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a b s t r a c t

In the context of fabrication process of contacts in CMOS integrated circuits, we studied the effect of
implantation-induced damage on the Ni silicide phase formation sequence. The device layers of Sili-
con-on-insulator samples were implanted with 30 or 60 keV Si ions at several fluences up to amorphiza-
tion. Next, 10 or 30 nm Ni layers were deposited. The monitoring of annealing treatments was achieved
with time-resolved X-ray diffraction (XRD) technique. Rutherford Backscattering Spectrometry and pole
figure XRD were also used to characterize some intermediate phase formations. We show the existence of
an implantation threshold (1 ions/nm2) from where the silicidation behaviour changes significantly, the
formation temperature of the disilicide namely shifting abruptly from 800 to 450 �C. It is also found that
the monosilicide formation onset temperature for the thinner Ni deposits increases linearly by about
30 �C with the amount of damage.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Nickel monosilicide (NiSi) is the current material of choice for
metal to semi-conductor contacts in CMOS devices. It is synthe-
sized by solid-state reactions induced by annealing thin Ni layers
deposited on Si substrates. Compared to CoSi2 which it replaces,
NiSi also presents some advantages among which we find a lower
resistivity, a reduced Si consumption and a lower formation tem-
perature. Even though the Ni–Si system has been thoroughly stud-
ied for the last 40 years [1], the current industry needs in terms of
reduced device dimensions require a better understanding of the
microstructure and reaction pathways prevailing in small silicided
circuit structures. The Ni–Si system is complex with six phases sta-
ble at room temperature (RT): the metal-rich phases as Ni3Si,
Ni31Si12, Ni2Si and Ni3Si2, the monosilicide (NiSi) and the disilicide
(NiSi2). NiSi thin film reactions are commonly reported to result in
the successive formation of Ni2Si, NiSi and NiSi2 layers [2], the
monosilicide forming only once the Ni is completely exhausted.
Although NiSi2 is the final phase in the sequence of all excess-Si
reactions, being in equilibrium with the latter, the monosilicide
is the low-resistivity phase which bears a technological interest.

NiSi thin films tend to either agglomerates or turns into disili-
cide [3], reducing their applicability to microelectronics. To stabi-
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lize these films, a common practise in the industry is to introduce
alloying elements like Pt into the metal layer before the reaction
[4,5]. Another interesting solution is to modify the structure of
the underlying substrate by ion implantation. The extra free energy
stored in implantation-induced damages and released during
annealing [6], can be used to promote the silicidation, and poten-
tially reduce the thermal budget required for complete conversion
of the Ni to NiSi layers. It has been shown that preamorphization of
Si substrate leads to a considerably reduced growth temperature of
the disilicide phase which then forms by a diffusion-controlled
process [7].

In this paper, we investigate the effect of partial damage in-
duced by Si implantation in the substrate on the kinetics of Ni–Si
thin film reactions. It is shown that the temperature onset for
the NiSi growth increases linearly with fluence, in opposition to
the desired effect, and that a threshold fluence exists, associated
to the amorphization threshold, above which the NiSi2 growth is
advanced.

2. Experiments

SOI wafers with a (001) Si device layer of 115 ± 15 nm and an
oxide layer of 150 ± 30 nm were implanted with 30 keV 28Si� ions
using a 1.7 MV Tandetron operated in accel–decel mode, and with
60 keV 28Si� using a 100 kV ion implanter, both equipped with a
negative ion sputtering source. Implantation fluences ranged from
1 � 1013 to 3 � 1015 ions/cm2 on a sample holder cooled with li-
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Fig. 1. RBS-channeling spectra along the h100i axis of SOI samples for which the Si
top layer has been implanted with 30 keV 28Si+ ions at fluences ranging from
1 � 1013 to 3 � 1015 ions/cm2. The two top curves were taken at random incidence
(7� off normal) on c-Si substrate and on sample with maximum damage.
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quid nitrogen and surrounded by a negatively biased Faraday cage.
In order to avoid channeling in the crystalline substrate the normal
of the sample was tilted by 7� off the ion beam axis. Current mea-
surements on the target were frequently compared to the readings
of a Faraday cup. The conversion factor to express the displace-
ment per atom (dpa) in fluence (ions/cm2) is 6.7 � 1014 with
30 keV 28Si+ ions. Rutherford Backscattering Spectrometry (RBS)
measurements in channeling mode were carried out on each sam-
ple using a 2 MeV 4He+ beam to assess the damage profiles.

Ni films with thicknesses of 10 or 30 nm were deposited by
magnetron sputtering on the implanted samples. All the substrates
were etched in a 1% HF solution prior to deposition. All samples
with the same Ni thickness were deposited together in a single run.

