analogous behavjerhat concerns the PL spectra 144 |
evolution with P, and T at hve,> (<)hwvy], except for the T T [ Oy

exact value ohvy,, which could be achieved at highe’{,. 1330 1335 1.340 1.345 0.1 1
With respect to this difference, all QD’s studied can be di-
vided into two groups: One group, which at highdt,
showshvy, at an energy of_1.483 eV and another group with 5 1 (a) PL spectra of a single QD1 taken®t4.1 K, for an
hvy, at 1.493 eV. For consistency, we present the PL Spectrgycitation powerP,,=50 n\W and a number of excitation energies,
taken for only one QDXchosen from the first grodpand  which correspond to the zero-level position of the particular spec-
compare the data dfivy, as a function ofP¢, with those  {rum relative to the vertical axis of the pand). All spectra are

Energy (eV) PL intensity (rel. units)

taken for the other QD2Zchosen from the second group normalized at the maximum value of their PL amplitude and are
vertically shifted for clarity.(b) Normalized macro-Pl(solid line)
EXPERIMENTAL RESULTS AND DISCUSSION and macro-PLEdotted ling spectra taken from a larg&0 um)?

sample area around the QD1 position B&=4.1 K and Py
Figure 1 a shows PL spectra of an individual dot QD1, =50 mW. The PLE spectrum is obtained by detecting at 1.441 eV
taken at a temperature @f=4.1 K and an excitation power, andhve,=1.675e€V was used to excite the PL spectrum.
Po=50nW, for a number of excitation energids,,
<hve<Eg¥S, where Ey, and Eg** correspond to the
maximum of the wetting layer PL emissigshown as a solid
line in Fig. 1(b)] and the band gap energy of the GaAs bar-
i oY, spectiely Th el eneres sed o n. Al PL specta wih 1450\, <1510 eV en-
' Rrely consist of theX™ ™ line, indicating the QD has been

of the particular spectrum relative to the vertical axis of theI ded with | h h A
panel(b) in Fig. 1. Altogether three emission lines, marked '03¢€ wit two extra e ectro.ns'. Thus, the spectra in Fig. 1
as X, X~, and X_~ in Fig. 1(a), peaking at 1.3406 eV, reveal the existence of a distinct threshold energy;,,

1.3375 eV, and 1.3328 eV, respectively, could be detecte@Pove (below) which the QD is in the negatively charged

with an intensity distribution depending on the exact value of(neutra) state, respectively. In what follows, we will analyze

the hve,. The detailed analysis of the origins of these specihe origin of this threshold energy and its dependence on the

tral lines, made by us previously,allows one to ascribe €xperimental conditions, such &, andT.

these to the neutrak), the single negatively charge (), First of all, we would like to note that thave, value,

and the doubly negatively chargecK{~) exciton com- which could be derived from the data shown in Figa)l

plexes, consisting of theellh, 2elh, and 31h configura- coincides in energy with the peak denoted asyl.Hn the

tions, respectively. PLE spectrum of the wetting layer shown in Figbllas a
Evidently, the PL spectra undergo a considerable evoludashed line. The origin of this peak is claimed to be due to

tion with the increase ohv,, in the energy range between
1.484 and 1.490 eV, with a progressive intensity redistribu-
tion in favor of theX™ andX™ ™ lines at the expense of the
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FIG. 2. Conduction(c) and valencgv) band profiles and the :g
acceptor level position in the studied sample. Arrows 1, 2, 3, and 43
indicate the free-to-bound, heavy-hole, light-hole, and acceptor-to-z 01
conduction band transitions, respectively. Also the energies of theg E
GaAs band gapEg**), the threshold energyhy), and the ac- 5
ceptor binding energyH,) are shown. &
0.01
the transition from the valence band of the GaAs barrier to 144 145 146 147 148 149 150 151 152
the electron level in the Wilarrow 1 in Fig. 2. With this g 09
interpretation, the appearance of extra electrons in the WL% o6 | d
could be understood as follows. Atve,>hvy,, an equal ‘é 03 L
number ofe’s andh’s is excited in the WL due to transitions  § oo f----cceooeeeroionerv b
between the heavy holéHH) and the conduction band %0.3 TS BN PR PR P ST FORTY FTR R I T
(shown as arrow 2 in Fig.)2In addition, free holes can be 144 145 146 147 148 149 150 151 152
excited (together with electrons from the WL's conduction E
band in the valence band of the GaAs barri@rrow 1 in nergy (eV)

