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Structural and electronic properties of epitaxial NiSi, crystals are investigated with the use of
low-energy-electron diffraction, Auger spectroscopy, and photoemission. Normal emission spec-
tra from (111) and (100) NiSi, surfaces yield band dispersions and critical-point energies along
I'-L and I'-X directions of the bulk Brillouin zone which support the results of recent self-
consistent band calculations. No evidence of surface reconstruction is observed on (111) or
(100) NiSi, crystal faces; however, high-temperature annealing does promote silicon-atom segre-

gation at the surface.

Widespread application of silicide interfaces in sem-
iconductor devices has stimulated recent work on the
basic physical properties of metal semiconductor com-
pounds. Nickel silicides are particularly interesting
because of certain metallurgical properties: Several
stable stoichiometric nickel silicon compounds form,!
thus permitting studies in which the alloy composi-
tion is a variable parameter. Planar nickel silicides
exhibit selective growth? and, in addition, the
silicon-rich silicide phase NiSi; forms an extremely
abrupt interface® when produced by reacting a nickel
film with a Si(100) surface. This epitaxial structure
offers attractive prospects of conducting detailed in-
vestigations of interfaces using electron spectroscopy.
Additional motivation for studying nickel silicides has
recently been furnished by self-consistent calcula-
tions*3 of their electronic structure which provide a
detailed framework for analyzing experimental
results. In this paper we report low-energy-electron
diffraction (LEED), Auger and photoemission stud-
ies of the structure and electronic properties of NiSi,.
Our results support conclusions of recent theoretical
work and yield critical-point binding energies for
several bands along I'-L and I'-X directions of the
bulk Brillouin zone.

Rutherford backscattering and channeling studies®
have shown that NiSi, films with excellent epitaxial
structure can be grown on Si surfaces. Oriented crys-
talline formation is aided by a nearly perfect match of
the NiSi, bulk lattice parameter to the Si lattice
parameter. Reflection electron diffraction studies®
have shown that the NiSi, epitaxial layer orientation
is the same as the substrate, and our x-ray Laue and
LEED studies of epitaxial silicides formed on Si(100)
and (111) also support these results.

Our NiSi, samples were prepared by vacuum eva-
porating Ni films ( <1000 A thick as determined by a
calibrated quartz microbalance) on lightly doped
p-type silicon crystals furnished by Monsanto. Prior
to film deposition, the Si(111) and (100) surfaces
were cleaned by cycles of argon ion sputtering (500
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eV, 10 wA/cm?) and annealing at 800 °C. This clean-
ing procedure produced sharp (7 x7) LEED patterns
for Si(111) surfaces, sharp (2 x1) LEED patterns for
Si(100) surfaces, and the expected surface states’
which were observed using angle-resolved ultraviolet
photoemission spectroscopy (ARUPS). After in situ
film deposition and annealing at 800 °C for 30 min,
sharp (1 x1) LEED patterns were observed for both
(111) and (100) crystal faces, and Auger spectros-
copy revealed only Si and Ni lines indicating the for-
mation of ordered silicide compounds with no surface
reconstruction. Annealing the films at 800 °C insures
the Si-rich compound NiSi, is formed.?

The primary objective of the work reported here
was to study the bulk electronic properties of NiSi,.
Previous studies of thin-film silicides have shown
that annealing processes required to form silicide
compounds on silicon surfaces can also produce signi-
ficant segregation at the silicide phase surface.® Sur-
face segregation and related effects are particularly
likely to be important for the NiSi, phase because re-
latively high temperatures (800 °C) are required to
produce this stoichiometry. In order to determine
the extent that surface segregation, island formation,
and related phenomena affected our results, Auger
spectroscopy, work function measurements, and
LEED were used to investigate the effects of anneal-
ing and argon ion sputtering on our ARUPS data.

We found that prolonged high-temperature anneal-
ing (850°C) of either (111) or (100) silicide surfaces
decreased the Ni (848 eV) to Si (91 eV) peak-to-peak
ratio in Auger spectra. The work function also de-
creased slightly from values we judged as represent-
ing virgin NiSi, surfaces. These work function values
are NiSi,(100), ¢=5.03 £0.05 eV and NiSi,(111),
¢=5.05 +£0.05 eV.? Typical annealing-induced
changes were A¢ —0.2 eV. The change in Auger
peak ratio is consistent with the conclusion that sil-
icon segregates at the surface. This segregation did
produce minor changes in our ARUPS spectra. The
primary effect was a slight decrease in d-state emis-
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sion features. These effects can be practically elim-
inated by a few minutes of sputtering (500 eV,

10 nA/cm?) followed by brief annealing to 500 °C.
Angle-resolved photoelectron energy distribution
curves were obtained using a spectrometer which has

been described previously.!® Base pressures were
maintained in the 107!-Torr range, and pressures
during evaporation and during resonance lamp opera-
tion were typically in the 1071%-Torr range. All inea-
surements were made with the sample at room tem-
perature and with an analyzer angular resolution

AQ =4° Electron spectrometer resolution AE for
the four lower photon energies, fw =<26.85 eV, was
maintained at AE; =100 meV; for fw =40.82 eV,
AE; =200 meV.

