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It has been demonstrated theoretically and experimentally that the thickness of a very thin, pure Al film
put on top of an amorphous Si (a-Si) layer can be used as a very accurate tool to control the crystallization
temperature of a-Si. The effect has been explained quantitatively by application of surface-interface
thermodynamics. The predictions have been confirmed experimentally by a real-time in situ spectroscopic
ellipsometry investigation of the crystallization temperature of a-Si as a function of the thickness of
ultrathin Al layers.
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The technological demand to produce thin, well-defined
crystalline Si (c-Si) films, for application in, e.g., liquid
crystal displays, organic light emitting devices and solar
cells, has led to keen interest in metal-induced crystalliza-
tion (MIC) of amorphous Si (a-Si) films in nanoelectronic
devices (cf. Refs. [1–12]). In MIC, the temperature for
crystallization of a-Si can be greatly reduced if it is put
in direct contact with a metal such as Al, Ni, or Au. For
example, for a-Si in contact with Al the crystallization
temperature (Tcryst) can be as low as 165 �C [7], as com-
pared with the Tcryst of bulk a-Si of about 650 �C [2]. Up
until the present, a fundamental understanding of this
effect, such that it can be applied to control the Tcryst, has
not been achieved, which has been due to limited funda-
mental and comprehensive knowledge on the thermody-
namics of the MIC process as a function of the annealing
conditions, the layer sequence, and the type and thickness
of the ‘‘catalytic’’ metal film.

In the present work, it is demonstrated theoretically and
confirmed experimentally that the thickness of a very thin
(< 20 nm), pure Al film put on top of an a-Si layer can be
used as a very accurate tool to tune the Tcryst of a-Si. In
previous studies on the MIC process in a-Si=Al systems
(cf. Refs. [2,4–9]), much thicker Al layers were employed
to induce the crystallization of a-Si at low temperatures,
which, to date, has obstructed the striking observation of
the dependence of the Tcryst of a-Si on the Al sublayer
thickness (as observed and quantitatively described in the
present Letter). On the basis of thermodynamic model
calculations, which account for the crucial role of surface
and interface energetics, it is shown that the Tcryst of a-Si
decreases from about 700 �C to 200 �C for an increase of
the thickness hAl of the covering Al film from hAl < 1 nm
to hAl � 20 nm. This model prediction is confirmed by
investigation of the Tcryst of a-Si as a function of the Al
film thickness in the range of 0.7–20 nm using real-time
in situ spectroscopic ellipsometry (RISE). This contribu-
tion not only provides pronounced fundamental insights
into the process of metal-induced crystallization, but also
demonstrates in general how surface and interface ener-

getics (as modeled here on the basis of the so-called macro-
scopic atom approach [13]) control diffusion, wetting, and
phase transformations in low-dimensional systems.
Moreover, pronounced technological progress in the low-
temperature manufacturing of c-Si-based, nanoelectronic
devices may be expected as a result of this work.

Two mechanisms have been postulated to explain the
observation of the Al-induced crystallization (AIC) of a-Si
layers at temperatures well below the Tcryst of bulk a-Si:
(i) AIC would be mediated by the formation of a meta-
stable Al silicide phase at the Al=a-Si interface as an
intermediate state [10–12] and (ii) AIC would be the result
of the nucleation and growth of c-Si at favorable sites at the
Si=Al interface and/or within the Al layer [e.g., at the Al
grain boundaries (GBs)] [1,4–9]. An in situ high-
resolution transmission electron microscopic (HRTEM)
study on annealed a-Si=c-Al multilayers has provided
direct experimental evidence for the nucleation of single-
phase c-Si at Al GBs [1] (i.e., without the intermediate
formation of a mixed Al=Si or silicide phase). For an Al
layer without GBs or with negligible GB density, no Al-
induced crystallization of a-Si can be observed [8].
Corresponding differential scanning calorimetry (DSC)
and x-ray diffraction (XRD) measurements also rule out
the formation of a metastable silicide phase upon metal-
induced crystallization in the a-Si=c-Al system [1,2,6–9].
This contrasts with the experimental observations in the
a-Si=c-Au system: i.e., the formation of a metastable Au-
silicide (and its lateral growth) at Au GBs has been directly
observed by HRTEM [3], DSC and XRD [3,14], which is
also in accordance with recent thermodynamic model pre-
dictions for this system [9].