Fig. 2 in the close vicinity _of the WL. These_ holes will FIG. 3. (@) The threshold energyiv, positions taken aff
move away from the WL region, forced by the internal e.IeC-:4.1 K and for a number dP,, for two different QD’s: QD1(solid
tric field (which could be as much as4®/cm, as shown in symbol3 and QD2(open symbols (b) The amplitudes of th and
analogously grown sampl)ajs?_ thus effectively populating  x-- pL lines as a function of the excitation energy,, taken at
the WL (and hence the QDwith an extra amount of elec- T=4.1K and P,,=50 nW for QD1. The arrow shows thiewy,
trons. value derived from this plotc) The normalizedu-PL and u-PLE

To confirm or deny this explanation, we compare ltheg, spectra taken from a smaR wm)? sample area around Qolid
values, obtained for different QD’s with the details of the lines and QD2(dotted line$ at T=4.1 K andPg,=0.1 mW. PLE
corresponding PLE spectra, registered from a very smakpectra were obtained by detecting at the maximum of the corre-
sample ared2 um)? around each QD. This small area con- sponding PL lines. The PL spectra were excited hate,
tains only one QD, in contrast to the case illustrated in Fig=1.530eV. (d) The degree of polarization derived from the
1(b), where the PLE spectrum was detected from a lafg@r cleaved-edgeu-PLE spectrasee text for the detallgegistered at
um)? part of the sample. The threshold energies for the QD1he same conditions as ift). The left (right) vertical dotted line
(QD2) are given in Fig. 8) by solid (open symbols for a  Shows thehv;, value achieved at highe#t, for the QD1(QD2),
range ofP..s. The dependence dfvy, on Pg, will be dis-  respectively.
cussed below. Figure(B) shows an example of the experi-
mentally derivechv,, value for QD1(marked by an arrojv  the peak, denoted as Wi, have completely different ori-
from the plot of the amplitudes of th¢andX™ ~ PLlineson  gins.
its dependence on thev,,, taken forT=4.1 K and Pg, To further elucidate the possible role of the ,Hpeak on
=50 nW][as in Fig. 1a)]. The comparison of thev,, values  the results obtained, we performed polarized cleaved-
obtained for the QD1 and QD2 together with the details ofsample-edge measurements, which allowed us to identify the
the corresponding-PLE spectra shown in Fig(8), reveals charactefheavy or light hol¢ of this peak. We first note that
that there is not any one-to-one correspondence between tldthough the spatial separation between QD1 and QD2 is
hvy, values and the spectral features of the peaks, marked asveral mm, theu-PL and u-PLE spectra in Fig. @) are
LH,y, . Hence, the immediate conclusion to be drawn fromalmost identical, except for the small shi=2 meV) for
these findings, is that the threshold-related phenomenon ardmbth spectra, which is explained by slightly different average
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thicknesses of the WL in the vicinity of these QD’s. Sec- . b - x x
ondly, theu-PLE and the macro-PLE spectra of QD1 shown P, 0W P, W
in Fig. 3(c) (solid line) and Fig. 1b) (dotted ling, respec- _/L,WL_,__ 227 187 .__,_‘A.J\____
tively, are similar. These two circumstances imply that the % :
features, obtained in the cleaved-edge experiments, per=
formed at the sample edge, are identical to those revealed i
u-PLE spectra of Fig. &), which were detected from the
sample surface.

