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A p-type device grade silicon wafer was implanted by 1 MeV Ru™ ions to a dose of

5.67 x 10" cm~2. The microstructures of the as-implanted and annealed samples were
studied mainly by analytical transmission electron microscopy (TEM) and X-ray diffraction
(XRD). The results showed that the implantation resulted in a well-defined surface layer of
about 910 nm in thickness. The layer was composed of ultra-fine Ru,Sis crystallites in an
amorphous matrix. After annealing, the inner part of the layer recovered completely to
single crystal Si with nano-scaled Ru,Siz; embedded in it. A ~660 nm thick polycrystalline
region consisting of Si and Ru,Si3 grains was formed at the surface. © 2007 Kluwer
Academic Publishers

1. Introduction synthesis is a very attractive route for the production
There has been an enormous research effort on the syaof silicon based materials with additional functionality
thesis of new semiconductors using techniques basetiatis compatible with existing ultra large scale integra-
on ion implantation and other deposition methods, dugion (ULSI) technology. We have recently made the first
toincreasing requirements by the semiconductor induseffort to produce ruthenium silicide by IBS [12]. Op-
try [1-5]. Among the emerging new materials, semicon-tical measurements reported elsewhere confirmed that
ducting silicides have attracted great attention and haveve have produced a new direct gap semiconductor in
been successfully synthesised in many Si based mat&i with a band gap of 0.9 ev corresponding to a wave
rials systems [3—6]. Initial results showed that,Rig  length of 1.3um, which is compatible with optical fi-
is a potential candidate for optoelectronic applicationsore technology [12]. In this work, we shall report the
[7-9]. Since RuSi; was identified as a thermoelectric microstructural development in the IBS F8is.
material [7], attempts have been made to fabricate the
silicide and examine its electronic properties [8—-10].2. Experimental
Henrionet al. produced RpSiz film by a deposition  Experiments were performed on a device grade p-type
and annealing route [8]. Both spectroscopic ellipsome{100) Si wafer. Rti ions with an energy of 1 MeV were
try measurements and band structure calculation proveighplanted into Si up to a dose 0f& x 106 Rut cm2.
that RySis is a semiconductor with a direct band gap. During implantation the wafer was heated to a tem-
However, no microstructure of the film has been re-perature of about 250 to 300 by the incident beam.
portedintheirwork. Lessegt al.synthesised RiBisby ~ The implanted wafer was then cleaved into a number
molecular beam epitaxy and the microstructure of theof smaller samples which were then analysed and/or
film was studied. However, they failed to prove whetherannealed. Annealing was carried out in an 18-lamp op-
the compound has semiconducting properties [9]. tical furnace using a nitrogen ambient. A series of se-
lon beam synthesis (IBS) is a technique for the fabquential isothermal annealing was undertaken over the
rication of thin films, which involves ion implantation temperature range from 100 to 12@0 The annealing
and subsequent annealing at high temperatures [11fime was 1 hour at each temperature, increasing incre-
The use of ion implantation is ubiquitous in the sili- mentally by 50C on each occasion. Such an annealing
con semiconducting industry. Consequently, ion beamoute was used due to the difficulty in implantingRu
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in Si during this initial stage of our investigation. Mi- 3. Results and discussion
crostructural investigation was performed on both the3.1. As-implanted samples
as-implanted material and the sample at the end of thEig. 1a is a representative XTEM bright field (BF)
final annealing at 110C. image of the as-implanted sample. It exhibits a well de-
The X-ray diffraction (XRD) experiments were car- fined implanted layer of about 910 nm in thickness, on
ried out using a Philips PW 1050 X-ray diffractometer the surface of the Si substrate. Fig. 1bis a corresponding
using the Cu K radiation. A transmission electron mi- selected-area electron diffraction pattern (SADP) from
croscopy (TEM) study was conducted on a Philiphsthe implanted layer. The diffused diffraction ring is due
CM200 microscope which is equipped with a Liflk  to the presence of an amorphous phase. The sharp crys-
300 energy dispersive X-ray (EDX) spectroscopy sys+alline diffraction ring corresponds to the lattice spacing
tem. Cross-sectional TEM (XTEM) samples were pre-of the (001) plane of the orthorhombic FRi; phase
pared by conventional techniques involving ion beam(Pearson structure symbol oP40, space group Pbcn,
thinning as the final step. a=1.1057 nm,b=0.8934 nm andc=0.5533 nm).