Against the above background, the idea for the present
project emerged; see the sketch in Fig. 1(a). As a result of
the so-called screening effect [15], the Coulomb interac-
tion between the Al metal phase and the adjacent a-Si
phase leads to the weakening of the covalent bonds in a
very thin interfacial region of the a-Si phase (thickness of
2 monolayers (ML) [16], where 1 ML Si � 0:22 nm [17])
in contact with the Al metal, thereby allowing an enhanced
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mobility for interface-adjacent ‘‘free’’ Si atoms. These free
Si atoms can diffuse into GBs of the adjacent Al phase
because a thermodynamic driving force for this GB wetting
process exists [8]. The wetting a-Si layer at the Al GBs is
sandwiched between two c-Al grains and therefore the
thickness lSi of the wetting a-Si layer is smaller than or
maximally equal to 2� 2 � 4 ML. This weakly bonded
a-Si wetting layer may be the agent for the initiation of
crystallization of a-Si at low temperatures (see below).
Since the formation of an intermediate (metastable) Al
silicide phase upon MIC in the a-Si=c-Al system can be
ruled out (see above), it follows that the initiation of MIC
in this system thus involves the transport of only Si (and not
of Al).

For comparably small values of the Al layer thickness,
hAl, and taking the Al GB as oriented more or less perpen-
dicular to the surface [7], it follows that upon initiation of
crystallization of the wetting a-Si film at the Al GBs [1],
(i) not only the interfacial energy change [per unit length
along the Al GB parallel to the surface; i.e., perpendicular
to the plane of drawing in Fig. 1(a)], 2hAl��interface

hSii=hAli �

�interface
fSig=hAli�, associated with the replacement of the two origi-

nal amorphous-crystalline fSig=hAli interfaces by two
crystalline-crystalline hSii=hAli interfaces, but (ii) also
the surface and interfacial energy changes (per unit length

along the Al GB parallel to the surface) lSi��
surface
hSii �

�surface
fSig � and lSi�interface

hSii=fSig, due to the formation of the crys-
talline hSii surface and the crystalline/amorphous hSii=fSig
interface, respectively, have to be considered [see
Fig. 1(a)]. Note that the amorphous and crystalline phases
are denoted by braces fg and brackets hi, respectively.

Crystallization of the wetting a-Si layer at the Al GBs is
favored by bulk thermodynamics (due to the lower Gibbs
energy of bulk c-Si as compared to that of a-Si, as given by
the crystallization energy, �Gcrystallization

hSii-fSig , per unit volume),
but opposed by the associated increases of the surface and
interface energies caused by the crystallization [see
Fig. 1(a), and further below]. The change in the total
Gibbs energy, �Gtotal, of the considered a-Si=Al system
upon crystallization of the thin wetting a-Si layer (per unit
length along the Al GB parallel to the surface) is given by:
 

�Gtotal � lSihAl�G
crystallization
hSii�fSig �T� � 2hAl��

interface
hSii=hAli�T�

� �interface
fSig=hAli�T�	 � lSif��

surface
hSii �T� � �

surface
fSig �T�	

� �interface
hSii=fSig�T�g: (1)

It follows that a critical thickness of the wetting a-Si layer,
lcritical
Si , for initiation of crystallization of a-Si at the Al GBs,

can now be determined by balancing the bulk crystalliza-
tion energy with the accompanying increases in surface
and interface energies of the system [i.e., by solving Eq. (1)
for �Gtotal � 0]

 lcritical
Si �

2��interface
hSii=hAli�T� � �

interface
fSig=hAli�T�	

��Gcrystallization
hSii�fSig �T� �

��surface
hSii

�T���surface
fSig

�T�	��interface
hSii=fSig

�T�

hAl

:

(2)

A method for assessing surface and interface energies in a
wide range of crystalline and amorphous materials has
been provided [13,18], based on which values for the
surface and interface energies involved in the present study
can be obtained [9]. It is noted that the decrease in config-
urational entropy (i.e., an ordering effect [19,20]) in the
(bond-weakened) a-Si wetting film due to the adjacent
crystalline Al metal grains is explicitly accounted for in
the calculation of amorphous-crystalline interface energies
(see Refs. [9,18] for details). Some typical values of the
corresponding energies (i.e., at 200 �C and 400 �C) have
been given in Table I. Thus the critical thickness lcritical

Si can
be analyzed quantitatively as function of both hAl and T.
The results obtained for lcritical

Si (expressed in units of ML)
are shown as a contour-plot in Fig. 1(b) as function of both
hAl and T. For T between 0 �C and 500 �C and hAl <
50 nm, lcritical

Si typically ranges from 
3:4 ML to

4:8 ML. lcritical

Si strongly depends on T and decreases
with increasing T at fixed hAl. A strong dependence of
lcritical
Si on hAl occurs particularly for hAl < 20 nm: lcritical

Si
increases strongly with decreasing hAl (<20 nm). For
thicker Al layers (hAl > 30 nm), lcritical

Si is almost solely
determined by T.

