RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 12130€R)

Optical excitations of a self-assembled artificial ion
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By use of magnetophotoluminescence spectroscopy, we demonstrate bias-controlled single-electron charg-
ing of a single quantum dot. Neutral, single, and double charged excitons are identified in the optical spectra.
At high magnetic fields one Zeeman component of the single charged exciton is found to be quenched, which
is attributed to the competing effects of tunneling and spin-flip processes. Our experimental data are in good
agreement with theoretical model calculations for situations where the spatial extent of the hole wave functions
is smaller as compared to the electron wave functions.
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Semiconductor quantum dotQD’s) are often referred to Al Ga, -As blocking layer, and a 10-niaGaAs cap layer.
as artificial atoms. Different levels of neutral occupancies inAs a Schottky gate we use a 5-nm-thick semitransparent Ti
QD’s have been obtained in the last years by power depenayer. The samples were processed as photodiodes combined
dent optical excitation. The associated few-particle statesith electron-beam-structured shadow masks with apertures
were intensively studied by multiexciton photoluminescenceranging from 200 to 800 nm. Schematic overviews of the
(PL)  spectroscopy and corresponding theoreticalsample and the band diagram are shown in Figa) 4nd
investigations=~’ Occupancies with different numbers of 1(b). The occupation of the QD with electrons can be con-
electrons and holes result in charged exciton complexes. Itiolled by an external bias voltagé; on the Schottky gate
analogy to QD’s with neutral occupancy—artificial atoms— with respect to the back contact. For increasifigthe band
charged exciton complexes may be considered as artificidlattens, and the electron levels of the QD are shifted below
ions. In the field of low-dimensional semiconductors chargedhe Fermi energy of the-GaAs back contact, which results
excitons were first observed in quantum-well structdreis.  in successive single-electron charging of the QD. In our ex-
QD'’s, charged excitons were studied in inhomogeneouslyeriments excitons are generated optically at low rate and
broadened ensembles by PRef. 9 as well as in interband form charged excitons together with thg induced extra
transmission experiment§and recently also in single, opti- electrons in the QD. We used a HeNe la&82.8 nm for
cally tunable QD’s! as well as in electrically tunable quan-
tum rings by PL*? (@) Laser focus

Few-particle theory predicts binding energies for charged
QD excitons on the order of some me¥A3 This allows for
the controlled manipulation of energetically well-separated
few-particle states under the action of an external gate elec-
trode. Discrete and stable numbers of extra charges are \V/
thereby possible via the Coulomb blockade mechanism. In aB i-GaAs-Buffer
future experiments and possible applications, the resonant n-GaAs-Substrate
optical absorption and emission of such systems is expected \_’_
to be tunable between discrete and characteristic energies.
Moreover such few-particle systems are expected to exhibit
an interesting variety of spin configurations, which can be
controlled by an external magnetic field, gate-induced occu-
pancy, and spin-selective optical excitation. In the present
paper we present, for the first time to our knowledge, experi-
mental and theoretical results on the gate-controlled charging
of a single InGa _,As QD with an increasing number of
electrons probed by magneto-PL. n-GaAs

For controlled charging of individual QD’s a special =
electric-field tunablen-i structure has been grown by ]
molecular-beam epitaxy. RGa sAs QD’s are embedded in i
an i-GaAs region 40 nm above amdoped GaAs layer (5
% 10*® cm™3%) which acts as a back contact. The growth of FIG. 1. (a) Photodiode combined with a near-field shadow
the QD’s is followed by 270-nmi-GaAs, a 40-nm-thick mask.(b) Schematic band diagram of the structure for zero bias.
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ing energy with respect tX° is determined toAEy-=4.6

260 S S0 0 oy 040 meV by the measured difference in emission energies. For
B=0T —0.35 V<Vg<0 V the X? and X~ line coexist, which is a
-15 consequence of the statistical nature of nonresonant optical
02 ‘ a excitation. In the presence of one extra electron, the capture
X% -20 3 and subsequent decay of an electron-hole pair leads to the
S 0.0; -+ | f emission of &~ photon. If only a single hole is captured we
N 25 @ expect axX® photon, and if a single electron is captured we
02 2 expect no photon, but instead electron back transfer to the
X, -SOI% n* region. AtVg=0 V the QD is charged with a second
04 electron. This leads to the appearance of two characteristic
(@) X0 ’ - 35 emission linegmarked in Figs. @) and 2b)], which are
= assigned to th&?~ decay. The main line of th¥?~ emis-
” ' B=12T sion appears only 0.3 meV below thé line, whereas a
02 15 N much weaker satellite peak appears 4.6 meV below the main
§ line at 1298.1 meV. The appearance of two emission lines is
< 00 X ‘ 40 E‘ characteristic of thex?~ decay. The energy difference be-
< AR k) tween the twoxX?~ lines corresponds to the difference in the
=3 ) K % s-p exchange energies between the two possible final states
0.2 5 with parallel or antiparallel spin orientations of the two re-
X, -30 maining electron.Again X>~ and X~ can be observed si-
04 ‘ multaneously over a certain range Wg. At Vg>0.19 V
() X0, | - 35 only one broad emission line remains. This indicates filling

1295 1.300 1305 1.310 1.315

Energy (eV)

of the wetting layefWL) states with electrons. Here weakly
confined electrons are interacting with the carriers in the QD,
causing a broadening of the detecteshell decay in the QD.

