
PHYSICAL REVIEW A VOLUME 44, NUMBER 12 15 DECEMBER 1991

Formation of dense branching morphology in the crystallization of Al-Ge amorphous thin films
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The crystallization of Al-Ge alloy amorphous thin films reveals a unique„dense branching morpholo-

gy. Such morphology is found in other systems, i.e., electrodeposition and the Hele-Shaw cell, but so far
this is the only known case in the field of materials science. A detailed description is given of the struc-
ture, morphology, and composition of the crystallized Glms and of the material processes that are in-

volved in the crystallization of the Al-Ge alloy, and which are responsible for the unique morphology.
The role played by dijt'usion is particularly emphasized.

PACS number{s}: 64.60.—i, 61.16.Di, 68.35.Fx, 68.55.Jk

I. INTRQDUCTIQN

The subject of "pattern formation" has been studied in-
tensively during the last few years. This term is used to
describe the morphology that is created during the front
propagation of a phenomena and during the growth of a
cluster, while subject to stable perturbations. One of the
main motivations for these studies was the fractal dimen-
sionality of the patterns, while another one was the
universality of patterns that are created in different physi-
cal systems. The universality of the patterns can be best
seen in a table published by Vicsek and Kertesz [1], in
which three physical systems are presented: (a) two-
dimensional electrodeposited clusters; (b) the viscous
fingering in a Hele-Shaw cell; (c) the crystallization of
liquids or amorphous materials. Each of these three sys-
tems exhibits similar morphologies, which are of three
types: (i) the dentritic morphology, in which the anisot-
ropy is a determining factor; (ii) the diffusion-limited ag-
gregation (DLA) morphology, with a fractal dimension of
1.67; (iii) the dense branching morphology (DBM), with a
dimension of 2.0, in which usually the inhuence of surface
tension is observed.

The recently available large computation capability has
been used to construct models for pattern formation in
parallel to the laboratory experiments: The DLA mor-
phology could be simulated, showing good similarity with
experimental results [2], while by introducing different
sticking coefficients, the infIuence of the surface tension,
which represents noise reduction, could be demonstrated,
and by introducing an anisotropic sticking coefficient, a
dentritic morphology was simulated [3]. Recently it was
shown that changing the diffusion length results in
changing the object's dimension [4].

In the first two of the physical systems mentioned
above the study is ad hoc and mainly concerned with
geometrical aspects, while in the system of crystallization
it forms part of phase-transition studies and has techno-
logical implications. The study in the latter system is
concerned both with geometrical and thermodynamical
aspects, the mechanism of the process and the micros-
tructure of the material after crystallization. In this sys-
tem only two of the morphologies mentioned above has
been studied so far: The dentritic morphology has been
known for a long time, but it is still the subject of many
studies [5—7]. The DLA morphology is known only from
very limited cases of crystallization of amorphous materi-
als [8—10]. The formation of the dense branching mor-
phology in materials science that enables intensive studies
has been obtained for the first time in the present work of
the crystallization of Al-Ge amorphous thin films

[8,11,12].
The role played by stable perturbations in the forma-

tion of these morphologies was first given by Mullins and
Sekerka [13], who studied liquid-solid phase transitions,
giving rise to the dentritic morphology. They showed
that if the planar front of a solid is propagating in the
liquid under a field gradient (either of temperature in a
pure substance or of concentration in a binary alloy) it
will suffer from perturbations that are stable at a wave-
length, that decreases with increasing propagation veloci-
ty of the growth front and with decreasing surface ten-
sion. The authors asserted that these stable perturbations
are the origin of the dendrites often observed in crystals.
For the growth of circular solids they found that the per-
turbation becomes stable when the diameter of the solid
is seven times greater than that of the critical stable nu-
cleus.
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The crystallization of amorphous films has been inten-
sively studied since the discovery of the amorphous metal
glasses. In studies of the crystallization process, the
amorphous films have the following advantages over
liquids: (i) the process can be studied by in situ electron
microscopy; (ii) the process can be stopped at intermedi-
ate stages for examination of the interface between the
amorphous and crystalline phases, i.e., chemical analysis.
In particular, the Al-Ge amorphous films have been
found to be of interest for the following reasons: (iii) de-
pending on the crystallization temperature, the growth of
the crystalline phase can be as slow as a few angstroms
per second; (iv) phase separation of Al and Ge is involved
in the crystallization process; (v) the morphology of the
crystalline phase is unique and can be modulated accord-
ing to the crystallization temperature.

