
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 5 1 MARCH 2002
Effect of a titanium cap in reducing interfacial oxides in the formation
of nickel silicide
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Interfacial silicon oxide present at the Ni–Si interface hampers the silicidation between Ni and Si.
In this work we present findings of the interaction of a Ti cap layer on top of Ni to remove the
interfacial native oxide and chemically grown silicon oxide at several annealing temperatures. It was
found that at 500 °C, Ti diffuses through the Ni layer and segregates at the Ni/Si interface, which
subsequently reduces the interfacial silicon oxide and enables nickel monosilicide~NiSi! formation
at 600 °C. The thickness of the Ti cap layer was found to strongly influence the temperature of the
onset of nickel silicidation. A thin Ti cap layer resulted in the onset temperature of nickel silicidation
being the same as that without a Ti cap layer, whereas a thick Ti cap layer lowered the onset
temperature of the nickel silicidation. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1448672#
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I. INTRODUCTION

Self-aligned silicide~salicide! processing is widely used
in complementary metal–oxide–semiconductor~CMOS!
manufacturing to reduce the sheet resistance and contac
sistance of gate polysilicon and diffusion areas. Curren
the most commonly used self-aligned silicides are TiSi2 and
CoSi2 . For TiSi2 , the transformation from high resistivit
C49 phase~60–90 mV cm! to low resistivity C54 phase
~12–15mV cm! is nucleation limited, causing linewidth de
pendence of the sheet resistance for lines narrower than
mm.1–4 For this reason, CoSi2 is currently being used fo
advanced generation of CMOS devices. However, as
junction depth continues to decrease, the silicide thicknes
being scaled down to correspond to the lower amount
silicon consumption at the expense of higher sheet re
tance. A new set of problems arises. These include the
sitivity of cobalt silicidation to interfacial surface cleanl
ness, ambient contamination, wafer degassing, and
inability ~unlike Ti! of Co to reduce SiO2 .5,6 Furthermore,
the obtainment of epitaxial CoSi2 has been limited by the
formation of intermediate phases~primarily Co2Si and
CoSi!, but has been shown to be achievable using additio
techniques such as high temperature sputtering,7 Ti interlayer
mediated epitaxy ~TIME!,8–12 oxide mediated epitaxy
~OME!,13,14 and low temperature chemical vapor depositi
~CVD! of cobalt.15 Hence, NiSi is being investigated as
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potential candidate for future device technologies beca
the same sheet resistance can be obtained with less Si
sumption compared to CoSi2 .16 Also, the low temperature
range of 400–700 °C for NiSi stability not only makes Ni
compatible with ultrashallow junction CMOS devices b
also means only a single annealing step is required~com-
pared with two for the formation of C54-TiSi2 and CoSi2! in
process integration of CMOS devices. However, the form
tion of NiSi is also extremely sensitive to interfacial nativ
oxide contamination on the silicon surface. It has been
ported that native oxide of about 20 Å on the Si surface
sufficient to retard any reaction between Ni and Si up
800 °C. Therefore, humidity in the clean room environme
and a time lag after the dilute HF clean prior to Ni depositi
are important factors to consider for NiSi proce
integration.17,18

Recent studies of silicidation have shown that a Ti c
layer prevents oxygen adsorption on the as-deposited
film. In this process, an epitaxial CoSi2 film can be
obtained.19 It was further found that, due to its reactive n
ture, Ti is capable of gettering oxygen that is incorpora
into the deposited metal and reducing interfacial oxide. O
gen contamination during silicidation may originate from t
following different sources:~1! the annealing ambient;~2!
oxygen incorporated within the deposited metal layer; a
~3! interfacial oxide at the metal/silicon interface.20 Other
advantages of a Ti cap include increased uniformity and th
mal stability.13 Studies of the effect of a Ti cap on the fo
1 © 2002 American Institute of Physics
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2902 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Tan et al.
mation of NiSi have shown significant reductions in the jun
tion leakage current.21 The mechanism suggested is t
suppression by Ti of the oxidation effect between the
silicide and the silicon interface. In this work, we study t
effect of the Ti cap in removing interfacial oxides at th
Ni/Si interface so that NiSi formation can take place.

