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One basic question concerning Schottky-barrier formation at the silicide-Si interface is whether
the barrier height is influenced by the material characteristics of the silicide. This question was in-
vestigated by studying the barrier formation at Pd-Si and Ni-Si interfaces over a range of parame-
ters, including the silicide stoichiometry, microstructure, substrate orientation, surface preparation
and annealing after silicide formation. The barrier was formed by evaporating metal on chemically
cleaned and atomically cleaned [ultrahigh-vacuum- (UHV-) prepared] Si surfaces. The pho-
toresponse technique was used to measure the barrier height and results are compared with I-V
measurements. Rutherford ion backscattering and transmission electron microscopy were used to
characterize the silicide phase, microstructure, and interface morphology. Within the experimental
accuracy, the barrier height was found to be unaffected by variations in the silicide characteristics
with the exception of surface preparation. The results can be qualitatively understood by classifying
the interface to be either extrinsic or intrinsic. The barrier height for the extrinsic interface is main-

ly controlled by defects and contaminants induced during the praparation of the interface. For the
intrinsic interface it is determined by some interfacial characteristics originating from metal-silicon
interaction at the interface. We propose that one such characteristic is the metal-silicon bond at the
interface.

INTRODUCTION

The study of Schottky-barrier formation at metal-
semiconductor interfaces has been of long-standing scien-
tific and technological interest. Recently considerable at-
tention has been focused on the transition-metal=silicon
contact because of its potential applications for large-scale
integrated circuits. ' One characteristic distinguishing this
type of interface from the others is the strong chemical
reactivity which induces formation of silicide compounds
at moderate annealing temperatures, e.g., formation of
Pd2Si below 250'C. Silicide formation requires mass
transport of the metal or silicon atoms, or both, across the
interface. As reaction proceeds to form a silicide layer, a
silicide-silicon interface is established beneath the initial
metal-silicon interface. The stoichiometry and atomic
structure of the silicide-silicon interface are basically dif-
ferent from the metal-silicon interface, which in turn is
expected to alter its electronic and electrical properties.

The kinetics and phase stability of silicide formation
have been extensively investigated. In general, the forma-
tion of a specific phase and its microstructure depend on
the annealing conditions and on the silicon-substrate
orientation. A large range of variation has been observed
for the phase stoichiometry, i.e., from metal-rich to
silicon-rich silicides, and in the microstructure, i.e., from
microcrystalline to epitaxial structures. The structure of
the epitaxial interfaces has been studied in detail using the
lattice-imaging technique of transmission-electron micros-
copy (TEM). The result revealed the structure to be
abrupt with a sharp transition region of one to two atomic
layers. Ion-scattering measurements confirmed the ex-
istence of silicidelike compounds in the first few mono-
layers of the interface although ion-channeling experi-

ments also detected the presence of metal atoms in the Si
substrate, e.g., in the Ni —Si system.

Surface-electron-spectroscopy techniques, such as uv,
x-ray, and synchrotron-radiation photoemission and
Auger spectroscopy, have been used to investigate the
electronic structure of silicide and silicide-silicon inter-
faces. ' Chemical bonds responsible for silicide forma-
tion were found to originate from hybridization of the
metal d and silicon p valence states. Silicide formation
was observed to dominate the electronic structure of the
interface, with spectral features of the hybrid states re-
flecting a silicon-rich environment. In addition true inter-
face states have been observed at Pd (Ref. 9) and Pt (Ref.
10) interfaces, indicating specific bonding characteristics
between metal and silicon at the interfaces.

In spite of the progress in understanding the bonding
and structural characteristics, their correlation to the in-
terfacial electrical property, particularly the Schottky-
barrier height (SBH), remains elusive. A fundamental dif-
ficulty lies in that most of the spectroscopy techniques are
only capable of detecting a small fraction (-0.1 ML) of a
monolayer of electronic states with an energy resolution
not better than 0.2—0.5 eV. Both factors are insufficient
for detecting the presence of a small amount of band-gap
states (10' —10' e/eVcm ) (Ref. 11) and their energy po-
sition which would be enough for pinning the Fermi level
to determine the barrier height.