In previous studies of the slow crystallization of Al-Ge
alloys the formation of colonies tens of micrometers in
size was observed [14,15]. They contained small Al and
Ge crystals. Koster [14] had pointed out the existence of
an Al layer that surrounds these colonies through which
Ge atoms diffuse for further growth. We had shown that
this diffusion process leads to a branched morphology of
the Ge core [12,16].

II. EXPERIMENTAL PROCEDURE

Thin films, 550 A thick, of Al Gei „(0.4&x &0.55)
were prepared by simultaneous evaporation of Al and Ge
from two electron-gun sources in vacuum of 10 torr.
Two quartz thickness monitors were used, each placed in
a pipe directed either toward the Al or the Ge sources.
The evaporation rate of each element was about 4 Ajs.
The substrates are microscope slides covered with
smooth soluble material, held at room temperature. Due
to geometrical considerations —the distance between the
Al and Ge sources, the 75-mm length of the substrate,
and the distance between the sources and the
substrate —the concentration of the component varies
along the slide up to a maximum of 10—15%%uo at the far
edges. By cutting the glass into ten pieces, samples with
difFerences of only 1 —1.5%%uo could be obtained, each piece
of glass supplied 10—20 identical samples of the thin
films. The samples were mounted on 200—400 mesh grids
of copper or nickel, the 400 mesh grid having the advan-
tage of good thermal contact, while the 200 mesh grids
have a large open area that is essential for EDS measure-
ments.

The films were examined and heated in a transmission
electron microscope (TEM) Philips EM300. A brief
description of the TEM examination procedure, which is
essential for the picture analysis, is given here. A high-
voltage electron beam is transmitted through a thin film,
and is partially diffracted as it passes areas that are in the
proper Bragg condition. An aperture is placed in the
back focal plan to let either the transmitted or a
diffracted beam pass through it and to contribute to the
bright- or dark-field pictures, respectively, which are
formed by the electromagnetic lenses. The contrast in
the bright-field picture arises as a consequence of
difFerences in scattering for difFerent materials (the higher
the atomic number, the higher the scattering) and

differences in the diffraction conditions. In the dark-field
picture only the areas that diffract towards the aperture
will be seen as bright, while the general field of view is
dark.

The samples were heated during observation by using a
commercial heating holder. The temperature is mea-
sured by a thermocouple that is placed in the furnace
body. The measured temperature in the thermocouple
differs from the temperature of area under observation as
a result of heating this area by the electron beam, which
is used for observation, on one hand, and as a result of
finite-heat conduction by the grid and the film itself, on
the other hand. Due to its small thickness, the film is
buckled and is not in good contact with the grid every-
where; therefore, it is most useful to tilt the sample
around an eucentric axis in the microscope in order to
find a place in which the film and the grid are in the same
plane, i.e., in good contact. The above sources of inaccu-
racies in temperature measurement, which are of oppo-
site sense, give a total inaccuracy of 10'C in measure-
ments of the absolute temperature, but by working on the
same open square of the grid under the same beam condi-
tion, the relative inaccuracy is only 1 'C (for further de-
tails see Ref. [17]).

The crystallization process was recorded by a sequence
of photographs, each of them taken at an exposure time
of a few seconds. Analysis of small areas, of about 1000
A in diameter, were obtained by the x-ray energy disper-
sive spectroscopy technique (EDS) on partially crystal-
lized films.

III. RESULTS AND DISCUSSION

A. The structure of the initial films

The as-prepared Al„Ge&.
„

films, with x up to 0.55,
were found to be amorphous, as is indicated by the broad
halos in the electron-diffraction patterns. Films with
higher Al concentration were found to be of granular
structure, i.e., they contained small Al crystals embedded
in an amorphous matrix. Here we will describe the
crystallization of amorphous films; that of the granular
films will be described elsewhere. Heating these films to
temperatures of 230 C or above results in their crystalli-
zation by nucleation and growth of colonies, which will
be described in the following paragraphs.

B. The structure, morphology, and composition
of the colonies

The colonies obtained by nucleation and growth during
the crystallization of the amorphous Al-Ge films were
nearly round, tens of micrometer in diameter. Such a
colony is seen in Fig. 1. It consists of an Al-rich single-
crystal matrix and a Ge polycrystalline core, composed of
crystallites hundreds to thousands of angstroms in size.

The Ge core has a dense branching morphology
(DBM). It is composed of branches, each starting with a
certain minimal width, which increases during the
branch's growth until it splits into two or three thin
branches of the minimal width. Some of the branches
stop growing, while those that keep growing come closer
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to each other so that the core's dimension is two. The
minimal width of the branches is probably determined by
the Ge-Al surface tension, while the splitting is due to
Mullins-Sekerka instabilities.

