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The structural and electronic properties of low coverages of Ti deposited on Si(100) and Si(111)at
room temperature have been investigated by detailed Auger-electron spectroscopy, low-energy elec-
tron diffraction {LEED},and appearance-potential spectroscopy (APS). The growth mechanism is
dependent on the cleaning procedure. When the sample is cleaned by brief thermal annealing at
850'C alone, Ti growth is layer-by-layer on both Si(100) and Si{111).When cleaned by sputtering
and heating, the Ti growth on both surfaces is characteristic of island growth following a Poisson
distribution. The Si{111)(7X7) and (1X 1}LEED beams are extinguished by deposition of less than
a monolayer of Ti, as are the Si(100) (2X1) and (1)&1)beams. This indicates a marked disruption
of the Si lattice in the near surface region due to Ti. Appearance-potential spectra show develop-
ment of structure characteristic of the pure Ti surface beginning at coverages of less than a mono-

layer. The growth mode and the APS results are inconsistent with intermixing of the Ti and Si on
either Si(111)or Si{100)at room temperature.

I. INTRODUCTION

The recent focus of a growing fraction of metal-silicon
interaction studies, a subject which has long been of great
interest to the semiconductor community, ' has been the
refractory transition-metal —silicon systems. 's These
silicide/Si systems have a number of interesting properties
including low-resistance, well-defined, and controllable
interfaces, low barrier contacts, ' strong adhesion, and
possibilities for passivation. " A detailed understanding
of these properties requires a better understanding of the
interface chemistry, specifically Si—Si bond breaking
which is a necessary prerequisite to silicide formation.

Studies on the growth of titanium on clean silicon sur-
faces have led to controversial results as to the reactivity
of the interface at room temperature. Based on Auger-
electron spectroscopy (AES) and ultraviolet photoemission
spectroscopy (UPS) measurements, Butz et al. 'i conclude
that the Ti-Si(111) interface remains unreacted at room
temperature. Taubenblatt and Helms came by UPS to
the same conclusion on the Ti-Si(100) system. On the
other hand, results of a recent ion backscattering study by
van Loenen et a/. ' have been interpreted as due to inter-
mixing at the Ti-Si(111) interface at room temperature.
Similar observations were made by Iwarni et ah. ' by
electron-energy-loss spectroscopy (EELS), but only for Ti
overlayer thicknesses greater than about 2.5 monolayers
(ML), the so-called critical thickness, and by Franciosi
and %eaver' in photoemission work. Very little atten-
tion has been paid to the growth mode of Ti on Si sur-
faces, as well as to atomic and electronic structures of
very thin Ti films on Si surfaces, subjects of direct bearing
on interface chemistry and reactivity.

In this study, our goal is to obtain detailed information

on the growth mode of Ti on atomically clean Si(100) and
Si(111) surfaces using AES, low-energy electron diffrac-
tion (LEED), and appearance-potential spectroscopy
(APS). We find that the initial growth of the Ti on the Si
surface is delicately dependent upon the surface cleaning
procedure. Here we are able to show that on heat-cleaned
Si surfaces, Ti grows in a layer-by-layer fashion, whereas
on sputter-cleaned Si surfaces the growth mode changes to
island formation. Upon closer examination, the physical
mechanism underlying the island formation appears to be
an inhibition of surface diffusion of the randomly deposit-
ed titanium, resulting in a statistical distribution of over-
layer thickness.

Layer-by-layer formation of the Ti is taken to indicate
a strong substrate-adsorbate interaction. The strength of
the Ti-Si interaction is further demonstrated by the com-
plete loss of long range surface order upon deposition of
less than the equivalent of one layer of Ti. The details of
the long-range order disruption are not yet clear, but once
understood, they should shed light on the Si—Si bond-
breaking mechanism.

