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Experimental and theoretical electronic structure determination for PtSi

N. Franco! J. E. Klepeis, C. Bostedt T. Van Buuren: C. Heske? O. Pankratov, T. A. Callcott? D. L. Ederer
and L. J. Terminellb
! awrence Livermore National Laboratory, University of California, Livermore, California 94551, USA
2Universita Wirzburg, D-97074 Wizburg, Germany
SUniversita Erlangen-Nunberg, D-91058 Erlangen, Germany
4Physics Department, University of Tennessee, Knoxville, Tennessee, 37996, USA
SDepartment of Physics, Tulane University, New Orleans, Louisiana, 70118, USA
(Received 8 July 2002; revised manuscript received 3 April 2003; published 30 July 2003

We present a complete experimental and theoretical electronic structure study of PtSi using a combination of
synchrotron radiation photoelectron spectroscépR-PES, soft x-ray emission spectroscof$XE), x-ray
absorption spectroscofgXAS), and first principles electronic structure calculations. We have carried out both
SXE and XAS measurements of the ISj ; edge, which probe the Sis3and 3 partial density-of-states
(PDOS in the valence and conduction bands, respectively. We have also obtained SR-PES data at photon
energies of 80 and 130 eV for the valence band of PtSi. By taking advantage of the Cooper minimum effect we
are able to probe the contribution of the Rt &rbitals. As an aid to interpreting the experimental spectra we
have performed first principles calculations of the PDOS for thePaed 5d as well as the Si § 3p, and
3d orbitals. We have carried out core-level PES measurements fof &bd Si 20 and find a double shift in
which both core levels are shifted to higher binding energy. First principles calculations confirm the presence
of this double shift. Our combined experimental and theoretical results lead us to conclude that the Pt 5
orbitals are not highly localized as has been assumed in all previous experimental studies of PtSi. Rather we
find that the influence of thedborbitals extends throughout the whole valence band and that the nature of the
chemical bonds is more complex than the earlier studies have assumed. Our first principles calculations of the
energy-resolved electronic charge density confirm this interpretation.
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I. INTRODUCTION which theory and experiment have been combined to provide
a complete and accurate electronic structure characterization
In recent years the technological importance of metal sil-of PtSi.
icides has motivated an increasing interest in both their fun- However, many different techniques have been used to
damental and applied characteristics. Some of these silicideharacterize the growth properties of PtSi, including the
play a crucial role in silicon-based semiconductor technologyphase growth sequené&*° growth kinetics?*22-3*growth
since they are widely used in ohmic and rectifyif8chott-  rates’>3*role of impuritiest®*>-%stoichiometry?**°*sta-
ky) contacts' The high conductivity, thermal stability)®  bility of solid-state reaction products®*! mass transport
and silicon compatibilit§® of transition-metal silicides make across the reaction interfadeand microstructure or epitax-
them good candidates for infrared sensors,ultraviolet or  ial film formation14%42-48Sjnce the initial steps in a thin
vacuum ultraviolet photodetector$!* and polysilicon  film deposition process generally influence the final product,
interconnect$:®#1>~"Noble-metal silicides have been the most of the previously published studies have focused not
focus of attention because they do not form insulating metabnly on bulk PtSi, but also on the initial Pt/Si interface. A
oxides during processing as electrode materials for semicosummary of the experimental techniques used in all of these
ductor memory device¥ This collection of properties has studies includes transmission electron microscopxsray
encouraged an extensive number of silicide-relatehhotoelectron spectroscopfXPS),254°=5% Auger electron
studies®® spectroscopyAES),?"*35% % ltra-violet photoelectron spec-
Ti,Si is probably the most used and best understood silitroscopy (UPS,?749525357-60 |oy  energy electron
cide due to the success of its application in polysilicondiffraction®® soft x-ray emission spectroscop{SXE),5*
interconnecté:® However, the sheet resistance ofJiin-  x-ray absorption spectroscogiXAS),?%% surface extended
creases dramatically when one of the dimensions ix-ray absorption fine structurd, grazing incidence
reduced® In sub-half-micron technologies PtSi and NiSi diffraction/*® and Raman spectroscopy.
have been shown to be good candidates for replacip8i Ti Recently Starlet al*° used ellipsometry measurements to
since their structural and electronic properties are less sensitudy the kinetic parameters for PtSi formation. Wangl2®
tive to lateral or vertical siz€?*> Nonetheless, PtSi is prob- have also characterized the kinetic growth sequence and they
ably one of the least understood silicides in contrast to thebtained results that differ from those of Stakal3® As a
extensive knowledge that exists for,$i. For example, most complement to these more applied studies, and in order to
of the experimental studies to date have simply assumed thaetter understand the physics of silicide formation, it is de-
the electronic structure of PtSi is similar to that of othersirable to perform studies at a more fundamental level. A
transition-metal silicides. We are aware of no prior study incomplete characterization of the atomic and electronic struc-
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ture of PtSi should help to resolve the ambiguities in theand Sec. IV C describes calculations of the energy-resolved
previously reported studies, and also establish the underlyinglectronic charge density in order to further clarify our inter-
basis for the technological applications of this material. ~ pretation of the experimental spectra. A summary and con-

In contrast to the experimental studies, the number of preclusions are given in Sec. V.
vious theoretical studies is very small. Beckstetral® re-
cently carried out first principles electronic structure calcula-
tions for P§Si and PtSi. In addition to the electronic
structure, they also calculated all of the equilibrium struc- Both the atomic and electronic structures of a material are
tural parameters and zero-pressure elastic constants for baglenerally needed in order to provide a basic understanding of
phases. Klepeist al®® studied the fundamental nature of the the properties of that material, including the optical, electri-
chemical bonding and elasticity in these same two silicidesal, magnetic, and mechanical properties. However, atomic
by constructing valence force field models fit to the elasticand electronic structures are strongly correlated and full
constants calculated by Beckstednal®® There have also knowledge of one typically enables an understanding of key
been calculations of the angular-momentum-resolved densityarts of the other. Experimental and theoretical methods now
of states(DOS),>*%86and a comparison between XPS andexist that can be used to accurately obtain the electronic
SXE measurements and the calculated electronic structudgructure of most materials. With the advent of synchrotron
for different 4d and 5 transition-metal silicide§’ radiation facilities, spectroscopic methaddPS, UPS, XAS,

Despite the large number of experimental studies, mangXE, etc) have been successfully developed such that they
of the more fundamental properties of PtSi have not beemepresent one of the best choices for electronic structure
fully addressed experimentally. Examples include the natureharacterization. On the theoretical side, first principles
of the chemical bonding, the contribution of different orbitals methods have been shown to provide accurate electronic and
to the valence ban@B), and the charge transfer between atomic structure information for a wide range of materials
the atoms. In addition, there remain a number of controversystems.
sies such as the disagreement between theory and experiment
with regard to the electronic structure at the Fermi energy
(Eg),% the nature of the charge transfer between Pt arid Si,
and a satisfactory explanation of the VB electronic In solid-state physics most materials can be described us-
structure®’ ing classical band theory where the VB and CB are respon-

