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Abgract : Different silicidation processes are employed to form NiSi,and the NiSi/Si interface corresponding to
each process is studied by cross-section transmission electron microscopy (XTEM) . With the sputter deposition of
a nickel thin film, nickel silicidation is realized on undoped and doped (As and B) Si(001) substrates by rapid ther-
mal processing (RTP). The formation of NiSi is demonstrated by X-ray diff raction and Raman scattering spectros
copy. The influence of the substrate doping and annealing process (one-step RTP and two-step RTP) on the NiSi/
Si interface is investigated. The results show that for one-step RTP the silicidation on As-doped and undoped Si
substrates causes a rougher NiSi/ Si interface,while the two-step RTP results in a much smoother NiSi/ Si interface.
High resolution X TEM study shows that axiotaxy along the Si 111 direction formsin all samples,in which specif-
ic NiSi planes align with Si(111) planes in the substrate. Axiotaxy with spacing mismatch is also discussed.
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1 Introduction

Self-aligned silicide technology is widely used in
complementary metal- oxi de-semiconductor (CMOS)
manuf acturing to reduce sheet and contact resistances
of the gate,source,and drain areas’™*'. Recently ,NiSi
has been considered as a promising candidate for sub-
90nm nodes because of its low resistivity, relatively
low formation temperature,low silicon consumption,
and no resistivity increase on narrow lines" Y. As a
direct contact to Si ,a smooth NiSi/ S interface,which
generally yields a better electrical performance of the
devices ,is always expected®® . The interface may be
influenced by the substrate doping!”. The substrate
doping affects the thermal stability of NiSi film,in
which the agglomeration is greatly related to the Ni-
Si/S interface’”!. The specific NiSi formation
process, e. g., onestep or twostep rapid thermal
process (RTP) , may also affect NiSi/Si interface'™ .
The possibility of asinglestep RTP below 600 was
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initially considered to be a significant advantage for
NiSi formation'®. Recent studies, however, have
shown that one-step RTP not only results in excess si-
licidation of gate and junction contacts™ ,but also in-
creases the inhomogeneity of the contact interface'® .
A twostep RTP has been proposed,in which some of
the deposited Ni reacts during the first annealing
(RTP1) at low temperature (<310 ). The unreact-
ed Ni is then removed by chemical etching,and fi-
nally a second annealing (RTP2) at 400 600 is
carried out to form the low resistivity NiSi
phase!®. In this paper, different silicidation
processes are employed to form NiSi on Si sub-
strates with various dopants, and the NiSi/Si in-
terface corresponding to each case is studied by
crosssection transmission electron microscopy
(XTEM).

2 Experiment

Blanket 200mm Si (001) substrates with n*/p
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or p*/nijunctions ( 50nm junction depth) were
prepared by the implantation of As at 4keV and 2
x10"cm”?into p-type Si ,or of B at 1keV and 2 x
10®cm ® into n-type Si, respectively,followed by
a 1050 spike annealing to activate the dopants.
The junction substrates as well as the undoped
substrates were cleaned by a RCA procedure just
bef ore the sputter deposition of a 13nm Ni film,
during which the wafer temperature was kept at
30 . Thesilicidation was carried out during a 30s
soak annealing at temperatures ranging from 260
to 550 .Our preliminary experiments had shown
that a 260 /30s annealing can fully consume a
13nm-thick Ni layer. Hence, no selective etch was
used. The sheet resistance ( Rs) dependence on an-
nealing temperature for the silicide on undoped-Si
(ursilicide) ,n" /p (n-silicide) or p*/ n(p-silicide)
junctions is compared in Fig.1.In the low temper-
ature range (260 310 for u and p-silicide, 260
330 for nrsilicide) Rs is much higher for u
and p-silicide than rrsilicide. The much higher re-
sistivity of the substrate was not responsible for
the differencein Rs.Accordingto the Rs behavior
on different substrates,to successfully realize NiSi
formation,a onestep RTP at 450 with a 30s
soak time and a two-step RTP at 290 for RTP1
and 450 for RTP2, each with 30s soak time,
were employed. X-ray diffraction (XRD) and Ra-
man scattering spectroscopy (RSS) were used to i-
dentify the phase of the formed silicide. XTEM
was employed to study the silicide/ Si interface.
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Fig.1 Sheet resistance ( Rs) of the silicide formed on
different substrates versus annealing temperature of RTPL

3 Resultsand discussion

Table 1 lists the samples’ process history in-

formation. For the two-step RTP a selective etch
(SE) is introduced between RTP1 and RTP2,in
which a H2S04 H202 =4 1 solution is em-
ployed as the etching chemical. XRD and RSS are
used to analyze the phase of the formed silicide.
As can be seen in Fig. 2, XRD (Fig.2(a)) and
RSS (Fig. 2 (b)) both demonstrate the successf ul
formation of NiSi in all samples.

