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Role of the substrate strain in the sheet resistance stability of NiSi
deposited on Si „100…

Eliane Maillard-Schaller,a) B. I. Boyanov, S. English, and R. J. Nemanich
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

~Received 24 August 1998; accepted for publication 5 January 1999!

In order to study the influence of strain on the formation and stability of NiSi, Ni has been deposited
on strained and relaxed Si~100! n-type substrates. Strained Si substrates have been produced by
depositing a pseudomorphic silicon film onto a 3000 Å thick relaxed Si0.8Ge0.2 film. Raman
spectroscopy has established that the silicon film is strained. The presence of a characteristic
cross-hatch pattern has been identified by atomic force microscopy. Measurements show that the
sheet resistance (Rs) of the silicide formed on strained silicon remains stable up to 700 °C while the
Rs of the silicide formed on bulk silicon~100! shows a significant increase at 600 °C. X-ray
photoelectron spectroscopy shows that the NiSi–NiSi2 phase transition occurs at a higher
temperature and is, therefore, not responsible for theRs instability. Scanning electron microscopy
measurements indicate that islanding occurs in the temperature region of the resistivity increase.
Photoelectron emission microscopy has been employed to observe the surface morphology during
annealing, and islanding is not observed until a higher annealing temperature for the NiSi on
strained Si. The increase inRs is apparently correlated to the islanding of NiSi which appears at
lower temperature on the bulk silicon substrate than on the strained silicon substrate. The stability
of the NiSi film on the strained Si substrate is related to the strain induced by thermal expansion and
the increased lattice constant of the strained Si. ©1999 American Institute of Physics.
@S0021-9606~99!05107-7#

I. INTRODUCTION

Silicides used in very large scale integrated circuits as
contact materials to the source and drain areas must show a
metal-like conductivity while sustaining the high tempera-
ture thermal treatment used in manufacturing. Nickel mono-
silicide ~NiSi! is one of the most promising candidates for
the next generation of deep submicron integrated circuits.
The formation of Ni silicides on Si has been extensively
studied.1–3 It has been shown that the interface reaction ini-
tiates with Ni2Si formation at;200 °C followed by NiSi
formation at ;500 °C and finally by NiSi2 formation at
;800 °C. The NiSi2 phase is the final phase, and it grows
epitaxially on Si~100!, ~110!, and~111!.4 As the sheet resis-
tivity of the silicide is increasing from 20 to 50mV cm with
the transition from NiSi to NiSi2 , the thermal stability of the
NiSi is of primary importance for technical applications.

The thermal stability of NiSi depends on the phase tran-
sition from NiSi to NiSi2 and on the morphology stability of
the NiSi film. The phase transition to NiSi2 is controlled by
nucleation phenomena which occur at a temperature of
;300 °C above the conditions required for the diffusion con-
trolled growth of NiSi.3 The interface between the silicide
and the substrate is therefore very important. Steps at the
interface apparently delay the formation of the epitaxial
NiSi2 by the presence of a higher kinetic reaction barrier at
the growth front.5 On the other hand, if the nucleation den-
sity is limited as is the case for narrow lines in integrated

circuit applications, then complete conversion is not
ensured,6 and the formation of NiSi2 is delayed. In the litera-
ture, the phase transition is characterized by x-ray photoelec-
tron spectroscopy~XPS!,7,8 ultraviolet photoelectron spec-
troscopy,9 Rutherford back scattering,8 or x-ray diffraction.10

The stability of the sheet resistance,Rs , of the silicide
depends on its morphology too, since the conductivity of a
defective silicide film or a system of islands is lower than the
conductivity of a defect-free, continuous silicide film.11 The
morphology is usually characterized by scanning electron
microscopy~SEM!,12 atomic force microscopy~AFM!,13 and
transmission electron microscopy,6,14 and seems to be mainly
influenced by the interface energy.15

In this article, the influence of the Si substrate strain on
the thermal stability of the NiSi will be presented. The ap-
proach that will be employed is to prepare pseudomorphic
strained Si layers through molecular beam epitaxy~MBE!
growth on relaxed Si12xGex layers.16 The reacting Ni layer is
depositedin situ so the interface is atomically clean, and the
reaction is not limited by contaminants.