In this paper we present a complete theoretical and exsible for the chemistry-related properties of the solid. These
perimental electronic structure study of PtSi by means obands can be probed using different spectroscopic tech-
synchrotron radiation photoelectron spectrosctpiR-PES, niques; XAS%® SXE,/® and PES(Ref. 71 are currently
SXE, and XAS. By using the SR-PES technique we caramong the more popular choices. In XAS an electron is ex-
measure the total DOGDOY) for the VB or extract infor-  cited from a core level into an unoccupied state of the CB
mation about the chemical bonding by means of core-leve{just aboveE;) and changes in the sample currétdtal
photoelectron spectroscop¢L-PES. In addition, SXE and electron yield(TEY)] or the fluorescence emissiORFY) are
XAS are excellent tools for determining the orbital-specificmeasured while scanning across the relevant threshold (
partial DOS(PDOS for the VB (filled state$ and the con- L;, orL,3in our cas¢ The measured intensity as a function
duction bandCB) (empty states respectively, by taking ad- of energy is a PDOS projected onto the core hole potential
vantage of the dipole selection rules for electronic transi-appropriate to the final stafé.Changes in the spectrum can
tions. PES is a surface sensitive technique while SXE andlso be observed due to changes in the potential of the initial
XAS probe the bulKif the partial fluorescence yiel(PFY)  state’?
mode is usefl Our ex situprepared samples suffered from  SXE is used to map out the VB PDOS allowed by the
surface contamination but since SXE and XAS both probelipole selection rules. In this case fluorescence spectra are
the bulk we were nonetheless able to make measuremengsoduced when x rays are used to excite characteristic emis-
and direct comparisons betwensitu andex situprepared sion lines. In recent years powerful third generation synchro-
samples. In order to present a more complete picture, firdton sources have made possible the measurement of very
principles electronic structure calculations for PtSi were alsdow fluorescence yields for radiative transitions in the soft
carried out and compared with our experimental results and-ray regime. The particular advantage of SXE over PES in
previously published data. A preliminary account of the workprobing the VB is the possibility of selecting specific orbitals
described here has appeared previotfly. and thus obtaining the PDOS.

The remainder of this paper is organized as follows. Sec- In the case of PES, photoemitted electrons are collected
tion Il contains a description of the experimental and theofrom a core level or VB state after exciting the atom with
retical techniques. Section Il briefly summarizes the kineticenergetic photons. This method can be used to probe either
growth model for PtSi prepared on a Si substrate. Section [\¢hanges in the electronic structure and bond character at the
presents and compares the experimental measurements asate level(with respect to a reference sampla the total
theoretical calculations and is divided into three parts. Secdensity of state$TDOS) of the VB.”® There are two energy-
tion IV A focuses on the PtSi VB and CB electronic struc- dependent factors that dominate the photoemission prétess.
ture, Sec. IV B discusses the Pt 4nd Si 2 CL-PES data The photoionization cross sectiondetermines the probabil-
and deduces the chemical bonding properties of the silicidaty of excitation for a specific electronic level while the elec-

Il. EXPERIMENTAL AND THEORETICAL TECHNIQUES

A. Experiment
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tron escape depttEED) is the mean free path that the ex- spectrometer located at the 8.0.1 end-station. Detailed de-
cited electron travels across the sample on its way out to thecriptions_of these two spectrometers have been given
vacuum. The tunability of the photon energy when using ~ elsewheré®’’
synchrotron radiation sources creates the possibility for tak-

ing advantage of the energy dependence of these two factors

in order to study different electronic characteristics of a ma-

terial. A notable conseguence of this dependenchlois the The calculated PDOS and electronic Charge densities were
Cooper minimum effect® In some atoms the radial part of obtained using §7gull-potential linear muffin-tin o.rbitéE_FP—

the initial state wave function can have strong variations-MTO) method® that makes no shape approximation for
such that there is a significant reduction in the transitiorin® Crystal potential. The crystal is divided up into regions
matrix element at particular energies. This reduction trans!Sid€ atomic spheres, where Sdtiirger's equation is
lates into a minimum irr that is called a Cooper minimum. solved numerically, and an |r_1terst_|t|al region. .AS in _aII
The net result is thatr can vary by orders of magnitude for LMTO methods t.he wave functlons_ in the mterstmal region
different one-electron orbitals by varyit. Therefore, by are Hankel functions. An interpolation procedure is used for

) ) . X ; evaluating interstitial integrals involving products of Hankel
tuning hv appropriately, we can differentiate between differ- functions. The triplex basis is composed of three setssof

ent orbital contributions and thus measure not only thep, d, andf LMTOs per atom with Hankel function kinetic
TDOS but also the PDOS. energies of— x?=—-0.3, —1.0, and—2.3 Ry (48 orbitals

In our experiments we used two sets of samples, one preser atom. The Hankel functions decay exponentially as
paredin situ under ultra high vacuunfUHV) and another g=«r The angular momentum sums involved in the interpo-
provided by ZAE-BAYERN (Erlangen, Germany In the |ation procedure are carried up to a maximuméef6. The
former case, an n-type (phosphorous-doped, p  calculations presented here are based on the local density
=11-25Q cm) Si(100 single-crystal substrate was ther- approximation(LDA), using the exchange-correlation poten-
mally cleaned and checked by SR-PES, paying particulatial of Ceperley and AldéP as parametrized by Viosko, Wilk,
attention to the amount of carbon, oxygen, and nitrogen. Nand Nusaif' The scalar-relativistic Schdinger equation
traces of these contaminants were found prior to the evapawas solved self-consistently for orthorhombic PtSi. We did
ration of Pt in any of then situ prepared samples. The sili- not include spin-orbit interactions and we used atomic sphere
cide preparation and data acquisition were both carried outdii equal to one-half the nearest-neighbor Pt—Si bond
under UHV, with a base pressure ok40 ! Torr. We re-  length. The effect of spin-orbit interactions would normally
sistively evaporated Pt from an ultrapure filament, checkingoe large for Pt but in the case of PtSi the Fermi energy occurs
the coverage and cleanliness of the as-deposited Pt by meaell above the narrovd-derived bands, which are therefore
suring the ratio between the Sp2and Pt 4 core levels. completely occupied, thus reducing the impact of spin-orbit
Accounting for variations in the EED of the measured elec-splittings.
trons and ino at selected values dfy (130, 208, 400, and The Pt &, 6p, 5d, and & orbitals as well as the Sis3
800 eV), we found that the Pt coverage was always largeBp, 3d, and 4 orbitals were all treated as valence states.
than 20 A (after the Pt evaporation no traces of the $i 2 The semicore Pt&and 5 orbitals were treated as full band
core level peak were foundThin films of PtSi and PtSi  states by carrying out a “two-panel” calculation. The second
were prepared by resistively annealing the substrate at diffepanel band calculation for the semi-core orbitals included the
ent temperatures. These temperatures were calibrated with &1 5s, 5p, 5d, and 5 orbitals as well as all of the Si valence
optical pyrometer. During the annealing process the pressu@bitals. The Brillouin zondBZ) sums were carried out us-
of the system was always better thaxx 2020 Torr. The  ing the tetrahedron methdd.In the case of both the self-
cleanliness of the annealed silicide film was always checkedonsistent total energy and charge density calculations we
using SR-PES and no traces of any contaminant species wessed a shifted 1216X 12 (6X8X6) mesh in the full BZ,
found. resulting in 288(36) irreduciblek points in the firsi{secondl