Table 1 Process history description for all samples
Sample| .
Process history
ID
#1 Ni(13nm)/p*/ rSi(001) ,one-step RTP,450 /30s
#2 Ni(13nm)/n*/p-Si(001) ,one-step RTP,450 /30s
#3 Ni (13nm) / undoped-Si (001) ,one-step RTP,450 /30s
#4 Ni (13nm) / undoped-Si (001) ,two-step RTP,290 /30s+SE+450 /30s
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Fig.2 XRD (a) and RSS (b) results for all samples
NiSi formation is demonstrated in all samples.

Figure 3 shows low-resolution X TEM images
for all samples with different scales. As can be
seen,for all samples annealed by onestep RTP
(#1 3) thesilicidation on undoped and n*/p-Si
substrates results in a rougher NiSi/Si interface,
while a smoother interface is observed on p*/ nSi
substrate. A rougher interface always indicates
that the grain size of the formed NiSi is larger,
which will cause a poorer thermal stability for
thin films'™ . In view of thermodynamics a roug-
her interface will increase the total contact inter-
face area,which generally means that the NiSi/ Si
interface energy for u- and rrsilicide is smaller
than that for p-silicide. In other words,the boron
dopant may increase the NiSi/ Si interface energy.
Hereby the substrate doping does influence the
NiSi/Si interface characteristics. In addition, a
specific annealing process also aff ects the NiSi/ Si
interface. As can be seen from Fig. 3,for usili-
cide,compared with onestep RTP (sample # 3)
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Fig. 3
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XTEM images for all samples with different

the twostep RTP (sample # 4) yields a much
smoother NiSi/Si interface. A similar result is also
obtained for p- and nsilicide (not shown here) .
Although the highest process temperature for one-
step and two-step RTP is the same (450 /30s) ,
the heating ramp rate is different. It has been
demonstrated that the heating ramp rate does in-
fluence the NiSi/Si contact characteristics'™® . For
one-step RTP,to reach 450 the heating ramp
rate is generally higher than that to reach 290

Thus for the twostep RTP with RTP1 soak-an-
nealed at 290 ,the required time to reach the
same temperature of 290 should be longer than
that for the one-step RTP with a soak tempera-
ture of 450 . Therefore Ni atoms have a longer
time to laterally diff use along the formed silicide/
Si interface,which generally results in a smoother
growing front (interface). Moreover, there is a

30s soak anneal time for RTP1 at 290 in the
two-step RTP,while 290 isonly atransient tem-
perature for the one-step RTP of 450 /30s.So Ni

atoms should have a long enough time to laterally
diff use and generate a smooth growing front after
RTP1 for the twostep RTP. After SE, the unre-
acted Ni will be removed. A smooth interface has
formedin RTP1,and RTP2 will not only convert
the high resistivity silicide phase formed in RTP1
but also generally keep the smooth growing front.
Finally a smooth NiSi/Si interface will form.
Hence it is demonstrated that the specific annea-
ling process may also influence the NiSi/Si inter-
face characteristics.

Recently ,a new type of texture in thin film
systems,i. e. , axiotaxy, has been reported, which
is characterized by the alignment of planesin the
film and substrate that share the same d-spac-
ing'*!. This preferred alignment of planes across
the interface manifests itself as a fibre texture ly-
ing off-normal to the sample surface,with the fi-
bre axis perpendicular to certain planesin the sub-
strate. This texture forms because it results in an
interface that is periodic in one dimension and is
preserved independently of interfacial curvature.
Figure 4 shows high-resolution X TEM images for
all samples.

As shown in Fig. 4, after proper image pro-
cessing the plane alignment between the NiSi film
and Si substrate does exist for all samples. It is,
however, different from the axiotaxy in Ref.
[11]. Although the alignment is observed here,the
aligned planes across the NiSi/Si interface do not
share the same d-spacing. Moreover , because the
incident electron during XTEM imaging is along
the Si 110 rather than Si 100 direction, after
Fourier filtering the planes kept in the substrate
are the Si (111) planes with a plane spacing of
0. 3136nm. Such an alignment is also different
from Ref.[11],in which the incident electron is
along Si 100 and the planesin the NiSi film align
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Fig.4 High resolution X TEM images for all samples (a) Sample #1; (b) Sample # 2; (c) Sample # 3; (d) Sample
#4 For each image group ,the left image is the original high resolution X TEM image,the middle is the amplified im-
age of the selected part on the left; and on the right is the middle image after Fourier filtering. On the right, only
planes along Si 111 are kept.Besides the alignment between the NiSi film and Si substrate ,plane mismatches labeled

by the dashed circle are also revealed on the right.

