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The issue of agglomeration and layer inversion has remained critical because conductivity of thin silicide films is sensitive to the
degradation of the film morphology. The purpose of this work is to study the morphology degradation that includes agglomeration
and layer inversion of NiSi and Kr9)Si. Agglomeration was observed to be preceded by holes evolution. It was found that the
addition of Pt has led to improvement in the agglomeration behavior of NiSi but have little influence on the layer inversion when
the amount of Pt is 5 atom % in (it on the undoped poly-Si. Increasing the Pt concentration to about 10% shows improvement
in the layer inversion behavior compared to 5% Pt. The agglomeration behavior and layer inversion with the addition of the Pt are
discussed in terms of the controlling factors of grain boundary energy, interface energies, and nature of the silicide formed. The
improved agglomeration associated with Pt addition is attributed to a lower interfacial energy leading to lower grain boundary
mobility and reduced driving force for hole evolutions. In addition, suppression of layer inversion can be attained by silicidation
with the use of thin NiPt) (~10 nm.
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NiSi is one candidate for the replacement of Go& contacts to Experimental
the source, drain, e_md gates of co_mplementary metal oxide semicon-  gjjicidation was done on 8i00 and undoped poly-Si substrates.
ductor(CMOS) devices due to a single-step low-temperature forma-the undoped poly-Si was deposited by low-pressure chemical vapor
tion, low resistivitym and low Si consumption. However, challenges geposition(LPCVD) on ~6 nm thick oxide grown by furnace oxi-
remain to the integration of NiSi process and requires certain extenfjation of the p-type100) Si. The as-deposited poly-Si consists of
of attention. This includes avoiding the formation of NiSa high small, needlelike grains. Following a dilute HF dip, Ni and R
resistivity phase, which forms at 750°C and how to increase the films of various thickness were sputter deposited. The Pt concentra-
morphology stability of NiSi. To enhance the phase stability of NiSi, tion in Ni(Pt) is 5 atom %. In addition, a 10 atom % (Ri) alloy is
Pt is added and it has been shown to form monosilicide, also sputtered onto poly-Si substrates. Rapid thermal annealing
Ni(Pt)Si even up to 900°C The application of NiPY)Si to devices (RTA) was carried out in a Nambient at temperatures ranging from
at silicidation temperatures above 700°C has also been demorb00 to 900°C for 30-60 s. The morphological changes were studied
strated® On the other hand, the issue of agglomeration and layerusing SEM, RBS, and XTEM. The SEM analysis in this work was
inversion has remained a critical issue because conductivity of thirPerformed using an accelerating voltage of 10 keV with a working
silicide films is sensitive to the degradation of the film morphology. distance of~5 mm was used. In the experiment of RBS, the back-
In addition to the agglomeration of silicides, the stability of Ni sil- Scattered particles were detected at a scattering angle of 160° using
icides on poly-Si can be disrupted by the phenomenon of layer in-2 50 mnt PIP detector at an energy resolution of 14 keV. The
version, during which the layer reversal of the silicide and poly-Si XTEM was performed at an accelerating voltage of 200 keV with a
bilayer occurs at temperature as low as 556°C. spot size about 2 nm.

During the layer reversal, an abrupt increment in tensile stress in
NiSi/poly-Si at 550°C was observed and grain growth from
25 to 300 nm was reportédThis is due to the additional driving Agglomeration—Figures 1a and b show the SEMs of silicide
force for morphological changes arising from the grain boundaryformed at 600 and 700°C using as-deposited Ni film thickness of
energy of the poly-Si. The process starts with the growth of the~25 nm on S{100 substrates. From the SEM analysis, morpho-
poly-Si grains of many orientations into silicide, and the energeti- logical degradation of silicide starts at 700°C with the presence of
cally favored poly-Si grainge.g, (111) orientatior] will grow faster holes as shown in Fig. 1b. When the as-dgposned film thickness
through the top silicide Iayegr.The surface energy and interface reduces to 15 nm, the onset of agglomeration starts at 600°C as
energy of the poly-Si are also important in view of the changes inShown in Fig. 1c and full agglomeration occurs at 700F®. 1d
texture after grain growth of poly-Si froif110) to (111) which gives ~ ©n Si100 substrates. Comparing Fig. 1b with Fig. 1c, a 100°C
a lower surface energy than other orientations. The presence of sid€lay in the onset temperature of the morphological changes for a
icide provides a fast diffusion path for the transport of material andthicker NiSi is observed. o
therefore enhances the grain growth of poly-Si. This causes severe It has been suggested that the growth of voids in thin films oc-

