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We report measurements on the branched morphology of the Ge core which grows inside the Al
crystal during the crystallization of Ge:Al thin films. We quantitatively characterize this morphology
by (i) two length scales A1 (the branch width) and A (the branching distance) which are perpen-
dicular and parallel to the growth direction and (ii) the typical angle § between the branches. We
find a qualitative similarity between films with various component concentrations and crystallization
temperatures. However, these parameters influence the two length scales in a different fashion, thus
influencing the angle between the branches. We further find that A, ~ v~'/* while A depends

more weakly on v (A ~ vV %), where v is the growth velocity. Finally, we propose a model that
combines features of the Eden model (for the growth of the .\l crystal rim) and the diffusion-limited
aggregation model (for the growth of the branched Ge fingers). The predictions of the model are

compared with our experimental data.

PACS number(s): 68.70.+w, 68.35.Fx, 81.35.+k, 61.16.Bg

I. INTRODUCTION

A branched morphology which is unique in the field of
materials science was discovered recently [1,2] as a part
of a research project on the crystallization of amorphous
Ge:Al thin films (see Fig. 1). These films afford a good
opportunity to observe the crystallization process in situ
by electron microscopy. Such observations supply infor-
mation on two aspects: (i) the crystallization process
which, due to its small velocity, can be followed even
at high magnifications and (ii) branching morphology,
which has been a subject of intense study in recent years.
Most interestingly, the experimental system allows for
direct study of the relationship between the microscopic
process and the global morphology.

Experimental [2,3] and theoretical [4] studies reveal the
following scenario for the creation of this unique morphol-
ogy.

(i) Al crystals, tens of micrometers in diameter, spon-
taneously grow “colonies” in the Ge:Al amorphous phase
matrix which contains a typical Ge concentration of
50%. The interface of the crystalline Al and the amor-
phous phase was examined by high-resolution electron
microscopy and by electron nanoprobe x-ray analysis,
and was reported to be fractal, with fractal dimension
dy = 1.2 [3]. The homogeneity of the concentration of
Ge in the Al:Ge amorphous phase (even very close to the
boundary with the Al rim) suggests that diffusion has no
significant role in the growth of the Al crystalline phase.
Accordingly, the Eden model may be relevant for charac-
terizing the Al crystal growth. In qualitative agreement
with expectation based upon the Eden model, “pockets”
of amorphous phase are found in the crystalline Al matrix
near the interface [3].

(ii) The Al crystal is saturated by Ge, the concentra-
tion of Ge near the boundary being ~ 10%. However,
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the majority of the Ge is found as a crystalline core in-
side the Al crystal forming a dense (nonfractal) branched
morphology (Fig. 1). The diffusion of Ge atoms from the
amorphous phase into the Al rim is the key formation
mechanism for this Ge core morphology. Experimental
support for the idea that Ge diffuses in the Al crystalline
phase was reported [1,2]. Specifically, we found the same
temperature dependence for two quantities, growth ve-
locity and ratic D/ (where D is the diffusion coefficient
and £ is the width of the Al “rim” surrounding the Ge
“core”).

(iii) We found the Ge core to be polycrystalline, indi-
cating that nucleation of new Ge crystals occurs during
its growth. The measurable parameter “nucleation rate”
of the Ge crystals replaces [1,2] the parameter “reaction
rate,” which was introduced to describe the Ge growth
probability [4]. The Al crystal and the Ge core grow
at constant velocity v with constant rim width £&. The
growth of both Al crystal and Ge core is coupled: the
amorphous phase contains typically 50% Ge, while the
Al crystal only 10%, so the saturated Al cannot grow
further unless the excess Ge diffuses and sticks to the Ge
core. On the other hand, the branching of the Ge core
enables part of it to be at constant distance from the
amorphous phase; if the Ge core would grow as a com-
pact object, then this distance would increase, and as the
process depends on diffusion through this increasing gap,
it would slow down.

In the field of pattern formation, two principal mod-
els are used to create aggregates: the Eden model, in
which diffusion plays no role, and the diffusion-limited
aggregation (DLA) model, in which diffusion is the deter-
mining feature [5]. The Eden aggregate is characterized
as a compact cluster with a rough surface; the diffusion-
controlled aggregate exhibits its characteristic branching.
Both models have recently undergone intensive study, in
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FIG. 1. Electron micrograph showing dense branching
morphology of Ge,Al;_, alloys prepared with two different
relative concentrations of Ge and Al: (a) z = 0.6 and (b)
x=0.5. The resulting colony morphologies are qualitatively
similar but differ in detail: in (a), there appear elongated
branches without much branching, while in (b), the angles
between the branches are larger and more branching occurs.

some modification of the principal rules governing their
generation.

A classification of diffusion-controlled clusters in vari-
ous systems was given in Fig. 1 of Ref. [6]. A number
of systems (e.g., Hele-Shaw cell, electrodeposition, and
crystallization of materials) reveal one of three types of
branching morphology: fractal, dense, or isotropic. Re-
cent studies on quantifying the DLA cluster anatomy
have been carried out [7-9]. For example, the branch-
length distribution was studied by Ossadnik [7] and Al-
strgm [9]. Ossadnik [7] and Nittmann and Stanley [8]
measured the average angle between DLA branches (and
found 38° and 35°, respectively).

