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Optical investigations of individual InAs quantum dots: Level splittings of exciton complexes
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We have investigated individual InAs quantum dots embedded in GaAs using photoluminescence spectros-
copy as a function of temperature and excitation power density. We also pkegentlculations including
both direct and exchange interactions for systems with up to three excitons in the dot. From these calculations
we are able to assign some of the many peaks observed to various few-particle states. A rate-equation model
has also been developed which allows simulations of the peak intensities with excitation power density to be
made and compared with experimef80163-182699)04548-9

[. INTRODUCTION tificial atoms,” quantum dots have significantly less symme-
try than an atom, making the customary atomic spectroscopic
It has recently become possible to observe photoluminegiotation useless. Even if the dot possesses a discrete remnant
cence (PL) from individual quantum dots grown by the of an atom’s rotational symmetry, that symmetry may be
Stranski-Krastanov technique. This allows one to probe theifficult to determine, and may vary from system to system.
electronic structure of a dot in the detail that will be requiredThe random nature of Stranski-Krastanov growth may even
for a full understanding of these structures. The most Wide')f'esuh in dots with no residual Symmetry_ ThereforE, it be-
studied system is InAs quantum dots embedded in GaAgooves us to adopt a notation that is not tied to any assumed
barriers: It has been observed that few-particle states argeometry of the dot, but rather deals directly with the filling
easily formed in such quantum ddtdas evidenced by the of levels.
appearance of many closely spaced emission lines. The num- \y/o specify states by the occupation numbers of the single

be\rN Orf dhrr]leist wml?ahs?s raplrtrj]ly d\{wth I!Pclr(?[asvl\lri]tgl’l e;(?rgtart'onqlectron and single hole orbitals. For exampkl@:h02) is
power density, which 1S assumed to corre;ate with an INCréasy qiare \ith one ground-state electron and two holes in the
ing number of charge carriers in the détsAt sufficiently

low excitation power density, only single excitof?§ should first excneq olrb|tal. 'F?r InAs/(_SaAs dots the ftyplc?l spacing
be present, while higher excitation power density should propetween single-particle energies IS 10 meV for valence-band
duce biexcitons X,) and then triexcitonsXs3). In addition, states, and 100 meV for conduction-band states. The Cou-
charged states containing an extra electron or hole are aldgMP binding energy is on the order of 30 méV the dot
possible. Whatever excitons populate the dot, the PL specl@S N0 geometric symmetry each single-particle orbital is
trum will depend on the excitation power, due to interactionsdouble degenerate due to the Kramer's degeneracy, making
within the dot. Determining the nature of the dominant inter-(€10:n02) twofold degenerate. This degeneracy can be split
actions(direct or exchangeand whether or not the excitons by the exchange interaction, with typical spacings of a few
are neutral are central to unraveling the electronic structurgeV or less in InAs/GaAs dots. Since the exchange splitting
of quantum dots. is much smaller than the contribution to the energy coming
In this paper we present high spectral resolution photolufrom the single-particle energies and the direct interaction,
minescence measurements of individual InAs quantum dotthere is a clear separation of energy scales. Therefore it
in GaAs. The experimental results are compared With ~ makes sense to refer to a state by its configuration of single-
calculations that include direct and exchange interactions. Iparticle orbitals and its level within the exchange-split mul-
addition, a rate equation_model is _used_ to est_imate th(_a occtiplet. We specify the states within an exchange-split multip-
pancy of the levels. Section Il begins with an introduction tojet by an additional subscript of the forsit, wheret is the
our notation for dealing with the complexities of multipar- total number of states in the multiplet asddentifies the
ticle states in a quantum dot. Section Il describes the samplgiates. For exampleg0:h02),, is the ground state of the
growth, and the experimental arrangement for measuring thgs10:n02) configuration including the effect of exchange.
spectra. Section IV presents the PL spectra, and their depen- an additional complication arises if the dot is symmetric.
dence on excitation power density and temperature. Sectiop, this case some single-particle orbitals will be more than
V presents the results of our calculations of the electroniGyofold degenerate. This is indicated by a subscript on the
energy levels, and the transitions among them. Section Vihteger giving the occupation number. For example
discusses the relationship between the calculated levels and11,:h20),, is a four-particle state in which the
the observed peaks. Section VII presents our rate-equatiqiynduction-band first excited state is fourfold degenerate,
model used to describe the occupancy of the levels, and pregqg contains one electron.
sents a comparison with the results of the measurements.