Pseudomorphic strained Si films have been chosen in
order to isolate the effect of strain on the NiSi stability. In
itself, strained Si films are also attracting a considerable in-
terest. The biaxial strain in the Si film causes a splitting of
the conduction band degeneracy. This then results in a higher
electron mobility and an improvement of the performance of
existing semiconductor technology without major changes in
the process flow.17,18

Since Si12xGex alloys have a larger lattice constant than
Si, a Si film deposited on a relaxed Si12xGex alloy film will
be in biaxial tension, and the Si unit cell will deform from its
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bulk cubic state. If the Si film thickness is increased, the
strain energy will be large enough to cause the formation of
an array of interface misfit dislocations which results in re-
laxation of the Si epitaxial layer towards the bulk Si value. If
the thickness of the Si layer is below a critical value, the
in-plane lattice constant of the layer will match that of the
substrate.18 The lattice constant of Si12xGex increases with
Ge content, therefore as the Ge content increases, the strain
in the epitaxial Si layer will also increase.17 The critical
thickness of the Si layer is, as a result, reduced. In this study,
Si0.8Ge0.2 has been used as substrate. According to equilib-
rium theory the critical thickness for a Si layer will be;150
Å.19,20 However, results have established that low tempera-
ture growth can result in a metastable Si film which can
sustain the strain at thicknesses greater than the equilibrium
thickness. For the 550 °C growth temperature employed in
this study, the Si layer will be metastable for critical thick-
nesses up to 1000 Å.

Raman scattering is employed to determine the strain in
the epitaxial Si layer. Variations of the silicideRs are corre-
lated to SEM and XPS measurements. Moreover, photoelec-
tron emission microscopy~PEEM! is employed forin situ
observation of the changes of the surface morphology during
annealing.

II. EXPERIMENT

Thin films of Ni ~100 Å thick! have been deposited on
n-type Si~100! and strained silicon substrates by ultrahigh
vacuum~UHV! electron beam evaporation. The strained sili-
con substrates have been produced by deposition of a
pseudomorphic silicon film~400 Å! on top of a 3000-Å-thick
relaxed Si0.8Ge0.2 film. The Si0.8Ge0.2 film was prepared by
MBE at 550 °C in a dual e-gun system with a base pressure
of 2310210Torr. The resistivity of the silicon substrate was
0.8–1.2 V cm, and the Si0.8Ge0.2 and Si pseudosubstrates
were not intentionally doped. Before deposition, atomically
clean Si surfaces were prepared by spin etching the Si~100!
substrates with a1:1:10HF:H2O:ethanol solution, followed
by in situ thermal desorption at 900 °C and deposition of a
200-Å-thick homoepitaxial Si buffer layer at 550 °C. Depo-
sition of the Si0.8Ge0.2 and the Si films was controlled with
quartz crystal thickness monitors. The deposition rates were
below 0.5 Å/s. After thermal cleaning and after deposition,
low energy electron diffraction~LEED! displays a~231! re-
construction pattern and XPS confirms the absence of any
oxygen contamination at the surface.

Subsequent to Ni deposition, the samples were annealed
in situ for 20 min at temperatures ranging from 300 to
1000 °C. XPS measurements have been performedin situ in
a VG Clam II spectrometer.

The two deposition chambers, the XPS system, the
LEED system, and the Auger system are all components of
an integrated processing system with an UHV sample trans-
fer chamber that allows preparation and characterization of
surfaces and films.

Sheet resistance measurements using a linear four-point
probe have been performedex situ after sample cooling.
AFM measurements have been performed with the sample in

air using a M5 Park Scientific scanning tunneling micro-
scope AFM. Raman spectroscopy has been performed with
an ISA Jobin Yvon U1000. The Raman spectra were excited
with 514.5 nm light from an Ar ion laser. SEM images of the
NiSi films have been obtained in a JEOL JSM-6400F.

PEEM has been performed in a custom PEEM system
from Elmitech Corp. In this system, the sample is illumi-
nated by a 100 W Hg lamp which exhibits a high energy
cutoff at 5.1 eV. The sample is at220 kV relative to an
anode 2 mm in front of the surface. An image is formed by
photoelectrons emission from the surface. Contrast from dif-
ferent regions on the sample surface will depend on the pho-
tothreshold of the exposed surface material.21,22

III. RESULTS AND DISCUSSION

Strained Si substrates have been produced by deposition
of Si on top of a 3000 Å thick relaxed Si0.8Ge0.2 film. The
relaxed SixGe12x alloy films grown on Si~100! show a^110&
cross-hatch pattern of dislocation lines.23 Figure 1 shows an
AFM scan of the substrate surface after the Si deposition.
The Si film presents the same morphology as the Si0.8Ge0.2

substrate indicating that the relaxation of the lattice is main-
tained. As the lattice parameter of Si0.8Ge0.2 ~5.47 Å! is 0.7%
larger than the lattice parameter of Si~5.43 Å!, the Si layer is
under tensile stress.

