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ABSTRACT Microstructural changes occurring in a sputter de-
posited Si (150 nm, amorphous)/Al (50 nm, crystalline); {111}
fibre textured bilayer, upon annealing at 523 K for 60 min in
a vacuum of 2.0×10−4 Pa, were analyzed employing X-ray
diffraction, Auger electron spectroscopy, scanning electron mi-
croscopy, atomic force microscopy and focused-ion beam imag-
ing. After the annealing the Al and Si sublayers had largely
exchanged their locations in the bilayer; i.e. the Si layer was
adjacent to the substrate after annealing. Simultaneously, the
amorphous Si layer had crystallized into an aggregate of {111}
oriented nanocrystals, with a crystallite size of about 15 nm.
The Al layer, now adjacent to the surface, had formed a uni-
formly net-shaped layer in association with an increase of the
surface roughness. Upon this rearrangement, the already ini-
tially present Al {111} fibre texture had become stronger, the
Al crystallites had grown laterally and the macrostress in the Al
layer had relaxed. An extensive analysis of thermodynamic driv-
ing forces for the transformation indicated that 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.

PACS 61.43.D; 61.72.C; 62.40; 65.70; 68.55.J; 68.60.B

1 Introduction

A strong interest in reactions occurring in thin film
systems exists, not only in view of the practical interest (e.g.
the microelectronics industry [1–3]) but also because of great
scientific interest: the thermodynamics and kinetics of thin
film systems can differ dramatically from those for bulk sys-
tems, in particular because of the roles of the (high density of)
interfaces and the internal stresses [4].

Against this background an interesting example of a semi-
conductor/metal system is the Si/Al system. According to the
thermodynamics for bulk materials, Si and Al do not form
compounds and are rather immiscible [5]. Such observations
were obtained until now, upon annealing Si/Al bilayers. For
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Si/Al bilayers, where both sublayers are crystalline, abbrevi-
ated to c-Si/Al, it was found that the Al atoms diffuse through
Si grain boundaries at temperatures as low as 573 K [6]; at
higher temperatures (673–833 K), Si dissolves into Al fol-
lowed by nucleation and growth of Si crystallites in the Al
layer [7]. For Si/Al bilayers, where the Si layer is amorph-
ous and the Al layer is crystalline, (abbreviated to a-Si/Al),
various studies have shown that the presence of Al layer sig-
nificantly lowers the crystallization temperature of a-Si as
compared to bulk a-Si [8–10]. In situ transmission electron
microscopy analysis of an a-Si/Al multilayer showed that,
during annealing at 493 K, c-Si nucleates within the Al layers,
and penetrates the Al as the c-Si grows [11, 12]. Annealing an
a-Si/Al bilayer in a dry N2 ambient (623–773 K) showed that
c-Si nucleates at the Si/Al interface and grows further into the
Al layer until, finally, a continuous c-Si film has formed at the
initial Al layer [13–15].

In this study transformations occurring in a-Si/Al thin film
systems were investigated, using in particular X-ray diffrac-
tion (XRD), Auger electron spectroscopy (AES), scanning
electron microscopy (SEM), atomic force microscopy (AFM)
and focused-ion beam (FIB) imaging. The effect of annealing
at low temperature (523 K) was especially analyzed. A pecu-
liar observation was made: the Si and Al sublayers (largely)
exchanged their positions in the bilayer. The associated mi-
crostructural changes (crystallite size, microstrain, texture
and stress) were extensively analyzed. A rigorous analysis of
possible thermodynamic driving forces was given.

2 Experimental procedures

2.1 Specimen preparation and heat treatment

Commercially prepared, thermally oxidized, sin-
gle crystalline (510)-oriented Si wafers, with a diameter
of 100 mm and a thickness of 500 µm, were used as sub-
strates. The thickness of the oxide layer was 50 nm. The
Si (150 nm)/Al (50 nm) bilayer specimen was prepared by
direct current magnetron sputter deposition from Al and Si
targets (3 inch in diameter and purities of 99.999 wt. %) in
an ultra-high vacuum (UHV) system at a base pressure of
10−7 Pa. The magnetron sputter apparatus has two exchange-
able targets, enabling the preparation of the Si/Al bilayer
specimen under vacuum in a single run. The magnetron beam
axis was aligned with an angle of 22◦ with respect to the sub-
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strate surface, and the distance of targets to substrate was
about 10 cm. Before deposition, the substrate and the tar-
gets were cleaned by argon ion sputtering. Then, deposition
of the Si/Al bilayer was carried out at room temperature
under an input power of 100 W and an Ar working pres-
sure of 4.0 ×10−1 Pa. The deposition rates of Al and Si were
11 nm/min and 6 nm/min, respectively, which were deter-
mined by thickness measurements after deposition. During
sputtering, the substrate was placed on a rotating table in the
chamber and its temperature increased from 293 to about
323 K.

The as-prepared Si/Al bilayer was isothermally annealed
at 523 K for 60 min in a vacuum of 2.0 ×10−4 Pa. Cooling of
the annealed sample occurred under vacuum with a cooling
rate of 2 K/min.