The structural results however do not indicate any in-
termixing of the silicon and titanium. Intermixing
beyond the first layer is not consistent with the observa-
tion of layer-by-layer growth. Furthermore, measure-
ments of the electronic properties via APS do not support
the possibility of intermixing. The appearance potential
spectrum for a pure Ti layer includes a surface state,
present as a shoulder on the edge of the 2p levels. This
shoulder disappears when the Ti atoms form a chemical
bond with a different species. For Ti deposited on Si at
room temperature, this shoulder is apparent even at small
coverages indicating that the intermixing of the Ti with
the substrate to form a silicide does not occur.
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II. EXPERIMENTAL TECHNIQUES

The experiments were conducted in an ion and Ti-
sublimation-pumped ultrahigh vacuum (UHV) system
with a base pressure &2)&10 ' Torr. The system is

equipped with LEED/Auger-electron optics with coaxial
electron gun, a single-pass cylindrical mirror analyzer
(CMA) with coaxial electron gun which was used for
AES, a quadrupole mass spectrometer, a quartz-crystal
microbalance (QCMB), and an Ar+ ion sputtering source.
The silicon samples were boron doped, p-type wafers
(35—50 0 cm, 0.4 mm thick) with (100) and (111)orienta-
tions. The samples were approximately 1X1 cm in area
and were thermally anchored to a resistive sample heater
by a molybdenum clamp and a very small amount of indi-
um inserted between the surface of the heater and the
back side of the silicon. A carousel sample holder allowed
for multiple sample installation in the UHV chamber (up
to four independently heated samples). Temperatures
were measured by optical pyrometry.

Samples were cleaned by two different methods. In the
first, the Si samples were cleaned by annealing at & 850'C
for several minutes to remove the oxide layer. As a result,
sharp Si(111)-(7)&7) and Si(100)-(2X1) LEED structures
were obtained. AES showed only traces (&1%) of con-
taminants (mainly carbon). Excessive or extended heating
led to increased carbon contamination presumably due to
segregation from the Si bulk to the surface. In the second
cleaning technique, the surface was heated briefiy at
850'C, then sputtered lightly (Iz, ——20 pA, EA, ——900 eV)
for 20 min at room temperature. The sample was then
annealed at 850'C for 10 min to restore surface order.
This results in the same LEED and AES characteristics as
heat cleaning alone. For both cleaning procedures, LEED
and AES results indicate no indium segregation from the
backside to the Si surface. Indium contamination is ex-
pected to result in the lessening of the fourth-order bright
spots in the Si(111)-(7X7)LEED attern. Higher indium
contamination results in a ~3)& 3 overlayer LEED pat-
tern. ' Examination of the Si/indium-heater junction
showed localized alloying at the center of the back of the
silicon. These results suggest that, for sufficiently small
amounts of indium, the indiuin remains trapped at the
junction.

The Ti films were evaporated onto the Si substrate
from a thoroughly outgassed, directly heated Ti-Ta alloy
wire. Typical deposition rates were —,

' of a monolayer per
minute, though uniform deposition rates as low as —,

' of a

layer per minute and as high as 3 layers per minute were
routinely achieved. The Ti deposition rate was measured

by a QCMB to be constant over extended periods
(equivalent to & 30 layers) but did slowly decrease as the
source exhausted its Ti supply. The amount of Ti de-
posited on the substrate was determined from the mea-
sured deposition times. After all depositions, AES again
showed only traces of contaminants, and no Ta signal was
present in the AES spectra. During deposition, the back-
ground pressure remained below 5 & 10 ' Torr.

The appearance potential spectra were taken by the
disappearance-potential spectroscopy (DAPS) tech-
nique, ' using the LEED optics to measure the quasi-

elastic scattering yield as the energy of the electrons in-
cident on the sample is swept through the Ti 2p excitation
thresholds. Only those electrons that had lost less than 10
eV of energy from the incident electron energy (quasielas-
tically scattered electrons) were detected. To enhance the
small, rapidly fiuctuating DA PS spectrum, the first
derivative of the quasielastic yield was measured by ap-
plying a 0.2-V peak-to-peak modulation voltage to the
sample potential and using lock-in detection techniques.