II. EXPERIMENT

The substrates werep-type Si~100! wafers that were
cleaned using the following sequence: SC-1~a mixture of
ammonium hydroxide, hydrogen peroxide, and water!, fol-
lowed by SC-2~a mixture of hydrochloric acid, hydroge
peroxide, and water!, each for 10 min at 60 °C, and finally b
dilute hydrofluoric acid. Native oxide was then grown on t
Si substrate by exposing the Si wafer to a clean room e
ronment for one week. The thickness of the native oxide w
measured to be about 16 Å~1.6 nm!. Chemically grown
silicon oxide ~hereafter referred to as chemical oxide! was
grown on the Si substrate by subjecting the Si wafer to S
solution for 30 min at 60 °C in a spray processor. The thi
ness of the chemical oxide was measured to be 12–14
which agreed with the value in the literature of about 12 Å22

Relative to native oxide, chemical oxide provides a we
controlled form of interfacial oxide for the present stud
Nevertheless, native oxide realistically represents the typ
silicon oxide that is present on the Si substrate upon ex
sure to the wafer fab or clean room environment. A film
Ni was deposited to a thickness of 30 nm on all the waf
using magnetron sputtering at a vacuum pressure o
31023 Torr. Titanium films with thicknesses ranging from
to 15 nm were sputtered over the Ni film. After depositio
the films were subjected to rapid thermal annealing in nit
gen ambient for 1 min at various temperatures between
and 900 °C.

Phase identification was carried out using x-ray diffra
tion ~XRD! and the interdiffusion between layers was stud
by Rutherford backscattering spectrometry~RBS!. The
atomic redistribution and chemical identification were ch
acterized by x-ray photoelectron spectroscopy~XPS! depth
analysis and cross-sectional transmission electron spec
copy ~XTEM!. The atomic ratio of the layers in XTEM wa
established by energy dispersive x-ray~EDAX! analysis.

III. RESULTS

A. Without a Ti cap: Ni Õinterfacial oxide ÕSi

Figure 1~a! shows RBS spectra of a multilayered fil
stack consisting of 30 nm Ni/native oxide/Si after anneal
at different temperatures. The Ni film remains unreacted
to a temperature of 700 °C as seen from the high Ni pea
narrow width at about 1.52 eV. Upon annealing at 750 a
800 °C, intermixing between Ni and Si was indicated by t
transformation of the Si edge from a steep gradient to on
lesser gradient that extends toward the surface edge.
appearance of a shoulder near the Si interface at about
eV for these two annealing temperatures indicates silic
formation has taken place.23 Phase identification by XRD
shown in Fig. 2, confirms the silicide to be epitaxial NiSi2 at
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
-

i

i-
s

1
-
Å,

-
.
of
o-
f
s
8

,
-
0

-
d

-

os-

g
p
of
d
e
of
he
.15
e

800 °C rapid thermal annealing~RTA! whereas no silicide
peak was observed for lower temperatures of 500–700 °

The Ni/chemical oxide/Si sample shows similar resu
As shown in Fig. 1~b!, the RBS spectra indicate that silicid
ation commences only from 750 °C.

