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Ultranarrow Luminescence Lines from Single Quantum Dots
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We report ultranarrow (< 0.15 meV) cathodoluminescence lines originating from single InAs
quantum dots in a GaAs matrix for temperatures up to 50 K, directly proving their &-function-like
density of electronic states. The quantum dots have been prepared by molecular beam epitaxy utilizing
a strain-induced self-organizing mechanism. A narrow dot size distribution of width 12 = 1 nm is
imaged by plan-view transmission electron microscopy. Cathodoluminescence images directly visualize
individual dot positions and recombination from a single dot. A dense dot array (~10'" dots/cm?) gives
rise to a distinct absorption peak which almost coincides with the luminescence maximum.

PACS numbers: 73.20.Dx, 36.40.—c, 78.55.—m, 78.60.Hk

Semiconductor quantum dots (QD’s) are expected to
exhibit exciting new electronic and optical properties such
as an atomiclike §-function density of states (DOS) not
found for three-, two-, and one-dimensional structures,
and strongly increased exciton binding energies and
oscillator strength [1-3]. Thus great effort is currently
underway to fabricate nm-scale QD’s.

Because of full quantization in all three dimensions
the eigenspectrum of a single dot always consists of
a discrete set of eigenenergies depending only on the
number of atoms making up a dot. Variations of strain
or shape lead to additional continuous variation of the
eigenenergies from dot to dot. The finite carrier lifetime
will introduce Lorentzian broadening S (E) of finite width
I'. Thus, taking into account only ground-state transitions
(the quantization effects in our dots are so high that only
one electron level exists), the recombination spectrum Ry
of N quantum dots is a seri}ss of sharp lines,

Ry(hv) = D S(hv — E,). (1

n=1
This is especially valid for high temperatures where
kgT > T and has to be experimentally verified in order
to prove zero-dimensional DOS. No such spectroscopic
confirmation for the existence of &-function DOS in
these structures is available in the literature so far. Size
fluctuations between single dots will lead to a statistical
distribution P(E) of the eigenenergies, characterized by
a spectral width W. In the limit of a large number
of dots, as, e.g.,, sampled by photoluminescence, the
recombination spectrum of the dot ensemble R.. is given
by the convolution of the single QD spectrum with
the distribution function. Since I' > W, the spectrum
basically reflects the statistical fluctuations between dots,

R.(hv) = f S(hv — E)P(E)dE ~ P(hv). 2)

0031-9007/95/74(20)/4043(4)$06.00

The few spectra of nm-scale dot systems reported up to
now represent the dot ensemble average R., are usually
several 10 meV broad (e.g., [4,5]), and cannot reflect the
zero-dimensional character of the electronic properties. In
this Letter we present for the first time direct evidence for
a &-function density of states of single nm-scale QD’s,
observed by cathodoluminescence (CL) imaging up to
50 K.

Several approaches for in situ fabrication of QD’s were
reported hitherto: formation of microcrystallites in a glass
matrix [6], growth on stepped surfaces [7], formation of
corrugated superlattices on self-organized microscopically
ordered faceted surfaces [8], and strain-induced self-
organized growth of QD’s [4,5,9—-13]. We employ the
latter approach and fabricate structures consisting of
a plane of InAs QD’s inserted into a GaAs quantum
well, confined by short period GaAs-Aly;Ga,,As super-
lattices.

The samples are grown by elemental source molecular
beam epitaxy (MBE) on GaAs(001) substrates. Growth
rates are 0.8 um/h for GaAs and 0.3 um/h for InAs.
Arsenic pressure was (2—3) X 107° torr. After oxide
desorption, a 0.5-um-thick GaAs buffer is grown at
600°C, then 200 A of the Aly;Gag,As is deposited,
followed by a 2 nm/2 nm GaAs-Al,;Gaj,As superlat-
tice (5 periods), and a 7 nm GaAs layer. Then the
substrate temperature is lowered to 450°C and the de-
sired amount of InAs is deposited. Afterward 5 nm of
GaAs is grown at 450°C, then the substrate temper-
ature is increased to 600°C, and a 2-nm-thick GaAs
layer is grown. This layer is followed by a 2 nm/2 nm
GaAs-Al(3Gag,As superlattice (5 periods) and 20 nm of
Alp3Gap;As; a 5 nm GaAs layer is grown on the top
for surface protection. Reflection high-energy electron
diffraction (RHEED) patterns are monitored during the

© 1995 The American Physical Society 4043



VOLUME 74, NUMBER 20

PHYSICAL REVIEW LETTERS

15 MAY 1995

growth. Formation of dots starts after the deposition of a
~0.5-nm-thick InAs layer and leads to the transformation
of a streaky RHEED pattern to a dashed one. Further
InAs deposition results in well-developed diffraction spots
typical for a three-dimensional growth mode. The aver-
age thickness 7,, of InAs deposited is 0.6 and 1.2 nm,
respectively.