Commercial coarse-grained polycrystalline Al powder
(withpurityof99.999 wt. %,particlediameter less than50 µm)
was enclosed in an evacuated silica tube (1.3 ×10−3 Pa) and
annealed at 423 K for 3 hours to remove the structural imper-
fections. The annealed Al powder without structural defects
was used as the reference sample in the X-ray diffraction line-
broadening analysis.

2.2 Microstructural and compositional characterization

2.2.1 X-ray diffraction (XRD). A Philips MRD diffractome-
ter was employed to perform phase analysis and texture, re-
sidual stress, crystallite size and microstrain determinations.
The diffractometer was equipped with an Eulerian cradle,
a copper tube operating at 1.8 kW, X-ray lens and a sec-
ondary monochromator to select Cu Kα radiation. To analyze
the phases present in the as-prepared and annealed Si/Al bi-
layers, diffraction patterns were recorded by performing con-
tinuous θ-2θ scanning from 2θ = 10◦ to 120◦ (where 2θ is the
diffraction angle) with a scan speed of 2θ equal to 0.08 ◦/min.
To study the texture of the as-prepared and annealed Al sub-
layers, a φ step scan from 0◦ to 360◦ with a step size of 3◦
and a counting time of 12 s per step, for the {111} reflec-
tion of the Al layers, was performed at specimen tilt angles
ψ from 0◦ to 90◦ in steps of 2◦. For the determination of
macrostress, crystallite size and microstrain, θ-2θ step scans
were performed for the Al{111} and Si{111} reflections at
different ψ angles. The peak parameters (peak-maximum pos-
ition, 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.

2.2.2 Auger electron spectroscopy (AES). The compositional
characterization of the as-prepared and annealed Si/Al bi-
layers was performed using a JEOL 7830 scanning Auger
microscope at a base pressure below 8.0 ×10−8 Pa. A static
primary electron beam of 10 keV and 20 nA was used. The
samples were sputtered using an ion gun with 1 keV Ar+
ion beams. The ion incidence angle was about 40◦ with
respect to the normal to the sample surface. The sput-
tered and analyzed areas were about 1 mm × 1 mm and
10 µm × 10 µm, respectively. AES sputter-depth profiles
of the samples were obtained employing the discontinu-
ous ion sputtering mode. The Al (1396 eV), Si (1621 eV)

and O (507 eV) Auger electron signals as a function of
the sputtering time were quantified by applying the rela-
tive elemental sensitivity factors: SAl = 0.23, SSi = 0.16
and SO = 0.23, with respect to the Auger electron sig-
nal of pure Ag (356 eV), which all were measured under
the same experimental conditions by the present Auger
microscope.

2.2.3 Focused-ion beam imaging (FIB), scanning electron mi-
croscopy (SEM) and atomic forced microscopy (AFM). FIB
imaging was performed using a FEI 200 XP FIB microscope.
A Ga+ ion beam was accelerated towards the target sample
by a voltage of 30 keV for generating the secondary electron
images. The probe current density was set to be 15 pA, cor-
responding to a beam diameter of about 10 nm, by controlling
the strength of the electrostatic lenses and adjusting the ef-
fective aperture sizes. Elements Al and Si as well as grains
(crystalline Al in the annealed films) with different crystallo-
graphic orientations can be clearly distinguished because they
show different (channeling) contrasts in the secondary elec-
tron images.

In order to obtain the cross-sectional FIB images, a high
Ga+ ion current beam was used to mill a trench of a few mi-
crometers length and 1 µm width and depth on the specimen
surface. The sidewall of the trench was then made perfectly
vertical and smoothly polished in the subsequent milling step.
Finally the sample was tilted 45◦ and the polished sidewall
was visualized.

Cross-sectional SEM observations of the broken speci-
mens were made using a JEOL SM-6300F microscope. The
electron beam was accelerated by a voltage of 5 kV in a vac-
uum of 4 ×10−5 Pa. The specimens were tilted 10◦ with re-
spect to the surface normal.

Surface topographies were measured by atomic force mi-
croscopy, using a Multimode Scanning Probe Microscope
(Digital Instrument Inc.), which was operated in tapping
mode. The TappingModeTMAFM operates by scanning a tip
attached to the end of an oscillating cantilever across the sam-
ple surface. The tip lightly “taps” on the sample surface with
a constant oscillation during scanning. The vertical position of
the tip at each (x, y) data point is recorded to form the topo-
graphic image of the sample surface.

3 Results and evaluation

3.1 Phase analysis

The XRD patterns of the as-prepared and an-
nealed Si (150 nm)/Al (50 nm)/Si (510) bilayer specimens,
as well as of the ‘bare’ thermally oxidized Si (510) sub-
strate, are shown in Fig. 1a. The XRD patterns of the as-
prepared Si/Al bilayer, after subtracting the XRD back-
ground as recorded from the thermally oxidized Si (510)
substrate, are shown in Fig. 1b. The Si sublayer in the as-
prepared Si/Al bilayer is amorphous. This is evidenced by
the broad scattering peak at about 2θ = 27◦, which is char-
acteristic of a-Si (Fig. 1b). The Al sublayer exhibits a {111}
fibre texture. After annealing, the a-Si layer had crystal-
lized into polycrystalline Si. The crystalline Si shows a {111}
texture, exhibited by I{220}/I{111} and I{311}/I{111} intensity
ratios of the crystallized c-Si which are much smaller than
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FIGURE 1 a XRD patterns of the as-prepared and annealed Si(150 nm)/
Al(50 nm)/Si(510) bilayer specimens as well as of the ’bare’ thermally ox-
idized Si(510) substrate. Vertical offsets have been applied to the individual
patterns to avoid overlap. b XRD pattern of the as-prepared Si/Al bilayer
after subtraction of the XRD background as recorded from the ‘bare’ Si (510)
substrate

those given by the standard values on the ICDD-JCPDS card
(no. 27-1402).