roughening of the silicide/poly-Si interface and eventually leads toglrjgzoiaggﬁ gggutrowtgﬁ'ge%%c tizri:ar(r:glii?] VOIgi%]tgg:m’a;"n?Ogggéom'
the inversion of the two layers. 9p 9

This work aims to study the morphology degradation of pure develop where grain boundaries intersect the surface of a film. De-

. . A I . pending on the thickness of the films and grain size, a finite groove
.N'S' a_nd N(it)s"ﬁ“ IS Off techno_l(_)glcal |n't1erest tlo chara_ctenzehan_d depth is possible. If the groove reaches the substrate, an equilibrium
investigate the effect of Pt addition on the agglomeration behavior, s ot angle is established with respect to the substrate. For a given

and layer inversio_n tendency. Rl_Jtherford backscattering _SpeCtrosfhickness of the film and density of the holest some critical

copy (RBS), scanning electron microscog3EM), cross-sectional  qnact angld6), a stable void forms in the film. The growth of the

transmission electron microscopTEM), and electron diffraction e is driven by the reduction of the curvature created in the film

analysis were employed to study the morphological degradation thatyge profile. The films become discontinuous when a void impinges

includes agglomeration and layer inversion of NiSi andPy5i. and islands of materials are formed. These islands then evolved into
equilibrium shapes such as caps or beads. It can be seen that the
thinner the silicide, the agglomeration phenomenon worsens.

Z E-mail: pslee@ntu.edu.sg Figures 2a-d show the SEMs of 25 and 15 nm thickd¥iPt)g o5

Results
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Figure 1. Top-view SEMs of NiSi formed on 100 substrates with 25 nm
Ni film annealed ata) 600 and(b) 700°C and 15 nm Ni film annealed @)
600 and(d) 700°C. The annealing duration was fixed at 30 s.

on Si(100 substrates after annealing at 600 and 700°C, respectively
Comparing the morphological changes to that of pure Ni silicide
with similar thickness shown in Fig. 1, it can be seen that the addi-
tion of Pt has alleviated the tendency of agglomeration to a certain
extent. Comparing Fig. 1b with Fig. 2b, and Fig. 1c with Fig. 2c, a
10% and 18% reduction in the hole distribution has been observec
for the 25 and 15 nm as-deposited film after annealing at 600 anc
700°C, respectively. The hole’s evolution that precedes agglomera
tion is retarded. The effect of alloying element in the silicide mor-
phology is seldom addressed, despite the fact that the grain bounc
ary energy of a pure metal changes on alloyittgerefore, silicide
which behaves similarly to metal should assume this propesgn-
erally, the grain boundary energy is reduced upon alloying; under
these circumstances, the concentration of the alloying element i
higher at grain boundaries than that in the matrix.

Layer inversiom—Figures 3a and b show the RBS spectra of Ni
and Np o5(P1)g o5 silicides formed with 25 nm of metal thin films on

undope poly-Si after annealing at 600°C. In another experiment, ai
500°C, the Ni and Si signals in the RBS spectrum correspond to ¢

composition ratio of NiSi with a thickness ef 36 nm (not shown,
simulated with RUMP. At 600°C (Fig. 33, the relatively high Si

concentration at the surface indicates a degraded silicide coverag

with exposed poly-Si grains. A tail at the Ni peak was observed at

Figure 2. Top-view SEMs of N{PY)Si formed on Si100 substrates with
25 nm Ni(Pt) film annealed ata) 600 and(b) 700°C and 15 nm NP?Y) film
annealed afc) 600 and(d) 700°C. The annealing duration was fixed at 30 s.
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Figure 3. RBS spectra ofa) 25 nm as-deposited pure Ni on poly-$)
25 nm as-deposited M#t) on poly-Si, both after annealing at 600°C.

