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High-resolution core-level synchrotron-radiation photoemission has been used to study the evolv-
ing Ti/Si(111)-2X 1 interface at room temperature. Si 2p core-level results show extended intermix-
ing and reaction following the Ti-induced disruption of the Si surface. Three reacted components
are identified, shifted to lower binding energy relative to the substrate by 350, 625, and 1125 meV.
These core-level results have been decomposed to obtain the intensity of each component as a func-
tion of coverage and determine the component-specific attenuation curves. Modeling of the attenua-
tion curves shows that the first shifted species is associated with a bonding configuration of empiri-
cal formula TiSiy and forms only during the deposition of the first angstrom of Ti. The second
component is associated with TiSi, and this phase forms in the coverage range 0.5<0 <8 A. The
final Si configuration reflects a phase of variable stoichiometry and binding energy, corresponding
to a solution of Si in Ti. Titanium metal accumulates at coverages above ~ 14 A. The profile and
morphology of this heterogeneous interface is controlled by Ti and Si diffusion through the reaction
products and their grain boundaries. These chemical changes in the interface have been correlated
with measurements of the variation in the Schottky-barrier height.

INTRODUCTION

Although metal-semiconductor interfaces are ubiqui-
tious in microelectronic thin-film technologies, our under-
standing of the detailed physics and chemistry of interface
formation is far from complete.! The importance of in-
terface properties has stimulated numerous basic studies
of such fundamental issues as adatom clustering,>> chem-
ical bonding and reaction thresholds,*> atomic intermix-
ing, heterogeneous growth morphologies,”® and
Schottky-barrier formation.”'? Indeed, a variety of dif-
ferent techniques have been used to define the microscopic
details.!! Many of these have sought to characterize the
macroscopic parameters controlling interface growth so
that greater control could be gained over the microscopic
profiles of these interfaces. The main problem encoun-
tered is that most of the properties of the junction are
determined by ultrathin layers which may be only a few
angstroms wide.

In this paper we discuss high-resolution synchrotron-
radiation photoemission results for the evolving
Ti/Si(111) interface. With these experimental results, we
formulate a model for the morphology of the interface.
These studies build on what has been reported for other
systems where multiphase interfaces are formed, including
photoemission results for V/Ge(111),12-14
Ce/Ge(111),'*~'¢ Ce/Si(111),'"” and Co/Si(111)."® An im-
portant aspect of the present results is that the Si 2p
core-level resolution is significantly better than in any pre-
vious study, allowing improved line-shape decomposition
and analysis. This has made it possible to investigate the
assertion that local reactions at interfaces can result in the
formation of well-defined chemical species. We find that
this assertion is fundamentally sound. We also find evi-
dence for solid solution phase formation. In this paper,
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we restrict ourselves to the room-temperature behavior of
Ti/Si; studies of the kinetics of interface formation and
diffusion are discussed elsewhere.!’

Previous studies of Ti/Si(111)-2X1 which used
medium-energy ion scattering (MEIS) (Ref. 20) and
electron-energy-loss spectroscopy (EELS) (Ref. 21)

showed that Ti reacts with silicon at room temperature to
form an interface reaction product which has an average
composition of TiSi. The MEIS results also_indicated
that an interlayer of displaced Si atoms ~2 A thick is
present between TiSi and the substrate. Although the
MEIS results indicated immediate reaction at the inter-
face, the EELS results showed that intermixing between
Ti and Si was triggered at a nominal coverage of ~2 A.
The results by Butz e al.?? showed that the evolution of
the interface was highly dependent on the presence of oxy-
gen. Studies conducted at higher temperature demon-
strated that TiSi, which initially forms at the interface,
will ultimately convert to TiSi,, the most stable sili-
cide.?