3.2 Compositional and morphological analyses

The AES depth profiles of the as-prepared and an-
nealed Si (150 nm)/Al (50 nm)/SiO2 (50 nm)/Si (510) bi-
layer specimens are shown in Fig. 2. The as-prepared Si/Al
bilayer has a sharp interface between the outer a-Si layer and
the inner crystalline Al layer. 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 (SiO2) layer on top of the Si (510) sub-
strate upon annealing.

Cross-sectional SEM pictures of the as-prepared and an-
nealed Si/Al bilayers are shown in Fig. 3a and b. In the as-
prepared state, three sublayers can be discerned: the SiO2
layer on the top of the substrate and the Al and Si layers
(Fig. 3a). The surface of the Si layer is smooth, and the Al
layer is composed of crystallites. After annealing, most of

FIGURE 3 Cross-sectional SEM
micrographs of the as-prepared (a)
and annealed (b) Si/Al bilayers. The
white dotted lines are guides to the
eye for the interface between Al and
SiO2 sublayers of Fig. 3a, and for
the interface between the annealed
Si (Al) and SiO2 layers of Fig. 3b.
The seeming white layer between the
Si and Al layers in the as-prepared
condition is caused by the height dif-
ference induced during the process of
breaking the specimen

FIGURE 2 AES depth-profiles of the as-prepared (solid symbols) and an-
nealed (unfilled symbols) Si(150 nm)/Al(50 nm)/Si(510) bilayer specimens

the Al grains are adjacent to the surface, and hillocks have
formed on the surface of the layer (Fig. 3b). Energy dispersive
X-ray spectroscopy (EDS) analysis indicated that the hillocks
are Al.

The surface topographies of the as-prepared and annealed
Si/Al bilayers are shown in Fig. 4a and b (AFM analysis). The
surface of the as-prepared specimen is composed of small hills
of about the same lateral size and height (Fig. 4a); after an-
nealing, some relatively high (Al) mountains have grown on
the surface (Fig. 4b), in agreement with the above discussed
SEM observations. Upon annealing, the standard deviation of
the height distribution of the Si/Al bilayer specimen increased
from 3.5 nm to 5.2 nm.

Cross-sectional FIB micrographs of the as-prepared and
annealed Si/Al bilayer specimens are shown in Fig. 5a and b.
As in the case of the as-prepared bilayer, the Al layer and the
Si layer can be clearly distinguished due to the difference in
contrast in FIB microscopy (Fig. 5a). After annealing, most
of the Al layer has moved upwards and has formed a uniform
net-shaped structure on the surface (see the material of bright
intensity in the upper and lower parts of Fig. 5b: at both sides
of the milled trench the surface of the specimen is visualized
(see Sect. 2.2.3)); most of the Si layer has moved downwards
to the SiO2 layer on top of the substrate (see the material of
dark intensity in Fig. 5b). There are still some small Al grains
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FIGURE 4 Surface topographies of
the as-prepared (a) and annealed (b)
Si/Al bilayers

FIGURE 5 Cross-sectional FIB micrographs of
the as-prepared (a) and annealed (b,c) Si/Al bi-
layers. Figure 5c was taken at the same location
as Fig. 5b but at a time 3 min later than Fig. 5b
(i.e. 3 more minutes of Ga+ ion sputtering). The
middle parts of the micrographs are the cross-
sectional FIB images (imaged sidewall of the
trench milled (see Sect. 2.2.3), and the upper and
the lower parts of the micrographs are the surface
FIB images of the specimens

left at the interface between the Si and the SiO2 layers. Thus,
the FIB observations agree with the above discussed AES
depth profiling results. In the FIB technique, a Ga+ ion beam
is used for generating the secondary electrons, which produce
the image contrast. This ion beam results in the surface atoms
of the specimens being sputtered away during the observation.
The sputtering 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. 5b but at a time of about 3 min later is shown in Fig. 5c.
It can be concluded from Fig. 5b and c that upon annealing Al
has arrived at the surface of the specimen, and has enveloped
the Si grains.

3.3 Texture

The Al {111} ψ scan and pole figures of the as-
prepared and annealed Si/Al bilayers are shown in Fig. 6.
Clearly, in both cases the Al sublayer exhibits a {111} fibre

FIGURE 6 The ψ-dependences of the Al {111} peak intensities of the as-
prepared (solid circles) and the annealed (unfilled circles) Si/Al bilayers. The
insets represent the Al {111} pole figures for the as-prepared and annealed
Si/Al bilayers
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texture. The ψ-dependences of the Al {111} peak intensities of
the as-prepared and annealed Si/Al bilayers indicate that after
annealing, the Al {111} texture has become stronger.