The cleaved-edgg-PLE experiments were performed in
a geometry such that the laser light was focused on theE
sample edge, which was cut prior to the measurementsg
u-PLE spectra were measured at two linear polarizatieps (
ande,) of the exciting light, parallel and perpendicular to
the plane of the WL, respectively. We exploit here the ab-
sorption selection rules valid for the InAs quantum wéfls,
namely, that the absorption due to transitions involving light-
holes(LH’s) should be stronger fag, than fore, while the
opposite situation should apply for the heavy hdle#l’s). :

1.330

tensity (a

Normalized

i 1 J B "
1.335 1.340 1.345 1.330 1.335 1.340 1.345

Consequently, the HKLH) character can readily be obtained Energy (eV) Energy (aV)

from a positive(negative value of the polarization degree _ -

(I,=1)/(1y+1,), wherel, and |, are the PLE intensities § Coek ot d X et
registered in the, ande, cases, respectively. The polariza- g 1000} L e, 1000 . /-/' ’
tion degree, measured by PLE at the sample edge positiorg 7 ‘e /-/

equally spaced with a similar spatial separation from QD1z oo} (L wp

and QD2, is shown in Fig.(8). As seen from this figure, the § //f A

LHy,_ peak exhibits an obvious LH charact@rrow 3 in é o] 7 e e | 6k

Fig. 2), while the transitions at lower energies have HH char- ; " P ; - P T
acter(arrow 2 in Fig. 2. Consequently, whehwvg, is tuned P, (W) C )
into resonance with the L peak, an equal number efs )
and h’s are created in the WL and, as a result, no extra FIG- 4. PL spectra of a single QD1 taken Bt4.1K, for a
electrons can appear. As a result, any association betwe&{mber of excitation powergshown in the figureand different
this peak and théw,, can be ruled out. excitation energles_(a) hvex=1.486_ eV, (b) hvg= 1.4_72 ev. AII_
Another possible explanation of thev,, origin is based spectra are .normallz.ed at the m.aX|mum.vaIue of thelr.PL amplltude
. ; and are vertically shifted for clarity. The integrated PL intensities of
on the dependence of the carrier relaxation and transport P'¥e detected PL lines. calculated ) hv,—1.486 eV and(d)
e X ; : , o= 1.
cesses on the carrier interaction lW|th the (_)ptlcal_ph(_)nonﬁyexz 1472V, m; (i=X, XX ") give the slope of the corre-
(LO). In fact, in our previous work! we exploited this cir- S L
. R ponding fitting lines.
cumstance and found a well-defined periodigth the pe-
riod of 41.4 meV counterphase evolution of the PL ampli- cluded.(ii) h»y, energies have the samB 4 dependentval-
tudes for theX and X~ lines as a function ofhwg, ues for different QD’s within each group. At the same time,
(>EgaA5). The present experimental findings, on the con-the ground(excited state transition energies vatpy up to
trary, do not exhibit any periodic evolutiain hv,) of the 40 me\) between different QD’s within each group, thus
PL spectra, but reveal a very narrdfew meV'’s) energy totally excluding the resonant excitation conditions as pre-
range ofhvg,’'s, in which the PL spectra undergo a completevailing in Ref. 43.(iii ) The well-definechvy, energies differ
transformation. Accordingly, some other mechanism has tdetween the two groups by10 meV, while it was possible
be taken into account to explain the charging of the excitongo find QD’s belonging to the different groups with almost
in the present experiments. the same ground state transition energiskifted by ~1
LO-assisted relaxation processes could also be consideredeV). (iv) hvg, reveals aP., dependencéto be further ex-
as important, when the energy difference betwbep, and  ploited below, analogous for both groups of QD[gig.
the WL ground state or the QD groukeixcited state exactly 3(a)], which could hardly be expected for the resonant
matches an integer number of LO phonon energies, as washonon-assisted relaxation.
experimentally demonstrated in Ref. 43 for the case of InAs/ To get further insight on the origin d¢fyy,, we studied the
GaAs QDs. The experimental results show that this mechaP., dependence of the PL spectra taken at a fixeg,. This
nism can not be used to explain they, existence in our is shown in Fig. 4 foilT=4.1 K and(a) hve,=1.486 eV and
case. This fact is based on the following findings.hvy,  (b) hve,=1.472 eV, respectively. The PL spectra in Figp)4
energies acquire different values, by 10 meV, for the twoclearly reveal an intensity redistribution in favor of te
groups of QD’s[Fig. 3@)], while their u-PLE spectra differ andX™~ lines. ForP.>200 nW, the lineX™~ dominates
significantly less, by 2 meVYFig. 3(c)]. Hence, the resonant the spectra. This means that the QD becomes progressively
excitation with respect to the WL ground state can be exmore charged with increasing.,. In sharp contrast, for
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spectra taken dive,<hvy, in the sameP, range[Fig. 4b)],  filled with 1 or 2 electrons. Correspondingly, the PL intensi-
only the singleX line appears. Its intensity develops linearly tieslx, Ix-, andly-- of the spectral lineX, X, andX™ "~
with P, Up to Pe~100 nW, at which saturation is initiated, are given byW, xWy, W, XW,, andW, X W,, respectively.
to reach a maximum &P.,=700 nW and then slightly de- The above revealed redistribution of the PL sped¢fay.
creases with further increase B, [Fig. 4(d)]. 4(a)] means that with increasinge, the values oW, and

