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A formation process for semiconductor quantum dots based on a surface 
instability induced by ion sputtering under normal incidence i s  presented. 
Crystalline dots 35 nanometers in diameter and arranged in a regular hexagonal 
lattice were produced on gallium antimonide surfaces. The formation mech- 
anism relies on a natural self-organization mechanism that occurs during the 
erosion of surfaces, which is based on the interplay between roughening induced 
by ion sputtering and smoothing due to surface diffusion. 

To date two approaches for the fablication of 
semicoilductor quantum dots have been pur- 
sued. In the top-down approach. lithograpl~ic 
inethods are used for direct patterning of quail- 
hun dots, whereas the bottom-up approach re- 
lies on self-organized processes. In contrast to 
serial electron-beam lithography. self-orgaaiza- 
tion phenoinena open the nTay for the formation 
of a regular ai-ray of quantum dots on large 
areas in a single teclu~ological process step. 
Self-organized semiconductor quanhlm dots 
have been produced by the Stranski-Ksastanow 
grom~tl~ mode in inolecular beam epitaxy and 
metal-organic vapor phase epitaxy. in which 
coherent island foi~nation occurs during the 
grovdh of lattice-mismatched semiconductors 
(I). Here we present a controlled and cost- 
effective method for the production of well- 
ordered quailtun1 dots by ion bombardment of 
semicoilductor surfaces (2) that is based on a 
self-organization mechanism induced by ion 
sputteriilg of solid surfaces, where the foinla- 
tion lcinetics is determined by etching instead of 
gr0lvth. 

There has been great effoi-t to interpret the 
inicroscopic dynamics of surface ro~iglmess and 
pattern formation induced by ion sputteiiilg in 
which the formation of coherent ripples has 
been obseived on metal. semiconductor, and 
insulator surfaces under ion bombardment at 
off-normal angles of iilcidence (3-7). The char- 
acteristic period in the submicrometer to nano- 
meter range is defined by the sputteiing condi- 
tioils (for exainple ion energy. ion flax. and 
substrate temperature) and by the inaterial prop- 
erties. An explanation of the underlying mech- 
anism was proposed by Bradley and Haiyer (8) 
in IT hich the sputter~ilg yield. a~hich is the i l m -  
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ber of surface atoms removed per incident ion, 
depends oil the surface c~uvahlre. Under certain 
coilditioils this dependence gives rise to a sur- 
face instability where the erosioil is greater in a 
depression than on an elevation. The ion-in- 
d~lced surface instability can be described by a 
specific term in the erosion equation that is 
propoitioilal to the negative Laplacian of the 
surface. The propoi-tionality factor is called 
negative surface tension because it tends to 
inaximize the surface, in contrast to surface 
tension that minimizes the surface. It is the 
competition between this roughelling instability 
and diffusive sinoothing mechanisms that gov- 
erns the buildup of a regular pattei-n ~vith a 
characteristic n~avelength. Uilder off-normal in- 
cident ions the instability is anisotropic, giving 
iise to charactelistic ripple patterils. Their di- 
rection was found to be either parallel or per- 
pendicular to the direction of the ion beam 
depending on the angle of incidence. General- 
ized theoiies including also nonlinear terms and 
additional smoothing mechanisms, such as vis- 
cous flow on amoi-phous surfaces. have been 
developed (4, 9, 10). These theories allow the 
derivation of scaling laws that describe the 
roughening of ion-bombarded surfaces. Under 
ilormal incidence of the ion beam the surface 
morphology is expected to be a regular matrix 
of l~illocl<s and depressions with a characteristic 
spatial frequency (6). However; these predic- 
tions could not be confir~ned expeiimentally. 
We report here the experiineiltal data shoaing 
that under nolulal incident Ar+ ion sputtering 
highly ordered, densely packed nanosb~~ch~res 
are induced on the surfaces of antimonides. 