Transmission electron microscopy (TEM) studies are
carried out in a high voltage JEOL JEM1000 microscope
operated at 1 MV. Photoluminescence (PL) is excited
using the 632.8 nm line of a He-Ne laser and detected
using a cooled germanium p-i-n photodetector. Exci-
tation density is about 1 W/cm?. Cathodoluminescence
studies [14] are performed using low excitation voltage
(3 kV and beam current (60 pA), ensuring high geometri-
cal lateral resolution below 50 nm. Actual lateral resolu-
tion might be lowered by carrier diffusion. The lumines-
cence is detected with a 512-channel infrared-intensified
diode array. The spectral resolution is presently limited
to 0.09 nm (0.15 meV at 880 nm). Calorimetric absorp-
tion spectroscopy (CAS) is carried out at 7 = 500 mK.
Minimal detectable ad products are as low as 1073 [15].

Figure 1 shows plan-view TEM images of the InAs
QD’s under two-beam bright field imaging conditions.
Figures 1(a) and 1(b) correspond to an average thick-
ness of InAs of ¢,, = 0.6 and 1.2 nm, respectively. When
t,v is increased, the intensity of the dot-induced contrast

FIG. 1. Plan-view TEM images of InAs quantum dots in a
GaAs matrix. Average thickness of InAs deposited is (a)
t.v = 0.6 nm and (b) 7,, = 1.2 nm. Markers represent 100 nm.
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and the areal density of dots increase from 3 X 10'° to
10" dots/cm?. For t,, = 1.2 nm dots have a predomi-
nantly pyramidal shape with a square base 12 = 1 nm in
width as derived from weak beam images. Their principal
axes are close to the (100) directions. The height of the
dots is 5 = 1 nm estimated from cross-section TEM’s. In
the case of r,, = 0.6 nm, the size distribution is broader,
and most dots are smaller in volume by a factor of about
4 and do not show a well defined crystallographic shape.

CAS and PL spectra of the structures are shown
in Figs. 2(a)-2(d). The absorption due to the GaAs
substrate (measured on the same samples with the dots
etched off) has been subtracted from the CAS spectra.
An intense luminescence line (FWHM = 60 meV) having
a maximum shifted towards smaller photon energies in
comparison to uniform InAs quantum wells [16,17] is
observed. For the case of the 7,, = 1.2 nm sample the
maximum of emission almost perfectly coincides with the
absorption peak. The absorption peak at 1.38 eV is due to
the residual 2D layer (1.7 ML), as additionally evidenced
by PL excitation spectroscopy [18]. In contrast to this, in
the case of the 7,, = 0.6 nm sample, a large shift between
the dot PL maximum and the onset of the absorption is
found. The absorption is actually due to the InAs wetting
layer, which is slightly thinner (1.25 ML) than for the
toy = 1.2 nm sample; no absorption from the dots could
be detected.

The PL peak position of the 7,, = 1.2 nm InAs dots
shifts as expected from the temperature dependence of the
InAs and GaAs band gaps by about 80 meV between 2 K
and room temperature. The intensity of emission remains
nearly constant between 2 and 150 K and then drops with
an activation energy of ~190 meV, indicating efficient
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FIG. 2. CAS {[(a), (c)] and PL spectra [(b), (d)] of the
structures with f£,, = 0.6 nm [(a), (b)] and 7,, = 1.2 nm [(c),
(d)] of InAs deposited.
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electron and hole capture and radiative recombination in
QD’s. At high excitation densities the drop of lumines-
cence intensity becomes much weaker. Luminescence of
the ¢,, = 0.6 nm dot shifts at 60—-80 K towards smaller
photon energies by 50—60 meV. This indicates thermal
emission of carriers from smaller InAs QD’s to the re-
maining InAs layer and their efficient subsequent trans-
port into larger dots. At even higher temperatures smaller
dots become thermally repopulated.