B. 10 nm Ti ÕNiÕinterfacial oxide ÕSi „10 nm Ti capped
Ni on native Õchemical oxide …

Six 10 nm Ti capped Ni on chemical oxide samples we
studied using XPS depth profiling~Fig. 3!, RBS~Fig. 4!, and
XRD ~Fig. 5!. Figure 3~a! shows the XPS depth profiling o
the first sample prior to RTA. It can be seen that both Ti a
Ni have almost symmetric profiles. The intensity of the
signal decreases with depth but significantly rises to
atomic concentration of about 8% at a depth profiling time
about 1080 s. The latter observation infers the presenc
chemical oxide at the Ni/Si interface and was supported b
Si 2p peak at 103.3 eV from a separate core XPS spec
analysis of a Si 2p nanoscan at that location. Further analy

FIG. 1. RBS spectra for~a! Ni/native oxide/Si after RTA from 500 to 800 °C
and ~b! a Ni/chemical oxide/Si specimen after RTA from 700 to 800 °C.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2903J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Tan et al.
of the Ti 2p core XPS reveals the presence of oxidized Ti
the surface of the Ti cap layer, based on the Ti 2p3/2 peak at
458.8 eV, indicating that the Ti may have reacted with a
bient oxygen and formed TiO2 . In the Ni 2p XPS, the
Ni 2p3/2 peak at 852.8 eV is characteristic of metallic Ni.23

The second studied sample was the 10 nm Ti capped
on chemical oxide annealed at 500 °C. The XPS depth p

FIG. 2. XRD spectra of Ni/chemical oxide/Si after RTA from 500 to 800 °
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
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filing analysis in Fig. 3~b! shows, interestingly, a significan
amount of Ti in the upper and middle portions of the Ni fil
~depth profiling time of between 840 and 1320 s! and at the
Ni/Si interface ~depth profiling time of between 1320 an
1680 s!. This observation infers diffusion of Ti from the ca
layer through the unreacted Ni and subsequent accumula
at the Ni/Si interface. It is pertinent to remark that this Ti
the interface is not present in the as-deposited sample.
thermore, there is a significant atomic concentration of
~about 8%! present at the Ni/Si interface~depth profiling
time of about 1320 s!. The XPS core spectra were examine

FIG. 4. RBS spectra of a 10 nm Ti/30 nm Ni/chemical oxide/Si sample p
to and after 600 and 750 °C RTA.
FIG. 3. XPS depth profiling of 10 nm
Ti/30 nm Ni/chemical oxide/Si
samples~a! as deposited and after RTA
at ~b! 500, ~c! 600, and~d! 800 °C.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and the Ti 2p was analyzed at the following locations:~1! the
surface of the Ti cap layer~depth profiling time of 0 s!; ~2!
the Ti cap layer~240 and 720 s!; ~3! the Ti cap layer/Ni
interface~960 s!; ~4! the middle of the Ni film~1200 s!, and
~5! the Ni/Si interface~1560 s!. As shown in Fig. 6, it can be

FIG. 5. XRD spectra of 10 nm Ti/30 nm Ni/chemical oxide/Si after RT
from 500 to 800 °C.

FIG. 6. Ti 2p XPS spectra of 10 nm Ti/30 nm Ni/chemical oxide/Si aft
500 °C RTA at depth profiling times of 0, 240, 720, 960, 1200, and 156
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
inferred that Ti occurs predominantly in an oxidized state
the surface of the Ti cap layer so the Ti 2p3/2 peak at about
458.5 eV was attributed to likely be TiO2 .24 The shoulder at
about 458 eV adjacent to the TiO2 peak in the Ti cap layer
suggests the presence of another form of oxidized Ti. In
estingly, the shoulder subsequently becomes pronounce
part of a broad peak that includes elemental Ti~;455 eV!.
Since the Ti 2p3/2 peak at 458 eV is absent in the a
deposited sample, its origin is probably due to the react
between Ti and oxygen, resulting in the formation of tit
nium oxide other than TiO2 ~e.g., TiO!. Similar observations
of titanium oxides in Ti cap layers during cobalt silicid
formation have been reported notwithstanding the per
mance of annealing in nitrogen ambient.19

