FRERTIEELE LT AL

BERILHBRI AP AT SRR ST A W
T2 R # }'J-?ﬁ” F‘i(l‘%3
FrA R (RER)

T S AL 2.
3 % % NSC 97-2221-E-008-091-MY3
#HoF HOF 1 99& 087 01 px 100#&07" 31p
e A Y T ER I

N

;;%9}’5&& :;_ﬁ_lfrprmﬁl_aq\,;rpé ﬁ :;,p\»fé
gﬁJ fT{ﬁ"“ 4 _4;4\ TEsIE A ﬁ ’H‘IZ;*KF_
AL fr;ﬁmﬂl_«;\gw,;m B ﬁiﬁ
fé_lfr,pmﬂl_a;]\gw,;m B ﬁgf_

B4R AARREREL @RI F R

o 3N D AP EHZEJIAEwFEMAR 2EET OB AN

o= A R 100# 087 29 p



FRERTPELE gAML P 4 E

R R 2R ET
BHE AR QTR T2y
PR ] meARt WEEA 4
-4 %% 0 NSC 97-2221-E-008-091-MY3
HiEHF: 97&# 8" 1px 100& 77 3¢
PRAEA RN
FERE AR yE s HEem R

FALFE T 4 Uiz eh g | RiRAf

ﬁiﬂpfi—igyﬁiiﬂ%

FAsieEy 4 -z =k
FEFLFEA(REF P RFER A O fR: B ERE
IR FEE hy X LN
[JAR LY o F#gL -

(A A R R L Y ,%Jz»;.— >

WA REEE R FFEEF A2/ L - B
Dﬁm*ﬁpi&inP FEE -

BIL AR EEE TP RAAERRE A ARTELYE

R R A TR @R A

_EARSIEERE SRS SINEE] EES R
HEHEE Rz ? 448 RS e g9
i ¥ A K 100 & 71 31 p

5

) IR Y

F

R



FRERRTIHELIR L T A R

SR RF LB REN 4T
7 l‘?‘é}-} fﬁég'%’p;iﬁlf%ﬁ J& ,I“_}_)Fﬁ’_y\,}_::rzm

3 e NSC 97-2221-E-008-091-MY3
HEHL:97TE 82 1 p 3 100& T2 31p
a4 D 2 (swleelnceu. edu. tw)

S SRR R TR

- hRE

EIRAAFETHMAL AP Fala
AT o pAHE L P Y 42 (self-aligned
silicidation process)ip b $itrs p g & o 37 &
k£F LHT HWE i@}ﬁﬁ ETRER = SIS
1% 5 4% B o (SiiaGe) & F B b (Si1,Cy) 7 18/
PABSTA A L R R B o A
2P (NI silicide) ~ 4846 1 3 (Ni(PY)
silicide)feda 1+ - (Pt silicide)*s 7 B & & & + 2 2
FERT-FrFEH e AL RN SN
Brep T o g it L g R Pl F
MR F P E R R o ¥ b g
o ed o g R P E DR
Moo F b e s SR R G S K B AR

ZBAFETNLITIFEN AT o g NIRRT R NS
EAFZ IR HY 2 XA L2 P

Strain engineering is commonly used for
improving the performance of
metal-oxide-semiconductor (MOS) devices. For
example, n-channel MOS (NMOS) devices with
silicon-carbon Si,.,Cy) grown in the source and drain
(S/D) regions as uniaxial compressive stressors for
the channel can achieve significant drive current
improvements. However, successfully integrating
Si;yCy epilayers into a standard device process flow
requires reliable metal-silicide contacts in the Si;.,C,
S/D regions. In this study, the formation of Ni