A dark-field image constructed by Ge diffraction spots
shows that most of the Ge crystals are much smaller than
the minimal branch width and a few of them are as large
as the Ge branches (Fig. 2). The big Ge crystals tend also

FIG. 2. A dark-field image created by a Ge diffracted beam.
The core branches contain many small Ge crystals and a few
large ones, which tend to broaden and to split.

FIG. 1. (a) Electron micrograph of a typical Al-Ge colony
surrounded by the amorphous phase. The dark core consists of
polycrystalline Ge, which forms a dense branching morphology.
The surrounding bright area is an (almost) single crystal of Al.
It should be pointed out that the Ge is completely surrounded
by Al; the dark regions that are seen to connect the Ge with the
amorphous phase are actually rising from electron reAection in
the Al crystal. The inset is an electron-diffraction pattern of the
colony, indicating the microstructure of the components. (b)
Schematic drawing explaining the microstructure and composi-
tion of the colony. Zone 1 is the amorphous phase in which the
Al crystals grow. Zone 2 is the Ge core. Zone 3 is the Al single
crystal in which the Ge core grows. 3(a) are the "fjords" be-
tween the Ge branches. 3(b) is the Al rim which separate the
Ge core from the amorphous phase. 3(c) are small Al crystals
embedded in the Ge core, they have the same crystallographic
orientation as the Al crystal which surrounds the Ge core.

to get broader and to split as they grow, but there is no
one-to-one correlation between the Ge crystal and the
branch splitting. It seems that the branches supply an
envelope in which the Ge crystals nucleate and grow,
while the larger Ge crystals are identical with the branch
width.

The Al-rich single-crystal matrix completely surrounds
the Ge core in the form of a rim and is also present in be-
tween the Ge branches, giving the impression of a
"fjord-like" structure. Small disconnected Al crystallites
are also present inside the Ge core. They have all the
same orientation as the Al rim and fjords, as indicated by
the fact that the electron-diffraction pattern of the com-
plete colony (Fig. 1 inset) contains only Al arced spots.
This is also confirmed by the dark-field image formed by
an Al diffracted beam. It is clear that these crystallites
stem from the same Al matrix. A high magnification mi-
crograph of the boundary of the Al rim with the amor-
phous phase shows that it is very rough, at a scale of tens
of angstroms (Fig. 3). It seems that the instabilities are of
short range.

A quantitative analysis of the composition was ob-
tained by the micro-x-ray energy dispersive analysis on

0
spots of 1000-A diameter in three different areas: (a) in
the amorphous phase, at various distances from the
colonies; (b) in the Al rim; (c) inside the Ge core. A
schematic distribution of the Ge concentration is seen in
Fig. 4.

(a) It was found that the Ge concentration is uniform
in the amorphous phase, and is equal to the initial con-
centration (about 50%) even at spots touching the colo-
ny. This result is in disagreement with the classic model
of crystallization from the liquid state, in which a con-
centration gradient is expected. It indicates that the Al
difFusion length, if it exists at all, is very small, probably
on a scale of tens to hundreds of angstroms, in agreement
with the short range of Al front instabilities mentioned
above.
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concentration of the small Al crystals that are present in-
side the Ge core [Fig. 1(b)].

The average Ge phase distribution as a function of the
radial distance from the edge of the colony is plotted in
Fig. 5. It represents the area-weighted average between
the two phases present: the Al-rich matrix and the
branched Ge core. The Al rim width (g) has been
defined as the distance in which the core concentration
decreases from 0.6 to 0.1.

No topographical features were detected on the film
surface, except for some kind of dirt from inhomo-
geneities visible in the center of the colonies; they prob-
ably provide the nucleation sites.

C. The nucleation and growth of the colonies

FIG. 3. The boundary between the Al and the amorphous
phase at high magnification, showing the instabilities on the
range of tens of angstroms.

(b) The Al rim was found to contain 9—12 at. % of Ge.
As no isolated Ge crystals could be detected in the Al
matrix by dark-field microscopy, it is concluded that the
Ge is present in the Al as a solid solution. Such a con-
centration of Ge is much higher than that expected for
the solid solution according to the equilibrium phase dia-
gram. The high Ge concentration is explained by the ex-
tension of the solidus lines below the eutectic tempera-
ture [16]. Such an extrapolation is justified by two
reasons: (i) the samples were initially quenched from the
gas state, and during crystallization the temperature was
not raised to the eutectic temperature, so that a steady
state was never achieved, and (ii) the concentration
deducted from this extrapolation is in agreement with the
experimental results.

