
PHYSICAL REVIE% B VOLUME 26, NUMBER 8 15 OCTOBER 1982

Diffusion-layer microstructure of Ni on Si(100)
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The initial stage of nickel silicide compound formation at Si(100) surfaces is investigated using

low-energy electron diffraction and ultraviolet photoemission spectroscopy. Experimental evi-

dence is obtained for the postulated high interface mobility resulting from transforming the
bonding of interface Si atoms from covalent to metallic character. The bond transformation is
induced by nickel atoms occupying tetrahedral interstitial voids of the Si lattice. The observed
interstitial Ni d-state binding energy suggests a diffusion-layer microstructure which does not
favor nickel-atom occupancy of adjacent tetrahedral voids.

Structural and stoichiometric variation of the inter-
facial region are key parameters which relate metal
semiconductor interface microstructure and Schottky
barriers heights. '~ Recent experimental studies of
metal semiconductor interfaces' have begun to pro-
vide a picture of the structure, stoichiometry, inter-
face width, and growth kinetics of this important
class of compounds. One of th™more interesting
results of these studies is the observation of selective
growth of silicides, and the related fact that metal
rich silicides form at temperatures far below the melt-
ing point of Si. For example, Si melts at 1383'C,
whereas the formation temperature for Ni2Si is only
200 C.

One explanation for the tendency of metal rich sili-

cides to form at such low temperatures is based on an
interstitial defect model. 9 The energy required to
break a Si covalent bond at a low-index surface is of
the order of 3 eV. Therefore, it is energetically un-
favorable for Si atoms to initiate compound forma-
tion at 200'C, and kinetically impossible to generate
the Si flux across the interface needed to sustain
growth without a substantial reduction in the Si co-
valent bond strength. The interstitial defect model
overcomes this problem. Ni atoms deposited onto Si
surfaces are assumed able to occupy interstitial voids
in the Si lattice with very little activation energy.
Charge transfer between adjacent Ni and Si atoms oc-
curs, and the local Si covalent bonds transform to
weaker metalliclike bonds. This interstitial atom in-

duced bond transformation produces the reduced Si
bond strength needed to account for low-temperature
silicide compound formation.

Recent experimental work on thin film metal sil-
icon compounds has provided some support for the
interstitial void model of silicide formation and has
yielded important insight into the reactivity and inter-
face structure of silicide compounds. Ion channeling
techniques have been used to investigate interfacial
order and reactivity of epitaxial nickel silicides~ as
well as lattice site location of low coverages, of Ni on

Si crystals. The latter study shows that low-level
coverages of Ni deposited on Si(100) at room tem-
perature produce a dispersed ¹iSiinterface with
-2x10"Ni atoms/cm' occupying tetrahedral inter-
stitial voids of the Si lattice. X-ray photoelectron
spectroscopy' has also been used to study the chemi-
cal nature of the ¹iSiinterface. This study shows
that Ni-Si interfaces, produced by room-temperature
deposition of Ni onto Si, are characterized by a re-
gion of graded composition. Both of these results
provide indirect evidence for compound formation
based on the interstitial defect model.

In this paper we present additional evidence of the
formation of metallic interstitials in Si lattice voids.
Our results also suggest a specific model for the dif-
fusion layer microstructure of low coverage Ni layers
on Si surfaces. In this model Ni atoms occupy
tetrahedral voids in the Si lattice, but tend not to oc-
cupy adjacent sites.

Our experiments were carried out by using a spec-
trometer, described previously, ' which combines
several probes including low-energy electron diffrac-
tion (LEED), high sensitivity Auger spectroscopy,
and angle resolved photoemission. A vacuum evap-
oration source and quartz-crystal microbalance pro-
vided additional capability needed to prepare and ac-
curately monitor thin metal overlayers in situ. Sam-
ples could be heated radiatively to over 1000'C and
cooled to 40 K. Typical base pressures were 1&10 '

Torr (3 &&10 'o Torr He during resonance lamp opera-
tion and 9 X10 9 Torr during Ni deposition) .

The
8

-in. -diameter && 0.020-in. -thick Si targets
were cut from B-doped 50-D cm oriented (100)
wafers provided by Monsanto. The targets were
clamped to a ceramic ring by two 0.030-in. -diam W
wires. This minimized compound formation from
mounting-assembly electrodes. The sample tempera-
ture was measured by a W—5 at. % Re vs W—26 at. %
Re thermocouple in mechanical contact with the sam-
ple. Targets were degreased by standard techniques
and cleaned in situ by repeated argon-ion sputtering
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FIG. 1. Photoemission spectra for Si(100) surfaces before
and after sequential deposition of Ni and annealin .
two curves an le, angle integrated spectra for clean Si(100)-(2X1)
before and after room-oom-temperature deposition of 0.25 A of
Ni. Upper curves, angle-resolved spect fra or sequential

eposition of Ni followed by annealing.

