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Self-Organized Growth of Three-
Dimensional Quantum-Dot
Crystals with fcc-Like Stacking
and a Tunable Lattice Constant

G. Springholz,* V. Holy, M. Pinczolits, G. Bauer

The self-organization of pyramidal PbSe islands that spontaneously form during
strained-layer epitaxial growth of PbSe/Pb,_ Eu, Te (x = 0.05 to 0.1) super-
lattices results in the formation of three-dimensional quantum-dot crystals. In
these crystals, the dots are arranged in a trigonal lattice with a face-centered
cubic (fcc)-like A-B-C-A-B-C vertical stacking sequence. The lattice constant of
the dot crystal can be tuned continuously by changing the superlattice period.
As shown by theoretical calculations, the elastic anisotropy in these artificial
dot crystals acts in a manner similar to that of the directed chemical bonds of
crystalline solids. The narrow size distribution and excellent control of the dot
arrangement may be advantageous for optoelectronic device applications.

Semiconductor nanostructures have attracted
tremendous interest in the past few years be-
cause of their special physical properties and
their potential for applications in micro- and
optoelectronic devices (/). In such nanostruc-
tures, the free carriers are confined to a small
region of space by potential barriers, and if the
size of this region is less than the electron
wavelength, the electronic states become quan-
tized at discrete energy levels. The ultimate
limit of low dimensional structures is the quan-
tum dot, in which the carriers are confined in all
three directions. Therefore, a quantum dot can
be thought of as an artificial atom. The fabri-
cation of quantum dots presents a formidable
challenge because the small dimensions re-
quired for quantum dots are at the limit of
lithographic and semiconductor processing
techniques and also because the dot interfaces
must be kept defect-free in order to obtain the
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high-quality electronic properties that are re-
quired for device applications. As a conse-
quence, many efforts have been made to devel-
op alternative routes for the fabrication of quan-
tum dots that are based on the principle of
self-organization (/—4).

The spontaneous formation of three-dimen-
sional (3D) islands in strained-layer heteroepi-
taxy has recently emerged as a new technique
for the synthesis of self-assembled quantum
dots (3-6). This technique is based on the
fundamental morphological instability —of
strained surfaces, which is driven by the elastic
relaxation of strain energy in the freestanding
islands that spontaneously nucleate on the sur-
face of a growing epitaxial layer after the com-
pletion of the wetting layer (7). In the early
stage of growth, these islands are defect-free
and fully coherent to the substrate (8). There-
fore, quantum dots are obtained in situ without
the interface problems that are associated with
ex situ processing techniques. However, al-
though single quantum dots exhibit extremely
sharp, atomic-like luminescence properties (3,
9), the considerable inhomogenous line broad-
ening in larger dot ensembles due to nomumnifor-
mities in the dot sizes has posed considerable
limitations for device applications (6, /0).
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We studied the idea that the vertical elastic
interaction of the strained 3D islands during the
epitaxial growth of quantum-dot superlattices
can lead to a lateral ordering and size homog-
enization of the dots (11, 12). Molecular beam
epitaxy was used to fabricate PbSe quantum-
dot superlattices, in which each dot layer is
separated vertically by Pb, _ Eu Te spacer lay-
ers. For our materials, the ordering mechanism
is so efficient that a nearly perfect hexagonal
two-dimensional (2D) dot lattice was obtained
within the growth plane after a few superlattice

PbSe dots

~)
‘ (010)

10

b

Fig. 1. (A) AFM image of pyramidal PbSe dots
on PbTe (111) with {100} side facets. Large-
scale AFM images of (B) a PbSe single layer on
Pb,_,Eu, Te and of (C) the last PbSe layer of a
60-period PbSe/Pb,_,Eu Te dot superlattice.
The insets show the 2D power spectra of the
AFM images.
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periods. Detailed high-resolution x-ray diffrac-
tion investigations revealed the existence of a
dot correlation that is not parallel but is along
crystallographical directions inclined by 39° to
the growth direction. As a result, 3D quantum-
dot crystals were formed with a fcc-like A-B-
C-A-B-C stacking sequence. Theoretical calcu-
lations of the elastic interaction between the
buried dots clearly showed that this special
correlation, as well as the efficient lateral order-
ing, was directly connected to the high elastic
anisotropy of the semiconductor compounds
consisting of the group IV and VI elements of
the periodic table (lead salt compounds). Be-
cause the symmetry of the dot arrangement is
fixed by the elastic anisotropy, the lattice con-
stant of the dot crystals can be tuned continu-
ously over a range of several tens of nanometers
just by changing the spacer layer thicknesses.
This effect provides an opportunity for the tun-
ing of optical and electronic properties.