We also used samples of PtSi groex situand provided panel. For the purpose of calculating the PDOS we used an
by ZAE-BAYERN to determined the PDOS at the VB and unshifted 16< 24X 16 mesh that included tHe point, corre-
CB by means of SXE and XAS. These samples were presponding to 1053 irreducible points.
pared using a p-type S{100 single crystal §p The atomic structure of orthorhombic PtSi corresponds to
=17-250 cm). A Pt coverage of 35 nm was evaporated space groug®nma(No. 62 with four symmetry-equivalent
situ (evaporation rate of 0.02 nm/and annealedh situ at Pt atoms occupying 4{ sites and four symmetry-equivalent
300 °C until a thin film of PtSi was formed. Si atoms also occupying 4) sites. The unit cell is specified

In acquiring the experimental data we have taken advanby three lattice constants, b, andc. The positions of the
tage of the high flux, high resolution, and small spot size ofatoms are not fully constrained by the space group alone but
the IBM/TENN/TULANE/LLNL/LBL undulator beamline rather there are four internal structural parameters needed to
8.0.1 at the Advanced Light Source synchrotron radiatiordetermine thex andz coordinates of the Pt and Si atormsg,,
facility in Berkeley, California. VB and core level SR-PES zp;, Xgj, andzs;. We have used the experimental atomic
spectra were obtained using the ellipsoidal mirror analyzer astructure determined by Graebast al.®® a=5.577 A,
the 8.0.4 end-station. The SXE and XAS data of the VB andb=3.587 A, ¢=5.916 A, xp=0.9956, zp=0.1922,
CB were obtained using the Rowland circle x-ray emissionxg=0.177, andzs;=0.583. Becksteirt al5* recently deter-

B. Theory
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W starting with the formation of the %i phase at lower tem-

o ® peratures and followed by the formation of the PtSi phase at
oo 8 o higher temperatures. The,Bi phase is formed when the Pt
Moo "o Pt atoms migrate into the Si, while the PtSi phase results from
the migration of Si atoms back into the existing,$it

¥ —> S layers® There is general agreement regarding the annealing
&)WC temperatures. Most studies have given a temperature range

of 180—200°C for the beginning of f8i formation!>3%37
while a temperature between 280 and 400°C is generally
reported as the lower limit for PtSi formatidh3®
Since a key factor in the formation of J8i and PtSi is the
mobility of the Pt and Si atoms, respectively, another impor-
@3so'c tant element in the growth kinetics is the annealing time.
Increasing the annealing time will give these atoms more

@as0°C opportunity to migrate and form the silicide. The appropriate
annealing time is, of course, strongly correlated with the an-
si Si nealing temperature and the Pt coverage and therefore these

three factors cannot be considered separately. However, it is
FIG. 1. Schematic diagram showing the different temperaturegenerally accepted that all of the Pt is transformed into PtSi
dependent steps during the formation of PtSi on a Si substratgnder the following conditions: low Pt coveragemder 100
Depending on the cleanliness of the substrate and the thickness g‘f)7 annealing temperatures as high as 600 °C, and annealing
th.e deposited Pt, some authors have suggested alternate temperatiiffas of approximately 30 min. Finally, we note that the
windows. introduction of contaminant species can dramatically alter
the kinetics of PtSi formatiof However, in our experiments

mined the theoretical minimum energy structure and find vaI-We checked extensively for contaminants and therefore we

ues of these parameters that are very close to the experimefsclude that we are working in a clean environment.
tal numbers used here.

The angular-momentum-resolved PDOS were generated

Si

on the basis ofsa; Mullikgn decompositiéfh_as Qes_cribed by IV. RESULTS AND DISCUSSION
McMahan et al®> A Mulliken decomposition is inherently
nonunique and this ambiguity is further compounded by the A. PtSi VB and CB electronic structure

fact that we choose to project out against a particular set of |, the independent-electron model the threshold transi-
orbitals, the numerical basis functions obtained from the selfg;q,5 corresponding to the $i, 5 edge directly couple the
consistent calculations. This projection clearly depends ORitial state Si D core level with the Si 8 and empty CB

the characteristics of these orbitals but the results are nongiztes. Thus by monitoring the absorption coefficient modu-
theless useful because the most important characteristics pfion while scanning across the 84 threshold(Si 2p

the orbitals are that they are localized and possess the appro; gj 35+ 3¢ transition we can investigate the Ss3and &

priate symmetry properties. PDOS in the CB. In the transition-metal silicides the
transition-metald orbitals are more localized than the §i
Il. KINETIC GROWTH MODEL orbitals and therefore transitions into tbestates produce a

so-called “white line” (d-like states have a jagged DOS and

We briefly introduce the important elements of the generdransition matrix elements that vary widely in comparison to
ally accepted kinetic growth model for the preparation ofs-like states. Conversely, transitions inte states yield ab-
PtSi on a Si substraf8.These elements are shown schemati-sorption edges that are much smoother. In addition, by excit-
cally in Fig. 1. A reaction occurs at the interface when Pt ising an electron from the Si2 core level into the CB and
deposited (by means of thermal evaporation, electronicthen observing the valence S8 3d— Si 2p transitions, we
evaporation, sputtering, efcon clean Si at room tempera- can probe the Sigand 3 PDOS in the VB. In Fig. 2 we
ture. At submonolayer Pt coverages there are changes in tlsfiow SilL, 3 SXE and XAS measurements together with the
surface states that are big enough to allow the identificatiotheoretical PDOS$Si 3s and 3 orbitals combined and the Si
of variations in the atomic and electronic structft@>®3At  3d orbitals only for PtSi. The intensities of the SXE and
Pt coverages of 2—5 ML the interface is silicidelike, while XAS data were not measured on an absolute scale and so
increasing the coveragelp to 20 ML) makes the interface they are normalized with respect to the theoretical PDOS.
become more “metal’-like. For sufficiently large coverages The energy calibration was performed by shifting the spectra
unreacted Pt remains on the surface. In the absence of thén accordance with a previously measured Si reference
mal treatment a reaction takes place at the interfacky a  samplée®’
few ML) in which Pt atoms migrate into the Si, forming a  In Fig. 3 we show the XPS spectra for PtSi obtained at
few silicidelike layers. This migration becomes negligible h»=80 and 130 eV. The TDOS obtainedtat=80 eV pri-
after a few ML, and there is a transition from silicidelike to marily reflects the Pt & orbitals (o for Pt 5d is almost an
pure Pt layers. Under annealing the situation is modifiedprder of magnitude larger than for Pp6Si 3s, and Si 3).
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Intensity (Arb.Units)

FIG. 2. Experimental and theoretical VB and CB PDOS for
PtSi. The SiL, 3 SXE and XAS spectrgsolid lineg represent the
experimental Si 8 and 3 PDOS. The calculated PDOS corre-
spond to the TDOS projected onto the Si&énhd 3 orbitals(dotted
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line) and the Si 8 orbitals only(dashed ling

In the case of the TDOS obtainedtat=130 eV, o for Pt
5d is only 2.5 times larger than for PipGand only five times
larger than for Si 8 or Si 3p.%® We have also plotted the
theoretical PDOS for all of the Pt orbitals combingt 6s,

Intensity (Arb. Units)

FIG. 3. Comparison between the VB XPS spedsalid lineg
obtained ath»=80 and 130 eV. The calculated Pt PDQd®tted
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DOS (Electrons eV! cell'!)

