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ABSTRACT: Results on Al-induced crystallization of amor-
phous Ge (a-Ge) deposited by vacuum thermal evaporation
techniques under thermal annealing in N, atmosphere are
presented in detail. The a-Ge crystallization and fractal Ge
pattern formation on the free surface of annealed Al/Ge
bilayer films deposited on single-crystal Si (100) substrates
were investigated by using scanning electron microscopy
(SEM), X-ray diffraction (XRD), atomic force microscopy
(AFM), energy dispersive X-ray spectrometry (EDS), and
Raman spectra. It is found that the temperature field effects

play an extremely crucial role in a-Ge crystallization and fractal Ge formation process. The open branched structure of fractal Ge
clusters in Al/Ge bilayer films was effectively prepared by Al-induced crystallization when they were annealed at 400 °C for 60
min. These films with fractal Ge clusters exhibit charming noninteger dimensional nanostructures, which differ from those of
conventional integer dimensional materials such as one-dimensional nanowires/nanorods, nanotubes, nanobelts/nanoribbons,
two-dimensional heterojunctions, thin films, and zero-dimensional nanoparticles. The SEM image shows that a big Al grain was
found located near the center of a fractal Ge cluster after the films were annealed at 400 and 500 °C for 60 min. This suggests
that the grain boundaries of polycrystalline Al films are the initial nucleation sites of a-Ge. It also validates the preferred
nucleation theory of a-Ge at triple-point grain boundaries of polycrystalline Al at the interface. This discovery may be explained

by the metal-induced nucleation (MIN) mechanism.

1. INTRODUCTION

Metal-induced crystallization (MIC) is a well-known phenom-
enon in which amorphous (a-) semiconductor films can form
polycrystalline films at temperatures much lower than those
required in the absence of certain metallic species.'™ This
phenomenon has been known for several decades and is still a
challenging problem from both the scientific and the
technological points of view. MIC represents an alternative
crystallization method for the fabrication of microelectronic
devices such as thin-film transistors and solar cells.”” There
have been considerable reports using the MIC techniques on
thin films such as a-Si, a-Ge, and a-SiGe. In most of these cases,
the research has been based on layered structures in which
interfacial reactions take place at amorphous semiconductor/
metal films.*~" In the group IV semiconductors, silicon (Si)
and germanium (Ge) are unique materials with a wide range of
technological applications owing to their valuable semi-
conducting, mechanical, electrical, and optical properties in
the fields of mesoscopic materials and micro-/nanodevi-
ces.'*”'® During the past several decades, there was
considerable interest in the study of these semiconductors
used as optical and electrical device materials.'”'® A versatile
integrated device for the semiconductor industry is highly
desirable for advanced applications. Despite the fact that the
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use of Ge is not as extensive as that of Si, nebulous domains in
our understanding of its precise technical functions still remain.
Compared with the conventional Si materials, Ge has several
unique properties, such as larger dielectric constant and smaller
carrier mass.”” In addition, it is known that Ge has an excitonic
Bohr radius of 24.3 nm, which is much larger than that of
silicon (4.9 nm).?° Due to higher carrier mobility21 and a lower
crystallization temperature'” than polycrystalline-Si (p-Si), p-
Ge may be a potential material that can replace p-Si in thin film
transistors and three-dimensional integrated circuits.”” There-
fore, it is necessary to broaden the study on the behavior of a-
Ge crystallization.

Metal/Ge bilayer films with interesting micro-/nanostruc-
tured fractal Ge clusters are a nonequilibrium disordered
growth system, which are accompanied by crystallization of a-
Ge and formation of fractal structure.*** These fractal Ge
clusters exhibit charming noninteger dimensional micro-/
nanostructures, which differ from those of conventional integer
dimensional materials such as one-dimensional nanowires/
nanorods, nanotubes, nanobelts/nanoribbons, two-dimensional
heterojunctions, thin films, and zero-dimensional nanoparticles.
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It is expected that these films with the charming fractal Ge
clusters may constitute important building blocks for micro-/
nanodevices and offer exciting opportunities for both
fundamental research and technological applications. Extensive
literature investigations indicate that the annealing temperature
plays an important role in metal/semiconductor thin films.
With increasing annealing temperature and time, tensile stress
often increases in the Ge layer.”* This stress can usually be
released by a reduction in the grain boundary energy of
crystalline-Ge (c-Ge) due to continuous grain growth.
Interestingly, the crystallization processes of a-Ge are usually
accompanied by the formation of fractal Ge clusters with
charming micro-/nanostructures when the films were annealed
at various temperatures and times via metal-induced nucleation
(MIN) mechanism.*®

