
around the center: the spiral "noses" 
at small radii rotate at an angular veloc- 

ity v,/r which is submultiple m of 
the natural chemical frequency o. More- 
over, the entire spiral pattern appears 
to turn as a solid at angular velocity 
(a0/at),r,c o/m, as is evident from Eq. 
4. Here too is indication that the more 

highly curved a chemical wave, the 
lower its normal velocity. 

This case of only two reactive 

species, one immobilized, which obey 
linear reaction kinetics and diffusion 
laws is no doubt too simple to describe 

accurately the Belousov-Zhabotinskii 
reaction in membranes or in shallow 
dishes [we performed experiments re- 

sembling those of Winfree (6) in shal- 
low dishes]. Nevertheless, the over- 

simplified model indicates what is pos- 
sible with only diffusion and chemical 
reaction in more complicated, multi- 

component systems that lack oscillating 
chemical sources or "pacemakers." 
What waves appear in a system hover- 

ing on instability depends on chance 
nonuniformities and transitory pertur- 
bations. The model shows that the wave 

speed decreases when the wave-front 
curvature increases. The experimental 
observations suggest that this is respon- 
sible for the shape instability leading to 

spontaneous growth of spiral waves 
from an isolated perturbation or fluctu- 
ation in a homogeneous system. The 
model shows that the involute of a 
circle is not the only wave shape in 
which rotation and time translation are 

interchangeable (13) and makes plain 
that the pitch and velocity of a spiral 
chemical wave, like the wavelength and 

speed of plane, harmonic chemical 

waves, are completely dependent on 
chemical kinetics and diffusivities. 

Membranes can be washed and re- 
used. New wave patterns appear ran- 

domly; there is no evidence of "pace- 
maker centers" (6). The interaction of 
wave dynamics and membrane struc- 
ture can be studied (14). Figure 2 shows 

propagation across slits; the propagation 
is from top to bottom. When the wave 

velocity and slit length coincide in di- 
rection (as at the slit shown in the 

upper right in each photograph), waves 

propagate in phase along the slit. When 
a wave impinges on a slit obliquely the 
front divides and propagates out of 

phase along the edges. At the hori- 
zontal slit in Fig. 2, the branch prop- 
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the lower edge, as though the wave 
on the upper side has bridged the fer- 
roin-free gap. The most probable mech- 
anism is diffusion of mobile species; the 
estimated diffusion time for a slit 0.006 
cm wide and for D = 10-6 to 10-5 
cm2/sec is 3 to 30 seconds, in agree- 
ment with the observations. 

The dynamic state of a developing 
pattern can be halted and recorded per- 
manently by using a membrane pre- 
coated with silver bromide. As dynamic 
patterns develop, the areas occupied by 
oxidized ferroin blacken with precipi- 
tate. In water the darkened regions re- 
main and record the state of the pat- 
tern at the time of washing; see Fig. 3. 
Fixation yields examples of static pat- 
terns whose origins lie in the interac- 
tion of several dynamic processes. Pat- 
tern generation by interfering diffusion 
and chemical reaction underlies the 

theory of biological morphogenesis first 

suggested by Turing (15). 
J. A. DESIMONE 

D. L. BEIL 
L. E. SCRIVEN 

Department of Chemical Engineering 
and Materials Science, University of 
Minnesota, Minneapolis 55455 
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Crystal growth can occur from any 
nutrient medium: vapor, liquid, gel, or 
even solid (1). As an example of crys- 
tal growth in a solid, we find that solid 
metal films can provide a medium for 
the growth of semiconductors such as 
Si and Ge at temperatures well below 
those at which any liquid phase is 

present (that is, eutectic temperatures). 
For example, we have observed the 

crystal growth of Ge in Al films at 

temperatures as low as 100?C. In this 

case, the metal dissolves the semicon- 
ductor at one interface, transports it, 
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and permits it to grow into crystals at 
another location, with all processes oc- 

curring some 300?C below the eutectic 

temperature. 
In addition to the surprisingly rapid 

kinetics just noted, we find in evapo- 
rated films a naturally occurring and 
convenient driving force for the above 
reactions. In our earlier investigations 
(2) we have relied on a temperature 
cycle to obtain supersaturation of a 
solid metal solvent with Ge or Si and 
hence crystal growth; this is the famil- 
iar metallurgical process of saturating 
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Crystal Growth of Silicon and Germanium in Metal Films 

Abstract. Amorphous silicon in contact with silver films and amorphous ger- 
manium in contact with aluminum films form crystalline precipitates when heated 

to temperatures well below those at which any liquid phase is present. Crystalliza- 
tion occurs by an initial dissolution of the semiconductor into the metal film 
solvent followed by the growth of crystals out of the solvent. 
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.j .........;2-'r54;- The properties of the semiconductor- 
......i:ill metal films were analyzed by the back- .......... . . ... . ....... ......_. 