In our studies, we were particularly interested in the
behavior of the interface at low coverage, including the
triggering of reaction and the heterogeneous-homogeneous
nature of the reaction product. This is important for
understanding interface development because the mor-
phology at the earliest stages of reaction determines the
microstructure of the reaction product and, subsequently,
diffusion, kinetics, and thermal stability.!*?%?? Our re-
sults show that reaction has been initiated for coverages as
low as 0.25 A and that interface evolution is highly
heterogeneous until ~8 A. Reaction ceases or is sharply
curtailed because room-temperature diffusion is unable to
provide Si atoms in sufficient number for silicide forma-
tion. Accumulating metal atoms then bury the inter-
mixed or silicide region, with an error-function-like con-
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centration profile of Si in solution in this growing Ti
layer. We found no evidence for segregation of Si on the
Ti surface. With the information gained from modeling
of the interface, we can correlate the formation of the
Schottky barrier with morphology and interface chemis-
try.

EXPERIMENTAL TECHNIQUES

Photoemission experiments were conducted at the Tan-
talus light source at the Wisconsin Synchrotron Radiation
Center using the “grasshopper” Mark II monochromator
and beamline. Photoelectron energy analysis was done
with a double-pass cylindrical mirror analyzer.?®> Changes
in the chemical character of Si atoms at the Ti/Si(111) in-
terface were identified by chemical shifts in the Si 2p core
emission. These core-level spectra were recorded at pho-
ton energies of 108, 112, 120, and 135 eV to vary the sur-
face sensitivity of the measurements. High-resolution
studies were done for 0 <© < 30 A with an overall resolu-
tion (monochromator plus analyzer) of 188 meV at
hv=108 eV, 287 meV at 112 eV, and 317 meV at 120 eV.
Studies at 135 eV were done with an overall resolution of
430 meV because of the low-photon flux. Particularly de-
tailed studies were conducted for 0<© <3 A.

Si parallelepipeds (n-type, 5—10 cm) were notched,
and cleaved in situ to obtain clean Si(111)-2X 1 surfaces.
The Ti source was a slice (~1X1x8 mm?® of high-
purity, beam-melted ingot metal which was sublimed
from a 5-mil Ta boat (100—120 A). During evaporation,
the pressure in the system rose from an operating pressure

del GIUDICE, JOYCE, RUCKMAN, AND WEAVER

35

of ~5x107" to 2107 '° Torr or less (sample to source
distance ~ 30 cm, rate of deposition ~1 A/min). In this
paper, we use angstrom units to refer to nominal cover-
ages where 1 A=0.8 ML=5.76x10'* atoms/cm? as
referenced to the surface density of Si(111). At the same
time, it should be clear that the thickness of the reacted
interface is only approximated by these nominal cover-
ages.

EXPERIMENTAL RESULTS

In Fig. 1 we report results for bulk-sensitive Si 2p
core-level emission as a function of Ti coverages as mea-
sured at Av=108, 112, and 120 eV. These core-level ener-
gy distribution curves (EDC’s) are corrected for band
bending, as will be discussed later in this paper (an initial
band bending of 250 meV was achieved by 2 A, but the
shift is reversed after © =2 A). At a photon energy of
108 eV (right panel), the electron kinetic energy in the
sample is ~9 eV, corresponding to a photoelectron
mean-free path of A~25 A. At 112 eV, the mean-free
path is ~ 12 A and it decreases to ~6 A at 120 eV. Thus,
the EDC’s of Fig. 1 probe different thicknesses of the in-
terface and provide complementary information about the
reacting region.

The results for 108 eV show that Si at the interface un-
dergoes a chemical reaction for © <1 A. Although it is
difficult to determine the number of chemical species
present with this photon energy (because of the long
mean-free path), we see a shoulder at ~0.6 eV lower
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FIG. 1. Si 2p core-level EDC’s for the Ti/Si(111)-2X 1 interface as a function of Ti coverage for hv=108, 112, and 120 eV.
Photoemission spectra have been background subtracted, normalized, and corrected for band-bending effects. As shown, three react-
ed components (labeled 1, 2, 3) and the substrate (0) are formed at the interface. The binding energy of component 3 decreases with
coverage, indicating a solid solution of Si in Ti. The energies of components 1 and 2 are fixed.
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binding energy than for the bulk Si 2p core level for
1<O© <7 A. After 7 A, another component grows, as in-
dicated by tic mark 3. This feature dominates the experi-
mental spectra by 15-A coverage and appears at a fully
shifted position of 1.125 eV lower binding energy relative
to bulk Si.

