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Abstract

A Si(150 nm, amorpho)gAl(50 nm, crystalline{ 111} fiber textured bilayer was prepared by magnetron sputter deposition
and isothermally annealed at 258G for 60 min in a vacuum of 2.040~* Pa. X-ray diffraction, Auger electron spectroscopy
and focused-ion beam microscopical techniques were used for compositional and microstructural analyses. A major observatiol
was that after the annealing the Al and Si sublayers had exchanged their location in the bilayer; i.e. the Si layer was adjacent tc
the substrate after annealing. The amorphous Si layer had crystallized a1k textured polycrystal. The Al layer, now
adjacent to the surface, had formed a uniformly net-shaped layer. Upon this rearrangement, the already initially prégght Al
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 vald8®MPa to the tensile
value of +182 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 electron microscopy analysis of an a8l multilayer
showed that, during annealing at 220, c-Si nucleates
In the last decades, interdiffusion afmt reactions  within the Al layers and penetrates the Al as the c-Si
between semiconductofe.g. Si, Ge, etd. and metal  grows [7]. Annealing an a-SiAl bilayer in a dry N,
(Al, Ni, Cu, Ag, Au, etc) systems have attracted ambient(350-500°C) showed that c-Si nucleates at
increasing scientific interest as a consequence of thethe SyAl interface and grows further into the Al layer
applications of such systems in the microelectronic until, finally, a continuous c-Si film has formeid].
industry [1,2]. Among these systems, /il thin film In order to understand the transformations occurring
couples are of special interest to study annealing inducedin a-Si/Al thin film systems, in this study a systematic
transformations, because according to the thermodynam-dnvestigation on the microstructurdlcrystallite size,
ics for bulk materials, Si and Al do not form compounds microstrain, texture and stréssvolution accompanying
and are rather immisciblEs]. the annealing-induced transformations was performed,
For Si/Al bilayers, where both sublayers are crystal- using in particular X-ray diffraction(XRD), Auger
line, further indicated as c-BAl, it was found that the  electron spectroscopfAES) and focused-ion beam
Al atoms diffuse through Si grain boundaries at a (FIB) imaging techniques. The research was focused on
temperature as low as 30Q [4]; at higher temperatures the interaction of a-Si and Al at low annealing temper-
(400-560°C), Si dissolves into Al followed by nucle- ature (250 °C) in vacuum. The occurring transforma-
ation and growth of Si crystallites in the Al layéb]. tions were discussed with reference to the
For Si/Al bilayers, where the Si layer is amorphous and thermodynamic driving forces.
the Al layer is crystalline, further indicated as g8,
various studies showed that the presence of Al layer 2. Experimental procedures
lowers the crystallization temperature of a-Si signifi-
cantly as compared to bulk a-88]. In situ transmission 2 7. Specimen preparation and heat treatment
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The thickness of the oxide layer was 50 nm. Thel50

nm) /Al(50 nm) bilayer specimen was prepared by dc- © (b)

Al(111)

magnetron sputter deposition in an ultra-high vacuum
(UHV) system at a base pressure of 10 Pa. The
magnetron sputter apparatus has two exchangeable tar2
gets, enabling the preparation of the/Si bilayer 5
specimen under vacuum in a single run. Before deposi- 5 ]
tion, the substrate and the targets were cleaned by argong

ion sputtering. Then, deposition of the/8i bilayer = 4]
was carried out at room temperature under an Ar

100 +

Al (counts/s)
N
S

—~

Si(111)
80
A1)

26 (deg.)

Si/Al/Si(510) annealed

working pressure of 4R10~! Pa. During sputtering, 20 aeoy  A@20)

the substrate was rotated and its temperature increased @

from 20 to approximately 50C. The as-prepared SAl 0 . . ; ) . ;
bilayer was annealed at 25C for 60 min in a vacuum 0 2 40 ;eo(deg) 8 00 120

of 2.0x10 % Pa. Cooling of the annealed sample
occurred under vacuum with a cooling rate of°’@/

min Fig. 1. (@) XRD patterns of the as-prepared and annealgd 56

nm)/Al(50 nm)/Si(510) bilayer specimens as well as of the ‘bare’
thermally oxidized Si510) substrate. Vertical offsets have been
applied to the individual patterns to avoid overlép) XRD pattern
of the as-prepared BAl bilayer after subtraction of the XRD back-
ground as recorded from the ‘bare’(510) substrate.