This behavior can be explained in terms of an averagedV, progressively increase at the expenséAgf and atPe,
exciton occupation numbet, for a given QD At low Py, >300 nW the latter becomes negligible. This fact explains
N,<1 and the amplitude of th¥ line, which directly reflects the disappearance of theline in PL atP¢,>300 nW nicely,
the probabilityW, for the occupation of the QD with a con- despite of a progressive increase/df in the power range up
figuration, corresponding to the neutral excitore{h), de-  to 700 nW. It should be mentioned, that deriving Wegfrom
velops linearly withP,,. With increasing excitation power, the power evolution of th& line [Fig. 4(d)], we implicitly
N, approaches 1\, reaches its maximum value, and con- imposed the conditioW,=1, W;=W,=0, which is justi-
sequently theX line reveals its maximum amplitude. At even fied by the absence of the lines™ and X~ in the PL
higher excitation power, whei, starts to exceed 1, the spectra in Fig. &).
probability to find a QD populated with thee2h configu- TheX™ line increases in intensity up ®,=200 nW, but
ration increases at the expense of the neutral excitodecreases at higher powers. The" line exhibits an analo-
(1elh), which eventually results in a decreasidine am-  90uS behav_lor, except folr an increasing intensity up to a con-
plitude (W, progressively quenchesThis is expected, since, Siderably higher excitation intensitfe,~750 nW, which
at any given time, only one well-defined multiple exciton @PProximately coincides with th, value, corresponding to
(configuration may exist in the QD. For example, if the QD the maximumW, , derived from the data shown in Figld§.
is occupied with two excitons @h configuration, the In terms of the above introduced charging prob_gb|l|t|e_s, this
probability to find the QD with a single excitonelh and behavior means that fd?.,>200 nW, the probablllty to find _
consequently the PL intensity of the libeis expected to be QD loaded with more than one extra electron is essential
zero. On the contrary, when a time-averageshs of sec- and increases progressively at the expens&/pandW. It
ond§ spectrum, as used in the present study is recordedS interesting to note that the integrated intensity of Xie
several PL lines are detected. Each of them corresponds tolig€ | x- shows a slightly superlinear increadg (~ Pg;9) at
well-defined QD configuration, which exists at an instantPex<150 nW similarly to theX™ "~ line characterized by
given time. Thus, the experimentally derived dependence dfx--~ PL at P.,=200 nW. Accordingly, in order to ob-
the X line on P, [Fig. 4(d)] could be used as a reference to serve theX™ and X~ ™ lines, absorption of more than one
determine the evolution dfV, with excitation power. photon on average is needed.