Nevertheless, the strong chemical reactivity indicates
that the barrier formation at the silicide-Si interface may
be fundamentally different from the usual models
developed for the metal-Si interface assuming weak
metal-Si interactions. ' This was first realized by Phillips
and Andrews' who stressed the importance of chemical
bonding by correlating the SBH to the heat of formation
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of bulk silicides. Based on the spectroscopy observation'
of a Si-rich environment at the interface, Freeouf' pro-
posed a correlation between the SBH and an interfacial
characteristic, namely, the effective work function of an
interface of the metal-Si4 stoichiometry. Later, Ottaviani,
Tu, and Mayer' suggested the interfacial characteristic in
the correlation to be the metal-Si eutectic temperature.
We chose to investigate this problem experimentally.
Based on the dominant role observed for silicide forma-
tion in determining the microstructure and electronic
properties of the interface, we raised a fundamental ques-
tion: To what extent is the SBH determined by the sili-
cide characteristics~ To answer this question, we investi-
gated the effect of variations in the silicide characteristics
on the SBH. The Ni and Pd silicide-Si interfaces formed
on Si(111) and Si(100) substrates were selected for our
study because together they provide a large variety of
stoichiometries and lattice structures of silicides for
checking the correlation.

In addition, we measured the dependence of SBH on the
method of Si-surface preparation and the extent of anneal-
ing after silicide formation. The former was used for
studying the effect of interface defects and contaminations
and the latter for studying the effect of diffusion of metal
atoms into Si.

SAMPLE PREPARATION

The Si(111) and Si(100) substrates used were all n type
with (2—10)-Qcm resistivity. Two types of interfaces
were prepared, one on chemically cleaned substrates and
the other on atomically cleaned [ultrahigh-vacuum-
(UHV-) prepared] substrates. The first had an initial met-
al layer of about 300 A which was evaporated in an oil-
diffusion-pump system in a vacuum of 10 —10 Torr.
The second contained about 30—50 A of metal film eva-
porated by sublimation in an UHV atmosphere on sur-
faces prepared by heat cleaning at about 1300'C or by
sputtering plus heat cleaning at about 900'C. The sputter
cleaning was carried out using 1-keV Ar ions. The Si sur-
face after either cleaning showed no detectable C and Q
contaminants when examined by Auger-electron spectros-
copy (AES).

After metal evaporation the sample was annealed in a
constant-flow purified He atmosphere under appropriate
conditions to form the desired silicide phases. The silicide
phases used in our study included the three Ni silicides,
Ni2Si, NiSi, and NiSi2, and one Pd silicide, Pd2Si. To
minimize sample-to-sample variations the SBH was mea-
sured on diodes prepared on the same wafer after each
heat treatment.

Silicide compounds were characterized by Rutherford
backscattering (RBS) and TEM techniques. RBS was
used to examine the interfacial reaction and the silicide
stoichiornetry while TEM was used to observe the micros-
tructure and morphology of the interface. A set of the
RBS spectra observed in Ni-Si(100) samples after various
anneals are shown in Fig. 1. The relatively flat plateaus
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FIG. 1. RBS spectra observed at the Ni-Si(100) interface
showing the formation of the three Ni silicides after different
anneals.

observed for Ni and Si peaks indicate the formation of Ni
silicides. The changes in the shape and magnitude of the
Ni and Si peaks show the formation of Ni2Si, NiSi, and
NiSi2 after 250, 425, and 725'C anneals, respectively.
Moreover, the relatively sharp Ni profiles on the low-

energy side at about 1.6 MeV for 250 and 425'C anneals
reveal well-defined Ni2Si-Si and NiSi-Si interfaces. In
contrast, the extended low'-energy tail of the 725 C spec-
trum indicates the possibilities of a rough interfacial mor-
phology, formation of isolated silicide clusters, and/or ex-
tensive interdiffusion of Ni into Si substrates. These pos-
sibilities cannot be discerned by RBS data alone and will
be discussed later together with TEM observations.