silicide, Ni(Pt) silicide, and Pt silicide on Si;.,C,

were investigated. The incorporation of C atoms
retarded the growth kinetics of silicide, which
enhanced the thermal stability of silicide films. In
addition, the Ni(Pt) layer promoted the Ni silicde
thermal stability. The thermal stability of Si.,C,
epilayers during silicidation was studied. In addition,
the effects of the third element and pre-implanting
process on Ni silicidation were also investigated.
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Abstract: This study first investigated the thermal stability of Ni(Ta) silicides on ultra-thin silicon-on-
insulator (SOI) substrates. The presence of Ta atoms significantly decreased the resistivity of Ni(Ta)Si
thin films. Compared to the Ni/Si system, the Ni(Ta)Si films formed on ultra-thin SOI were found to
exhibit remarkably improved morphological stability. For the Ni(Ta)/SOI samples, the process window
of low-resistivity Ni(Ta)Si silicides was extended to high temperature up to 850 °C. This study
explained these phenomena in terms of the thermally robust Ni(Ta)Si/SiO2 interface and Ta-
accumulated grain boundaries in the Ni(Ta)Si films. Ta-accumulated grain boundaries may act as
adhesive in Ni(Ta)Si films, effectively hindering the agglomeration of Ni(Ta)Si films and thus extending
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Abstract

This study first investigated the thermal stability of Ni(Ta) silicides on ultra-thin

silicon-on-insulator (SOI) substrates. The presence of Ta atoms significantly decreased the

resistivity of Ni(Ta)Si thin films. Compared to the Ni/Si system, the Ni(Ta)Si films formed on

ultra-thin SOI were found to exhibit remarkably improved morphological stability. For the

Ni(Ta)/SOI samples, the process window of low-resistivity Ni(Ta)Si silicides was extended to

high temperature up to 850 °C. This study explained these phenomena in terms of the

thermally robust Ni(Ta)Si/SiO; interface and Ta-accumulated grain boundaries in the Ni(Ta)Si

films. Ta-accumulated grain boundaries may act as adhesive in Ni(Ta)Si films, effectively

hindering the agglomeration of Ni(Ta)Si films and thus extending the low-resistivity process

window of Ni(Ta)Si silicides. This work demonstrated the potential of Ni(Ta) silicidation on

ultra-thin SOI substrates for device applications.

PACS codes: 61.05.cp, 68.37.Lp, 68.55.Ln, 68.60.Dv, 81.15.-z

Keywords: Metal Silicide, Thermal stability, Silicon-on-Insulator, Sheet resistance



1. Introduction

To date, silicon-on-insulator (SOI) has gained recognition as a key technology in

achieving device isolation in the field of electronics [1,2]. Among its possible uses, fully

depleted (FD) metal-oxide-semiconductor field-effect transistor (MOSFET) using ultra-thin

film SOI substrates is an attractive candidate for high-speed sub-45 nm complementary MOS

(CMOS), because of its high carrier mobility in the channel due to reduced Coulomb

scattering and effective normal field and the reduction in the parasitic capacitance of

source/drain junctions [3-5]. However, one of major concerns with ultra-thin SOl MOSFETSs

is an increased series resistance at the ultra-thin source/drain (S/D) contacts, where the contact

resistance dominates the total S/D resistance [6,7]. Therefore, forming a highly reliable metal-

silicide contacts over ultra-thin Si active layer will be one of the key process technologies to

reduce the S/D series resistance. Nickel monosilicide (NiSi) has been considered to be an

adequate candidate for nano-scale CMOS with ultra-shallow junctions because of its low

sheet resistance, low formation temperature, diffusion-controlled growth, and low Si

consumption [8-10]. In spite of these advantages, NiSi are known to suffer from two

degradation mechanisms at high temperature: morphological instability (agglomeration) [11]

and limited phase stability (phase transformation to NiSiy) [12]. In recent years, it has been

reported that the addition of noble or refractory elements into the Ni/Si system can be used to

thermally stabilize the low-resistivity NiSi phase [13]. Mangelinck et al., investigating the



effect of a small amount of Pt on the stability of NiSi films, reported that the addition of Pt
increases the NiSi, nucleation temperature up to 900°C [14]. Other elements, such as W, Ti,
and Ta, also have been shown to improve the morphological instability of NiSi films on Si
substrates [15-17]. In this study, we performed a comparative study on the thermal stability of
NiSi silicides formed from the Ni/Si, Ni(Ta), Ni/SOI, and Ni(Ta)/SOI systems. Compared to
the Ni/Si system, the Ni(Ta)Si films formed on ultra-thin SOl were found to exhibited
remarkably enhanced thermal stability.
2. Experimental procedure

