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larger lateral dimensions, for lower-strained 
G e r s i i - * alloYs o n Si(OOl) (4). 
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els have been proposed (2, 5, 6) to explain how 
islands grow from low-volume pyramids to 
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high-volume domes, and there is still much de
bate about which factors determine the island 
size distribution. 

The details of the process that takes place 
as an island changes from a pyramid to a 
dome are crucial in understanding growth 
kinetics and in distinguishing between mod
els. We have therefore studied island growth 
using low-energy electron microscopy 
(LEEM), a technique capable of distinguish
ing between different shapes and determining 
island sizes in real time during growth. 

Our experiments were carried out in a 
LEEM apparatus with in situ growth capabili
ties, a base pressure of 2 X 10~10 torr, and a 
point resolution of 5 nm (7). Si(OOl) specimens 
were flash-cleaned and heated to the desired 
growth temperature of -650° to 700°C. 
GevSi1_r was grown by chemical vapor deposi
tion using a mixture of disilane and digermane 
gases introduced to the specimen area through a 
capillary tube. Typical growth rates, measured 
from the motion of steps in the early stages of 
growth or from post-growth cross-sectional 
analysis, were ~1 to 5 ML/min. Images were 
recorded at video rate, at electron energies of 5 
to 10 eV. 

In the LEEM images (Fig. 1 A), pyramids are 
clearly distinguished by their cross-shaped pat
tern, whereas domes appear qualitatively differ
ent, most notably showing four bright areas each 
bisected by a narrow dark line. The eight bright 
regions, or facet beams, are only visible within a 
certain range of electron energy. They are 
formed when electrons diffracted from highly 
inclined facets pass through the objective aper
ture, and they indicate that additional facets are 
present on the domes; however, because of local 
focusing effects, the bright regions on the image 
may not correspond exactly to the spatial posi
tions of the additional facets. Examination by ex 
situ scanning electron microscopy (Fig. IB) 

Transition States Between 
Pyramids and Domes During 

Ge/Si Island Growth 
F. M. Ross,* R. M. Tromp, M. C. Reuter 

Real-time observations were made of the shape change from pyramids to 
domes during the growth of germanium-silicon islands on silicon (001). Small 
islands are pyramidal in shape, whereas larger islands are dome-shaped. During 
growth, the transition from pyramids to domes occurs through a series of 
asymmetric transition states with increasing numbers of highly inclined facets. 
Postgrowth annealing of pyramids results in a similar shape change process. The 
transition shapes are temperature dependent and transform reversibly to the 
final dome shape during cooling. These results are consistent with an anomalous 
coarsening model for island growth. 

www.sciencemag.org SCIENCE VOL 286 3 DECEMBER 1999 1931 

mailto:fmross@us.ibm.com
http://www.sciencemag.org


R E P O R T S  

wniinned the presence of four extra pairs of 
facets on the domes and indicated that these 
facets were close to (51 8). Because recent ob- 
servations of the stability of Ge surfaces (8) 
suggest that the only stable facet close to (5 18) 
is actually { 15 3 231, we assign indices of { 15 
3 23) to these eight dome facets (see below). 
Small (113) and (501) facets are also present 
on the domes. It has usually been assumed that 
domes are bounded by (1 13) and (301) facets 
(1-3, 9), and it is interesting that our images 
show no evidence for the (301) facet. 

Video-rate observation shows that each is- 
land passes through several distinct wnfigura- 
tions during growth (Figs. 2 and 3). The earliest 
stage of growth is a roughening process with a 
characteristic length scale that depends on strain 
(10). The amulitude of the roughness increases 

pear to be stable, although in some experiments 
they can persist through several hours of obser- 
vation (as in Fig. 2): The kinetics become ex- 
tremely slow as the islands warsen and separate. 
As long as pyramids are present, we do not 
observe the disappearance of TP islands. 