RBS spectra for the Ni silicide formed on the Si(111)
substrate are very similar to those of Si(100) shown in Fig.
1 except that the Ni2Si on Si(111) was found to form at a
slower rate and the tail of the low-energy profile after
725 C annealing was less extended. This can be attribut-
ed, to a lesser extent, to the factors mentioned above in in-
fluencing the interfacial stoichiometry. Results of the
Pd-Si system were as expected in that annealing at
215—250'C formed well-defined Pd2Si layers and further
annealing at 400'C did not degrade the Pd2Si-layer pro-
file. The interface morphology of these silicides will be
discussed later in connection with TEM observations. For
simplicity, the RBS spectra of these observations will not
be shown.

TEM observations were made with the use of the "flat-
on" mode with the electron beam normal to the interface
and the "cross-sectional" mode with the electron beam
parallel to the interface. The former was useful for ob-
serving the grain structure of the silicide, e.g., the size and
preferred orientation, the lateral uniformity, and the possi-
ble occurrence of mixed-silicide phases. The cross-
sectional mode was particularly suited for examining the
interface morphology. When it is used with high-
resolution lattice-imaging technique, structural details can
be observed to a resolution of the lattice distance, about
2—3 A. However, the technique in general does not have
sufficient sensitivity for determining the stoichiornetry de-
viation of the compound or the diffusio~ of metal atoms
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into the Si substrate.
These TEM techniques have been employed to study

the microstructure and interfacial morphology of the Ni
(Ref. 17) and Pd (Ref. 18) silicides. For the three Ni sili-
cides a major portion of the results has been reported pre-
viously. ' In this study additional flat-on TEM was car-
ried out on samples prepared together with those used for
SBH measurements. The microstructures observed were
in agreement with the previous study. For Pd2Si its mi-
crostructure and morphology formed at 250'C on Si(111)
and Si(100) have also been reported previously. ' Here
further flat-on and cross-sectional TEM observations have
been carried out; including new observations on samples
after 200, 300, and 400'C anneals. %'e summarize the re-
sults of these silicide microstructures in Tables I and II
and describe the interface morphology below.

Cross-sectional TEM carried out for NizSi and NiSi
formed on Si(111)revealed a relatively flat silicide surface
but a rather rough interface. The rough interfacial mor-
phology manifests the difficulty of maintaining uniform
reaction at the interface during silicide formation. Obser-
vation for NiSi2 on Si(111) showed a similar morphology
except that the NiSi2 phase is epitaxial on Si(111), so its
interface is composed of facet planes instead of random
modulation. The morphology of this interface is shown in
Fig. 2(a). On the scale of RBS observation (about 1 mm),
the profile of this interface would appear extended,
displaying a tail in the spectra consistent with that shown

in Fig. 1. However, an extended RBS-profile tail can also
be due to nonuniform surface coverage, e.g., island forma-
tion and/or diffusion of metal atoms into the Si substrate.
While flat-on TEM showed no island formation of sili-
cide, the possibility of metal in-diffusion cannot be elim-
inated, particularly since a high-temperature (725'C) an-
neal was used to form NiSi2. However, by comparing the
tail length of the RBS spectrum and the extent of facet-

ing, the latter seems to be the main contribution to the in-
terface roughness as observed by RBS.

On a finer scale of about 100 A, i.e., within the dimen-
sion of one facet plane, the NiSiz-Si(111) interface is
atomically smooth with an abrupt structural transition
from NiSi2 to Si. The lattice image of this interface, as
shown in Fig. 2(b), reveals almost perfect twin orientation
of NiSi2 with respect to the Si matrix.

The morphologies of Ni2Si and NiSi on Si(100) are
similar to those on Si(111) regarding the interface rough-
ness and grain structure. The NiSi2 is epitaxial on Si(100),
and similar to the Si(111) case, it is characterized by a
heavily faceted interface morphology. The faceting of
this interface is more extensive than Si(111),as evidenced

by a longer tail observed in the RBS profile. Compared
with the Si(100) interface, the structure of Si(111)appears
to be equally abrupt as seen in the high-resolution lattice
image [Fig. 2(c)]. The microstructures of other Ni-silicide
interfaces on the Si(100) substrate can be found in Ref. 17,
so they will not be shown here.

