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Optical Studies of Individual InAs Quantum
Dots in GaAs: Few-Particle Effects

L. Landin, M. S. Miller,* M.-E. Pistol,
C. E. Pryor, L. Samuelson

Optical emission from individual strained indium arsenide (InAs) islands buried in gallium
arsenide (GaAs) was studied. At low excitation power density, the spectra from these
quantum dots consist of a single line. At higher excitation power density, additional
emission lines appeared at both higher and lower energies, separated from the main line
by about 1 millielectron volt. At even higher excitation power density, this set of lines was
replaced by a broad emission peaking below the original line. The splittings were an order
of magnitude smaller than the lowest single-electron or single-hole excited state ener-
gies, indicating that the fine structure results from few-particle interactions in the dot.
Calculations of few-particle effects give splittings of the observed magnitude.

Semiconductor quantum dots have been
the subject of intense research in recent
years. These heterostructures consist of
nanometer-scale islands of one type of semi-
conductor either embedded in a different
semiconductor or free-standing on a suit-
able substrate. The materials are chosen
such that electrons and holes are confined
to the island, resulting in a discrete spec-
trum for the confined charges. The spec-
trum of a quantum dot provides information
about its internal structure, similar to the
spectrum of an atom or a molecule. Unlike
atoms and molecules, however, quantum
dots suffer from unavoidable variation in
their size, and hence, their energy levels.
Previous measurements most often averaged
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over many dots, making it difficult to dis-
entangle the features related to single-dot
physics from those arising from dot-to-dot
variation.

Recent studies of individual semicon-
ductor quantum dots showed departures
from a single-particle description of quan-
tum dots, using magnetoconductance mea-
surements (1) and differential conductance
measurements (2). In these studies, the
quantum dots were filled with only one type
of charge carrier (electrons), leading to
strong Coulomb effects. Studies of photon
emission from localized sites arising from
interface fluctuations in quantum wells
showed the existence of excitons (3, 4) and
bi-excitons (4), which consist of two differ-
ent types of charge carriers, electrons and
holes. Tri-excitons have been observed in
the CuCl system (5). Even studies of indi-
vidual pairs of quantum dots have been
perfomed, showing clear effects of coupling
between the quantum dots (6). We expect
that studies of individual quantum dots will
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become increasingly important in the near
future, similar to the situation with single-
molecule studies (7). The relative ease of
positioning of quantum dots, in comparison
with single atoms (for which atomic traps
are needed), will faciliate experiments in
quantum computing (8), to use one exam-
ple. In such experiments, it will be neces-
sary to control the electronic states of the
quantum dots using, for example, fast pulsed
lasers.

One extensively studied quantum dot sys-
tem is InAs islands embedded in GaAs. In-
dium arsenide has a 7.2% larger lattice con-
stant than GaAs, and only a thin layer of
InAs can be grown on a GaAs surface before
the film breaks up into small islands on a
thin InAs wetting layer (9). When embed-
ded in GaAs, the InAs islands are small
enough to confine the electronic states
strongly in all three dimensions, making
good quantum dots with low-temperature
luminescence energies between 1.0 and 1.4
eV. The wetting layer behaves as a thin
quantum well. Several groups have formed
such islands on flat substrates, using molec-
ular beam epitaxy (10-12), metal-organic
chemical vapor deposition (13, 14), and
chemical beam epitaxy (15). The optical
emission spectra of individual dots are of
great interest, because the spectra character-
ize the electronic structure and thus deter-
mine the properties available for optical or
electrical device applications. Recently, op-
tical emission spectra for individual InP
quantum dots in barriers of GalnP were re-
ported to have multiple emission lines for
each InP dot even at low excitation power
density (16). The InP dot spectral features
were in good agreement with detailed elec-
tronic structure calculations (17). Spectra
with narrow emission lines from small num-

bers of InAs dots in GaAs (12, 18, 19) have
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also been reported. The narrow lines are
compelling evidence for three-dimensional
confinement in the quantum dots. However,
the forests of lines in the reported InAs
spectra prevented determination of the num-
ber of emission lines per dot. The higher
surface density of InAs islands compared to
InP islands has so far prevented the study of
emission spectra of individual InAs islands.

