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Thermodynamics and mechanism of metal-induced crystallization in immiscible alloy systems:
Experiments and calculations on Al/a-Ge and Al/a-Si bilayers
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The mechanism of metal-induced crystallization (MIC) in immiscible alloy systems has been explained on
a unified thermodynamic basis. Interface thermodynamics has been shown to play a decisive role for the
occurrence of MIC. The thermodynamic predictions agree excellently with the corresponding experimental
observations obtained in this project for the Al/Ge and Al/Si layer systems, which show two distinctly
different types of MIC behaviors. As a result, a model has been developed that rationalizes and predicts MIC

processes in immiscible alloy systems.
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I. INTRODUCTION

Interfaces in materials, incorporating interphase bound-
aries and grain boundaries (GBs), play an important role in
the occurrence of phase transformations, particularly recog-
nizing that the dimensions of material systems have de-
creased greatly.'"* Interface-mediated phase transformations,
such as solid-state amorphization in metal-metal
multilayers,>® superheated melting in confined thin films,”?
GB wetting,>”!! and GB premelting,''?> have been a focal
point of interest in recent years. It has often been suggested
that phase transformation phenomena occurring in particular
at interfaces have a kinetic origin.

In this work, an important type of interface-mediated
solid-state phase transformations is considered: metal-
induced crystallization (MIC). In MIC, the crystallization
temperatures of, for example, amorphous Si and amorphous
Ge are drastically reduced in contact with certain metals,
such as AL"*72* Au,2*> Ag,'* and Ni.2%?7 Although MIC has
been extensively studied in recent years, a generally accepted
understanding of the origin of this effect has not been
achieved. For various metal-amorphous semiconductor
couples, the MIC behaviors are quite different, and various
different, qualitative models have been proposed.!317:21:24.27
For immiscible layer systems (for example, Al/Ge and
Al/Si), mainly two types of MIC behaviors have been re-
ported (see, in particular, Ref. 23). (i) In the early studies on
c-Al/a-Ge (where “a” denotes amorphous and “c” denotes
crystalline) by transmission electron microscopy (TEM), a
fractal-like crystallization of the a-Ge layer was observed
and interpreted to be due to the nucleation of crystalline Ge
at the c-Al/a-Ge interface.'>?* (ii) Work on the low-
temperature Al-induced crystallization of a-Si showed that in
this system MIC is accompanied by a layer exchange of the
Al and Si layers.!6~2! That is, c-Si grows within the Al layer
until there forms a continuous c-Si layer at the position of
the original Al layer.

Hence, there is the need to understand the causes of such
different types of MIC behaviors. It would be very useful if
a universal interpretation of various MIC behaviors could be
given. The current paper addresses this question both experi-
mentally and theoretically.

Experimentally. To rule out the possible effects of strik-
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ingly different experimental conditions in different studies, a
comparative experimental investigation on the MIC pro-
cesses in Al/Ge and Al/Si systems under identical condi-
tions was carried out here. The results will be presented and
discussed in Sec. III of this paper.

Theoretically. A general theoretical model that accounts
for MIC processes in immiscible alloy systems is proposed
in Sec. IV, with Al/Ge and Al/Si systems as prototype sys-
tems. In metal/c-Si (or c-Ge) layer systems, a common
physical mechanism involves the weakening of the covalent
bonds between interfacial Si (or Ge) atoms induced by the
adjacent metal solid.”® On this basis, for example, low-
temperature silicide (or germanide) phase formation at
metal/Si (or Ge) interfaces has been explained.?® Then, first,
the same bond-weakening effect of the covalent bonds of
a-Si or a-Ge in contact with a metal solid can play a role in
the initiation of low-temperature MIC as well.!»1023 As a
result of the bond-weakening effect, a very thin interface-
adjacent layer of more or less mobile Si (or Ge) atoms is
formed, which could play a decisive role in the initiation
(kinetics) of phase transformations (crystallization). Second,
and more importantly, it is recognized that a phase transfor-
mation occurring at an interface can be controlled largely by
interface rather than bulk thermodynamics. As will be shown
in this paper, both the constraint due to the limited amount of
mobile interfacial Si (or Ge) atoms and interface thermody-
namics govern the MIC behavior.

Several models have been developed to describe diffusion
and reactions (in particular, compound formation) in thin-
film systems on a thermodynamic and/or kinetic basis.?>"%%°
Recognizing gradients in chemical potentials as driving
forces for diffusional transport, it has been shown in Refs. 3
and 4 that besides atom transport across interphase bound-
aries, concurrent atom transport along grain and interphase
boundaries (and thus the film microstructure) can play an
important role in the nucleation and microstructural evolu-
tion of product alloy phases in polycrystalline thin-film dif-
fusion couples. However, these models do not take into ac-
count the role of interface (and surface) energies on the
energetics of (thin-film) reactions, such that direct practical
application is possible. Recently, a description of inferface
thermodynamics has been developed on the basis of the so-
called macroscopic atom approach,3®3! which has success-
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fully predicted experimentally observed thin-film microstruc-
tures that differ strikingly from those known and predicted
by bulk thermodynamics.>*323% Hence, such “unexpected”
microstructures can be thermodynamically (instead of kineti-
cally) preferred because of the relatively large contributions
of the interface and surface energies to the total energy of the
thin-film system.>®31-33 On this basis, the various types of
MIC behaviors can be rationalized, as shown in this paper.
The model has been successfully applied not only to the
Al/Ge and Al/Si systems studied experimentally in this
work, but also to the Ag/Si and Au/Si systems for which
experimental MIC data have been reported previously.

II. EXPERIMENT

Four bilayer specimens, c-Al/a-Ge (i.e., with c-Al sub-
layer on top of a-Ge sublayer), a-Ge/c-Al, c-Al/a-Si, and
a-Si/c-Al, were prepared at room temperature (RT) by sputter
deposition in an ultrahigh-vacuum chamber (base pressure of
1077 Pa). Si(510) wafers covered with a 50 nm thermal-
grown Si0O, layer were used as substrates. The sputter appa-
ratus had two exchangeable targets: one mounted with Al
(99.999 wt %) and the other mounted with Ge (or Si, both
99.999 wt %), which allowed the preparation of each bilayer
specimen in a single run without interrupting the ultrahigh
vacuum. The thickness of the as-prepared Al layer was
50 nm, and the thickness of the as-prepared a-Ge or a-Si
layer was 150 nm for all four specimens.

For the ex situ investigations, the as-deposited specimens
were cut into pieces of lateral dimensions 10X 10 mm?, en-
closed in a glass capsule containing pure Ar gas and subse-
quently annealed at 165 and 250 °C for a certain time in a
furnace. The MIC behaviors of the specimens upon ex situ
annealing were investigated by applying x-ray diffraction
(XRD), Auger electron spectroscopy (AES), and scanning
electron microscopy (SEM).

