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Abstract The growth and microstructural characterization of epitaxial yttrium silicide (YSi,)
on the (100)Si substrate are investigated. The YSi, film grow epitaxilly through the solid phase
reaction during vacuum annealing above 400°C. The epitaxial relationships between the hexago-
nal YSi, film and the (100)Si substrate are [0001]YSi,#[0111Si and [0001]YSi,~#[011]Si in
the (1100)YSi,# (100)Si plane relation. The YSi, film consists of the two types of domains
which have two different azimuthal orientations making an angle of 90° to each other. The two
types of domains in the YSi, film are equivalent in volume fraction and crystalline quality,
which has been proved from the equivalent integrated intensities of (2201) asymmetric reflec-
tion of X-ray diffraction. The formation of a double-domain structure is discussed on the basis
of geometrical matching at interface between the (1100)YSi, film and the (100)Si substrate,
and growth model is proposed.
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1. Introduction

Thin silicide films formed through solid
phase reaction of evaporated metal layers
with the silicon substrates have received
wide attention beause of the technical impor-
tance for ohmic and Schottky contacts in sil-
jcon-based semiconductor devices [1-5].
Among these silicides, some rare-earth
(RE) silicides have been especially attract-
ive over the last few years. They form con-
tacts with the lowest Schottky barrier height
(@g: 0.3~0.4 eV) on n-type silicon among
the studied silicides, and therefore they can
be used as ohmic contacts in silicon devices
[6,7]. Furthermore, interest in the epitaxial
RE silicides has increased considerably in
the recent years, for the fundamental stud-
ies of the interface [8,9].

RE silicides crystallize in a hexagonal
AlB, structure with the space group P6/
mmm [10,11]. They are nearly lattice-
matched in the growth of their (001) planes
on the (111)St surface : the lattice mis-
match varies from nil for yttrium silicide
(YS1,) to -255 % for lutetium silicide
(LuSi,) at room temperature. Thus, under
ideal conditions, the triangular atomic arr-
angement of the RE silicide layers would
match up to the 3-fold symmetric (111)Si

plane. The YSi, has been extensively investi-

gated, and the (0001)YSi, layer has been
found to grow on the (111)Si substrate with
highly - perfected orientation through solid
phase reaction [8,9]. Alth-ough (100)Si sub-
strates have been used in most of the practi-
cal silicon devices, very little work for the
epitaxial growth of RE silicides on (100)Si
substrates has been done [12,13] and fur-
thermore their detailed crystallographic
analysis have not yet been described.

In this study, the solid phase epitaxy of
the YSi, formed during vacuum furnace an-
nealing is investigated. The epitaxial rela-
tionship and the occurrence of double do-
mains are shown experimentally, and the
epitaxial growth mode is discussed on the
basic of geometrical matching at the inter-

face between the yttrium silicide and the
(100)Si substrate.

2. Experimental details

The substrates were p-typed (100)Si wa-
fers of 2 inch diameter with resistivity of
about 10 Q-cm. Prior to the deposition of
the Y layer, the Si surface was cleaned with
organic solvents, rinsed in distilled water,
followed by immersion in dilute hydrofluoric
acid to remove the native oxide layer, and fi-

nally rinsed in distilled water and dried with
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dry nitrogen. After these cleaning steps, the
wafer was immediately loaded into a vacu-
um chamber, which was kept at a pressure
below 5x107% Torr during deposition. In
order to reduce the amount of gaseous im-
purities incorporated in the source metal, the
Y source (99.9 %) was outgassed before de-
position. The Y layer of 1000 A thickness
was deposited onto the cleaned wafer by an
electron beam evaporation method without
heating of the substrate. The deposition rate
of the Y layer was 10 A/s. Subsequently, a
thin Si layer of 500 A thickness was
additionally deposited on the Y film without
breaking of the vacuum in the same cham-
ber to prevent the Y film from oxidation
during handling, because Y oxidizes very
quickly in air even at room temperature.
The deposition rate of Si layer was 40~50
A/s. The deposition rates of Y and Si were
monitored with a resonator plate of a quartz
crystal, and the thickness was determined
with a surface profilometer after deposition.
The as-deposited sample was cut into sev-
eral pieces, and each of them was annealed
in vacuum for the growth of an yttrium sili-
cide layer. The vacuum annealing system
was composed of a furnace and silica tube
which was evacuated at a pressure below 6
% 1077 Torr. The samples were annealed at
temperatures of 300 to 900°C for various
times, ranging from 10 to 300 min.
Transmission electron microscopy (TEM)
and selected area diffraction (SAD) were
applied to characterize the microstructure
and to determine the orientation relation-