Figure 1 displays normal emission energy distribu-
tion curves (EDC’s) for NiSi;(111). Peaks and other
features are identified by letters and the correspond-
ing binding energies measured from the Fermi level
Er are tabulated. Resonance line energies (shown to
the right of each EDC) were used to determine the
Fermi energy for each curve in relation to the Fermi
energy of the 21.22-eV spectra. Figure 2 displays
corresponding normal emission EDC’s for '
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FIG. 1. Angle-resolved photoelectron energy distribution
curves for NiSi,(111). Data were taken in normal emission
geometry with AQ =4° Energy resolution: #Zw=43.88 and
40.82 eV, AEg =200 meV; other #w, AE; =100 meV.
(Refer to Ref. 16 and text for a discussion of the origin of
peak B.)
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FIG. 2. Angle-resolved photoelectron energy distributions
curves for NiSi,(100). Data were taken in normal emission
geometry with AQ) =4° Energy resolution: #w=43.38 and
40.82 eV, AE; =200 meV; other fw, AE; =100 meV.
(Refer to Ref. 16 and text for a discussion of the origin of
peak A.)

NiSi,(100). The EDC’s were signal averaged until
the statistical error was less than 2% for the four
lower photon energies (fw <26.85 eV) and less than
5% for the higher photon energies (fw =40.82 eV).

Figure 3 illustrates the calculated band structure*
for NiSi, along A and A directions of the bulk Bril-
louin zone. For cubic crystals, it has been shown!!:12
that, in normal emission geometry, only A; and As
symmetry initial states can be probed along A and
only A; and A; symmetry initial states can be probed
along A. Interpretation of our data is based on these
selection rules and conservation laws associated with
the photoemission process.

In the direct transition model of photoemission
components of crystal momentum parallel to the sur-
face k are conserved and electron energies are related
by

Ef=E1 +h’w, E=Ef—e¢ »

where Erand E; are the final and initial states in the
crystal, Eis the kinetic energy of the photoemitted
electron in vacuum, % is the photon energy, and ¢
is the crystal work function. The final band disper-
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FIG. 3. Electronic structure of NiSi, along I'-X and T'-L
of the bulk Brillouin zone (Ref. 2). Dots correspond to
peaks in EDC’s of Figs. 1 and 2. Lines through dots and
letters indicate the final band and corresponding photon en-
ergies.

sion E;(k) can be determined experimentally,'>!* but
in many cases a single free-electron final band has
been adequate to map the dispersion of initial-state
bands. In this case the free-electron final-state band
is given by

=1?[2m(E + V) -2

where V) is the crystal inner potential. In normal
emission geometry, k =0 and a single parameter V,
characterizes the final band. The free-electron final
band used to place points on Fig. 3 corresponding to
experimental data in Figs. 1 and 2 was determined by
choosing ¥V to yield the best fit of our experimental
results to the A; band which lies just below Er at T’
and disperses downward to L. This procedure yields
Vo=14.2¢V.

Peaks labeled CFJMPS and GKNQT in Fig. 1 corre-
spond to the two A3 (d character) bands; peaks la-
beled BCFIKM and DGJLN in Fig. 2 are also attribut-
ed to d character initial states with some caution re-
garding the emission process responsible for the
peaks. A; and As transitions are allowed, therefore
the DGJLN peaks can be attributed to the As band.
A, transitions are forbidden, and therefore we attri-
bute the structures labeled BCFIKM (particularly at
photon energies away from I') to surface emission

processes'® which emphasize the high density of bulk
states at —3.15 eV. Near T, significant contributions
to the primary peak probably come from the A; band,
and near X, significant contributions probably come
from the A, and As bands.

Our resonance lines were not monochromatized
and this limits the resolution of spectra taken using
the Ar1 (11.73 eV) line,'¢ and to a lesser extent, the
Nel (16.76 eV) line. The other lines can be regarded
as highly monochromatic because the satellite lines
are weak. We observed two cases where the Fermi
edge appeared to be sharper and considerably higher
for one crystal face compared to the other. These
cases are represented by peak D in Fig. 1 and peak E
in Fig. 2. We judged this behavior to indicate a direct
transition and have included these points in Fig. 3.

Binding energies corresponding to the designated
peaks are plotted in Fig. 3 at k values determined by
the final band. Table I summarizes the critical-point
energies obtained from our experimental results
along with the values obtained from recent calcula-
tions.*> Agreement is fairly good although the calcu-
lated d-band positions fall about 0.4 eV below our ex-
perimental results. Recent angle integrated photoe-
mission studies!’ of polycrystalline NiSi, samples
prepared by in situ fracturing are in excellent agree-
ment with our results. In particular, the major &
band peaks (corresponding to a spatial average of the
A3 bands and A, and As bands) are observed at 3.15
and 4.60 eV in the angle integrated spectra. Also,
the relative peak intensities of the two flat A; bands
are in good agreement with the projected d density of

TABLE 1. Measured and calculated binding energies for
NiSi, at several critical points in the bulk Brillouin zone.
Linear-combination-of-Gaussian-orbital (LCGO) binding en-
ergies are from Ref. 4; linear augmented plane-wave
(LAPW) binding energies are from Ref. 5.

Binding energy

Symmetry point calculated

Experimental LAPW? LCGOP

L, 2.05 +£0.20 1.19 1.41
Ly (upper) 3.13 £0.10 3.48 3.46
L (lower) 4.50 £0.10 4.81 4.95
T 3.20 +£0.10 3.63 3.61
T 4.90 +0.10 5.19 5.29
T, 0.50 +0.20 0.13 0.27
X, 2.84 £0.10 3.25 322
X, 4.40 £0.20 431 4.63

N

a Reference 5. b Reference 4.
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states obtained from both self-consistent*> and ex-
tended Huckel'® calculations.
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