3.4 Residual stress analysis

The Al {111} lattice strain, εAl
{111}, of the as-prepared

(solid squares) and the annealed (unfilled squares) Si/Al
bilayers, with reference to the (strain-free) lattice spacing,
d0

{111}, of standard Al powder (d0
{111} = 2.338 Å), is shown as

function of sin2 ψ in Fig. 7. For the cubic {111} fibre textured
Al thin layer with a (proven by experiment) rotationally sym-
metric biaxial state of stress parallel to the surface, the lattice
strain observed at specimen-tilt angle ψ, εψ , can be related to
the stress parallel to the surface in the Al, σl, by [16]:

ε
{111}
ψ =

(
2s12 + 1

2
s44 sin2 Ψ + 2

3
s0

)
σl (1)

where s0 = s11 − s12 − s44/2, with s11, s12 and s44 as the elas-
tic compliances of the single crystal Al, equal to 16.0 TPa−1,
−5.8 TPa−1 and 35.3 TPa−1, respectively [17]. Hence, a plot
of εψ vs sin2 ψ yields a straight line, and σl can be obtained
from its slope. Thus it follows from Fig. 7 that the Al layer of
the as-prepared specimen possesses a compressive stress par-
allel to the surface: σl = −139 MPa, and that after annealing,
the stress parallel to the surface of the Al layer has changed
from compressive to tensile: σl = +182 MPa.

Assuming that plastic deformation during the fast heating
up can be neglected, at the beginning of annealing at 523 K,
the macrostress of the Al layer parallel to the surface includes
two components: one is the initial growth stress prevailing at
room (deposition) temperature (−139 MPa); the other is the
thermal stress due to the difference in thermal expansion, be-
tween substrate and Al layer, developing upon heating from
room temperature to the annealing temperature. Because the
substrate is much thicker than the layer, it can be assumed that
all thermal misfit is accommodated by the Al layer. Then the
thermal stress at the annealing temperature, σth, in the Al layer

FIGURE 7 The Al {111} lattice strain, εAl{111}, of the as-prepared (solid
squares) and annealed (unfilled squares) Si/Al bilayers, with reference to
the strain-free lattice spacing of standard Si powder, d0{111}, recorded from
a standard Al powder, versus sin2 ψ

FIGURE 8 The Si {111} lattice strain, εSi{111}, of the annealed Si/Al bilayer,
with reference to the strain-free lattice spacing of standard Si powder, d0{111},
taken from ICDD-JCPDS card no. 27–1402, versus sin2 ψ

can be calculated by:

σth = E〈Al〉
1 − ν

(α〈Si〉 −α〈Al〉)(Tannealing − Troom) (2)

where α〈Al〉 and α〈Si〉 are the linear coefficients of ther-
mal expansion for c-Al and c-Si, equal 25 ×10−6 K−1 and
3 ×10−6 K−1, respectively [17]; E〈Al〉 and ν are Young’s mod-
ulus and Poisson’s ratio of Al, equal 70.6 MPa and 0.345,
respectively [18]. σth(523 K) = −545 MPa and thus, at the
beginning of the anneal at 523 K, σl(523 K) = (−595 +
(−139))MPa = −684 MPa.

The observation of a tensile macrostress at room tempera-
ture can then be interpreted such that during the anneal at
523 K all compressive macrostress in the Al relaxed. Cool-
ing after the anneal would lead to build up of tensile thermal
stress (analogous to the above reasoning). Because the cool-
ing (as compared to the heating up) is very slow (2 K/min;
see Sect. 2.1) stress relaxation during cooling can be apprecia-
ble [16] and this explains that only a part of the maximal ther-
mal stress due to cooling is observed after cooling (182 MPa
vs. 545 MPa).

The lattice strain, εSi
{111}, as recorded for the c-Si in the an-

nealed Si/Al bilayer, with reference to the (strain-free) lattice
spacing d0

{111} of standard Si powder (d0
{111} = 3.135 Å; ICDD-

JCPDS card no. 27–1402), is shown as function of sin2 ψ in
Fig. 8. For the cubic {111} textured Si thin layer with a rota-
tionally symmetric biaxial stress state, the stress parallel to the
layer surface, σl, can be calculated from (1). Again, the lattice
strain εψ versus sin2 ψ should yield a straight line. As follows
from Fig. 8, here the straight line fitted to the data points in
the εSi

{111} − sin2 ψ plot has a positive slope, indicating that the
crystallized c-Si is subjected to a tensile stress. For the single
crystal Si, s11, s12 and s44 are 7.74 TPa−1, −2.16 TPa−1 and
12.60 TPa−1, respectively [17]. Accordingly, the stress paral-
lel to the layer surface in the c-Si layer is σ1 = +90 MPa.

3.5 Crystallite size and microstrain analysis

The measured diffraction-line profiles are the con-
volution of the structurally broadened profile of the specimen
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with the instrumentally broadened profile [19]. The struc-
turally broadened profile can originate from small crystallite
size (often modeled with a Lorentzian broadening function)
and/or microstrain (often modeled with a Gaussian broad-
ening function). Here the instrumental broadening for the Al
reflections was measured from a coarse-grained Al powder
reference sample that did not exhibit significant structural
broadening (see Sect. 2.1). On this basis, here the single line
Voigt method was used to determine values for the crystal-
lite size and the microstrain in the direction of the diffraction
vector (for details, see [19]).