TABLE I. Values of SBH's for Pd-silicide —Si interfaces. (PR denotes photoresponse measurement. )

Substrate
type

Si{111)UHV
sputter cleaned

Annealing
condition

None

200'C
1 h

Silicide phase
and structure

Pd

Pd&Si
epitaxial

Method of
measurement

I-V
PR
I-V
PR

Barrier height
(eV)

0.63
0.63
0.71
0.70

Si{111)UHV
heat cleaned

None

150'C
30 min

Pd

Pd2Si

PR

PR

0.73

0.71

Si(111)
chemical cleaned

None

215 'C
2 h
+250'C
2 h
+400'C
1 h

Pd

PdpSi
epitaxial
Pd2Si
epitaxial
Pd2Si
epitaxial

I-V
PR
PR

PR

0.77
0.73
0.73

0.71

0.71

Si(100)
chemical cleaned

None

215 'C
2 h

+250'C
2 h
+400'C
1 h

Pd-Si

PdqSi
polycrystalline
PdqSi
polycrystalline
Pd2Si
polycrystalline

PR

PR

PR

0.75

0.73

0.73

0.72
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TABLE II. Values of SBH s for Ni-silicide —Si interfaces. (PR denotes photoresponse measurement. )

Substrate
type

Si(111)
heat cleaned

Annealing
condition

150 C
30 min

Silicide phase
and structure

Part
Ni2Si

Method of
measurement

PR

Barrier height
(eV)

0.64

Si(111)
chemical cleaned

None

250'C
40 min
+425 C
15 min
+720 C
20 min

Ni

Ni2Si
textured
NiSi
textured
NiSi2
epitaxial

PR

PR

PR

PR

0.57

0.67

0.66

0.65

Si(100)
chemical cleaned

None

250 C
40 min
+425 C
15 min
+720 C
20 min

Ni

Ni2Si
polycrystalline
NiSi
polycrystalline
NiSi2
epitaxial

PR

PR

PR

PR

0.55

0.63

0.65

0.63

The structure of Pd2Si formed by annealing within
200—400'C is epitaxial on Si(111) and polycrystalline on
Si(100). The morphologies of the Pd2Si-Si(100) interface
after 200, 300, and 400 C anneals are shown in Fig. 3.
Compared with the Ni silicides, the Pd2Si layer is rougher
on the surface but smoother at the interface. Annealing at
300 and 400'C after formation of Pd2Si at 200 C does not
increase the interfacial roughness. This is consistent with
the small variation in the Pd2Si profiles observed by RBS.
As mentioned already, although diffusion of metal atoms
into Si during annealing subsequent to the silicide forma-
tion is to be expected, this cannot be identified in our
TEM observations.

The Pd2Si-Si(111) interface has been examined in detail
using high-resolution cross-sectional TEM. ' Lattice-
image contrast revealed a structurally abrupt interface
with the (2240) basal plane of the hcp PdzSi matching to
the Si (111)planes. The transition region was observed to
be as sharp as one lattice spacing, about 3 A. It contain
structural defects in the form of atomic steps and misfit
dislocations. The degree of abruptness of this interface is
very similar to the two NiSi2 epitaxial interfaces on
Si(111)and Si(100).

In addition to all these interfaces prepared on chemical-
ly clean Si surfaces, the Pd2Si interface on sputter-cleaned
Si(111)surface with UHV metal deposition was examined.
Upon deposition at room temperature, spontaneous for-
mation of Pd2Si up to 10—15 A coverage was observed
but its structure was microcrystalline with a grain size of
10—20 A. The contrast of this structure to the epitaxial
Pd2Si formed on a chemically clean Si(111) surface is
shown in Fig. 4. Annealing at 200'C caused the grains to
grow in size to several hundred A. Further annealing at
400 C restored the epitaxial growth of Pd2Si but not to

the same extent as the 250 C annealed Pd2Si on chemical-
ly cleaned surfaces.