(500 eV 10 tuA/cm ) and annealing (8()0oC)
procedure produced surfaces which

'
lded

(2 xi) LEED patterns, distinct surface state peaks in
photoemission spectra and no

' d'in ication from Auger
analysis of contamination. Nickel was de t
he clean Si surfaces at rates of -1 A/min by eva-

poration from 99.99%-pure Ni wire wrap ed W

Figure 1 shows photoelectron spectra ()I'co=21.22
eV) for clean Si(100) and for Si(100) after several
sequences of deposition and annealing. The lower

Si(100 bef
two spectra are angle-integrated spect f 1ra or cean

i ) before and after deposition of 0.25 A of N'

(2.3 xio)4/cm').
0 1

~. The sample was maintained at
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ang e integrated spectra. All clean Si(100)-(2 xi)
surfaces exhibited
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peaks" '2 at —0.8
photoemission spectra surface st t

—. 0 and —1.17 eV binding energy
ae

rat
measured from the Fermi level E . (Ep- was accu-

studi
ra ely determined after completin the 1

s udies by forming a metallic silicide on the target. )
Evaporated Ni layers 0.25 /(t thick which are not an-

Fig. 1 and re
nealed disrupt the surface state pe k ( hea s ass ownby

ig. and reduce the sharpness of the (2 xi) LEED
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pattern. Surface state peaks and the (2xl) LEED
pattern are destroyed at Ni coverages of -1.5 A.

The upper curves in Fig. 1 are angle resolved pho-
toelectron spectra for clean Si(100) (2 x1 before and
after sequential deposition of N' f 11i o owed by anneal-

in p otoelectroning. The surface states observed in h
spectra for clean Si(100) and the (2xl) LEED pat-
tern disappeared after each Ni deposition ste b

pp a after a brief annealing cycle (60 sec).
The diffusion la'o ayer microstructure appears to be tem-
perature independent for annealing between 200-

so, prolonged annealing (below 800'C)
does not tend to deplete the concentration of Ni
atoms in the diffusion layer. Hansson I, I 8son et a. report
o serving the same effect. Apparentl Ni at

oun most tightly in interstitial voids near the sur-
face. uger analysis after each annealing step indi-
cated that Ni atom s diffuse into and remain near the

trons .
surface (within the escape depth of Ni Au
rona). Also, the difference between photoemission

spectra of clean Si surfaces and surfaces with diff
yields the d-state binding energy of Ni

atoms in the Si lattice host. Reemergence of the two
surface states and Si bulk state

'
th hs in e p otoelectron

spectra, and reestablishment of the (2x1) LEED pat-
i use i atoms oc-tern is strong evidence that the diffused N

cupy sites which cause minimal perturbation f h S'

host lattic
a ion o t e Si

are t ea ice. The tetrahedral interstitial vo'd h
mos ikely locations. It is also clear that NiS'

formed in' ''
itially at the low coverages reported here.

a»2 is not

We have studied the electronic structure of epitaxial
NiSi2 on Si(111)and on Si(100) surfaces. " These
ordered compounds produce (lx1) LEED patterns
and epitaxially grown NiSiq on Si(100) does not exhi-

it any photoelectron peaks similar to the two surface
state peaks shown in Fig. 1.

T e photoelectron spectra in Fi . 1 exh'b'ig. ex i it evi-
ence or Si bond transformation due to the Ni inter-

stitials and also co contain information pertaining to the

~ ~

diffusion layer microstructure f th N'o e i atoms in the
Si lattice host. When Ni has diff d

'
~

'
as i used into interstitial

sites of the Si lattice, the surface state binding ener-
gies are observed to decrease to —0.70 d —.

e ~ ~

e . is s i t is consistent with calcul t d
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o sihcide compounds (for exampl
' N'S'e, in i i2 these

are: Ni, +1.119 electrons; Si, —0.560 electrons an

the r
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e presence of the Ni interstitials. Alth houg the ab-
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solute binding energy shifts are 11, hsma, t e relative
c ange in relation to the clean surface state binding
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a or c ean ~i surfaces and the surfaces with dif-
used Ni atoms indicate d-state h tp o oemission result-

ing from interstitial Ni atoms. Th b' d'e in ing energy is
approximately 2.78 eV measured from E .