The crystallite (grain) size and the microstrain of the Al
(layer) in the as-prepared and annealed Si/Al bilayers are
shown in Fig. 9a and b as a function of sin2 ψ (ψ indicates the
direction of the diffraction vector H : ψ = 0◦ : H is perpen-
dicular to the surface; ψ = 90◦ : H is parallel to the surface).
It follows that for the as-prepared sample, the Al-grain sizes
along the layer surface (ψ = 90◦) and along the normal to
the layer surface (ψ = 0◦) are nearly equal (about 50 nm),
and of value comparable to the Al layer thickness. After an-
nealing, the Al-grain size has remained about the same in
the direction perpendicular to the surface and has increased
laterally to about 70 nm (see the sketch in Fig. 9a). For the as-
prepared Si/Al bilayer, the microstrain along the layer surface
(ψ = 90◦) in the Al is smaller than perpendicular to the layer
surface (ψ = 0◦). After annealing, the microstrain in Al per-

FIGURE 9 The crystallite size a and the microstrain b (for definitions,
see [19]) versus sin2 ψ for the Al layer in the as-prepared (solid squares)
and annealed (unfilled squares) Si/Al bilayers. The sketch in a indicates that
after annealing, the Al-grain size has remained the same in the direction
perpendicular to the surface and has increased laterally

FIGURE 10 The crystallite size a and the microstrain b versus sin2 ψ for the
Si layer in the annealed Si/Al bilayer

pendicular to the layer surface has relaxed and an isotropic
state of microstrain in the Al layer has been established.

Similarly, the crystallite (grain) size and the microstrain of
the c-Si (i.e. after annealing) can be calculated from the broad-
ening of the Si {111} peaks; see Fig. 10a and b. The crystallite
size of the c-Si is very small: it varies from 19 nm perpendicu-
lar to the layer surface (ψ = 0◦) to 12 nm parallel to the layer
surface (ψ = 90◦). The microstrain of the c-Si is also small,
as compared to the microstrain in the Al phase: the largest
microstrain occurs perpendicular to the layer surface: 0.17%
(ψ = 0◦).

4 Thermodynamic driving forces

The peculiar observation of the exchange (largely)
of the locations of the Al (bottom to top) and Si (top to bot-
tom) sublayers may have a kinetic origin, a thermodynamic
origin, or both. Often, unexpected transformations are thought
to have kinetic causes. However, it has been shown that, for
example, (i) the formation of amorphous reaction layers at in-
terfaces and (ii) the formation of amorphous oxide layers on
metal surfaces can have a thermodynamic origin, rather than
a kinetic origin as has been usually thought [4, 20]. It follows
that tiny energy difference can have a great effect on the mi-
crostructural development, which holds in particular for thin
films. Therefore an extensive analysis is presented of energy
changes occurring in the Si/Al bilayer upon transformation.
On that basis a possible driving force for the layer exchange
may be identified.
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FIGURE 11 Schematic representa-
tion of the layer exchange occurring
upon annealing the Si (150 nm)/Al
(50 nm) bilayer. At the beginning of
annealing at 523 K (a), the Si layer
is amorphous, and the crystalline
Al layer is subjected to a com-
pressive macrostress and micros-
train. At the end of annealing at
523 K (b), the Al and Si layers have
largely exchanged their locations,
a-Si has crystallized into {111} tex-
tured polycrystalline Si, the grain
size of the Al has increased laterally
and the macrostress and the micros-
train of Al layer have been relaxed

A schematic representation of the transformation occur-
ring upon annealing at 523 K in the initial Si (150 nm)/Al
(50 nm) bilayer has been given in Fig. 11. The results pre-
sented in Sect. 3 can be summarized as follows. At the start of
the annealing at 523 K (Fig. 11a), the Si layer is amorphous,
and the Al layer is crystalline and subjected to a compressive
macrostress and exhibits lattice distortions. At the end of the
anneal at 523 K, the Al and Si layers have exchanged their
locations, a-Si has crystallized into {111} oriented c-Si, the
grains of the Al layer have grown laterally, and the (macro)
stress and the microstrain in the Al layer have been relaxed
completely and partially, respectively.

The Gibbs energy change of the bilayer per unit area par-
allel to the surface, ∆G, which has occurred at the end of
annealing at 523 K as compared to the start of annealing at
523 K can be written as (see the treatment given in [4]):

∆G =DSi∆G〈Si〉−{Si} + DAl∆GAl

+ (γ〈Al〉 −γ{Si})+ (γ〈Al〉−〈Si〉 −γ〈Al〉−{Si})
+ (γ〈Si〉−{SiO2} −γ〈Al〉−{SiO2}) (3)