Low-energy A- ions were used in a coin- 
inercial ion-sputtering system. The typical ion 
flux in the experiments was 1 X 1016 cmp2 
sp' .  Under off-norinal ion boinbardlneilt n~ith 
420-eV ion energy, coherent ripples were 
formed on GaSb surfaces n~ith a period of 35 
nm, in agreement with experimental obsewa- 
tions reported for other materials (3, 4, 6, 11, 
12). Under nornlal incidence, a highly regular 
patteiu of dots appeared whose specific size and 

shape depended oil the ion fluence. The obser- 
vations on dot formation were confir~ned in 
experiments performed ill a second conunercial 
system wit11 Ar atoins at the same energy and 
fluence as primary particles for sputtering. 

Scanning electron inicroscope (SEM) imag- 
es of a dot pattern ind~lced on a (100) GaSb 
surface by 420-eV Art ions are shoan for 
different ion flueilces (Fig. 1. A to C) and the 
size distributioils derived from the SEM images 
displayed (Fig. ID). The evolution of dot for- 
ination can be traced froin these data. At an ion 
fluence of 4 X 1017 cmp2, equivalent to an 
exposure time, of 40 s; small dots with an 
average diaineter of 18 nIn [fill1 a'idth at half 
inaxiinuin (FWHM) 4 nm] appear. Their hex- 
agonal ordering is already present, although 
some ii~egularities occur, and the dot density is 
4.5 X 10" cmp2. After an exposure time of 
200 s (fluence of 2 X 10" cmp2), the dot 
diaineter has grown to 34 iml (FWHM 8 iun). 
The hexagonal ordeiing is clearly visible (Fig. 
1B); and the dot density has slightly decreased 
because some of the earlier irregularities did not 
sui~ive. Finally. after 400 s of exposure time, 
the average dot diaineter is 50 lun (FLWM 6 
im)  (Fig. 1C). The dot diameter approximately 
equals the period. a id  the hexagonal order is 
fully developed and represents the final stage 
of the dot formation. For longer exposure 
tiines the pattern does not change fi~rther, and 
the surface front propagates into the inaterial 
with a constant velocity of 1.5 iun s p '  as the 
sample is eroded by the ion bombardment. 
This steady state was observed up to expo- 
sure tiines of 2 hours. The propagation of this 
strongly corrugated surface during depth pro- 
filing inhibited a good depth resolution of 
semiconductor heterosti-tlctures with second- 
ary ion inass spectrometry. 

The regular order of the dots is revealed 
by the two-dimensional (2D) autocoi~elation 
pattern of a SEM Image (Fig. 2). The auto- 
correlation pattern exhibits a nearly perfect 
hexagonal structure ~vith a characteristic 
length of 45 nm over inore than six periods. 
demonstrating that in addition to the self- 
assembly of the nanosti-tlctures a self-order- 
ing process a~ i th  a specific spatial frequency 
is operative 

A cross-sectional high-resolution trans- 
mission electron inicroscope (HTEM) image 
of the nailostrnctures produced by an ion 
exposure of 4 X 10'' cmp2 (saine as in Fig. 
1C) (Fig. 3) shoazs that the nanostructures 
have a cone-like shape wit11 a sidewall angle 
of 60" to 70'. The cones are clearly ciystal- 
line with the saine orientation and ciystalline 
structure as the GaSb substrate. The high 
degree of crystallinity is observed within the 
whole cone, nrhlch is covered by an ainor- 
phous boundary -2 nm thick that reveals a 
small pei-turbation of the crystal by the low- 
energy ions. Energy-dispersive x-ray spec- 
trometry analysis on single cones confirnled 
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that the stoichiometry is that of bulk GaSb. 
Our data confm the following picture. In 

the first seconds of the sputtering process a 
primary irregular roughness of the surface is 
induced by the stochastic nature of the ion 
bombardment (10, 13), by the preferential sput- 
tering of Sb, and by the associated accumula- 
tion of Ga atoms on the surface. The amplifi- 
cation of the random amplitudes by the nega- 
tive surface tension competes with processes 
such as surface difision and viscous flow that 
smooth the surface (8). Under certain condi- 
tions (10) these processes lead to the formation 
of a regular surface pattern by the exponential 
growth of a characteristic wavelength A a VDI 
Ivl, where D is a positive constant related to the 
surface diffusivity (14) and Ivl the largest ab- 
solute value of the negative surface tension 
coefficient (8, 15). The surface diffusion can be 
thermally activated or induced by ion bombard- 