The results taken with greater surface sensitivity at 112
eV show that the shoulder at 0.6 eV is actually the sum of
two components, indicated by tic marks 1 and 2. (The
substrate emission is labeled “0”.) For coverages below 1
A, there is broadening of the Si 2p core emission due to
the first chemically shifted component at —0.35 eV. For
©>1 A, there is a second reacted component which ap-
pears at —0.63 eV. This grows until ~10-A nominal
coverage and then gradually yields to the final component
at —1.12 eV. As shown, the experimental line shape is
that of a single, well-defined, spin-orbit-split doublet by
about ©=20 A. This convergence to a single species is
even more evident in the left panel of Fig. 1 where results
with higher surface sensitivity show the spin-orbit split-
ting to be 0.6 eV and the branching ratio to be ~0.5, as
measured with Av=120 eV. Analogous spectra taken
with lower resolution at hv=135 (A~4.5 A) support
these observations (not shown). The results summarized
in Fig. 1 demonstrate that complicated chemical processes
occur at ultralow coverage when Ti atoms are deposited
onto cleaved Si(111) surfaces. Three distinct reacted
species are observed, consistent with what has been found
for other reactive interfaces.

To determine the coverage-dependent behavior of each
of the interface species at the Ti/Si interface, we have per-
formed core-level decompositions of the results reported
in Fig. 1. To do so, however, it was first necessary to
determine the line shape for the clean surface as a func-
tion of photon energy, with account taken of surface-
shifted atoms. This was done by decomposing the spectra
into spin-orbit components to determine the total Si 2p;
emission, as shown in Fig. 2 for different photon energies.
The bottom EDC shows the sum of the 2p,,, and 2p;,,
emission while the others show only the 2p;,, contribu-
tion (dashed line). Further analysis required determina-
tion of the intrinsic linewidth of the 2p;,, level. For that,
we used the full width at half maximum (FWHM) mea-
sured at 108 eV where the contribution from surface
atoms was minimal (less than 5% of the total signal). We
then deconvolved the spectra using a Gaussian transmis-
sion function for the experimental apparatus response
function and found the Si 2p;,, intrinsic width to be
~200 meV. We could then account for experimental
broadening for other photon energies and decompose the
experimental Si 2p;,, emission at 112, 120, and 135 eV.
The results are summarized in Fig. 2 where the solid lines
are the line shape of the intrinsic emission broadened by
the apparatus and the shaded regions are the difference
between the measured spectra (dashed) and the broadened,
intrinsic emission. As has been discussed by others,?6—28
the difference corresponds to emission from surface
atoms, the contribution of which increases with surface
sensitivity. Two surface core-level shifts can be identified
in Fig. 2 with relative energy shifts of —0.3 eV (labeled
S5) and 0.25 eV (S). These two components are associat-

ed with the rearrangement of atoms bonding in the first
layer of Si due to the (2 X 1) reconstruction of the surface.

To check our procedure for determining the surface
components and their relative intensities, we used the ra-
tio of surface to bulk Si 2p;,, emission to find the pho-
toelectron escape depth at the different photon energies.
Using an average distance between layers for Si along the
[111] direction of d, =1.57 A, it can be shown that the
surface to bulk intensity ratio is given by

R=Ig/Ig=exp(d, /A)—1.

The results for the mean-free paths and the intensity ra-
tios for different photon energies are reported in Table I.
These results indicate good agreement between our experi-
mentally estimated A values and those summarized by
Seah and Dench.?