At both the Ti/Ni and the Ni/Si interfaces, the Ti 2p3/2

and 2p1/2 peaks seen were attributed to elemental Ti,
agreement with another report.19 For the Si 2p spectra~not
shown!, elemental or metallic Si was detected at the mid
of the Ni film, at the Ni/Si interface, and in the Si substra
Additionally, the analysis of the Si 2p spectrum taken afte
1320 s of sputtering reveals the presence of elemental S
well as oxidized Si. This infers that the chemical oxide is s
present at the Ni/Si interface and thus implies that the re
tion of the accumulated Ti with the interfacial chemical o
ide has not yet begun at 500 °C. The XPS depth profil
@Fig. 3~b!# further shows the absence of NiSi formation sin
a consistent Ni:Si atomic ratio or intensity ratio was not o
served. However, relative to the as-deposited sample@Fig.
3~a!#, there appears to be an increased amount of intermix
between Ni and Si as well as an increase in the O:Ti ato
ratio or intensity ratio.

The third sample was the 10 nm Ti capped Ni on chem
cal oxide annealed at 600 °C. From the XPS depth profil
in Fig. 3~c!, the observation of a consistent atomic conce
tration ratio or intensity ratio of Ni:Si~close to 1:1! infers
that nickel monosilicide~NiSi! has formed. This finding is
supported by the following: first, by the Ni 2p3/2 peak at
853.5 eV in a separate core XPS analysis~not shown!; sec-
ond, by the NiSi peak present in the XRD~Fig. 5!; third, by
the intermixing of the Ni and Si inferred from the RBS spe
tra ~Fig. 4!. Further, in Fig. 3~c!, although the intensity of Ti
decreases as the multilayer film is sputtered away, ther
nonetheless a significant amount~about 15 at. % or less! of
Ti present in the surface portion of the NiSi layer. In fact, t
intermixing of Ti and Ni can be seen from the RBS spectru
in Fig. 4 wherein the previously separated Ni and Ti edg
~seen in the as-deposited sample! are now so close that th
signals overlap. Core Ti 2p and Si 2p spectra~shown in Fig.
7! were analyzed at sputtering time of 0 s~surface of the Ti
cap layer!, 120 s ~Ti cap layer!, 240 s ~Ti cap layer/NiSi
interface!, and 720 s~NiSi region!. From Fig. 7~a!, the pres-
ence of oxidized Ti~most likely TiO2! was found at the Ti
cap’s surface, followed by a mixture of Ti compounds in t
Ti cap layer as indicated by the broad peak~centered at abou
457.5 eV!, and last, elemental Ti in the bulk NiSi region
Similar to the sample that underwent RTA at 500 °C, t
broad Ti 2p3/2 peak comprises elemental Ti~;455 eV! and
titanium oxide~;457.5 eV!. Interestingly, in the Si 2p spec-
tra @Fig. 7~b!#, the presence of oxidized Si was detecteds.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the Ti cap’s surface by virtue of the Si 2p peak at about
103.3 eV. Oxidized Si was also present in the Ti cap lay
but was accompanied by a second Si 2p peak at 99.5 eV.
With regard to Si 2p in the bulk NiSi region, the Si 2p at
99.5 eV was attributed to oxidized Si resulting from Ni
formation. Support for the absence of titanium silicide fo
mation was obtained from the absence of a TiSi2 peak in the
XRD data. Collectively, the aforementioned observations

FIG. 7. ~a! Ti 2p XPS spectra of 10 nm Ti/30 nm Ni/chemical oxide/Si aft
600 °C RTA at depth profiling times of 0, 120, 240, and 720 s and~b! Si 2p
XPS spectra of the same sample after 600 °C RTA at depth profiling time
0, 120, 240, and 720 s.
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
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the 600 °C annealed sample suggest the possible presen
ternary compounds comprising Ti, Ni, Si, and O in additi
to titanium oxides and NiSi; this will be further address
below for the Ti capped Ni on native oxide samples.