Il. MULTIPARTICLE STATES . GROWTH AND MEASUREMENT

It is extremely difficult to discuss multiexciton states The dots were grown by chemical beam epitaxy, as de-
without a clear notation. In spite of being referred to as “ar-scribed in Ref. 5. Atomic force micrographs show that the
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FIG. 1. Photoluminescence spectra of a single InAs quantum dot FIG. 2. Photoluminescence spectra of a single InAs quantum dot
(QDY) for different excitation power densities. At low excitation (QD1) for different excitation power densities. At the lowest exci-
power densitie§<20 W/cnf) only low-energy emission near 1.34 tation power density, three lines are seen, labefedAt higher
eV is seen. These transitions involve the ground-state singleexcitation power density two additional lines appear, lab&lgdAt
particle orbitals. At higher excitation power density, emission ap-still higher excitation power densities, new emission lines appear
pears near 1.40 eV, which involves configurations with excited(Xs), and the original lines vanish. Groups of lines are labeled
single-particle orbitals. At the highest excitation power dendig0  according to the exciton complex. There is also emission from an
W/cn?) the emission becomes broad and featureless. unknown state, indicated by a question mark.

dots have a typical height of about 4 nm, although there i§@nge from the lowest-energy transition to the low-energy
considerable scatter. The lateral extension is less certain di@ll of the wetting-layer emission. The observed lines fall
to tip convolution, but we estimate about 10-12 nm. ThelNto two distinct groups at low and high energy, around 1.34

dots are covered with a 20-nm GaAs capping layer and ar@,nd 1.4eV, respectively: At the lowest excitation power den-
thus fully strained. sity, the emission consists of a few low-energy peaks. At
PL measurements were performed in a flow cryostat gehigher excitation power densities, some of the low-energy

signed for microphotoluminescence. The typical temperatur@€@ks vanish, while additional high-energy lines appear. At
was 5 K, as measured by a thermocouple in close proximity1® highest excitation power the emission becomes broad and

to the sample. No laser heating was observed, and this w gatureless. It has been proposed that this broadening is due

checked by chopping the laser. The sample was lightly glueP interactions with carriers in the wetting layer. o

in one corner to avoid possible strain effects. For excitation Figure 2 is a detailed view of the low-energy emission
we used a frequency-doubled yttrium aluminum garnetspectrum for QD1 at different excitation power intensities.
(YAG) laser emitting at 532 nm. Light was collected with a Groups of lines are labeled by the type of excitonic state to
microscope, dispersed through a spectrometer, and then dahich we will ultimately ascribe the line. At the lowest ex-
tected with a cooled charge-coupled devi&CD) camera. citation power density the emission consists of three lines. At
This technique, in combination with a low-density sample,increasing excitation power density new lines,) appear
produces PL spectra of individual détsSince we used a 0-4 meV above and 4.0 meV below the strongkskine.
CCD camera for detection, no intermediate pinhole was usefiin@lly, at the highest excitation power density a third set of
(as in confocal microscopyThe laser spot was typically 100 lines appearsXs). The X lines have a linewidth of about
um and a 2 objective with a long working distance was 0.3 meV which is significantly larger than the linewidths for
used. The integration times used were typically a few hoursXz andX (0.1 meV). The X5 lines (presumably arise from
with a maximum of 10 h. Usually two separate exposuredransition of the type ¢21:h21)—(ell:hl1l). High-energy
were made, which allowed easy removal of noise spikes, an#fansitions of the typeg21:n21)— (e20:h20) also appear at
the exposures were then added in software. The excitatiohigh excitation power densitisee Fig. 1

power density was adjusted with neutral density filters. Note that the strongestline is at a lower energy than the
strongestX, line. This is in disagreement with previous

assignment8’ However, those assignments were for experi-
ments on dots of kGa, _,As in GaAs, and it appears that
the energies are sensitive to the structure of the dots.
Ten dots were measured, all of which gave similar resultswWhether the recombination energy of a biexciton is above or
We will focus our attention on two of the dots, denoted QD1below that of a single exciton is not straightforward to an-
and QD2. Figure 1 shows the emission spectra of QD1 foswer for a quantum dot. In a quantum well a biexciton is
different excitation power densities, including the entireformed by a van der Waals—like attraction of excitons, mak-