Energy (eV)

FIG. 4. Theoretical PtSi TDO%solid linel and PDOS(dotted
lines). The TDOS has been projected separately onto thepRirdl
5d orbitals as well as the Sis3 3p, and 3 orbitals. The TDOS is
convoluted with a Lorentzian in order to account for the experimen-
tal resolution(0.6 eV), while the PDOS are unsmoothed.

6p, 5d, and 5) and all of the Si orbitals combing@®i 3s,
3p, and 3).

In order to aid in the interpretation of the observed fea-
tures in the experimental spectra we have also calculated the
individual Pt and Si orbital contributions to the theoretical
PtSi TDOS using a Mulliken decomposition. In Fig. 4 we
show the unsmoothed theoretical PDOS for Ptehd & as
well as Si 3, 3p, and 3. Also shown is the PtSi TDOS
convoluted with a Lorentzian in order to account for the
experimental resolutiof0.6 eV). On the basis of our experi-
mental results we have divided the VB into four primary
energy regions that we analyze below, in addition to the CB.

1. VB near—10.0 eV

The experimental Si PDOS in Fig. 2 exhibits a prominent
peak near-10 eV (belowEg). This peak has been reported
previously and is associated with the S§ 8rbitals. The
conventional model for this peak is that it arises from the
absence of Ssp® tetrahedral bonds in the silicide, which
leaves the Si 8 orbitals unhybridized. This peak has been
reported for nearly every silicide, and is therefore believed to
be insensitive to the transition-metal—silicon bonding. Figure
2 shows the SL,3; SXE spectrum that we have identified
with the Si 3 and 3 PDOS. The experimental peak is
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located at —10.3 eV while the theoretical one is at perimental SXE spectra, but the relative magnitudes of these
—9.9 eV. This small disagreement is not significant and canntensity variations are very different. One of the reasons for
be explained by two factors. The first is the experimentathis discrepancy in the intensities between theory and experi-
resolution of approximately 0.6 eV, which results in a3~ ment may be the influence of the dipole selection rules on the
peak that is wider than the theoretical PDOS peak. A secondxperimental data, which effect the S8 8rbitals differently
explanation is the likely underestimate of the total bandwidththan the Si 8 orbitals. Thus, by normalizing the 8b 3 SXE

in the theoreticalLDA) PDOS. Since we have aligned the spectrum to the maximum in the theoretical PDO&ated
experimental and theoretical PDOSEt, the error due to gt —10 eV and corresponding to the Sé 8rbitals, we may

the underestimated bandwidth will be largest at energies furgnderestimate the effect of the Sil rbitals in the experi-
thest from Eg. Finally, we note that the plot of the Si mental spectrum. In addition, the Mulliken decomposition
3d-only PDOS indicates that these orbitals contribute veryye yse in the calculations is not unique and it is therefore

little to the —10 eV peak.. _ _ _ possible that some of the PDOS labeled as SiaBd 3
Figure 3 provides additional information regarding the na-., ;|4 actually arise from a sum of tails from the neighboring

trﬁirr?irr?rjrt:eef?(taitteZegiﬁEég ?r\]/'s";‘i ﬁlfsﬁﬁ]teo;;hse ﬁgggj{e?t 5d orbitals that have eithes or d-like symmetry about
ments athy=80 eV should be similar to the PGSPDOS, the Si site. This possibility seems likely given that the peak

. _ . positions in Fig. 2 match the peak positions in the et 5
while athy=130 eV the spectra are expected 1o be & Mixpr oo inin Fig. 4. This mixing of PBorbitals with Si

ture of the Pt Bl and G PDOS plus smaller contributions 3 d 2 orbital id i ther indication that int
from the Si 3 and 3 orbitals. Therefore, by comparing the S and i orbitals provides yet another indication that inter-
actions with the Pt 8 orbitals exist over a much wider range

XPS spectra at these two valueshof we should be able to ) i
clarify the nature of the states. In the=80 eV spectrum in  ©f €nergies than previous models have suggested.
Fig. 3 we see some intensity at9.9 eV that becomes more ~ Both of the experimental XPS spectra in Fig. [/ 80
prominent forhy=130 eV. The fact that the intensity in- @nd 130 eV exhibit an increase in the DOS betweer8.5
creases with increasinigy confirms that this feature is not and —1.0 eV. The overall intensity in this region decreases
purely Pt 5 in character but rather that it has at least some2S We go to highehv and therefore to a first approximation
contributions from Pt  or Si 3s. In the same figure we also We can attribute the DOS to the Pd ®rbitals. The theoret-
plot the theoretical Pt and Si PDOS for PtSi. The peak atical PDOS in Fig. 4 strongly support t.hIS mtgrp.r_etatlon since
—9.8 eV appears to have similar contributions from both thehe Pt & orbitals are the only ones with a significant contri-
Pt and Si orbitals. The individual orbital contributions to this Pution to the DOS in this energy range. Previous studies
peak are shown in Fig. 4. We see that the SidBbitals do have already atte_mpted t_o assign each feature in this region
indeed represent the dominant contribution but we also sef® a different orbital configuration. The standard model de-
that the Pt 8 and @ orbitals play an important role. The Scribed by a number of ?Uth6?§ 52.58.595%s as follows:
presence of a contribution from the Pt Srbitals in the bPonding and antibonding interactions between thedabd
lower part of the VB is contrary to the prevailing model for Si3p prbltals should give rise to a structure on egch side of
chemical bonding in transition-metal silicides, which statesthe primary Pt 8 band. The feature neaf 6.0 eV is iden-
that thed orbitals are very localized and not heavily involved tified as the bonding statéabeled BS in Fig. Pand is as-
ported that the Si §orbitals are not mixed with the Prgor ~ and Si 3 orbitals. The corresponding antibonding steee
6p orbitals, while Yamauchet al®* stated that the role afd ~ beled AS in Fig. 3 is located near—0.5 eV and will be
bonding was unclear. The idea that the Si@bitals are not  discussed further in Sec. IV A 4. Finally, the primary Rt 5
involved in the bonding is part of nearly every publishedPand, or nonbonding statéabeled NS in Fig. B is located
study on transition-metal silicides. Nonetheless, on the basi§ Petween the bonding and antibonding states near
of our combined theoretical and experimental results we con="3.7 €V. This model description is based on the assumption
clude that at least some mixing between the Sadd Pt 5  that there is strong but incomplete mixing between thefsi 3
or 6p orbitals occurs in the lower part of the VB in PtSi. and Pt & orbitals. Our experimental data and theoretical
PDOS (see Fig. 3 appear to be in good accord with the
previously published studies. In fact, the LDA-based calcu-
2. VB between—9.0 and—3.0 eV lations are consistent with both the position and the intensity
In contrast to the situation for the peak nearlO eV  of the experimental peaks, with the exception that the rela-
where there was excellent agreement between theory and etive intensities of the bonding and nonbonding states are in-
periment, in the case of the region betweerD.0 and verted. This small disagreement could arise from the fact that
—3.0 eV we see a number of small discrepancies. Thg the o associated with the bonding statmixture of Si 3
SXE spectrum in Fig. 2Si 3s and 3 PDOS is approxi- and Pt &) is small in comparison to that associated with the
mately flat in this region with only small intensity variations. nonbonding statépure Pt 5l statg. In addition, the calcula-
Comparing to the theoretical PDOS we see that most of théons represent only the contribution from the DOS. No at-
states in this energy range are associated with thedSi 3tempt has been made to include dipole matrix element or
orbitals, with only small contributions coming from Sg3 final state effects and thus it can only be expected that the
The theoretical PDOS in Fig. 2 exhibit intensity variations agreement between theory and experiment will be qualita-
that closely match the frequency of the variations in the extive. Nonetheless, the overall agreement is actually quite
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good given the degree of approximation. The theoreticah very localized state since it is well known that the Bt 6