III. Ti OVERLAYER GROWTH MODE

In Figs. 1 and 2 we show the first derivative Auger in-
tensities of the Si Li &

VV (90 eV) and Ti LiM2 &M2 3

doublet (385 eV) transitions for the Si(100) and Si(111)
surfaces, respectively, as a function of Ti deposition.
These results are for surfaces cleaned by heating alone.
On both Si surfaces, the AES intensity versus Ti deposi-
tion can be separated into linear sections which display
sudden changes in slope at equal deposition intervals and
at corresponding depositions for the Si and Ti signals.
This behavior of the Auger intensity is indicative of a
layer-by-layer (Frank —van der Merwe) growth, 2'22 where
the sudden changes in slope, or breaks, in the AES versus
deposition are taken to indicate completion of another
monolayer in the growth of the overlayer. Using the
break points as indicators of monolayer completion, we
can calibrate the number of atoms in a monolayer of the
Ti overlayer. We find that QCMB measurements indicate
that for both silicon surfaces, one layer is 1.5+0.2)&10'5
atoms/cm, near the expected value of 1.3 &( 10'
atoms/cm for the Ti(0001) surface.

A linear regression through the interior points between
the breaks of the Si Lz &

VV signal gives straight lines with
a goodness of fit, r &0.98. This is significantly better
than a fit of the data to an exponential function, which
gives a goodness of fit r -0 90 The ex. tra. polated value
of the first linear segment back to zero Ti deposition is
used for the initial substrate intensity Io. In Figs. 1 and
2, the substrate plots have been normalized so that
Io 100%. Since ——the intersection of the straight lines sig-
nifies the completion of succeeding layers of Ti, the
Auger-intensity measurements at these intersections are
for full fractional coverages. At these points, the Auger
intensity is just

I,„b(t)=Ioexp[ t/I cos(42')], —

where t is the full fractional coverage thickness (an in-
teger number of layers), / is the decay length, and the fac-
tor of cos(42') results from the entrance angle of the
CMA. Least-squares fitting our few points to this func-
tion results in a very good fit with values for I of 1.8 and
1.6 monolayers for the Si(100) and Si(111)surface, respec-
tively. Using the value of 2.34 A for the interlayer spac-
ing of Ti~ results in an inelastic mean free path (IMFP) of
4.1+0.3 A and 3.9+0.3 A for the Si L VV Auger electrons
of the Si(100) and Si(111) surface, respectively.

t This is
in good agreement with the value of 4.2 A found in the
literature, but in disagreement with the value of 8—9 A
as measured by others. ' ' ' This apparent discrepancy
will be discussed later.
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The Auger signal from the Ti overlayer shows similar
linear sections for both surfaces, even though the breaks
are not as pronounced as for the substrate signal. Again,
the extrapolated intersection points of these straight line
segments signifies completion of another layer of the Ti
overlayer and can be fit to the relation
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FIG. 1. First-derivative-normalized Auger intensities of the
Si (0) L23VV (90 eV) and Ti (0) 1.3M23M23 doublet (385 eV)
as a function of Ti deposition on the Si(100) surface. Least-
squares straight-line fits to segments of the data points are
shown ( ). This behavior is indicative of layer-by-layer
growth. We can establish values for the inelastic mean free path
(see text) of 4.1+0.3 A for the (90 eV) Si Auger electrons, and
5.7+0.3 A for the (385 eV) Ti Auger electrons.
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FIG. 2. First-derivative-normalized Auger intensities of the

Si () L2 3 VV (90 eV) and Ti (0 ) L3M2 3M2 3 doublet (385 eV)
as a function of Ti deposition on the Si(111) surface. Least-
squares straight-line fits to segments of the data points are
shown ( ). This behavior is indicative of layer-by-layer
growth. We can establish values for the inelastic mean free path
(see text) of 3.9+0.3 A for the (90 eV) Si Auger electrons, and
5.7+0.3 A for the (385 eV) Ti Auger electrons.