Following up on our previous studies [2,3] on Al:Ge
thin films, we report here on the geometrical measure-
ments which are obtained on the morphology of the
branched Ge core that grows inside the Al crystal. These
measurements supply a basis for quantitative comparison
with branched morphologies in other systems. In par-
ticular, we introduce two characteristic lengths A and
Ay, perpendicular and parallel to the growth direction.
Unequal changes of these length scales arising from tun-
ing experimental parameters (such as crystallization tem-

perature or concentration of the two components) corre-
spond to the underlying self-affinity of the problem. We
shall discuss microscopic models that may be relevant to
describing the experimental growth process and propose
a specific lattice model that takes into consideration the
characteristic features of the crystalline phase growth.
The result of computer simulations of the model reveals
a new generic shape that can be compared with the ex-
perimental results.

While an accurate analysis can be carried out for model
systems, the analysis of experimental branched morphol-
ogy is somewhat more difficult, because for typical exper-
iments in the pattern formation field, the experimental
clusters contain few orders of branching. However, the
branched morphology in the present experimental study
is of relatively high scale, i.e., each cluster contains hun-
dreds of branching events thus supplying a sufficient basis
for statistical studies. Furthermore, as the study is from
materials science field, it is based on the well established
techniques, which allow one to carry out well-controlled
experiments.

II. EXPERIMENT

The method of preparation and the crystallization of
the amorphous thin films of Ge:Al alloy is described in
detail elsewhere [2], and we will give here only the most
relevant information. Thin films of Ge Al;_, (0.45 <
r < 0.60) (of thickness ~ 500A) are prepared by co-
evaporation of the elements. After complete dissolution
of the substrate, the films are mounted on electron mi-
croscope grids. Electron diffraction indicated that their
structure is amorphous. The films are homogeneously
heated with a special furnace in the electron microscope
to a specific temperature in the range of 250-300° C, a
temperature in which crystallization occurs. We per-
formed crystallization of Ge-Al films with various element
concentrations for a range of temperatures (held constant
during the crystallization process). We find qualitatively
similar dense branching morphologies, which differ from
one another only in the quantitative details (Fig. 1).

In order to quantify the morphology, the following pro-
cedure is used (Fig. 2).

(1) The contours of the branches are plotted [Fig. 2(b)].
This stage sometimes requires judgement, since some
branches recombine after growing independently for some
distance. When this “recombination distance” is very
short, a holelike structure is produced [Fig. 2(d)].

(ii) The central lines of the branches are drawn in this
contour map, producing a “skeleton” [Fig. 2(c)] for which
the following measurements are taken.

(a) The branch width A, which is the characteris-
tic length scale perpendicular to the growth direction,
is measured by counting the number of branches of the
skeleton which cross an imaginary line perpendicular to
the growth direction.

(b) The distance A between branches, a characteristic
length scale parallel to the growth direction, is measured
by counting the number of nodes (bifurcations) along the
main branches.

(¢) The angle 0 between the branches is measured. We
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find that many branches tend to bend after some dis-
tance toward the growth direction, so we measured the
angles “locally” at the roots of the branches, and thereby
obtained the distribution of angles between the branches.

From our transmission electron micrographs, all three
measurements are made on samples having various con-
centrations. Each sample is crystallized at two distinct
temperatures: one extremely low and the other extremely
high. For some values of concentration, measurements
are made at many different values of crystallization tem-
perature.

Figure 3 shows the dependence of the two character-
istic length scales A, and A on the growth velocity
v = dR/dt where R is the mean radius of the colony.
Figure 4 shows the dependence of the angle 6 between
branches and the length scale ratio A, /A as a function
of concentration for low and high crystallization temper-
atures. We emphasize that the low and high crystalliza-
tion temperatures are not identical for different concen-
trations, since the range of crystallization temperatures
varies with concentration.

FIG. 2.

(d)

The procedure of analyzing the length scales and angles between branches in the branched Ge core. (a) An electron

micrograph of a representative colony studied in this work. (b) The contour scheme used for analyzing the branches in the
colony. (c) The central lines in the contour creating the “skeleton” used in the present analysis. (d) A high magnification
electron micrograph, demonstrating the difficulties in the determination of small branches due to confusion between branching

events and holelike structure.
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FIG. 3. Log-log plot showing the dependence of the two

different characteristic length scales Ay and A on growth
velocity v. The slopes are, respectively, 1/4 and 1/6; note
that the data points supporting slope 1/6 is fewer in number
than supporting 1/4.

III. MODEL

The principal physical features of the growth mecha-
nism, as discussed in the Introduction, are the following.
(i) Formation of Al crystal from the Ge:Al amorphous
phase. No diffusion of Al takes places during its growth,
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thus suggesting that the Eden model would be appropri-
ate in describing the Al growth [3].