Figure 1 (a) XTEM BF image of the as-implanted sample, showing a well defined implanted layer. (b) A SADP from the as-implanted sample. Both
a diffused ring due to the amorphous phase and a ring due to the crystallifg Bre present. (c) A SADP from a thicker part of the implanted layer,
showing only the diffuse ring.
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The crystalline ring is absent in SADPs taken from theplained by its large heat of formation-60 KJ/mol.-
thicker parts of the implanted layer (Fig. 1c). at.) [15, 16], but also is expected by the well-known
The amount of the Ribi; phase in the as-implanted Walser and Bene’s rule which predicts the first phase
sample is below the detectability of XRD analysis. formation in silicon-transition metal system during low
TEM imaging using diffraction contrast failed to reveal temperature solid-state reaction: the first compound nu-
these ultra-fine crystallites. This suggests that the layecleated in planar binary reaction couples is the most
is largely amorphous, but contains the ultra-finestable congruently melting compound adjacent to the
Ru,Si3 crystallites. The absence of the /85 ring in  lowest-temperature eutectic on the bulk equilibrium
Fig. 1c is consistent with this conclusion as the largephase diagram [17]. Fig. 2 is an experimentally de-
absorption in the thicker region tends to reduce théermined Ru-Si binary phase diagram adapted from
diffraction information from the minor phase (Bi3). = Hashimoto [18]. From Fig. 2 it can be seen that the
Both Rutherford back-scattered spectroscopy (RBSPHi/Rw,Siz eutectic transformation has the lowest tem-
and EDX mapping showed a Gaussian-like Ru depttperature among the competing eutectic reactions and
profile. Ru,Si3 is just the congruent compound in the Ru-Si
lon-beam-induced amorphisation is a common phesystem. Thus it is not surprising to form F&iz during
nomenon for ion implantation and has been extensivelymplantation.
studied[1]. Itis well known that itis easy to amorphitise
Si[1]. Thusitis not surprising to observe the amorphous3.2. Annealed sample
layer in this work which involves high-energy implan- Fig. 3 is a XRD spectrum from the annealed sample,
tation of heavy RU ions. We notice that some authors showing peaks that are attributed to polycrystalline Si
suggested that with increasing implantation energy thend RySis, respectively. Fig. 4 is a TEM BF image of
amorphous region would change from a surface layethe annealed sample. Being consistent with the XRD
to a submerged amorphous layer [13]. For silicon im-result, a polycrystalline region about 660 nm thick lies
plantation into silicon, the transition between the twoon top of a single crystal Si substrate. The polycrys-
different microstructures occurs at an energy betweetalline region consists of Si and Rsis crystals. Twin
100 and 120 KeV [13, 14]. However, the present 1 MeVrelated Si grains are observed in this region (Fig. 5a).
implantation produces a surface amorphous layer rathéfhe [110k; SADP from the twin related grains in
than the expected submerged one. Fig. 5a is shown in Fig. 5b, which is made of two
The fact that RpSi; crystallites were formed during variants of twins. The key to the index of Fig. 5b is
implantation suggests that the tendency for the formashown in Fig. 5¢. Extra spots are attributed to double
tion of the silicide was remarkably high, considering diffraction.
that the substrate temperature during implantation was Micro-area electron diffraction analysis using a
quite low (~250°C-300C). This can not only be ex- fine convergent electron probe showed that small