ment. Observation of dot formation with nearly 
the same period at sample temperatures of 60°C 
and -60°C reveals that, for the (100) GaSb 
surface, the ion-induced surface diffusion dom- 
inates in this temperature range (12). Similar 
processes have been identified to be the rele- 
vant mechanism for the formation of coherent 
ripples during ion bombardment. Under normal 
incidence, no orientation is distinguished by the 
sputtering process. As a consequence, ripples 
with all possible orientations could, in principle, 
evolve. The most stable solution under these 
circumstances is the formation of a hexagonal 
packed arrangement of dots as observed in our 
experiments. 

Nanodot formation by ion sputtering of epi- 
taxial GaSb layers grown by molecular beam 
epitaxy on higher bandgap materials, ideally on 
AlSb, opens the way to generate isolated dots 
with a three-dimensional confinement. We pro- 

500 nm dot d~ameter [nm] 

Fig. 1. SEM images of highly ordered cones on a (100) CaSb surface show the temporal evolution 
of dot formation during ion sputtering. The nanoscale patterns are depicted for different ion 
fluences (exposure times) of (A) 4 X 10'' (40 s), (B) 2 X 1018 ~ m - ~  (200 s), and (C) 4 X 
10'' cm-Z (400 s). The corresponding size distributions of the dot diameters are extracted from the 
images (D). The dotted lines represent Gaussian fits t o  the dot diameter histograms. 

Fig. 2. (A) The extract of a SEM 
image and (B) the correspond- , 
ing two-dimensional autocor- 
relation reveal the regularity 
and hexagonal ordering of the 
dots, which extends over more - -...+ : f 

than six periods. 

duced GaSb quantum dots on AlSb by sputter- 
ing a 500-nm GaSb layer down to the interface. 
Etching back to the interface was accomplished 
with high accuracy by monitoring the appear- 
ance of A1 atoms with a mass spectrometer 
during the propagation of the steady-state pat- 
tern. The dots exhibit the same regularity and 
size distribution as the dots produced on bulk 
GaSb. Comparison of the photoluminescence 
of the dots on AlSb to that of bulk GaSb 
measured at low temperature (Fig. 4) reveals a 
weak and broad peak in the spectrum of the 
GaSb dots blue-shifted by -300 meV as com- 
pared with the GaSb band edge luminescence. 
We attribute the blue shift to the quantum con- 
finement in the dots. A residual line at the 
photon energy of bulk GaSb at 0.8 eV stems 
from the edge of the sputtered region. We at- 
tribute the fine structure on the spectrally broad 
peak to noise and not to the photoluminescence 
from single dots. The dot spectrum shows a 

Fig. 3. Cross-sectional transmission electron mi- 
croscope image of the nanostructures on a CaSb 
surface produced with the same parameters as in 
Fig. 1C. The dots are crystalline without a disrup- 
tion to  the crystal lattice of the GaSb bulk. An 
amorphous layer of -2 nm, which is the pene- 
tration depth of the low-energy ions into the 
material, coven the dots. The base and the height 
of the dots measure 30 nm. 
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0.8 1.0 1.2 1.4 1.6 

Photon Energy [ey 

Fig. 4. The low-temperature (1 5 K) photolumi- 
nescence spectrum (in arbitrary units) of CaSb 
dots on an AlSb substrate shows a broad, weak 
spectrum. The solid line is the photolumines- 
cence (PL) of the dots scaled up by a factor of 
50 relative to  the GaSb bulk spectrum, which is 
drawn as a dashed line. 
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large broadening (FWHM 290 meV) to which 
the inliomogenous distribution of the dot sizes 
strongly contributes (—170 meV). Additional­
ly, the luminescence is expected to be broad­
ened by electronic states as a result of a high 
density of ion-induced surface defects of these 
uncovered dots, seen in the HTEM image (Fig. 
3) as a ~2-nm-thick amorphous layer. 