Once the experimental line shape for the substrate is
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FIG. 2. Line-shape analysis results for the clean Si(111)-2X 1.
The bottom-most spectrum shows the total Si 2p emission as
measured with a bulk-sensitive energy of Av=108 eV. The
spin-orbit splitting is 0.6 eV and the branching ratio is 0.5.
Analysis of the Si 2p;,, component with greater surface sensi-
tivity (112, 120, 135 eV) shows at least two surface-shifted Si
2p3,; core-level components (dashed areas). The surface-to-bulk
intensity ratios were used to determine the photoelectron mean-
free paths (Table I).
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TABLE 1. Comparison between experimental escape depths
at different photon energies as calculated by the surface-to-bulk
intensity ratio and the literature values summarized by Ref. 29.

hv (eV) 108 112 120 135

Surface to-bulk intensity ratio <5% 15.5% 28% 46%
Aexpt A) >25 10.9 63 4.2
Aret. 290 (A) 24 11.8 6.0 436

determined under our measurement conditions, we can
decompose the spectra presented in Fig. 1 for each cover-
age. In the left panel of Fig. 3 we show Si 2p results for
0<O <3 A taken at Av=112 eV. As can be seen from
the raw data, core-level °modification starts at the lowest
coverage reported, 0.25 A. On the right-hand side of Fig.
3, we show the results of decomposition of total emission
to obtain the Si 2p;,, contribution. That analysis indi-
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cates that the first reacted component is shifted —0.35 eV
and is responsible for the broadening of the total Si 2p
emission for 0<© <0.75. The contribution from this
species grows steadily until © =1 A when a second com-
ponent appears at even lower binding energy (shaded area
at —0.625 eV). Together these two components are re-
sponsible for the enhancement of the shoulder seen at
O0=3A.

In Fig. 4, we present the results of the decomposition
procedure for the Si 2p;,, emission at Av=108 eV (left)
and 112 eV (right) showing the evolution at higher cover-
age. The second reacted component (labeled 2) appears by
~1 A of Ti coverage and grows until 7—8 A. To obtain
satisfactory fits with experiment, this second component
was continuously broadened with Ti coverages up to 3—4
A where its full width at half maximum saturates at a
value of 0.85 eV for both photon energies presented. This
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FIG. 3. Si2p EDC’s at hv=112 eV for 0<O <3 A of Ti (left panel) and representative decompositions (right panel). For the
decompositions, the experimental curve is given by a dashed line, the different contributions are given by solid lines, and the total is
given by the solid circles. As shown, the first reaction product is present at very low coverage (6 =0.25 A) indicating an immediate
reaction with the substrate. For © <1 A only one reacted component is present at —350 meV. After 1 A of Ti, a second reacted

component is present at —0.625 eV (shaded contribution).
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indicates that there are a number of inequivalent sites
present in the reacted film but that there is an overall
average configuration indicated by the fixed kinetic ener-
gy of this reaction product. It is also noteworthy that
the ratio of the substrate emission (labeled 0) to the first
reacted product (labeled 1) is approximately constant for
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nominal Ti coverages of 1—5 A and that the second reac-
tion product grows relative to the others.

Interestingly, the behavior of the third reacted com-
ponent is quite different from that of the second. In par-
ticular, its emission spectrum sharpens with metal cover-
ages while growing in relative intensity, as is evident from
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FIG. 4. Left panel: Decomposition results for some of the EDC’s presented in Fig. 1 for hv=108 eV. The topmost spectrum
show the decomposition of the Si 2p into the spin-orbit-split pair. The other results are for the Si 2p3,, component since the 2p,,,
component has been stripped away, as discussed in the text. Right panel: Representative Si 2p;,, decompositions for hv=112 eV.
Comparison with analogous coverages in the left panel shows the effect of greater surface sensitivity.
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Fig. 4. Indeed, the FWHM goes from ~0.75 eV at
©=10 A to 0.375 eV at 20 A of coverage for 112 eV pho-
ton energy. Moreover, the energy position of this feature
is not constant but shifts from ~—1 eV to —1.125 eV
with increasing Ti coverage in the range 10<© <15 A.
This indicates that the silicon atoms are in an environ-
ment which varies with coverage such that Si is ultimately
completely isolated in the Ti matrix. Analogous behavior
has been reported for Ga atoms at metal-GaAs interfaces,
but the present results are the first to show the chemical
shift dssociated with the dilution of Si in the final metal-
silicon reaction product. We believe that this solution
phase will be observed in other systems when sufficiently
high-resolution studies are undertaken. Likewise, the
broadening needed to adequately fit component 2 reflects
inequivalent sites in the reaction product but could not be
seen at lower resolution.