(c) The Ge core was found to contain on the average
about 20 at. % Al; this value corresponds to the relative

The nucleation of the colonies occurs, mostly on the
supporting grid and not in its open area. It is not clear if
the metal contact is promoting the nucleation or if nu-
cleation occurs on the supporting grid as a result of heat
conduction considerations. As the nucleation of colonies
is a rare event, it was impossible to "catch" a nucleation
event under the field of view at high magnification. Such
a study was obtained for films with higher A1 concentra-
tion in which the nucleation rate is significantly in-
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FIG. 4. A schematic distribution of the Ge concentration in
di6'erent areas inside and outside of the colony.

FIG. 5. Area weighted average Ge phase distribution as a
function of the radial distance from the edge of the colony. The
average rim width g' is defined as the distance for which the
average radial Ge phase distributions vary from 60%%uo to 10%.
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creased, and will be presented elsewhere. In the studies
of the presented samples, the nucleation was observed un-
der low magnification, so that the minimum colony size
that could be detected is of 2—3 pm in diameter. On the
other hand, these samples give good opportunity for the
study of the growth process because once the colony nu-
cleates, it grows a long distance.

Let us follow how such a colony grows. Figure 6
shows a colony at different stages of its growth. In Fig.
6(a) the colony is first detected at diameter of 3 pm. It
contains a mixture of Ge and Al crystals, with no Al rim
in its surrounding or branched cores. As the colony
grows, the surrounding rim is developed [Fig. 6(b)] and
increases up to a certain width [Fig. 6(c)], thereafter, the
Al rim width remains constant. The Al rim width (g) as
a function of the colony radius is seen in Fig. 7. The
splitting of the Ge core starts when the Al rim reaches its
maximum width [Fig. 6(c)].

The growth velocity of the colony is constant at a fixed
temperature, independent of its radius (Fig. 8). The fiuc-
tuations in the velocity value around the average one, ob-
served in Fig. 8, are probably due to the nucleation and
growth events of the Ge crystals. Such an idea is sup-
ported by the interpretation of Raz, Lipson, and Polturak
[18]of their measurements of the growth velocity fiuctua-
tions in ammonium chloride dentrites. The fluctuations
of the velocity are more pronounced for small colonies in
which the Ge big crystal size is comparable with the colo-
ny radius.

The processes involved in the colony growth are the
following.

(i) The growth of the Al single crystal ma-trix in the
amorphous phase. This growth process has either no
diffusion length or a very short one, as is indicated by the
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FIG. 6. The di6'erent stages in a colony growth. (a) shows
the colony when it is first detected: it consists of a random mix-
ture of Ge and Al crystals; no Al rim or Ge branched core is
seen. A narrow Al rim can be seen in (b), whose width increases
up to a certain value seen in (c); thereafter, the Al rim width is
constant. The branching of the Ge core starts when the Al rim
width reaches its maximum value [ic)].
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FIG. 7. Dependence of the Al rim widths on the colony ra-
diuses. The splitting of the Ge core starts as the Al rim widths
reaches its equilibrium value.

lack of gradient concentration in the Al stable front and
by the short length scale roughness of its surface —tens
to hundreds of angstroms.

(ii) The nucleation and growth of Ge crystals. The nu-
cleation of new Ge crystals occurs on the existing Al-Ge
interface: no isolated Ge crystal was ever found. It
seems that while the Al-Ge surface tension is low enough
to enable the ramified structure of the Ge core, on one
hand, it is not low enough to enable random nucleation of
Ge crystals, on the other hand. These limitations of the
Al-Ge interface are essential to the creation of the dense
branching morphology of the Ge core inside the Al ma-
trix.

(iii) The diffusion of Ge through the Al rim As the . Ge
core is completely surrounded by the Al rim, its further
growth depends on Ge atoms supplied from the amor-
phous Al-Ge phase. This Ge is supplied by diffusion
through the Al rim, as can be concluded by the Laplacian
morphology of the core. It was clearly seen that the Ge
core growth occurs at the branch tips, which are nearest
to the amorphous phase, i.e., where the continuous Al
rim is narrowest.

The expected relation between the colony growth ve-
locity ( U ), the Al rim width ( g), and the diffusion
coefficient of Ge in Al (D) is U =Djg. This relation was
verified through temperature-dependent measurements,
as will be seen in the next paragraph. It is interesting to
note that the velocity (U) (Fig. 8) and the Al rim width g
(Fig. 7) are constant during the colony growth, except for
the very small colonies, in which the Al rim has not yet
developed to its "mature" width. It shows how essential
the creation of the branching morphology of the Ge core
is for the continuous growth of the colony. If no splitting
into branches occurred, the Al rim width would increase,
as more and more Al would be rejected during the cry-
stallization, and further growth of the colony would be
slowed down, contrary to the observation. By its
branched morphology, the Ge core can be locally kept at
constant distance (g) from the amorphous phase —the
source of the Ge atoms. It can be concluded that the
reduction in the system's energy due to the crystallization
is higher than the surface energy involved by the ramified
morphology.
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FIG. 9. A comparison between the dependence of colony
growth velocity v and the ratio of D/g (D, diFusion coefficient
of Cxe in Al; g, the Al rim width) on temperature.