IV. EXCITATION POWER DENSITY
AND TEMPERATURE DEPENDENCE
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FIG. 3. (8 Evolution of the photoluminescence spectrum with temperai@i21). At 10 K emission is seen fromX, X,, andX;. At
higher temperatures, the higher-order excitons quefilEvolution of the photoluminescence spectrum with excitation power density at a
temperature of 50 K. At the lowest excitation power oilys visible (in addition to the unknown line marked ?, which is the same line as
in Fig. 2). At higher excitation poweK, emission appears, but th& emission never becomes visible.

ing the biexciton emission energy lower than that for a singlesity that decreases with excitation power density more rap-
exciton. In a quantum dot the situation is far more complexidly than theX lines. This indicates that this line is not re-
due to the strong confinement. The electron and hole wavkated toX, and it may be due to a charged exciton.
functions are primarily determined by the strong confining In Fig. 4 we show the emission spectrum of QD2 for
dot potential. The Coulomb energy is determined by thedifferent excitation power densities. The behavior is very
charge distributions from these wave functions, and dependsmilar to QD1, and we can follow the emission fromXs,,
sensitively on the relative sizes of the electron-electron, holeandX;. Emission lines from¢1:h1), ,, were not observed
hole, and electron-hole interactions. By changing the dotn this dot, despite a 10 h integration time. In Fig. 4 we also
structure, the charge densities, and thus the interactions, wihow the evolution with temperature of the emission from
be modified. It is therefore reasonable for thandX, lines  QD2, at an excitation power density where emission f)m
to be reversed in different dot structures. Such a phenomX,, andXj is simultaneously observed. The same behavior
enon presents an interesting theoretical challenge; howevesis for QD1 is observed witK; quenching first, followed by
a more detailed characterization of the dot structure will bexX, and finallyX. What is generally true for all measured dots
necessary. is that the highest-energy emission line Xf appears at a
Figure 3 shows the evolution of the QD1 spectrum withhigher energy than the highest-energy emission lineX.of
temperature. The excitation power density was chosen to afFhe energy difference between tg emission lines and the
low the simultaneous observation XfX,, andX; lines. As X, emission lines is not as consistent from dot to dot as that
the temperature increas¥g quenches first, followed b, . betweenX and X, .
At the highest temperature the emission is mostly féntt
is natural to assume that the triexciton should quench first, \, £l ECTRONIC STRUCTURE CALCULATIONS
due to the presence of particles in excited orbitals with a
corresponding low binding energy. This argument does not Energy levels and wave functions were calculated using a
apply to the biexciton though, where all charge carriers are ifk- p model, including Coulomb charging effects, and the ex-
their lowest orbitals. The quenching of the biexciton emis-change interaction. The strain distribution was computed us-
sion with temperature will be explained in Sec. V. If we ing the finite element method, and then used in a strain-
increase the excitation power density, at a temperature of 5@ependent eight-band-p Hamiltonian to compute the
K we never observe the triexciton, as shown in Fig. 3, indi-single-electron and single-hole wave functions. Details of the
cating that the thermal emission rate is faster than the emignethod used to calculate single-particle states and the rel-
sion rate for this state at this temperature. We do, howevegvant material parameters may be found elsewhere.
recover the biexciton emission at higher excitation power The single-particle wave functions were then used to con-
density. struct a multiparticle basis in which the direct and exchange
At low excitation power density there is a mystery line for Coulomb interaction Hamiltonian were diagonalized. The
which we do not have an assignment. This line has an intersingle-particle wave functions come as degenerate pairs, re-
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FIG. 4. Photoluminescence spectra of a single(@@2). The evolution of the spectra with excitation power density and temperature is
very similar to that of QD1, shown in Figs. 2 and 3.

