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a b s t r a c t

Nickel di-silicide formation induced by RTA process at 850 ◦C for 60 s in the Ni/Si(1 0 0) systems are
investigated as a function of the initial Ni film thickness of 7–89 nm using XRD, RBS, SEM, X-SEM and AFM.
Based on the XRD and RBS data, in the silicide films of 400–105 nm, NiSi and NiSi2 silicide phases co-exist,
indicating that Ni overlayer is completely transformed to NiSi and NiSi2 silicide phases. SEM reveals that
these films consist of large grains for co-existence of NiSi2 and NiSi phases, separated from one another
by holes, reflecting that NiSi2 grows as islands in NiSi matrix. These films have low sheet resistance,
ranging from 1.89 to 5.44 �/� and good thermal stability. For thicknesses ≤ 80 nm RBS yields more Si-
apid thermal annealing (RTA)
hickness-dependent silicide formation
heet resistance
RD
BS
EM

rich silicide phases compared to thicker films, whereas SEM reveals that Si-enriched silicide islands
with visible holes grow in Si matrix. As the film thickness decreases from 400 to 35 nm, AFM reveals a
ridge-like structure showing a general trend of decreasing average diameter and mean roughness values,
while sheet resistance measurements exhibit a dramatic increase ranging from 1.89 to 53.73 �/�. This
dramatic sheet resistance increase is generated by substantial grain boundary grooving, followed by
island formation, resulting in a significant phase transformation from NiSi2-rich to Si-rich silicide phases.
-SEM and AFM techniques

. Introduction

In recent years nickel silicides, intermetallic compounds of sil-
con and nickel, have been proposed as candidates for replacing
luminum alloys for applications in very large-scale integrated cir-
uits (VLSI) [1–4] and in ultra large-scale integrated circuits (ULSI)
3–5], because they show metallic behavior with low electrical
esistivity, high electro-migration resistance, high thermal stabil-
ty and resistance to acids [1,4]. Nickel silicides can be formed
y solid-state reaction of Si and thin nickel films, deposited on
i wafer, at a temperature well below the eutectic temperature
f the system [6–12], although other techniques such as explo-
ive silicidation [13], reactive deposition [14] and ion implantation
15–17] can also be used. In solid-state reaction technique, silicide
ormation is induced by thermal annealing in Ni/Si thin film sys-
em, using various annealing techniques such as isothermal furnace

nnealing, rapid thermal annealing (RTA), laser and electron beam
nnealing [6]. It has been reported that the developed phases of
ickel silicide (Ni2Si, NiSi and NiSi2) are temperature-dependent
nd formed by different growth mechanisms [6–12]. Ni2Si, NiSi

∗ Corresponding author. Tel.: +90 232 388400 2361; fax: +90 232 3881036.
E-mail address: gokhan.utlu@ege.edu.tr (G. Utlu).

169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2010.03.062
© 2010 Elsevier B.V. All rights reserved.

and NiSi2 form in the temperature ranges of 200–350, 350–750 and
750–1000 ◦C, respectively [6–12]. Unlike Ni2Si and NiSi formation,
which are diffusion controlled processes, NiSi2 formation has been
reported to be nucleation controlled [4,6,7,18]. Furthermore, the
growth-dynamics of different silicide phases has been reported to
be dependent on the amounts of Ni and Si atoms available for the
silicide formation due to the film thickness for a given annealing
temperature and time for the case of the thin film couples [6,19].

NiSi is thermally stable only up to the temperatures of about
650–700 ◦C, thereafter high resistivity phase NiSi2 starts to nucle-
ate [6–12,18]. NiSi has been also reported to agglomerate during
the silicidation process at temperature as low as 600 ◦C [6–12].
This thermal instability of NiSi is a drawback in applying it to
CMOS manufacturing and integration process [3,12,20–22]. How-
ever, nickel di-silicide (NiSi2) formed from the low resistivity phase
NiSi has the lowest lattice mismatch to Si and shows good epi-
taxial growth on Si [20,23]. NiSi2 exhibits good thermal stability
up to high temperatures of about 1000 ◦C. NiSi2 loses adhesion
to Si near its melting point of ∼993 ◦C [21], thereafter it starts to