DISCUSSION

To be more quantitative in our characterization of the
Ti/Si(111) interface results, we plot in Fig. 5 the attenua-
tion curves In[7(0©)/1(0)] for each Si species as measured
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FIG. 5. Core-level attenuation curves showing In[1(0)/I(0)]
as a function of coverage © for hv=108 eV (top panel) and
hv=112 eV (bottom panel). The topmost curve in each panel
(solid line with experimental points given by solid symbols)
shows the behavior of the total Si 2p emission. The open sym-
bols correspond to the component-specific attenuation curves
such that the intensity of each component is given by the
decomposition of the results of Fig. 1. The dashed lines are re-
sults of the modeling and show excellent agreement with experi-
ment.

with hv=108 eV and 112 eV. I(0) is the integrated Si 2p
emission from the cleaved surface. The topmost curve in
each panel refers to the total Si 2p attenuation. The
behavior of each reacted species can be seen from the
component-specific attenuation curves, labeled 0—3 in ac-
cord with the previous figures. In the following, we em-
phasize the results for 112 eV; equivalent information can
be extracted from those at 108 eV with differences related
to mean-free paths. .

In the coverage range 0 <© <1 A, we see that there is a
sharp drop in the integrated Si 2p intensity for 112 eV
(less evident at 108 eV where A~25 A). Between about 1
and 10 A, the total signal is attenuated with a slope corre-
sponding to a 1/e decay length of ~13 A. Near 10 A,
there is a second inflection in the total attenuation curve
and, thereafter, the intensity drops with a characteristic
decay length of ~8 A. These observations, which are
typical for many reacted interfaces,"*!'~!® are not very
informative unless the different contributions to the total
intensity can be distinguished. The results of the line-
shape decompositions show that the first reacted com-
ponent grows in the region 0 <© < 1.5 A and saturates at
about 15% of the total signal. At the same time, the
second reacted component grows after a nominal coverage
of about 1 A. This second component attenuates the
emission from the first and the substrate itself, giving
them apparent decay lengths of ~3.5 A (lower panel).
The growth of the third reacted species causes the at-
tenuation of those beneath it. Ti metal starts to accumu-
late when the nominal Ti coverage exceeds about 14 A,
and the Si 2p signal from the reacted interface then de-
cays with A~8 A. These results make possible the
following observations (see Ref. 16 for a discussion of
generic attenuation curves and interface morphologies).

(1) There is a pattern of sequential reaction such that
each phase grows, saturates, and is then attenuated by
another which grows over it.

(2) The different phases do not consume each other.
This can be seen from the consistency of the attenuation
of the substrate and the reacted species in each charac-
teristic coverage region. For example, if the growth of the
third reacted species were at the expense of the underlying
species, then the slope from species 2 for 7<© <13 A
would be smaller than that of the substrate, in contrast to
what is observed.

(3) The rate at which the substrate is consumed dimin-
ishes with increasing coverage. This can be seen from the
attenuation curves by noting the rapid decay of the sub-
strate component at low coverage (relatively few adatoms
can bond with many Si atoms and thereby convert them
to the chemically shifted components) and the more gra-
dual decay at high coverage (fewer substrate atoms are
needed to form the metal-rich reaction product and reac-
tion is limited by diffusion).