Our superlattice samples were grown by
molecular beam epitaxy on several-micrometer-
thick PbTe buffer layers that were predeposited
on (111)-oriented BaF, substrates. For the
growth of the superlattice stacks, five PbSe
monolayers were deposited, alternating with
30- to 70-nm-thick Pb, _ Eu Te spacer layers.
The Pb, _ Eu Te composition (x = 5 to 10%)
was adjusted so that the tensile stress in the
PbSe layers was exactly compensated by the
compressive stress in the spacer layers. In such
strain-symmetrized superlattices, the number of
bilayers can be increased infinitely without the
formation of misfit dislocations. Because of the
—5.5% lattice mismatch between PbSe and
PbTe, strain-induced coherent PbSe islands are
formed on the epitaxial surface when a critical

8

coverage of 1.5 monolayers is exceeded (/3).
These islands have a pyramidal shape with a
triangular base and very steep side facets (Fig.
1A). The side facets are inclined by 54.7° with
respect to the (111) growth plane and are
aligned parallel to the threefold (110) direc-
tions. Thus, the facets are formed by the three
lowest free-energy {100} surface planes.

In situ high-energy electron diffraction and
ex situ atomic force microscopy (AFM) studies
showed that, during the growth of the dot su-
perlattices, an identical island formation behav-
ior occurs during the deposition of each PbSe
layer and that a complete replanarization of the
surface occurs during the growth of the spacer
layers. An AFM image of the last PbSe dot
layer of a 60-period superlattice stack is shown
in Fig. 1C, in comparison with that of a single
PbSe layer (Fig. 1B). In the single PbSe layer,
the dots are distributed randomly with an aver-
age spacing of ~61 nm, whereas in the super-
lattices with an increasing number of periods N,
increasingly larger regions of perfect hexago-
nally ordered dots are formed. When N > 30,
the nearly perfect hexagonal arrangement is
disrupted only by point defects (missing dots or
dots at interstitial positions) or, occasionally, by
additionally inserted dot rows (“dislocations”)
(Fig. 1C). The improvement of the lateral order
can be characterized by the analysis of the 2D
power spectrum of the AFM images (Fig. 1, B
and C, insets). For the single layer, the power
spectrum exhibits only a broad and diffuse ring,
whereas six side maxima appear after only a
few superlattice periods, corresponding to the
onset of hexagonal ordering. For larger N, these
six maxima rapidly sharpen, and the diffuse
background is drastically reduced. For N = 60,

Fig. 2. RSMs of diffract-
ed intensity around
the (222) reflection of
a 60-period PbSe/
Pb,_,Eu Te dot super-
lattice with Dy = 46
nm measured in three
different azimuth direc-
tions [211], [101], and
[112]. Blue, black, and
green squares are the
intensity maxima ac-
cording to the recipro-
cal dot lattice as de-
fined in the text, and as
shown schematically in
Fig. 3A with the identi-
cal color coding of the
squares.
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the ratio of the peak width and the peak position
in the power spectrum is ~1: 8, which indicates
that the perfectly ordered regions contain >60
single PbSe dots. In addition, the size distribu-
tion narrows to *7%.

To obtain information on the vertical stack-
ing of the dots, we used coplanar high-resolu-
tion x-ray diffraction to record the diffracted
intensity-as a function of the various diffraction
angles. The measured angular intensity distri-
bution was transformed into reciprocal space
coordinates, taking into account the scattering
geometry. Reciprocal space maps (RSMs) (Fig.
2) were measured in three different azimuth
directions ([211], [101], and [112]) within the
(111) surface. In the RSMs, g, is parallel to the
[111] surface normal, and the origin coincides
with the (222) reflection of the PbTe buffer
layer. In contrast to the rather diffuse x-ray
scattering that was observed for disordered dot
superlattices (/4), a large number of satellite
peaks appear in the RSMs not only along g, but
also in the g, directions parallel to the surface.