In this paper, we will describe in detail the results of an
investigation on the crystallization processes of Al-induced a-Ge
using a variety of analytical techniques. The fractal Ge clusters
in Al/Ge bilayer films could be successfully fabricated by
thermal annealing in N, atmosphere. Experimental results
indicate that, after the films were annealed at 400 and 500 °C
for 60 min, a big Al grain was found located near the center of a
fractal Ge cluster. This suggests that the grain boundaries of
polycrystalline Al films are the initial nucleation sites of a-Ge. It
also validates the preferred nucleation theory of a-Ge at triple-
point grain boundaries of polycrystalline Al at the interface.
This interesting discovery may be explained by the MIN
mechanism.

2. EXPERIMENTAL SECTION

Specimens were prepared on a freshly cleaved single-crystal silicon
(100) substrate by evaporation in vacuum chamber at a pressure of
2.67 X 1072 Pa at room temperature. We deposited germanium (Ge)
at first and then aluminum (Al) by evaporating high-purity Ge
(99.9999%) and Al (99.9%) from two resistive-heated molybdenum
boats. The evaporation rate was controlled by adjusting the
magnitudes of voltage and current. The deposition rates of Al and
Ge films were 5 to 10 A/s and 0.5 to 1 A/s, respectively. The bottom
layer was amorphous Ge (a-Ge), and the top one was polycrystalline
Al (p-Al). The thicknesses of the p-Al and a-Ge films were 40 and 45
nm, respectively. The as-deposited samples were annealed at 200 °C,
250 °C, 300 °C, 400 °C, and 500 °C for 60 min in an atmosphere of
nitrogen. The furnace heating program included a heat up period from
room temperature to the target temperature with temperature
increasing at S °C/min. When the annealing temperature reached
the target temperature, the samples were annealed for 60 min,
followed by natural cooling to room temperature under a continuous
flow of nitrogen.

The microstructural characteristics of the as-deposited Al/a-Ge
bilayer films and annealed films were investigated by scanning electron
microscopy (SEM), energy dispersive X-ray spectrometry (EDS), X-
ray diffraction (XRD), atomic force microscopy (AFM), and Raman
scattering spectroscopy. The surface topographies of Al/Ge bilayer
films were examined by a JSM-6700F scanning electron microscope
and a SPM-9600 atomic force microscope. The composition of the
observed regions is analyzed by energy dispersive X-ray spectrometry.
XRD patterns were obtained with a Rigaku D/max-2500 diffrac-
tometer using Cu Ko radiation. The Raman measurements were
carried out at room temperature, and a HeNe laser was employed in
the backscattering geometry. By such annealing, self-similar fractal Ge
clusters may be formed in these annealed films. Since the annealing
temperatures can effectively control the morphology of the fractal
patterns, the density of the different fractal clusters formed at a given
annealing temperature was also approximately uniform at different
sites of the sample. The average value of the evaluated dimension
obtained from different regions can be approximately considered as the

8474

whole sample’s fractal dimension (D). The fractal dimension for these
samples was calculated by measuring the fractal dimensions of these
self-similar clusters using a conventional box-counting method 26728

3. RESULTS AND DISCUSSION

The SEM surface morphologies of Al/Ge bilayer films before
and after annealing at different temperatures are shown in
Figure 1. As seen in the SEM image shown in Figure 1a, the as-

Figure 1. SEM images of the surface morphologies of Al/Ge bilayer
films before and after annealing at different temperatures. (a) As-
deposited, (b) annealing at 200 °C for 60 min, (c) annealing at 300 °C
for 60 min, (d) annealing at 400 °C for 60 min, and (e) annealing at
500 °C for 60 min.