X-ray diffraction measurements were carried out at the National
Synchrotron Light Source (NSLS) (Brookhaven National Laboratory).
In these experiments, ramp-type annealings were performed from
100 to 900 �C at 3 �C/s. The phase formation process was monitored
by time-resolved X-ray diffraction at a wavelength of 1.797 Å. Fur-
ther details of this experiment are given elsewhere [8,9]. The detec-
tor consists of a linear CCD camera covering a range of 14� in 2h. In
order to cover the 2h range between 22� and 62�, three identical
ramp-anneals were acquired for each implantation fluence, with
the detector centered at 29�, 42� and 55�. The samples were tilted
so their surface normal was off by around 2� from the X-ray inci-
dence plane in order to avoid intense peaks from the c-Si substrate.
The temperature scale was calibrated using the Si–Au, Si–Al and Si–
Ag eutectic melting points, to better than ±3 �C. Ramp anneals were
carried out under an atmosphere consisting of 99.999% pure He fur-
ther purified using Ti metal at high temperature. A four point probe
measurement was also performed for each ramp, providing the sheet
resistance during the process.

Initial ramp-anneals were used to determine critical stages of
the reaction at which we interrupted subsequent annealing exper-
iments. Following these quenches, XRD was carried out at RT on a
separate beam line where diffraction pole figures were acquired in
order to perform the phase identification and determine thin film
texture. For these measurements, the wavelength was set to
1.0507 Å and an area detector was used. Details of the method
are described elsewhere [10]. Complementary RBS measurements
were also performed at either normal or grazing (70�) incidences
to assess the layer composition.
3. Results and discussion

Fig. 1 shows RBS profiles obtained in channeling mode for
30 keV 28Si+ implantation at different fluences. Curves taken at ran-
dom incidence on c-Si substrate or on the fully amorphous region
are shown as reference. Compared to the undamaged crystalline
part of the sample, the fully amorphized region appears thinner
by �3 nm, a result we ascribe to sputtering during implantation.
An increase in the substrate’s surface roughness is hence expected,
perhaps with some effect on the phase formation. For a damage
dose of 0.015 dpa (1 � 1013 Si/cm2), the top Si layer is still mostly
crystalline. As the damage increases with the ion dose, we reach
partial amorphization with some c-Si regions remaining at the sur-
face. Full amorphization is achieved at 4.5 dpa (3 � 1015 Si/cm2).
The depth of the damaged region, approximately 60 nm, indicates
that there is enough amorphized Si to fully convert 10 nm Ni layers
to NiSi2 (10 nm of Ni will consume 36.6 nm of Si to produce
36.1 nm of NiSi2). On the other hand, there is not enough damaged
Si to achieve full conversion of 30 nm of Ni which would require
109.8 nm of Si. In order to impart damage to the entire Si layer, a
60 keV energy beam is needed, which causes the interface
with the buried oxide layer of the SOI substrate to be damaged
as well.
Fig. 2 shows two sets of time-resolved XRD measurements ac-
quired during ramp-anneals of 10 nm Ni layers deposited on unim-
planted (a–c) and implanted (d–f) SOI substrates. The latter were
implanted to the maximum damage dose of 4.5 dpa. The three fig-
ures presented for each implantation condition correspond to
detector center positions of 29�, 42� and 55� in 2h. The phase iden-
tification proposed was performed using the Joint Committee on
Powder Diffraction Standard Database (JCPDS datasheets 04–
0850, 73–2092, 38–0844, 80–0018) and supported by the analysis
of the pole figure measurements.

Fig. 2(a)–(c) presents the typical phase formation sequence for
the Ni–Si system with 10 nm of Ni. At about 200 �C, Ni starts to re-
act resulting in the growth of the Ni2Si phase evidenced by the
(301)/(121) and (002) reflections of its orthorhombic crystal
structure around 54� and 57.5�, respectively. Next, centered at
56.5� and around 330 �C, is an intense peak which is still under
investigation and corresponds well to the hexagonal h-Ni2Si phase
[11]. This phase apparently grows at the expense of the previous
orthorhombic Ni2Si. But as the temperature increases, the latter
reappears as the hexagonal phase disappears. The orthorhombic
NiSi phase simultaneously appears and is revealed by the following
diffraction peaks: (101) in Fig. 2(a), (011)/(002) and (102)/(111)
in Fig. 2(b), and (112), (211)/(202), (103) in Fig. 2(c). The shift to-
wards lower diffraction angles observed for most of these NiSi
peaks is associated to the thermal expansion of the materials,
which results in increasing d-spacings with increasing tempera-
ture. The trend is however reversed for the NiSi(011) and (111)
peaks in Fig. 2(b) as a consequence of a negative thermal expansion
coefficient of the b axis of the orthorhombic structure [12]. Only
few noticeable changes could be observed in the reaction for
implantation fluences ranging from 1 � 1013 to 1 � 1014 Si/cm2,
as detailed below.