ships between the grown silicide layer and

the (100)Si substrate. TEM samples were
prepared by ultrasonic cutting to 3 mm di-
ameter and thinning from the silicon side
with mechanical polishing and chemical etch-
ing (HF : HNO;=1 : 1). The crystallogra-
phic characterization of the YSi, surface
was evaluated by reflection high-energy
electron diffracton (RHEED). X-ray dif-
fraction (XRD) was used to identify the cry
stalline phases formed by annealing. The w-
mode rocking curves were also measured to
determine the volume fractions of the two
domains rotated by 90° around the common
[1100]YSi; axis in the silicide film. For the
crystallographic characterization, the full
width at half -maximum (FWHM) of the dif-
fraction curve was examined.

3. Results and discussion

The formation of silicide phases in the re-
acted layers was investigated by XRD using
CuK, radiation. Figure 1 shows the typical
XRD pattern from the sample annealed at
600°C for 60 min. Above the growth temper-
ature of silicide (400°C), the hexagonal YSi,
phase becomes detectable with the presence
of strong (1100) and (2200) diffraction
peaks, except for peaks from the Si sub-
strate and from the Y,0; The absence of
other allowed YSi, peaks, especially the
(1011) peak (26 =35.02°) which is about
2.5 times more intense than the (1100) peak
in the YSi, powder diffraction data [14],
surely indicates that the YSi, film has a pre-
ferred orientation. The (1100) plane of the
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YSi, is parallel to the (100)St surface, that
1s, with its @-and c-axes lying on the (100)
Si plane. The diffraction patterns of numer-
ous samples annealed above 400°C have
been quite similar to those of Fig. 1, except
that the intensities of the YSi, diffraction
peaks become stronger, and the peak corre-
sponding to Y,Os; [15] becomes weak with
an increase of annealing temperature and
time. Futhermore, the Y,0; peak has almost
never been detectable after annealing above
900°C, although not shown here. It is consid-
ered that the annealing at higher tempera-
ture may serve to drive off oxygen from the
silicide film, because the annealing leads to
the dissolution of the Y oxide. A similar be-
havior of oxygen has been observed during
the formation of RE silicides at higher tem-
peratures [16,17].

The crystallographic orientation of the
YSi, film is examined in detail by RHEED.
Figure 2a shows the RHEED pattern ob-
tained from an YSi, film after annealing at

900°C for 60 min. The spotty pattern from
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Fig. 1. XRD patterns from the Si/Y/(100)Si

samples annealed at 600°C for 60 min.

YSi, and the dim ring pattern from Y0,
phase is observed. The patterns of reciprocal
lattice points for the [1120] and [0001] azi-
muthal incidences on the (1100)YSi, single
crystal are also shown in Figs. 2b and 2c,
respectively. The RHEED pattern of YSi,; in
Fig. 2a includes spots from the [0001]YSi,
incidence and from the [1120]YSi, inci-
dence, li.e., the pattern in Fig. 2a is accord-
ant with the intermixing of patterns of Figs.
2b and 2c. The [1120] and [0001] incidenc-
es are perpendicular to each other. There
are no change in the RHEED pattern ob-
served by rotating the sample by 90°. This
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Fig. 2. (a) RHEED pattern from the (1100)
YSi, film grown by vacuum annealing at
900°C for 60 min. (b), (c) patterns of recip-
rocal lattice points for the [1120] and
[0001] azimuths, respectively. Note that the
angle between [1120] and [0001] incident

directions is 90°
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fact shows that the (1100)YSi, film has
grown on the (100)Si in the form of the
double-domain structure, in which the azi-
muthal angle between the two domains is
90° and these two kinds of domains are dis-
tributed throughout the film.