For the Ti capped Ni on chemical oxide sample annea
at 700 °C, it is pertinent to remark that the XRD and XP
depth profiling results are similar to those of the sample t
underwent annealing at 600 °C. The next sample was
that was annealed at 750 °C. From the XRD data in Fig. 5
peak attributed to NiSi2 is now detected in addition to th
NiSi peak. The RBS profile~Fig. 4! shows evidence of in-
creased intermixing between Ni and Si compared to in
sample annealed at 600 °C.

The sixth sample studied was 10 nm Ti capped Ni
chemical oxide annealed at 800 °C. XRD@Fig. 3~a!# reveals
the sole presence of NiSi2 . XPS depth analysis, shown i
Fig. 3~d!, depicts the presence of the cap layer, likely co
sisting of ternary compounds that comprises Ti, Ni, Si, a
O, followed by the NiSi2 layer incorporating Ti. The Ni 2p
XPS core analysis confirms the presence of NiSi2 from the
Ni 2p3/2 peak position at 854 eV. Further analysis of t
Ti 2p and Si 2p core spectra reveals the presence of oxidiz
Ti and oxidized Si~most likely Si–O! on the surface of the
Ti cap layer as well as in the Ti cap layer, and elementa
and oxidized Si~99.5 eV corresponds to silicide in NiSi2! in
the bulk.

The behavior of the Ti capped Ni on native oxid
samples~incorporating 10 nm of the Ti cap! seen in XRD,
RBS, and XPS depth profiling spectra is similar to th
chemical oxide counterparts. Indeed, the onset tempera
for the formation of NiSi was significantly lowered t
600 °C. Moreover, like its chemical oxide counterpart, t
significant presence of oxidized Ti, oxidized Si, in additio
to elemental Ti and NiSi in the Ti cap layer suggests
possible presence of ternary compounds comprised Ti,
Si, and O. A XTEM together with EDAX analysis was un
dertaken and is shown in Fig. 8, revealing that, besides
formation of the polycrystalline NiSi layer, there are also tw
ternary Ti–Ni–Si films@viz. (TiNix)Siy(x;0.2 andy;2!
and TiNiSi# and a (TiOSiz)(z;0.2) layer above the NiS
layer.

of

FIG. 8. XTEM image of 10 nm Ti/30 nm Ni/native oxide/Si after 600 °
RTA.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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C. Varying the Ti thickness for Ti ÕNiÕinterfacial
oxide ÕSi

In order to study the effect of a thicker Ti cap layer o
nickel silicidation, a 15 nm Ti cap was deposited over N
Figure 9 shows XRD scans for the 15 nm Ti capped Ni
native oxide after annealing between 500 and 800 °C. In
estingly, the NiSi peak was detected at 500 °C. For sam
that were annealed from 600 to 800 °C, the phases of
silicides that formed are similar to the 10 nm Ti capped
on chemical or native oxide samples, with the exception t
NiSi peaks were also found after annealing at 750 °C for
chemical oxide samples shown in Fig. 5. The XPS de
analysis in Fig. 10 infers NiSi formation at 500 °C by virtu
of the consistent Ni:Si atomic ratio or intensity ratio~close to

FIG. 9. XRD spectra of 15 nm Ti/30 nm Ni/native oxide/Si after RTA fro
500 to 800 °C.

FIG. 10. XPS depth profiling of 15 nm Ti/30 nm Ni/native oxide oxide/
after 500 °C RTA.
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
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1:1!. Further core XPS analysis of the Ni 2p signal reveals
the Ni 2p3/2 peak position at 853.5 eV, which corresponds
that of NiSi. By comparing the present XPS depth profili
result with that of the 10 nm Ti capped Ni on chemical oxi
sample annealed at 600 °C@Fig. 3~c!#, two differing features
can be observed. First, there is apparently more Ti in the
cap layer as indicated by the presence of a maximal ato
concentration of Ti at a depth profiling time of about 300
Second, the presence of Ni and Si falls short of reaching
surface of the Ti cap layer.