deposited Al/a-Ge bilayer film is homogeneous in morphology.
In the bilayer film, the bottom layer was the Ge sublayer (45
nm) and the top one was the Al sublayer (40 nm). We can see
many tiny Al nanocrystals (white regions) on the surface of the
as-deposited Al/a-Ge bilayer film. After annealing in N,
atmosphere, the Al grains gradually agglomerated to form
larger grains as shown in Figure 1b, and the crystalline Ge (c-
Ge) aggregates appeared on the surface of annealed films as
shown in Figure lc—e (black regions). The annealing could
directly provide the thermal activation energy for Al and Ge
atoms and contributed greatly to the interdiffusion of Al and Ge
atoms. After the annealing temperature had reached 400 °C,
the fractal Ge cluster (black regions) with open and fine
branching formed on the surface of the annealed film as shown
in Figure 1d. When the annealing temperature reached 500 °C,
the interconnection fractal Ge clusters with dense and coarse
branching appeared on the surface of the annealed film as
shown in Figure le. Interestingly, a big Al grain was found
located near the center of a fractal Ge cluster when the films
were annealed at 400 and 500 °C for 60 min as shown in
Figures 1d, and 4a,d. This suggests that the grain boundaries of
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polycrystalline Al films may be the initial nucleation sites of a-
Ge. The SEM images indicate that annealing at 200 and 300 °C
(Figure 1b,c) did not cause significant structural change in the
samples except for a slight Al grain growth and the appearance
of tiny irregular Ge patterns. When the annealing temperatures
reached 400 and 500 °C (Figure 1d,e), fractal Ge clusters with
branching manifested on the surface of the annealed films. The
experimental results indicate that interdiffusion between the Al
and the Ge atoms in the matrix occurred after annealing.
Surprisingly, we found that the Al and Ge sublayers had
extensively exchanged their positions in the annealed films
since the Al sublayer was at the top of the Ge sublayer in the as-
deposited Al/a-Ge bilayer films before annealing. This
phenomenon was also regorted in amorphous Si/Al bilayer
films by Mittemeijer et al.”>>°

Figure 2 shows X-ray diffraction (XRD) patterns of Al/a-Ge
bilayer films prepared on Si (100) substrate at room
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Figure 2. XRD patterns of the Al/Ge bilayer films with the as-
deposited and annealed at 200 and 500 °C for 60 min.

temperature and annealed at 200 and 500 °C for 60 min. An
Al (111) peak can be observed at 26 of ~38°. No characteristic
peaks belonging to other Al lattice planes or Ge crystals or
impurities were detected in the as-deposited film. This indicates
the amorphous structure of the Ge sublayer in the as-deposited
Al/a-Ge bilayer films. After annealing at 200 °C for 60 min, a
typical Ge (111) peak at 26 of ~27° appeared in the XRD
pattern. The results indicate that the Al-induced amorphous Ge
sublayer begins to partially crystallize. At the higher annealing
temperature treatment of S00 °C for 60 min, a typical Ge (220)
diffraction peak at 26 of ~45° appeared in the XRD pattern.
The Ge (111) peak at 26 of ~27° can also be observed. This
result indicates preferred (220) orientation nucleation and
(111) growth of the a-Ge crystal when the Al/Ge bilayer film
was annealed at 500 °C for 60 min. This is a new finding
different from the results reported in the literature on Ge (111)
orientation.’**" After comparison of the SEM and XRD results,
we believe that the Al and Ge sublayers partly exchanged their
positions at the same time to accommodate the interdiffusion of
the Al and Ge atoms and the formation of fractal Ge clusters
during the crystallization of Al-induced a-Ge at thermally
activated processes driven by the a-Ge to c-Ge phase
transformation.

