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Wetting and crystallization at grain boundaries:
Origin of aluminum-induced crystallization of amorphous silicon
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It has been shown experimentally that the grain boundaries in aluminium in contact with amorphous
silicon are the necessary agents for initiation of the crystallization of silicon upon annealing
temperatures as low as 438 K. Thermodynamic analysis has shown �i� that Si can “wet” the Al grain
boundaries due to the favorable Si/Al interface energy as compared to the Al grain-boundary energy
and �ii� that Si at the Al grain boundaries can maintain its amorphous state up to a thickness of about
1.0 nm. Beyond that thickness crystalline Si develops at the Al grain boundaries. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2172707�

Grain boundaries are known to effect solid-state diffu-
sion and solid-state reactions. Usually, kinetic explanations
for the phenomena observed are offered. In this work it is
shown that such phenomena can have a thermodynamic,
rather than kinetic origin. The paper demonstrates that “wet-
ting” by and crystallization of silicon occurs at grain bound-
aries in a polycrystalline aluminium substrate and that both
phenomena can be explained on a thermodynamic basis.

Bulk amorphous silicon crystallizes at a temperature of
960 K or higher.1–3This crystallization temperature can be
significantly lower when the amorphous silicon phase is in
intimate contact with metals with which they form eutectic
phase diagrams, for example, Si/Au,4 Si/Ag,5and Si/Al
�Refs. 6 and 7� systems. No satisfactory, conclusive explana-
tion for this phenomenon has been given until now; various,
conflicting suggestions have been offered in the literature.5–15

Here the thermodynamic reason for aluminium-induced crys-
tallization of Si at grain boundaries within the Al phase will
be given.

Sample A �and sample B� was prepared by sputter depo-
sition of Al �50 nm� �and Al �150 nm�� and Si �150 nm�
sublayer sequentially at room temperature in a high vacuum
chamber in a single run onto a Si �510� substrate covered
with an amorphous SiO2 �50 nm� layer �as a diffusion bar-
rier�. Sample C was prepared as follows. The Al sublayer
�50 nm� was first deposited onto a Al2O3 �0001� �sapphire�
substrate at 573 K. Then the sample was annealed at 573 K
for 2 h in order to reduce the Al grain-boundary density and
to lower the total energy �e.g., strain energy� stored in the Al
sublayer.6 After slow cooling to room temperature and sput-
ter cleaning of the surface of the annealed Al sublayer, the Si
sublayer �150 nm� was deposited on top of the Al sublayer.
The measured Al concentration-depth profiles at the Si/Al
interface for the three as-deposited samples are identical �see
below� and could be fitted by one single interface roughness
parameter in the MRI model.16 This result indicates that the
annealing and sputter cleaning, performed for sample C after
Al sublayer deposition, had no significant influence on the

surface morphology �interface roughness� and composition
�interface contamination�, as compared to samples A and B.
For these three samples, the as-deposited Al and Si sublayers
are polycrystalline and amorphous, respectively, as deter-
mined by x-ray diffraction �XRD� �see below�. XRD and FIB
�focused ion beam� measurements provided values of aver-
age grain size in the direction parallel to the surface equal to
50 nm, 230 nm, and 360 nm for samples A, B, and C, re-
spectively. The annealing of the Al layer in sample C not
only led to a much larger lateral grain size, but probably also
led to more stable �e.g., low angle� grain boundaries.17

Samples A, B, and C were finally annealed at 438 K for
different times in an argon atmosphere in a Perkin-Elmer
DSC-7 instrument. The concentration-depth profiles for the
as-deposited and annealed samples were measured using a
JEOL JAMP-7830F scanning Auger microscope. The XRD
patterns were measured using a Philips MRD diffractometer
and Cu K� radiation. Corresponding experimental details has
been described elsewhere.6,13