For fluences above 2 � 1014 Si/cm2 the behaviour is similar to
the one shown in Fig. 2(d)–(f), which present the reaction of a
10 nm Ni layer with a Si substrate implanted to a damage dose
of 4.5 dpa (3.0 � 1015 Si/cm2). Additional samples were quenched
at 269, 350, 465 and 575 �C (vertical lines in Fig. 2(d)–(f)) for fur-
ther phase identification using pole figure XRD analysis as well
as RBS at grazing incidence (70�). In the later technique, layer com-
positions were given as a function of depth by comparing the data
with SIMNRA/RESOLNRA simulation [13], the depth resolutions
being around 7 nm for Ni and 14 nm for Si. In addition to this weak



Fig. 2. Time-resolved XRD of 10 nm Ni deposited on SOI during ramp-anneals at 3 �C/s for three different angle ranges. Left column: unimplanted samples; right column:
samples implanted with 30 keV 28Si� at a damage dose of 4.5 dpa (3.0 � 1015 ions/cm2). Vertical lines: temperatures at which samples were quenched for further pole figure
and RBS measurements. Horizontal lines in (b): angular range of peak integration.
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Fig. 3. RBS spectra of 10 nm samples, implanted with 30 keV Si ions at fluence of
1 � 1015/cm2, and annealed at 3 �C/s up to 269, 350, 465 and 575 �C. Horizontal
solid lines represent the expected Ni signal for Ni2Si, NiSi and NiSi2. A 2 MeV 4He+

ion beam at 70� incidence was used.
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resolution, possible co-existence of different phases in the Ni–Si
system [14] could complicate the simulation. In spite of that, rela-
tively precise layer thicknesses could be deduced and several
observations can be made.

First, in Fig. 2(f), the sequence of the metal-rich phase formation
between 200 and 400 �C is drastically different. Although the
Ni(111) peak is always present, the orthorhombic Ni2Si(301)/
(121) and (002) peaks originally observed around 200 and
320 �C are not present in this measurement geometry. However,
the sample quenched at 269 �C reveals a Ni layer 1 ± 0.5 nm thick
on 12.5 ± 0.5 nm of Ni2Si, as simulated by RBS (see Fig. 3). Second,
the evolution of the NiSi peaks has changed (see Fig. 2(e)). Only a
low intensity NiSi (011)/(002) peak remains at 37� over a signifi-
cantly reduced temperature range. It vanishes by 450 �C instead of
850 �C in the low damage dose regime. The presence of NiSi is sup-
ported with the sample quenched at 350 �C. A good SIMNRA simu-
lation fit is obtained considering a 19.9 ± 0.5 nm layer of NiSi on
90 ± 1 nm of Si and pole figures strongly suggest NiSi even if the
growth texture is still under investigation. Finally, two intense
peaks, which could be attributed either to the NiSi2 phase or poly
crystalline Si (poly-Si), are visible around 56� and 33.5� and appear
at 400 and 520 �C respectively (Fig. 2(d) and (f)). At 465 �C,
RBS simulation fits the experimental spectrum considering
1.8 ± 0.5 nm of NiSi on 29.8 ± 0.5 nm of NiSi2 on 81 ± 1 nm of Si
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and the presence of both monosilicide and disilicide is supported
by pole figure data. At 575 �C, the best RBS simulation is obtained
with Ni0.3Si0.7 (39 ± 1 nm) on Si (71 ± 1 nm) while the pole figures
suggest the presence of crystalline NiSi2 and poly-Si with, respec-
tively, (220) and (111) planes parallel to the sample surface.
Hence, combined XRD and RBS characterization strongly suggests
that the peak around 56� can be attributed to the NiSi2 phase while
the peak at 33.5� can be attributed to a poly-Si phase, which has
probably recrystallized from the NiSi2/a-Si interface. The stoichi-
ometry obtained by RBS, slightly different from the disilicide one,
could result from layer roughness or lateral co-existence of both
NiSi2 and c-Si grains.

3.1. Influence of implantation

In Fig. 4, we show the onset temperature of the NiSi formation
and the beginning of its disappearance as a function of the damage
dose for 10 nm Ni (triangles) and 30 nm Ni (circles). The tempera-
tures were determined by locating the slope change in the dif-
fracted intensity summed over a range of 2� 2h centered on the
peaks of interest (see horizontal lines in Fig. 2(b). The onset tem-
perature of the monosilicide formation was determined to ±3 �C
while the uncertainty is estimated to ±10 �C for the NiSi peak de-
crease. Two points deserve special attention from the 10 nm data;
one at 0.09 dpa (6 � 1013 Si/cm2) and the other one at 0.75 dpa
(5 � 1014 Si/cm2). They both displayed an unexpectedly large tem-
perature delay in the formation of the metal-rich phases, and the
orthorhombic Ni2Si phase seemed absent from the reaction stage
preceding the formation of the hexagonal Ni2Si phase. We believe
this retarded reaction could be the result of an insufficient HF
cleaning. These samples were not included in subsequent curve
fitting.