In previous studies,'!®!” we have shown that a quanti-
tative understanding of interface evolution and properties
can be obtained by modeling the interface as a series of re-
action products. We have argued that there will be
reaction-driven diffusion across the interface once reac-
tion at an interface is initiated. The source of the semi-
conductor atoms is the disrupting substrate itself, which is
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effectively infinite, but there are kinetic limitations on the
growth of the overlayer. When the number of semicon-
ductor atoms is sufficient to satisfy mass balance, a single
phase described by the equation xM +ypS—M,S, will
form, where x and y denote the number of metal and
semiconductor atoms, M and S, respectively. On the oth-
er hand, a second reaction product will form when semi-
conductor atom diffusion through the reacted overlayer is
unable to balance the number of metal atoms arriving at
the surface. Two reacted species can form simultaneously
because the interface is morphologically heterogeneous.
In modeling this reaction, it is necessary to partition the
arriving metal atoms between the two phases. This has
been approximated by a linear lever rule described by

X=(0-6,)/(67—-6,),

where O is the metal coverage, ©, is the coverage at
which the second phase starts to form, and ©7 is the cov-
erage at which the first phase stops. This process assumes
that each reaction product has a distinct stoichiometry. If
there are more than two phases which form sequentially,
the process can be iterated until the semiconductor con-
tent of the overlayer becomes negligible and the overlayer
converges to the pure metal. On the basis of these as-
sumptions, a set of equations describing the relationship
between the photoemission signal (attenuation curves) and
the morphology and chemistry of the interfaces can be de-
rived, as described in detail in Ref. 16.

The experimental results for the Ti/Si(111) indicate
that this type of modeling would be appropriate for the
first two reaction products and that it would yield the
coverages and stoichiometries for those two products.
The results also show, however, that the third or final Si
bonding configuration changes with coverage and can be
described as a solution of Si in Ti. The assumption of
fixed stoichiometry therefore breaks down, and the lever
rule approximation is not valid. For the purpose of fitting
attenuation curves of the sort shown in Fig. 5, however,
the concentration profile can be approximated by a phase
with distinct concentration which grows simultaneously
with TiSi at the beginning and with Ti at the end. We
have adopted this procedure, noting that it gives greater
uncertainty in the onset and completion coverages and no
quantitative information about the solution stoichiometry.

In Fig. 6 we report schematically the results of the fit-
ting procedure. As discussed above, the experimental re-
sults show that one phase forms and then yields to anoth-
er; the stages at which the evolution occurs are given by
the quantitative modeling. The x axis corresponds to the
nominal coverage, ©. The left vertical axis gives the Si
content of the overlayer (solid line) and the right vertical
axis gives the Ti content (dashed line). Error bars in
determining stoichiometries are also shown. The solid
solution is sketched for coverages exceeding about 6 A as
being richer in Si close to the TiSi layer and converging to
pure Ti at about 14 A. The circular insets give our pic-
ture of the developing morphology of the interface.

With reference to Fig. 6, the formation of the
Ti/Si(111) interface can be described as follows.

(1) Coverage range 0—0.5 A. When Ti atoms are first
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FIG. 6. Schematic of Ti/Si(111)-2X 1 interface evolution.
The left axis corresponds to the Si content in atomic percent and
the right axis is the Ti content. The circled insets show the mor-
phology at different stages of film growth. At lowest coverage
we see the heterogeneous TiSi, phase, the changeover to the for-
mation of TiSi, and the grading into the Si-in-Ti solution phase.
The coverages at which these changes occur are given in A by
the x axis.

deposited onto the semiconductor surface, they react ac-
cording to the chemical equations M +3S—MS; or
M +4S —->MS,, where M denotes metal and S denotes
semiconductor atoms. We have found the best agreement
between the model and the experimental results when the
Si concentration is between 75% and 80% for the first
species; with this uncertainty, we refer to it hereafter as
TiSi4. This species forms on the surface at the lowest cov-
erage, probably as patches as Ti atoms disrupt the Si sub-
strate. With increasing coverage, this disruption spreads
across the surface but appears to be complete by about 1
A. The character of these patches is most difficult to
demonstrate definitively, given their very limited thick-
ness. We believe that this region represents the true tran-
sition region between the crystalline, pure Si substrate,
and the silicides which grow at higher coverage.