The XRD measurements were carried out by using a Phil-
ips X’Pert MRD Pro diffractometer equipped with an x-ray
lens and a Cu x-ray tube operating in point-focus geometry
(45 kV/40 mA). The Cu K« radiation was selected by a flat
graphite monochromator placed in the diffracted beam path.
The diffractions patterns of the as-deposited and the annealed
specimens were recorded by performing 6-26 scanning (26:
diffraction angle) under continuous mode. The SEM and
AES composition mappings of the surfaces of the as-
deposited and the annealed specimens were performed using
a JEOL JAMP-7830F scanning Auger microscope. During
the measurements, a focused 10 keV electron beam with a
diameter of about 20 nm was employed. The concentration-
depth profiles of the specimens were determined by employ-
ing a discontinuous Ar* (1 keV) sputtering mode. The sput-
tered and analyzed areas were 1 X 1 mm? and 10X 10 um?,
respectively.

The crystallization kinetics of a-Ge and a-Si in the Al/Ge
and Al/Si layer systems were investigated by in situ XRD
measurements. These in sifu measurements were carried out
on a Bruker D8 Discover diffractometer comprising a
rotating-anode x-ray source (Bruker TXS, Cu K« radiation,
as selected by an incident beam x-ray mirror in combination
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with a Bruker SolX energy-dispersive detector) and a
vacuum heating and/or cooling stage (Anton Paar DCS350,
calibrated as described in Ref. 34). The as-deposited c-Al/a-
Ge, a-Ge/c-Al, c-Al/a-Si, and a-Si/c-Al specimens were in
situ heated for two cycles sequentially: (a) heating up from
RT to 165 °C in steps of 25 °C, and then cooling down in
steps of 25 °C to RT; (b) heating up from RT to 250 °C in
steps of 25 °C, and then cooling down in steps of 25 °C to
RT. At each temperature step, the specimen was held for
30 min before the diffraction measurements were made; at
the highest temperatures of 165 °C (first cycle) and 250 °C
(second cycle), the specimens were held and measured at
three accumulative annealing times: 30 min, 2 h, and 4 h.

III. EXPERIMENTAL RESULTS
A. Intermixing and crystallization upon ex situ annealing
1. Al/a-Ge and a-Ge/Al

The compositional concentration-depth profiles of the Al/
a-Ge specimen upon ex situ annealing at various tempera-
tures and times are shown in Fig. 1(a). For the as-deposited
Al/a-Ge specimen, a sharp interface between Al and Ge is
observed (for a quantitative discussion of the instrumental
smearing effects, see Ref. 35). After annealing at 165 °C for
10 min, intermixing of Al and Ge has occurred. Further an-
nealing at 165 °C for 1 day results in a further, modest
change of the depth profile. Annealing at 250 °C results in
much more pronounced intermixing of Al and Ge: The Al
and Ge sublayers have practically exchanged their positions
after annealing at 250 °C for only 10 min. Only a minor
change of the depth profile occurs upon further annealing at
250 °C for 1 day.

The corresponding crystallization process of a-Ge in the
Al/a-Ge specimen upon ex situ annealing was investigated
by XRD [see the diffraction scans shown in Fig. 1(b)]. The
XRD patterns shown in the figure have been processed by
subtracting the XRD background recorded separately from a
clean 50 nm SiO,/Si(510) substrate. Before annealing, a
very broad scattering peak at 26 of ~27° is observed, indi-
cating the amorphous structure of the Ge layer in the Al/a-Ge
specimen. After annealing at 165 °C for 10 min, the a-Ge
layer has crystallized substantially. A very strong Ge(111)
peak can be observed at 26~27.2°. Other Ge crystalline
peaks, such as Ge(220) at ~45.3° and Ge(311) at ~53.6°,
can also be clearly observed in the XRD pattern. Further
annealing of the same sample for 1 day at 165 °C makes no
difference for the XRD pattern (not shown here). At the
higher annealing temperature of 250 °C, the intensities of Ge
diffraction peaks, as observed after 10 min, remain constant
even after annealing at 250 °C for 1 day. It is concluded that
the whole a-Ge layer has fully crystallized after annealing at
165 °C for only 10 min and that no significant change of
the preferred orientation (texture) occurs after a completed
crystallization. At the same time, the corresponding
concentration-depth profile for annealing at 165 °C, shown
in Fig. 1(a), is far from indicating a layer exchange of Al and
Ge layers as observed at 250 °C after 10 min annealing.

The intermixing and crystallization behaviors of the op-
positely stacked a-Ge/Al specimen at the same annealing
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FIG. 1. (Color online) AES concentration-depth profiles of the (a) Al/a-Ge and (c) a-Ge/Al specimens upon annealing for temperatures
and times as indicated. Corresponding XRD patterns are shown in (b) and (d) for Al/a-Ge and a-Ge/Al, respectively.

temperatures and times are shown in Figs. 1(c) and 1(d),
respectively. A sharp interface between the a-Ge and Al su-
blayers is also observed for the as-deposited a-Ge/Al speci-
men [Fig. 1(c)]. At 165 °C, the intermixing behavior of the
a-Ge/ Al specimen is similar to that of the Al/a-Ge specimen.
At 250 °C, however, the intermixing process is significantly
slower than that in the Al/a-Ge specimen. The depth profile
shows a distinctively double-peaked structure after 10 min of
annealing at 250 °C. Only after annealing at 250 °C for
1 day, layer exchange of the Al and Ge sublayers has been
realized.

As shown in Fig. 1(d), the a-Ge phase in the a-Ge/Al
specimen shows the same crystallization behavior as that in
the Al/a-Ge specimen upon annealing. The whole a-Ge layer
has fully crystallized after annealing at 165 °C for only
10 min, at a stage far from layer exchange. Further intermix-
ing of Ge and Al (layer exchange) is clearly observed upon

further annealing and at higher temperatures, i.e., after a
completed crystallization of the Ge phase.

2. Al/a-Si and a-Si/Al

The intermixing process in the Al/a-Si and a-Si/ Al speci-
mens under similar annealing conditions was also investi-
gated through AES concentration-depth profile measure-
ments [see results in Figs. 2(a) and 2(c), respectively]. At
165 and 250 °C, intermixing of Si and Al occurs in both
Al/a-Si and a-Si/Al. There is a pronounced difference in the
intermixing rates of Al/a-Si and a-Si/Al. In contrast with the
results shown above for the Al/Ge layer systems, the inter-
mixing is much faster if the a-Si sublayer is on the top of the
specimen. At 250 °C, it takes only 1 h for a-Si/Al and a
much longer time of 25 h for Al/a-Si to achieve layer ex-
change.
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FIG. 2. (Color online) AES concentration-depth profiles of the (a) Al/a-Si and (c) a-Si/ Al specimens upon annealing for temperatures and
times as indicated. Corresponding XRD patterns are shown in (b) and (d) for Al/a-Si and a-Si/ Al respectively.