In contrast to its thicker Ti capped Ni counterpart,
thinner 5 nm Ti cap layer was found to be inefficient
reducing the silicidation temperature. Figure 11 shows
XPS depth profile of the 5 nm Ti capped Ni on chemic
oxide prior to annealing~the as-deposited sample! and after
annealing at 700 °C. The depth profile of the as-depos
profile for the present 5 nm Ti cap layer sample appears to
similar to that exhibited by the 10 nm Ti cap layer sample
Fig. 3~a!, except that the Ti profile in the former is no long
symmetrical. Figure 11~b! shows the significant changes a
ter annealing at 700 °C are the further diffusion of the
toward the bulk and the interdiffusion of Ni and Si. Upo
closer examination, it can be seen that the Ti may not h
reached the Ni/Si interface. Further XRD scans~not shown!
confirm the absence of the formation of NiSi at 700 °C.
addition, RBS spectra of the 5 nm Ti/Ni/chemical oxide/
sample~Fig. 12! reveal no drastic decrease in the height

FIG. 11. XPS depth profiling of 5 nm Ti/30 nm Ni/chemical oxide/S
samples~a! as deposited and~b! after 700 °C RTA.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the Ni peak even up to a temperature of 750 °C. The sp
trum of the sample after 750 °C annealing shows a sm
shoulder at the Si interface at about the 1.15 eV posit
which indicates that intermixing has occurred. Unreacted
was inferred from a further experiment that involved sh
resistance measurements.

The aforementioned results for different thicknesses
Ti capped Ni on chemical oxide are also similarly observ
for the samples that incorporate native oxide.

IV. DISCUSSION

A. Without a Ti cap: Ni Õinterfacial oxide ÕSi

With a standard dilute hydrofluoric acid dip to remo
interfacial oxides prior to Ni deposition, polycrystalline NiS
formation occurs between 350 and 750 °C,18 and this reac-
tion is diffusion controlled.25 The transition from NiSi to
NiSi2 is nucleation controlled and occurs at 750 °C.26 Thus
NiSi2 is the stable phase at high temperatures. The pres
of the native oxide layer serves as an effective kinetic dif
sion barrier for the reaction between Ni and Si.27 Therefore,
at lower temperatures, Ni is unable to diffuse through
oxide to form NiSi. At higher temperatures, Ni could diffus
through probable defects like microchannels and pinhole
the native oxide, resulting in the formation of NiSi2 .28,29

By comparing the results associated with native oxide
can be inferred that chemical oxide performs the same rol
native oxide in inhibiting Ni diffusion into silicon at lowe
temperature, i.e., 500 °C. In the OME technique for epitax
CoSi2 growth,13 chemical oxide was thought to function as
diffusion barrier which delayed the Co–Si reaction until t
annealing temperature exceeded 500 °C, thereby inhibi
the formation of the intermediate Co2Si and CoSi phases.13

In the present study, the presence of epitaxial NiSi2 and the
nonobservance of NiSi is an indication that the chemi
oxide may have suppressed the formation of intermed
NiSi during the formation of NiSi2 .

Nevertheless, the lack of evidence for NiSi in bo
chemical oxide and native oxide samples may not precl

FIG. 12. RBS spectra of the 5 nm Ti/30 nm Ni/chemical oxide/Si sam
prior to and after 600 and 750 °C RTA.
Downloaded 19 Sep 2002 to 137.132.3.9. Redistribution subject to AIP
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the formation of NiSi because NiSi may have been initia
formed during annealing but the rate of formation of NiS2 is
so favorable that conversion to NiSi2 takes place after a very
short time during high temperature annealing, such as
800 °C.17