The P, dependence of the intensity of thdine, taken at In contrast to these findings, an exactly linear power de-
anothethv,=1.486 eV, shown in Fig.#), is in sharp con- pendence of the charged exciton line was reported in Refs.
trast to the case illustrated in Fig(d. Indeed, it exhibits a 36 and 38. In our previous studies of the same ®Pper-
linear increase in a very restricted power rarigp to 20 formed at other excitation condition > Eg‘aAﬁ, we also
nW), increases at a slower rate for highey, to reach its found a simultaneous linear increase, saturation and decrease
maximum atP..= 100 nW. The remarkable feature is that for all the Iy, Iy-, and Iy-- with increasingPe,. The
the X line completely vanishes @&,,>300 nW, i.e., at an charging mechanism proposed in Ref. 31 was based on the
excitation power, even below the maximum value of ¥e different diffusivities of e’s and h’'s, which could be
line (and hence maximum value of/,) in case ofhv,,  achieved at certaimv,, values, and hence an essentially
<hvy, [Fig. 4d)]. Accordingly, this observed rapid quench- faster capture processes for the electr@mmpared to the
ing of the PL amplitude of the lin&X [Fig. 4(c)] is not ex-  holes into the QD. Consequently we implicitly assumed a
plained by the increased probability of the QD occupationcapture process limited by the diffusion mechanism, i.e., an
with 2e2h with P, but rather the competing charged exci- exact value of thenv,, determined the ratioVy:W;:W,,
ton, which gains intensity. The obvious difference betweerwhich was not dependent oR.,. This mechanism could
these two excitation energies is the extra electrons accum@xplain the existence of the small contribution of tke
lated in the QD in the first cadérig. 4@)]. This anomalous line, which progressively decreases in amplitudénag, de-
behavior of theX line can be readily understood if we, in creases fronmyy, down toE,y, [Fig. 1(a)]. Our present find-
addition toW, , introduce probabilities for a QD to become ings evidently imply a completely different charging mecha-
charged with one\{/;) or two (W) extra electrons. Here we nism, which should take into account both the existence of a
will just consider the case when the QD could be chargedhreshold energy and a high sensitivity to changeB dp
with up to two extra electrons, due to the fact that the PL  To explain the experimental results obtained we propose
spectrd Fig. 4(a)] reveal only two extra lines corresponding the following model. The laser excitation withwq,>hvy,
to charged excitons{™ andX™ ") in addition to theX line.  will create equal number &'s andh’s, absorbed in the WL
These charging probabilities obey the equatdf+W;  (arrow 2 and 3 in Fig. 2 but will in addition photogenerate
+W,=1, whereW, corresponds to the probability to find some free electrons in the surrounding barriers as a result of
the QD empty. This equation follows from the simple con-the light absorption by the ionized acceptor atoms, which are
sideration that an exciton, captured into the QD, can be facegresent in the barrier as residual dopaiatsow 4 in Fig. 2.
with only three different situations: The QD is empty or Then, thehvy, has to be equal to tHEgaAS— E,, whereE, is
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the acceptor binding energy. In fact they, values, obtained
for high P, for the two groups of QD’s, would impl, to ' —a—W, a—aa
be equal to 3626) meV for the first(second QD’s group, [ W, &
respectively. These values are similar to the@&i acceptor
binding energies of 3425.5 meV*

The extra electrons created in the GaAs barriers, are ex-
pected to be effectively captured into the Wand subse-
quently into the QI due to their very efficient transport in
GaAs crystal®’ accompanied by the absence of free holes in
the barriers ahve,<Eg***. This model, indeed, implies that
to populate the QD with a charged exciton configuration,
absorption of at least two photons is needed. One of them
excites an exciton inside the W{processes, illustrated by
arrows 2 and 3 in Fig. )2and the second should excite an
electron in the GaAs barridarrow 4 in Fig. 2. This results
in an expected superlinear dependeneeP()) of the PL
amplitude of the charged exciton lines éh,. When an
extra electron, loaded into the QD, remains there for a time,
Te, much longer than the time interval between two se-
quential events of the-h pair (excited in the WL capture
into the QD, therm should be close to 1. In case of a shorter
7o, M will exceed 1 with an expected maximurm=2, 3
when two photons are required to generate each charged ex2
citon. In our case, we are in the intermediate range between
these two extreme cases, since the derived valuesnare
=1.12 andmy--=1.44[Fig. 4(c)].

QD1 charging probabilities

+2W, (e)
Calculated n” (e)

IncreasingP,, results in the progressive loading of the L T00
QD with extra electrons, redistributing th&,’s (i=0,1,2) 1 10 100 1000
in favor of W,. The W;’s were obtained directly from the P (W)
experimental result§Fig. 4(c)] according toWy=1y/(lx "
Hly-+lx—-), Wi=(x-)(Ixtlx-+Ix--), and W, FIG. 5. The QD1 charging probabilitie/,, W,, andW, (a)