The crystallization of the a-Si phases during annealing of
the Al/a-Si and a-Si/Al specimens was monitored through
XRD measurements; results are shown in Figs. 2(b) and 2(d),
respectively. For Al/a-Si and a-Si/Al, the crystallization and
intermixing processes appear correlated, in contrast with the
results shown above for the Al/Ge layer system. Initial crys-
tallization of a-Si is observed at 165 °C for both specimens.
Upon continued annealing, the a-Si phase becomes crystal-
lized gradually. The a-Si phase has not fully crystallized until
layer exchange of the Al and Si layers has been realized. In
correspondence with the substantial difference in the inter-
mixing rates of Al/a-Si and a-Si/Al, the a-Si phase in the
a-Si/ Al specimen exhibits a higher crystallization rate than
that in the Al/a-Si specimen.

B. Surface morphology

The surface morphology of the Al/a-Ge specimen an-
nealed at 165 °C for 10 min is shown in the SEM micro-
graph presented as Fig. 3(a). The corresponding XRD mea-
surement has indicated that the a-Ge phase in the specimen
has fully crystallized [Fig. 1(b)]. The micrograph shows equi-
axed black areas (size: tens of nanometers) separated by
branchlike white structures. Small-area (point size: 20 nm)
AES analyses shown in Fig. 3(b) indicate that the black areas
are Al rich while the white branches are Ge rich. The mor-
phology shown in Fig. 3(a) remains essentially the same
upon continued sputtering until reaching the original inter-
face between the Al and Ge sublayers, which suggests that
the equiaxed black areas are the columnar Al grains and the
white branches are c-Ge formed between the adjacent Al
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FIG. 3. SEM micrographs (recorded in the Auger microscope) of the surfaces of the (a) Al/a-Ge, (c) a-Ge/Al, and (e) a-Si/ Al specimens
annealed for temperatures and times as indicated. The corresponding AES analyses (derivative spectra) of small areas (size: 20 nm) indicated
in the micrographs are presented in (b), (d), and (f), respectively.

grains.’® The observed grain sizes are similar to those esti- graph presented as Fig. 3(c). The corresponding XRD mea-
mated from XRD line-profile analyses (results not shown). surement has indicated that the Ge layer has fully crystal-

The surface morphology of the a-Ge/Al specimen after  lized [Fig. 1(d)]. The SEM micrograph shows that the
annealing at 165 °C for 10 min is shown in the SEM micro- surface, which is originally made of a-Ge before annealing,
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FIG. 4. [(a) and (b)] The evolution of the Ge(111) diffraction peak upon in situ annealing of the (a) Al/a-Ge and (b) a-Ge/Al specimens.
An explosivelike, full crystallization of the a-Ge layer is observed at 150 °C for both specimens. [(c) and (d)] The evolution of the Si(111)
diffraction peak upon in situ annealing of the (c) Al/a-Si and (d) a-Si/ Al specimens. For both specimens, a gradual crystallization of a-Si is

observed with increasing temperature and annealing time.

is now composed of large white areas of dendritic shape. The
white dendrites are shown to be very rich in Ge by small-
area AES analyses [see Fig. 3(d)]. This observation, together
with the corresponding concentration-depth profile shown in
Fig. 1(c), indicates that the crystallization of Ge occurs
mostly in the original a-Ge layer itself. The c-Ge dendritic
areas are separated by narrow dark regions, which are much
richer in Al [Fig. 3(d)] than the dendritic areas.

For comparison, the surface SEM micrograph of an
a-Si/ Al specimen annealed at 165 °C for 3 days is shown in
Fig. 3(e). The corresponding concentration-depth profile is
very similar to that of the a-Ge/Al specimen annealed at
165 °C for 10 min [cf. Figs. 1(c) and 2(c)]. Evidently, the
surface morphologies of the annealed a-Si/Al and a-Ge/Al
specimens are very different [cf. Figs. 3(c) and 3(e)]. No
dendritic areas of (c-)Si can be observed in the surface of the
annealed a-Si/Al specimen. Recognizing that the corre-

sponding XRD analysis reveals that only a partial crystalli-
zation of a-Si has occurred [Fig. 2(d)], it is concluded that
the surface is mostly a-Si (uniform gray area) incorporating
some separate Al particles [bright points, see Fig. 3(f)].

C. In situ x-ray diffraction results

The evolutions of the Ge(111) diffraction peaks recorded
as a function of annealing temperature during in situ anneal-
ing of the Al/a-Ge and a-Ge/Al specimens are shown in
Figs. 4(a) and 4(b), respectively. It follows that the a-Ge
layers in both specimens show very similar crystallization
behaviors. At temperatures below 125 °C, almost no
Ge(111) diffraction peak can be detected; as the annealing
temperature reaches 150 °C, a strong Ge(111) peak abruptly
appears for both specimens. During the following annealing
steps up to 250 °C, the Ge(111) peak intensity remains con-
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stant. Hence, the entire a-Ge layer has immediately and fully
crystallized at 150 °C in both specimens, irrespective of the
layer sequence.

The corresponding crystallization behaviors of a-Si in the
Al/a-Si and a-Si/Al specimens for the same temperatures
during in situ annealing are shown in Figs. 4(c) and 4(d),
respectively. In contrast with the “explosivelike” crystalliza-
tion behavior of a-Ge in the Al/a-Ge and a-Ge/ Al specimens,
a gradual crystallization behavior of a-Si is observed for both
Al/a-Si and a-Si/ Al. Consistent with the ex situ observations,
the crystallization kinetics of a-Si is strongly dependent on
the layer sequence. For the Al/a-Si specimen [Fig. 4(c)], ini-
tial crystallization of a-Si is observed after annealing at
165 °C for as long as 2 h. With increasing temperature, the
Si(111) peak shows a progressive, gradual growth. The crys-
tallization rate is small even at a temperature as high as
250 °C. For the a-Si/Al specimen, however, initial crystal-
lization of a-Si occurs already after 30 min of annealing at
165 °C [Fig. 4(d)]. The Si(111) peak increases with increas-
ing annealing temperature. After 2 h at 250 °C, the Si(111)
peak intensity has reached a maximum. The intensity is al-
most twice of that of the Al/a-Si specimen in the final stage.
In this context, the results presented in Sec. IIl A are re-
called: At 250 °C, it takes only 1 h for a-Si/Al, and a much
longer time of 25 h for Al/a-Si, to achieve layer exchange of
the Si and Al layers. Also, these results (see Sec. IIT A 2)
suggest that the crystallization kinetics of a-Si correlates
with the layer-exchange process of the a-Si and Al layers.

D. Summary of main experimental observations

A gradual crystallization behavior of a-Si is observed for
both Al/a-Si and a-Si/ Al at a temperature as low as 165 °C,
and the crystallization rate of a-Si in Al/a-Si is much lower
than in a-Si/Al. An explosivelike crystallization behavior of
a-Ge is observed in both Al/a-Ge and a-Ge/Al layer systems
at 150 °C, irrespective of the layer sequence.

The crystallization of a-Si in Al/a-Si and a-Si/Al speci-
mens correlates with the layer-exchange process of the a-Si
and Al layers.

