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Reinvestigation of the Ni/Si interface: Spectromicroscopic evidence for multiple silicide phases

L. Gregoratti, S. Gaother, J. Kovad, L. Casalis, M. Marsi, and M. Kiskinova
Sincrotrone Trieste, Area Science Park, 1-34012 Trieste, Italy
(Received 8 December 1997

Using photoelectron spectromicroscopy we identified the chemical composition of several phases on a
morphologically complex interface formed after segregation of dissolved Ni onto (h&1BSsurface. Unex-
pectedly, coexistence of two types of micrometer-sized silicide islands with composition and electronic struc-
ture close to NiSi and NiSi phases was found. This finding revises some of the previous schemes about the
evolution of the Ni/Si111) system at high temperatures, which were based exclusively on structural analyses.
A formation mechanism supposing anisotropy of the nucleation barrier for disilicide formation is suggested in
order to explain the presence of NiSi islands and the prefeftdd) orientation of the NiSi islands.
[S0163-18298)52612-4

Ni silicide films grown on Si substrates are among thephoton focusing optics for demagnification of the beam to a
most extensively studied metal silicide systems because &pot with a diameter of<0.15um. Specific information
their wide application as ohmic contacts in Si-based technolabout the composition and electronic structure of the Ni/Si
ogy. Many ordered surface and bulk phases of differeninterface is provided by collecting and analyzing the photo-
structure and composition, which grow nearly epitaxially onejectrons(PE) emitted from the irradiated area using a hemi-
the Si substrate, have been reporté®ecently, much of the spherical electron analyzer. In order to get spatially resolved
academic effort was focused on the initial stages of silicidg;hemjca] maps, the collection of emitted core level photo-
formation via solid phase epita{gPB, the mechanism of  gjectrons was synchronized by scanning the sample with re-
Ni mass transport, and the formatlon“conq]tlpns and atom'%pect to the focused beam. A more detailed description of the
arrangements of the/19x V19 and “1x1"-ring cluster oo miine and SPEM setup and the UHV-connected prepara-
(RC) surf_%ce reconstructions  at submonolaygr N'tion chamber equipped with low-energy electron diffraction
coverages:® The general agreement about the reactions Se(LEED) and Auger electron spectroscop§ES) analyzers
guence during SPE is that NiSshould be the only phase can be found in Ref. 7

remaining after annealing of deposited thin Ni films to .
~1070 % Because of the high solubility of Ni in Si at tem- | In(;he present _StUdi/]' WSe_ useNd_ 290 eVdpho’ions ngchdal-
peratures>1000 K it is believed that the bulk interstitial '0Wed us to monitor the Si2 Ni 3p, and valence ban
diffusion is the dominant mass transport for Ni, which is thePhotoelectrons with sufficient photoelectron yield and energy

main diffusing species? The precipitation of dissolved Ni resolution. The Si @ spectra were fitted using a curve fitting
can result in formation of orderedl9 and “1x1"-RC sur-  Procedure of Doniach-Sunjic convoluted with Gaussian for
face phaseS, when the Ni Coverages are lessttamhs ML’ the instrument reSOIUtiOf(]O.4 eV in the present measure-
and growth of three-dimension&BD) islands at coverages Ments.” As a reference, the binding energBE) position
above 0.15 ML! Structural techniquegreflective high- and parameters of the bulk Si component from the fit of the
energy electron diffractiofRHEED), low energy electron Si 2p spectrum measured by us for thé13i1)-7X7 sample,
microscopy (LEEM), and scanning electron microscopy Was used. For coverage calibration of the deposited Ni we
(SEM)] have identified the 3D islands as a NiShase used the Si p and Ni 3p PE and SiKLL) and N(LMM)
which is consistent with the high formation temperaturesAuger intensities measured for th@9 compressed structure
used®® containing~0.16 ML of Ni.3 1 ML equals the number of Si
Using the recently developed synchrotron radiation scansurface atoms on Gi11)-1x1, 7.83x10' atoms/cm. The
ning photoelectron microscopy we reinvestigated the laterabi(111)-7X7 surface was prepared by the usual controlled
distribution and composition of the phases formed when on#lashing procedures using direct resistive healifipe inter-
monolayer of Ni dissolved in Si segregates onto the surfacdace was produced by room temperature deposition of a total
Thanks to the capability of the scanning photoemission miof 1 ML Ni (with a rate of 0.05 ML/min in doses of
croscope(SPEM) to probe the interface chemical composi- ~0.25 ML. After each deposition step the sample was an-
tion and structure with submicron spatial resolution we idenfealed for 15 sec at 1150 Kvell above the solvus line
tified two kinds of 3D silicide islands different in shape and cooled down and kept at 920 K for45 sec(below the sol-
orientation, each one with different composition and elecvus line, followed by slow cooling(~1.5 K/se¢ to room
tronic structure. These results reveal new aspects of the inemperature. This procedure reportedly created &171-RC
terface reactions occurring during Ni segregation whichphase and 3D Nigiislands*® Our LEED data showed very
guestion the general validity of the accepted scheme for thereak 7x7 and more intensélX 1) spots in accordance with
evolution of the silicide phases produced by SPE. the above reported “X1”-RC phase which usually coexists
The experiments were carried out with the scanning phowith 7xX7 Si domains.
toemission microscop€¢SPEM on the ESCA microscopy Figure 1 shows a typical chemical map of the Ni/Si sys-
beamline at the ELETTRA light source. The SPEM usedtem obtained by collecting the Nig photoelectrons. The
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-4 ) 0 2 4 FIG. 2. Si 2 and valence ban@/B) spectra taken from(a) and

