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Interaction of amorphous Si and crystalline Al thin films during
low-temperature annealing in vacuum
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Abstract

A Si(150 nm, amorphous)yAl(50 nm, crystalline;{ 111} fiber textured) bilayer was prepared by magnetron sputter deposition
and isothermally annealed at 2508C for 60 min in a vacuum of 2.01=0 Pa. X-ray diffraction, Auger electron spectroscopyy4

and focused-ion beam microscopical techniques were used for compositional and microstructural analyses. A major observation
was that after the annealing the Al and Si sublayers had exchanged their location in the bilayer; i.e. the Si layer was adjacent to
the substrate after annealing. The amorphous Si layer had crystallized into a{ 111} textured polycrystal. The Al layer, now
adjacent to the surface, had formed a uniformly net-shaped layer. Upon this rearrangement, the already initially present Al{ 111}
fibre texture had become stronger, the Al crystallites had grown laterally and the microstrain in the Al layer had relaxed. The
macrostress parallel to the surface in the Al layer had changed from the initially compressive value ofy139 MPa to the tensile
value ofq182 MPa after annealing. An extensive analysis of thermodynamic driving forces for the transformation was made.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last decades, interdiffusion andyor reactions
between semiconductor(e.g. Si, Ge, etc.) and metal
(Al, Ni, Cu, Ag, Au, etc.) systems have attracted
increasing scientific interest as a consequence of the
applications of such systems in the microelectronic
industry w1,2x. Among these systems, SiyAl thin film
couples are of special interest to study annealing induced
transformations, because according to the thermodynam-
ics for bulk materials, Si and Al do not form compounds
and are rather immisciblew3x.
For SiyAl bilayers, where both sublayers are crystal-

line, further indicated as c-SiyAl, it was found that the
Al atoms diffuse through Si grain boundaries at a
temperature as low as 3008C w4x; at higher temperatures
(400–5608C), Si dissolves into Al followed by nucle-
ation and growth of Si crystallites in the Al layerw5x.
For SiyAl bilayers, where the Si layer is amorphous and
the Al layer is crystalline, further indicated as a-SiyAl,
various studies showed that the presence of Al layer
lowers the crystallization temperature of a-Si signifi-
cantly as compared to bulk a-Siw6x. In situ transmission
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electron microscopy analysis of an a-SiyAl multilayer
showed that, during annealing at 2208C, c-Si nucleates
within the Al layers and penetrates the Al as the c-Si
grows w7x. Annealing an a-SiyAl bilayer in a dry N2
ambient (350–500 8C) showed that c-Si nucleates at
the SiyAl interface and grows further into the Al layer
until, finally, a continuous c-Si film has formedw8x.
In order to understand the transformations occurring

in a-SiyAl thin film systems, in this study a systematic
investigation on the microstructural(crystallite size,
microstrain, texture and stress) evolution accompanying
the annealing-induced transformations was performed,
using in particular X-ray diffraction(XRD), Auger
electron spectroscopy(AES) and focused-ion beam
(FIB) imaging techniques. The research was focused on
the interaction of a-Si and Al at low annealing temper-
ature (250 8C) in vacuum. The occurring transforma-
tions were discussed with reference to the
thermodynamic driving forces.

2. Experimental procedures

2.1. Specimen preparation and heat treatment

Commercially prepared, thermally oxidized, single
crystal (510)-oriented Si wafer was used as substrate.
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Fig. 1. (a) XRD patterns of the as-prepared and annealed Si(150
nm)yAl(50 nm)ySi(510) bilayer specimens as well as of the ‘bare’
thermally oxidized Si(510) substrate. Vertical offsets have been
applied to the individual patterns to avoid overlap.(b) XRD pattern
of the as-prepared SiyAl bilayer after subtraction of the XRD back-
ground as recorded from the ‘bare’ Si(510) substrate.