PDOS in Fig. 4 indicate that the bonding state is a mixture obrbitals are much less localized than the Btdybitals. Fur-

mostly Pt & with smaller contributions from PtGas well  thermore, these results provide additional support for the

as Si P and 3. Conversely, the nonbonding state is almostidea that the Pt & and & orbitals are strongly mixed with

purely Pt & in character, with only a small contribution the Si 3 orbitals throughout the whole VB. Finally, we note

from Si 3p. that the Si 3 and 3 orbitals contribute very little to the
Despite the qualitative and quantitative agreement witHPOS at this energy.

previous studies noted above, there are two small peaks in

the XPS spectrum at 7.1 and—5.0 eV (labeleda andg in 4. VB near—0.5 eV

Fig. 3). None of the previously published work has made any  previous studies have assigned the peak located at
mention of these features, perhaps because the experimentah 5 oy to the partially occupied antibonding st4ta%53:59

resolution was insufficient to allow them to be resolved orhich is associated with the bonding state-#6.0 eV and
because there was no explanation for tifénfarmoshenko arises from the mixture of Ptcsand Si 3 orbitals®® In Fig
et al®” found some intensity in these energies, but not realy, \ve confirm an increase in the intensity fron® 5' eV up t'o
peaks. In Figs. 2 anq 3 we can see the S”_‘a” intensity variaEF. A previous disagreement between theo.ry and experi-
tions ‘fit these energies in both thg theoretical PDQS and tl‘lﬁent has been reported but was related to the calculational
experimental spectra. On the basis of the theoretical PDOﬁ]ethodologﬁl In our case the theoretical PDOS matches
in Fig. 4 we see that arises predominantly from the PS5 o1y \yell with the experimental spectrum in this energy re-
orbitals, with s.,m.aller contr!butlons from' Pip6as well as Si gion. As in the case of the bonding state, there are approxi-
3p and 3. Similarly, B arises predominantly from PtdS ey equal contributions from the Si3and 3 orbitals.
and Si 3, with almost no contribution from Sic& . However, we again expect that the Rt &nd Si 3 orbitals

The importance of these featuresand g is that their i he dominant in this energy range, and therefore greater
presence strongly indicates that the previously accepted 'deé?nphasis should be placed on the XPS measurements.
of a relativel){ localized Pt & band surrounded by bonding In Fig. 3 there appears to be a quantitative disagreement
and antibonding states may not be accurate. Instead we pPrgqyeen theory and experiment but in fact there is not. While
pose a more complex picture of the PtSi bonding in whichy,e xps data are given in arbitrary units, the theoretical
the Pt &l and Si 3 orbitals are strongly mixed throughout ppos are calculated on an absolute scale, and therefore the
the whole VB, and where the Sid3and Pt § orbitals also  htensity at—0.5 eV is not close to zero. If we normalize
contribute but to a lesser extent. This idea has been mefoth the theoretical and experimental peaks then the intensity
tioned recently” and is also supported by other x-ray emis- ¢jose toEr is similar (1.19 for the Pt PDOS and 1.69 for the

sion spectroscopy and SXE measurements. experimental spectrum aty=80 eV). Moreover, the ex-
perimental curve includes not only the Pt PDOS but also
3. VB near—2.4 eV small contributions from the Si PDOS.

From Fig. 4 we see that only the Pd ®nd Si 3 orbitals

The experimental SXE spectrum in Fig(8i 3s and 3 : . :
PDOS exfibis a peak at 2.4 eV (abeledy). The wicth of Te &% SRECEEVE PLus T U SOy (0%, R 00!
the peak is approximately 1 eV. The calculations do not re- y '

. . . is consistent with the idea of an antibonding state. It is
EggljsceSE?]iep\?vZke?(ute::?j%é?n?nj:ﬁ%?l;rﬂ gﬁf?g?g worthwhile reemphasizing that we have found not only
we Ia.lce more emp hasis on the XPS spectrum in F%y ualitative, but also quantitative, agreement between theory

P pr pec 9- 2nd experiment in explaining the VB close Eg , whereas
(TDOS) where there is a shoulder at2.4 eV in both the

g . revious studies had difficulty in this region. Finally, we
theoretical and experimental curves. In the XPS spectrum th ention that in the Pt PES dataot shown the intensity at

intensity of the shoulder increase_s with respect to the ma|r|1__.F is decreasing drastically, which is in accord with our
peak(lqcated at—3.7 eV and having pure Ptdscharacter calculations showing that PtSi is a poor metal, with a low
as we increasév, and therefore we can conclude that the.l.DOS atE

F .

shoulder is not a pure Ptdbstate. The theoretical curves in

Fig. 3 exhibit the same shoulder located at the same energy 5 CB

for both the Pt and the Si PDOS. The theoretical Pt PDOS is '

approximately 1.6 times higher than the Si PDOS at this We have analyzed the CBempty statesby means of

energy, showing that the Pt contribution is larger but that theXAS using the SiL, ; edge, which probes the unoccupied

Si contribution is still significant. PDOS ofd ands characters at the Si site. The spectrum is
On the basis of the theoretical orbital-resolved PDOS inshown in Fig. 2 along with the theoretical PDOS. We clearly