BARRIER HEIGHT MEASUREMENT

The SBH was measured mostly by the internal photo-
emission method' '; I-V measurements have also been
carried on some samples for comparison. This
photoelectron-injection technique is convenient to set up
and the result is accurate and independent of the diode
geometry. Since the measurement is carried out essential-
ly without voltage biasing it is particularly suited for our
study where many measurements were made on diodes
with very thin metal coverage. In addition, it is capable of
detecting the presence of different barrier heights in a
mixed diode.

The source of monochromatic light consisted of a 100-
W tungsten-halogen lamp imaged on the entrance slit of a
0.4-m monochromator equipped with a 75-line/mm grat-
ing. A silicon low-pass filter was placed in front of the
entrance slit. The outgoing beam was passed through a
chopper and the output slit was imaged on the semicon-
ductor side of the diode. The useful range of the light
source was 0.65—1.1 eV and its photon flux was calibrat-
ed with a PbS detector. %fath the use of a Ge filter the
range of the source can be shifted to 0.48—0.70 eV. The
diode was connected to a low-impedance lock-in amplifier
synchronized on the chopper. The photocurrent spectrum
was stored on a computer, normalized with respect to the
photon flux, and its square root was plotted versus photon
energy. The straight portion of this curve extrapolated to
zero photoyield gives the barrier height. Examples of the
results obtained for Pd and Ni silicides formed on Si(111)
surfaces are plotted in Figs. 5 and 6. The photoyield
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FIG. 2. Cross-sectional TEM micrographs showing (a) the overall morphology of the NiSi2-Si(111) interface, (b) the high-
resolution lattice images of NiSi2 on Si(111) (the NiSi& is twinned with respect to the Si matrix), and (c) the lattice images of NiSi2-
Si(100) interface. A large facet on a Si (100) plane and a small facet on a Si (111)plane are visible. Scale for (b) and (c) can be seen by
noting that the lattice spacing in Si is 3.1 A (from Ref. 17).

curve also displays features associated with the transition
inside the semiconductor so that the portion of the curve
that related to the carrier injection at the barrier is the
dominant contribution only up to about 0.98 eV for a Si
diode. When the barrier height is larger than about 0.75
eV the linear portion of the plot becomes so short that the
extrapolated barrier energy must be corrected. ' Data for
SBH are summarized in Tables I and II.

DISCUSSION

In this paper we investigate the effect on SBH due to
variations in the silicide characteristics with the aim to
find the factors controlling Schottky-barrier formation at

silicide-silicon interfaces. For this purpose we study the
Ni and Pd systems over a range of parameters, including
the stoichiometry, microstructure, substrate orientation,
annealing after silicide formation, and surface prepara-
tion. Data in Tables I and II indicate that the effect of
the first three parameters on SBH is insignificant with the
variations within the estimated error limit of 30 meV in
our measurements.

The independence of the SBH on the silicide
stoichiometry has also been observed in two previous stud-
ies on chemically cleaned substrates; Iwami et al. report-
ed a SBH of 0.7 eV measured by the C-V method for the
three Ni silicides and Ottaviani et al., using I-V mea-
surements, found a SBH of 0.66 eV for Ni2Si and NiSi on



4598 P. E. SCHMID, P. S. HO, H. FOLL, AND T. Y. TAN 28

(b)
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FIG. 3. Cross-sectional TEM rnicrographs showing the mor-
phologies of the Pd2Si-Si(100) interface after annealing at (a)
200'C, (b) 300'C, and (c) 400'C for 1 h each.

Si(100), 0.75 eV for Pd2Si on Si(ill), and 0.85 eV for
Pt2Si and 0.87 eV for PtSi. Results of these previous and
the present studies show that the material characteristics
of the bulk-silicide phases are not prime factors in deter-
mining the SBH at the silicide-silicon interface. There-
fore, there seems to be no basis to support models which
correlate the SBH to bulk-silicide characteristics.