agglomerate with grain boundary grooving, followed by grain sep-
aration and formation of silicide islands, resulting in a dramatic
increase in sheet resistance [20,24–27]. This thermal instability is
the main drawback which restricts its applications in deep sub-
micron devices. More importantly, for the films with thicknesses

http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:gokhan.utlu@ege.edu.tr
dx.doi.org/10.1016/j.apsusc.2010.03.062
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50–60 nm, NiSi2 agglomeration takes place at even lower tem-
eratures than normally expected value of about 1000 ◦C [25,28].
herefore, thickness dependence of the thermal stability of NiSi2
hin film is crucial criterion for deep submicron devices. Apart
rom this, with the continuous scaling down of devices, silicide
lm thickness (especially ≤50 nm) becomes an important param-
ter, which controls first stages of the silicide formation and other
henomena such as nucleation, lateral growth, stress and texture
28–30]. Therefore, it is very important to understand and control
he silicide formation as function of the film thickness for a fixed
nnealing temperature.

In this study, therefore, the first aim is to deposit Ni thin films,
ith thicknesses ranging from 7 to 89 nm, onto n-type Si(1 0 0) sub-

trate by thermal evaporation technique, and then to anneal these
i/Si bilayers by RTA process for 60 s at 850 ◦C so as to synthesize
ickel di-silicide (NiSi2) films by solid-state reaction technique. The
econd aim is to investigate the effects of the initial Ni film thickness
n the Ni–Si silicide formation induced by rapid thermally anneal-
ng in the Ni/Si(1 0 0) systems using XRD, RBS, SEM, X-SEM, AFM and
heet resistance measurement techniques. The correlation of Ni–Si
ilicide formation with its electrical and morphological properties
s also established.

. Experimental details

In this study, firstly Ni thin films were deposited on n-type
i(1 0 0) substrate with resistivity of 1–10 � cm by thermal evapo-
ation of Ni wire of purity 99.99% with a diameter of 1.0 mm, using
n Edward high vacuum coater system with the base pressure of
bout 1 × 10−6 Torr. The silicon wafers were cut into small pieces of
5 mm × 20 mm size, so as to deposit a Ni film of 15 mm × 5 mm size
n it with a bridge pattern, which is suitable for resistivity measure-
ents. Si substrates were then cleaned using a standard chemical

leaning process. Prior to deposition, these Si substrates were sub-
ected to a glow discharge under high vacuum, so as to improve the
i film to silicon wafer adhesion. Ni films with thicknesses, ranging

rom 7.0 to 89 nm were then deposited on Si substrate at 295 K by
hermal evaporation. The thicknesses of the Ni films were deter-

ined by a quartz crystal oscillator with an accuracy of ±0.1 nm
uring the deposition.

Secondly, in order to form nickel di-silicide, Ni films were
nnealed by RTA process under pure and dry nitrogen ambient for
0 s at 850 ◦C. It has been found that annealing at 850 ◦C results

n a significant increase in the thickness of the Ni films (about
–6 times) and yields nickel di-silicide (NiSi2) films with thick-
esses ranging from 37 to 400 nm. The total thickness of the Ni–Si

ilicide films was determined using Rutherford back scattering
pectrometry (RBS), cross-sectional SEM (X-SEM) and electrical
heet resistance measurements. Both thicknesses of the Ni–Si sili-
ide films formed at 850 ◦C and as-deposited Ni films were listed in
able 1.

able 1
he room temperature electrical sheet resistance, resistivity and grain size values of the
hickness of the as-deposited Ni film, dNi–Si: total thickness of the Ni–Si silicide film, D̄f : a
nd �Ni−Si

f
: total measured sheet resistance and resistivity of the Ni–Si silicide film, respe

Sample number dNi (nm) dNi–Si (nm) D̄f

2′ 89.0 400 58
5′ 63.2 170 42
9′ 46.5 162 42
1′ 43.1 105 38
10′ 20.7 80 36
3′ 31.2 72 36
12′ 31.8 60 35
11′ 11.0 42 34
7′ 7.00 37 34
nce 256 (2010) 5069–5075

After RTA process, the sheet resistances of the Ni–Si silicide
films formed at 850 ◦C were measured with a four-point probe
technique with an accuracy of 0.2%. The structural analysis of
the 850 ◦C-annealed Ni films was then performed using X-ray
diffraction (XRD), Rutherford back scattering spectrometry (RBS),
scanning electron microscopy (SEM and X-SEM) and atomic force
microscopy (AFM).