SOI wafers with a top Si thickness of 14 nm and a buried oxide (BOX) thickness of 130
nm, fabricated by separation-by-implanted-oxygen (SIMOX) technology, were used as
substrates for the experiments in this study [2]. After a standard RCA cleaning and HF dip,
9-nm-thickness Ni(Ta) alloy films were deposited on SOI substrates by DC magnetron sputter
deposition using Ta-doped Ni targets. The base pressure of the deposition chamber was
1x10°® torr. Fig. 1 shows cross-section transmission electron microscopy (XTEM) images of
an as-deposited Ni(Ta)/SOI sample. The energy dispersive X-ray (EDX) analysis also
confirmed that Ni alloy films contained Ta of ~5%. For comparison, Ni/Si, Ni(Ta)/Si and
Ni/SOI samples with an identical metal thickness were also prepared as references.
Subsequently, the silicidation was performed at temperatures ranging from 300 to 900 °C for

60 s in an N, ambient using rapid thermal annealing (RTA). Finally, the unreacted metal was



selectively removed by a mixture of H,SO,4 and H,O, solutions (ratio of 3:1).

The microstructures of silicided films were investigated by TEM in conjunction with

EDX analysis. Both XTEM and plan-view TEM images were taken. Grazing incidence x-ray

diffractometry (GIXRD) and micro-Raman spectroscopy were carried out to identify the

silicide phases during silicidation. The Raman spectra were excited by a diode-pumped

solid-state (DPSS) laser line with wavelength A = 532 nm and measured at room temperature

in a near-backscattering geometry. The surface morphologies of the silicided samples were

examined using field emission scanning electron microscopy (FE-SEM). The sheet

resistances were measured by a linear four-point probe method.

3. Results and discussions

Fig. 2 shows the sheet resistance data of the Ni/Si, Ni(Ta)/Si, Ni/SOI and Ni(Ta)/SOlI

samples as a function of the annealing temperature. The curves in this figure clearly reveal the

influences of the Ta incorporation and substrate types on Ni silicide transformation. For the

Ni/Si system, the sheet resistances remained at the low level at 350-500 °C, corresponding to

the formation of low-resistivity NiSi phase, and then increased rapidly as annealing

temperature was increased above 600 °C. In our previous work, we attributed this dramatic

increase in sheet resistance at 600 °C to the agglomeration of NiSi films [11]. The Ni(Ta)/Si

system showed a similar trend in the changes of sheet resistances. We also noticed that,

although Ni(Ta)-silicided films agglomerated at 600 °C in the same way, the addition of Ta



significantly decreased the resistivity of NiSi silicides at 400-500 °C. On the other hand, the

silicided films on ultra-thin SOI substrates showed remarkably improved thermal stability as

compared to the Ni/Si or Ni(Ta) systems. For the Ni/SOI system, the sheet resistances reached

a minimum value at 600 °C and then gradually increased to 850 °C. In the case of the

Ni(Ta)/SOI system, the low-resistivity window was extended to much higher temperature and

remained at the very low level even at 850 °C. In both systems, severe agglomeration of

silicides occurred at 900 °C, resulting in a dramatic increase in sheet resistances. Similarly,

the Ta incorporation was found to significantly decrease the resistivity of NiSi silicides on

ultra-thin SOI. These curve transitions in Fig. 2 are strongly correlated with the phase

transformations or microstructural changes of the silicided films during annealing.

As seen from the XRD spectra shown in Fig. 3, low-resistivity NiSi was the only

silicide phase appearing in the Ni/SOI and Ni(Ta)/SOI systems. Therefore, an increase in

sheet resistance at high temperature in both systems can be attributed to the agglomeration of

NiSi layer. This result is consistent with the fact that ultra-thin SOI substrate supplied a

limited Si volume to react with metal so that the formation of NiSi, never occurred during

silicidation. In addition, it has also been reported that the addition of Ta retards the phase

transformation from Ni,Si to NiSi [18]. Indeed, we detected a very small amount of Ni,Si

existing in the Ni(Ta)/Si system at 300 °C from the XRD spectra (not shown here). It is

speculated that, in the ultra-thin SOI systems, the silicide/BOX interface may act as an



additional diffusion path at the initial stage of silicidation and thus speed up the phase
transition from Ni,Si to NiSi. Therefore, no Ni,Si phase was observed.