The microstructure and the orientation re-
lationship of the YSi, film have been investi-
gated by TEM(JEM-2000FX) operated at
200 kV. Most of TEM micrographs were
taken by the incidence along the [100] zone
axis of single-crystal Si substrate. In as-de-
posited state, the yttrium layer consists of
randomly oriented Y grains with the diame-
ter of 100-400 A without the formation of
any other phases. However, the hexagonal
YSi, begins to grow epitaxially by annealing
above 400°C for 10 min. Figure 3a is the
SAD pattern from the YSi,/(100)Si speci-
men annealed at 600°C for 60 min, and Fig.

(a)

3b the schematic patterns. When comparing
Fig. 3a with Fig. 3b, it 1s confirmed that
there are two domains of (1100)YSi, on
(100)Si which have azimuthal orientations
perpendicular to each other in the plane,
although double diffraction leads to a com-
plex array of diffraction spots in this pat-
tern. The orientation reltionships (ORs) be-
tween the thin film and the substrate can be

deduced from Fig. 3 as follows :

[0001]YSi,#[011]Si in
(1100)YSi,# (100)Si : OR,,
[0001]YSi,#[011]Si in
(1100)YSi, 7 (100)Si : OR,,

On the geometrical symmetry at the inter-
face, OR, and OR, are exactly equivalent,
both are obtained by rotating the other by
90° around the common [1100]YSi, axis.
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Fig. 3. (a) SAD pattern from the (1100)YSi, film grown by vacuum annealing at 600°C for 60

min. (b) Schematic pattern of (a) showing the (1100)YSi,~ (100)Si epitaxy. The open trian-

gles denote reciprocal lattice points of (100)Si, and the closed and open circles denote those of
OR, and OR, of (1100)YSi, film, respectively.
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This suggests that the (1100)YSi, film con-
sists of a double-domain structure having
two different azimuthal orientations throug-
hout the film, as shown in Fig. 2.

Also, the fact that the (1100)YSi, film
consists of a double-domain structure can
obviously be recognized from the microstruc-
ture observation by TEM. Figure 4 shows a
bright - field image of TEM taken from the
region corresponding to the SAD pattern of
Fig. 3. The parallel moiré patterns or {ring-
es in domains provide some valuable infor-
mation on the relaxation of the misfit strain.
These moiré patterns or fringes normal to
the c-axis of YSi,, observed owing to double
diffraction between YSi, and Si layer, reveal
an average spacing of about 52 A. The pre-
dicted parallel moiré fringe spacings are 52,
4 A for a lattice mismatch of 7.9 % be-
tween the (0001)YSi, and the (001)Si.
Hence it is clear that the strain has been re-

lieved by the creation of misfit dislocations

Fig. 4. Brightfield image from the (1100)
YSi, film grown by vacuum annealing at
600°C for 60 min. Note that the parallel
moiré fringes for the two different types of

domains are perpendicular to each other.

at the interface between each domain and
substrate. The domains of about 700 A in
diameter and domain boundaries were ob-
served. At these domain boundaries, the
moiré fringes are discontinuous and irregu-
lar in their shapes. Two perpendicular orien-
tations in individual domains with the same
moiré fringe spacing were also found. This
means that each epitaxial domain tends to
take two different azimuthal orientations ro-
tated by 90°, as exhibited in the SAD pat-
tern of Fig. 3.

Figure 5 shows a HRTEM (highresolution
TEM) image for only YSi, film taken from
the same sample shown in Fig. 3, which can
distinctly observe the domain boundaries
and lattice image. The interp-laner spacings
measured in Fig. 5 are about 4.1 A. This
corresponds to the (0001) lattice spacing (4.
144 A in Ref. 14) of YSi, which indicates
that the c-axis of YSi, is parallel to the
(100)Si substrate surface. The lattice imag-
es for two domains designated as A, B in
Fig. 5 are perpendicular to each other.
Therefore, it is obvious that the (1100)YSi,
film consists of the double -domain struc-
ture.