XRD measurements were carried out using the Philips X’Pert
Pro X-ray diffractometer with Cu K� line for the identification of
crystallographic phases and their grain sizes. RBS was used for
the determination of layer thicknesses, elemental distribution and
depth profiling. RBS measurements were carried out using 2.1 MeV
He+ ions in an IBM scattering geometry with particle detector
placed at 170◦ from the incident beam. The RUMP simulation soft-
ware [31,32] was used to analyze the RBS data in order to extract the
silicide film thickness and stoichiometry. SEM measurements were
carried out using the Philips XL-30S FEG scanning electron micro-
scope. SEM and cross-sectional SEM (X-SEM) experiments were
also employed to study either free surface or interfacial reactions
and to determine the thicknesses of the silicide layers, respectively.
AFM studies were performed using Nanoscope IV digital instru-
ment to investigate the surface morphology of the Ni–Si silicide
films.

3. Results and discussion

3.1. XRD measurements

XRD spectra of the Ni–Si films annealed at 850 ◦C is shown
in Fig. 1 as a function of the selected films of 400, 170, 80 and
42 nm thickness. As seen from Fig. 1, the Si(4 0 0) peak observed
at 2� ∼= 69.15◦ is the main peak of Si(1 0 0) substrate. Si(2 0 0) peak
at 2� ∼= 33◦ is an additional peak which has been observed on
almost all the Si(1 0 0) substrates. Apart from this the peak observed
at 2� ∼= 61.7◦ belongs to the Cu K� radiation diffracted from the
Si(4 0 0) planes. The peaks seen at 2� ∼= 27◦, 2� ∼= 33◦ and 2� ∼= 47◦

belong to NiSi2(1 1 1), NiSi2(2 0 0) and NiSi(2 1 1) phases, respec-
tively. It is clearly seen from Fig. 1 that in the thickest Ni–Si film
of 400 nm (sample 2′) apart from the Si peaks, the NiSi2(1 1 1),
NiSi2(2 0 0) di-silicide phases and NiSi(2 1 1) nickel mono-silicide
phase are also formed, signaling the complete conversion of Ni
overlayer to final NiSi2 and intermediate NiSi phases. In addition
NiSi2(2 0 0) di-silicide phase seems to be superposed with Si(2 0 0)
peak at 2� ∼= 33◦, because of the small difference in 2� between
NiSi2(2 0 0) and Si(2 0 0) phases (the lattice mismatch between Si
and NiSi2 is only 0.4%) [20,23]. As the film thickness decreases

from 400 to 170 nm, NiSi2(1 1 1), NiSi2(2 0 0) and NiSi(2 1 1) silicide
phases are still present, however, the peak height of NiSi2(1 1 1)
phase decreases, whereas that of the NiSi2(2 0 0) increases. As the
film thickness decreases to ≤80 nm, both NiSi(2 1 1) and NiSi2(1 1 1)
peaks completely disappear, while relatively weak and broad

Ni–Si silicide films formed by rapid thermal annealing (RTA) at 850 ◦C for 60 s, dNi:
verage grain size of the Ni–Si silicide film calculated from XRD analysis and RNi−Si

s

ctively.

(nm) RNi−Si
s (295 K) �/� �Ni−Si

f
(295 K) (10−8 �m)

.00 1.890 75.72

.90 5.360 91.12

.37 5.440 88.15

.63 10.43 109.5

.98 15.18 121.4

.46 17.54 126.3

.67 23.40 140.4

.49 42.71 179.4

.16 53.73 198.8



G. Utlu et al. / Applied Surface Science 256 (2010) 5069–5075 5071

F
(
t

N
o

3

4
T
r
t
N

between phases displayed by RBS and XRD spectrum except for Si-
rich silicide phases, which cannot be observed by XRD. It should
be noted that RBS can detect phases at deeper depths due to its
depth-resolved capability, whereas XRD can probe near-surface
ig. 1. XRD spectra of the Ni–Si silicide films formed by rapid thermal annealing
RTA) at 850 ◦C for 60 s, as a function of the selected films of 400, 170, 80 and 42 nm
hickness, respectively. Both film thicknesses and NiSi, NiSi2, Si peaks are marked.

iSi2(2 0 0) peak is observed. Finally for the thicknesses ≤80 nm,
nly Si peaks are visible in the XRD pattern.