Fig. 4 we see that the dominant contribution to this featuresee a strong experimental peak at 1 eV ab&yethat is

comes from the Pt & orbitals, but that the Ptgand Si 3  reproduced with less intensity by the calculations. This peak

orbitals also contribute in equal but lesser proportions. Rosdias primarily Si 8l character but also a small Ss®ontri-

et al. reported the existence of some states associated withution. However, it is unlikely that the Sis3orbitals would

the Pt 5l orbitals at— 1.8 eV > These states were expected contribute in this energy range and therefore it is more prob-

to be very localized and thus not involved in the bonding.able that thiss-like PDOS arises from either the Sg4rbit-

Our results would appear to be in contradiction to the idea ofls or ans-like combination of Pt 8 tails from neighboring
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A bigger core level shift between Pt and PtSi as compared
to the corresponding shift for f8i is consistent with the
chemical bonding in these two materials. Klepeisal®
have shown that there are a relatively small number of strong
Pt-Si covalent bonds in PtSi, whereas$ttcontains a much
larger density of much weaker covalent bonds, in addition to
two-dimensional Pt-Pt metallic bonding. The chemical bond-
ing environment of the Pt atoms in8i is therefore more
similar to that of pure Pt than is the case for the Pt atoms in
PtSi. Since the respective core level shifts in the silicides
relative to pure Pt reflect this local bonding environment, it is
not surprising that the shift for B$i is smaller than that for
PtSi.

Both of the core level peaks in Fig. 5 exhibit an asymmet-
ric line shape, which is characteristic of metals. The photo-
emission intensity from a core level corresponds to a Voigt
line shape where the Lorentzian linewidth is determined by
the lifetime of the core hole. In metals this intensity is modi-
fied by the creation of electron-hole pairs that result in an
asymmetric Doniach-Sunjic line shaffe.The observed
asymmetry in the Pt # core level for PtSi provides addi-
tional confirmation of the purity of our sample. We also note

EIG. 5. Pt 4 CL-PES data obtained #&tv=130 eV for both  that the linewidth of the pure Pt core level peak is larger than
pure Pt(solid line) and a thick film 100 A) of PtSi(dotted ling  that for PtSi. This effect is due to the enhanced screening of
that was prepareih situ on Si{100) by evaporation of Pt and an- the photoemitted electron in pure Pt, and has been reported
nealing. The shift between the two sets of spin-orbit-split peaks ipreviously>® Thus we are able to conclude that our PtSi
1.7 eV, in good agreement with previously published dRt&f. 5. sample was pure with no contaminants. In addition, the me-

tallic nature of the film is confirmed by the core level line
sites. Overall the theoretical PDOS agrees reasonable weghape.

with the experimental spectrum and with the previously pub- We can obtain qualitative information about the charge
lished data of Nafteét al®? transfer between the Pt and Si atoms by integrating the re-

spective theoretical PDOS for the two atoms. This analysis
indicates a sizable transfer of charge from the Si orbitals to
the Pt orbitals. This sign for the charge transfer would appear

Measurements of the VB electronic structure only provideon the surface to disagree with the shift of the Ptcbre
information about the outermost valence orbitals but theyevel to higher binding energy. However, the core level shift
yield no information about the charge transfer between atresults from the overall redistribution of electronic charge,
oms. Study of the core levels is therefore a means of obtainvhich in the case of PtSi corresponds to the formation of
ing additional knowledge about the electronic structure of astrong Pt-Si covalent bonds as opposed to the Pt-Pt metallic
material. However, the analysis of core level data can béonding in pure Pt. Such a complex redistribution of the
complex because any spectrum must be compared to a relectronic charge can in principle produce a core level shift
erence sample. In this section we report an experimentalf either sign. Additional analysis of the individual orbital
study of the Pt 4 and Si 2 core levels for a thick PtSi film contributions to the theoretical PDOS for both pure Pt and
preparedn situ, and we compare our results with previously PtSi indicates that relative to the neutral Pt atoms in pure Pt
published data. there is a loss of Ptd charge in PtSi, but that this loss is

In Fig. 5 we show the Pt#core level for pure Pt as well more than compensated for by a significant increase inpPt 6
as PtSi, both obtained dtr=130 eV. At this energy the charge. There is also a small increase in the fPténtribu-
EED ando are both close to their respective minima andtion while Pt & is essentially unchanged.
therefore there is a trade off between high surface sensitivity The Si 20 core level measurements for PtSi in Fig. 6
(low EED) and low Pt 4 cross sectiorr. From the data in  exhibit a much more complex structure than the Ptcére
Fig. 5 we see a shift to higher binding energpE  level measurements. For reference purposes we also mea-
=1.7 eV) in PtSi relative to pure Pt. This shift has beensured the Si P core level corresponding to the clean
reported by different author$;>* and our measurements Si(100)(2x 1) surface. The atomic and electronic structure
agree very well with these previously published data. Giverof this clean surface is completely understood, and a well
these results we can conclude that our data correspond torasolved CL-PES peak can be fit with five Voigt functiths
pure PtSi sample and not a mixture of PtSi angSRtThis  corresponding to five different components. Only one of
conclusion is based on the fact that the core level shift assahese components corresponds to bulk|8beled B in Fig.
ciated with PsSi is 1.2 e\?? as well as the absence of any 6) while the others correspond to surface and near-surface
other core level component or shoulder in our data. atoms. We also note that in our clean Si(100%(R) spec-

Intensity (Arb.Units)
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78 76 74 72 70
Binding Energy (eV)

B. Si 2p and Pt 4f core level spectroscopy

045116-8



EXPERIMENTAL AND THEORETICAL ELECTRONC . .. PHYSICAL REVIEW B 68, 045116 (2003

70 - B excess Si into the PtSi film. This excess Si diffusion could
] A result in a film composed of PtSi regions and bulklike Si
1 - Cleansicio0) iy regions. The minimum annealing time and temperature
60 — 3 Fiins Corver Pl needed to form PtSi are very sensitive to the defects, impu-
4 B [ rities, and inhomogeneity of the annealing, and therefore it is
q - s ! ! very possible that we overannealed the sample just enough to
50 i H create fragments of bulk-like Si at or close to the film sur-
i TS v face. Excess Si migration has been discussed as part of a
] larger study of the effects of cleanliness on the formation of
PtSi on a Si substrafé.
Interestingly, we find a core level double shift, meaning
that the shift for the Si g core level is in the same direction
as that for the Pt # core level, compared to the Si and Pt
references, respectively. We have also carried out first prin-
ciples calculations that confirm the presence of a core level
double shift. As we indicated above, the complex redistribu-
tion of electronic charge into strong covalent bonds can re-
sult in core level shifts of either sign. An analysis of our
theoretical PDOS has indicated that this double shift can also
be interpreted in terms of a charge compensation mechanism
20 15 10 05 00 05 -10 in which the Pt in PtSi losescbelectrons but that this loss is
Relative Binding Energy (V) overcompensated by the gain op Glectrons so that the