I,d, (t)=I t 1 —exp[ t lI—cos(42')] I,
where both the high coverage Auger intensity I„and the
decay length l are parameters of the fit. The high cover-
age values determined from our fits and used to normalize
the adsorbate plots of Figs. 1 and 2 (so that I„=100%)
are slightly higher than the measured high coverage
Auger intensities. The value for the decay length as deter-
mined by this fit is 2.4+0.1 monolayers for both surfaces,
in excellent agreement with other values of 2.45+0.05
layers for Ti on W, and associated with a reasonable
IMFP of 5.7+0.3 A for the 385-eV electrons.

The results above are not consistent with intermixing at
the interface (excluding perhaps the growth of the first
layer). If there were intermixing in succeeding layers, the
Si signal would decay more slowly than observed. More-
over, the layer-by-layer growth observed would be diffi-
cult to interpret in terms of intermixing. Additional evi-
dence for nonintermixing of the Ti overlayer is found in
the absence of the slight shift of the Si L2 i VV Auger line
shape (characteristic of titanium silicide sz~) as Ti is
deposited on the clean Si. At higher coverages (&4
layers} the Auger signals associated with the interface are
very small due to the short IMFP, and our measurements
show no Si in the probed region.

If we use a different, though common, ' ' ' ' surface
cleaning procedure involving sputtering as well as heating,
the overlayer growth characteristics become quite dif-
ferent. The first derivative Auger intensities of the Si
L2 3 VV (90 eV) and Ti L3M2 3M' q doublet (385 eV) tran-
sitions as a function of Ti deposition for the sputter-
cleaned Si(100) surface are shown in Fig. 3. Very similar
results are obtained for the Si(111) surface. Two aspects
are immediately apparent: first, the much more gradual
change in Auger intensities (at a Ti deposition time
equivalent to a uniform coverage of 3 layers, the Si Auger
intensity is still at -20% instead of 8% as in Figs. 1 and
2); and second, the absence of linear segments separated
by abrupt changes in slope. This AES behavior can be ex-
plained in terms of island growth or of limited intermix-
ing. The possibility of intermixing, however, is ruled out
on the basis of the surface electronic properties as dis-
cussed in Sec. V.

The physical mechanism responsible for the island for-
mation observed here is suggested to be statistical in na-
ture. The variations in the overlayer thickness are created
by random Ti deposition associated with strongly hin-
dered surface diffusion of Ti. This resulting statistical
distribution in overlayer thickness (a Poisson distribution)
was forwarded by van Loenen et al. as an explanation for
ion backscattering measurements performed on Ti-
covered Si(111)surfaces cleaned by sputtering and anneal-
ing. ' ' For a Poisson distribution in overlayer thickness,
we can calculate the Auger intensities of the Si substrate
and the Ti overlayer from
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FIG. 3. First-derivative-normalized Auger intensities of the
Si (~) L2,3VV(90 eV) and Ti (0) L3M23M23 doublet (385 eV)
as a function of Ti deposition on an Ar+ sputtered and annealed
Si(100) surface, on a roughened Si(100) surface (8), and on an
Ar+ sputtered and annealed Si(111) surface (4, ) from Butz
et al. (Ref. 12). Also shown in the solid line ( ) are the cal-
culated values for a CMA-measured Auger intensity for a Pois-
son distribution of overlayer thickness using measured values
for the IMFP as determined from layer-by-layer AES data.

ure 3 shows these calculated curves overlaying the data
for the Si(100) Ar+ sputtered and annealed surface. The
agreement is excellent. Least-squares fitting this data to
the Poisson distribution using I as the fitting paraineter
results in an IMFP of 3.9 A for the Si data and 5.8 A for
the Ti data, differing from the value determined from the
layer-by-layer growth by & 5%, well within the uncertain-
ties.

Also shown in Figure 3 are the Ti I.MM Auger intensi-

ty versus Ti deposition for a Si(100) surface roughened by
multicycles of Ti deposition and desorption, and the Si
LVV AES intensity for Ar+ sputtered and annealed
Si(111) taken from Butz et a1. ' For the Si(100)
roughened surface, the surface showed a marked loss of
luster before Ti deposition, consistent with macroscopic
surface roughness. It is reasonable to expect limited sur-
face diffusion (Poisson distribution) for heavily damaged
(rough) surfaces. The similarity in results for Ti growth
on a roughened surface and for the Ar+ sputtered and an-
nealed surface lends added support to our conclusions of a
Poisson distribution of overlayer thickness for the Ar+
sputtered and annealed surface.