To determine the volume fractions of the
two kinds of domains making an angle of
90° around the common [1100]YSi, axis, it
was measured the X -ray integrated intensi-
ties of (2201) asymmetric reflection. Figure
6 shows an outline of the stereographic pro-
jection of (1100)YSi, including the two
types of domains, OR, (closed circles) and
OR; (open circles), and the orientation of
(100)Si. Although the X-ray diffraction in-
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Fig. 5. HRTEM image from the only YSi,
film grown by vacuum annealing at 900°C
for 60 min. The interplanar spacing is about
4.1 A, and this corresponds to the (0001)
lattice spacing of YSi; crystal. Note that the
lattice fringes within two domains (A and

B) are perpendicular to each other.

tensity of symmetric reflections such as
(1100) and (2200) planes contains that of
reflection from OR, and OR, together, the
observation of asymmetric reflection such as
(2201) reflection enables us to obtain the
diffraction intensity from each of the two
types of domains. The OR, is observed by
(2201) reflection with the [011]Si azimuth
in the plane of X-ray incidence and the OR,
with the [011]Si azimuth in the plane.
Therefore, it can be obtained the volume
fractions of the two types of domains on
comparing the two integrated intensities in
the X -ray rocking curves.

Figure 7 shows w-mode rocking curves
for the (2201) asymmetric reflection of OR,
(a) and OR, (b) in the (1100) YSi, film

(1100)YSi2 //(100)Si

QoR2
[oT1]Si
7\

(2207)or1
aoR1
CoRz (2201)oRz |  (220T)oRz .
[077]Si@® —0 ®[011]Si

1700)0Rs,2
100)Si

(2201)oR1

[017]Si
COR1

Fig. 6. An outline of the stereographic pro-

jection of (1100)YSi, including the two

types of domains, OR, (closed circles) and

OR, (open circles), and the orientation of
(100)Si.

grown on the (100)Si substrate by anneal-
ing at 600°C for 60 min. The respective
curves are obtained separately by the meas-
urements before and after rotating of the
sample by 90° around the [1100] axis, as
shown in Fig. 5. The reflection arrange-
ments are schematically shown by the insert-
ed figures in Fig. 7. The integrated intensi-
ties as well as the rocking curves are almost
identical for the OR, and OR, This fact
means that the volume fractions of the OR,
and the OR, are equal to each other in the
(1100)YSi, film since a direct comparison of
the integrated intensities obtained from the
two types of domains gives their volume
fractions. The FWHMs of two rocking

curves are almost similar values, that is ,
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Fig. 7. Rocking curves of the (2201) asy-
mmetric reflection for OR; (a) and OR, (b)
in the (1100)YSi, film grown by vacuum an-
nealing at 600°C for 60 min. Note that inten-

sities for (a) and (b) are almost identical.

0.84° for OR, and 0.86° for OR,. This im-
plies that the crystalline quality of the OR,
and the OR, is exactly equivalent, because
the FWHM of a diffraction curve is the in-
dicative of the crystalline quality.

In the heteroepitaxy of two materials with
different crystal structures, an exact geo-
metrical matching is nearly impossible. It is
therefore, expected that a good two-dimen-
sional matching at the interface is necessary
for the origination of an epitaxial growth
mode in a given deposit/substrate system,
even though the chemical interatomic inter-
actions at the interface may play an impor-
tant role [18-20]. The heteroepitaxial grow-
th of YSi, layers on the 4-fold symmetric
(100)Si can be deduced from the geometri-

cal matching at the interface between the

(1100)YSi, and the (100)Si substrate. From
the observations of SAD and RHEED pat-
terns, it represents the schematic top view
of the atomic arrangement in the epitaxial
relation between YSi, and Si, as shown in
Fig. 8. The YSi, has a hexagonal structure
based on the AlB, structure, with lattice pa-
rameters @,=3.842 A and ¢=4.144 A
[14], while the d-spacing of (110)Si is
3.840 A [21]. Thus, the interface in the
heteroepitaxial (1100)YSi.# (100)Si system
has large anisotropy in lattice mismatch :
7.9 % for the [0001]YSi, direction and 0.05
% for the [1120]YSi,, at room temperature.
As a result, it 1s considered that there are
two possible ways for the epitaxial growth
of (1100)YSi, with 2-fold symmetry on
(100)Si with 4-fold symmetry as denoted
with OR, and OR; in Fig. 8 : (1) the growth
toward the [011]Si, OR, (ii) the growth to-
ward the [011]Si, OR, The strains per area
are expected to be identical for these
arrangements. A physical explanation for
the appearance of the double-domain struc-
ture in this epitaxial layer can be related to
growth procedures and crystallization of the
silicide.