the low energy edge due to the rough silicide/Si interface. Figure 3b
shows an increase in the Si to Ni and Pt ratio at 600°C, indicating a
morphological degradation in the silicide layer. The Ni and Pt peak
distribution shows a tendency of the accumulation of Ni and Pt at
the poly-Si/gate oxide interface, which corresponds to the layer in-
version behavior. These results are confirmed by the XTEM micro-
graphs shown in Fig. 4a and b, in which the poly-Si inversion phe-
nomenon is clearly seen with the silicide layer being “pushed-down”
to the interface by the enhanced grain growth of the poly-Si after
annealing at 600°C. The silicide remains to be monosilicide phase in
both cases as indicated by electron diffraction and Raman analysis
(not shown.

When the thickness diNig o5Pt 05 Si being reduced to 20 nm by
lowering the as-deposited Njs(P1)g o5 thickness to~10 nm, little
or no layer inversion was observed on the poly-Si samples after
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Figure 4. XTEM of (a) Ni and (b) Ni(Pt) on poly-Si after annealing at
600°C.
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annealing at 600°C as shown in Fig. 5a. Compared with the previ- - \i N ;p{ i
ous results of~58 nm NiPt)Si formed at 600°GFig. 3b) at which ol . SO \ o ]
layer inversion has occurred, this suggests that the layer inversion i: 200 400 600 800 1000
affected by the thickness of the as-deposited metal; thicker film Chsiniel
leads to a larger extent of inversion. At 700¢Eg. 5b), the extent
of layer inversion is similar to those in the thicker silicide at 600°C
as shown in Fig. 3b.

As-deposited films of alloy NigPt 19 Sputtered onto poly-Si Energy (MeV)
substrate is included to study the effect of Pt on layer inversion. 1.0 15 20
Figures 6a and b show the SEM of 20 nm (i osPt 05)Si and 25
(Nig.odPt.1)Si on poly-Si after annealing at 600°C. A surface cov- bf

erage of the silicide is evidently improved witNig odP% 19 Si for-
mation compared téNig ofPt 05)Si, which demonstrates improved 20
layer inversion when the Pt concentration is increased in tiiEB{Ni
alloy silicides.
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Discussion

Applying the model of agglomeration that considers the energy
balance between the grain boundary endrgy,), surface(vs,) and
substrate interface enerdyy;), it was shown that agglomeration
should not occur if the grain size is below a critical va(llu,-;).9 This
value increases with increasing film thickness, increasing surface 5 ﬁi
and interface energy, and decreasing grain boundary energy. Accorc | &’ﬁ
ing to this model, a reduction of grain boundary energy associatec \ | i mﬁw 3
with the presence of Pt in the grain boundaries will lead to a larger 0l . ; Aot LA y
L. that corresponds to the onset of agglomeration. However, the 200 400 600 200 1000
texture observed for NPYSi on S{100*° should be an indication of P
a lower interfacial energy and thus should decrease the critical grair.
size. On the contrary, the texture relationship contributes to a lower__ ) _ )
grain boundary energy compared to the polycrystalline NiSi, result-Figure 5. RBS spectra of a 20 nm N9 Si on poly-Si after annealing &)
ing in a larger .. 600 and(b) 700°C.

As shown from the experimental results, agglomeration is pre-
ceded by the introduction of hole formation. The energy change
associated with the introduction of holes includes both the interfa-< 2vs,, the island meets the substrate at a wetting angte ®
cial energy AE' and elastic energyAE® and is given byAE < . The textured NiPt)Si/Si(100) interface is expected to have a
= AE' + AE®!, For creating a circular cylindrical hole with radis  lower film/substrate interfacial energyss, compared to the poly-
in a film of thicknessh, AE' is given b 1 crystalline NiSi. A lowery¢g favors wetting of the substraté.e.,

; reduced tendency of agglomeratiomn addition, a lower drivin
AE' = mR2(vg, = ¥1s ~ Y1) + 27Rhyy, = = 2mRy; + 2wRhyy, y of agg i g
[1]

wherevyg,, vts andyy, are the substrate/vapor interface energy, film/ §
substrate interface energy and film/vapor interface energy, respecgs
tively. '