B. Ti ÕNiÕinterfacial oxide ÕSi

By putting together the results of RBS, XRD, XPS dep
analysis, and TEM, a possible reaction mechanism can
established for the 10 nm Ti capped Ni samples. Prior
annealing, the surface of the Ti cap was converted to a
layer of TiO2 . During annealing at 500 °C, two significan
events occur. First, the Ti cap layer undergoes further re
tion with oxygen from the annealing ambient to form a mi
ture of TiO2 ~at the surface of the Ti cap layer! and probably
TiO ~beneath the surface!. The formation of the latter mix-
ture could also occur through a reaction with oxygen with
the Ti cap layer on the assumption that the oxygen prese
only loosely bonded to the Ti at the grain boundaries. S
ond, free Ti from the Ti cap layer diffuses into the Ni film
and accumulates at the Ni/Si interface. Annealing at 600
results in not only the formation of NiSi, but also the form
tion of ternary titanium–nickel–silicon compounds@TiNiSi
and (TiNix)Siy# and a TiOSiz layer. These ternary com
pounds were ‘‘pushed’’ toward the surface during NiSi fo
mation.

A previous study has documented that, in a Ti/Co/Si2

system, the thin layer of Ti is able to diffuse through the C
to the Co/SiO2 interface, whereafter Ti reduces the SiO2 .30

The free energy change (DG) for the reaction: Ti1SiO2

→TiO21Si is negative (DG1023 K5234 kJ/mol),31 which
indicates that it is a favorable reaction. Thus, the drivi
force for the accumulation of the Ti at the Ni/native oxid
and Ni/chemical oxide interfaces~interfacial segregation! ap-
pears to be related to the strong affinity of Ti to both inte
facial silicon oxides.30 From our study, the observation o
NiSi formation at 600 °C is a strong indication that the acc
mulated Ti has reduced the chemical oxide or the na
oxide to TiO2 and free Si. The latter Ti oxide may then ser
as a diffusion membrane whereby Ni can diffuse towards
Si substrate, resulting in the formation of NiSi. The XP
depth profiling analysis does not show a buildup of Ti oxi
in the bulk because the native oxide is very thin~about 12 Å!
and the Ti oxide formed as a result of the reduction could
be accurately characterized using XPS. In another study
ing a Ti/Co/SiOx ~chemical oxide! system, the Ti accumu
lated at the Co/Si interface reduced the chemical oxide
some form of CoxTiyOz , whereupon at higher annealin
temperatures, the Co diffused through the CoxTiyOz and re-
acted with the Si to form CoSi.32 Interestingly, the presenc
of a TiOSiz layer from TEM in the present study appears
suggest an alternative mechanism wherein the accumul
Ti may have reacted with the native oxide or chemical ox
to form TiOSiz . The latter ternary compound then acts as
diffusion membrane, and eventually gets ‘‘pushed’’ up to t
surface during NiSi formation. The existence of TiOSiz can
be supported by the absence of a Ti–SiO2 tie line from the
Ti–O–Si ternary phase diagram.33 This mechanism receive

e
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further support from the detection of oxidized Ti~probably
TiO! and oxidized Si~probably SiO! in the core Ti 2p and
Si 2p XPS analysis of the Ti cap layer. Nevertheless, if t
mechanism relates to reduction of the interfacial oxide
TiO2 , then the origin of silicon in the TiOSiz compound is
probably due to the diffusion of silicon into the Ti cap lay
during NiSi formation at 600 °C.34

Evidence of the formation of TiOx or TiOSiz on top of
TiNiSi/NiSi as a result of Ti gathering of Si–O native oxid
grown oxide is further confirmed by a separate experim
where an interlayer Ti was used to gather the oxide in
Ni/Ti/oxide/Si system.35 In this particular system, after
500 °C RTA, a layer of Ti oxide was detected on top of t
TiNiSi/NiSi layer. A similar mechanism whereby the Ti ox
ide gets pushed up to the surface during the NiSi formatio
postulated.