FIG. 2. Gray scale plot of the PL intensity as a function of the A rough estimation of th&/g increment needed to bring the
PL energy and Y. The series of lines can be assigned to emissiond/VL states below the Fermi energstarting from the onset of

from s-shell transitions oX®, X, andX?~. At zero magnetic field

(a), and atB=12 T (b).

the X~ line), taking charging energy and the electrostatics of
the structure into accounf,results in a reasonable value of
AVg=530 mV, in good agreement with our experimental

optical excitation, and a cooled CCD camera for detection oflata.

the PL. The sample was mounted in a confocal low-

temperature, high-magnetic-field microscdpe. :
In Figs. 2a) and Zb) we present PL spectra as a function Proach presented in Ref. 17, we assume, for electrons and

For a quantitative analysis of the experimental results, we
performed theoretical model calculations. Following the ap-

of Vg in the range of-550 mV to+400 mV, corresponding holes, respectively, a confinement potential which is para-
to electric fields of 37.5 to 11.1 kv/cm. The PL intensity is bolic in the (,y) plane and boxlike along despite its sim-
displayed as a gray scale plot for® T in Fig. 2a), and for plicity, such co.nfllnement is known to mimic the most impor-
B=12 T in Fig. 2b). As a function oV we find a series of tant characteristics of }®a _,As dots, and has recently
lines with discrete jumps in the emission energy. Those line§roven successful in comparison with experimetfive

are assigned to radiativeshell transitions of neutralX®),  take 5 nm for the well width in the direction andfwg
single chargedX "), and double chargedk?~) excitons, as =30 meV (iwf)=15 me) for the electron(hole) confine-
marked in Figs. &) and 4b) and discussed in the following. ment energies due to the in-plane parabolic potential; mate-
ForB=0 T [Fig. 2a)] and large negativ¥g (Vg<—0.5V)  rial parameters are computed according to Refs. 19 and 20
the electron levels in the QD are far above the Fermi energynote that with these values we also well reproduce the
of the n-GaAs back contact, and the QD is electrically neu-~40-meV splitting between thesland 1p shells measured
tral. Optically generated excitons can relax into the QD, bu@t higher photoexcitation powsrsFinally, because of the
before radiative recombinationr1 ng the carriers tunnel strong quantum confinement in taalirection we safely ne-
out of the QD due to the high applied electric field. Ry  glect minor effects due to the applied external electric field.
~—0.5V the QD is still uncharged, but in the smaller elec-PL spectra forX?, X~, and X*~ are computed within a
tric field radiative recombination becomes more likely anddirect-diagonalization approach, accounting for all possible
the X° emission line appears at 1307 meV. The weak satele-e ande-h Coulomb interactions}?

lite about 0.4 meV below is tentatively explained in terms of ~ The black lines in Fig. 3 show the dependence of the
QD asymmetry® With increasingVg, the X° line shifts to  luminescence spectra of the, X, andX?" lines as func-
higher energies due to the quantum-confined Stark effect ition of the extension_[} of the hole wave functiortfor the

the decreasing electric field. Fdig=—0.35 V an emission definition, see the figure captiprin accordance with experi-
line appears below th¥° line at 1302.5 meV, indicating the ment and related work;*? in the PL spectra we findfor
static occupation of the QD with one electron. TXe bind- LBS L¢§) a redshift of the charged-exciton emission p&ak
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86 X™. The triplet state is subjected to tunnel decay fromrshell.
Sy s-shell emission forX®, X, and X2~ are shifted to higher
-15 -10 -5 0 5 energies due to the diamagnetic shift, and each emission line
Energy (meV) splits into two lines, separated by the Zeeman energy. The

. : opserved weak differences between the Zeeman energies of
FIG. 3. Dependence of juminescence spectra on the extension fhe X andX ~ lines seem to indicate that the spin orientation

the hole wave functionL,=1/\(m;w} (i=e,h) is a characteristic f tra electron in the OD d t ch P duri di

length scale of the parabolic confinement, with (my,) the elec- of an extra electron in the QD does not change during radia-

tron (hole) mass andiwg (A w§) the confinement energies due to tive decay from the s-shell. .
the in-plane parabolic potential. Black linebwS=30 meV (L In the following we concentrate on the asymmetry in the