“(2) Coverage range 0.5—1 A. This region corresponds
to the onset of silicide formation. In particular, there are
now competing processes which occur, namely the com-
pletion of the TiSi, transition region and the development
of the silicide. The two parallel reactions are described by
M +4S—>MS, and M +S-—MS where we find that the
silicide corresponding to the second chemically shifted
species is very close in composition to TiSi. The linear
decrease in the Si concentration shown in Fig. 6 in the
two-phase region from 0.5 to 1 A results from the as-
sumption that the partitioning of the metal atoms when
they are vapor deposited onto the surface can be approxi-
mated by a linear lever rule.'® The morphology of the in-
terfacial zone in this coverage regime is then heterogene-
ous with islands of the second reacted phase growing over
the first. At the same time, the first phase (or transition
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region) grows laterally until the surface is covered at 1 A.
It does not form thereafter, but phase two does.

(3) Coverage range 1—6 A. In this coverage range, only
the TiSi phase forms. As sketched in Fig. 6, islands of
TiSi which nucleated at lower coverage coalesce to form a
polycrystalline layer. The result is that emission from Si
atoms below the TiSi layer is exponentially attenuated.

(4) Coverage range 6—14 A. This is a region in which
the TiSi reaction product is completed and the solid solu-
tion of Si in Ti forms. The solution phase grows because
the TiSi layer acts as a barrier, preventing the indiffusion
of Ti which would continue the disruption of the sub-
strate and release Si. As a result, there are insufficient
numbers of Si atoms at the surface to produce the TiSi
product. Furthermore, we have observed that Si 2p core-
level emission changes with coverage in this solution
phase, indicating that the concentration of Si decreases
with distance from the interface. This concentration pro-
file in any particular Ti crystallite is probably of the form
of an error function, as dictated by Fick’s laws.

(5) Coverages exceeding ~14 A. For Ti depositions
exceeding a nominal coverage of ~14 A, a Ti layer forms
over the reacted regions with Si content which is below
the level of our detectability. This completes the room-
temperature evolution of the Ti/Si interface.

These results indicate that a complex, heterogeneous in-
terface is formed at room temperature due to the competi-
tion between diffusion and reaction processes at the inter-
face. One must expect that an increase of the substrate
temperature would allow more Ti and Si diffusion across
the TiSi barrier, and the concentration profile of Fig. 6
would be stretched to higher values of ©. This diffusion
process would reflect the activation energies for grain
boundary and bulk diffusion, with the former being the
controlling term. Previous work on V/Ge(111) interface
formation and thermal properties'>!* confirmed this ex-
pectation in the range T <300°C. For Ti/Si, we have un-
dertaken time-dependent x-ray photoemission studies of
diffusion at this interface to investigate the kinetics of this
process.!%3°

Our results suggest that reaction starts as soon as the
first Ti atom reaches the semiconductor surface. This is
in contrast with the EELS results?! where an onset of re-
action was reported at 2 A and is more consistent with the
MEIS results of Ref. 20 where immediate reaction was
observed. In the MEIS study, it was also reported that
there was a double layer of “displaced” Si atoms at the in-
terface in a configuration different from the bulk semi-
conductor. We have found evidence that those displaced
atoms can be associated with a reacted or intermixed re-
gion rich in Si which is probably TiSi, in effective compo-
sition. Our results also confirm the presence of a TiSi
phase up to ~8 A of Ti, in excellent agreement with the
MEIS analysis. At the same time, our ability to resolve
chemically inequivalent configurations indicates that a
solution phase of variable composition is present in the
reacted overlayer.

