Optical spectroscopy of single quantum dots at tunable positive, neutral, and negative charge states
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We report on the observation of photoluminescence from positive, neutral, and negative charge states of
single semiconductor quantum dots. For this purpose we designed a structure enabling optical injection of a
controlled unequal number of negative electrons and positive holes into an isolated InGaAs quantum dot
embedded in a GaAs matrix. Thereby, we optically produced the charge states2, —1, 0, +1, and+2.

The injected carriers form confined collective “artificial atoms and molecules” states in the quantum dot. We
resolve spectrally and temporally the photoluminescence from an optically excited quantum dot and use it to
identify collective states, which contain charge of one type, coupled to few charges of the other type. These
states can be viewed as the artificial analog of charged atoms such, a4, H™2, and charged molecules

such as H and H; 2. Unlike higher dimensionality systems, where negative or positive charging always results

in reduction of the emission energy due to electron-hole pair recombination, in our dots, negative charging
reduces the emission energy, relative to the charge-neutral case, while positive charging increases it. Pseudo-
potential model calculations reveal that the enhanced spatial localization of the hole wave function, relative to
that of the electron in these dots, is the reason for this effect.
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[. INTRODUCTION viations from the Aufbau principle and Hund’s rule, in con-
trast with the situation in real atomi$(ii) The electron-hole
Real atoms and molecules often appear in nature age-h) recombination energ@dE.n(Ng,N;,) in the presence
charged ions. The magnitude and sign of their ionic chargef N.—1 and N,,—1 additional “spectator” electrons and
reflects their propensity to successively fill orbitélse Auf-  holes. AEg;, is of great importance for research and appli-
bau principle and to maximize spifHund’s rulg. As a re-  cations which involve light, because light emission from
sult they often exhibit only unipolaritfbeing either negative QD’s originates from the recombination of ah pair).
or positive and remain in a very restricted range of chargeMeasurements chE.(N.,N;,) were so far carried out only
values(e.g., @, O~%, O"2 or Fe'2, Fe'3, etc) even under for neutral® and negatively chargéd"°QD’s. It was found
extreme changes in their chemical environments. that upon increasing the number of electrons e#fd pairs,
Semiconductor quantum dot®D’s) are of fundamental AE¢y(Ne,Ny) decreases, i.e., the emission due to ¢dle
and technological contemporary interest mainly for theirradiative recombination shifts to the red.
similarities to the fundamental building blocks of nature In higher-dimensional systems adding negative and/or
(they are often referred to as “artificial atoms® and be-  positive charge produces the same effect. This is the case for
cause they are considered as the basis for new generationstbé positively charged molecuté; vs H, (Ref. 17 in three
lasers; memory devices, electronics, and quantum dimensions(3D), and the positively or negatively charged
computing’ exciton (the X or X~ trion) vs the exciton, in 2D quantum
Unlike their atomic analogs, however, semiconductonwells (QW's).*®
QD’s exhibit large electrostatic capacitance, which enables a In the present study, we designed a dev.5.dTf ae833.2-sIng
remarkably wide range of charge states. This has been dem-
onstrated by carrier injection either electronicifly by
scanning tunneling microscopy,or even optically' This
ability to variably charge semiconductor QD’s makes it pos-
sible to use them as a natural laboratory for studies of inter-
electronic interactions in confined spaces and at the same
time it creates the basis for their potential applications. Two
physical quantities are of particular importance when quan-
tum dot charging is considered) The charging energyy
=EN—En_4 required to add a carrier to a QD containing
alreadyN—1 “spectator” carriers. Measuremeffs®'%and
calculation$®** of QD charging energies have revealed de-






the wider of two coupled GaAs QW'’s, separated by a thin
AlAs barrier layer

We spatially, spectrally and temporally resolved the PL
emission from single SAQD’s in both samples using a vari-
able temperature confocal microscope séfupigure 2 com-
pares the pulse excited PL spectra of the nelffa. 2(a)]
and mixed typgFig. 2(b)] samples. The excitation in both
pulse and cw(not shown herg excitations was at photon
energy of 1.75 eV and the repetition rate of the picosecond
pulses was 78 MHz= 13 ns separation between pulses



and thee-h pairs recombine one by one. Therefore, all the
pair numbers that are smaller thii



forwardly deduced from Fig.(8) and more quantitatively by
simple rate equation model simulatiof{sSince four and five
deionized donors are involved in generating tfe+1 and

g= + 2 charge states, respectively, the lifetime of these states
is shorter than that of the charge-neutral state and shorter
from the pulse repetition time. Hence, the evolution of the
PL intensity of theX ™! andX "2 lines with increasing pulse
excitation power, is similar to that of th¢°

ratio between the maximum intensity of t& PL line under
cw excitation and that from the negatively charge states
[10:1, see Fig. &)], since the emission intensity at maxi-
mum is inversely proportional to the state lifetiffe’’ From
the measured decay time of th¢’ line (=1.3 ns, not
shown we deduce the hopping times and find them to be
slightly longer than the pulse repetition time={3 ns).
Therefore, under pulsed excitation, once the QD is optically
depleted from its initial charge, it remains so for times longer
than the time difference between sequential pulses. Thus, PL
lines that result from exciton recombination in the presence
of negative charge evolve similar to neutral lines under cw-
mode excitatiorfFig. 3(@], and their intensity weakens with
the increase in excitation power. We use this behavior to sort
out the neutral states PL emission from that of negatively
charged ones, in general, and for identifying & line in
particular.

The larger the number of deionized donors which partici-
pate in the depletion process, the shorter is the lifetime of the
charge depleted state that they generate. This can be straight-



calculation$® in order to realistically estimate the various
terms in Eq.(1). The first three terms were obtained via
first-order perturbation theory whereas the last téme cor-
relation energy was obtained via configuration-interaction
calculationst*?° The QD calculated her, has a slightly
elongated lens shape, with major and minor axis 45 and 38

nm (in the 110 and 10 directions, respectivelyand a height

of 2.8 nm. Both the QD’s and the two monolayer wetting
layer have a uniform composition of J§Ga, sAs, and they

are embedded in a GaAs matrix. The shape, size, and com-
position are based on experimental estimations, and they are
somewhat uncertain.

The pseudopotential treats the alloy atomistically, and it
includes spin-orbit interaction and strain. We include the first
six bound electron and hole states in our configuration-
interaction expansion. The calculat&P shells splitting
(sez—sel-f— &eh,~en, =37 meV), well agrees with the mea-
sured one and so does the energy splitting of Ehehell
(893_882+8h3—8h226 meV).

Figure 4 shows isosurface plots of the calculated density
of probability for electrons and holes in their three lowest
energy states. The electric charge that these isosurfaces con-
tain amount to 75%. The figure clearly demonstrates that the



tons, unlike their analog free positively charged molecties,

have larger recombination energies. This novel observation

may prove to be very useful in future applications of semi-
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