The time spent in the transition states can 
be surprisingly long. We therefore performed 
several experiments to see whether island 
development is limited by the flux of Ge and 
Si. Coarsening experiments, in which a pop- 
ulation of pyramids was prepared and then 
annealed with no additional flux, displayed 
kinetics similar to those seen in the growth 
experiments where the flux remained on: The 
pyramids were not stable, and coarsening and 
formation of domes via transition states oc- 
curred in both cases, demonstrating that the 

{501) fkets appear, and a dense array of flux is not limiting island development. Dur- 
pyramids eventually forms from the rough sur- ing coarsening, the island number density 
face (Fig. 2A). The pyramids then coarsen, un- varied with time in a way that is consistent 
dergoing a large decrease in density, and even- with diffusion-limited Ostwald ripening (1 I). 
tually change to domes as they increase in size A quantitative verification of Ostwald ripen- 
beyond a critical diameter (Fig. 2, B and C). The ing would require comparison of the shape of 
transition from pyramid to dome is not accom- the island size distribution with theory, which 
plished suddenly but can take several minutes 
(Fig. 3). As an island approaches the critical 
diameter, its projected shape begins to change 
from square to circular, and facet beams appear 
near the rounded comers. These facet beams 
persist until the final dome shape is reached and 
are attributed to { 1 13) facets. The overall shape 
at this point appears to be a pyramid that has 
been truncated by removal of its lowest four 
vertices (but not the top vertex), leaving an 
octagonal base, which appears almost circular in 
the images (TP in Fig. 3). The next stage is the 
appearance of contrast from one or more of the 
{ 15 3 23) facets, which gradually brightens and 
increases in extent. The 115 3 23) facets always 
appear in pairs, although one facet may be larger 
than the other, particularly if the original pyra- 
mid was not perfectly square or had an asym- 
metric neighborhood. It is interesting that each 
dome develops these facet pairs in its own order. 
Some domes pass through all the transition 
states (Dl, D2, and D3 in Fig. 3); others may 
develop two, three, or even all four facet pairs 
simultaneously. We suppose that slight asym- 
metries in the local environment or the original 
island shape account for the exact pattern for 
any island The transition shapes may persist for 

shape. 

many minutes at the growth temperature, and Fig. 1. (A) Densely packed pyramids (P) and 
growth must be continued for several hours domes (D) formed after 56 min of growth of 
before most of the islands have attained the D4 Ge0.3Si0.7 at 7100C. Si2H6* and Ge2H6 gases 

were used in the ratio 100:lO:l and a total 
pressure of 1.0 X tom, and the exact com- 

'Ihe the diameter and shape position was calibrated after growth by means of Fig. 2 Evolution of island shapes. These images 
representative islands (Fig. 4) gives a clearer Rutherford backscatterinn. The image was record- were recorded during ~ost-growth annealing of a 

is not easily done here because of the rela- 
tively small number of islands measured. 

Island growth has been the subject of intense 
theoretical interest, and several models have 
been proposed to explain island development. 
The bimodal distribution, and particularly the 
lack of many islands at intermediate sizes, led 
Medeiros-Ribeiro et al. (2) to propose that the 
size distribution reflects an equilibrium state. 
The pyramid and dome shapes are supposed to 
have energy minima at two discrete volumes, 
and the width of the bimodal distribution about 
each minimum is due to thermal broadening. 
The transition from pyramid to dome is then a 
thermally excited process that overcomes the 
energy banier between the pyramid and dome 
energy minima and involves rapid accumulation 

picture of the development of an ensemble of ed at room temperature-using briat-field imag- Geo,25Si,,5 alloy gr f in  foy6 min at 67o0C; the 
islands, and shows the coarsening during the ing conditions with an electron energy of 4 eV. sequence is similar in experiments where the flux 
early stages and the later appearance of The (1 10) directions are parallel to the edges of remains on, although a denser array of islands can 

tion shapes followed by domes. The islands the images. (B) Scanning electron micrograph of a form. Imaging conditions were identical to those 
similar specimen grown for 39 min at 690°C. The of Fig lk Ima es are shown after (A) 1860 s, (B) 

have One two They either reach the islands are faceted and -70 nm high. The facet 3540 s, and (C! 22,080 s (more than 6 hours) of 
state and eventually kcome domes, or they edges have been enhanced by filtering to enable annealing. In (C), transition shapes with zero, two, 
shrink and disappear. The pyramids do not ap- comparison of island shapes with those in (A). three, and four dome facet pairs can be seen. 
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of lo5 atoms. A very short time scale was 
suggested for this transition to account for the 
few islands seen with intermediate sizes. How- 
ever, real-time observations of island growth in 
the transmission electron microscope (6) 
showed that islands actually increase in size 
very smoothly. Although island shapes could 
not be distinguished in these experiments, the 
data were more consistent with an anomalous 
coarsening model. This is a kinetic rather than a 
thermodynamic model, whereby islands grow 