.2. RBS measurements

RBS spectrum and RUMP simulation of the Ni–Si silicide films of
00, 80 and 42 nm thickness are shown in Figs. 2–4, respectively.

he tables of rump data of these samples are inserted into Figs. 2–4,
espectively. As can be clearly seen from Figs. 2–4 and Table 2, in
he thickest Ni–Si silicide films of 400–170 nm, which have initial
i film of 89–63.2 nm, most of the Ni:Si ratios are associated with
Fig. 2. RBS spectrum and RUMP simulation for Ni–Si silicide film of 400 nm thickness
(sample 2′) formed by RTA at 850 ◦C for 60 s. The inset shows RUMP data of sample
2′ .

NiSi2 (nickel di-silicide), while for the thinner films of 80–42 nm
with initial Ni films of 20–11 nm, the Ni:Si ratios belong to more and
more Si-rich silicide phases. Based on our RBS analysis, we can con-
clude that the nucleation of NiSi2 phase begins more easily either
at even a lower temperature than 850 ◦C for 60 s or at even a lower
annealing time than 60 s for 850 ◦C within thinner silicide films of
80–42 nm. Both Ni:Si ratios and the values of the density in the lay-
ers reveal a slightly higher amount of Si in the layers than those of
stoichiometrically calculated values for silicide phases. This result
can be explained by the fact that NiSi2 phase may not be present as
a layer but in the form of islands exposing the Si substrate region,
which is consistent with the previous observations [6–10].

As can be seen from Table 2, there is also a good agreement
Fig. 3. RBS spectrum and RUMP simulation for Ni–Si silicide film of 80 nm thickness
(sample 10′) formed by RTA at 850 ◦C for 60 s. The inset shows RUMP data of sample
10′ .
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ig. 4. RBS spectrum and RUMP simulation for Ni–Si silicide film of 42 nm thickness
sample 11′) formed by RTA at 850 ◦C for 60 s. The inset shows RUMP data of sample
1′ .

egions. Therefore, Si-rich phases, formed at deeper depths near
he interfacial regions cannot be detected by XRD.

The total film thickness of the Ni–Si silicide films of 850 ◦C has
een calculated using three different techniques namely RBS, X-
EM and electrical sheet resistance measurements. In the sheet
esistance measurement technique, we have determined the thick-
esses of the silicide films in the usual way by comparing the
easured resistance values (R) at 273 and 120 K of the silicide films
ith the measured resistivities (�Ni−Si∞ ) of the bulk Ni–Si silicide film

t these temperatures, from the equation:

Ni−Si = �

b

�Ni−Si∞ (273) − �Ni−Si∞ (120)
R(273) − R(120)

here l and b are the length and the width of the Ni–Si silicide
lms, respectively. The thickness of two thickest Ni–Si silicide films
samples 2′ and 5′) are found to be 400 and 170 nm, respectively,
ith electrical sheet resistance measurements.

It should be pointed out that at thicknesses ≥80 nm each
echnique yield almost comparable thickness values, whereas at

hicknesses ≤80 nm they are not able to yield comparable thickness
alues because of the formation of the Si-enriched silicide layers.
n addition, corresponding to the thicknesses < 42 nm, the calcu-
ated thickness values from the sheet resistance measurements are
onsiderably smaller than those obtained by RBS and X-SEM tech-

able 2
omparison of different silicide phases identified using RBS and XRD for the Ni–Si silic
hickness of the Ni–Si silicide film and D̄: average grain size of the silicide phases calculat

dNi–Si (nm) Silicide composition

RBS

400 NiSi2, Si-rich phases (NiSi3–NiSi13)

170 NiSi2, Si-rich phases (NiSi3–NiSi13)

80 Si-rich phases (NiSi3–NiSi9)

42 Si-rich phases (NiSi9–NiSi30)
nce 256 (2010) 5069–5075

niques. This result can be explained in terms of the occurrence of
the more and more Si-rich layers (NiSi9, NiSi30, etc.), which are not
able to contribute to the electrical conductivity. Our analysis shows
that if these electrically dead Si-rich layers are disregarded, there
is a good agreement between thickness values calculated by RBS
and electrical resistivity measurements. Therefore, in this study
the thickness values determined from electrical measurements are
used as the effective film thickness for each sample studied.