Figure 3 shows a typical SEM image (Figure 3a) and the
atomic force microscopy (AFM) images (Figure 3b,c) of an Al/
Ge bilayer film annealed at 400 °C for 60 min. Comparison of
these images revealed that the observed nanostructures show
interesting micro-/nanostructured fractal features. From the
AFM topographic images, the variation of fractal shape, size,
and density can be clearly observed. Several fractal Ge clusters
are visible in Figure 3a,b. In Figure 3c, the average diameter (L)
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Figure 3. SEM (a) and AFM (b) images of the Al/Ge bilayer films
annealed at 400 °C for 60 min and the corresponding three-
dimensional AFM image (c).

and height (h) of a larger fractal Ge cluster is L = ~4 ym and h
= ~81.64 nm. This fractal Ge cluster with noninteger
dimensional nanostructure is referred to as nanofractal.’”> The
above experimental results reveal that the annealed films show
inhomogeneous distribution because of the layer exchange.
Figure 4a,d presents SEM images of Al/Ge bilayer films
annealed at 400 and 500 °C for 60 min, respectively. These
SEM images show that the films display interesting fractal Ge
patterns at the annealing temperature due to the crystallization
of a-Ge accompanied by the temperature-induced assemblies of
Ge nanocrystals. To our surprise, we can clearly see a big bright
Al grain on each fractal pattern, such as Figures 1d and 4a,d.
Energy dispersive X-ray spectroscopy (EDS) results shown in
Figure 4b,e confirmed that the big bright grain was polycrystal-
line Al while the black fractal branches were crystalline Ge rich
regions. The Si signal originated from the Si substrate. The
results also suggest that crystallization of a-Ge occurred in the
surrounding of Al grains. This fact is in agreement with the
theory that successive c-Ge nucleation takes place near the tip
region of a fractal and that Al grain boundaries are the preferred
Ge nucleation sites.”® It is apparent that the Al grain size
becomes larger when the temperature is increased. Our results
imply that the metal phase plays an important role in metal-
mediated crystallization (MIC). It also supports the theory that
the nucleation sites of a-Ge are triple-point grain boundaries of
Al at the interface of Al/Ge bilayer films. Figure 4¢,d,f show the
plots of In(N) versus In(1/L) of the fractal Ge cluster regions
corresponding to Figure 4a,d, where L is the box size and N is
the number of boxes occupied by the fractal Ge clusters. It can
be seen that all plots show good linear relationship, which
means that the morphologies of crystalline Ge clusters have
scale invariance within these ranges, so these Ge patterns can
be regarded as fractals. In order to obtain the fractal dimension
(D), we fit a linear relationship for the function In(N) versus
In(1/L). The results show the fractal dimension D = 1.82 in
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Figure 4. SEM images of the Al/Ge bilayer films annealed at (a) 400
°C and (d) 500 °C for 60 min. The corresponding EDS curves give
the compositional distributions of Al and Ge as shown in parts b and e.
The fractal dimensions (D) are shown parts c and f, where L is the box
size and N is the number of boxes occupied by Ge cluster.

Figure 4c and 1.88 in Figure 4f. A smaller fractal dimension
means that the films are composed of the open and loose fractal
structure with fine branches. The open fractal patterns show
thick branches and smooth edges with noninteger dimensional
nanostructures, which are different from the morphology of the
integer dimensional nanostructures. This is a piece of
conclusive evidence that the fractal dimension of nanomaterials
could be a noninteger.

Figure S shows the Raman scattering spectra of Al/a-Ge
bilayer films in the as-deposited condition and after different
annealing treatments at 200 °C, 250 °C, 300 °C, and 500 °C
for 60 min. As seen in the figure, the a-Ge gradually crystallized
with increasing annealing temperature. Broad spectral peaks
were obtained for bilayer films annealed at a temperature below
500 °C. The characteristic peak of c-Ge appears at about 270
cm™'. The Raman signals of the samples thermally treated at
200 °C, 250 °C, and 300 °C are similar. However, at an
annealing temperature of 500 °C, the crystalline mode of the c-
Ge peak appears at about 300 cm™’, corresponding to Ge—I
(diamond-cubic structure).’® The relative intensities of the
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Figure S. Raman spectra of Al/Ge bilayer films with the as-deposited
and different annealing temperatures at 200 °C, 250 °C, 300 °C, and
500 °C for 60 min.

peaks at ~270 cm™ and ~300 cm™' correspond to the
amorphous and crystalline contributions to the Raman signal.
The amorphous and crystalline phases coexist in Al/Ge bilayer
films with partial crystallization when the annealing temper-
ature is below 500 °C. In conclusion, the crystallization process
is gradual. The sample is almost completely crystallized after
thermal treatment at 500 °C. The results from Raman spectra
are in good agreement with the results obtained from SEM
observations and XRD measurements.