Crystallization of the Al-Ge amorphous films at
230—350'C by slow-rate heating, using the furnace, re-
veal the colonies described in the previous sections whose
growth velocity increased with crystallization tempera-
ture while their inner characteristic length scale de-
creased. Heating to higher temperatures and/or heating
at a high rate by the electron beam reveal difFerent mor-
phologies, as well as the creation of unstable phases; nei-
ther issue will be described here. The growth velocity
was found to increase exponentially from few angstroms
per second at the low range of temperatures to few mic-
rons per second at the high range of temperatures (Fig.
9). From the slope of the graph, an activation energy of 3
eV was found for the colony growth process. The Al rim
width (g) was found to decrease as the crystallization
temperature increases. The relation D/g has also been
plotted in this figure. D the difFusion coefficient at vari-
ous temperatures, was taken from Ref. [19]. A compar-
ison in Fig. 9 between the temperature dependence of the
growth velocity and the relation D/g shows that they

have the same slope and that the relation v ~ D /g is
indeed verified.

The Ge crystal size also decreases as the crystallization
temperature increases, i.e., there are more Ge crystal nu-
cleation events during the colony growth. This means
that the Ge crystal nucleation rate increases with temper-
ature faster than the total crystallization rate, i.e., the
colony growth velocity, ' in other words assuming an ex-
ponential dependence of nucleation rate with tempera-
ture, the activation energy is higher. A quantitative mea-
surement of the number of Ge crystals for a given area as
a function of temperature [in order to find the nucleation
rate (N) dependence with temperature] is difficult to ob-
tain because of the confusion in the dark-field image
analysis of many bright spots either as small crystals or as
a part of a bigger one which contains defects or strains.
However, it was possible to obtain a comparative mea-
surement of the number of Ge crystal for the extreme low
and high crystallization temperatures. It was found that
by increasing the colony growth velocity 250 times, the
Ge crystal number in the same area increased by 7.5
times, which gives the relation X=U' . This result is in
good agreement with the relation v =(ND)'~, which re-
places v =&BD in the theory of Alexander et al. [16] by
assuming that the reaction rate B is equal to the nu-
cleation rate (N) and by taking the relation D =v'~ .
This relation was found by comparing the dependence of
U on temperature according to our finding and the depen-
dence of D on temperature according to Ref. [19].

A comparison can be made between the formation of
the dense branching morphology and the eutectic
solidification. One of the unsolved questions in eutectic
solidification is the mechanism of phase separation that
takes place in the liquid in order to form the lamelar
morphology. It seems that there exists a thin layer at the
solid-liquid boundary in which the separation takes place
[20]. In a liquid-solid transition, an observation of such a
layer is impossible due to dynamical processes that occur
at high temperatures. A procedure to study the eutectic
process was developed, in which the samples are rapidly
quenched after they are partially solidified. Using this
procedure in a study of the Ge-Al alloy, Hellawell [21]
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found that a thin Al layer exists between the solidified
area and the liquid-quenched one. He had interpreted
this thin layer as a consequence of the quenching process.
The results of the present work on the crystallization of
amorphous Al-Ge alloys suggest that this layer exists
during the solidification and plays a role in the mecha-
nism of phase separation. Similar results were found dur-
ing the austenite-to-ferrite phase transition by Fisher and
Darken in the 1960's. They found that when y-Fe phase
that is rich in carbon decomposes into a-Fe and Fe3C, a
Fe layer exists between the phases through which the C
atoms diffuse to form lamelai of Fe3C [22].

A unique morphology was created during the crystalli-
zation of amorphous Al-Ge films. The morphology is
similar to the dense branching one, known from Hele-
Shaw cell and electrodeposition systems. The main pro-

cess that is responsible for this morphology is the
di6'usion of Ge atoms through the Al rim from the amor-
phous phase to the branched core in the crystalline
phase. The splitting of the Ge core is essential for the
continuous growth at constant velocity, as it creates a
constant width of the Al difFusion barrier. The similarity
of this morphology to the eutectic one is pointed out,
suggesting the role that a thin layer can play in the phase
separation.
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