The d-ste -state binding energy for interstitial Ni atoms
in Si is charactac eristic of their local environment. F'-
ure 2 illusti ustrates photoelectron spectra for Ni2Si, NiSi

men . ig-
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and NiSi~ films produced by vacuum evaporating Ni
on Si(100) and annealing at the appropriate tempera-
tures. " The spectra are dominated by emission from
Ni d states. A clear trend is apparent in the d-level

peak widths and position for the three stoichiometries
represented by these compounds: The Ni-rich silicide
compound NiqSi exhibits broader d-state peaks at

FIG. 2. Solid curves angle-resolved photoemission spectra
for Ni~Si, NiSi, and NiSi~ compounds produced by annealing
thick deposited Ni films on Ni(100); dashed curve difference
spectra obtained by subtracting Si(100)-(2&&1) spectra from
spectra for 1.5 A. Ni deposited on Si(100) and annealed (see
text).

lower binding energies than does the Si-rich com-
pound NiSi~, parameters for NiSi fall between those
of the other two compounds. The spectra corre-
sponding to the diffusion layer are identical to those
of NiSi~. This trend has also been observed in
angle-integrated photoemission studies covering a
broad photon energy range by using synchrotron radi-
ation and cleaved bulk crystals. ' These results and
closely related theoretical work' ' imply that the d
states do not play a dominant role in the Ni —Si bonds
but do tend to reflect the Ni-Ni neighbor distance and
coordination number through the d-state interactions.

To better understand how the results of Fig. 2 re-
late to the diffusion layer microstructure, we summa-
rize iri Table I selected parameters for three models
of the diffusion layer. Recent thin-crystal channeling
experiments have yielded a model for low coverages
of Ni atoms deposited at room temperature onto
Si(100). The channeling results are explained by a
diffusion layer microstructure model (model No. 1)
which assumes Ni atoms occupy all available Si lattice
interstitial voids near the surface. The channeling
data are incompatible with any of the crystal struc-
tures of nickel silicides (NiqSi, NiSi, and NiSiq) and
the initial formation of one of thee phases can be
ruled out. Our results for diffused Ni d-state binding
energy suggest that the Ni atom environment is more
closely approximated by a model (model No. 2 in
Table I) which assumes that only every other intersti-
tial site is occupied by Ni atoms. Another way of
stating model No. 2 is that in this model, Ni atoms
in the diffusion layer have an fcc structure rather

- than the diamond structure. Table I shows that in
model No. 2, Ni atoms have the same structure and
stoichiometry as they do in NiSi~, and the ¹iNi
neighbor coordination and distances are nearly identi-
cal. This accounts for the very similar local environ-
ment and thus the similar d-state binding energies.

Figure 3 illustrates our new model for low coverage
diffused Ni microstructure at Si(100) surfaces. Our
photoemission data are consistent with other photoe-
mission data for low coverage Ni on Si(111) sur-

TABLE I. Diffused Ni super lattice models and parameters. Model I, all interstitial voids in the
Si host lattice occupied (Ref. 6); model II, every second tetrahedral interstitial void occupied in Si
lattice (this work); silicon rich ordered silicide NiSi&.

Diffusion-layer structure
Model I Model II

Silicide
NiSig

Ni-atom sublattice
Lattice constant

Ni atomic density

¹iNi neighbor
distances (coordination)

Diamond
5.42 A
0.05 atoms/Q
2.35 A (4)
3.84 A (8)
4.50 A (8)

fcc
5.42 A
0.025 atoms/Q
3.84 A (12)

5.42 A (6)

fcc
5.41 A
0.0253 atoms/A3
3.82 A (12)

5.41 A (6)



26 RAPID COMMUNICATIONS 4769

Ci 0
0 O.

()oo) (llo)

{100)

FIG. 3 ~ Projected positions of the tetrahedral sites (full
circles}, occupied by the Ni atoms, along the various major
channeling directions of the diamond lattice. The Si atomic
rows are represented by open circles and the Si atomic
planes are represented by solid lines.

faces, ' and our new model is not necessarily in con-
flict with the channeling data. Both models are based
on Ni atoms occupying tetrahedral sites, and both
models will yield similar ion channeling angular pat-
terns provided the diffused Ni atoms do not occupy
tetrahedral sites which form a single macroscopic
domain. If this occurs (which is likely in annealed
samples) one would again expect symmetric scattering
in ion scattering angular scans obtained by tilting the
crystal around (100) and (111)directions and {100)
and {110)planes but asymmetric scattering around
(110) directions and {111)planes. It is interesting to
note that the data reported by Cheung and Mayer do
suggest some asymmetry in these cases.
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