_ 
. ......... .. 

scattering of million-electron-volt 4He 
ions and by electron microprobe, scan- 
ning electron microscopy, and trans- 
mission electron diffraction techniques. 
The backscattering technique, used as 
a depth-sensitive microscope in mate- 

Ge lUm Al Substrate rial analysis (5), gives information on 
the distribution of mass in depth with 
a depth resolution of 100 to 200 A. 
Our backscattering measurements 
showed the amorphous Ge and Si films 
in the process of dissolving into the 
metal film during heat treatment. With 
sufficient heat treatment the semicon- 
ductor films are completely dissolved 

. :- .;7 by the metal film. Our electron micro- 
:... ...: ....-i.... . :S . .......probe investigations showed that the 

Ge and Si formed large precipitates 
1. View of a Ge/Al sample after within the metal with a lateral size of 
ig to 300?C for 1 hour. (A) A g to 300C for hour (A) A 

2,000 to 40,O0 A. Because of the ed surface shows Ge precipitates 
dded in an Al matrix. (B) The Ge ^large size of the precipitates, it is un- 
)itates after the Al matrix has been likely that they are formed during the 
d away. The scanning electron fast cool-down. Thus, both dissolution 
graphs were taken with 10-kev elec- and precipitation take place simultane- 
incident at 80? to the surface nor- 

r ously during the isothermal heat treat- The sample was prepared by deposit- 
l600 A of Al on 1800 A of Ge ment 
)rated on a Si substrate. The results of the electron micro- 

probe analysis were confirmed by scan- 
ning electron microscopy, which 

solute at a fixed temperature fol- showed in addition that the precipitates 
d by cooling to obtain supersatura- had nearly the same thickness as the 
In the work presented here, how- composite film. Figure 1A shows a 
we have utilized the higher free Ge/Al sample held at a temperature of 

;y of amorphous Ge (3) or Si as 300?C for 1 hour that was cleaved in 
)ared to their single-crystal coun- liquid N2 to prevent smearing of the 
rts to provide the driving force Al. The view of the cleaved surface 
upersaturation and crystallization. shows the Ge embedded in an Al ma- 
mples were prepared in an ion- trix. Figure 1A also clearly shows that 
)ed system by evaporating either the surface is flat. Figure 1B shows the 
Ge at pressures of approximately same sample after the metal film had 
torr onto substrates held at room dissolved, leaving the precipitates ex- 

erature. The evaporation condi- posed on the surface. This reveals 
were such that amorphous films again the "island" nature of the precipi- 
produced (4). In the same pump- tates formed on the Si substrate. 
operation the amorphous films Figure 2A shows an image of a Ge 
overcoated with evaporated metal precipitate, and Fig. 2B shows the cor- 
rrm Ge/Al and Si/Ag composites. responding transmission electron dif- 
thickness of the Ge films ranged fraction pattern. These results clearly 
een 50 and 2000 A, and the Al indicate the crystalline nature of the 
were held approximately constant precipitate. Measurements of the chan- 

ickness at 4000 to 5000 A. The Si neling effect indicate that the majority 
were 300 to 2000 A thick, and of the crystallites have not grown epi- 

kg films were about 2000 A thick. taxially. 
r the evaporations had been com- In summary, we find that the crystal- 
d, the samples were immediately lization of an amorphous film in con- 
Ad and quenched in a dry N2 tact with a suitable, evaporated metal 
sphere. For the samples described can proceed by way of the dissolution 
process temperatures were 300?C of the amorphous material into the 

3e and 700?C for Si. However, metal solvent followed by the growth 
reactions were observed to occur, of crystals out of the solvent. The re- 
ugh more slowly, at temperatures action proceeds at temperatures sub- 
)w as 100? and 400?C, respec- stantially below those at which any 
r, for these two systems. liquid phase is present. 
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Fig. 2. (A) View of a Ge precipitate 
stripped from a Ge/Al sample after heat 
treatment at 300?C. (B) The transmis- 
sion electron diffraction pattern from the 
same specimen. 

Note added in proof: Transmission 
electron microscopy and diffraction 
studies of the evaporated Si and Ge 
films now clearly show these films to 
be amorphous. 
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