The effect of annealing after completing silicide forma-
tion is also small, with barely a detectable (10—20)-meV
drop in SBH with increasing annealing temperatures. The
cross-sectional TEM micrographs in Fig. 3 reveal that the
annealing condition used in our experiments has little ef-
fect on the overall morphology of the Pd2Si-Si interface
although the observed tail in the RBS profile indicates the
possibility of some Pd atoms diffusing into Si. This result
suggests two possibilities: (a) The diffusion of Pd into Si
does not significantly change the barrier height, or (b) a
relatively small number of Pd atoms in Si is sufficient for
establishing the barrier height, and since that already ex-
ists upon initial silicide formation, a further increase has
little effect.

In contrast, changes in the barrier height with surface

preparation are clearly observed. However, the effect is
complicated. While chemically cleaned and sputter-plus-
heat-cleaned surfaces show barrier heights different from
the well-reacted interface, the heat-cleaned surfaces do
not. This naturally leads to the question concerning the
effect of surface contaminations and defects. Spectros-
copy studies on Pd (Ref. 14) and Ni (Ref. 24) found spon-
taneous formation of silicidelike compounds upon room-
temperature deposition of 10—20 A on the two UHV-
prepared surfaces and TEM observation' showed the
reacted layer of Pd on Si(111) to consist of microcrystal-
line Pd2Si [Fig. 4(b)]. Therefore the SBH data show that
even with silicide formation, the electrical property of the
interface can be affected by the presence of contaminants
and defects. Moreover, a small amount of defects, such as
those present in sputter-plus-heat-cleaned surfaces, is suf-
ficient to influence the barrier height. These results, plus
the fact that the effect can be eliminated by increasing the
amount of silicide formatio~ clarify the role of material
reaction in Schottky-barrier formation. Its function seems
important not so much for inducing the formation of
specific silicides, but rather in establishing an interface
and in controlling its electrical characteristics.

At this point, it is pertinent to mention the results of re-
lated studies on initial barrier formation at the Pd, N',
and Pt (Ref. 26) interfaces with Si using synchrotroi, -

radiation photoemission spectroscopy. By measuring the
shift of the Si 2p core level in the bulk to monitor the
band bending at the interface, the change of the SBH
from a clean Si surface can be measured as a function of
metal coverage. Results showed that coverages of 3—4 A
for Pd and about 2 A for Ni and Pt are sufficient to estab-
lish the barrier height. In addition, by tuning the photon
energy to measure the valence structure of the surface, it
was found that at these coverages the metal characteristics
of the Fermi-Dirac cutoff edge is not fully developed, in-
dicating that a complete metal coverage is not required for
establishing the barrier height.

These results on initial Schottky-barrier formation to-
gether with those of the present study establish the true
interfacial character of Schottky-barrier formation at the
transition-metal —silicon interface. On this basis the effect
of interfacial reaction can be understood by specifying the
interface to be either extrinsic or intrinsic, depending on
the extent of the reaction. The extrinsic interface is one
formed with a limited amount of reaction where ihe initial
interface contaminants and defects, even after dispersing
throughout the reacted layer, still exist in sufficient num-
ber to affect the barrier height. As the reaction continues,
the reacted layer can expand into Si sufficiently to estab-
lish an interface free of contaminants and defects. This is
called an intrinsic interface and its electrical property is
not affected by external defects.

The amount of reaction required for establishing an in-
trinsic interface depends on the kinetics of the interfacial
reaction and on the amount of defects in ihe initial inter-
face. For near-noble metals Pd and Ni the kinetics is fast,
so silicide formation occurs under moderate annealing
conditions, such as those used in this study. In such cases,
an intrinsic interface can be readily established. In con-
trast, the refractory metal V-Si (Ref. 27) and Ti-Si (Ref.
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FIG. 4. TEM micrographs showing the microstructure and diffraction pattern for (a) epitaxial pd2Si formed on Si(111)and (b)
crocrystalline Pd2Si formed by room-temperature deposition of 10—20 A Pd on UHV clean Si(111)surface.