Here the symbol 〈〉 indicates the crystalline nature of
a phase, and the symbol {} indicates the amorphous nature
of a phase. The first term (written as ∆G1) at the right-
hand side of (3) is the Gibbs energy difference per unit
area parallel to the surface between c-Si and a-Si; DSi is
the a-Si layer thickness, and ∆G〈Si〉−{Si} is the Gibbs en-
ergy difference between c-Si and a-Si at 523 K per unit vol-
ume. The second term (∆G2) at the right-hand side of (3)
is the Gibbs energy change per unit area parallel to the sur-
face between the annealed Al layer and the as-prepared Al
layer; DAl is the Al layer thickness, and ∆GAl is the Gibbs
energy difference between the annealed and unannealed Al
layers per unit volume. The third term (∆G3) represents
the difference in surface energy between crystalline Al (c-
Al, γ〈Al〉) and a-Si (γ{Si}). The fourth term (∆G4) is the
interface-energy difference between c-Al/c-Si (γ〈Al〉−〈Si〉) and
c-Al/a-Si (γ〈Al〉−{Si}). The 5th term (∆G5) is the interface-
energy difference between c-Si/a-SiO2 (γ〈Si〉−{SiO2}) and c-
Al/a-SiO2(γ〈Al〉−{SiO2}). This interfacial energy difference is
about one order of magnitude smaller than the values of
∆G3 and ∆G4, since both a-SiO2/c-Si and a-SiO2/c-Al are
solid (“crystalline”)/liquid (“amorphous”) interfaces. There-
fore, ∆G5 can be neglected.

4.1 Gibbs energy difference between c- Si and a- Si
(∆G〈 Si〉−{ Si}), ∆G1

The Gibbs energy difference between c-Si and a-Si,
∆Gc−a(T ), can be estimated from the crystallization enthalpy,
−∆Hc−a(Tc), of a-Si at the crystallization temperature Tc:

∆Gc−a(T ) = ∆Hc−a(T )− T∆Sc−a(T )

∆Hc−a(T ) = ∆Hc−a(Tc)+
T∫

Tc

∆cc−a
p dT

∆Sc−a(T ) = Sc−a
0 +

T∫
0

(∆cc−a
p /T)dT (4)

where ∆Hc−a(T ), ∆Sc−a(T ) and ∆cc - a
p are the differences

in enthalpy, entropy and specific heat at constant pressure
between c-Si and a-Si, respectively. Sc−a

0 is the residual
entropy difference between c-Si and a-Si at 0 K. This re-
sidual entropy difference was taken to be −0.2 R (where
R is the gas constant), which is an upper limit for the ex-
cess configurational entropy of an ideal four-coordinated
random network [21]. For ∆cc - a

p , the following assump-
tion was made [22]: ∆cc−a

p = 0 for T < 78 K, otherwise
∆cc−a

p = (0.224 − 4.8T/1685)J/mol. This assumption uses
the analytical fit to the ∆cc - a

p data for Ge [23] by replacing
the value of the melting point of c-Ge (1210 K) by that of c-Si
(1685 K). Since amorphous tetrahedral coordinated materials
have a characteristic structure and intrinsic properties, inde-
pendent of the preparation methods [22], the measured values
for the negative of the heat of crystallization and the crys-
tallization temperature of a-Si as-prepared by ion implanta-
tion [22] have been taken here: ∆Hc - a(Tc) = −11.9 kJ/mol
and Tc = 960 K.

Then, according to (4), ∆Gc-a(523 K) = ∆G〈Si〉−{Si}
(523 K) = −10.16 kJ/mol. Taking the mole volume of Si at
523 K equal to that at 300 K (12.1 ×10−6 m3/mol [24]), it
follows ∆G1(523 K) = −125.95 J/m2.

4.2 Gibbs energy change of Al layer, ∆G2

The Gibbs energy change of the Al layer includes
two components: energy release due to Al-grain growth,
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∆Ggg
2 , and energy release due to relaxation of (macro) stress

and microstrain, ∆Gsm
2 .

4.2.1 Grain growth energy, ∆Ggg
2 . The energy change due to

Al-grain growth can be calculated from the Al grain-boundary
(GB) energy γ GB

〈Al〉, and the reduction of the grain-boundary
area ∆Sgg:

∆Ggg
2 = ∆Sggγ GB

〈Al〉 (5a)

γ GB
〈Al〉 can be related to the temperature T by:

γ GB
〈Al〉(T ) = γ

GB,0
〈Al〉 − T

dγ GB
〈Al〉

dT
(5b)

where γ
GB,0
〈Al〉 (Al GB energy at 0 K) and dγ GB

〈Al〉/dT are

0.378 J/m2 and 0.12 mJ/(m2K), respectively [25, 26]. Hence,
γ GB

〈Al〉(523 K) = 0.348 J/m2.
For the (lateral) Al grain growth, as schematically shown

in Fig. 9a (After annealing, the Al-grain size has remained the
same in the direction perpendicular to the surface as the pre-
pared sample and has increased laterally), ∆Sgg per unit area
parallel to the surface can be calculated by:

∆Sgg = 2DAl

(
1

Dann.
− 1

Dunann.

)
(5c)

where Dann. and Dunann. are the grain sizes along the surface
of the annealed and unannealed Al layers, here equal to 70 nm
and 45 nm, respectively. According to (5a), (5b) and (5c),
∆Ggg

2 (523 K) = −0.28 J/m2.