Fig. 3. lllustration of the (A) reciprocal and (B)
real-space lattices that were formed by the self-
organized PbSe quantum dots. In (A), the points
of the reciprocal lattice are represented by red
spheres, and their projections to the scattering
plane are represented by squares. In (B), the PbSe
dots are represented by gray pyramids, and the
vertical stacking sequence is denoted by A, B, and
C. As indicated by the form of the red lines, the
elementary unit cell is nearly cubic.
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The appearance of these peaks proves that the
dot positions are highly correlated both laterally
and vertically; that is, the dots create a periodic
lattice in all three directions. For the [101]
azimuth, the intensity distribution is symmetric
with respect to the surface normal g,. However,
for the [211] and [112] azimuths, the two maps
are mirror-symmetric with respect to each oth-
er. This observation indicates a reduced three-
fold symmetry of the [111] growth axis as
opposed to the sixfold symmetry on the surface
observed by AFM, with the existence of three
mirror planes that are perpendicular to the
{011} planes. Therefore, the point symmetry
group of the dot lattice is 3m, which belongs to
the trigonal syngony.

For normal 2D semiconductor superlattices, -

the spacing of the intensity maxima along the g,
growth direction is determined only by the su-
perlattice period Dy, , which is the sum of the
Pb, _ Eu Te and PbSe layer thicknesses. How-
ever, in the RSMs of our dot superlattices, two
additional maxima appear along the g, growth
direction between the regular superlattice satel-
lite peaks (see the [101] azimuth in Fig. 2).
Thus, the periodicity of the dot lattice along
[111] is three times Dg; . These observations
(the tripling of the vertical periodicity and the
reduced overall symmetry) indicate that, in con-
trast to all dot superlattices studied so far (72,

14, 15), the correlation of the PbSe dots in

successive layers is not parallel but inclined to
the growth direction.

To deduce the 3D arrangement of the
PbSe dots from the RSMs, we had to account
for the actual scattering geometry. Because
our x-ray primary beam had a small diver-
gence within the scattering plane but a 1°
divergence perpendicular to it, the lateral in-

n €]
[4)] [=]

x, (nm) [T12] —

Fig. 4. Distribution of the elastic energy density
2 on the (111) Pb,_,Eu Te surface that was
calculated for a PbSe force nucleus in the depth
of 47 nm. At the minima of 2, (dark orange), the
misfit strain is locally reduced by ~2%. The
regions with increased X are blue. The observed
PbSe dot positions at interfaces A, B, and C are
denoted by black, gray, and white triangles,
respectively. The gray and white circles denote
the dot positions in a cubic fcc lattice.

tensity maxima in the RSMs were produced
by orthogonal projections of the reciprocal
lattice points within g, = £0.3 nm™' onto the
scattering plane (Fig. 3A, squares). By the
three reciprocal basic vectors g,, g, and g,

g\ V3h/2 —h/2 H/3
2| = 0 h H/3
g — V3h/2 —h/2 H3

a set of reciprocal lattice points was defined
(Fig. 3A, red spheres) (h and H define the
coordinates of the reciprocal basic vectors g,
in the coordinate system shown in Fig. 3A).
The values of 4 and H can be determined
directly from the lateral and vertical distance
of the RSM maxima, which yields 2 = 0.105
nm~' and H = 0.133 nm™! with an error of
+0.004 nm™!. As indicated by the colored
squares in Fig. 2, the reciprocal lattice points
defined in this manner coincide very well
with the intensity maxima that were observed
in the measured RSMs.

From the real-space transformation of the
reciprocal basic vectors g (transposition and
inversion of the reciprocal space basic vec-
tors g,), the coordinates of the basic vectors a,
in real space are obtained as

a, Bb/2 —b/2 D
{3 4
a;

- \3b/2 —b/2 D
withb =39 * 2nmand D = 47 = 2 nm (b
and D define the coordinates of the real-space
basic vectors a, in the coordinate system shown
in Fig. 3B). It turns out that D is equal to the
preset superlattice period Dg; . On a given in-
terface, the dots thus create a regular hexagonal
grid (Fig. 3B) with a distance L between neigh-
boring dots of L=b X V3= 67 = 3 nm. This
distance is equal to the value that was deter-
mined by AFM. In the [111] growth direction,
three different interface planes can be distin-
guished, which are laterally displaced by b with
respect to each other, resulting in an A-B-C-A-
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Fig. 5. Experimentally determined in-plane dot-
dot distance L (diamonds), dot crystal lattice
constant a (circles), and trigonal angle a
(squares) for several PbSe/Pb, _ Eu,Te dot su-
perlattices that are plotted as a function of the
superlattice period D, .
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B-C stacking sequence like that of the (111)
planes in fcc lattices. This sequence is the
origin of the tripling of the periodicity
along the growth direction. For a perfect
fce lattice, the D/L ratio between the verti-
cal separation of the dot planes and the
in-plane dot distance should be equal to
0.866. However, for our sample. this ratio
equals 0.704. Thus, the trigonal dot lattice
can be thought of as a fcc lattice that is
compressed by 18% along the body diago-
nal. This yields a trigonal angle « of 39.5°
between the «, and the [111] directions
instead of 35.26° for the cubic case.