The measured Al concentration-depth profiles for sample
A �high grain-boundary density� as-deposited and annealed
at 438 K for different times are shown in Fig. 1�a�. A pro-
nounced mass transfer across the original interface was ob-
served after annealing for only 20 min and a new peak of Al
concentration-depth profile appeared at the location of the
original Si sublayer after annealing for 5 days. XRD mea-
surements as shown in Fig. 1�b� indicate that upon continu-
ous annealing of sample A the Si�111� diffraction peak of
crystalline Si emerges at 2�=28.4° �Cu K� radiation�; its
integrated intensity increases with increasing annealing time.
For sample B �lower grain-boundary density�, a small
amount of mass transfer was measured after annealing at
438 K for 30 min �see the inset in Fig. 2� and a small Si�111�
diffraction peak of crystalline Si had emerged �see Fig. 2�.
For sample C �lowest grain-boundary density and low grain-
boundary energy�, even after annealing at 438 K for 5 days,
no mass transfer and no diffraction peaks indicative of crys-
talline Si were measured at all as shown in Fig. 3. Evidently,
as follows from both the Auger and XRD measurements,
crystallization of amorphous silicon takes place only if ap-
parent interdiffusion occurs and a gradual increase of Si
crystallization kinetics becomes apparent as Al grain size is
decreased.
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There is no significant solid solubility of Al in Si and of
Si in Al, and Si and Al do not form compounds.18 Recent
analysis of the apparent interdiffusion in Si/Al �multi�layer
structures at temperatures down to 393 K has shown that the
activation energy of this process is indicative of diffusion of
Si along grain boundaries in Al.13

Hence, it is concluded: �i� interdiffusion in Si/Al is re-
alized by diffusion of Si along grain boundaries in Al, and
�ii� crystallization of Si is initiated at the grain boundaries in
Al.

It has been suggested that a screening effect of the mo-
bile electrons in Al on adjacent Si can occur, leading to a
weakening of the covalent bonds of the adjacent Si.19These
relatively weakly bonded Si atoms are called here “free Si”
atoms, indicating that they may relatively easily migrate.
Thus it is concluded that “free Si” atoms are induced at the
interface of the Al and Si sublayers and may diffuse into Al
along grain boundaries in Al. To understand why crystalliza-

tion occurs at the grain boundaries in the Al sublayer, and not
at the interface of the Al and Si sublayers, the following
thermodynamic reasoning can be applied.

It had been shown for the first time in Refs. 20 and 21
that an amorphous layer can be thermodynamically stable if
its thickness is below a critical value. Such stability is due to
favourable interface energies for the amorphous layer as
compared to those for the corresponding crystalline layer,
which compensate the crystallization promoting difference in
bulk energy of the amorphous and crystalline states of the
layer. In the following calculation values for Al grain-
boundary energy and interface energies are required for
which no measured data exist. The Al grain-boundary energy
and interface energies at 438 K have been calculated here

FIG. 1. �a� Al concentration-depth profiles and �b� XRD patterns �after
subtraction of XRD background as recorded from the bare substrate� for
as-deposited and annealed Si�150 nm� /Al�50 nm� /SiO2�50 nm� /Si�510�
samples �A�. The XRD measurements were performed under the same ex-
perimental conditions and using the same piece of sample A. The number
within the brackets, after the time of annealing indication, represents a nor-
malized value of the integrated intensity of the Si�111� peak.

FIG. 2. XRD patterns �after subtraction of XRD background as recorded
from the bare substrate� for Si�150 nm� /Al�50 nm� /SiO2�50 nm� /Si�510�
sample �A� and Si�150 nm� /Al�150 nm� /SiO2�50 nm� /Si�510� sample �B�
annealed at 438 K for 30 min. The inset shows the measured Al
concentration-depth profiles for sample B as-deposited and annealed at
438 K for 30 min.