4.2.2 Stress and microstrain release energy, ∆G sm
2 . According

to the elasticity theory, the strain energy per unit volume,
Av, has the following relationship with all six components of
stress (σx , σy, σz , τxy, τyz, τxz) or strain (εx , εy, εz , γxy , γyz,
γxz) [27]:

2Av = 1

E

[
σ2

x +σ2
y +σ2

z −2ν(σyσz +σzσx +σxσy)

+2(1 + ν)(τ2
yz + τ2

zx + τ2
xy)

]
2Av =(λ−2µ)(ε2

x + ε2
y + ε2

z)+2λ(εyεz + εzεx + εxεy)

+µ(γ 2
yz +γ 2

zx +γ 2
xy) (6a)

where λ = Eν/[(1+ν)(1−2ν)], µ = E/[2(1+ν)]; with E as
Young’s modulus and ν as Poisson’s ratio. For the Al thin layer
subjected to an isotropic biaxial state of macrostress, σl, the
strain energy per unit area parallel to the surface, Aa, can be
given by:

Aa = DAl
1 − ν

E
σ2

l (6b)

It can be assumed that the stress in the Al layer has re-
laxed entirely during the annealing at 523 K, i.e. during the
transformation analyzed (see discussion in Sect. 3.4). There-
fore, using (6b) with E = 70.6 GPa and ν = 0.345 [28], the
change of energy due to macrostress relexation is calculated to
be −0.22 J/m2.

According to the diffraction-line broadening analysis, the
microstrain in the perpendicular direction of the Al layer had
decreased after annealing from 0.5% to 0.4%, whereas the
microstrain in the lateral direction remained constant (see
Sect. 3.5). Then, adopting the lateral and perpendicular di-
rections as principal directions, application of (6a) and an
equation analogous to (6b), allows calculation of the change
of energy due to microstrain relaxation: −0.025 J/m2.

Hence, ∆Gsm
2 = (−0.22 − 0.025)J/m2 = −0.25 J/m2,

and ∆G2 = ∆Ggg
2 +∆Gsm

2 = −0.53 J/m2.

4.3 Surface energy difference between c- Al and a- Si,
∆G3

The surface energy, γ , of a liquid (“amorphous”)
phase can be related to the temperature T by [28]:

(γV 2/3)T = (γV 2/3)0 +bT (7a)

where V in (γV 2/3)T is the molar volume at T , (γV 2/3)0

is a measure for the surface enthalpy and V in (γV 2/3)0
is the molar volume at 0 K. For liquid Si, (γV 2/3)0 is
0.480 mJ/mol [28]. b is a measure for the entropy, and can be
calculated by:

b = (γV 2/3)Tm − (γV 2/3)0

Tm
(7b)

where Tm is the melting point. For liquid Si, (γV 2/3
m )Tm

is 0.396 mJ/mol [28, 29]. Thus, b = −0.50 ×10−7 J/K.
A value for (γV 2/3)523 K for a-Si can now be estimated using
(7a). Then, taking V{Si}(523 K) = 11.01 ×10−6 m3/mol [28,
29], one arrives at the following value for the surface energy
of a-Si at 523 K, γ{Si}(523 K) = 0.918 J/m2.

The surface energy of a solid at arbitrary temperature can
be estimated by [28]:

γ T = γ 0 + dγ

dT
T (8)

where γ 0 is the surface energy at 0 K. For c-Al, γ 0
〈Al〉 is

1.160 J/m2 [28], and dγ/dT = −0.18 mJ/m2 [30]. Hence,
γ〈Al〉(523 K) = 1.066 J/m2. (Similarly, for c-Si, γ 0

〈Si〉
is 1.25 mJ/mol [28] and dγdT = −0.15 mJ/m2 [30], and
thus, γ〈Si〉(523 K) = 1.172 J/m2. This result is used in
Sect. 4.4.1.)

Finally it is obtained: ∆G3 = γ〈Al〉 −γ{Si} = 0.15 J/m2.

4.4 Interfacial energy difference between a- Si/c- Al
and c- Si/c- Al, ∆G4

4.4.1 Interfacial energy of c- Al/c- Si (γ〈 Al〉−〈 Si〉). The energy
of the c-Al/c-Si interface contains two contributions [31]: the
chemical interaction of Al and Si at the interface, γ interaction

〈Al〉−〈Si〉 ,
and the strain due to the mismatch at the interface between the
two adjacent lattices, γ mismatch

〈Al〉−〈Si〉:

γ〈Al〉−〈Si〉 = γ interaction
〈Al〉−〈Si〉 +γ mismatch

〈Al〉−〈Si〉 (9a)
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The chemical interaction energy is equal to the interface
enthalpy per unit area and can be estimated by [4, 20]:

γ interaction
〈Al〉−〈Si〉 = ∆H interface

AlinSi

C0V 2/3
Al

(9b)

where ∆H interface
〈Al〉−{Si} is the enthalpy increase due to additional of

one mole 〈Al〉 atoms to an infinitely large reservoir of Si. C0

is a constant depending on the shape of the Wigner-Seitz cell
and can be taken, on average, as ∼= 4.5 ×108 [28, 29]. VAl is
the molar volume of Al.

The mismatch term can be related to the high angle GB en-
ergies of Al and Si by estimating the high angle GB energy to
be 1/3 of the surface energy [32]:

γ mismatch
〈Al〉−〈Si〉 = 1

6
(γ〈Al〉 +γ〈Si〉) (9c)

where (see data given in Sect. 4.3) γ〈Al〉(523 K) = 1.066 J/m2,
γ〈Si〉(523 K) = 1.172 J/m2.