(b) NiSi, islands with different thicknesses of the Si cég); NiSi-

like island;(d) and(e) brighter and darker out-of-island regior{f)

) o the depletion zone surrounding the islands. The fitting components
FIG. 1. (Colon Ni 3p map(top) and profile linescangbottom) o Sj 2p spectra are presented by grey lines. The dashed line indi-

across the 3D islands averaged over the indicated area in the magates the Sj @y, BE of the bulk Si component.

Distance (um)

contrast corresponds to the Nip3intensity and indicates 2 and Table I taken from different areas Qf th|s_morpholog|.-
cally complex surface reveal distinctive differences in

lt?;?i:)arll v_?rr::tlr;)]gs Zf\,itggnggliggcer:g:nggac:{snlfvr;afe gsorgcfgr};'hemical interactions and electronic structures. The decom-
. map pre )‘/‘p ,!Sposition of all Si 2 spectra in Fig. 2 requires at least three
!ands with d|f_'ferent shapes and Ni conte_nt. The_ longer spin-orbit split components after subtraction of the back-
islands contain less Ni and are always oriented in(ft) round.
direction. The Ni-rich islands show a less pronounced anisot= gyen without line-shape analyses the $i and the VB
ropy of the shape. The islands distinguished by SPEM covegpactra in Figs. @)—2(c) clearly manifest the different com-
about 4% of the surface. Simple calculations, assuming thaﬁosition of the two types of islands. The VB spectra taken
for the present formation conditions the Ni coverage on thgrom the islands reproduce well those reported for NiSi
areas away from the islands cannot exceed 0.14 (ke [Figs. 2a) and 2b)] and NiSi sample$Fig. 2(c)].°"* The
maximum coverage corresponding to close-packed RC’s most intense features are due to the shifted Nit®nding
results in an average island’s thickness-@2 A (~six triple  and nonbonding levels. These are for NiSi the unresolved
Si-Ni-Si layers for NiSj). The variable contrast of the domi- double peak structure at—1.8 and~—2.7 eV in Fig. Zc)
nating areas out of the islands indicates uneven Ni distribuand a shoulder at Fermi edge, and for Ni&i peak at
tion with a distinct depletion zone around the islands. The~—3.1 eV in Figs. 2a) and 2Zb) with a less pronounced
width of the depletion zone is comparable for almost allshoulder at the Fermi edge. Out of the islands, Fi¢d). &nd
islands. As can be seen from the profile linescaweraged 2(e), the weight of the Ni states decreases and accounts for
over the indicated by the dashed line argeexpands up to the reduced intensity of the VB spectra where the relative
~3 um from the edge of the islands. SEM measurements ofontribution of the St andp states is enhanced. It should be
the sample, performed afterwards, also revealed the presenneted that the VB spectra from both darKey and brighter
of nanosized islands with varying density, nonresolvablge) out-of-island areas resemble those of the NiSiands,
with SPEM. whereas the VB spectrum of the depletion zdfebetter

The Si 2, valence ban@vB) and Ni 3p spectrasee Fig. resembles that of Si.
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TABLE I. (?olumns 1-3 show the BE shifts in eV with respect ing plane of NiSi islands we can assign the component
to the bulk Si p line for the reactedAEy(r), and “surface,”  shifted by +0.3 eV to the top Si layer. This is in fair agree-
AEy(s), components of the Si2spectra and the BE shift of Ni8  ment with the intensity of this component which corresponds
levels, AE,(Ni), with respect to metal Ni. The error is0.1eV. {5 —0.9 ML.