3.3. SEM, X-SEM and AFM measurements

The SEM images obtained from Ni–Si silicide films formed at
850 ◦C are shown in Fig. 5 for selected films of 400, 170, 80 and
42 nm thickness. It is clearly evident from Fig. 5 that Ni–Si silicide
films formed at 850 ◦C exhibit a considerably different polycrys-
talline film morphology with film thickness, viz., non-uniform,
relatively large grains, accompanying with high roughness, high
Si concentration and lattice defects. Pattern obtained from our
thickest Ni–Si silicide film of 400 nm (sample 2′) exhibit a com-
plex polycrystalline structure, consisting of large grains with well
defined grain boundaries of relatively small voided regions of
exposed Si, in which NiSi (bright-white) and NiSi2 (dark-grey)
phases co-exist. Corresponding to this sample, our XRD analysis
yields an average grain size, D = 58.0 nm for the film (Table 1) and an
average grain size values of 62.1, 42.1 and 53.0 nm for NiSi2(1 1 1),
NiSi2(2 0 0) and NiSi(2 1 1) phases (Table 2). In the case of the
Ni–Si silicide film of 170 nm (sample 5′) these large grains for co-
existence of NiSi2 and NiSi are separated from one another by well
defined grain boundaries, with relatively large voided regions of
exposed Si. These grain boundaries are characterized by holes. As
seen clearly from Fig. 5a and b, NiSi phase (bright-white) seems
to be distributed uniformly on the boundaries of NiSi2 grains and
can also be observed in Si matrix (dark phases). These experimen-
tal results clearly reveal that there is island growth of NiSi2 in
NiSi matrix, in accordance with the earlier observations [6,7,25,33].
Julies et al. [6] have reported through TEM and SEM measurements
that the NiSi phase was stable up to about 700 ◦C and at about 750 ◦C
NiSi reacted with the silicon substrate to form NiSi2, which seems
to grow as islands in a NiSi matrix, revealing the possible growth
of NiSi2 at the expense of NiSi grains.

Our SEM measurements also show that as the film thickness
decreases from 400 to 170 nm, NiSi2 grains co-existing with NiSi
start to agglomerate and become smaller in size where XRD analysis

yields an average grain sizes 31.8, 35.3 and 27.1 nm for NiSi2(1 1 1),
NiSi2(2 0 0) and NiSi(2 1 1) phases, respectively (Table 2), while the
voided regions of exposed Si (or holes) become larger. As seen from
Fig. 5c and d, for the film of 80 nm, these holes seem to coalesce into
larger ones and finally at thicknesses ≤42 nm some holes on the

ide films formed by rapid thermal annealing (RTA) at 850 ◦C for 60 s, dNi–Si: total
ed from XRD analysis.

XRD D̄ (nm)

NiSi2(1 1 1) 62.1
NiSi2(2 0 0) 42.1
NiSi(2 1 1) 53.0
Si peaks –

NiSi2(1 1 1) 31.8
NiSi2(2 0 0) 35.3
NiSi(2 1 1) 27.1
Si peaks –

NiSi2(2 0 0) (very weak) 30.1
Si peaks –

Si peaks –
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previous observations [18,25,33]. For the films with thicknesses
≤170 nm the ridge-like structure for NiSi2 phase shows a general
trend of decreasing average diameter and mean roughness val-
ues, with decreasing film thickness. Based on the AFM analysis
ig. 5. SEM micrographs of the Ni–Si silicide films formed by RTA at 850 ◦C for 60 s
d) 42 nm. The bright-white, dark-grey and dark phases represent NiSi, NiSi2 and Si

rain boundaries even grow in size until a visible (or continuous)
ole exists from the top of the Si-rich silicide islands to the silicon
ubstrate. In addition Si-enriched silicide islands with visible hole
eems to precipitate finely in Si matrix. In other words, for the films
ith thicknesses ≤80 nm, NiSi2 agglomeration is accompanied with