With respect to the potential of this tech­
nique for device fabrication, ion-induced de­
fects have to be considered. These defects are 
sources for nonradiative recombination and 
therefore strongly deteriorate the optical and 
electrical properties. They must be reduced be­
fore devices can be fabricated. Possible meth­
ods are chemical etching, annealing, surface 
passivation, and overgrowth of the dots, meth­
ods which are performed ideally in situ. Over­
growth of the dots appears feasible because 
they exhibit a thermal stability up to 450°C. 

The demonstration of regular dot forma­
tion on GaSb surfaces presented here may lay 
ground to extend the theoiy for ripple forma­
tion to normal incident ion sputtering. The 
formation mechanism for the nanometer-
scaled dots relies only on the sputtering pro­
cess and the diffusive transport on surfaces; 
therefore, we conclude that this mechanism 
should be universal and transferable to other 
materials. This conclusion is supported by 
experiments on InSb and Ge where the same 
dot formation as reported here for GaSb was 
observed (16). The successful demonstration of 
dot formation on Ge may open the way to 
produce nanostructures on the technologically 
important group IV semiconductor materials. 
The technical application of the produced nano­
structures could include quantum dots for quan­
tum devices and for black surfaces for optoelec­
tronic and photovoltaic applications. 
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ating HPCs assayed in secondary culture) (6) 
and cobblestone area-forming cells (CAFCs, 
generating hematopoietic colonies recognized 
as "cobblestone areas" in LTC stroma) (7). 
Depending on the LTC duration, LTC-ICs rep­
resent primitive HPCs (5- to 8-week LTC) (8) 
or highly quiescent putative HSCs resistant to 
retroviral gene transfer (12-week LTC) (9) (see 
below). 

Although HSC identification is still elusive, 
recent observations have suggested a role for 
VEGFR2 (Flkl in mice) in murine embryonic 
hematoangiogenesis. Targeted gene disruption 
studies indicate that Flkl is required for initia­
tion of hematolymphopoiesis and vasculogen-
esis (10), implying that Flkl may be required 
for generation of hemoangioblasts, that is, the 
hypothetical stem cells for both hematolympho­
poietic and endothelial lineages (11). Other 
studies also suggested the existence of embry­
onic Flkl+ cells with hemoangiogenic potential 
but did not allow identification of prenatal re-
populating HSCs (12). We identified KDR as a 
major functional marker for postnatal HSCs. 

In postnatal life, KDR is expressed on en­
dothelial cells (13), and the mRNA can be 
detected in HPCs and megakaryocytes (14,15). 
We used a high-affinity monoclonal antibody 
(mAb clone 260.4) that binds the extracellular 

KDR Receptor: A Key Marker 
Defining Hematopoietic Stem 

Cells 
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Studies on pluripotent hematopoietic stem cells (HSCs) have been hindered by 
lack of a positive marker, comparable to the CD34 marker of hematopoietic 
progenitor cells (HPCs). In human postnatal hematopoietic tissues, 0.1 to 0.5% 
of CD34+ cells expressed vascular endothelial growth factor receptor 2 
(VEGFR2, also known as KDR). Pluripotent HSCs were restricted to the 
CD34+KDR+ cell fraction. Conversely, lineage-committed HPCs were in the 
CD34+KDR~ subset. On the basis of limiting dilution analysis, the HSC fre­
quency in the CD34+KDR+ fraction was 20 percent in bone marrow (BM) by 
mouse xenograft assay and 25 to 42 percent in BM, peripheral blood, and cord 
blood by 12-week long-term culture (LTC) assay. The latter values rose to 53 
to 63 percent in LTC supplemented with VEGF and to greater than 95 percent 
for the cell subfraction resistant to growth factor starvation. Thus, KDR is a 
positive functional marker defining stem cells and distinguishing them from 
progenitors. 
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