Further advancement in the field of crystallization of a-Ge
and formation of fractal Ge clusters in Al/Ge bilayer films
requires a clear understanding of their formation mechanism.
Metal-induced crystallization (MIC) theory has been success-
fully applied in previous investigations as an alternative
crystallization process for thin-film device fabrication.>*** For
example, AL Au Ag,38 and Ni*’ have been reported to
significantly decrease the crystallization temperature and time
of a-Si compared to the common solid-phase crystallization
(SPC) process. The silicide-forming Ni seems to be a
promisin§ candidate for thin-film transistor (TFT) fabrication
by MIC.™ Our experimental results indicate that aluminum-
induced crystallization (AIC) of a-Ge can be employed to
explain the formation of fractal Ge clusters: a desirable step
forward in the study of metal/semiconductor bilayer films. In
the present work, the Al films not only provide initial
nucleation sites at triple-point grain boundaries of polycrystal-
line Al at Al/Ge interface but also act as important paths for Ge
diffusion from amorphous regions to an already crystallized Ge
region because the critical nucleation energy in the triple-point
grain boundaries sites is always less than that of the flat surface.
Thus, the crystallization temperature of a-Ge in Al/Ge bilayer
films is lower than that of the isolated Ge films. It also validates
the preferred nucleation theory of a-Ge at triple-point grain
boundaries of polycrystalline Al at the interface. Although the
Al/Ge interaction has been investigated extensively in the past,
it remains a phenomenon apparently not well understood,
especially in the case of complete Al and Ge layer exchange
during AIC. The proposed formation of polycrystalline Ge films
on foreign substrates by AIC relies on the overall layer
exchange of adjacent Ge and Al films during the transformation
of amorphous to polycrystalline Ge. The general driving force
behind metal-induced crystallization is the reduction of the free
energy of the Ge material during the transformation of the
amorphous to the crystalline phase. When a-Ge is in contact
with certain metals, electronic screening of the covalent
bonding in the Ge materials occurs according to Hiraki’s
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“screening model”*! This effect weakens the Ge bonds and,

therefore, facilitates the interdiffusion of the Al and Ge atoms.

4. CONCLUSIONS

In summary, fractal Ge clusters with noninteger dimensions
were successfully prepared by Al-induced crystallization of a-Ge
in Al/Ge bilayer films via thermal treatment in N, atmosphere.
Experimental results indicate that the Al grain plays an
important role in the crystallization behavior of Al/Ge bilayer
films after annealing and in the crystallization processes of a-Ge
accompanied by fractal formation of Ge nanocrystals via
temperature-induced assembly. It further confirms that
preferred crystallization of a-Ge occurs in the surrounding of
Al grains. This fact is in agreement with the theory that
successive c-Ge nucleation takes place near the tip region of a
fractal and that Al grain boundaries are the preferred successive
Ge nucleation sites. In addition, the Al and Ge sublayers partly
exchange their positions at the same time to accommodate the
interdiffusion of the Al and Ge atoms and the formation of
fractal Ge clusters during the crystallization of Al-induced a-Ge
at thermally activated processes driven by the a-Ge to c-Ge
phase transformation. Raman analysis indicates that the relative
scattering intensities of the peaks at ~270 cm™" and ~300 cm™
correspond to the amorphous and crystalline contributions to
the Raman signal, respectively. These findings reveal new
opportunities for future study of fractal Ge clusters, which may
be a promising material for important constituent building
blocks for micro-/nanodevices for microelectronic applications.
It is expected that these nanostructures offer exciting
opportunities for both fundamental research and technological
applications.
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