We investigated a large number of indi-
vidual InAs quantum dots (about 50) on
special low-density samples. The evolution
of the optical emission spectra with increas-
ing optical pumping first shows one line per
island, followed by multiplets of lines, and
finally a broad emission from each dot.
Comparison with calculations demonstrates
that the multiplets and broad emission must
be due to few- and many-body interactions.
We propose that the multiple peaks at in-
termediate excitation power density are a
state-filling effect in which the dot is filled
with more than two carriers (that is, more
than one electron and one hole).

The sample used in our experiment was
grown by chemical beam epitaxy. Regions
of the sample were patterned with etched
grooves and holes for selective island place-
ment, and most of the islands grew in pat-
terned areas (20). Photoluminescence mea-
surements were made in regions with low
island density away from the patterned fea-
tures. The InAs islands were capped with a
20-nm layer of GaAs. Growth and process-
ing details are reported elsewhere (15, 20).
Although there is presently no consensus
on InAs island shape, high-resolution atom-
ic force micrographs of similar islands from
our group suggest a truncated pyramidal
shape with a height of ~4 nm and a diam-
eter of ~20 nm at the island base (21).
Such shapes are strongly reminiscent of the
shapes of InP, which are larger by a factor of
2 to 4 and, hence, are easier to resolve (22).
On the basis of similarities of the present
InAs island growth conditions and resulting
luminescence energies with those reported
by other groups, we believe that the islands
we investigated are not unusual.

All our experiments were carried out at 7
K. For excitation, we used a frequency-
doubled  yttrium-aluminum-garnet laser
emitting at 532-nm wavelength. The diam-
eter of the laser spot was kept to about 50
pm, and the excitation power density was
varied between 0.5 and 160 W/cm?. The
emitted light from the sample was collected
by a microscope and either dispersed
through a monochromator or analyzed and
imaged through a band-pass interference
filter. In both cases, we used a camera
equipped with a charge-coupled device
(CCD) for detection. When we used the
monochromator, the image of the sample
was focused through a narrow slit with the

slit oriented parallel to the grating rulings.
Thus, the image on the CCD was spectrally
resolved in one dimension and spatially re-
solved in the other (Fig. 1). The monochro-
mator spectral resolution was typically 0.1
nm. In this way, many dots could be simul-
taneously measured with their respective
spectra still separated.

At low excitation power density (1.6
W/cm? or less), the emission spectra con-
sisted of a single line (Fig. 2, A through D).
The single narrow emission line is evidence
of single dot emission. At higher excitation
power density (around 5 W/cm?), we saw a
second line (labeled b in Fig. 2) at about 1
meV higher energy than the main line. A
further increase in excitation power density
results in additional lines at lower energy

Fig. 1. A micrograph of A
the emission from the
sample (A), showing
emission from individual
quantum dots. The emis-
sion wavelength is 960
nm, and the band-pass
of the interference filter is
10 nm. In (A), we also
show the size of a 0.05- 0.05 mm
mm slit in our optical set- slit

up. (B) A wavelength-dis-

persed image. The lumi-

£ REPORTS

separated by about 1 meV from each other.
Finally, at the highest excitation power
density we used (160 W/cm?), we observed
a continuum-like emission. This broad
emission peaked at an energy below that of
the initial line. We found these behaviors
to be shared by most of the quantum dots
that we investigated. In Fig. 2, we also show
the luminescence peak from the wetting
layer at 1.44 eV. The wetting layer peak
begins to show band-filling effects at pump
intensities near 160 W/cm?, that is, at the
same excitation power density at which we
observed the continuum-like emission from
the quantum dots.

An increasing number of spectral lines at
larger excitation densities are usually asso-
ciated with state filling. At high excitation