The Schottky barrier is one of the most important prop-
erties of a metal-semiconductor interface for technological
application, and it is of importance to relate the Schottky
barrier to the chemistry and structure of the interface. In
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photoemission, studies of the Si 2p core level are particu-
larly useful to follow the Schottky-barrier height ¢, evo-
lution as a function of metal coverage. Photon energies of
108 and 112 eV provide the bulk sensitivity necessary to
distinguish band bending from chemical shifts and the Si
2p binding energy can indeed be determined. Here we de-
fine ¢, =¢,(0)+¢,(0), where ¢,(0)=E.(0)—E.(0),
¢,(0) is the barrier at the vacuum-silicon interface due to
the pinning of the Fermi level by surface states, and E, is
the core-level binding energy. ¢,(0) can be determined by
other measurements to be ¢,(0)=0.79 eV for the Si(111)-
2% 1 surface.3""3? In Fig. 7 we show the evolution of ¢,
for Ti/Si(111) using different symbols to indicate results
for different cleaves. As shown, the barrier decreases
quickly in the first 1.5—2 A, achieves a minimum of
~0.54 eV, and increases with increasing coverage to satu-
rate at ~0.68 eV for 10<O© <15 A.

According to the early Schottky model,** the barrier
height ¢, at a metal-semiconductor junction can be de-
fined as ¢, = —X, where ¢, is the work function of
the metal and X is the difference between the vacuum lev-
el and the bottom of the conduction band in the semicon-
ductor. For Si(111), X=4.2 eV (Ref. 34) and ¢1;=4.33
eV.3% Following the Schottky argument, we should expect
then a barrier ¢, ~0.13 eV, in contradiction with photo-
emission, C-V, and I-V measurements.’® In particular,
our results show that a barrier of 0.54 eV is formed when
2 A of metal are deposited, but that this varies with reac-
tion at the interface.

Many models have been developed to explain discrepan-
cies like this for metal-semiconductor contacts. The im-
portance of defects’’ and interface states has been recog-
nized, but none of these models has been able to quantita-
tively explain the experimental results. The recent work
by Tung et al.>® and Liehr et al.?® with epitaxial NiSi,/Si
interfaces has significantly improved our understanding

Ti COVERAGE (A )

(0] 5 10 15 20
Clean Si l(111) 2x1

omA hy=112eV
O hv =108eV

0.65

0.6

SCHOTTKY BARRIER HEIGHT (eV)

0.55

RELATIVE SCHOTTKY BARRIER HEIGHT (eV)

-

0.5

FIG. 7. Relative Schottky-barrier height versus Ti coverage
as determined by core-level shifts at Av=112 and 108 eV. Dif-
ferent symbols refer to different cleaves. An initial value
¢, =0.79 eV for the clean n-type Si(111)-2< 1 has been assumed
(Ref. 32). The changes in the barrier height are correlated to
chemical changes at the interface.
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of the role of structure and defects. At the same time, we

see from Fig. 7 that there are important chemical changes

at the interface which alter the barrier height at low cover-
40

age.

CONCLUSIONS

We have used high-resolution photoemission results to
model the Ti/Si(111)-2X 1 interface. The high sensitivity
and the relatively large core-level shifts have allowed us to
identify and follow the evolution of three reacted species.
The first is very close to TiSi, and constitutes the first few
angstroms of the overlayer. The second is a silicide with
empirical formula TiSi and is the most extensive part of
this interface. The third is a solution of Si in Ti. This
graded profile seems to be a common feature for most re-
fractory metal-semiconductor interfaces, where differ-
ences are related to the energetics of the reaction products,

the character and morphology of the reaction product,
and the kinetics of atomic motion through the evolving
overlayer. Moreover, we have observed an evolution of
the Schottky barrier which parallels changes in the chem-
istry of the interface.
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