The thickness of the oxide layer was 50 nm. The Si(150
nm)yAl(50 nm) bilayer specimen was prepared by dc-
magnetron sputter deposition in an ultra-high vacuum
(UHV) system at a base pressure of 10 Pa. They7

magnetron sputter apparatus has two exchangeable tar-
gets, enabling the preparation of the SiyAl bilayer
specimen under vacuum in a single run. Before deposi-
tion, the substrate and the targets were cleaned by argon
ion sputtering. Then, deposition of the SiyAl bilayer
was carried out at room temperature under an Ar
working pressure of 4.0=10 Pa. During sputtering,y1

the substrate was rotated and its temperature increased
from 20 to approximately 508C. The as-prepared SiyAl
bilayer was annealed at 2508C for 60 min in a vacuum
of 2.0=10 Pa. Cooling of the annealed sampley4

occurred under vacuum with a cooling rate of 28Cy
min.

2.2. Microstructural and compositional characterization

A Philips MRD diffractometer was employed to
perform phase analysis and texture, residual stress,
crystallite size and microstrain determinations. The dif-
fractometer was equipped with a Eulerian cradle, a
copper tube operating at 1.8 kW, X-ray lens and a
secondary monochromator to select Cu K radiation. Toa

analyze the phases present in the as-prepared and
annealed SiyAl bilayers, diffraction patterns were
recorded by performing continuousu-2u scanning from
2us108 to 1208, where 2u is the diffraction angle. To
study the texture of the Al layer, af step scan from 08
to 3608 for the { 111} reflection of the Al layer was
performed at specimen tilt anglesc from 0 to 908. For
the determination of macrostress, crystallite size and
microstrain,u–2u step scans were performed for the Al
{ 111} reflection at differentc angles. The peak para-
meters(peak position, full width at half maximum and
integral breadth) were then determined by fitting a
Pearson VII function to the peaks in the measured
diffraction patterns using Philips Profit 1.0c software.
The compositional characterization of the as-prepared

and annealed SiyAl bilayers was performed using a
JEOL 7830 scanning Auger microscope at a base pres-
sure below 8.0=10 Pa. A static primary electrony8

beam of 10 keV and 20 nA was used. The samples
were sputtered using an ion gun with 1 keV Ar ionq

beams. The ion incidence angle was approximately 408

with respect to the normal to the sample surface. The
sputtered and analyzed areas were approximately 1=1
mm and 10=10 mm, respectively. AES depth profiles
of the samples were obtained by discontinuous ion
sputtering mode. The Auger peak-to-peak heights of Al
(1396 eV), Si (1621 eV) and O(507 eV) as a function
of the sputtering time were quantified by applying the
relative elemental sensitivity factors:S s0.23 andS sAl Si

0.16 and S s0.23, which were measured under theO

same experimental conditions by the present Auger
microscope.
FIB imaging was performed using a FEI 200 XP FIB

microscope. Elements Al and Si as well as(crystalline
Al) grains with different crystallographic orientations
show different(channeling) contrasts in the secondary
electron images. A groove with the length of approxi-
mately 10mm, with depth and width of approximately
1 mm, was cut on the surface of the SiyAl bilayer
specimens by Ga ion beam milling in order to observeq

the cross-sectional FIB images from the sidewall of the
groove upon tilting the specimen.

3. Results

3.1. Phase analysis

The XRD patterns of the as-prepared and annealed
Si(150 nm)yAl(50 nm)ySi(510) bilayer specimens as
well as of the ‘bare’ thermally oxidized Si(510) sub-
strate are shown in Fig. 1a. The XRD pattern of the as-
prepared SiyAl bilayer after subtracting the XRD
background as recorded from the thermally oxidized
Si(510) substrate is shown in Fig. 1b. The Si sublayer
in the as-prepared SiyAl bilayer is amorphous. This is
evidenced by the broad scattering peak at approximately
2us278, which is characteristic of a-Si(Fig. 1b). The
Al sublayer exhibits a{ 111} fiber texture. After anneal-
ing, the a-Si layer had crystallized into polycrystalline
Si. The crystalline Si shows a{ 111} texture, because
the I yI and I yI intensity ratios of the crystal-220 111 311 111

lized c-Si are much smaller than those given by the
standard values on the ICDD-JCPDS card(No. 26-
1481).
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Fig. 2. AES depth-profiles of the as-prepared(filled points) and
annealed(unfilled points) Si(150 nm)yAl(50 nm)ySi(510) bilayer
specimens.