To obtain such a stacking sequence solely
by epitaxial growth, the nucleation of dots must
occur along the a,, a,, and a, directions with
respect to the dots in the previous layer, in
contrast to the preferred nucleation along the
growth direction observed for other material
systems (/2, /4, 15). This behavior can be
induced only by a nonuniform in-plane strain
distribution on the surtace that is produced by
the lattice distortions around the buried dots,
with an enhanced dot nucleation probability at
surface positions of lower elastic energy density
.. For elastically isotropic materials, however,
the absolute minimum of X occurs exactly
above the previous dots (77, 12); that is, the
dots in a multilayer should be aligned vertically.
To resolve this issue. we performed elastic
strain field calculations that accounted for the
elastic anisotropy of the lattice. To simplify
these calculations. we replaced the actual dot
with an infinitely small “force nucleus” and
neglected the surface relaxation of the internal
stresses. The in-plane strain on the surface was
then calculated with a Fourier method to solve
the Navier equation (/6). As shown in Fig. 4,
the calculated elastic energy density ¥ on a
(111) Pb, _ Eu, Te surface with a PbSe dot at 47
nm below the surface exhibits a 3m point sym-
metry with three pronounced energy minima
that are displaced laterally from the subsurface
force nucleus. These minima coincide almost
exactly with the experimentally observed dot
positions (Fig. 4). In addition, a saddle point of
S occurs in the center, above the buried dot,
which indicates that this point is not favorable
for the growth of a subsequent dot.

The directions of the & minima are deter-
mined only by the elastic anisotropy of the
matrix material. Therefore, the symmetry of
the dot arrangement should be essentially
independent of the spacer thickness. To ver-
ify this conclusion, we fabricated a series of
PbSe/ Pb,_Eu,Te dot superlattices with spac-
er thicknesses that varied from 35 to 60 nm.
The lateral and vertical separation L and D,
respectively, of the dots in each sample was
determined from RSMs. We found that, for
Dyg,; varying almost by a factor of 2, the
trigonal angle « of the dot lattice indeed
remains nearly constant (Fig. 5). Moreover,
the lateral dot distance L and the dot crystal

REPORTS

lattice constant ¢ change linearly with spacer
thickness (Fig. 5). Thus, the PbSe dot samples
represent macroscopic crystals with a continu-
ously tunable lattice constant. Furthermore, for
a constant-deposited PbSe thickness. with vary-
ing L (varying dot density), the average dot
volume changes with Dg; as well.

Because of their atomic-like density of

states, semiconductor quantum dots offer many
advantages for optoelectronic devices. For such
applications. however. a high density of dots
and a narrow size distribution are of crucial

importance (/, 6. /0). The excellent control of

absolute size, as well as of lateral distance that
can be achieved by the growth of quantum-dot
superlattices. thus allows great improvements
for the precise tuning of the optical and elec-
tronic properties of self-assembled quantum
dots. This opens promising perspectives for
their applications in semiconductor diode lasers
(1, 6, 10), intersubband infrared detectors (/7).
and microcavity devices (/8).
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Rapid identification of
Subtype-Selective Agonists of the
Somatostatin Receptor Through
Combinatorial Chemistry
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Sheng-Jian Cai, Allan Blake, Wanda W. 8. Chan, Alex Pasternak,
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Nonpeptide agonists of each of the five somatostatin receptors were identified
in combinatorial libraries constructed on the basis of molecular modeling of
known peptide agonists. In vitro experiments using these selective compounds
demonstrated the role of the somatostatin subtype-2 receptor in inhibition of
glucagon release from mouse pancreatic alpha cells and the somatostatin
subtype-5 receptor as a mediator of insulin secretion from pancreatic beta cells.
Both receptors regulated growth hormone release from the rat anterior pitu-
itary gland. The availability of high-affinity, subtype-selective agonists for each
of the somatostatin receptors provides a direct approach to defining their

physiological functions.

Somatostatin is distributed throughout the en-
docrine system and has multiple physiologi-
cal functions including inhibition of secretion
of growth hormone (/). glucagon (2). insulin

(3), gastrin, and other hormones secreted by
the pituitary and gastrointestinal tract (4). It
also acts as a neuromodulatory peptide in the
central nervous system (5) and has been im-
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