Generally, thin films are formed on a sub-
strate through a process of nucleation and
growth. The epitaxy of a continuous film
may be determined by a combination of
them : (i) oriented nucleation during the
formation of small clusters, (i1) reorien-
tation during coalescence stage, and (iii)
reorientation (regrowth) of large crystallites
[22]. In this (1100)YSi,7 (100)Si system,

the epitaxy can be considered by oriented
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Fig. 9. Schematic stages for the double-do-
main growth of (1100)YSi, film in the
heteroepitaxial (1100)YSi,# (100)Si system.

nucleation during the formation of small
clusters, and the epitaxial steps are shown
schematically in Fig. 9. Baglin et al. have re-
ported that the RE silicides nucleate in a
few spot during the initial stage and then
grow as isolated islands through Volmer-
Weber growth (three-dimensional growth)
process during a solid-phase reaction [10-
23]. During the initial stage of nucleation of
the silicide, therefore, the interfacial energy
for the growth of OR, and OR, are identical
because two directions are equivalent on the
surface of (100)Si, and the formation proba-

bility of discrete three-dimensional nuclei of

"OR, and OR; domains is also equal. Firstly,

by furnace annealing above 400°C, Si atoms
diffuse into Y layer to form cluster. When
clusters reach a certain critical size they be-
come stable entities, called nuclei. Subse-
quently, once nucleated, film growth pro-
ceeds predominantly by the growth of nuclei
and their eventual coalescence stage as fol-
lows : the large nuclei grow larger with the
expense of the small ones. During the coales-
cence stage of the (1100)YSi, nuclei, if a
critical sized nucleus (OR.) is contiguous to
a critical sized nucleus with same orienta-
tion (OR.), respective nuclei can be grown
as an identical domain (OR.). On the other
hand, if the initial nuclei with two different
orientations are contiguous, i.e.,, OR, and OR
» respective nuclei can be grown as two
types of domains which have two different
azimuthal orientations making an angle of
90° to each other. The above growth steps
are shown schematically in Fig. 9. As a

result, the volume fraction and the crystal-
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line quality of two domains with OR, and
OR, are considered to be identical in to
(1100)YSi, film. These facts has been ex-
plicitly shown in this experimental result of
Fig. 7. However, more detailed microscopic
study using TEM, especially during the ini-
tial silicidation, will be needed to clarify the
formation mechanism of a double-domain
(1100)YSt, film grown on (100)Si substrate
through a solid phase reaction.

4, Conclusions

The epitaxial growth of YSi, on (100)Si
substrate is established through a solid
phase reaction during vacuum annealing
above 400°C. The thin film of the hexagonal
YSi, has a preferred matching face relation-
ship on (100)Si, (1100)YSi,/ (100)Si. How-
ever, the (1100)YSi, film is not single crys-
tal. This consists of two types of domains
having two different azimuthal orientations,
[0001] and [1120] orientations along the
[011] orientation on (100)Si, which make
an angle of 90° to each other around the
common [11007YSi, axis. The domain size is
about 700 A. The volume fractions of the
two types of domains with OR, and OR, are
identical, and their crystalline quality is ex-
actly equivalent.

For the heteroepitaxial (1100)YSi, #
(100)Si system, there is an anisotropy in lat-
tice mismatch at the interface. The strains
induced by the lattice mismatch are relieved
by the creation of misfit dislocations at the

interface between domain and substrate.

The respective interfacial energy for the
growth of (1100)YSi, toward the [011]Si
and toward the [011]Si are identical during
the initial stage of epitaxial growth of the
silicide. As a result, the two types of do-
mains with OR, and OR, in the YSi, film be-
come equivalent in volume fraction and crys-

talline quality.
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