Fig. 3. FIB micrographs of the as-prepared(a) and annealed(b,c) SiyAl bilayers. (c) was taken at the same location as(b) but at a time 3 min
later than(b) (i.e. 3 more min of Ga ion sputtering). The middle parts of the micrographs are the cross-sectional FIB images, and the upperq

and the lower parts of the micrographs are the surface FIB images of the specimens.

3.2. Compositional and morphological analyses

The AES depth profiles of the as-prepared and
annealed Si(150 nm)yAl(50 nm)ySiO (50 nm)ySi(510)2

bilayer specimens are shown in Fig. 2. The as-prepared
SiyAl bilayer has a sharp interface between the outer a-
Si and the inner crystalline Al layers. After annealing,
most of the Si and Al layers have exchanged: most of
the Al has moved to the surface and the Si has moved
to the substrate. As follows from the O signal, no
apparent compositional changes have occurred in the
oxide (SiO ) layer of the Si(510) substrate upon2

annealing.
Cross-sectional FIB micrographs of the as-prepared

and annealed SiyAl bilayer specimens, which were 458

tilted with respect to the specimen-surface normal, are
shown in the middle parts of Fig. 3a,b. In case of the
as-prepared bilayer, the Al layer and the Si layer can be
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Fig. 4. Thec-dependences of Al {111} peak intensities of the as-
prepared(filled points) and the annealed(unfilled points) SiyAl bilay-
ers. The insets represent the Al {111} pole figures for the as-prepared
and annealed SiyAl bilayers.

Fig. 5. The Al {111} lattice strain, , of the as-prepared(filledAl´{111}
squares) and annealed(unfilled squares) SiyAl bilayers, with refer-
ence to the lattice spacing, , of standard Al powder, vs. sinc.0 2d{111}

clearly distinguished(Fig. 3a). After annealing, most of
the Al layer had moved upwards and had formed a
uniformly net-shaped structure(see the material of
bright intensity in the upper and lower parts of the
micrograph) on the surface; most of the Si layer has
moved downwards to the SiO layer on top of the2

substrate(see the material of dark intensity in the cross-
sectional part of the micrograph). There are still some
small Al grains left at the interface between the Si and
the SiO layers. The FIB observations agree with the2

above AES depth profiling results. In the FIB technique,
a Ga ion beam is used for generating the(secondary)q

electrons, which produce the image contrast. This ion
beam brings about that surface atoms of the specimens
are sputtered away during the observation. The sputter-
ing rate of Si is larger than that of Al and, therefore,
the Si present at the imaged surface will be sputtered
away faster than the Al. The FIB image taken at the
same location as in Fig. 3b but at a time approximately
3 min later, is shown in Fig. 3c. It can be concluded
from Fig. 3b,c that upon annealing Al had arrived at the
surface of the specimen uniformly, and enveloped Si
grains.

3.3. Texture and residual stress analyses

The Al { 111} pole figures of the as-prepared and
annealed SiyAl bilayers are shown in Fig. 4(see insets).
Clearly, in both cases the Al sublayer exhibits a{ 111}
fiber texture. Thec-dependence’s of the Al{ 111} peak
intensities of the as-prepared and annealed SiyAl bilay-
ers indicate that after annealing, the Al{ 111} texture
had become stronger.
The Al { 111} lattice strains, , of the as-preparedAl´{111}

(solid squares) and the annealed(unfilled squares) Siy
Al bilayers, with reference to the lattice spacing, ,0d{111}

of standard Al powder( s2.338 A), are shown as0d{111} ˚
a function of sinc in Fig. 5. For the cubic{ 111} fiber2

textured Al thin layer with a rotationally symmetric
biaxial state of stress parallel to the surface, the lattice
strain observed at specimen-tilt anglec, ´ , can bec

related to the stress parallel to the surface in the Al,s ,l
by w9x:

B E1 22C F´ s 2s q s sin cq s s (1)c 12 44 0 l
D G2 3

wheres ss ys ys y2, ands , s ands are elastic0 11 12 44 11 12 44

compliances of single crystal Al, equal to 16.0 TPa ,y1

y5.8 TPa and 35.3 TPa , respectivelyw10x. Hence,y1 y1

a plot of ´ vs. sinc yields a straight line, ands can2
c l

be obtained from its slope. Thus it follows from Fig. 5
that the Al layer of the as-prepared specimen possesses
a compressive stress parallel to the surface:s sy139l

MPa, and that after annealing, the stress parallel to the
surface of the Al has changed from compressive to
tensile:s sq182 MPa.l

3.4. Crystallite size and microstrain analyses

The measured diffraction-line profiles are the convo-
lution of the structurally broadened profile of the sample
with the instrumentally broadened profilew11x. The
structurally broadened profile can originate from small
crystallite size(often modeled with a Lorentzian broad-
ening function) andyor the presence of microstrain
(often modeled with a Gaussian broadening function).
Here the instrumental broadening for the Al reflections
was measured from a coarse-grained Al reference sample
that did not exhibit significant structural broadening. On
this basis, here the single line Voigt method was used
to determine values for the crystallite size and the



86 Y.H. Zhao et al. / Thin Solid Films 433 (2003) 82–87

Fig. 6. The crystallite size(a) and microstrain(b) (for definitions,
see Ref.w11x) vs. sinc for the Al layer in the as-prepared(filled2

squares) and as-annealed(unfilled squares) SiyAl bilayers.

Fig. 7. Schematic representation of the layer exchange occurring upon annealing the Si(150 nm)yAl(50 nm) bilayer. At the beginning of annealing
at 2508C (a), the Si layer is amorphous, and the crystalline Al layer is subjected to a compressive stress and microstrain. At the end of annealing
at 2508C (b), the Al and Si layers have largely exchanged their locations, a-Si crystallized into {111} textured polycrystalline Si, the grain size
of the Al has increased laterally and the macrostress and the microstrain of Al layer have relaxed.

microstrain in the direction of the diffraction vector(for
details, see Ref.w11x).
The crystallite(grain) size and microstrain of the Al

(layer) in the as-prepared and annealed SiyAl bilayers
are shown in Fig. 6a,b as a function of sinc (c indicates2

the direction of the diffraction vector H:cs08: H is
perpendicular to the surface;cs908: H is parallel to
the surface). It follows that for the as-prepared sample,

the Al-grain sizes along the layer surface(cs908) and
along the normal to the layer surface(cs08) are nearly
equal(approx. 50 nm), and of value comparable to the
Al layer thickness. After annealing, the Al-grain size
has remained about the same in the direction perpendic-
ular to the surface and has increased laterally to approx-
imately 70 nm (see the sketch in Fig. 6a). For the
as-prepared SiyAl bilayer, the microstrain along the
layer surface(cs908) in the Al is smaller than perpen-
dicular to the layer surface(cs08). After annealing,
the microstrain in Al perpendicular to the layer surface
has relaxed and becomes an isotropic state of microstrain
in the Al layer.

4. Thermodynamic driving forces

Upon annealing an overall sublayer exchange occurs
in the original Si(150 nm)yAl(50 nm) bilayer (see
results in Section 3.2). To find the driving forces for
this layer exchange, the Gibbs energy change upon
transformation was calculated as described below.
A simplified, idealized representation of the transfor-

