APPLIED PHYSICS LETTERS 91, 113106 共2007兲

Three-dimensional atomic-scale mapping of Pd in Ni1−xPdxSi/ Si„100… thin
films
Yeong-Cheol Kim
Dept. of Materials Engineering, Korea University of Technology and Education, Cheonan,
Chungnam 330-708, Korea

Praneet Adusumilli, Lincoln J. Lauhon,a兲 and David N. Seidman
Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208-3108,
USA

Soon-Yen Jung and Hi-Deok Lee
Dept. of Electronics Engineering, Chungnam National University, Daejeon 305-764, Korea

Roger L. Alvis, Rob M. Ulfig, and Jesse D. Olson
Imago Scientific Instruments Corporation, 5500 Nobel Drive, Madison, Wisconsin 53711, USA

共Received 25 July 2007; accepted 22 August 2007; published online 12 September 2007兲
Atom-probe tomography was utilized to map the three-dimensional distribution of Pd atoms in
nickel monosilicide thin films on Si共100兲. A solid-solution Ni0.95Pd0.05 film on a Si共100兲 substrate
was subjected to rapid thermal processing plus steady-state annealing to simulate the thermal
processing experienced by NiSi source and drain contacts in standard complementary
metal-oxide-semiconductor processes. Pd is found to segregate at the 共Ni0.95Pd0.05兲Si/ Si共100兲
heterophase interface, which may provide a previously unrecognized contribution to monosilicide
stabilization. The silicide-Si heterophase interface was reconstructed in three dimensions on an
atomic scale and its chemical roughness was evaluated. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2784196兴
NiSi is an important material for contact applications in
the semiconductor industry as it transitions from the 65 nm
technology node to the 45 nm node.1 The Ni–Si reaction has
been extensively studied since the 1970s.2–14 Recent efforts
are focusing on the formation of the NiSi phase and its relative stability.15–18 The major advantages of NiSi over TiSi2
and CoSi2 contacts include a lower temperature of formation,
lower resistivity in narrow dimensions, reduced Si consumption, and formation kinetics that are controlled by diffusion
of Ni, which leads to significantly smoother heterophase interfaces. Additionally, a one step annealing can be used for
the self-aligned silicide process.19 The main drawbacks of
this system include 共a兲 agglomeration of the desired NiSi
phase, which causes an increase in the resistivity, and 共b兲
formation of the higher resistivity NiSi2 phase at elevated
processing temperatures. Recent studies demonstrate that
adding elements such as Pd, Pt, or Rh reduces the agglomeration of thin NiSi films and increases the formation temperature of NiSi2.20 Herein, we report on the use of laserassisted local-electrode atom-probe 共LEAP®兲 tomography to
map the atomic-scale distribution of Pd in annealed
Ni共1−x兲Pdx / Si共100兲 films. Under typical thermal processing
conditions, a fraction of the Pd segregates at the
NiSi/ Si共100兲 heterophase interface, while the root-meansquared chemical roughness of the interface remains less
than 1 nm.
Ni共1−x兲Pdx共x = 0.01, 0.05, 0.10兲 films were deposited by rf
magnetron sputtering on p-type Si共100兲 substrates after removing the native oxide using a 2% buffered HF solution.
The films were subjected to rapid thermal processing 共RTP兲
for 30 s at different temperatures, after which the unreacted
a兲
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NiPd alloy was selectively removed with H2SO4 + H2O2. Using sheet resistance measurements as an indicator of the formation and persistence of the monosilicide phase, it was determined that Ni0.95Pd0.05 has the broadest thermal processing
window of the three compositions studied 共Fig. 1兲. On this
basis, the Ni0.95Pd0.05 / Si sample that underwent RTP at
600 ° C was selected for further study; all measurements discussed are for this sample. This sample was next annealed at
650 ° C for 30 min in an N2 ambient to approximate the effects of subsequent thermal treatments experienced by silicide contacts in the remainder of the complementary metaloxide-semiconductor fabrication process. Scanning electron
microscopy imaging 共not shown兲 revealed that the annealing
treatment increased the thickness of the silicide layer and
x-ray diffraction confirmed that nickel monosilicide 共NiSi兲
was the only silicide phase present 共not shown兲. No diffraction peaks corresponding to NiSi2 or PdSi were detected.
To explore the role of Pd in stabilizing the NiSi phase,
an Imago Scientific Instruments LEAP® tomograph was

FIG. 1. 共Color online兲 Sheet resistance measurements for
共Ni1−xPdx兲Si/ Si共100兲 thin films following rapid thermal processing for 30 s.
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FIG. 3. 共Color online兲 Two-dimensional projection of the three-dimensional
reconstruction of the silicide-Si interface based on a Si isoconcentration
surface. The root-mean-squared chemical roughness of this interface is
0.8 nm.