(it) Formation of the Ge core inside the Al crystal. Ge
atoms diffuse from the amorphous phase inside the Al
crystal and stick to the Ge core [2].

(113) Coupling of the Al and Ge growth. The saturated
Al crystal cannot grow further unless the excess of Ge
has diffused and stuck to the Ge core.

In this section, we propose a model that incorporates
features of the Eden model for growth of the Al crystal
and of DLA for growth of the fingers comprising the Ge
core. A computer simulation is devised to demonstrate
the above processes and to test the model.

The model is defined as follows.

(i) To simulate the amorphous phase, a random distri-
bution of Ge and Al is created by assigning the pixels of
a square lattice to be Ge with probability p and Al with
probability 1 — p.

(ii) An Al interface is advanced into the amorphous
phase according to the Eden model with the following
restrictions: if the interface advances into Al atom, then
the Al atom becomes part of the Al crystal. However,
if the Al interface advances into Ge atom, the Ge atom
is released into the Al crystal and begins to undergo a
lattice random walk confined to the Al crystal.
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roughly 35°, similar to the angle found for
DLA [7-9]. Shown in the inset is the his-
togram of angles for the same two tempera-
tures. (b) The dependence of the ratio A /A
on Al concentration for the same two extreme
values of crystallization temperatures.
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(iii) The Ge atoms continue to diffuse in the Al crystal
and irreversibly aggregate to form the Ge core, resulting
in a fingerlike pattern.

(iv) At each unit of time, we move all Ge random walk-
ers and attempt to move the interface at a randomly se-
lected fraction p; of the interface sites. The parameter
p; corresponds to the ratio between the growth velocity
and the diffusion coefficient, since in one unit of time we
move all Ge but only a fraction of the interface sites.
Thus a small v/D ratio corresponds to a small value of
the parameter p;.

(v) The coupling of the Al and the Ge growth due to
the limited solubility of Ge in the Al is simulated as fol-
lows. If the diffusing Ge atom hits the interface between
crystalline Al and the amorphous phase, it is reflected
and, moreover, the site on the interface which is hit be-
comes “frozen”—for each site on the interface, we cal-
culate the number K = n, — Rn,, where n; counts the
number of times this interface site is hit by Ge random
walkers, n, is the number of attempts to move the inter-
face at this site, and R is a tunable parameter. If by the
time of the current attempt K < 0, then the interface is
advanced; otherwise, the value R is subtracted from K
and the interface stays in place. This rule is designed to
model the solubility of Ge in Al crystal. It can be justi-
fied as follows. In one unit of time, the probability that
a site on the interface will be hit by a Ge random walker
is ¢;/4, where ¢; is the concentration of Ge walkers oc-
cupying sites that are nearest neighbors of the interface.
Thus in t units of time, ny = tc;/4. On the other hand,
the number of attempts to move an interface is given by
ng = tp;. The constraint K = n; — Rn, < 0 implies that
¢; = 4Rp;. Thus we relate the concentration of Ge near
the interface to the parameters of the model.

(vi) The Ge nucleation rate is modeled as follows.
When the Ge random walker hits the Ge aggregate it
sticks with a sticking probability that depends on the
curvature. If the local curvature is negative, then the
sticking probability is given by the parameter p,, while if
the curvature is positive, then the sticking probability is
set equal to €, where € = 0. The curvature of the inter-
face is calculated according to Viscek’s algorithm [6,10]
suitably modified to reduce artificial anisotropy and the
relaxation of the aggregated particle is allowed to avoid
porosity of Ge aggregate [10]. Since temperature influ-
ences diffusion rate and reaction rate differently, we can
simulate the influence of temperature by keeping the dif-
fusion rate constant [see rule (iv)] and changing the re-
action rate (i.e., sticking coefficient p,).

Figure 5 shows the results of simulations based upon
the model. Qualitatively, the picture is in very good
agreement with the results of experiment for correspond-
ing Al concentrations. The absolute values of Al concen-
tration for the aggregates of the same morphology dif-
fer from model and experiment: In the experiments the
phases of Ge and Al crystals are not pure but contain
some fraction of the other species. Notice that the Al
rim follows the Ge fingers in such a way that the width
of the Al rim, £, is time independent and the Al front is
even locally coupled with the Ge core, exactly as observed
experimentally (Fig. 1). Quantitative measurements of

the branch geometry are made using an aggregate which
started from a line (in order to minimize the effect of
anisotropy). Figure 6 shows how concentration and the
sticking coeflicient affect the ratio of the two characteris-
tic length scales A /A and an average angle 6 between
the branches. Similar to the experiment results, the ratio

FIG. 5.

Typical patterns generated by the model, using
16 000 particles in the colony. The Ge fingers are shown as
black pixels and the Al crystal as white pixels. The rough
interface separates the colony from the amorphous phase (a)
Alo.2Geg.s and (b) Alg.4Geg.6. The concentrations are chosen
to correspond roughly to the experimental patterns shown in
Fig. 1. Other parameters in the model are chosen as follows:
pi = 0.0001,p, =1,R =1, and € = 0.01.





