with the Si (110) planes. Due to the different o
spacing,very weak (even no) axiotxay across the
NiSi/Si interface should form,and even if it does
form the corresponding lattice planes in the NiSi
film should tilt so that each planein the NiSi film

can exactly align with its corresponding Si (111)
plane in the substrate!™ . The results shown in
Fig. 4, however, demonstrate that the alignment
between planes in the NiSi film and Si substrate
can still exist even though the d-spacing across the
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NiSi/Si interface is different. Preserving the a-
lignment across the interface plane mismatch a-
long the NiSi/Si interface is unavoidable when
there is no plane tilt. As shown in Fig. 4, after
Fourier filtering the dashed circle clearly shows
the plane mismatch. Thus the new type of texture,
called axiotaxy, is extended to a wider range,
which means that the alignment across the NiSi/ Si
interface can form even when the planes on each
side do not share the same d-spacing. A plane mis-
match will occur instead of a plane tilt to preserve
the alignment. A plane alignment with a mismatch
across the NiSi/Si interface will make it easier to
form a rougher interface,and it may also intro-
duce excessive stressin the NiSi film which islike-
ly related to its thermal stability™!.

4 Conclusion

In this paper nickel thin film silicidation is
realized on undoped, As-doped, and B-doped Si
substrate by RTP wusing different annealing
processes. XTEM is employed to investigate the
NiSi/Si interface in each case. L ow-resolution
XTEM images show that for the one-step RTP,
the NiSi/ Si interface is the smoothest for the sili-
cidation on B-doped Si substrate. It is also demon-
strated that the interface roughness,in principle,
can be greatly suppressed by the two-step RTP.
For the first time, non-ideal axiotaxy is observed
by high resolution XTEM ,in which the planes in
NiSi film can still align with Si planes in the sub-
strate but with plane mismatches across the NiSi/
Si interface.

Ref erences

[1]

[10]

[11]

[12]

Murarka S P. Refractory silicides for integrated circuits. J
Vac Sci Technol ,1980,17 :775

GambinoJ P,Colgan E G. Silicides and ohmic contacts. Ma-
ter Chem Phys,1998,52:99

Morimoto T,0hguro T,Momose H S, et al. Self-aligned nick-
el-mono-silicide technology for high-speed deep-submi-
crometer logic CMOS ULSI. | EEE Trans Electron Devices,
1995,42:915

Lauwers A ,Steegen A ,Potter M D ,et al. Materials aspects,
electrical performance,and scalability of Ni silicide towards
sub-0. 131 m technologies. J Vac Sci Technol B, 2001, 19:
2026

Jiang YL,Ru G P,Qu X P,et a. Comment on“ Schottky
barrier rectifier with high current density using vanadium as
barrier metal”. Appl Phys L ett,2003,82:1311

Jiang Y L,Ru G P,Lu F,et a.Ni/Si solid phase reaction
studied by temperature-dependent current-voltage tech-
nique.J Appl Phys,2003,93:866

Chamirian O, Kittl J A ,Lauwers A ,et al. Thickness scaling
issues of Ni silicide. Microelectron Eng,2003,70:201

Jiang Y L ,Ru G P,Huang W et al. Electrical characteriza-
tion of NiSi/Si interfaces formed by a single and a two-step
rapid thermal silicidation. Semicond Sci Technol ,2005,20:
716

LuJ P,Miles D, ZhaoJ,et a.A novel nickel salicide process
technology for CMOS devices with sub-40nm physical gate
length. Tech Dig Int Electron Devices Meet,2002:371
Jiang YL ,Ru G P,Li B Z. Ramp rate dependence of NiSi
formation studied by silicided Schottky contact. Electron
L ett,2005,41:103

Detavernier C,dcan A S, Jordan-Sweet J ,et a. An off-nor-
mal fibre-like texture in thin films on singlecrystal sub-
strates. Nature,2003,426 :641

LiuJd F,Chen H B,FengJ Y. Enhanced thermal stability of
NiSi films on Si (111) substrates by a thin Pt interlayer.J
Cryst Growth,2000,220:488



228 27
NiS/ S
( 200433)
NiSi (XTEM) NiSi/ Si .
( As B) Ni , (RTP) . X
NiSi. NiSi/ Si
: RTP NiSi , As ,NiSi/ Si ;
RTP NiSi NiSi/ Si RTP XTEM s
111 -NiSi (111)
: ; NiSi; ; ;
PACC: 6848; 6855; 7340N
. 0484. 1 1 0253-4177(2006) 02-0223-06
* ( :60576029) , ( :0514) , ( :05ZR14017)
( :B/ 06086/ 01)
t . Email :yljiang @f udan. edu. cn
2005-07-22 c 2006