28) interfaces are less reactive, annealing under similar
conditions (about 200—400'C) does not completely con-
vert to silicides, so an intrinsic silicide-silicon interface is
more difficult to establish. Nevertheless, it has been ob-
served that by annealing at temperatures below silicide
formation, a metal-'silicon intermixed layer with
stoichiometry different from equilibrium silicide phases
can be formed at the refractory metal-Si interface. In-
terestingly, the SBH of such an interface is similar to the
well-reacted silicide-silicon interface. Therefore, silicide
formation is not prerequisite for establishing an intrinsic
electrical interface; instead the amount of reaction should
be sufficient to leave the defects behind the interface to
ensure intrinsic electrical properties.

In this regard, it is pertinent to ask the effect of dif-
fusion, or interatomic mixing, on the nature of the interfa-
cial layer. As pointed out in the discussion of the anneal-

ing effect on the SBH of Pd2Si, increasing the diffusion of
metal atoms into Si after silicide formation has only a
small effect on the barrier height. Furthermore, the in-
trinsic SBH can be established by reacting a few mono-
layers of metal on a clean Si surface. It seems clear that
the extent of diffusion or interfacial mixing is not of
prime importance in barrier formation, instead its role is
to establish an atomic configuration where metal and Si
atoms can intimately interact. Such a configuration can
be formed with isolated metal atoms or in a metal-silicon
cluster, and since a relatively small amount of such com-
plexes is needed to establish the barrier, diffusion can ef-
fectively shift the electrical interface into Si below the
structural silicide-Si interface. This raises an interesting
question regarding the distinction between the structural
and the electrical interfaces.

Summarizing all these results we infer that for intrinsic
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FIG. 5. Examples of results of photoresponse measurements

for Pd on chemically clean Si(111) surface. Silicide phase is
identified as Pd2Si after annealing. Straight portion of the curve
extrapolated to zero photoyield gives the barrier height.

0
0.5

I r I

0.6
I

0.7
I

0.8
I

0.9 I.O

PHOTON ENERGY {eV)
FICx. 6. Examples of results of photoresponse measurements

for Ni on chemically clean Si(111). Silicide phases are identified
as Ni2Si for 250 C, NiSi for 425'C, and NiSi& for '720'C.
Straight-line extrapolation to zero photoyield gives the barrier
height.

interfaces the barrier height is determined by the metal-
silicon interaction at the interface or some interfacial
characteristics originating from this interaction. On this
basis, the invariance of the SBH of the Ni silicides can be
understood by suggesting a common interfacial charac-
teristic for the three Ni silicides which determines the
SBH. At present, the atomistic nature of the metal-Si in-
teraction at the interface and the mechanism by which
this interaction generates the interface states to establish
the barrier height are not yet understood. Nevertheless,
the interaction definitely depends on the metal species,
e.g., different for Ni vs Pd, and its variation shows a
chemical trend with the number of d electrons, e.g. , low
SBH for refractory metals and high SBH for near-noble
metals. Moreover, its range is confined to atomistic di-
mensions, i.e., 2—3 A at the interface, as evidenced by the
fact that a monolayer amount of metal coverages is suffi-
cient to establish the barrier. One parameter fulfilling
these characteristics is the metal —silicon bond at the in-
terface formed as a result of interfacial reaction. We pro-
pose this as one of the prime factors in determining the
SBH. These bonds are specific to the transition-
metal —silicon interface and based on surface-spectroscopy
studies, they originate most probably from a hybridization
of the metal d and Si p states. Their nature has to be
modified from that in bulk silicide to reflect the structural

and chemical environment at the interfaces. Thus they
are distinct from those suggested by Phillips and An-
drews. " The true interface states observed at Pd-Si (Ref.
9) and Pt-Si (Ref. 10) interfaces have already provided
some evidence for the existence of distinct chemical bonds
at transition-metal —Si interfaces. The configuration of
such interfacial bonding has yet to be studied since even
the TEM lattice-imaging technique does not have suffi-
cient resolution to reveal the atomic arrangement at the
interface.

Finally, it is important to realize that the material reac-
tion leading to interface formation inevitably involves
movement of point defects. Their presence changes the
local stoichiometry and atomic configuration of the inter-
face. This may alter the nature of the metal —silicon bond
at the interface. Such questions are important to resolve
for understanding barrier formation at the silicide-Si in-
terface.
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