Fig. 3. (A) Images re- A 
cGded during growth 
of Ge, ,,Si,,, at 
730°C showing the 
pyramid (P), transition 
(TP, Dl, D2, D3), and 
dome (D4) shapes. 
The (100) direction is 
horizontal (B) Sche- 
matic diagrams show- 
ing the facets present 
on the P, TP, and D4 
shapes. The TP shape 
is made up of (501) 
and { I  13) facets. 

by a process similar to Ostwald ripening, but 
with kinetics modified by an abrupt drop in 
chemical potential that occurs as islands grow 
past a critical volume and change their shape. In 
this model the bimodal distribution is a transient 
phenomenon that forms as the drop in chemical 
potential accelerates the coarsening of the larg- 
est islands in the distribution. 

Transition states were not included in the 
anomalous coarsening model, but we expect that 
the addition of intermediate configurations will 

Fig. 4. Size and shape of representative islands measured during growth at 690°C with composition 
Ge,,Si,, The island diameter was measured in the [I001 direction; the color indicates the island shape. 
Some of the pyramids shrink to zero diameter as a result of coarsening. Trajectories ending above zero 
indicate islands that drifted out of the field of view. 

not change the qualitative pattern of the kinetics. 
The population of pyramids will coarsen until 
some islands reach the critical volume for 
changing to the TP shape; the chemical potential 
of these TP islands will drop, accelerating their 
growth, and the process will repeat at each 
transition volume @I, D2, and D3) until the 
islands become domes @4). With their high 
chemical potential, any remaining pyramids will 
shrink and disappear. We would not expect to 
see TP islands shrinking until all the pyramids 
had disappeared Furthermore, as the islands 
coarsen, the kinetics are expected to become 
very slow. This simple model is in good agree- 
ment with our observations, whereas a slow 
transformation via transition states is not consis- 
tent with a thermally excited, rapid transition 
between equilibrium shapes (2). 

It is interesting to consider the nature of the 
shape change in the anomalous coarsening 
model. Two-dimensional calculations (12) sug- 
gest that the shape transition should be first 
order with island size, with discontinuous intro- 
duction of steeper facets at the island edge. In 
three dimensions, the appearance of steeper 
facets at the lower vertices of the pyramids in 
the TP shape and then the replacement of the 
pyramid edges by additional facets in the Dl to 
D4 shapes is consistent with such a transition. 

Finally, it is important to discuss why the 
transition shapes have not previously been 
observed, especially given their long lifetime. 
We find that cooling changes the appearance 
of the islands markedly, in particular altering 
the proportions of different island shapes. 
When D4 islands are cooled, the (15 3 23) 
dome facet contrast becomes stronger and 
larger in area, suggesting that these facets 
have increased in size. This effect can be seen 
by comparing D4 islands in Fig. 1A with 
those in Fig. 2C or Fig. 3. Furthermore, dome 
facet contrast appears on transitional shapes 
(although not pyramids) upon cooling. For 
example, when a specimen consisting mainly 
of P and TP islands was cooled from 740°C 
to 640°C, the percentage of P remained un- 
changed (at 38%), but most of the TP shapes 
disappeared (dropping from 36% to only 8% 
of the population). Dome facets had appeared 
on these TP shapes, increasing the proportion 
of D4 islands from 2% to 24% and the pro- 
portion of D 1 + D2 + D3 islands from 24% to 
30%. At room temperature, the specimen 
therefore appeared to consist almost entire- 
ly of pyramids and domes with few inter- 
mediate shapes. This transition was revers- 
ible, with TP shapes reappearing at higher 
temperatures. We suppose that the energies 
of all facets are temperature-dependent, and 
we speculate that the (15 3 23) facet be- 
comes slightly more favorable at lower tem- 
peratures, relative to other TP facets. This 
result emphasizes the importance of observa- 
tions made under growth conditions for un- 
derstanding growth mechanisms. 
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Surface and satellite-based observations show a decrease in Northern Hemi- 
sphere sea ice extent during the past 46 years. A comparison of these trends 
t o  control and transient integrations (forced by observed greenhouse gases and 
tropospheric sulfate aerosols) from the Geophysical Fluid Dynamics Laboratory 
and Hadley Centre climate models reveals that the observed decrease in North- 
ern ~ e m i ~ ~ h e r e  sea ice extent agrees with the transient simulations, and both 
trends are much larger than would be expected from natural climate variations. 
From long-term control runs of climate models, it was found that the proba- 
bility of the observed trends resulting from natural climate variability, assuming 
that the models' natural variability is similar t o  that found in nature, is less than 
2 percent for the 1978-98 sea ice trends and less than 0.1 percent for the 
1953-98 sea ice trends. Both models used here project continued decreases in 
sea ice thickness and extent throughout the next century. 