=(lx--)/(Ix+1x-+1x--). The results are shown in and a total charge accumulated in the @R+ 2W, [(b) left verti-
Fig. 5(@) as a function ofP.,. Taking into account thatV,  cal axig as a function ofP,,, taken atT=4.1K and hvg,
(W,) represents the probability to find the QD loaded with =1.486 eV. The solid line irib) represents the results of a calcu-
one(two) extra electrofs), the calculation of the total charge lated value ofn® (right axis).
accumulated in the QD is rather straightforward and given by
W, +2XW, [Fig. 5b)]. According to the model presented,
W; +2X W, should be proportional to the total number of steady-state electron concentration in the GaAs e 8
extra electrons®, photoexcited in the barrier and, as a con-x 10" 3 cm® is the volume of the barrier excited by the laser
sequence, must directly reflect the power evolutiom'df light, we apply a simple rate equation, which accounts for
The calculated absorption coefficient for the acceptor-tothe electron generation from the ionized acceptatigh con-
conduction band transition for bulk GaRswas found to be centrationN;) and the reverse recombination process to
proportional to E;) Y2 whereE = hve,—(Eg*°-E,) isthe  neutral acceptorsNQ):
kinetic energy of the photocreated electron in the GaAs, sim-
ply reflecting the 3D density of states of the conduction dn/dt=+ggX agX Ny —(nXx Ng)/To, )
band. (We note here that the GaAs barriers in the sample
studied are 100-nm thick and hence can be regarded as bul¢hereg, is the number of incident photons per area and time
like.) Consequently, whehv,, decreases t&g***~E,, the  unit, ag=1.2x10"*®cn?, which is calculated forhve,
absorption approaches zero. Hence, a tighis needed to =1.486 eV andE,=3 meV.*® 7,=2x10° scm 3, calcu-
createn®, sufficient to result in threshold phenomenon. Inlated forT=4.1 K.*® The barrier material ip type'® with a
contrary, wherhvy, (E;) progressively increases, a relatively compensation degree=N4/N,<1, whereNy (N,) is the
smaller value ofP., would be enough to create the sametotal concentration of dongacceptoy atoms. Consequently,
number ofn® and, correspondingly, load the QD with the we consider the total number of ionized acceptorggt 0
same number of extra charge as in case of sBallThese andT=4.1K to be equal t&kXN,. To solve the Eq(1), a
circumstances explain the redshift of the, with P, de-  distribution functionf has been introduced, which accounts
tected in the experiment for the both groups of Q[Fg.  for the probability fork X N, atoms to be filled with electrons
3(@)]. at go# 0. Then, the neutrality condition can be expressed in
To calculaten®=nxV,, wheren is the photoexcited the form

195332-7



E. S. MOSKALENKO et al. PHYSICAL REVIEW B 66, 195332 (2002

n=kxNyx(1—f) 2)

and, correspondingly,

N, =fXkXNg, (3a

laser on QD
NO=KXNX(1—f)+NyX(1—k). (3b)

Taking into account Eqg2) and(3), the steady-state so-
lution of Eq. (1) has been obtained and is shown as a func-
tion of Py in Fig. 5b). The calculations are based on an iy AT AL ra
acceptor concentration di,=10"%cm % andk=3% as ad- 1.32 T3 104 135
justable parameters. It is clearly seen, that the calculatec : ; ’
curve rather nicely reproduces thé, +2xXW, P,, depen-
dence. (The maximum value of N, used is 3.3
% 10'2 cm™~3, which approximately corresponds to the three <
ionized acceptor atoms in the excited volume of the crystal.
It should be pointed out that even at such a low acceptor
concentration it is still possible to creat®, which is suffi-
cient to load the QD under study with up to two extra elec-
trons.