Raman spectroscopy has been performed on the epitaxial
structure in order to determine the tensile strain of the
pseudomorphic Si layer. The Si peak around 520 cm21 is
displayed in Fig. 2. Fits of the Raman peak show the main
Si–Si vibration at 520 cm21 due to the bulk Si substrate, a
component at 513 cm21 attributed to the Si–Si vibration in
the tensile-strained Si layer, and a multiple component fea-
ture around 506 cm21 which is due to the Si–Si bonding in
the Si0.8Ge0.2 pseudosubstrate. The shift of the Raman peak
towards lower wave numbers is typical for a film under ten-
sile stress, and the position of the strained Si–Si bonds peak
is confirmed by Welseret al. in Ref. 17. A downward shift
of 7 cm21 corresponds to a tensile strain of;1%, which is
equivalent to a stress value of 1.7 GPa.24 The shift to 506

FIG. 1. AFM image of the strained silicon surface showing the characteris-
tic ^110& cross-hatch pattern. The dislocation lines are;25 nm wide at a
separation distance of 1–4mm.
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cm21 is accompanied by an increase of the full width at half
maximum of the peak. This increase has been observed by
several authors such as Beanet al. in Ref. 25 and Cerdeira
et al. in Ref. 26 and may have several origins. Possibilities
include: alloying with Ge, increased defect density, and
strain variations~due to defects or partial relaxation!. The
position of the alloyed Si contribution to the Raman spec-
trum is consistent with a 20% Ge concentration. The com-
plete relaxation of the Si12xGex layer has been confirmed by
x-ray diffraction measurements.

A 100 Å thick Ni film has been deposited on 400 Å thick
strained Si layers. Afterin situ annealing,Rs has been mea-
sured by the four-point probe method. Figure 3 displays the
resistivity versus the annealing temperature. The sheet resis-
tivity is given by the multiplication ofRs , weighted by a
geometry factor,27 with the thickness of the layer. Calculated
on the basis of a 100 Å thick Ni layer, the thickness of the
NiSi layer is 300 Å and the thickness of the NiSi2 is 360 Å
which means that, respectively,;180 Å and;360 Å of Si
are consumed by the reactions. Figure 3 shows that the sheet
resistivity remains stable at 30–35mV cm up to an annealing
temperature of 700 °C and increases significantly to a value
of 100 mV cm after annealing at 900 °C. Also shown in Fig.
3 is a plot of the sheet resistivity of Ni silicides formed from
reaction of Ni deposited onto bulk Si~100!. In that case, the
resistivity increase is initiated after an annealing at 600 °C
and reaches values of 130mV cm at 850 °C. Thus the resis-

tivity of the strained structure displays a delay of 100 °C in
the resistivity stability. This means either a delayed phase
transition from NiSi to NiSi2 or a delayed morphology modi-
fication of the NiSi layer.

XPS analysis has been performed in order to determine
the temperature at which the silicide phase transition occurs
under our experiment conditions. Figures 4~a! and 4~b!, re-
spectively, show the Ni2p peak around 853 eV binding en-
ergy ~BE! for Ni on bulk Si~100! and Ni on strained Si at
temperatures ranging from room temperature~RT! to
1000 °C. The shift of 1.25 eV towards higher BE after an
annealing at 300 °C corresponds to the formation of NiSi.8 In
the case of the formation of Ni silicide on strained Si, the
Ni2p peak does not suffer any other energy shift meaning
that no other phase transition occurs after annealing up to
900 °C. A further shift to higher BE is, however, observed
for Ni silicide grown on bulk Si~100!. After an annealing at
950 °C, the Ni2p peak is observed at 855 eV BE indicating a
phase transition to NiSi2 . We note that the high temperature
of the NiSi–NiSi2 phase transitions indicates that it cannot
be responsible for the measured resistivity instabilities~oc-
curring between 600 and 700 °C!.

Morphology instabilities however are shown by SEM
measurements. SEM images of the NiSi film before and after
the increase in sheet resistivity are presented in Figs. 5~a! to
5~d!. After an annealing at 700 °C, the NiSi grown on
strained Si forms a uniform film with no islanding@Fig.
5~a!#. In contrast, for the NiSi grown on bulk Si~100!, island-

FIG. 2. Raman spectrum showing the Si–Si vibration of the strained silicon
substrate. The substrate Si–Si vibration is at 520 cm21, the Si–Si vibration
of the tensile-strained Si layer is at 513 cm21, and a multiple component
centered around 506 cm21 is attributed to the Si–Si bonding in the Si0.8Ge0.2

pseudosubstrate.

FIG. 3. Sheet resistivity vs annealing temperature for Ni deposited on bulk
Si~100! and strained Si.

FIG. 4. XPS spectra showing the annealing dependence of the Ni2p peak
for ~a! Ni on strained Si and~b! Ni on bulk Si~100!.
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ing is already observed at 600 °C@Fig. 5 ~b!#. After anneal-
ing at 850 °C, both NiSi films show islanding with, however,
significantly larger islands for the case of NiSi on strained Si
@Figs. 5~c! and 5~d!#.