=7.5 nm and iw=15 meV; the thickness of each line corre- PL intensities of the two Zeeman branches of Xheline for
sponds to the oscillator strength of the corresponding transition” 0-35 V<Vp<—0.13 V[see Fig. Z0)]. This asymmetry is
(photon energy 0 given by th¥° energy for same extension of Observed only for th&™ line, not for theX® andX*" lines.
electron and hole wave functions, i.&)=L¢). Gray lines:%wg The explanation of this phenomenon involves spin polariza-
=35 meV (L{=7 nm) and/w)=10 meV. tion, Pauli blocking, and state-selective tunneling, as summa-
rized in Figs. 4a) and 4b). At B=12 T a single electron in
and a further, much smaller, redshift of the m¥ifi” emis- 4 QD is spin polarized in thermal equilibrium. The optical
sion peak, which is accompanied by a weak satellite peak aixcitation of excitons can occur with two different spin ori-
even lower photon energgee arrows A quantitative com-  entations, which results in the states shown in Figa) dnd
parison between theory and experiment, however, reveal{h). Due to Pauli blocking in the conduction band, parallel
that for the same extension of electron and hole wave funcelectron spin orientation leads to a metastable triplet state
tions (L§=L) the calculated charged-exciton binding of 1.5 with one electron in thes shell and one in the shell [see
meV is smaller by a factor of 3 than the measured value; Fig. 4(a)]. If the tunneling time from the shell to the con-
we checked that this finding does not depend decisively ofinuum is shorter than the electron spin-flip time, an electron
small modifications of the chosen dot and material paramis lost, and we end up with a neutral exciton and hence with
eters. As can be inferred from Fig. 3, the binding energy  a contribution to one Zeeman component of ¥feline, i.e.,
is a quite sensitive measure of the relative extension of eleave lose one Zeeman component of e decay. The intro-
tron and hole wave functions: Decreasln@;and keeping all duction of an exciton with opposite spin orientation, how-
other parametersa, ), L) fixed, in Fig. 3 one clearly ever, produces a singlet state as shown in Figp).4The
observes an increased binditmoderate parameter changes radiative decay of this configuration contributes to the other
turn out to have no impact on this general trend; see, e.gZeeman component of thé¢~ line. Our findings also imply
gray lines. that the associated heavy-hole spin-flip time should be at
We thus conclude that the large experimeptalbinding  least of the same order or longer than &l lifetime. Long
energy of 4.6 meV can only be explained by more localizedspin-flip times and conservation of the exciton spin within
hole wave functions, which we attribute to effects of heavierthe exciton lifetime were already reported for zero-
hole masses and possible piezoelectric fields. Additional evidimensional systems at high magnetic fiellThe suppres-
dence for this interpretation comes from the ratio betweersion of oneX™ Zeeman component persists ovevgrange
the exchange splitting of the tw¢?~ lines and theX™ bind-  of 0.22 V, which translates to an energy shift of the QD
ing energy. The experimentally observed exchange splittingtates with respect to the n-GaAs Fermi energy of 28 meV
of about 4.6 meV between the weak low-energy and intensépproximately to the conduction-baiseb separation For
high-energy branches of th¢~ line is found to be approxi- Vg>—0.13 V both Zeeman components of tKe line are
mately equal to th&X ™~ binding energy. From our theoretical recovered as a consequence of the increased tunneling time,
investigations, such a scenario can only be obtained if thevhich now allows for the competing spin-flip and relaxation
hole confinement is considerably stronger than the electroprocess to the shell. For thex® andX?~ lines, a quenching
confinement. of Zeeman lines is not expected and also not observed, since
Finally we discuss the magnetic field dependence showthe p shell is either neverX®) or always >~) populated,
in Fig. 2(b) for B=12 T. From comparison with thB=0 T  regardless of the spin orientation of the optically excidu
data[Fig. 2(a)], it is clear that single-electron charging ver- pair.
susVg is mostly unaffected by magnetic field. The centers of In summary, we have demonstrated bias-controlled charg-

121309-3



RAPID COMMUNICATIONS

F. FINDEISet al. PHYSICAL REVIEW B 63 121309R)

ing of a single QD in magneto-optic PL experiments. Thecomponent of theX™ decay is explained in terms of state-
few-particle interaction energies determined experimentallyselective tunneling from a spin-triplet configuration.

for theX™ andX?" states are found to be in good agreement

with our theoretical model for situations where the spatial

extent of the hole wave functions is smaller as compared to This work was supported financially by the DFG via SFB
the electron wave functions. Spin polarization and lifting of 348, by the BMBF via 01BM917, in part by INFM through
the Zeeman degeneracy at high magnetic fields allows fulPRA-99-SSQI, and by the EU under the TMR Network “Ul-
ther access to the so-far-unexplored spin-dependent propdrafast Quantum Optoelectronics” and the IST programme
ties of few-particle states. The suppression of one ZeematSQID.”
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