The modification of the interfacial energy due to the texture re-
lationship can also alter the agglomeration behavior in another way
The effect of interfacial energy on film morphology can be discussed ==
by analogy with the classical problem of wetting of a substrate by af
material in the stress free limit. Foy = vis + vs, — v = O, the .
island tends to spread, completely wetting the substratey; If

= 2vy,, the island dewets the substrate or forms a sphere with mini-rigure 6. Top-view SEMs of silicide formation on poly-Si substrates with
mum contact to the substrate. In an intermediate case, foryQ (@ NiggsPt o5 (0) Nig oty 10 after annealing at 600°C.
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force for hole evolution can also be derived according to Eq. 1.  exerted on the underlying substrates. The thinner films with lesser
It has been shown that for a given driving force the velocity of stress exerted reduces the poly-Si grain boundary diffusion and
the random boundaries decreases rapidly with increasing alloy contherefore retards the layer inversion.
tent, and only very low concentrations of alloy are required to Conclusion
_change the grain boundary mobility by or(_jers of magnltffmefa_ct, In summary, agglomeration was observed to be preceded by hole
it has been found that the coherent twin boundary, in which theg,qution during degradation of Ni or KRY) silicide morphology. It
atoms fit perfectly into both grains, should be entirely immobile. 45 found that the addition of 5 atom % of Pt has led to an improve-
Therefore, it can be expected that the mobility of the grain boundaryment in the agglomeration behavior of NiSi and has little influence
will be lowered with more textured KPYSi films. These factors o the layer inversion on undoped poly-Si. Increasing the amount of
hinder the hole evolution or agglomeration process. This was ascerpt tg 10 atom % is able to show improvement in the layer inversion
tained in the analysis of the slower normal grain growth in texturedpehavior. The agglomeration behavior and layer inversion are dis-
polycrystals, where some grains are of almost identical orientationcussed in terms of the controlling factors of grain boundary energy,
leading to grain boundaries with low angle, and hence both lowinterface energies and the nature of the silicides formed. Due to a
energy and low mobility? reduced resultant stress of a thinner silicide, layer inversion on
Note that the addition of Pt has delayed the formation of NiSi  poly-Si is also found to be less severe for thinner silicide of
a higher temperature>750°C) despite the total reconstruction of ~20 nm.

the layer morphology. The enhanced phase stability is not disrupted
by the total reconstruction of the morphology of the bilayer. After
the layer inversion, the silicide grains residing on the gate oxide
interface(as shown in Fig. #remain monosilicide. This indicates
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the driving force for poly-Si inversion. Poly-Si inversion may thus
be affected by some other minor changes. The addition of impurities
in the overlayer should modify the behavior by reducing some spe- ~
cific surface energy, or by reducing diffusion along the respective
interfaces. However, the alloying of 5% Pt does not exert significant 2
effect on the layer inversion, and thus does not seem to affect the
driving force for poly-Si grain growth or the tendency to reduce the
grain boundary energy. In a related work with the insertion of Pt
layer in between Ni and poly-Si, the presence of Pt had no signifi-
cant effect on the morphological stabili'@/]'he fact that the degra-
dation of NiP9)Si on poly-Si occurs at similar temperatures as those
of NiSi on poly-Si could be due to the Pt concentration is rather
small (~5 atom %) and/or the extent of inversion or degradation
mechanism is more dependent on the microstructure of the underly-8:
ing substrate layer than the nature of the silicide top 14yhe role
of the substrates has previously been studied via the modifications of,
poly-Si microstructures bg rapid thermal CVD growth and incorpo- 4
ration of ion implantatiort>'*®

When the concentration of Pt is increased to 10 atom %, an;q
improvement in the layer inversion is attained. Because the inver-
sion process requires the deformation of silicides, the silicide plastico.
deformation temperature plays a role in the layer inversion; a higher
deformation temperature of the silicide increases the onset temperas,
ture for grain growth in the poly-Si. Because PtSi has a relatively
higher melting point compared to NiSi, the(Ri)Si formed usinga 14
higher Pt concentration of as-deposited film exhibits relatively betteris.
resistance to layer inversion. In addition, it is shown in this work
that thinner silicide is able to alleviate the extent of layer inversion. 16.
This is attributed to the final resultant stress by the top silicide layer
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