FIG. 6. Si 20 CL-PES for clean Si(100)(21) (top) and PtSi/ over%g flow of elgctronic charge ?s .from Si to Pt: Naftel
Si(100) (bottom. We also show the curve fit for the PtSi case €t al-” have previously found a similar double shift mea-
(crosses Using only PtSi, bulk(B), and surface stat¢ss—  sured with SiK-edge and PtM, yedge x-ray absorption
tentative assignmentomponents we are able to achieve a close fit.near-edge structureXANES) (in TEY). On the basis of

these experiments and additional PES data they also sug-
trum (Fig. 6) a surface state clearly appears approximatelygested a charge compensation mechanism with Pt losing a
0.5 eV toward a lower binding energy from the bulk peak5d and gaining a nomt electron. The idea of a complex
(labeled S$ providing a strong indication of a clean surface. rearrangement of charge is consistent with our conclusion
The curve corresponding to the clean Si(100%(P) surface that the previously accepted standard model of bonding in
was fit and yielded similar parameters to those reported bjhe silicides is not correct, at least for PtSi. Rather than a
Landemarket al®® simple transfer of charge between the two atom types in the

The fit for the Si D CL-PES of PtSi is also shown in Fig. unit cell, we have instead found multiple reasons to infer a
6, and it has three components. We assign the high bindingiuch more complex reconfiguration of the charge into cova-
energy peak to PtSi and the middle peak to bulk Si. Thdent bonds. The presence of a core level double shift is just
origin of the low binding energy peak is somewhat uncertainone more piece of evidence supporting the idea that the Pt
but we note that it occurs at approximately the same energ§d orbitals are not highly localized but instead are strongly
as the surface state of the clean surface and so we tentativelyixed with the Si orbitals®
make this assignment. The SpZore level shift for PtSi _ _ )
relative to clean Si(100)(21) has been measured previ- C. Electronic charge density and chemical bonds
ously and found to be 1.0 eV toward higher binding enéfgy.  Our study of the experimental and theoretical PDOS has
Our fit yields a core level shift of 0.74 eV, providing support led us to the conclusion that the Rd Brbitals are not highly
for our assignment of the two higher binding energy peakslocalized as has been assumed in all previous experimental
The apparent presence of a bulk Si core level componenstudies of PtSi. Rather we have found evidence that the in-
and possibly a clean surface state as well, would seem tfuence of thed orbitals extends throughout the whole VB
suggest that the @i00)/PtSi interface is not well formed. and that the nature of the chemical bonds is more complex
According to the kinetic model for the formation of PtSi on than the earlier studies assumed. This conclusion is very
a Si substratédescribed in Sec. Ill and illustrated schemati- strongly supported by a recent study of Klepetsal®® in
cally in Fig. 1), the first step that must take place is thewhich an analysis of the electronic charge density revealed
deposited Pt atoms must migrate into the Si substrate angvidence of a small number of strong Pt-Si covalent bonds.
form PtSi. The second step is for substrate Si atoms tdThey also analyzed the elastic constants of PtSi, which en-
diffuse back into the B&i to form PtSi. If the Si/PtSi inter- abled an estimate of the strength of these bonds. The cova-
face were “perfect” then we would not expect any trace of lent bonds in PtSi were found to be nearly as strong as the
bulk Si to appear in the core level spectrum. The presence @&i-Si bonds in pure Si. However, the bond angles in PtSi are
these components can be explained if the annealing time wasgnificantly distorted away from the tetrahedral angles of
too long or the annealing temperature too high. It has beepure Si, which resulted in the striking appearance of three-
reported® that increasing the annealing time or temperaturecenter Pt-Si-Pt bonds, in addition to more usual two-center
beyond the minimum that are needed can lead to diffusion oPt-Si bonds.

Intensity (Arb. Units)
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valence charge density in order to emphasize the formation
of bonds. In the present context we have plotted the valence
density directly in order to facilitate the comparison with the
energy-resolved densities where it is not sensible to subtract
out a free-atom contribution. One consequence of plotting
the full valence density is that there is a rather large pile-up
of charge close the atoms, especially the Pt atoms. This large
pile-up arises from the fact that we are using an all-electron
method and the wave functions have large oscillations near
the atom cores. These oscillations are not of direct interest
but rather we wish to focus on the density in between the
atoms where the chemical bonding is active. For this reason
each of the plots is cut off at a particular magnitude of the
density in order to emphasize the bonding regions. A diffi-
culty then arises in choosing an appropriate cutoff for each of
the plots. It is not sensible to use the same cutoff in each case
because the total integrated charge corresponding to the in-
dividual energy windows is different for all eight plots. For
example, the total valence charge corresponding to Faj. 7

is 56 electrons, while the integrated charge in the case of Fig.
7(b) is only eight electrons. We have therefore chosen to
scale the cutoff for each plot by the total amount of charge in
each of the respective energy windows.

The three-center Pt-Si-Pt bonds discussed in Ref. 65 are
also visible in Fig. 7a). One of these bonds involves the
leftmost Si atom in the plot and its two near-neighbor Pt
atoms. The remaining seven panels in Fig. 7 correspond to
the seven PDOS features shown in Figs. 2—4 and are labeled
accordingly. Once again, the sum of these seven energy-

FIG. 7. Energy-resolved electronic charge density correspondEeSOIVed COI.’]tI’I!:)utIOI’]S. adds up to give the total valence
ing to the seven PDOS featuréenergy windows discussed in charge density in the first panel. The energy-resolved charge

connection with Figs. 2—4. The total electronic charge density i<d€nsity in Fig. Tb) corresponds to the Sis3dominated
given in panel(@) and is equal to the sum of the densities in the PDOS feature at-10 eV. As in the analysis of the PDOS we
remaining seven panels, which are labeled according to their recan clearly see that the Ssdrbitals are dominant but there
spective PDOS features. The plane of the plots corresponds to i& also strong evidence of a charge pile-up between the Pt
b-axis slice through the unit cell. In all cases black corresponds t&nd Si atoms as well ad- or possiblyp-like contributions

the lowest electron density and white to the highest density. Tharising from the Pt atoms. This result, in direct contradiction
highest density for each panel has been cut off in order to focus oto previous models, provides a strong indication that the Si
the density in the interesting bonding regions in between the atom$s orbitals participate in the Pt-Si bonds and that the influ-
These cutoff values have been chosen to scale with the total numbeince of the Pt orbitals extends all the way to the bottom of
of valence electrons in each of the respective energy windows. the valence band. As another example, Figf) ghows the
energy-resolved charge density corresponding to the PDOS

In order to connect the bonding information deduced from N . . ;
the real-space electronic charge density with kispace feature labeled NS in Fig. 3, which has been associated with

PDOS information discussed in the present study, we hav@ nonbonding combination of Piorbitals in earlier stud-
decomposed the total charge density into energy-resolvelS- Although the contribution from the Pd%orbitals is cer-
contributions corresponding to the various features in the vEainly dominant, consistent with the theoretical PDOS in Fig.
PDOS discussed in Sec. IV A above. The sum of all thesé: We nonetheless see a pile-up of charge between the Pt and
energy-resolved contributions yields the total charge density>! 20ms. This result again demonstrates that tried?bitals

but by looking at the energy dependence we can gain addf'€ not S'Frongly Iocallzgd but rather that they are active par-
tional insight into the nature of the electronic states at differ{i¢iPants in strong Pt-Si covalent bonds. In general, each of
ent energies. In Fig. 7 we show the energy-resolved chargi'® Plots in Fig. 7 show, to a greater or lesser extent, that the
densities corresponding to each of the PDOS features diﬁt'S' bonding in PtSi is extended essentially throughout the
cussed above. In all cases black corresponds to the lowe8ftire VB.