lated to each other by time reversal. Thus, for a noninteractence its matrix elements have been calculated from¢ike
ing system each single-particle energy level may contain tw@ptical transitions were calculated in the dipole approxima-
particles. This is still true if direct interactions are included, tion. For multiexcitons there are some important technical
since the direction interactions depend only on the chargeetails concerning the overlaps between the initial and final
density. The exchange interaction is considerably more comstates of the nonrecombining particles. Further details of the
plex since it involves the spinor structure of the multibandcalculations are available elsewhere.
wave function. The geometry of the dot was assumed to be a square-
The exchange interaction is divided into short- and long-based pyramid with 101-type sides. The height was varied
range pieces. We will consider the dominant short-rangéetween 4.1 and 4.7 nm, which corresponds to a base length
component given by, = ad-J where ¢ is the spini op-  ranging from 5.8 to 6.6 nm. This size was chosen to give a
erator acting on th& s components of the conduction band, lowest transition energy which agrees with the experiments.
jis the spini operator acting on thE components of the . Calculations were done for up to three excitons in the dot.
valence band, and is a material-dependent constant. Since'gure 5 shows the energy levels fpr a dot with a 6.6-nm
a depends on the microscopic details of the wave function, ip_ase. The_ most Important feature is that_the ground-state
is fit to experimental data. In our casewas fit to experi- Sindle exciton which is fourfold degenerate in the absence of
ments on InAs nanocrystafs. exchar_nge, is exchange split into four states. The states are
Multiparticle states were found by first choosing which of found in two groups of closely spaced doublets, with 0.18
the single-particle energy levels were filled with electronsMeV between gl:hl),, and €1:h1)y,, and 0.1 meV be-
and holes. The multiparticle wave function was then taken tgWeen €1:hl)s, and €1:h1)y,. The doublets are sepa-
be a linear combination of all possible combinations of filled"@t€d from each other by 3.8 meV. From the dipole matrix
orbitals. For example, consider a single exciton in the€!éments we find that the ground Staﬁ'%(hl)l/“ is dark,
(€10:h10) configuration. Letho(x) and ¢, (x) be the single-  While (€1:h1)y, is extremely dim (10~ of a typical al-
electron and single-hole ground-state wave functions. Thed@Wed transition. The two states of the upper doublet are
are each degenerate with their time reversed.(x) and optically active. In splte of their dipole suppression, the two
Tén(x). The exciton wave function is taken to be of the lower states may still be observable due to phonon interac-

form tion; however, they would be expected to be significantly
dimmer.
Transitions involvingX, reflect the same pattern as seen
ade(Xe) Bn(Xn) + DT be(Xe) n(Xn) + CbelXe) T n(Xp) in X. However, the role of exciton relaxation is different
+dThe(Xe) T p(Xp). (1)  because the quadruplet o¢X:h1) states are now the final