The crystallization of a-Ge in Al/a-Ge and a-Ge/ Al speci-
mens does not correlate with such layer exchange. The a-Ge
layers have fully crystallized long before layer exchange has
been achieved.

The original layer sequence strongly affects the layer-
exchange kinetics both in Al/Ge and in Al/Si layer systems.
The layer-exchange process for Al/a-Ge is faster than that for
a-Ge/Al. On the other hand, in the Al/Si layer systems, the
layer-exchange process for Al/a-Si is much slower than that
for a-Ge/Al.

IV. THERMODYNAMIC MODEL AND CALCULATIONS
A. Role of covalent-bond-weakening effect

The bonding in a-Si and a-Ge is strongly covalent. There-
fore, homogeneous nucleation of crystallization within bulk
a-Si and bulk a-Ge can only occur at relatively very high
temperatures (~500 °C for a-Ge and ~700 °C for a-Si).'*
The covalent bonds in the a-Si layer or a-Ge layer are weak-
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ened at the interface with the metal layer, as a consequence
of a screening effect by the free electrons in the adjacent
metal layer.”® As a result of this bond-weakening effect, the
activation energy for diffusion of these interface-adjacent Si
(or Ge) atoms will be lower than that of Si (or Ge) bulk
atoms; i.e., these interfacial Si (or Ge) atoms gain a mobility
much larger than the corresponding bulk atoms. These rela-
tively mobile Si (or Ge) atoms can diffuse along the interface
and may provide the agents for the nucleation of crystalliza-
tion at much lower temperatures than holds for the corre-
sponding bulk materials.!*»!%23 In the following, these
weakly bonded interfacial Si (or Ge) atoms will be called
“free” atoms. The screening effect is a very local electronic
interaction, and, accordingly, the layer thickness of the free
Si (or Ge) atoms is only about 1-3 ML (monolayers) adja-
cent to the metal layers.?® In a soft x-ray photoemission
study of Al/Si interfaces, the photoemission from the free Si
interfacial layer could be distinguished from that of bulk
Si.37 Using the intensity ratio of these two types of photo-
electrons, the thickness of the free silicon interfacial layer is
calculated to be 4.4 A (~2 ML Si).3® Recognizing the (struc-
ture) similarity of Si and Ge, the thickness of the free Ge
interfacial layer is also estimated to be about 2 ML at the
interface with the metal.

It can be conceived that, in principle, those two metal-
layer adjacent monolayers of free atoms in a-Si and a-Ge
could lower the Gibbs energies of the system by, for ex-
ample, (a) crystallizing, (b) dissolving into the metal layer,
(c) reacting with the metal to form silicides or germanides
[for example, see Ni-Si (Ref. 27)], or (d) diffusing to sites of
low energy (as grain boundaries in the metal). Evidently,
which process can occur depends on the competition be-
tween the change of bulk Gibbs energies and the change of
corresponding surface and interface energies.

In this paper, processes as indicated above are considered
for MIC processes in immiscible layer systems. For the
Al/Si and Al/Ge (layer) systems, the formation of any sili-
cide or germanide [option (c)] can be excluded based on the
XRD and differential scanning calorimetry measurements
performed in this work (see also Ref. 13). Furthermore, the
bulk diffusion and dissolution of Si (or Ge) in Al layers are
negligible at the concerned temperatures (<250 °C).2!35 As
a result, the only two options for the interfacial free Si (or
Ge) atoms to lower the system Gibbs energy are (i) to crys-
tallize at the interface with Al and/or (ii) to diffuse into Al
grain boundaries (“wetting”!?) and possibly crystallize there.
For an evaluation, it then becomes indispensable to assess
the values of surface and interface energies in Al/Si and
Al/Ge layer systems. Therefore, in the following section,
first, the corresponding surface and interface energies in
Al/Si and Al/Ge layer systems will be determined employ-
ing a recently developed method.>3!-3?

B. Evaluation of crystallization, surface, and interface energies

1. Crystallization energies
The crystallization energies (AGZ;_J{Z}: the Gibbs energy

difference between the crystalline and amorphous phases) of
a-Ge and a-Si follow from’
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AGE(T) = MG~ TASFY(D. (1)

T
AHGRW(T) = AHG(T,) + f Ac,(T)dT, (1b)

c

T
cryst _ 0 ACQ(T)

AS(l)—{l}(T) = S{l} + f() T dT. (10)
Here, i represents Ge or Si, () stands for the crystalline
phase, and { } represents the amorphous phase. T, stands for
the crystallization temperature at which the crystallization
enthalpy AHZ'[?'_S{’,.} was measured. Ac,(T) is the specific heat
difference between the crystalline and amorphous phases,
and S?i} is the residual entropy of the amorphous phase at
0 K. Using the thermodynamic values summarized in Ref.
39, the crystallization energies of both a-Ge and a-Si have
been calculated as a function of temperature. The results are
shown in Fig. 5(a). It follows that the crystallization energy
of a-Si is more negative (i.e., more energy is released upon
crystallization) than that of a-Ge. Both crystallization ener-
gies decrease with increasing temperature.

2. Surface energies

The Gibbs surface energy G<SA> (in J/mol) of a crystalline
surface (A) at temperature T can be expressed in terms of the
surface enthalpy H<SA) and the surface entropy S<SA>:

Gu(T) = Hiyy — TS}y, )

Similarly, the Gibbs surface energy G{S 4y of an amorphous*’
surface {A} is given by

Giu(T) = Hyyy — TSy, 3)

The surface entropies S<SA> and S{SA} are approximately equal

to 7.72 and 7.34 J mol~! K~!, respectively, based on relevant
experimental data.303!
The corresponding Gibbs surface energies per unit area

and (in J/m?) are given by>°
(A) A}

S S
Hiyy =TSy

Yin(T) = —"——=75, (2"
W FnCoVis

Hy — TS

r— TSy
YD) = ———75, (3"
W fnCoVig

where Vi, and Vy,, stand for the molar volumes of (A) and
{A}; fiay and fi represent the average fraction of the surface
of an atomic cell in contact with vacuum (f(4,=0.35, fi4
=0.33);* C, is a constant relating the surface area to the
corresponding bulk volume, with an average value of 4.5
X 108 mol~1/3.30

With known experimental values of )/EA>(T0) and )/{SA}(TO)
at a temperature T, the surface energies of (A) and {A} at a
temperature T can be calculated on the basis of Egs. (2') and
(3'), respectively,
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FIG. 5. (Color online) Calculated (a) crystallization energies, (b)
surface energies, and (c) interface energies related to the Al/Si and
Al/Ge layer systems. The calculation methods have been discussed
in detail in the text.