The XRD results were confirmed by Micro-Raman measurements. According to group
theory, NiSi, belonging to the MnP-type orthorhombic structure (space group Pnma, D),
has Raman active phonon modes in the Brillouin zone center: I raman = 4AQg + 2B1g + 4Byg +
2B3y [19]. However, for the NiSi thin films, fewer phonon modes can be detected due to the
Raman selection rules with respect to the uniform crystal orientation. Generally, two main
peaks at 196 cm™* and 214 cm™* are used as fingerprints of NiSi thin films. In addition,
Raman peaks at 100 cm * and 140 cm™ are characteristics of the presence of Ni,Si [20]. The
presence of NiSi, usually gives rise to the broad peaks between 250 cm™ and 400 cm™ [21].
Fig. 4 shows the Raman spectra registered at different temperatures for the Ni(Ta)/SOI system.
It is evident that NiSi was the only silicide phase in the Ni(Ta)/SOI system, which is
consistent with the XRD results. It is noted that, for the Ni(Ta)/SOI sample annealed at 900 °C,
the strong peak at ~300 cm™ represents a two-phonon feature coming from the underneath Si
substrates, which was exposed by the severe agglomeration of NiSi.

XTEM inspections were performed on the silicided films to investigate the
microstructures and growth Kkinetics of Ni silicides. Fig. 5a and ¢ show the XTEM images of
the Ni(Ta)/SOI samples annealed at 300 °C and 850 °C, respectively. At 300 °C, an uniform

Ni(Ta)Si layer was completely formed without any residual Si remained. With increasing



annealing temperature to 850 °C, the Ni(Ta)Si layer maintained a continuous and conformal

morphology. It was also confirmed that Ni(Ta)Si films didn’t react with the underneath SiO;

layer at such high temperature. On the other hand, in the case of the Ni/SOI system, some

NiSi grains are already curved at their boundaries, as indicated by an arrow in Fig. 5b. These

results are also consistent with the SEM observations in Fig. 6a and c, in which pinholes

formed everywhere in the Ni/SOI sample, but no pinhole was found in the Ni(Ta)Si film on

ultra-thin SOI even if extending the observation area.

Here, two questions are raised regarding the significantly improved thermal stability of

the Ni(Ta)/SOI system. One is why the Ni(Ta)/SOI samples showed much better stability than

the Ni(Ta)/Si ones did? This can be well explained in terms of the thermally robust NiSi/SiO,

interface. In the Ni/Si or Ni(Ta)/Si system, the agglomeration of NiSi thin film is induced to

minimize the NiSi surface energy, which is much higher than the sum of the NiSi/Si interface

energy and Si surface energy [22]. Therefore, roughening only occurs at the NiSi/Si interface,

while the surface remains considerably flat [11]. For this reason, a highly thermally stable and

robust Ni(Ta)Si/SiO, interface can effectively prevent roughing of the silicide/oxide interface

in Ni(Ta)/SOI samples and the subsequent agglomeration of silicide films.

Another question regards how Ta atoms suppress the agglomeration of Ni(Ta)/SOI films

during high-temperature annealing, as compared to Ni/SOI counterparts? It is well known that

agglomeration starts with silicide grain boundaries grooving, followed by the formation of



silicide islands [23]. The degradation mechanism is thought to involve the transport of Si and

Ni atoms in the silicides and NiSi deformation at high annealing temperatures. In the transport

of atoms, the dominant diffusion paths are the interfaces and grain boundaries. Too et al. had

reported a small amount of Ta remained at the grain boundaries after Ni(Ta) silicidation [24].