density and white to the highest density. The plane of the

plots corresponds to la-axis slice through the unit cell con- V. SUMMARY AND CONCLUSIONS
taining two Pt atoms and two Si atortes well as one Pt and
one Si periodic image We have carried out a combined experimental and theo-

Figure 1@ shows the total valence charge density. In Ref.retical characterization of the PtSi electronic structure using
65 the free-atom charge density was subtracted from the tot&R-PES, SXE, XAS, and first principles electronic structure
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calculations. SXE and XAS measurements of theLS;  expected to be strongly localized. Finally, the prominent
edge have allowed us to probe the Sighd 3 PDOS inthe peak in the SXE spectrum nearl0 eV is well documented
VB and CB. Additional SR-PES measurements of the VBand has been associated purely with the So®bitals. It is
were obtained ahv=80 and 130 eV. By comparing the universally assumed that these orbitals are also not involved
spectra at these two photon energies we were able to prokg the bonding but we have found strong experimental and
the contribution of the Pt orbitals by means of the Cooper theoretical evidence that at least some mixing between the Si
minimum effect. In each case first principles _calculations 0f3s and Pt & or 6p orbitals occurs in this energy range. Al
the PDOS for the Ptjs and X as well as the Si§ 3p, and  yree of these findings strongly indicate that the previously

3d orbitals have enabled us to provide a detailed interpretasccepted chemical bonding model is not accurate. Rather we
tion of the experimental spectra. We have also performed Pﬁropose a more complex picture of the PtSi bonding in

4f and Si P CL-PES measurements that have provided in- hich the Pt & and Si  orbitals are strongly mixed
formation about the charge transfer between the Pt and roughout the whole VB, and where the Si and Pt &

and thus give additional insight into the nature of the chemi-_, - )
T i . S : orbitals also contribute but to a lesser extent.
cal bonding in PtSi. Finally, first principles calculations of

the energy-resolved electronic charge density have alloweg A;dlthnal mf&rn&agonhabgu;‘ged n;tureé)lf '?I(Eeschemlcal
us to connect th&-space spectroscopic information with the onding is provided by the Ptfdand Si 3 CL- mea-

real-space chemical bonds. surements. We find a 1.7 eV shift of the Pit dore level to

To date the generally accepted model for the chemicaigher binding energy in PtSi relative to pure Pt, which
bonding in transition-metal silicides, including PtSi, is that@grees very well with previously published data. The fact
bonding and antibonding interactions between the transitionthat we find only one Pt #core level component allows us
metald and Si 3 orbitals should give rise to a structure on to conclude that our data correspond to a pure PtSi sample
each side of the primargl band. This model description is and not a mixture of PtSi and f/8i. The observed asymmet-
based on the assumption that there is strong but incompletéc Doniach-Sunjic line shape for the Pf £ore level con-
mixing between the Si 8 and transition-metatl orbitals.  firms the metallic nature of the PtSi thin film. In the case of
Our XPS measurements exhibit peaks that have previouslihe Si 2 core level we are able to achieve a good fit to our
been identified as bonding, nonbonding, and antibondingPES data for PtSi with three components corresponding to
states at-6.0, —3.7, and—0.5 eV, respectively. The bond- PtSi, bulk Si, and a tentative surface state. Our Sicdre
ing and antibonding states are primarily mixtures of the Plevel shift for PtSi relative to clean Si(100)¥21) is 0.74 eV
5d and Si P orbitals while the nonbonding state is almost to higher binding energy, which is somewhat smaller than the
purely Pt &. Our experimental data and theoretical PDOSpreviously measured value. First principles calculations con-
are in accord with previous studies, although the calculationirm the presence of a core level double shift in which both
also indicate small contributions to the bonding state fromthe Pt 4 and Si 2 core levels shift to higher binding en-
the Pt 6 and Si 3 orbitals. In contrast to earlier studies, we ergy. The apparent presence of a bulk Si core level compo-
have found good agreement between our SXE and XPS me@ent suggests that the (800)/PtSi interface is not well
surements and the theoretical PDOS for the nonbonding stafermed. It is possible that we overannealed the sample dur-
nearEr. We also note that the theoretical PDOS agrees reang the formation of the PtSi film such that excess Si mi-
sonably well with the experimental XAS spectrum of the CB grated into the film and created fragments of bulk-like Si at
states neaEr . or close to the surface.

Despite the qualitative and quantitative agreement with The fact that we find a core level double shift means that
previous studies noted above, a closer examination of thehere is not a simple transfer of charge between the two atom
experimental spectra reveals features that do not fit into thg/pes in the unit cell. We have analyzed the theoretical PDOS
generally accepted chemical bonding model. Two exampleand find evidence of a sizable net transfer of charge from the
are the peaks in the XPS spectrum-at.1 and—5.0 eV that  Si orbitals to the Pt orbitals. However, the core level shifts
we have labeledr and 8. The SXE spectrum also shows result from the overall redistribution of electronic charge,
small intensity variations at these same energies. These peaksich in the case of PtSi corresponds to the formation of
have not been discussed in any of the previous studies aftrong three-center Pt-Si-Pt and two-center Pt-Si covalent
PtSi, to our knowledge. We find that arises predominantly bonds. This complex redistribution of electronic charge in
from the Pt %l orbitals, with smaller contributions from Pt PtSi can in principle result in core level shifts of either sign.
6p as well as Si p and 3, while B arises predominantly A further analysis of our theoretical PDOS has indicated that
from Pt 5d and Si 3, with almost no contribution from Si  this double shift can also be interpreted in terms of a charge
3d. In addition, the experimental SXE spectrum exhibits acompensation mechanism in which the Pt in PtSi losés 5
peak at—2.4 eV that we have labeled The XPS spectrum electrons, but that this loss is overcompensated for by the
and the theoretical PDOS have a shoulder at this same egain of 6p electrons so that the overall flow of electronic
ergy. This feature has been previously mentioned in passingharge is from Si to Pt. The idea of a complex rearrangement
as arising from very localized orbitals and thus was not exof charge is consistent with our proposal that the previously
pected to be involved in the bonding. However, we find thataccepted chemical bonding model for the transition-metal
although the dominant contribution comes from the Et 5 silicides is not correct, at least for PtSi. Once again, we infer
orbitals there are, nonetheless, significant contributions fronthat the Pt 8l orbitals are not highly localized but instead are
the Pt @ and Si 3 orbitals. These latter orbitals are not strongly mixed with the Si orbitals.
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Our first principles calculations of the energy-resolvedthe chemical bonds is more complex than the earlier studies
charge density have provided further evidence for the morassumed.
complex and distributed nature of the chemical bonding
in PtSi. These calculations revealed that contributions to ACKNOWLEDGMENTS
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