This fact is valid under the assumption that the QD can
collect most of then® electrons(in the upper limit—all,
generated in the GaAs within the laser spot, whick&Bum
in diameter. To check this idea, we performed space-resolver
experiments, in which PL spectra, taken with the laser spot
positioned on the QD, were compared with spectra detected g 6, pL spectra of a single QD1 taken®t 4.1 K and(a)
with the laser spot moved aside of the dot. The spectra arg,_—1560ev, P,=60nW and (b) hv,=1.486¢€V, P,
shown in Fig 6 a for the case of excitation with lawe, =50 nw for the different excitation geometries: The laser spot is
>Eg**, generated in such a way that an equal number opositioned on 2.5 um side of(a)] QD shown in the uppefiower)

e’'s andh’s are created in the sample. The above discusseparts in(a) and (b), respectively. All spectra are normalized at the
acceptor model has no effect here due to the negligible valumaximum value of their PL amplitude and are vertically shifted for
of N, with respect to the values of the 3D density of statesclarity. The integrated PL intensities between each pair of spectra
involved in the band-to-band transitiortsve, was choseft  differ by a factor of 9.2a) and 3.2(b).

in such a way that the PL spectrum involves both the neutral

and charged exciton lindshe upper part of Fig. @]. It is

clearly seen, that only thé line is observed in the PL, when €’s andh’s photoexcited in the WL, some extra electrarts

the laser spot was moved aside of the QD by 5. are excited in the GaAs barriers, these charge carriers will

These dramatic changes can be explained as follows. Agventually reach the QD to generate a negatively charged
already discussed above, the QD becomes negativeD. The same amplitude ratio between the three lines in Fig.
charged although the total number of photoexcited electron§(b) for both “geometries” clearly indicates the loading of
and holes are equal, due to the faster capturgointo the  the QD with the same number of extra electrons, which
QD. These processes are effective when the QD is positiong@foves the QD's ability to collect extra charges from a dis-
in the center of the laser spot: The electrons move faster tha@nce, exceeding the size of the laser spot.
the holes and are accordingly faster captured into the QD. To further elucidate the role of the experimental condi-
Still the total charge neutrality is not broken within the lasertions on the acceptor-induced charging mechanism of a QD,
spot. On the contrary, when the laser spot is positioned neXtL spectra were detected for a range of sample temperatures
to the QD, the propagation of photoexcited electrons andor excitations with hvy<hve,<Eg*® and Ey <hve,
holes from the excitation spot in paifas excitonsis ex- <hwy, [Figs. 1@ and 7b)], respectively. The evident
pected, because the hole mobilities will limit the transport ofgradual disappearance of tike ~ line with increasingT is
photocreatece-h pairs in GaAs. As a result, the QD is clearly revealed fohvy,<hve,<Eg*°[Fig. 7(a)]. At high-
expected to be populated with only neutral excitons as igst temperatures employe@=£ 49 K), the PL spectrum con-
clearly demonstrated in the lower part of Fida6 sists only of theX™ line. In sharp contrast, foE, <hwg,

In striking contrast to these observations, at excitation<hwv,, the opposite behavior is observéBig. 7(b)], for
with hyyp<hwg,< ES""AS, the PL spectra remain the same for which the increase of leads to the redistribution of the PL
both excitation conditiongdFig. 6b)]. According to the intensities in favor of theX™ line, while a monotonous red-
above conclusions this could be realized only for the casshift of the entire spectra is observed for both cds$égs.
when the excitation produces nonequal amount of free elec/a) and 7b)]. At high T, the spectra for the two excitation
trons and holes. Indeed, if in addition to the equal number oénergies are the sarfiEigs. 4a) and 7b)]. This means, that

laser aside of a QD

Normalized PL intensity (arb. units)

rb. units)
(o8

laser on QD

intensity

laser aside of a QD

Normalized PL

N S R R T
1.32 1.38 1.34 1.35

Energy (eV)
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a - T K role of the acceptor ionization processes from the valence
X" ’

M band of the GaAs. On one hand, it should lead to an increase
r' , RYA 22 of n° due to the increased total numberf . On the other
- N AN T 40 hand, the presence of free holes in the valence band of GaAs,
A A 35 will result in an extremely efficienfcompared to the capture
WWM 30 of photocreatedh® back to the acceptordand-to-band re-
A . o5 combination mechanism of°. Indeed, the typical radiative
ey 20 recombination times for the free-to-free transitions are of the
A ' order of 1 ng?® while that for the free-to-acceptor transitions

Normalized PL intensity (arb. units)