Columns 4 and 5 show the relative weight of the reacted [5i 2 |t is notable that the same components used for the,NiSi

fO;TpO”?E;’ '\gé 'e(éog’:z e"’\‘/r;?u;?eed ?grfagéegpg!tg ggiizsﬁ’ém aij;lands fit well the Si spectra from the darker and brighter
Nill'si- . . L
least three islands of the same type and different depletion zon reas away from the islands displayed in Figs) 2nd Ze).

“Phe only difference is that the weight of the “reacted” com-

(©2). ponent is smaller, as can be seen in Table I. This Nike
PHASE AEy(r) AEu(s) AEL(Ni) I(r)/I(tot) Iy/lg structure is in excellent agreem_ent with thg corresponding

VB spectra. These PE data are in accord with the post-SEM
NiSi, -0.4 +0.3 -0.8 0.5-0.05 0.75:0.1 measurements revealing that the nanosized islands with vary-
NiSi -0.05 +0.5 -0.5 0.72 25 ing density are NiSitype, probably separated by a
Dz -0.3 +0.4 -0.65 0.25 0.08 “1 X1"-RC surface.

The Si 2 spectra from the depletion zone, Fig(f)2
where the amount of Ni is negligibly small, require compo-

The Si 2p spectra of the NiSiislands are best fitted using nents very similar to the ones used for fitting aX'1"-RC
one bulk Si component and a second shifted bysurface phase, obtained in a separate experithémtthe
~+0.3 eV, with respect to the bulk for the lower BE side of “1 X1” phase, Ni sits in a substitutional site in the top layer
the Si 2 spectra from a third component, shifted by of the Si bilayer and is surrounded above by six Si atoms,
~—0.4 eV, relative to the bulk Si, for the higher BE side. Which results in a distorted fluoritelike structurélote that
The third component is broader and asymmetric and its erthe components shifted by 0.3 and+0.4 eV in this case
ergy position is consistent with that reported for reacted Si iindicate a local structure similar to that of NjSi
the disilicide phasé®'* The presence of bulk Si is also in ~ The binding energy shifts of the NipBlevels, with re-
accord with previous PE studies of the NiPhase. It was spect to the Ni D levels of a pure Ni film(deposited on the
attributed to segregation of Si on top of Nj%ind formation ~ Ta clips supporting the Si sampléor the different phases
of an epitaxial Si layer, a process favored by the lower surand the Ni 3 intensity variations, normalized against the
face energy of Si than that of NiSt*'® We tentatively as- corresponding Si @ intensity, are summarized in Table I.
sign the lowest BE component to a surface compoliehit.  For all phases, Ni B8 levels shift toward the higher BE, the
might correspond to the Si adatoms forming the observe@mount of the shift increasing in the following order: NiSi
STM (2%2) structure on top of the NiSiphase'®!’ The islands; depletion zone; Nigislands. This trend is mainly
weight of the bulk and surface Si contributions varies withdetermined by the local bonding configuration, e.g., number
the size of the NiSiislands; smaller islands contain a thicker and distances of the nearest neighbors. It is notable that the
Si cap, as evidenced by the spectra in Fith)2Using the difference in the Ni ® binding energy for the NiSi and
known exponential dependence of the PE emission on th¥iSi, islands,~0.3 eV, is much less than that reported for
electron escape depth.2 A for the Si 2 photoelectrons in  orthorhombic NiSi and cubic fluoritetype NiStompounds,
our experimental setypve evaluated from the intensities of 1.6 eV, where the Ni B of the NiSi compound does not
the surface and bulk Si components surface Si atoms coveshow any chemical shift with respect to metallic ‘RiThis
age between 0.2—-0.45 ML and thickness of the Si epitaxiaindicates that “our” NiSi islands are not identical to the
layer below from~1 to 2 ML. It is notable that the surface orthorhombic NiSi compound. The normalized Nb &ten-
atom density evaluated here is comparable with the averaggty values are consistent with the absence of an out-diffused
Si adatom density measured for theXX1"-RC phase, 0.39 Si cap on top of the NiSi islands, which attenuates the i 3
ML.® The width of the silicide component implies the pres- signal from the NiSj islands.
ence of unresolved subcomponents representing the differ- The present results reveal new aspects of the processes
ence of the Si environments in the three top layers of thénvolved in the formation of Ni silicide phases. We provide
NiSi,, where Si atoms have less than four Ni neighbors. indisputable experimental evidence that in addition to NiSi