_ (Vn(To)fnCoVin + ToSixy) = TSt

T , 2/!
Yol fCoVin =
(Vi (To)fuyCoVin + ToSiay) — TSy
'}/{YA (T) = .37

2/3
FwCoViy)

Using Egs. (2”) and (3"), the surface energies of c-Si, a-Si,
c-Ge, a-Ge, and c-Al at temperatures between 0 and 300 °C
have been calculated; results are shown in Fig. 5(b). The
parameters that were employed for the calculations have
been summarized in Table 1.41-46 It can be noticed that the
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TABLE I. Parameters for surface energy calculations [( ), crys-
talline surface; { }, amorphous (liquid) surface; y%(7}), experimental
surface energy at measurement temperature 7y; V,,, molar volume
(from Ref. 41)].

(Siy  {Sit  (Ge) {Ge} (A

Y (Ty) Jm™2) 137 087°  0.97° 062> 1.03°
T, (K) 493 1685 473 1211 500
Vin 1213 11.10  13.65 1297 10.06

(X107°m> mol™")

4From Ref. 42; see also Refs. 30 and 44.
YFrom Ref. 43; see also Refs. 41 and 45.
‘From Ref. 42; see also Refs. 30 and 46.

surface energy of the amorphous phases ({Si}, {Ge}) is sig-
nificantly lower than that of the corresponding crystalline
phases ((Si), (Ge)).

3. Interface energies

As compared with surface energies, it is much more dif-
ficult to directly measure energies of interfaces between vari-
ous crystalline and amorphous phases. However, theoretical
evaluations of interface energies based on universal thermo-
dynamic models and available thermodynamic data have
been successfully developed in recent years.'3° Recently, de-
parting from Refs. 5 and 30, the interface thermodynamic
model was extended and improved.?! In the present work,
the corresponding interfacial energies have therefore been
calculated with the improved thermodynamic model.

For the interface between two crystalline phases (A) and
(B), the interfacial Gibbs energy G%%B) (in J/mol) is given
by30

mter

L h.
Gl = Gliss) + Gslisy- (4a)

The interfacial mismatch energy G?Xf«m is due to the mis-

match between the lattices of (A) and (B) at the interface and
may comprise energy contributions due to elastic strain and

possible dislocations. GZ%?/(B) can be estimated by>3!
s S
mis _ l G<A> + G<B> 4b
we=3\7T 5 ) (4b)

where G<SA> and G<SB> are the Gibbs surface energies of (A)
and (B), respectively. As a particular case, the energy of a
high-angle grain boundary in (A), i.e., an (A)/(A) homophase
interface, Ggﬁ is assessed by
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G(A) G?A) . (4C)

3

The interfacial chemical energy GzAf/’ZB), which represents the

chemical interaction between (A) and (B), is given by
h h h
Gayiisy = Hiayiisy = TSty (4d)

where the enthalpy contribution Hf Ao 18 related to the par-
tial enthalpy of (A) in (B) at infinite dilution AH?A> in (3 and
of (B) in (A) at infinite dilution AH{y ,, (s).*"

chenm AHy) in )+ AHG) i )
Hxs) = 14) 5 . (4e)
Here, f(;y=f(1y=f5=0.35 [see below Eq. (3")].
The interfacial chemical entropy SfAf,’Z’w is assessed by?!
3172
L1e;
chem J
S(A)/(B) f<]> 3R In R (4f)

2 %®j + Aim‘erf
J

where ©; stands for the Debye temperature of component j
((A) or (B)). A®,,,,, is the Debye temperature change of the

interface atoms (taking atom-type independent) with respect

to the Debye temperature of the bulk atoms, and is estimated

by

—AH(AB>) (4g)

A =341 X 10-3(— 2

with AH,p as the enthalpy of formation of the (AB) solid

solution and R as the gas constant.
Finally, the interfacial Gibbs energy per unit area (in
J/m?) can be calculated from
Gimerf

(A)(B)

Vi = (4h)

23
wCoVisr-m)
where \_/<A>_<B> stands for the average molar volume of (A)
and (B).

For the interface between a crystalline phase (A) and an
amorphous phase {B},* the interfacial Gibbs energy GQ’X;’{’;}
is

Gy = Hixsilny = TS (52)

with a total interface enthalpy contribution H;Z’;’{’;} according

t031

AH?A} in 8y + Hip)(T) — Hip)(T) + AH?B} in {ay + Hoay(T) = Hipy(T)

HEZ’;?;}(T) = fray X | Hyay(T) = Hiy(T) +

> (5b)
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TABLE II. Parameters for interface energy calculations (Refs. 41, 47, and 48).

AIJ{OAI} in {Ge}

AH?AD in (Ge) AH?Ge) in (Al) Ang (diam) —Ge(fcc) ASGe(dialm)HGe(fCC) AHC Oce Oar
{Ge} in {Al}
32857 -3143 36000 22.3 -11304 374 K 428 K
J mol™! J mol™! J mol™! Jmol™' K~! J mol™!
AHY
{Al} in {Si} -
AH?AD in (Si) AH?SD in (Al) AHgl(dmm)ﬂsl(m) ASSi(diam)—»Si(fcc) AR Og; AH{ Al}
{Si} in {Al}
47857 -3143 51000 21.8 —-11340 645 K 10784.4
T mol™! T mol™! Jmol™! Jmol ' K~! J mol™! J mol™!
The interface entropy S(y;/, is given by’ Ay MO = 8P — 29 (6)
A iti drivi f 1t bout 0.22 J/m? (at
SZZXI%B = _0.678R. (5¢) positive driving force equal to abou m* (a

The interface energy per unit area can finally be calcu-
lated from

interf
nter Glayisy
’}/(A)/ B} _ > (5 d)

2/3
JyCoViay-

where \_/<A>_{B} stands for the average molar volume of (A)
and {B}.

The thus calculated interface energies of (Al)/(Ge),
(A1)/{Ge}, (Ge)/{Ge}, (Al)/(Si), (Al)/{Si}, and (Si)/{Si}
and the grain boundary energy of Al are shown as a function
of temperature in Fig. 5(c). The thermodynamic parameters
used for the calculations have been gathered in Table
I1.41:4748 From the calculated interface energies, an important
observation can be made: The energy of crystalline/
amorphous interfaces (for example, (Al)/{Ge} and (Al)/{Si})
is much lower than that of the corresponding crystalline/
crystalline interfaces ((Al)/{(Ge) and (Al)/{Si)).

C. Thermodynamics of metal-induced crystallization processes

1. Grain boundary wetting

Grain boundary wetting by a phase is possible as long as
the total interface energy can be reduced by replacing the GB
with two interphase boundaries.’!! Within this context, the
possibility of diffusion of free Ge or Si atoms into Al grain
boundaries can be investigated. A comparison between the
interface energies of Al GB (y5F) and two times the
(Al)/{Ge} or (Al)/{Si} interphase boundaries (2)/2 Af;/{CGe} or

interf

29yisiy) is provided in Fig. 6(a). It follows that the diffu-

sion of Ge or Si atoms into Al GBs (i.e., wetting) is favored
because this reduces the Gibbs energy of the system. The
driving forces Ay5e " AP and A2 A1 GB for the diffu-
sion of Ge and Sl atoms into Al GBs are given by!%!!