FIG. 3. XRD pattern �without subtraction of XRD background �!�: cf. Fig.
2� for Si�150 nm� /Al�50 nm� /Al2O3�0001� sample C as-deposited and an-
nealed at 438 K for 5 days. The inset shows the measured Al concentration-
depth profiles.
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along lines as explained detailedly in Refs. 6,20,21 The results
have been listed in Table I.

Now consider the presence of an amorphous layer of
�“free”� Si �atoms� at a grain boundary in the Al layer.
Firstly, the difference in interface �grain-boundary� energy,
�, upon inward diffusion of Si along an Al grain boundary
�GB� is considered: 2���Al�/�Si�

interface −��Al�
GB , where � � and � � de-

note crystalline phase and amorphous phase, respectively.
Using the data given in Table I, it is obtained 2���Al�/�Si�

interface

−��Al�
GB =−0.27 J /m2 �at 438 K�. This result indicates that in

any case a positive driving force occurs for “wetting” of the
Al grain boundaries by Si and thus for the inward diffusion
of Si along grain boundaries in Al.

Secondly, the maximal, critical thickness for an amor-
phous Si layer at a grain boundary in Al can be calculated,
beyond which crystallization of this Si layer occurs. This
critical layer thickness follows from

hAl GB
critical =

2 � ���Al�/�Si�
interface − ��Al�/�Si�

interface�

− �G�Si�−�Si�
crystallization ,

where �G�Si�–�Si�
crystallization �J /m3� is the crystallization energy of

amorphous silicon at 438 K. Using the data given in Table I,
it is obtained: hAl GB

critical =1.0 nm �at 438 K�. This value equals
about five monolayers of a-Si.

On a similar basis it may also be understood why crys-
tallization does not occur at the Al/Si interface. The screen-
ing effect of the mobile electrons in Al on adjacent Si �see
above� is of short-range nature and most likely restricted to
1–2 monolayers. The critical layer thickness for Si crystalli-
zation at the Al/Si interface follows from

h�Al�/�Si�
critical =

��Al�/�Si�
interface + ��Si�/�Si�

interface − ��Al�/�Si�
interface

− �G�Si�−�Si�
crystallization .

Using the data given in Table I, it is obtained: h�Al�/�Si�
critical

=6.0 nm �at 438 K�. This value equals about three monolay-
ers of a-Si. Hence, the layer of 1–2 monolayers of “free” Si
at the Al/Si interface is too thin to crystallize.

It is remarked that the reason of absence of any crystal-
lization of silicon in sample C, after 5 days at 438 K, may
not only be the relatively low Al grain-boundary density of
sample C, but also the relatively low energy of the Al grain
boundaries remaining after the initial anneal of the as-
deposited Al sublayer: a low value of Al grain-boundary en-
ergy obviously decreases the driving force for “wetting” of
the Al grain boundaries by Si �the estimate made three para-
graphs above pertains to a high angle grain boundary in Al
�Ref. 20��.

In summary, aluminium-induced crystallization of sili-
con starts with inward diffusion of Si along grain boundaries
in aluminium, because a positive driving force for “wetting”
the Al grain boundaries exists. Subsequent crystallization of
the Si can occur if the Si layer at the Al grain boundaries
exceeds a critical thickness, which is of the order of five
atomic layers.
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TABLE I. Calculated Si crystallization energy ��G�Si�-�Si�
crystallization�; Al grain-

boundary energy ���Al�
GB �; energies of the interfaces between crystalline Al

and amorphous Si ���Al�/�Si�
interface�, crystalline Al and crystalline Si ���Al�/�Si�

interface� and
crystalline Si and amorphous Si ���Si�/�Si�

interface� at 438 K.

�G�Si�-�Si�
Crystallization

�J /m3�
��Al�

GB

�J /m2�
��Al�/�Si�

interface

�J /m2�
��Al�/�Si�

interface

�J /m2�
��Si�/�Si�

interface

�J /m2�

−8.3�108 0.344 0.036 0.454 0.095
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