A Philips MRD diffractometer was employed to
perform phase analysis and texture, residual stress
crystallite size and microstrain determinations. The dif-

fractometer was eq_uipped with a Eulerian cradle, a gg imaging was performed using a FEI 200 XP FIB
copper tube operating at 1.8 kW, X-ray lens and a microscope. Elements Al and Si as well @systalline

secondary monochromator to select Ciu K radiation. To a1y grains with different crystallographic orientations
analyze the phases present in the as-prepared andpnow different(channeling contrasts in the secondary
annealed $SiAl bllayers, dl_ffractlon patterns were  gjectron images. A groove with the length of approxi-
recorded by performing continuows26 scanning from mately 10p.m, with depth and width of approximately
20=10" to 120, where & is the diffraction angle. To 4 wm, was cut on the surface of the /8i bilayer

study the texture of the Al layer, & step scan from0  gpecimens by Ga  ion beam milling in order to observe

to 360 for the {111} reflection of the Al layer was  the cross-sectional FIB images from the sidewall of the
performed at specimen tilt anglgsfrom 0 to 90. For groove upon tilting the specimen.

the determination of macrostress, crystallite size and
microstrain,6—26 step scans were performed for the Al
{111} reflection at differentys angles. The peak para-
meters(peak position, full width at half maximum and
integral breadth were then determined by fitting a 3.1. Phase analysis
Pearson VII function to the peaks in the measured
diffraction patterns using Philips Profit 1.0c software. The XRD patterns of the as-prepared and annealed
The compositional characterization of the as-preparedSi(150 nm)/AI(50 nm)/Si(510) bilayer specimens as
and annealed Al bilayers was performed using a well as of the ‘bare’ thermally oxidized &10) sub-
JEOL 7830 scanning Auger microscope at a base presstrate are shown in Fig. 1a. The XRD pattern of the as-
sure below 8.¢<10°% Pa. A static primary electron prepared SiAl bilayer after subtracting the XRD
beam of 10 keV and 20 nA was used. The samples background as recorded from the thermally oxidized
were sputtered using an ion gun with 1 keV*Ar ion Si(510) substrate is shown in Fig. 1b. The Si sublayer
beams. The ion incidence angle was approximately 40 in the as-prepared BAl bilayer is amorphous. This is
with respect to the normal to the sample surface. The evidenced by the broad scattering peak at approximately
sputtered and analyzed areas were approximatelt 1  26=27°, which is characteristic of a-SiFig. 1b). The
mm and 10<10 pwm, respectively. AES depth profiles Al sublayer exhibits d 111} fiber texture. After anneal-
of the samples were obtained by discontinuous ion ing, the a-Si layer had crystallized into polycrystalline
sputtering mode. The Auger peak-to-peak heights of Al Si. The crystalline Si shows @111} texture, because
(1396 eV), Si (1621 eV) and O(507 eV) as a function  the I,,o/I11,and 1 3,/1 144intensity ratios of the crystal-
of the sputtering time were quantified by applying the lized c-Si are much smaller than those given by the
relative elemental sensitivity factors =0.23 andSg; = standard values on the ICDD-JCPDS cdido. 26-
0.16 and S,=0.23, which were measured under the 1481).

2.2. Microstructural and compositional characterization

same experimental conditions by the present Auger
microscope.

3. Resaults
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Fig. 2. AES depth-profiles of the as-preparéilled points) and
annealed(unfilled point9 Si(150 nm/Al(50 nm)/Si(510) bilayer

specimens.

3.2. Compositional and morphological analyses

The AES depth profiles of the as-prepared and
annealed %50 nm)/AlI(50 nm)/SiO,(50 nm) /Si(510)
bilayer specimens are shown in Fig. 2. The as-prepared
Si/Al 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 S{510) substrate upon
annealing.