state. Even if excitons were to relax instantaneously to their
In this basis, the Hamiltonian for the direct and exchangeground state, the transitiod,— X; would involve all four
interactions is a X4 matrix, which is easily diagonalized (el:hl) states.
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peak is in fact an unresolved doublet. Note that a charged
FIG. 5. Level structure for an InAs quantum dot with up to three exciton (€2:h1) or (e1:h2) has only one doubly degenerate
excitons. The notation is explained in Sec. Il of the text. The mainstate, producing only a single emission line. Hence, we can-
radiative transitions observed experimentally are indicated by fulhot assign such configurations to the emission lines labéled
arrows. Additional transitions that are not directly observed in ex-ji Fig. 2.
periments are denoted by dashed arrows. The (e2:h2) configuration consists of only one state.
Consequently theeR:h2)—(el:hl) transitions must have
For X3 the situation is even more complex. Becausethe same spacing as thel(:h1)— vacuumtransitions(in the
(el1:h11), 33, are possible final states, there are 32 posfirst case because of the unique initial state and in the latter
sible transitions involving €21:h21),,5 as the initial state, case because of the unique final stafthis is exactly what
although only 16 of them are dipole allowed. Trel{:h11) we observe within the precision of our experiments, although
states appear in clusters of levels with spacings of less thandne possible line is not observed. The relevant transitions are
meV, with spacings of a few meV between the clustersmarkedX, in Fig. 2.
Hence, the ¢21:h21)—(el11:h11) transitions would be ex- The (e21:h21) configuration has eight states and the rel-
pected to be seen as broad lines separated by a few meV.evant final configuration, g11:h11), has 32 states. We
The details of the spectrum can change significantly withwould thus expect 256 possible emission lines from the
dot geometry, although the qualitative features remain un¢e21:h21)— (el1:h11) transition. The calculations show
changed. Figure 6 shows the effect of island size on thenat about half of these lines should be optically active. In
el:hl—vacuum transition. The span of the multiplet is rela- our experiments we only observe two lines, denotadin
tively insensitive to size over the limited range consideredFig. 2. The energy position and splittings of these lines are
The spacings within the multiplet are more sensitive to islanttonsistent with thed21:h21);_ gg— (€11:h11)55_ 3032 tran-
geometry. sitions giving rise to the highest energy peak and the
(e21:h21); _gi5—(€11:h11)3;,_so/3transitions giving rise to
the lowest energy peak. If we assume that all states within
0.5 meV of the ground state of the triexciton are populated,
We now turn to assigning the observed PL peaks to thée., the €21:h21), 445 States, we calculate the spectrum
transitions we have calculated. This is a challenging taslkshown in Fig. 7. In the figure we also show the energy po-
since the island shape and size can have a strong influence sition of the highest emission lines & (which are closely
the pattern of spacings, but the precise size and shape of apacegl As can be seen from the calculation the emission
individual dot is uncertain. Considering the power-dependenlines appear in groups, which explains the experimental fact
spectra of Fig. 2, we see that the three PL peaks observed thiat the linewidth of theX; emission is significantly larger
the lowest excitation power consist of two low-energy peakghan for theX andX, emission linegsee Fig. 2 Our assign-
0.6-meV apart, and another peak 4.0-meV higher. The twenent of theX; emission lines is mostly based on the energy
low-energy peaks are extremely small, in agreement with thgosition and is thus quite uncertain. In order to make a more
calculations predicting one dipole-forbidden state and a dinteliable assignment, it is necessary to determine the occupa-
state. The spacings also agree with the calculations. Howtion of the states in the initial configuration. The situation
ever, only a single high-energy peak is observed instead afould be clarified by selective excitation experiments.
the predicted doublet. We believe this single high-energy The mystery line in Figs. 2 and® remains unassigned.

VI. PEAK ASSIGNMENTS
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where N, is the number of electron-hole pairs in the bulk
(which is proportional to the excitation power dengityl is
I 2excitons the occupation probability of configuratiok (i.e., X,),
| I 3 excitons . . . -

oy k-1) IS the recombination probability for X
—Xk_1, o is the capture probability, and is the maxi-
mum number of excitons that can be bound to the dot. The
factor (1—=;_,N,) in the first equation ensures probability
conservation and could also be labeldg (a dot without
carriers resulting in the constraint;_;N,=1.
= In reality each configuration has several states among
which transitions also may occur. This modifies each equa-

Intensity [arb. units]

tion in (1) to
1 1 1
11 1 l 1 ! L (23
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FIG. 7. Calculated spectra of an InAs quantum dot containing an
Xj that recombines to producé,. The energy foiX, recombina- — Ny NI+ D) wl4NE— D o®iNg 3
L7 L. . . exWc!Vk T . kk'Vk . k,k'Vk
tion is also indicated. Only the two emission lines with the highest iFa i*a

energy are shown for thx; emission. and the sum in (+=}_;N,) must be replaced by (1