rain boundary grooving, followed by grain separation and forma-
ion of Si-rich silicide islands, resulting in a dramatic increase in
heet resistance in accordance with grain grooving model [24–27].
herefore, thermal stability (or quality) of these films considerably
egrades due to both substantial increase in Si concentration and
he occurrence of the silicide islands with small visible holes, yield-
ng a remarkable increase in sheet resistance values of the Ni–Si
lms thinner than 80 nm. It is also very clear from these exper-

mental results that thinner films with thicknesses ≤80 nm are
hermally less stable than thicker films of 400–105 nm and NiSi2
gglomeration occurs at a lower temperature than both 850 ◦C and
ormally expected value of 1000 ◦C for NiSi2 phase [25,28]. There-

ore, in order to delay the NiSi2 agglomeration, accompanied with
rain boundary grooving, followed by grain separation and Si-rich
ilicide island formation, annealing temperature and/or annealing
ime should be fixed at <850 ◦C and at <60 s, respectively, for the
i–Si films with thicknesses ≤ 42 nm.

Fig. 6 shows the silicide/Si interface morphology obtained from
he cross-sectional SEM (X-SEM) study for the silicide films of

70 nm (sample 5′). The X-SEM micrograph of the sample 5′ reveals
relatively rough silicide/Si interface which suggests that NiSi

gglomeration is progressed considerably so as to transform into
iSi2. In addition the existence of the relatively rough silicide/Si

nterface consisting of adjacent NiSi/Si and NiSi2/Si interfaces
nction of the selected films with thicknesses (a) 400 nm, (b) 170 nm, (c) 80 nm and
ctively.

clearly indicate the possible growth of NiSi2 at the expense of NiSi
grains, which is consistent with the earlier observations [6,7].

AFM images of the Ni–Si films of 170 nm clearly reveal that
the pillar-like structure of NiSi phase coalesces so as to form a
ridge-like structure for the NiSi2 phase, which is consistent with
Fig. 6. X-SEM image showing silicide/Si interface morphology of the Ni–Si silicide
film of 170 nm thickness (sample 5′) formed by RTA at 850 ◦C for 60 s.
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from 1.89 to 5.44 �/�, while the thinner silicide films of 105–70 nm
exhibit sheet resistances between 10.43 and 15.18 �/� (about 2
times that of the first group films) and thinnest films with 42–37 nm
show a considerable high sheet resistance ranging from 42.71 to
ig. 7. AFM images of the Ni–Si silicide films formed by RTA at 850 ◦C for 60 s, as a fu
1′).

hown in Fig. 7a and b, as the film thickness decreases from 170
o 42 nm, the average grain diameter of the Ni–Si films decreases
rom 43 to 35 nm. The mean roughness values corresponding to
he film agglomeration also decreases 38–20 nm (about 2 times)
ue to the phase transformation from the NiSi2-rich silicide phases
o the island-like Si-rich silicide phases. Over the thickness range of
0–42 nm, irregular NiSi2 grains further groove laterally, resulting

n Si-enriched silicide grains grown more epitaxially at the expense
f the adjacent unconverted NiSi2 grains. The occurrence of the
ore epitaxial Si-rich silicide islands with visible hole results a sig-

ificant decrease in the mean roughness values from 38 to 20 nm
about 2 times), while a remarkable increase in sheet resistance
rom 1.89 to 53.73 �/�. These results also clearly indicates that the
i-enriched island-like Ni–Si silicide films with thickness <42 nm
re thermally less stable than the thickest films of 400–105 nm.

.4. Electrical sheet resistance measurements

For the room temperature (at 295 K), the measured electrical
heet resistance, resistivity and grain size values of the Ni–Si sili-
ide films of 400–37 nm thicknesses are listed in Table 1. Fig. 8
hows the variation of sheet resistance of the Ni–Si silicide films as
unction of the silicide film thickness. As is clearly seen from both
able 1 and Fig. 8, the sheet resistance of the Ni–Si silicide films
ncreases significantly with decreasing silicide film thickness. This
esult clearly indicate that the sheet resistance of the Ni/Si samples

s significantly dependent on the silicide film thickness via initial Ni
lm thickness, due to the Ni/Si concentration ratio available for the
i–Si silicide phase formation for a given annealing temperature.