G AIGB _ r
Ayp® " = ?’Al 2')/<’X16>/{Ge}’

150 °C) exists for both a-Ge and a-Si [Fig. 6(a)], with the
driving force for a-Ge being slightly larger than that for a-Si.
The a-Ge or a-Si wetting layer realizes a “splitting” of the Al
GBs and allows Ge or Si atoms to diffuse along the Al GBs
through the whole Al layer [see Fig. 3(a) and its discussion;
for atomic scale evidence by TEM, see Ref. 13].

2. Interface and grain boundary nucleation of crystallization

As discussed at the start of Sec. IV A, homogeneous
nucleation of crystallization within a-Ge or a-Si is impos-
sible at low temperatures. Yet, low-temperature nucleation of
c-Ge or c¢-Si could occur heterogeneously at the interface
with Al and/or at the Al GBs, where free Ge or Si atoms are
present due to the covalent-bond-weakening effect (see Sec.
IV A) and the GB wetting (see Sec. IV C 1). A factor ob-
structing the nucleation of crystallization at interfaces is that
the energy of crystalline/amorphous interfaces is usually
lower than that of corresponding crystalline/crystalline inter-
faces [see Fig. 5(c)]. Consequently, a thin amorphous layer is
often thermodynamically stable at surfaces and interfaces un-
til reaching a critical thickness (this has first been recognized
in Ref. 5; see also Refs. 32 and 33). Considering the wetting
a-Ge or a-Si layer at the Al GBs, the critical thickness for the
nucleation of crystallization can now be calculated by divid-
ing the increase of interface energy due to crystallization (in
J/m?) by the bulk crystallization energy (in J/m?),

2 X (Yiice — 7/<”/{1€>r/{6e}

crit

Ge in AIGB = _ AGE&;; o)
v 20 - 7/<A1>r/{sl} ;
Si in AIGB — A G ( )

- (Si)—{Si}

The free Ge or Si atoms could also crystallize directly at
the original (Al)/{Ge} or (Al)/{Si} interfaces. The critical
thickness for this crystallization process is given by

Yiakce + YGelice = YiAbios

b}

hcrll —
(A1)/{Ge} c
- MGG 6o}
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FIG. 6. (Color online) (a) Energetics of the Al grain boundary
wetting by a-Ge and a-Si. A positive driving force ygfg
~29/AiGe or si) 18 evident for both Ge and Si to diffuse into the Al
grain boundaries (wetting). (b) Energetics of the nucleation of crys-
talline Ge (and Si) at the Al GBs and at the Al/a-Ge and Al/a-Si
interfaces. Note that the thicknesses of the free Ge or Si layers are
about 2 ML at the interfaces with Al and ~4 ML at the Al GBs
(both these thicknesses are shown by gray, horizontal lines in the
figure). It follows that c-Ge can nucleate both at the Al GBs and
Al/a-Ge interfaces (above 50 °C), whereas c-Si can nucleate only at
the Al GBs (above 140 °C).

V(KWZSD + V(%?{&} - 7/<”Atf>r/€Si} ®)
- AGEH sy

h{Absiy =

On the basis of the calculated crystallization energies and
interface energies (Fig. 5), the critical thicknesses for the
initiation of crystallization of a-Ge and a-Si at the Al GBs
and at the interfaces with Al were calculated applying Eqs.
(7) and (8). The results are shown in Fig. 6(b) (the unit is ML
where 1 ML Si~2.2 A and 1 ML Ge~2.5 A).3® For a-Ge,
the critical thickness is below 2 ML at the Al/a-Ge interface
(above 50 °C). As discussed above, the thickness of the free
Ge layer at the interface with Al is 2 ML, which is above the

PHYSICAL REVIEW B 77, 045424 (2008)

critical thickness for crystallization. Therefore, the free Ge
layers can crystallize at the Al/a-Ge interfaces at low tem-
peratures, in accordance with TEM observations reported in
Refs. 15 and 22. At the Al GBs, the Ge layer is sandwiched
between two Al grains and, consequently, the total thickness
of free Ge at the Al GBs is 4 ML. According to Fig. 6(b), the
critical thickness for the crystallization of a-Ge at the Al GBs
varies from about 3.5 ML at 0 °C to about 2.8 ML at
300 °C. Hence, the initiation of the crystallization of a-Ge
can also occur at the Al GBs.

For a-Si, the critical thickness for crystallization at the
Al/a-Si interface is above 2 ML even at 300 °C. Therefore,
the 2 ML of free Si at the interface would prefer to stay
amorphous and the initiation of crystallization cannot occur
at this location. At the Al GBs, the critical thickness for the
initiation of crystallization is below 4 ML at temperatures
above 140 °C. Hence, the only site for c-Si to nucleate at
low temperatures is the Al grain boundary, and the crystalli-
zation temperature should be higher than 140 °C for the Al/
a-Si layer system (the experimental work performed in this
project indicates a minimal crystallization temperature of
about 165 °C; see Sec. III C). TEM evidence for the crystal-
lization of a-Si at Al GBs (at 175 °C) is given in Ref. 13.
Furthermore, a recent experimental study has confirmed that
Al-induced crystallization of a-Si is initiated exclusively at
the Al GBs (and not at the original Al/a-Si interface).”!

3. Continued crystallization

It has been shown above for the Al/a-Si system that the
only site for the nucleation of crystallization is at the Al GBs.
After the initiation of the crystallization of a-Si, every wetted
Al GB in the Al layer is replaced by two (Al)/(Si) interphase
boundaries. To proceed with the crystallization process of
a-Si, the Si atoms in the a-Si layer must continue to diffuse
now into the (Al)/(Si) interphase boundaries (wetting) and
crystallize there. The driving force for the diffusion
A ST ADASD Lo

Y is given by
Ay ™AV = sy — (Vs + YTy )

As follows from Fig. 7(a), this driving force is (also) positive
(~0.3 J/m? at 150 °C), indicating that a-Si is capable (to
continue) of wetting the (Al)/(Si) boundaries.

Considering the wetting a-Si layer at the (Al)/(Si) inter-
phase boundaries, two cases are possible: (i) The wetting
a-Si layer joins with the adjacent c-Si grains to crystallize, as
a result of which the c-Si grains grow laterally, perpendicu-
lar to the (Al)/(Si) boundaries. (ii) New grains of c-Si nucle-
ate. The critical thickness in case (i), i.e., for continued lat-
eral c-Si grain growth perpendicular to the (Al)/(Si)
boundaries, is given by

it Kf)r/{so - (%'Kfﬁfsi} + 72%237{51})
Si grain growth = cryst : (9b)
— AG(si)-(si)

The critical thickness in case (ii), i.e., for the formation of
new c-Si grains at the (Al)/(Si) boundaries, is given by
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FIG. 7. (Color online) (a) Energetics of the continued diffusion
of Ge and Si atoms into the Al layer after completing the initial
nucleation of the crystallization process at the Al GBs. A positive
driving force is present for both Ge and Si for continued diffusion
into the (Al)/(Ge) and (Al)/(Si) boundaries, respectively. (b) Ener-
getics for continued lateral grain growth of c-Ge and c-Si in the
original Al layer (perpendicular to the original Al GBs). Continued
grain growth, rather than repeated nucleation of crystallization, is
favored for both Ge and Si. The formation of new crystalline nuclei
is impossible.