The energy position and the weight of the fitting compo-a second stable silicide phase, with composition and elec-
nents for the Si P spectra of the NiSi islandsee Fig. 2c)]  tronic structure close to NiSi, is formed during bulk-to-
are completely different: one dominant asymmetric silicidesurface Ni segregation. The almost equal number of the two
component which appears at almost the same energy as bulkpes of micron-sized islands indicates that the generally ac-
Si and two weaker components shifted by0.3 and cepted sequence of reactions, where at formation tempera-
+0.5 eV, respectively. The negligible shift—0.05e\) of  tures above 1000 K Nigishould be the only three-
the reacted component of the NiSi phase can be attributed @imensional phase, is not valid, at least for the cases of low
the larger final state relaxation in Ni-rich silicides which Ni coverages when island structures are created. Note that
show high density of states at the Fermi edge. As can be sed¢he present growth procedure is fundamentally different from
from Table I, in contrast to Nigj the weight of the reacted SPE where metal films deposited at low temperatures are
component remains the same for all NiSi islands. The origirreacted by subsequent heating and the reaction starts at the
of the other two components is not clear. The weaker oneli/Si interface. Herethe precipitating Ni atoms are in a
shifted by+0.5 eV results in a small shoulder on the lower pure Si environmento that the formation of phases differ-
energy tail and might be ascribed to Si surface atoms. Itent from Ni-containing surface phases and NiSiands is
intensity corresponds te-0.15 ML. Assuming a Si terminat- even more unlikely. The coexistence of a second NiSi-like
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phase supports some earlier assumptions for formation of with (110 direction. The composition of the NiSi islands
metastable NiSi phase with an excellent lattice match to thevhere a distinctive feature is the much thinner Si cap also
Si substratt and the recent transmission electron supports this scenario.
microscopy/x-ray diffraction(TEM/XRD) characterization In conclusion, we have shown that photoelectron spectro-
of formation stages of Nii pointing towards the existence microscopy analysis of phases occurring in the initial stages
of a fluorite-based NiSi phase, which is believed to be aof deve|opment of the N|/$]_11) System revealed uncer-
transition phase towards the formation of an equilibriumginty in the commonly accepted formation schemes when
NiSi, phase’® _ __ the phase obeys nucleation-limited kinetics. The identified
The present results suggest the following scenario fofgiangs with a NiSi stoichiometry at conditions when only
phase formatlon Whgn Ni precipitates frpm the bU|k.' NISINi-containing surface phaség§19 or “1x1”) and NiS} is-
islands, which obey diffusion-limited kineti¢syucleate first, lands are expected to form, demonstrate the importance of

dragging Ni from the adjacent vicinity and resulting in achemical analysis in determining the exact nature of the co-
depletion zone around the islands. The width of the depletion y 9

zone can be used as a measure for the length of the Ni su?TXiSti.ng phases an morphologically complex interfaqes_. _Con-
face (or subsurfacediffusion during the quench which turns sidering the f.act thgt the fluorite §tructure aIIc_)ws a _S|gn|f|capt
out to be of the order of a few microns in the present case@mount of Si deficiency, we believe that this NiSi phase is
Despite the high temperature, only a part of the formed Nisstructurally similar to the Ni$i which explains why it has
islands convert into NiSj which is a nucleation-limited not been distinguished by means of structure characterization
process. The nucleation of NiSiislands requires a sufficient methods.

number of mobile Si adatoms, because obviously Ni atoms These unexpected findings stimulated further photoelec-
can diffuse through the Si structure without affecting it. Thetron spectromicroscopy investigations on other similar inter-
directional orientation and the shape of the identified NiSi faces produced by reactive or solid-state epitaxy. These stud-
islands supposes anisotropy of the nucleation barrier, mo$es are underway and also reveal peculiarities in the interface
likely determined by anisotropy in the mass transport of Sievolution.

participating in disilicide formation. The present data indi- )

cate an enhanced Si adatom density and/or higher mobility ThiS work was supported by an EC grant under Contract
along steps or structural irregularities with edges alignedV0- ERBCHGECT920013 and by Sincrotrone Trieste SCpA.
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