The structure of the ternary titanium–nickel–silico
compounds is presently unclear but the absence of T2

from the XRD and TEM results of the Ti capped samples
600 °C indicates that the basic compound is nickel silici
Titanium disilicide is not expected to form until abo
650 °C. Interestingly, the nonobservation of titanium silici
even after annealing at 700 °C suggestsprima faciethat the
reaction between nickel and silicon is kinetically faster th
that between titanium and silicon, since Ti is also expecte
competitively diffuse through the TiO2 or TiOSiz diffusion
membrane together with Ni. The heat of formation of Ni2Si
~234 kcal/mole! is more negative than that for TiSi2 ~230
kcal/mole!.36 Therefore, Ni2Si forms more easily and it even
tually fully converts to NiSi during the annealing proces
Furthermore, the TEM micrograph in Fig. 8 also sugge
that formation of the ternary phase is more favorable th
formation of TiSi2 .

C. Variation of the Ti cap layer thickness

The aforementioned results suggest a dual function
the Ti cap layer: protection of the underlying nickel fro
oxygen contamination and reduction of the interfacial ox
thereby enabling the formation of NiSi. Furthermore, t
present study shows evidence that the formation of NiS
dependent on the thickness of the Ti cap layer. With regar
the silicidiation at 600 °C for the 10 nm Ti/Ni/interfacial ox
ide system, the onset temperature for silicidation was
layed until 750 °C when a thinner 5 nm Ti cap layer was us
whereas the temperature decreased to 500 °C in the case
thicker 15 nm Ti cap. The results in the present study are
agreement with another study that employed a Ti/Co/ox
wherein thin Ti cap layers~1–2 nm! resulted in a delay in the
silicidation to CoSi phase to 700–800 °C while a thicker
cap lowered the temperature of CoSi formation to almost
normal value for direct Co/Si reaction without an interfac
oxide.20 The thickness dependence can be explained in te
of the diffusion kinetics of Ti. Fick’s equation37 states that

F52D
]C~x,t !

]x

and

D5D0 exp~2Ea /kT!.
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Therefore, the concentration gradient and tempera
are two important factors that affect a diffusion proce
When the Ti cap layer is thicker, the concentration gradi
can be maintained over a longer time, because there is s
cient Ti remaining in the Ti cap layer after some diffusio
~nearly 100% Ti concentration at the surface! to drive the
diffusion flux. For a thinner layer of Ti cap layer, once the
diffuses into the bulk, the concentration of Ti at the surfa
and in the subajacent region incorporating the Ni does
differ much. Even if the time allowed for diffusion of Ti in
both the thicker and thinner Ti cap layers is the same,
diffusion gradient of the Ti in the thinner cap layer is insu
ficient to drive the diffusion flux. Thus, a higher temperatu
is required to drive the diffusion mechanism. It was sho
that, with a 10 nm Ti cap, Ti could successfully diffus
through Ni and remove the native oxide or chemical oxide
600 °C. A 15 nm Ti cap can do likewise but at lower tem
perature of 500 °C due to the reason stated above. When
thin ~5 nm! a Ti layer is deposited as the cap layer, it b
comes ineffective in lowering the silicidation reaction tem
perature. The formation sequence at each temperature
haves exactly like in the case in which no Ti cap w
deposited. During annealing, there is not much Ti left
diffuse through Ni to remove interfacial oxide.

V. CONCLUSION

We have demonstrated the use of a Ti cap layer in
moving interfacial oxides on the Si surface and in promot
a silicidation reaction between Ni and Si. Both native oxi
and chemical oxide play the same role in hindering any
action between Ni and Si up to 750 °C and they can be
duced by a Ti cap layer whereby Ti diffuses through Ni a
reduces the oxide during silicidation. It was also demo
strated that a thicker Ti capping layer is able to reduce
onset temperature of NiSi in the presence of such interfa
oxides. However, if too thin a Ti cap is deposited, the
could react with the ambient oxygen and lead to an insu
cient amount of Ti that is able to diffuse and take part in t
reduction process. As a result, the Ti cap would be tota
ineffective in lowering the silicidation temperature.
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