From Fig. 4(a), we observe that the NiSi onset temperature for
the 30 nm case undergoes an abrupt increase. The onset suddenly
shifts from about 335 �C to about 370 �C in the damage dose inter-
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Fig. 4. Semi-log plots of the onset temperature in (a) and of the disappearance
temperature in (b) of the NiSi phase, both as a function of the implantation damage
dose. Circles and triangles are respectively for 30 nm and 10 nm of Ni deposited.
The uncertainty in (b) is of the size of the symbols. Solid lines are linear fits while
dashed lines are guides to the eye.
val between 0.05 and 0.15 dpa (3 � 1013 and 1 � 1014 ions/cm2).
Both regimes are represented by solid lines which are linear fits.
The dashed line is only there to emphasize the 35 �C step between
them. We thus clearly see a threshold in the implantation damage
above which the silicidation behaviour changes significantly. This
change arises for damage doses at which the superlinear damage
accumulation regime due to a-Si cluster formation is usually ob-
served [15,16]. In the case of 10 nm Ni, we first note that at any
damage dose, the NiSi formation starts 20–30 �C below that of
30 nm Ni samples. Next, the change between low and high damage
doses is smoother. Between 0 and 0.15 dpa, data are well fitted by a
linear curve. Then, we observe a plateau, as for the 30 nm samples,
but around 340 �C. It starts at the end of the superlinear damage
accumulation regime, around 0.15 dpa (1 � 1014 ions/cm2) as we
can see in Fig. 1. Above this value, the tendency between the defect
accumulation and the damage dose becomes sublinear again, as for
low implanted case.

In Fig. 4(b), we present the onset of the NiSi phase disappear-
ance for 10 and 30 nm Ni. Between 0 and 0.15 dpa, the 10 nm Ni
data follow a slightly decreasing linear relation while around
0.15 dpa, the temperature suddenly drops by about 400 �C and re-
mains constant afterwards. The last points also correspond to the
onset temperature of the NiSi2 phase formation (�380 �C) accord-
ing to time-resolved XRD. It is worth noting that between 0 and
0.15 dpa, no NiSi2 diffraction peaks are visible, so it is not clear if
the NiSi2 phase is present or not. Thus, the decrease of the NiSi
peak in low dpa cannot be attributed to the Ni consumption by
NiSi2 formation without uncertainty. For 30 nm Ni only a slight
temperature decrease is observed with increasing damage dose,
but no dramatic drop as in the 10 nm case. Experiments were made
on samples implanted at 30 keV such that there is not enough a-Si
(�60 nm) to supply the full conversion to NiSi2 (�110 nm). The
NiSi2 phase formation starts at low temperature but stops as the
a-Si is all consumed. In samples implanted at 60 keV (�100 nm
of a-Si), the 30 nm Ni samples show a low temperature NiSi2 phase
formation (�450 �C) and a reduced NiSi phase duration.

Our results show clearly that there is a threshold fluence,
around 1 � 1014 Si/cm2 (0.15 dpa), above which the silicide forma-
tion is significantly modified, although full amorphization is not
reached according to Fig. 1. The NiSi phase temperature range is
shortened and the NiSi2 phase appears at temperature below
450 �C. This last result agrees with past studies showing low tem-
perature NiSi2 formation on evaporated a-Si or ion-amorphized Si
[7,17]. We attribute this change in the formation sequence to the
presence of a fully amorphized Si layer, with no c-Si clusters left.
Below this threshold, the behaviour of the NiSi phase formation
seems to be dependent on the Ni thickness. For 30 nm, the onset
temperature is almost constant while in the 10 nm Ni case, it fol-
lows linearly the quantity of damage.

We conclude that ion implantation cannot be used to reduce the
onset temperature of the NiSi phase formation. On the contrary,
the onset temperature increases with implanted Si. Ion implanta-
tion can be useful to influence the phase sequence and raise NiSi
formation temperature or induce the formation of NiSi2 in a NiSi
layer at much lower temperature.
4. Conclusion

In this study we have investigated the influence of implantation
damage in Si on the NiSi formation. It was found that above a
threshold fluence of about 1 � 1014 Si/cm2 (0.15 dpa) the silicida-
tion is greatly modified. This fluence is near the end of the super-
linear damage accumulation regime, but full amorphization has
not been reached according to channelling measurements. The NiSi
phase formation starts �35 �C later and the NiSi2 phase appears
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�380 �C sooner for 10 nm and �450 �C for 30 nm of Ni deposited
with respect to the unimplanted case. It was also shown that for
thinner Ni layer (10 nm), the NiSi formation onset temperature in-
creases linearly with the implantation fluence.
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