So as to establish a correlation between the developed phases
nd sheet resistances of the Ni–Si films, we can classify our silicide
n of the selected films with thickness (a) 170 nm (sample 5′) and (b) 42 nm (sample

samples into three groups by taking into account their phases, the
thickest ones with thickness of 400–162 nm, the relatively thin-
ner ones with thickness of 105–80 nm and the thinnest ones of
42–37 nm, respectively. As can be seen from Table 1, the thickest
Ni–Si silicide films of 400–162 nm have sheet resistances, varying
Fig. 8. The variation of the sheet resistance of the Ni–Si silicide films formed by RTA
at 850 ◦C for 60 s as a function of the silicide film thickness.
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3.73 �/� (about 5 and 10–20 times those of the thinner and thick-
st ones, respectively). Assuming no agglomeration in NiSi2 phase,
he expected sheet resistance is found to be 7.84 �/� for NiSi2 from
he reference data in Ref. [23]. Based on above discussion, for the
hickest films of 400–162 nm, with initial Ni films of 89–46.5 nm,
hich have Rs ≤ 5.44 �/�, the observed slight sheet resistance

ncrease with decreasing film thickness should be a result of the
low conversion of NiSi to irregular nucleation of NiSi2, resulting
o-existence of NiSi and NiSi2 phases rather than the film agglomer-
tion. Whereas, the higher sheet resistances of the thinner samples
f 105–70 nm (with initial Ni films of 43.1–31.8 nm), should be
elated to the gradual increase in the NiSi2 agglomeration due to the
ccurrence of the Si-rich silicide phases. For the thinnest films of
2–37 nm (with initial Ni films of 11–7 nm), the observed remark-
ble sheet resistance increase (ranging from 42.71 to 53.73 �/�)
hould be caused by the substantial agglomeration of the NiSi2
hase, resulting in grain separation and formation of Si-enriched
ilicide islands with visible holes, as a result of the substantial
nlargement in area fraction of Si in the lattice. This indicates that
he Si-enriched Ni–Si silicide films with thicknesses ≤80 nm are
hermally unstable, whereas thickest films of 400–105 nm thick-
ess present better thermal stability than the thinnest ones in terms
f both agglomeration and phase transformation, which is consis-
ent with earlier studies [25].

. Conclusions

In this study, XRD and RBS analysis have revealed that in the
i–Si silicide films of 400–105 nm thickness, NiSi and NiSi2 sili-
ide phases co-exist, indicating that Ni overlayer is completely
ransformed to intermediate NiSi and final NiSi2 silicide phases. In
ddition the peak height of NiSi(2 1 1) and NiSi2(2 0 0) phases both
ncrease, while that of the NiSi2(1 1 1) decreases with decreasing
lm thickness over the thickness range of 400–105 nm. At thick-
esses ≤ 80 nm, these silicide phases completely disappear, but
ore and more Si-rich silicide phases are formed.
Apart from this, SEM measurements reveal that over the thick-

ess range of 400–170 nm, Ni–Si silicide films consist of relatively
arge grains for co-existence of NiSi2 and NiSi phases which are
eparated from one another by large voided regions of exposed Si
haracterized by ‘holes’. This indicate that NiSi2 grow as islands
n NiSi matrix. These silicide films of 400–170 nm have sheet
esistances, ranging from 1.89 to 5.44 �/� and good thermal sta-
ility in terms of both agglomeration and phase transformation.
s the film thickness decreases from 170 to 42 nm, NiSi and
iSi2 grains becomes smaller, while dark phases (or holes) on the
rain boundaries grow even larger. As evidenced by RBS and SEM
or the thicknesses ≤ 42 nm, Si-enriched silicide islands with vis-

ble holes seems to precipitate finely in Si matrix, resulting in a
emarkable high sheet resistance values ranging from 42.71 to
3.73 �/�. Therefore, the silicide films with thicknesses ≤ 80 nm
resent worse thermal stability than the thickest ones in terms of
oth agglomeration and phase transformation.

[
[

[
[

nce 256 (2010) 5069–5075 5075

The combination of our sheet resistance and structural mea-
surements shows that as the silicide film thickness decreases from
400 to 37 nm (or as the initial Ni film thickness decreases from 89
to 7 nm), the observed dramatic sheet resistance increase is gen-
erated by substantial NiSi2 phase agglomeration, accompanied by
grain boundary grooving, followed by silicide island formation.
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