The relatively broad PL peak stemming from ~108
QD’s represents the spectrum R.. By using low tempera-
ture CLL we can excite a much smaller fraction of the dots
(N ~ 30 dots). The spectrum shows a dramatic change
[Fig. 3(a)]; it consists of several ultrasharp lines whose
FWHM = 0.15 meV is limited by the spectral resolution
of our current setup. The true spectral width is therefore
smaller than 0.15 meV, indicating the absence of inho-
mogeneous broadening. The measured carrier lifetime of
7 = 340 ps sets a lower limit to FWHM > 0.012 meV.
The lines remain that sharp even for elevated tempera-
tures where k7T is an order of magnitude larger than the
FWHM [Fig. 3(b)]. Thus thermal broadening is absent
and we have obtained unambiguous spectroscopic evi-
dence for the zero-dimensional &-function electronic den-
sity of states in nm-scale single QD’s. The remaining
background of the spectrum is due to carrier diffusion out
of the excitation volume to other dots. At different points
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FIG. 3. (a) High spatial resolution (U = 3 kV,I = 60 pA)
CL spectrum of the z,, = 0.6 nm InAs quantum dots at 7 =
20 K. (b) FWHM of individual dot spectra as a function of
temperature. Dashed lines are thermal energy and theoretical
half-widths for ideal bulk (3D) and quantum well (2D) material.

of excitation on the sample different peaks evolve due to
other slightly different local dot sizes present. For a single
QD, containing roughly (2 — 3) X 10° InAs molecules, the
theoretical change in confinement energy due to the addi-
tion of a single InAs molecule is ~0.06 meV [19]. Thus
the minimal detectable line separation corresponds to a
change in dot size by only one single InAs molecule. The
typical separation of the most prominent lines in Fig. 3(a)
of ~1 meV corresponds to about 16 InAs molecules.
Monochromatic CL images with spectral resolution
8E < 0.3 meV (see Fig. 4) show that single dots manifest
themselves in bright areas about 0.5 um in radius due to
finite carrier diffusion length. Spectra recorded locally in
the center of these areas justify this picture since they
are dominated by an ultrasharp peak at the detection
wavelength due to the particular dot size present. The
density of dots having the same recombination energy
(within the spectral resolution SE) is in the one dot/um?
range because the areal density is lowered by the factor
P(E)S E which amounts to about 3 orders of magnitude.
In conclusion, we have studied InAs nm-scale QD’s in
a GaAs matrix. Using highly spatially resolved cathodo-
luminescence imaging we have shown that each individ-
ual dot exhibits one resolution-limited sharp luminescence
line (FWHM < 0.15 meV) up to T = 50 K, proving for
the first time the &-function density of states. A line sepa-
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FIG. 4. Low temperature (5 K), monochromatic (spectral res-
olution <0.2 nm) CL images of #,, = 0.6 nm InAs quantum
dots for three detection wavelengths, differing by 0.38 meV,
corresponding to a change in dot size by about six InAs
molecules. On the right side are local CL spectra recorded
with the electron beam at the positions A, B, and C indicated in
the CL images. Arrows on the spectra denote detection wave-
length of the CL image to the left.
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ration of ~0.06 meV corresponds to a variation of dot size
by one single InAs molecule. PL and CAS studies show
that the total absorption of the QD ensemble is dramat-
ically increased when a dense array (~10!' dots/cm?) is
formed; in this case almost no Stokes shift is observable.

We are indebted to R. Heitz and O. Stier for stimu-
lating discussions. Parts of this work are supported by
the Volkswagen Stiftung and by Deutsche Forschungsge-
meinschaft in the framework of Grant No. Sfb 296.

Note added.—Zrenner et al. [20], Brunner et al. [21],
and Hess et al. [22] observed narrow recombination lines
from quantum well excitons localized in potentials caused
by interface fluctuations. The existence of such quasi-
zero-dimensional systems with small confinement energy
was predicted by Christen and Bimberg [23]. Marzin
et al. [24] have reported a series of sharp lines from small
QD ensembles in etched mesas.
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FIG. 1. Plan-view TEM images of InAs quantum dots in a
GaAs matrix. Average thickness of InAs deposited is (a)
v = 0.6 nm and (b) r,, = 1.2 nm. Markers represent 100 nm.
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FIG. 4. Low temperature (5 K), monochromatic (spectral res-
olution <0.2 nm) CL images of r,, = 0.6 nm InAs quantum
dots for three detection wavelengths, differing by 0.38 meV,
corresponding to a change in dot size by about six InAs
molecules. On the right side are local CL spectra recorded
with the electron beam at the positions A, B, and C indicated in
the CL images. Arrows on the spectra denote detection wave-
length of the CL image to the left.