4.4.2 Interfacial energy of c- Al/a- Si (γ〈 Al〉−{ Si}). The c-Al/
a-Si interfacial energy contains three contributions [4, 20]:

γ〈Al〉−{Si} = γ
enthalpy
〈Al〉−{Si} +γ

entropy
〈Al〉−{Si} +γ interaction

〈Al〉−{Si} (10a)

The enthalpy contribution, γ
enthalpy
〈Al〉−{Si}, arises from the c-Al

phase at the interface. The entropy contribution, γ
entropy
〈Al〉−{Si},

arises from a-Si at the interface [4]. The chemical interaction
of Al and Si at the interface is described by γ interaction

〈Al〉−{Si} .

According to [29], γ
enthalpy
〈Al〉−{Si} is equal to a fixed fraction of

the c-Al melting enthalpy ∆Hm
〈Al〉:

γ
enthalpy
〈Al〉−{Si} = 2.5 ×10−9

∆Hm
〈Al〉

V 2/3
〈Al〉

(10b)

where V〈Al〉 is the molar volume of the c-Al at the melt-
ing point (= 10.50 ×10−6 m3/mol [28, 29]). ∆Hm

〈Al〉 equals
10.79 kJ/mol [23].

By eliminating the effect of a difference in molar surface
area of c-Al and a-Si, γ entropy

〈Al〉−{Si} can be estimated by the follow-
ing empirical equation [32]:

γ
entropy
〈Al〉−{Si} = 0.52 ×10−7 T

V 2/3
{Si}

(10c)

with T in K and V{Si} is the molar volume of the liquid Si at the
melting point: V{Si} = 11.01 ×10−6 m3/mol [28, 29].

γ interaction
〈Al〉−{Si} can be represented by (9b).

Finally it is obtained: ∆G4 = γ〈Al〉−〈Si〉 − γ〈Al〉−{Si} =
0.22 J/m2.

5 General discussion of driving forces

The values of the different terms at the right-hand
side of (3) have been gathered in Table 1. Clearly, ∆G1
and ∆G2 are negative, driving the transformation of the Si
(150 nm)/Al (50 nm) bilayer system upon annealing, whereas

∆G1 (J/m2) ∆G2 (J/m2) ∆G3 (J/m2) ∆G4 (J/m2) ∆G5 (J/m2)

-125.95 -0.53 0.15 0.22 0

TABLE 1 The calculated values for the Gibbs energy changes upon an-
nealing the Si (150 nm)/Al (50 nm) bilayer at 523 K

∆G3 and ∆G4 are positive and thereby counteract the trans-
formation of the Si/Al bilayer.

The largest contribution to the driving force for the trans-
formation is of course due to the crystallization of the amorph-
ous Si. However, this driving force contribution cannot ex-
plain why layer exchange occurs. The calculations performed
show that the changes in surface and interface energies also do
not promote the layer exchange. One may suggest that kinet-
ics is responsible for the layer exchange: agents for initiating
the crystallization of the amorphous Si are sought, for ex-
ample in the grain boundaries in the crystalline Al phase [33].
However, such a mechanism does not necessarily lead to layer
exchange as observed, also it has to be considered likely that
other heterogeneities, e.g. the free surface, do not facilitate
initiation of crystallization. Therefore, an alternative explana-
tion for the layer exchange is suggested. The layer exchange
may be driven by the relaxation of elastic strain energy as-
sociated with the macrostress and the microstrain (∆G2) due
to the drastic atomic rearrangement within the bilayer by the
layer exchange, the misfit experienced in the initial, unan-
nealed condition can be relieved. Here it should be noted, that
in the above treatment, changes in strain energy for the Si
phase were not taken into account. The measurement tech-
nique used (XRD) cannot be applied to the initial amorph-
ous phase. Data obtained for the crystallized Si phase (see
Sect. 3.4 and 3.5) indicate a low microstrain and a small intrin-
sic macrostress (because the substrate is a Si wafer, no thermal
stress development upon heating and cooling is expected for
the Si phase in the bilayer). Therefore it appears likely that
∆G2 in any case is negative. Hence, it is suggested that the un-
favorable changes in surface and interface energies upon layer
exchange are overcompensated by the favorable changes in
elastic energy.

6 Conclusion

Upon annealing of an a-Si/Al bilayer at 523 K the
Si and Al largely exchanged their positions. The initially
surface adjacent, amorphous Si, moved in the direction of
the substrate and crystallized into {111} oriented nanocrys-
tals with a small microstrain and a tensile macrostress par-
allel to the layer surface; the Al moved upwards in associa-
tion with increases of the surface roughness, the strength of
the {111} fibre texture and the lateral grain size, and release
of macrostress and microstrain. Thermodynamic calculations
for the transformation of the Si/Al bilayer upon annealing in-
dicate that the largest gain in energy upon transformation is
due to the crystallization of the amorphous Si. Changes in sur-
face and interface energies counteract the layer exchange. The
rearrangement of the Si and Al phases in the layer is promoted
by the release of elastic strain energy.
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