2500 1 L 1 1 1 1 1 1 1
2334° Ru hP2 P6y/mmc, Ru;Si oP12 Pnma
MO RusSi; oP16 pbam, Ru,Sis 0P28 Pnma
AN L BRuSi ¢cP2 Pm3m, oRuSi cP8 P2,3
\\ oRu,Si; 0P40 Pben, PBRu,Si; tP80 P4c2
\ Si ¢cF8 Fd3m
2000 L
~1690°C
1695°C ,\'\:1110°C
7
1 56.0 [\
m I3
1505°C 299 L 15501 5 BRu;Si,
1500 < A & L
1545°C Z 1370°C 1414°C
1225°C ~1330°C - 83.0 97'0\
7,
é 0
1000 (Ru) A % X
s| 4 &
[+4 o 3
3
500 T T T T T T T
0 20 40 60 80 100
Ru Atom Percent Silicon Si

Figure 2 The Ru-Si phase diagram adapted from Hashimoto [18].
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Figure 3 X-ray diffraction spectrum from the annealed sample, showing peaks due to the polycrystalline Sp8id Ru

Figure 4 A XTEM BF image of the annealed sample. The arrow indicates the position of the original amorphous/crystalline interface in the
as-implanted state.
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Figure 5 (a) Twin related Si grains in the polycrystalline region of Fig. 5a. (b) A SADP from the twin-related grains in (a). (c) Key to the index of
(b): () diffraction from matrix, (1) diffraction from twin one, &) diffraction from twin two, @) double diffraction.

Ru,Siz grains were coexistent with polycrystalline Si was formed by solid state epitaxial re-growth of the Si
grains. Fig. 6a is a [122] micro-diffraction pattern of substrate into the precursor amorphous layer.
Ru,Sis. The corresponding computer simulated pattern It was noticed that there are some very small pre-
is shown in Fig. 6b. The size of the RBi3 phase in this  cipitates ranging from 5 nm to 15 nm embedded in the
region is~40 nm. epitaxial re-growth region, especially in the part close
It is necessary to point out that the polycrystallineto the polycrystalline region. The contrast of these pre-
region does not extend through the full thickness of thecipitates did not change significantly during tilting and
implanted layer. By comparing Figs 1a and 5, the posithe precipitates could always be observed. This is con-
tion of the interface between the crystalline Si substrateistent with mass-thickness contrast due te3ti
and the precursor amorphous layer can be defined (in- Removal of the damage caused by energetic ions
dicated by an arrow in Fig. 4). The surface layer canhas long been a main concern for the processing of
be roughly divided into two regions, a polycrystalline thin semiconductor films. For pure Si, amorphous
region near the top surface and a region due to the adayers usually crystallise causing damage removal
vancing front of the single crystal Si substrate. The latteland restoration of the crystal lattice at a temperature
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Figure 6 (a) A [122] micro-electron diffraction pattern from a small iz crystal in the polycrystalline region. (b) A computer simulated pattern
corresponding to (a).

of Rw,Siz in an amorphous matrix to allow a high Ru
content in the amorphous phase, and (b) formation of
crystalline Si with negligible Ru content and #8i.

Due to the large heat of formation of the /8i; phase,

a higher Ru content in the amorphous phase would
lead to a larger driving force for its decomposition.
Therefore, before the epitaxial re-growth front of Si
reached the high Ru content region of the precursor
amorphous layer (presumed Gaussian Ru profile),
multi-nucleation of crystalline Si and R8i3 would
have occurred. The ultra-fine R$iz crystallites in

the as-implanted precursor amorphous phase would
enhance such a process via heterogeneous nucleation.

at% Ru 4. Conclusions
A Si wafer was implanted at high energy with ruthe-

Figure 7 Schematic diagram showing hypothetical Gibbs energies ofnium. The as-implanted sample was found to consist of

different phases. Arrows indicate the driving force for the decompositiong amorphous |ayer Containing ultra-fine-Siy crys-

of Am.(1) — Am.(2) + Ru;Sis at different Am.(1) compositions. tallites. On annealing, re-growth of the silicon sub-
strate and further precipitation of both crystalline Si

around 600C [19]. For other semiconductors, the re- ad RuSis occurred in the amorphous layer, leading
crystallization sequences are more complicated [1, 2Jt0 two different regions both containing Eis nano-
The present results show that the Ru implantatiorfrystallites.

induced amorphous layer can only fully re-crystallise

via epitaxial re-growth in the region of low Ru content.
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