Cross-sectional FIB micrographs of the as-prepared
and annealed %Al bilayer specimens, which were 45
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

Fig. 3. FIB micrographs of the as-prepar@ and annealedb,c) Si/Al bilayers. (c) was taken at the same location @8 but at a time 3 min

later than(b) (i.e. 3 more min of Ga

ion sputteringThe middle parts of the micrographs are the cross-sectional FIB images, and the upper

and the lower parts of the micrographs are the surface FIB images of the specimens.
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Fig. 4. The y-dependences of Al {111} peak intensities of the as-
preparedfilled points) and the anneale@infilled point9 Si/Al bilay-

and annealed BAl bilayers.

clearly distinguishedFig. 33. After annealing, most of
the Al layer had moved upwards and had formed a
uniformly net-shaped structurésee 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 SjO layer on top of the
substratdsee the material of dark intensity in the cross-
sectional part of the micrographThere are still some

a Ga" ion beam is used for generating flsecondary

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 SiAl bilayers are shown in Fig. 4see insets
Clearly, in both cases the Al sublayer exhibit$ HL1}
fiber texture. They-dependence’s of the Al111} peak
intensities of the as-prepared and annealgd\Shilay-
ers indicate that after annealing, the 111} texture
had become stronger.

The Al {111} lattice strainsg(Y,,; , of the as-prepared
(solid squaresand the annealetunfilled square} Si/

Al bilayers, with reference to the lattice spacimj,,;;

85

of standard Al powdefd?,,,, =2.338 A), are shown as

a function of sify in Fig. 5.
textured Al thin layer with

For the cubid 111} fiber
a rotationally symmetric

biaxial state of stress parallel to the surface, the lattice
strain observed at specimen-tilt angle ¢, can be
related to the stress parallel to the surface in thedhl,

by [9]:

1 . 2
Ey= [2S12+ 5544'5”1241"‘ és 0}71

D

whereso=5,1—51o—5442, ands ; s ;ands ,are elastic
compliances of single crystal Al, equal to 16.0 TPa ,

—5.8 TPa' and 35.3 TP4d

, respectivéh0]. Hence,

a plot of ¢, vs. sirfys yields a straight line, and, can

be obtained from its slope. Thus it follows from Fig. 5
ers. The insets represent the Al {111} pole figures for the as-prepared that the Al layer of the as-prepared specimen possesses
a compressive stress parallel to the surfage: —139
MPa, and that after annealing, the stress parallel to the
surface of the Al has changed from compressive to

tensile: o,= +182 MPa.

3.4. Crystallite size and microstrain analyses

The measured diffraction-

line profiles are the convo-

lution of the structurally broadened profile of the sample
! ) i with the instrumentally broadened profilfll]. The
small Al grains left at the interface between the Si and girycturally broadened profile can originate from small
the SiQ, _layers. The FIB observations agree with the rysiajiite ‘size(often modeled with a Lorentzian broad-
above AES depth profiling results. In the FIB technique, ening function and/or the presence of microstrain

¢ : ¥ (often modeled with a Gaussian broadening fundtion
electrons, which produce the image contrast. This 10N yere the instrumental broadening for the Al reflections
beam brings about that surface atoms of the specimens, 55 measured from a coarse-grained Al reference sample
are sputtered away during the observation. The sputter-ih; gid not exhibit significant structural broadening. On
ing rate of Si is larger than that of Al and, therefore, this pasis, here the single line Voigt method was used
the Si present at the imaged surface will be sputteredy, getermine values for the crystallite size and the
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Fig. 5. The Al {111} lattice strainef},,; , of the as-preparéiiled
square} and annealedunfilled squares Si/Al bilayers, with refer-

ence to the lattice spacind?,,;;

of standard Al powder, vysin
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Fig. 6. The crystallite siz€a) and microstrain(b) (for definitions,
see Ref.[11]) vs. sirfy for the Al layer in the as-prepare(illed
squarey and as-anneale@infilled squarek Si/Al bilayers.

microstrain in the direction of the diffraction vecttfor
details, see Refl11]).