V'Xﬁr/{so + <§§§7{Si> - (?/{Xle)r/j{csﬂ + 7{557{51})
- AGG sy

crit _
Si new nucleation —

(9¢)

The calculation results are shown in Fig. 7(b). The critical
thickness for the formation of new ¢-Si nuclei [Eq. (9¢)] is as
large as ~4 ML. Recognizing that the thickness of the free
Si atoms adjacent to Al is only about 2 ML, it follows that
the formation of new c-Si nuclei at the (Al)/(Si) boundaries
is impossible. The critical thickness for continued c-Si grain
growth [Eq. (9b)] is only ~1.5 ML (at 7> 150 °C). Hence,
continued lateral growth of the c-Si grains initially formed at
the original Al GBs is possible, which is in accordance with
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the in situ and ex situ TEM analyses (i.e., only c-Si grain
growth at initially formed (Al)/(Si) interfaces is observed).'3
Additionally, recognizing the large positive driving force
Ayls)l in (ADSD for Si atoms diffusing into the (AI)/(Si)
boundaries, this result strongly indicates that the lateral
growth of the initially nucleated c-Si grains at the original Al
GBs is realized by continuously incorporating Si atoms dif-
fusing from the a-Si layer into the (Al)/(Si) boundaries.

The continuous inward diffusion and crystallization (grain
growth) of Si within the original Al GBs can result in (i) free
space left in the original a-Si layer; (ii) compressive stress
built up in the Al grains. As a result of both effects, it is
suggested that Al tends to occupy the free space in the Si
layer to relax the stress (the in situ x-ray diffraction stress
measurements performed in this project indicated that, in-
deed, the Al phase maintains a low level of compressive
stress during MIC). Thus, the Al layer is gradually “dis-
placed” by the growing c-Si grains and “moves” to the origi-
nal location of the a-Si layer. As a consequence of this pro-
cess, a continuous c-Si layer is formed at the position of the
original Al layer: layer exchange. Thereby, the correlation of
layer exchange and crystallization of the a-Si phase has been
explained. Moreover, due to the thermodynamic impossibil-
ity of new c-Si nucleation after the initial nucleation of c-Si
at Al GBs, it follows that the final lateral c-Si grain sizes are
similar to the original Al lateral grain sizes, which is in
agreement with observations in Al/Si layer systems.!6-18

In contrast with the Al/a-Si layer system, crystalline Ge
can nucleate both at the Al GBs and at the interface with the
Al layer (Sec. IV C 2). The two possible cases of continued
crystallization of a-Ge at the original Al GBs can be consid-
ered similarly as for the Al/a-Si system; thus [see Egs.

(9a)-(9¢)],

Ge in (A/G j /i '
AYDe in (AD/Ge) _ )/{Klg{/{(;e) - (%Kf)r/JEGe} + V(r(l;g{{Ge})’

(10a)
oo~ o+ Vi ow)
Ge grain growth = n ,
e grain grow _A Ggg;)l—{Ge}
(10b)

i Yiabikce + YiGece = (Yiavice + Yibaice)
Ge new nucleation — ryst :

= AG{Go) G}

(10c)

The calculation results are also shown in Figs. 7(a) and 7(b).

It follows that a-Ge is capable of wetting the (Al)/(Ge)
boundaries (Ayge in (ADAG®) - 0) and subsequently crystal-
lizes there by joining the preexisting c-Ge nuclei
(hg arain growth ~ 1 ML), thereby establishing lateral growth
of the initially nucleated c-Ge grains. Similar to the Al/a-Si
layer system, the formation of new c-Ge nuclei at the
(Al)/(Ge) boundaries is impossible (AZY .. Lucteation™ 3
ML). Since c-Ge is also capable of nucleating at the Al/a-Ge
interface, c-Ge grain growth can also occur at the same time

within the a-Ge layer itself starting from the c-Ge grains
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nucleated at the interface. The interface-mediated and GB-
mediated crystallizations of a-Ge occur simultaneously. As a
result, the a-Ge phase is very fastly fully crystallized, long
before a complete layer exchange as induced by crystalliza-
tion at the original Al GBs has been realized. The morphol-
ogy of c-Ge crystallized within the original Al sublayer is
shown in Fig. 3(a). The branchlike c-Ge grains were formed
between Al grains (see Sec. III B). The dendritic crystalliza-
tion morphology of c-Ge initiated at the Al/Ge interface is
shown in Fig. 3(c) for a fully crystallized specimen (see also
the corresponding TEM observations in Refs. 15 and 22). It
can also be noticed that a small amount of Al diffuses along
the boundaries of the Ge crystallites to the surface during
MIC. Because interface-mediated crystallization of a-Si is
absent for the Al/Si system, the resulting morphology is very
different from that observed for the Al/Ge system; see Fig.
3(e) for an annealed a-Si/Al specimen, which has partially
crystallized after 3 days at 165 °C (see Fig. 2).

D. Discussion and remarks on layer exchange

According to the thermodynamic model calculations, the
most striking difference between the Al/Ge and Al/Si layer
systems is that c-Ge can (also) nucleate at the Al/a-Ge inter-
face, whereas c-Si cannot nucleate at the Al/a-Si interface. Al
GBs are preferred sites for crystallite nucleation and subse-
quent lateral growth in both layer systems. These predictions
are in very good agreement with the experimental observa-
tions obtained in this work and discussed in Sec. III, and also
with results from other research groups: Almost all results on
MIC in the Al/Si layer system indicate that MIC in Al/Si is
associated with a layer exchange of Al and Si.'®! Initial
nucleation of c-Si was found to occur within the Al
layer.!3!%17 In the few studies on MIC in the Al/Ge layer
system, MIC behaviors different from that of Al/Si were
reported.'>?2 The nucleation of c-Ge at the Al/a-Ge interface
was observed.'>?> Hence, the predictions of the thermody-
namic model are validated by the corresponding experimen-
tal data on the Al/Ge and Al/Si systems.

Whereas full crystallization of a-Si in Al/a-Si (a-Si/Al)
occurs in association with layer exchange, full crystallization
of a-Ge in Al/a-Ge (a-Ge/Al) is realized without achieving
such layer exchange. Then, it is important to note that a layer
exchange of Al and Ge layers, similar to that observed for
the Al/Si system, does occur upon further annealing, after
full crystallization of the a-Ge layer (see. Fig. 1). Hence, in
this case, layer exchange involves crystalline Al and crystal-
line Ge layers. Further, the kinetics of the layer-exchange
process in the Al/Ge layer system is dependent on the origi-
nal layer sequence; such dependence was also observed for
the Al/Si layer system (see. Figs. 1 and 2).