The delayed morphology changes are observed more
readily byin situ PEEM measurements wherein situ anneal-
ing and real-time imaging were performed. Figure 6 shows
50 mm diam fields of view of NiSi on bulk Si~100! and
strained Si. In our case, contrast is rather produced by topog-
raphy variations than by variations of the photothreshold in
the investigated sample region. The islanding of NiSi ini-
tiates at 625 °C on bulk Si~100! @Fig. 6~b!# and at 700 °C
@Fig. 6~a!# on strained Si. We again notice larger islands on
strained Si. Then, at an annealing temperature of 750 °C, the
density of islands is observed to increase on bulk Si~100!,
with a decrease in the islands size@Fig. 6~d!#. However, on
strained Si the NiSi islands density is observed to increase
only after annealing at 850 °C@Fig. 6~c!#.

We conclude that the delayed islanding of the NiSi film
on strained Si is directly related to the delay in the sheet
resisitivity increase~Fig. 3!. It is well established that the

charge carriers mobility is modified by defects and/or dis-
continuities in the conductive film.11

Islanding depends on the surface energies of the sub-
strate and the overlayer. If the surface free energy of the
overlayer is larger than the surface free energy of the sub-
strate, the overlayer forms three-dimensional clusters
~Volmer–Weber growth!.28 If the sum of the surface energy
of the overlayer and the interface energy is less than the
surface energy of the substrate, then the capillarity model
predicts uniform film growth~or layer-by-layer growth!.29

Since the surface free energy of NiSi is 2450 mJ m22 ~Ni!
and that of Si is 1250 mJ m22 @Si~100!#, we expect that the
NiSi will form islands on Si. The lattice mismatch plays an
important role. As the strain energy is a part of the surface
energy,30 the role of the interface stress is not negligible in
the islanding process either.

We note that the surface morphology changes appear
after annealing of the sample at 600 °C. This is higher than
the transition temperature to NiSi which occurs at about
500 °C and lower than the temperature for the transition to
NiSi2 . It is interesting to explore the role of strain in this
transition. At room temperature, the lattice parameter is 5.43
Å for Si, 5.47 Å for epitaxial Si on Si0.8Ge0.2, and 5.23 Å for
NiSi ~Table I!. Initially, at room temperature, the NiSi film is
under tensile strain. As the coefficient of thermal expansion
of NiSi is much larger than Si,31 at 500 °C, a NiSi film on Si
would be in compression. Since the lattice parameter of
strained Si on Si0.8Ge0.2 is 0.7% larger than that of bulk
Si~100!, the interface stress between the NiSi film and the
substrate is lower in the case of a strained Si substrate. If
strain is an important aspect in driving the islanding process
then a higher annealing temperature would be required to
initiate islanding for NiSi on strained Si substrates. We pro-
pose that this effect contributes to the improved thermal sta-
bility of the NiSi film.

IV. CONCLUSIONS

By depositing Si onto a relaxed Si0.8Ge0.2 pseudosub-
strate, we have produced a strained Si~100! substrate. A NiSi
film grown on such a substrate has proven to be thermally
more stable than NiSi grown on bulk Si~100!. Sheet resistiv-
ity of the Ni silicide has been found to increase after anneal-
ing at 600 °C when deposited on bulk Si~100! and after an-
nealing at 700 °C when deposited on strained Si. The phase
transition to NiSi2 appears after an annealing at 900 °C and is
apparently not responsible for the measured resistivity in-
crease. We suggest that islanding of the NiSi film produces
the resistivity variations. SEM and PEEM investigations dis-
play islanding of the NiSi film with the islanding process
occurring at an annealing temperature 100 °C higher on the
strained Si substrate. The stress at the interface produced by

FIG. 5. SEM images of~a! Ni on strained Si after annealing at 700 °C,~b!
Ni on bulk Si~100! after annealing at 600 °C,~c! Ni on strained Si after
annealing at 850 °C, and~d! Ni on bulk Si~100! after annealing at 850 °C. In
the image the NiSi is gray and the Si is the darker region.

FIG. 6. PEEM of~a! Ni on strained Si after annealing at 700 °C,~b! Ni on
bulk Si~100! after annealing at 625 °C,~c! Ni on strained Si after annealing
at 850 °C, and~d! Ni on bulk Si~100! after annealing at 850 °C. All images
were excited with a 100 W Hg lamp, and the data are displayed with a 50
mm diam field of view.

TABLE I. Lattice parameters at RT and 500 °C.

Temperature Si Strained Si NiSi

RT 5.43 Å 5.47Å 5.23Å
500 °C 5.46 Å 5.5 Å .5.5 Åa

aRef. 31.
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thermal expansion of the NiSi during the annealing process
is lower in the case of the strained Si substrate because of the
larger lattice parameter. We propose that this effect contrib-
utes to the observation of a higher annealing temperature to
initiate the islanding of NiSi on strained Si. Therefore, NiSi
on strained Si exhibits improved NiSi thermal stability over
NiSi on bulk Si.
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