131 132
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nescing area is defined by the extension of the laser spot. The 20-um diameter circular regions above and
to the right of the center are concentric circular trenches for which island luminescence energy was found
to vary as a function of position around the circles (27). Away from the patterns, the density of dots is very
low, and the luminescence from isolated dots can be seen. The surface density of individual luminescing
dots near the center of the image is ~0.03/um?, as observed with this fitter. This value agrees with the
density measured by atomic force microscopy on an otherwise similar, but uncapped, sample (20). This
density is significantly lower than the typical reported densities of between 10° and 10" cm~2,
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Fig. 2. Spectra at different excitation power densities for four different
quantum dots and for the wetting layer. (A) and (B) show the evolution of the
initial single line “a,” as well as the evolution of the extra line “b” at higher
energy, for excitation power densities between 0.5 and 1.6 W/cm?. The
peak around 1.343 eV in (A) results from a different quantum dot. (C and D)
Evolution of the spectra for excitation power densities between 0.5 and 160
W/cm2, Additional emission peaks appear at lower energies; at the highest L
excitation power density, a continuum-like emission is seen. (E) Evolution of
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density, states fill up and emission is seen
from recombination involving excited states.
The challenge presented by the spectra in
Figs. 2 and 3 is to understand how state
filling can produce lines below the initial
line, and why the additional lines are so
closely spaced. To address this point, we
calculated the electronic energy levels in
these quantum dots, using an eight-band k.p
theory in the envelope function approxima-
tion. The model includes strain, a realistic
shape of the quantum dots, and the piezo-
electric potential. More extensive calcula-
tion results are presented in detail elsewhere
(23). The calculation was done for a dot
with a height of 4.5 nm, which reproduces
the observed transition energies best. We
find that there is only one confined-state
energy for the electrons, and that for the
holes, the first excited state is 25 meV away
from the ground state, in good agreement
with experimental results (24). These results
rule out electron- or hole-excited states as
the source of the observed extra emission
peaks. Because of time reversal invariance,
the confined states in the dot are doubly
degenerate. Therefore, the dot can be filled
with two electrons and two holes without
occupying any of the single-particle excited
states. Because we are interested only in
states that can undergo recombination to
produce a photon, there are four possibilities
involving the single-particle ground states: e
+ h = photon, e + Zh — h + photon, 2e
+ h — e + photon, and 2¢ + 2h —e + h
+ photon, where e and h each stand for a
single electron or hole, respectively. For
noninteracting particles, all four of the re-
sulting photons would have the same energy.
However, the Coulomb interaction changes
the energies of the multiparticle states such
that they are no longer the sum of single
particle energies. The relative shifts can be

Fig. 3. High-resolution spec- A

positive or negative, depending on details of
the well shape (25). Hence, four distinct
lines should be seen, and the number of
observed lines should depend on the excita-
tion power.

We determined the photon energies by
computing the multiparticle energies in the
self-consistent Hartree approximation. The
resulting shifts with respect to a single re-
combining electron-hole pair (e + h) are
—1.6 meV for one additional electron (2e +
h), +4.3 meV for an additional hole (e +
2h), and +2.6 meV for an additional exciton
(2e + 2h). The observed spectra do, indeed,
have two lines above the original and one at
lower energy, in agreement with our calcu-
lation. The Hartree approximation includes
neither exchange nor correlation. These ef-
fects will certainly alter the shifts and may
also cause additional splittings. However, the
Hartree approximation determines the mag-
nitude of the splittings and provides an ex-
istence proof for a negative shift. Our riodel
predicts four lines within a few millielectron
volts that fill states both above and below
the single line seen at low power density. For
some systems, polariton effects can contrib-
ute a splitting to the fine structure, because
two dots are within a wavelength of light
from one another and emit at the same
energy (26). Polariton effects should be neg-
ligible for our sample with low density of
islands, because within a given 1-meV range
of energy, the dot-to-dot separation is much
larger than the wavelength of the emitted
light. The continuous emission from the
quantum dots appears simultaneously with
the occurrence of band-filling in the wetting
layer (Fig. 2). We attribute the continous
emission from the quantum dots to an inter-
action between the band-filled wetting layer
and the state-filled dot.

It is interesting to compare our results

tra of quantum dots showing A I
fine structure, generated with
an intermediate excitation
power density (16 W/cm?).
Four peaks are shown for
each island and are labeled
“a”to“d,” where ais the orig-
inal single peak, b is the
same as in Fig. 2, ¢ is the
shoulder peak just below b,
and d is the low-energy
peak. For these two islands,
the lines a and d have the
same splitting of ~1.4 meV
with respect to one another,

Intensity (arbitrary units)

and the lines b and ¢ have
the same splitting of 0.25
meV. The a—d and b-c pair
have different relative spac-

1.330
Energy (eV)

1.332 1.308 1.310

Energy (eV)

ings between the islands, where the a-b splitting of the higher-energy island is 1.00 meV and of the

lower-energy island is 0.65 meV.
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with results obtained on single InP quan-
tum dots (16). In the InP system, several
emission lines were observed, even at the
lowest excitation power density used. The
observed splittings were at energies that
correspond to the calculated valence band
splittings (17). In light of our results, which
show a pronounced excitation power den-
sity dependence, we confirm that the fine
structure, obtained at low excitation power
density, of the InP dots is indeed a result of
the valence band splittings.
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