FIG. 1 (color online). (a) Schematic representation of the
thermodynamic model for the initiation of crystallization of
a-Si at Al GBs in the ultrathin, columnar Al overlayer of
thickness hAl, recognizing that hAl is comparable with the
thickness of the Al GB wetting layer of a-Si, lSi.
(b) Calculated critical thickness for initiation of crystallization
of a-Si at Al GBs (lcritical

Si ) as function of both Al layer thickness
hAl and temperature. The experimental results for the depen-
dence of AIC temperature on hAl attained in the present work
have been indicated. The point corresponding to Al layer thick-
ness of 50 nm has been taken from Ref. [7].
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The bond-weakening effect involves that the wetting
a-Si layer has a maximum thickness of 4 ML (cf. above
discussion). Hence, lcritical

Si must be smaller than (or maxi-
mally equal to) 4 ML in order that crystallization is pos-
sible. This maximum value for the critical thickness lcritical

Si

of 4 ML has been indicated by the solid line in Fig. 1(b). A
critical thickness smaller than 4 ML implies that crystal-
lization can occur, whereas a critical thickness larger than
4 ML implies that the a-Si phase in the system stays
amorphous. Thus amorphous and crystalline zones can be
indicated in Fig. 1(b). Hence, the thermodynamic predic-
tion of the Tcryst of a-Si as function of hAl is given by the
solid line lcritical

Si � 4 ML in Fig. 1(b). It follows that the
Tcryst is around 150–200 �C for hAl > 20 nm. For hAl <
20 nm, the Tcryst increases rapidly with decreasing hAl.

To verify the above thermodynamic prediction experi-
mentally, an investigation of the onset Tcryst of a-Si in
Al=a� Si bilayers with various Al overlayer thicknesses
by an in situ real-time technique is required. The annealing
process must be carried out in ultrahigh vacuum (UHV)
due to the very high reactivity of Al with oxygen. The
formation of Al oxide would change the thickness of the Al
overlayer, and also the surface energetics of the system and
therefore invalidate a reliable comparison between experi-
mental results and theoretical predictions. Therefore, in
this study, RISE in UHV has been applied which has
been shown to be extremely sensitive to changes in local
order in Si by monitoring the microstructural evolution of
Si films with thicknesses as small as 1 nm [21–24].

The a-Si thin films (thickness values between 38 and
40 nm) and the Al overlayers (thickness: 0.7–18 nm) were
grown onto a degassed 15-nm SiO2=Si substrate sequen-
tially by evaporation in an UHV multisource molecular
beam epitaxy system (base pressure <1:5� 10�10 mbar,
Si, Al purity >99:999 at:%). The specimen holder was
cooled by water to keep the substrate at a low temperature
during film growth. The thicknesses of the a-Si and Al
layers were determined at room temperature by in vacuo
spectroscopic ellipsometry. The Al=a-Si bilayer specimens
were then heated up slowly (10 �C=min ) in UHV and the
RISE data during heating up were collected using a J. A.
Woollam M2000U-XE rotating compensator ellipsometer
(wavelength � � 245–1000 nm), with a time step of 2.5 s
[25].

The optical absorption of amorphous Si shows a broad
peak around a photon energy of 3.5 eV [22–24]. This
broad absorption peak separates into two sharper promi-
nent structures at about 4.2 and 3.4 eV for crystalline Si

[22,24,26]. For application of RISE to the real-time in situ
monitoring of the crystallization of a-Si, the directly mea-
sured ellipsometric amplitude-ratio and phase-shift depen-
dent parameters, ���� and ���� respectively, were
reparametrized as the pseudodielectric function "�E� �
"1�E� � i"2�E� (with E: photon energy) during the in situ
measurement (see what follows) [24].