19 in GaAs are of the order of 10@s calculated forN,
_ 41 =10 cm 3.%° Thus, the appearance of the free holes with
Ly N T increasing temperature is expected to effectively decrease the
1.325 1.330 1.335 1.340 1.345 n®, which in turn should result in a reduced chargitotal
. discharging of the QD. This prediction of the acceptor
_ b M T, K model is in full agreement with our experimental observa-
£ A 49 tions[Fig. 7(a)]. At the same time, the temperature-generated
2 M 44 extra concentration of free holgsn GaAs could explain the
s —/'/\\_‘Jx._.._ 39 X~ line absence at >T, observed in Fig. ().
z ,/L._.J\\_w_____ 36 To estimate the characteristic temperaturg, above
I 30 which nP should be considerably decreased with respect to
= JJL«—J\M 25 the values, calculated foF=4.1 K, an additional term-y
s ey MM 22 XnXp, which accounts for the band-to-band recombination
= P ,/L_..JLM% rate, has to be introduced in the right-hand part of &g,
E A JL 10 where y=y,X T2 is the recombination coefficiefitand
3 : — |L 4 Yo~9x10 ° cnm’s 1K? could be calculated for bulk

— GaAs* Then,n can be expressed as
1.325 1.330 1.335 1.340 1.345

Energy (eV) N=goX apX 70X N3 /(N2+ yX 79X p). (4)

FIG. 7. PL spectra of a single QD1 taken at a number of tem-The quantity ofp could be roughly calculated using the ex-
peratures(shown in the figureand different excitation conditions pression p=(N,x N%/2)*2x exp(—E4/2ksT),*® where N,
(@ hve=1.501eV, Pe,=50nW and (b) hve=1.471eV, Pex  =2(27my)%¥2x (kgT)¥%h3 is the effective density of states
=80 nW. All spectra are normalized at the maximum value of theirgf the valence band for bulk material am;*, =0.45m, (M,
PL amplitude and are vertically shifted for clarity. The dotted IinesiS the free electron masds the hole effective mass in
are guides for the eye. GaAs®® At B=yx 7oX p/N2>1, according to Eq(4), band-
to-band transitions will be the dominant mechanism, which

_ determines the steady-state valuenofWe thus derivedr*
the threshold phenomenon is not observed at elevated tem-24 K providedg=10. It is readily seefiFig. 7(a)] that the

peratures. Indeed, the measurements, analogous to thosg spectra start to become more “neutral” &t>25 K,
shown in Fig. 1a), but performed aff =50 K (not shown  \yhich agrees well with the estimatdd value. Our calcula-
here clearly demonstrate the absence of the threshold.  tions also result in a decrease of(n°) by one order of
The evolution of PL spectra with increasifigtaken at magnitude aff =40—50 K compared with the calculated
hve>EG™ has been studied previousfyIt was demon-  yajues aff = 4.1 K [Fig. 5(b)].
strated that at anfive,> EgGaAS, the peak intensities in the
spectra are redistributed in favor &f and X~ lines at
increasedT. Already atT=T,=35-40K, the spectra are
dominated by theX™ and X~ ~ lines. This behavior is ex- The threshold phenomenon regarding the excitation con-
plained in terms of a temperature-induced increased electraditions for the QD’s charging has been revealed from PL
diffusivity in the GaAs barriers, which eventually leads to aspectra of single InAs/GaAs self-assembled quantum dots. A
faster electron capture into the QD. This behavior is consiswell-defined excitation energy, belof@bove which the QD
tent with our present resulfshown in Fig. Tb)], except one is in the neutralcharged state is manifested. The studies of
thing. Even aff>T,, theX™ ™ line cannot be detected. The this phenomenon for a number of different QD’s and at dif-
evolution of the PL spectra with increasifg[Fig. 7(@)] is  ferent experimental conditionsuch ashve,, Pgy, andT)
totally different, inevitably indicating that some other allow us to make a definite conclusion about the particular
temperature-induced charging/discharging mechanism has toechanism responsible for the loading of the QD with up to
be considered. two extra electrons. This is considered to be the acceptor-
The above discussed model of an acceptor-induced chargelated transitions resulting in a photoexcitation of negative
ing predicts the observed dependence on the temperatucharge in the barrier material, which was directly proved by
nicely. Indeed, the increase of the temperature enhances tlige spatially resolved experimental findings. The latter fact

CONCLUSION
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