Layer exchange of crystalline Au and crystalline Si layers
has previously been observed upon annealing a c-Au/c-Si
bilayer specimen at temperatures below 300 °C.* The pro-
cess would involve the development of large c-Si grains
within the c-Au layer; the resulting decrease in c-Si GB den-
sity and thus energy would drive the layer exchange. It may
then be suggested that, similarly, the layer exchange of c-Al
and c-Ge layers results from the development of large c-Ge
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grains within the c-Al layer. Because the surface energy of
c-Ge is lower than that of c-Al [see Fig. 5(b)], it may be
expected that the development of c-Ge grains within the c-Al
layer (and the replacement of Al) is more favorable if the
original Al layer is on the top of the specimen,’® which is
consistent with the observed difference in layer-exchange ki-
netics of Al/a-Ge and a-Ge/Al. Besides, the layer-exchange
process could also be promoted by the stress relaxation in the
c-Al and c-Ge phases upon layer exchange.!'®

In the case of the Al/Si layer system, the layer-exchange
process for Al/a-Si is much slower than that for a-Si/Al. In
this case, the stress relaxation in and the grain growth of the
Al phase control the kinetics of layer exchange.'$?° The
driving force for layer exchange was calculated to be larger
for a-Si/ Al than for Al/a-Si, in agreement with the observed
difference in the layer-exchange kinetics.?”

E. Model calculations for the Au/a-Si and Ag/a-Si systems

The model is, in principle, applicable to MIC processes in
all immiscible alloy systems. Thus, results of the application
of the model to the Ag/a-Si and Au/a-Si systems are shown
in Fig. 8. The thermodynamic parameters needed for the cal-
culations can be found in Refs. 47, 51, and 52. Similar to the
Al/a-Si system, a-Si is capable of wetting also the Au GBs
and Ag GBs [Fig. 8(a)]. Note that there is, in particular,
a very large driving force for a-Si to wet the Au GBs
(~0.5 J/m?); the driving force for a-Si to wet the Ag GBs is
much smaller (~0.1 J/m?).

Now, consider the nucleation of crystallization of a-Si in
Ag/a-Si and Au/a-Si systems. Following from Fig. 8(b), the
critical thickness for a-Si to crystallize at Ag GBs is lower
than 4 ML for a temperature larger than about 400 °C,
whereas at the Ag/a-Si interface, the critical thickness for the
crystallization of a-Si is about 2.5 ML (>2 ML). Hence, with
reference to the discussion in Sec. IV C 2, it can be predicted
that the MIC in the Ag/a-Si system will occur at a minimal
temperature close to 400 °C; in particular, the crystallization
will be initiated at Ag GBs. This predicted MIC behavior
agrees very well with the experimental result in the Ag/a-Si
layer system: The crystallization of a-Si starts within the Ag
layer at 390—410 °C.'

For the Au/a-Si system, the model calculation shows that
the critical thickness for the nucleation of crystallization of
a-Si is ~5.5 to 6 ML at Au GBs (for 7<<400 °C) and ~3.3
ML at the Au/a-Si interface. Hence, the direct (i.e., without
the aid of an intermediate phase; see below) crystallization of
a-Si in the Au/Si system is unlikely, in any case at tempera-
ture below 400 °C. However, the reported MIC temperature
of the Au/a-Si system is only 100-200 °C.'*? It appears
that MIC in the Au/a-Si system is mediated by the formation
of an intermediate metastable phase (there is no stable inter-
metallic phase in the Au-Si system), as suggested by experi-
mental observations. It was found that Si penetration into Au
GBs occurred at 100 °C and that metastable crystalline
Au;Si nucleated at Au GBs at ~100 °C.? Continued lateral
growth of c-Au;Si perpendicular to the Au GBs was also
observed.?> In order to understand the formation of Au;Si,
calculations on the possible nucleation of AusSi at the Au
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FIG. 8. (Color online) (a) Energetics of Ag and Au grain bound-
ary wetting by a-Si. It follows that a-Si can wet both Ag GBs and
Au GBs. (b) Energetics of the nucleation of crystalline Si at Ag and
Au GBs and at Ag/a-Si and Au/a-Si interfaces. It follows that c-Si
can nucleate at the Ag GBs at (above) ~400 °C. For the Au/a-Si
system, it follows that c-Si cannot nucleate directly at Au GBs and
at the Au/a-Si interface. MIC in Au/a-Si is, however, mediated by
the formation of metastable Au;Si nucleated at Au GBs (see text).

GBs and at the Au/a-Si interface were performed here using
the thermodynamic model presented in this paper.’® The re-
sults of the calculation are also shown in Fig. 8(b). The criti-
cal thickness of a-Si at Au GBs to form Au;Si is close to 4
ML at a low temperature of 80 °C (and is smaller at higher
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temperatures), which explains the formation of Au;Si at Au
GBs in the range of 100-200 °C.'*> At the Au/a-Si inter-
face, the critical thickness is ~1.8 ML (<2 ML), indicating
that AusSi can also nucleate at the Au/a-Si interface. Recog-
nizing the very large positive driving force for Si atoms dif-
fusing into the Au GBs [see Fig. 8(a)] and also the higher
mobility and supply of Au atoms at Au GBs,? it can be
conceived that the formation of Au;Si will be much more
pronounced at Au GBs than at the Au/a-Si interface, which
is consistent with experimental observations.?

The above discussed calculations and corresponding ex-
perimental observations demonstrate the decisive role of in-
terface thermodynamics on phase transformations occurring
in small-size systems. The model is capable of predicting,
from an energetic point of view, if a certain phase can be
formed at a certain location in the microstructure considered.

V. CONCLUSIONS

MIC in immiscible alloy systems at low temperatures can
be understood on a thermodynamic, rather than kinetic, ba-
sis. Interface thermodynamics is shown to play a decisive
role for various kinds of reported MIC behaviors.

For the Al/Si system, the calculations show, in agreement
with the experiments, that MIC is the result of the following
processes: (i) Al GB wetting, (ii) Al GB nucleation of ¢-Si,
(iii) further wetting of (Al)/(Si) boundaries by a-Si, parallel
to the original Al GBs, and (iv) subsequent lateral c-Si grain
growth. The formation of new c-Si nuclei is impossible at the
(Al)/{Si} and (Al)/(Si) interfaces at low temperatures.

For the Al/Ge system, the calculations show, in agree-
ment with the experiments, that c-Ge is capable to nucleate
both at the Al GBs and at the (Al)/{Ge} interface. The
interface-mediated crystallization of a-Ge and the GB-
mediated (lateral) crystallization of a-Ge occur simulta-
neously in the Al/Ge layer system.

The thermodynamic model proposed is applicable to
evaluate the MIC behaviors in immiscible layer systems, in
general, as also shown by its application to the Au/a-Si and
Ag/a-Si systems for which experimental observations have
been reported previously in the literature.
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