The evolutions of pseudo-"2 at two photon energies,
2.2 and 4.0 eV, during annealing of a 4.5-nm Al=40-nm
a-Si specimen, are shown in Fig. 2(a). At both energies a
slight increase in pseudo-"2 with increasing temperature is
observed at temperatures below 320 �C, which corre-
sponds with the temperature dependence of the optical
constants [26] and also a possible relaxation and densifi-
cation process of a-Si. At about 320 �C, a pronounced
decrease of pseudo-"2 at 2.2 eV occurs, associated with a
pronounced increase of pseudo-"2 at 4.0 eV. The detailed
evolution of the pseudo-"2 spectrum (i.e. as function of
photon energy) during annealing at 320 �C (and above) is
shown in the inset of Fig. 2(a). The fast increase in
pseudo-"2 at photon energies around 4.0 eV clearly indi-
cates the formation of crystalline Si [22]. The simultaneous
decrease in pseudo-"2 at photon energies around 2.2 eV is
not only related to the crystallization of a-Si [22], but is
also partly ascribed to the inward ‘‘movement’’ of Al upon
continued crystallization of the a-Si phase (eventually
c-Al! c-Si layer exchange will occur [5,6]), since Al
shows strong absorption around 1.6 eV [27]. The concur-
rent processes of progressing crystallization of the a-Si
phase and eventually complete c-Al! c-Si layer ex-
change have been confirmed by in vacuo RHEED analysis
and ex situ Auger electron spectroscopic depth profiling
measurements after annealing (not shown here). It is con-
cluded that the evolution of pseudo-"2 for the 4.5-nm
Al=40-nm a-Si specimen indicates that the crystallization
of a-Si initiates at 320 �C. An onset temperature of 320 �C
for initiation of AIC is therefore determined.
Corresponding RISE results for an 18-nm Al=40-nm a-Si
specimen are shown in Fig. 2(b). It follows that the onset
temperature for initiation of AIC is 180 �C, which is much
lower than that for the 4.5-nm Al=40-nm a-Si specimen.
Further, the rapid decrease in absorption (i.e., pseudo-"2)
around 2 eV clearly indicates the occurrence of layer
exchange during crystallization (see inset in Fig. 2(b) and
discussion above). Comparing Figs. 2(a) and 2(b), it fol-
lows that a thicker Al overlayer results in faster crystal-
lization of the a-Si phase, albeit the Tcryst is lower. This
kinetic difference may be ascribed to a larger total GB area

TABLE I. Values of the crystallization, surface and interface energies in the Al=Si layer system at typical temperatures of 200 �C
and 400 �C, as calculated according to Refs. [9,13,18].

Temperature(�C) �Gcrystallization
hSii-fSig (J=m3) �surface

hSii (J=m2) �surface
fSig (J=m2) �interface

hSii=hAli (J=m2) �interface
fSig=hAli (J=m2) �interface

hSii=fSig (J=m2)

200 �8:9� 108 1.37 0.98 0.45 0.07 0.08
400 �8:4� 108 1.35 0.96 0.42 0.10 0.10

PRL 100, 125503 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

125503-3



available for nucleation of Si crystallization in the thicker
Al layer.

The thus measured onset AIC temperatures as a function
of Al overlayer thickness, based on RISE measurements of
a series of Al=a-Si specimens (Al thickness: 0.7, 2, 4.5, 9,
and 18 nm), have been indicated in Fig. 1(b). Furthermore,
the onset Tcryst of two pure 40-nm a-Si specimens, pre-
pared and measured as described above, one with a clean
surface, and the other one with a thin oxide passivation
layer, have also been indicated in Fig. 1(b), at hAl � 0 nm
as up- and down-ward triangles, respectively. It follows
that the experimental Tcryst not only reproduce the thermo-
dynamically predicted dependence of the onset value of
Tcryst on the Al layer thickness, but also agree very well
quantitatively with the model-calculated locus for the criti-
cal thickness at about 4.0 ML in Fig. 1(b). For hAl values
smaller than 4.5 nm, the Tcryst increases to temperatures at
which thermal fluctuations of the Si atoms become that
pronounced that an increase can be expected of the thick-
ness of the weakly bonded a-Si layer at the Al GBs.
Consequently, then the experimental Tcryst becomes lower
than that calculated for lcritical

Si � 4 ML [see Fig. 1(b)];
thus, for an Al overlayer of 2 nm, the Tcryst is found to be

about 440 �C, corresponding to lcritical
Si � 4:8 ML. If the Al

layer thickness is that thin that no Al GBs may form in the
Al ‘‘layer’’, the Tcryst will be as high as the one for
crystallization of pure a-Si. This has been demonstrated
by experimental results obtained for hAl � 0:7 nm with a
Tcryst of 690 �C.

The presented thermodynamic model calculations and
corresponding experimental validation provide a funda-
mental and comprehensive understanding of the process
of ultrathin Al-induced crystallization of a-Si, which is
exclusively initiated at Al GBs. It follows that this Al GB-
mediated crystallization is controlled by thermodynamics:
balancing bulk energy change with surface and interface
energy changes. As a result, the Al (over)layer thickness
can be employed to tailor sensitively the crystallization
temperature of a-Si in contact with c-Al.
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FIG. 2 (color online). (a) Real-time evolutions of the imagi-
nary part "2 of the pseudodielectric function of a 4.5-nm
Al=40-nm a-Si specimen at photon energies of 2.2 and 4.0 eV
during annealing. (Inset) The corresponding detailed pseudo-"2

spectra (i.e., as function of photon energy) between 1.6 and
5.0 eV for annealing times in the range of 28 to 64 min,
corresponding to the AIC process (see discussion in text).
(b) Same as (a), for an 18-nm Al=40-nm a-Si specimen.

PRL 100, 125503 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

125503-4