The cryosphere is an important component of 
climate because of its effect on Earth's surface 
albedo (1) and its role in reducing the amount of 
heat exchanged between the atmosphere and 
the ocean (or land) beneath the ice. In particu- 
lar, sea ice extent has long been recognized as 
an important indicator of the state of the climate 
system in observational and modeling studies. 
Early simulations of changes in sea ice cover- 
age and sea ice thickness associated with global 
warming showed large sea ice reductions (2,3), 
but these simulations were not compared with 

observations. Observations now span a suffi- 
ciently long period to show a substantial de- 
crease of Northern Hemisphere (NH) sea ice 
during the past few decades. Here, we use sea 
ice extent in an attempt to detect recent global 
climate change and examine whether it might 
be attributable to anthropogenic causes by com- 
paring it with model-calculated global warming 
trends and trendlike low-frequency fluctuations 
that appear randomly in very long control runs 
of the same models. 

There have been many attempts to use 
observed trends in NH sea ice extent as an 
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Russian Arctic and Antarctic Research hsti- 
tute, the NOAA Climate Prediction Center, the 
Norwegian Nansen Environmental and Remote 
Sensing Center, and the NASA Goddard Space 
Flight Center. 

The University of Illinois sea ice group has 
just revised and updated its data set (6, 13). The 
most reliable data cover the period since 1953. 
The recent inclusion of data from the Nonve- 
gian Polar Institute added data for the winter 
months of the 1901-52 period. For the period 
from 1972 to the present, the primary data 
source was the digital version of the U.S. Na- 
tional Ice Center (NIC) chart series. The NIC 
charts, in turn, draw on satellite passive micro- 
wave imagery [including the period of contin- 
uous coverage by a scanning multichannel mi- 
crowave radiometer (SMMR) and a special 
sensor microwave imager (SSWI) from 1978 
to the present], together with other available 
data from visible and infrared satellite sensors 
and from any near-real-time aircraft reconnais- 
sance and surface reports. Sea ice extent at the 
end of each month is estimated as the total 
ocean area poleward of the sea ice boundary, 
not taking into account information about its 
concentration. The averaging domain does not 
include the Baltic, Caspian, Aral, Black, or 
Azov seas or the Sea of Okhotsk south of 4S0N. 

The Russian Arctic and Antarctic Research 
Institute reports NH monthly mean sea ice ex- 
tents for 1960-90 (5). The spatial domain does 
not include the Baltic, Azov, Caspian, Aral, 
Black, or White seas. Ice concentration is not 
considered. The Russian sea ice data draw in- 
creasingly on satellite imagery during recent 
decades. During the 1960s, the only substantial 
data sources were aerial reconnaissance and 
ship reports, including some charts or synthe- 
ses (or both) of such information from other 
sea ice centers. The data for all 12 months are 
complete only for 1972-90; earlier data have 
gaps that do not allow reliable estimates of 
the annual averages. 

The NOAA Climate Prediction Center 
produced end-of-month Northern and South- 
ern Hemisphere sea ice extent data for the 
period 1973-94 (8), using NIC weekly sea 
ice charts. Ice concentration information is 
not taken into account. 

The Norwegian Nansen Environmental 
and Remote Sensing Center used passive mi- 
crowave satellite observations to measure 
1978-94 sea ice extent in the latitudinal belt 
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