_5hn [e% H : 4 H
It is tempting to assume that this line is related to the biex- k-10Ni) 10 include each state in the configuration. The

citon and that the triexciton is responsible for the |inessupscr|pt mN? identifies }he cpnflguratlon gpd the super-
markedX,. We do not favor such an interpretation, since theSCTiPt the particular statest,  is the probability of transi-
mystery line does not increase in intensity relative to thelions from stateN, ,; to stateNy, andMy is the number of
exciton for increasing excitation power density, as can betates within configuratioiX,. Even more general models
seen in Fig. &). This intensity behavior has been observedmay be constructed, such as including thermal dissociation
also in other dots. The most likely explanation, is that thisOf excitons, but already at this stage there are many unknown
line is due to a charged excit@which should have only one Parameters.
emission ling. Although we believe our assignment of the =~ We have numerically solved the system of rate equations
peaks is the most likely we note that there are many difficulising a few simplifying assumptions in order to minimize the
ties, both experimental and theoretical. We do not know théiumber of unknown parameters. We assume that the recom-
Shape of the dots very accurate]y and we do not know th@ination probabilities OXZ andX3 are the same and that the
degree of intermixing, making the calculations somewhat uncapture probabilities oX, X,, andX; are all equal and fast.
reliable. There is also a possibility that there are additionalFor the recombination probability of we use the calculated
lines that are below our detection limit. values(see Sec. Y. For transition between states in a con-
figuration with two levelglabeled 1 and 2 with 2 highest in
energy we use the following probabilities, which are com-
patible with thermodynamics:

The observed intensities depend on the occupations of the
various levels. The occupations depend on the excitation k2= Y
power, the transition probabilities, and the temperature. We k™ QABKT_q°
have developed a general rate-equation model in order to
simulate some of our experimental results and to provide a 21
consistency check on our assignments. The situation is Wy k™
slightly different from the rate equations used in atomic
physics since the objects of interest are electron-hole pairsvhereAE is the energy difference between the two different
Consider a dot in which one exciton is present. This excitorstates in the configuration angis a rate which is a fitting
can be removed in two ways, either by recombination or byparameter and is a measure how quickly the states will ther-

VIl. RATE EQUATIONS

Y

——t 7, 4
QAEKT_ Y 4

capturing an additional exciton to form a biexciton. malize. Equation4) may be generalized if more levels are
If we assume that each configuration consists of only onénvolved?® With these assumptions we are left with two free
state we get parameters for excitation power density sufficiently low that

only X; andX, are populated.

In the first calculation, we have calculated the ratio of the
population probability ofX and X, (i.e., N;/N,) as a func-
tion of excitation power density. The result is shown in Fig.
N, 8 a_llong with q>_<perim_enta| d_ata_l. We use th_e_ ratio of the popu-
—— = Nex®cN— 1+ @k 1) kNk+ 1~ @k (k- 1)Nk— Nex Ny, lation probabilities, since this is less sensitive to experimen-

Jt tal errors than the absolute population probabilities. We find
that the model explains the data quite well. In the inset of

@) Fig. 8 we also show the calculated population probabilities
of X, X5, andXz as a function of excitation power density.

n

dN

1
7=Nech( 1= 2 Nic| + @2:N2= @1 N1~ NewtooNy,

N,

W =NexwcNp_1— wn,nlen )
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FIG. 8. A plot of the calculated intensity ratio ¥fandX, as a FIG. 9. A plot of the calculated intensity of, as a function of

function of excitation power density along with experimental data.temperature for different values of the thermal rate consjaiihe

The inset shows the normalized intensitiesXpfX,, andX; as a  recombination probability oK has been set to one. The best fit is

function of excitation power density. obtained with a low thermalization rate, about 20 times lower than
the recombination rate.

Due to the many states involved when triexcitons are popuslower than the recombination rate @1(h1); 44 (i.€., us-
lated there are many unknown parameters and the result ing y as a fitting parametgrThis is a robust prediction of the
quite qualitative. We note that for certain excitation powersimulations.

densities, there should be emission fré¢nX,, and X3, in

agreement with our experimental results. Viil. SUMMARY

In Figure 9 we plot the calculated intensities Xf as a In summary, we have in some detail investigated indi-
function of temperature, along with the experimental datayidual InAs quantum dots in GaAs both by experimental and
The excitation power density was chosen to milkeandN,  theoretical means. By comparing experiment and theory we
comparable af =5 K. As the temperature is increaset,  have made an assignment of the different emission lines to
guenches rather quickly, in agreement with experiment. Thearious transitions between multiparticle states.
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