FIG. 2. 共Color online兲 共a兲 Two-dimensional projection of the full threedimensional reconstruction of local-electrode atom-probe 共LEAP®兲 tomography data showing the distribution of elements 共colored points兲 and the
isoconcentration surface 共shaded sheet兲 that defines the heterophase interface. Ni, Si, and Pd atoms are shown in green, blue, and red, respectively. Pd
atoms are enlarged and only 10% of the Si atoms are shown for clarity.
Within the NiSi phase, the Pd is seen to be distributed uniformly. The Ni
atoms at top are from a protective capping layer. 共b兲 Proxigram 共proximity
histogram兲 displaying the concentrations of Ni, Si, and Pd vs film depth.
Concentrations were calculated for a series of isoconcentration surfaces
moving into the thin film; the NiSi/ Si heterophase interface provides an
example of an isoconcentration surface.

used to analyze the chemical concentration of each element
with subnanoscale spatial resolution in three dimensions.21
LEAP® tomographic samples were prepared using a dualbeam focused ion-beam 共FIB兲 microscope and the so-called
“lift-out” technique.22,23 The tips were ion milled to achieve
an end radius of approximately 50 nm. A pulsed picosecond
laser operating at 250 kHz with an energy per pulse of 0.5 nJ
was used to dissect the specimen on an atom-by-atom basis,
which was held at 40 K under ultrahigh vacuum conditions
共⬍10−10 Torr兲.24,25
Figure 2 displays the LEAP® tomographic results in two
representations. Figure 2共a兲 presents a two-dimensional projection of the full three-dimensional reconstruction for an
analysis volume of 30⫻ 30⫻ 60 nm3. Figure 2共b兲 presents a
proximity histogram 共or proxigram兲, which is a threedimensional nonlinear composition profile created by calculating the average composition of a series of isoconcentration
surfaces as these surfaces are advanced into the film.26 Both
figures demonstrate that the distribution of Pd is uniform
within the silicide film. We therefore conclude that the thermal processing was sufficient to achieve the equilibrium distribution of Pd. Furthermore, the sum of the Pd and Ni concentrations is 50 at. %, suggesting that the Pd atoms are
sitting substitutionally on the Ni sublattice of NiSi. This is in
agreement with the fact that Pd and Ni monosilicides are
known to be mutually soluble.20 Interestingly, the proxigram
in Fig. 2共b兲 also reveals the segregation of Pd atoms at the
NiSi/ Si heterophase interface as indicated by the narrow Pd
peak at this interface. The thermodynamic driving force for
Pd segregation is the decrease in the interfacial Gibbs free
energy associated with the Ni共1−x兲Pdx / Si共100兲 heterophase
interface. The segregation of a solute species at a heterophase interface is quantified by the Gibbsian interfacial

excess of solute Gs which is given by Gs = 共⌺Cn
− C0 / An兲 / 共1 − C0兲 and A1 = N1 / ⌬l, where A1 is the effective
area of a slice at proximity l, N1 is the number of atoms in
the slice, ⌬l is the shell thickness, and  is the ideal atomic
density of Ni0.95Pd0.05Si. The proxigram of Fig. 2共b兲 yields a
discrete count of the atoms in the vicinity of this heterophase
interface, thus permitting a direct measurement of Gs.27 The
Gibbsian interfacial excess of Pd at the heterophase interface
is determined to be 3.4± 0.2 atom/ nm2. This interfacial Pd,
which has not been observed previously, may play a role in
stabilizing the nickel monosilicide phase, as discussed further below.
The addition of small amounts of Pd to Ni films on
Si共100兲 is known to have two beneficial effects on the nickel
monosilicide phase formed with RTP.20 First, the agglomeration of thin 关Ni共1−x兲Pdx兴 / Si films under further thermal processing is diminished compared to pure NiSi. Second, the
nucleation and growth of NiSi2 are pushed to higher temperatures. The agglomeration of thin, uniform pure NiSi
films on Si共100兲 is driven by a decrease in the interfacial
Gibbs free energy that is achieved by reducing the contact
area between the two phases. The enhanced resistance of
共Ni1−xPdx兲Si to agglomeration has been attributed to the reduction in the silicide-Si interfacial free energy by diffusion
of Pd to that interface.20 The observation of excess interfacial
Pd provides the first direct evidence in support of this argument, though it is important to note that additional research
must be performed to determine whether Pd segregation is a
necessary or sufficient condition for morphological stabilization. Multiple arguments have been put forward to explain
why Pd inhibits the formation of the disilicide phase, but the
arguments involve changes in the free energies of bulk, not
interfacial phases.20,28 The results presented herein suggest
that an interfacial phase may also contribute to bulk phase
stabilization.
LEAP® tomography provides additional information not
present in more conventional analyses, including the ability
to visualize chemical inhomogeneities at a buried interface
共Fig. 3兲. The three-dimensional real space view of the
共Ni0.98Pd0.02兲Si/ Si interface displayed in Fig. 3 is a silicon
isoconcentration surface with a root-mean-squared chemical
roughness of approximately 0.8 nm. Quantitative measurements of interfacial inhomogeneities can be usefully correlated with important electronic properties including resistivity, barrier height, and local work function.29 This direct
nanoscale measurement represents an improvement over
other methods, such as light scattering, in which the smooth-
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ness of the silicide/silicon interface is averaged over much
larger sample regions.30
In summary, we have mapped the three-dimensional
nanoscale distribution of Pd in the monosilicide and at the
nickel silicide-silicon interface. We find that the Pd distribution is uniform within the 共Ni0.98Pd0.02兲Si phase but greatly
enhanced at the 共Ni0.98Pd0.02兲Si/ Si heterophase interface
over a length scale of 1 nm. Interfacial Pd may therefore
play a role in stabilizing NiSi against agglomeration and
transformation to NiSi2.
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