mation occurring in the initial Si(150 nm)yAl(50 nm)
bilayer has been given in Fig. 7. At the start of the
anneal at 2508C (Fig. 7a), the Si layer is amorphous,
and the Al layer is crystalline and subjected to a
compressive macrostress and microstrain. At the end of
the anneal at 2508C, the Al and Si layers have
exchanged their location, a-Si has crystallized into{ 111}
textured polycrystalline Si, the grains of the Al layer
have grown laterally, and the(macro)stress and the
microstrain in the Al layer have been relaxed. The Gibbs
energy change of the bilayer per unit area parallel to
the surface,DG, which has occurred at the end of
annealing at 2508C (Fig. 7b) as compared to the start
of annealing at 2508C (Fig. 7a), can be written asw12x:
DGsD DG qD DG q g ygŽ .Si NSiMy{Si} Al Al NAlM {Si}

q g ygŽ .
NAlMyNSiM NAlMy{Si}

q g yg (2)Ž .
NSiMy{SiO } NAlMy{SiO }2 2
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The first term at the right-hand side of Eq.(2) is the
Gibbs energy difference per unit area parallel to the
surface between c-Si and a-Si;D is the a-Si layerSi

thickness, andDG is the Gibbs energy difference{ }
NSiMy Si

between c-Si and a-Si at 2508C per unit volume, which
can be estimated from the crystallization enthalpy of a-
Si w13x. The first term is thus estimated to be
y125.95 Jym w14x.2

The second term at the right-hand side of Eq.(2) is
the Gibbs energy change per unit area parallel to the
surface between the annealed Al layer and the as-
prepared Al layer;D is the Al layer thickness, andAl

DG is the Gibbs energy difference between theAl

annealed and unannealed Al layers per unit volume.
This last term includes two components: energy differ-
ences due to Al-grain growth and release of(mac-
ro)stress and microstrain energy. The energy change by
Al-grain growth can be calculated from the grain-
boundary energy and the reduction of the grain-boundary
area; it is estimated aty0.28 Jym w14x. The released2

macrostress and microstrain energy is estimated on the
basis of elastic theory to bey0.25 Jym w14x.2

The third term represents the difference in surface
energy between crystalline Al(c-Al, g ) and a-Si

NAlM

(g ). This term is calculated to be 0.15 Jym w14x.2
{ }Si

The fourth term is the interface-energy difference
between c-Alyc-Si (g ) and c-Alya-Si(g ).{ }

NAlM-NSiM NAlM- Si

It is calculated to be 0.22 Jym w14x. The 5th term is2

the interface-energy difference between c-Siya-SiO2
and c-Alya-SiO . This termg gŽ . Ž .

NAlMyNSiO M 2 NAlMyNSiO M2 2

can be neglected, as compared to the other terms at the
right-hand side of Eq.(2), since the solid(‘crystalline’)y
liquid (‘amorphous’) interface energy is one order of
magnitude smaller than that of the solidysolid interface.
The largest contribution to the driving force for the

transformation is due to the crystallization of the amor-
phous Si. However, this driving force contribution can-
not explain why layer exchange occurs. The above
calculations show that the changes in surface and inter-
face energies also cannot promote the layer exchange.
Hence, one is led to the conclusion that the layer
exchange may be due to the relaxation of the elastic
energy associated with the macrostress and the micro-
strain: due to the drastic atomic rearrangement within
the bilayer, by the layer exchange, the misfit experienced
in the initial, unannealed condition can be relieved.
Indeed, the above calculation suggests that the unfavor-
able changes in surface and interface energies are over-
compensated by the favorable changes in elastic energy.

An alternative explanation for the layer exchange may
be of kinetic origin(see Ref.w14x).
It is remarked that the tensile stress parallel to the

surface of the Al layer as observed after annealing can
be ascribed to the thermal stress induced by the cooling
after the annealingw14x. Hence, the compressive macro-
stress in the Al completely relaxes indeed upon
annealing.

5. Conclusion

Upon annealing of an a-SiyAl bilayer at 2508C the
Si and Al largely exchanged their positions. The initially
surface adjacent amorphous Si moved in the direction
of the substrate and crystallized; the Al moved upwards
in association with release of macrostress and micro-
strain. The largest gain in energy upon transformation
is due to the crystallization of the amorphous Si. The
only identifiable driving force for the layer exchange
appears to be the release of elastic energy upon the
rearrangement of the Si and Al phases in the layer.
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