Therefore, stuffing the grain boundaries of NiSi silicides with Ta atoms is thought to retard

the transport of Si and Ni atoms. In addition, refractory Ta atoms accumulated at the grain

boundaries of NiSi may also protect the Ni(Ta)Si films from plastic deformation and retard

the grain growth during high-temperature annealing. A direct evidence of this mechanism is

the grain sizes of silicides. Figure 7a and b show plan-view TEM images of the Ni/SOI and

Ni(Ta)/SOI sample annealed at the same temperature of 850 °C, respectively. The average

grain size of the Ni(Ta)Si silicides was smaller than that of the Ni/SOI sample. It indicates

that for the Ni(Ta)/SOI samples, Ta-accumulated grain boundaries indeed play a crucial role

in hindering Ni(Ta)Si grain growth and agglomeration, and enhance the thermal stability of

Ni(Ta)Si silicides. It is also noteworthy that, although smaller grains usually cause a higher

sheet resistance, the Ni(Ta)/SOI samples still exhibited lower sheet resistances in comparison

to the Ni/SOI ones. Eventually at 900 °C, Ta-accumulated grain boundaries lost their adhesive

function, spreading numerous small Ni(Ta)Si islands out on the SOI substrates, as shown in

Fig. 6d. This agglomeration morphology is very distinct from that of the Ni/SOI sample in Fig.

6c¢, in which the NiSi film was agglomerated into irregular shaped islands.



4. Conclusions

In summary, this study systemically investigated the thermal stability of Ni(Ta) silicides
on ultra-thin SOI substrates. The addition of Ta significantly decreased the resistivity of
Ni(Ta)Si thin films. Compared to the Ni/Si system, the Ni(Ta)Si films on ultra-thin SOI
exhibited remarkably improved morphological stability. For Ni(Ta)/SOI samples, the process
window of low-resistivity Ni(Ta)Si silicides was extended to much higher temperature. In
addition, the Ni(Ta)/SOI samples also showed distinct behavior in silicide agglomeration as
compared to those Ni/SOI counterparts. This study explained these phenomena in terms of
thermally robust Ni(Ta)Si/SiO, interface and Ta-accumulated grain boundaries in Ni(Ta)Si
films. Ta-accumulated grain boundaries may act as adhesives in Ni(Ta)Si films, effectively
hindering the agglomeration of Ni(Ta)Si and extending the process window of low-resistivity
silicides. This work demonstrated the potential of Ni(Ta) silicidation on ultra-thin SOI
substrates for possible device applications.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

XTEM image of an as-deposited Ni(Ta)/SOI sample. The right side also shows an
enlarged image corresponding to the region enclosed by the dashed square in the

left figure.

Sheet resistance vs annealing temperature curves for Ni/Si. Ni(Ta)/Si, Ni/SOI and

Ni(Ta)/SOI samples after annealing at 300-900 °C for 60 s by RTA.

GIXRD spectra of (a) Ni/SOI and (b) Ni(Ta)/SOI samples after annealing at

300-900°C.

Micro-Raman spectra registered at different temperatures for the Ni(Ta)/SOI

system.

XTEM images of (a) Ni(Ta)/SOI sample annealed at 300 °C, and (b) Ni/SOlI, (c)

Ni(Ta)/SOI samples annealed at 850 °C, respectively.

Plan-view SEM images of Ni/SOI and Ni(Ta)/SOI samples annealed at 850 °C and

900 °C, respectively. Pinholes formed in the Ni/SOI sample are indicated by P.

Plan-view TEM images of (a) Ni/SOI and (b) Ni(Ta)/SOI samples after annealing

at 850 °C. The insets also show their corresponding diffraction patterns.

13



*Highlights

Highlights

This study first investigated the thermal stability of Ni(Ta) silicides on ultra-thin

silicon-on-insulator (SOI). The following states the research highlights:

1.

The addition of Ta significantly decreased the resistivity of Ni(Ta)Si thin films.

Compared to the Ni/Si system, the Ni(Ta)Si films on ultra-thin SOI exhibited remarkably

improved thermal stability.

The low-resistivity window of Ni(Ta)Si silicides was extended to high temperature up to

850 °C.

This study explained these phenomena in terms of the thermally robust Ni(Ta)Si/SiO,

interface and Ta-accumulated grain boundaries.
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