The crystallite(grain) size and microstrain of the Al
(layen in the as-prepared and annealedMibilayers
are shown in Fig. 6a,b as a function of4&ln( indicates
the direction of the diffraction vector Hy=0°: H is
perpendicular to the surfacef=90": H is parallel to
the surface. It follows that for the as-prepared sample,

the Al-grain sizes along the layer surfag#=90") and
along the normal to the layer surfat#=0°) 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. aFor the
as-prepared 3Al bilayer, the microstrain along the
layer surface y=90°) in the Al is smaller than perpen-
dicular to the layer surfacé€y=0°). 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 S{150 nm/AI(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 $1L50 nm/AlI(50 nm)
bilayer has been given in Fig. 7. At the start of the
anneal at 250C (Fig. 79, 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 250°C, the Al and Si layers have
exchanged their location, a-Si has crystallized {rta1}
textured polycrystalline Si, the grains of the Al layer
have grown laterally, and thémacrostress and the
microstrain in the Al layer have been relaxed. The Gibbs
energy change of the bilayer per unit area parallel to
the surface,AG, which has occurred at the end of
annealing at 250C (Fig. 7b as compared to the start
of annealing at 250C (Fig. 79, can be written a§l12]:

AG=DgAG sj sy T Da AGy +(Veaiy— Visip)
+ (V¢ary —¢siy — YAy —{si})

2

+ (V<Si> —{Si0} — 'Y<A|>—{Sioz})

a-8i(150nm) A1(50 nm)
AI(50 nm) G |
—p «—— c-81(150 nm)
a-5i0, |—> a-8i0,
Si(s10) _ Si(510)

@

(b)

Fig. 7. Schematic representation of the layer exchange occurring upon annealingl&@ 81 /Al (50 nm) bilayer. At the beginning of annealing

at 250°C (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 250°C (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.
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The first term at the right-hand side of E@) is the An alternative explanation for the layer exchange may
Gibbs energy difference per unit area parallel to the be of kinetic origin(see Ref[14]).
surface between c-Si and a-Sig; is the a-Si layer It is remarked that the tensile stress parallel to the
thickness, andG s;, _s; is the Gibbs energy difference surface of the Al layer as observed after annealing can
between c-Si and a-Si at 258C per unit volume, which ~ be ascribed to the thermal stress induced by the cooling
can be estimated from the crystallization enthalpy of a- after the annealin§l4]. Hence, the compressive macro-
Si [13]. The first term is thus estimated to be stress in the Al completely relaxes indeed upon
—125.95 Jm? [14]. annealing.

The second term at the right-hand side of E®) is
the Gibbs energy change per unit area parallel to the5. Conclusion
surface between the annealed Al layer and the as-
prepared Al layer;D,, is the Al layer thickness, and Upon annealing of an a-BAl bilayer at 250°C the
AG, is the Gibbs energy difference between the Siand Al Iargely eXChaHQEd the!r pOSitiOﬂIS. The Inltla”y
annealed and unannealed Al layers per unit volume.Surface adjacent amorphous Si moved in the direction
This last term includes two components: energy differ- Of the substrate and crystallized; the Al moved upwards
ences due to Al-grain growth and release (@fiac- in association with re_Iea_se of macrostress and micro-
ro)stress and microstrain energy. The energy change byStrain. The largest gain in energy upon transformation
Al-grain growth can be calculated from the grain- IS dug to _the crystgl_llzatlon of the amorphous Si. The
boundary energy and the reduction of the grain-boundaryonly identifiable driving force for thg layer exchange
area; it is estimated at 0.28 JYm? [14]. The released appears to be the relgase of elastic energy upon the
macrostress and microstrain energy is estimated on thd€arangement of the Si and Al phases in the layer.
basis of elastic theory to be 0.25 Ym? [14].

The third term represents the difference in surface
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The fourth term is the interface-energy difference .
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