The Si AES data for the sputtered and annealed Si(100)
surface is consistent with a Poisson distribution using the
value of 4.2 A obtained earlier for the IMFP. A simple
exponential fit to this data (which assumes uniform thick-
ness) results in an apparent value of 8 A for the IMFP,
the same as that obtained by Butz et al. for a Si(111)sur-
face. This method for determining the IMFP, though
giving useful qualitative results, is semiquantitative, lead-
ing to the apparent discrepancy in values for the IMFP.
A similar value for the Si LVV Auger electrons of 8 A
was determined for V overlayers on a sputter-cleaned and
annealed Si surface, indicating island formation may
occur for Voverlayers.

IV. STRUCTURAL PROPERTIES

I —Pl 'P
substrate: = g P(n, p)exp

n=0 cos 42

I —n~
adsorbate: = g Q(n, p, )exp

n=0 I cos 42'

where P(n, p) is the fraction of the surface covered with n

layers, Q(n, p) is the fraction of the surface covered by
more than n layers, )M is the average nuinber of layers in
the overlayer, r is the thickness of one layer, and / is the
IMFP. For a Poisson distribution,

P(n, p, )= en!

Q(n, p) =P(n + l,p)+P(n +2,)u)+P(n +3,p)+ .

=1—[P(O,iu, )+P(l,p)+ +P(n,p)] .

Using the values obtained from the layer-by-layer growth
data for the IMFP, we completely specify the Auger in-
tensity as a function of the amount of Ti deposited. Fig-

LEED measurements were made on Si(100) and Si(111)
samples which had been cleaned by heating at 850'C in
UHV (no Ar+ sputtering). As already mentioned, this re-
sulted in Si(100)-(2X1) and Si(111)-(7X7) LEED struc-
tures. When Ti was deposited on these surfaces, the two
samples behaved similarly. On Si(111), the seventh-order
spots disappeared after only ——,

' of a monolayer of Ti
had been deposited on the surface suggesting that the sur-
face reconstruction was lost. No ordered Ti adsorbate
structures were witnessed at these fractional coverages-
even with annealing of the overlayer at various tempera-
tures up to 850'C, where the Ti left the surface region.
With increasing Ti coverage, the background intensity in-
creased, and the Si(1 Xl) structure remained sharp up to

of a monolayer, after which the (1X1) pattern disap-
peared. The Ti overlayers showed no ordered LEED pat-
tern below -10 ML, indicating poor order of the over-
layer atoms. The Si(100) surface conserved its (2X1)
reconstruction upon Ti deposition until —, of a monolayer
of Ti was deposited. The (1 X 1) structure remained sharp
until —', of a monolayer, after which only a bright back-
ground intensity remained. Again, no ordered Ti adsor-
bate structure was discernable at these low coverages.

The destruction of the LEED structures with single
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monolayer Ti coverages indicates extensive long-range or-
der disruption due to Ti adatoms. This disorder must ex-
tend well below the top layer to result in complete loss of
the LEED structure. LEED measurements on Si surfaces
which were lightly Ar+ sputtered (after the initial 850'C
heat treatment), then annealed at 850'C for 10 min, re-
sulted in similar behavior, though at slightly higher Ti
coverages.
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V. ELECTRONIC PROPERTIES
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After determining the Ti overlayer growth mode and
structural properties, it is informative to monitor the elec-
tronic properties of the Ti overlayer. The Ti 2p appear-
ance potential spectrum was scanned repeatedly as Ti was
deposited on clean Si(100) and Si(111) surfaces, as shown
in Figs. 4 and 5, respectively. (The data includes correc-
tions for the emitter work function. ) The region of the
spectrum scanned shows both the 2pqq2 (at 458 eV) and

2@i~ (at 464 eV) excitation edges. Features in the 2@3/i
spectrum are somewhat better resolved than in the 2p~&2
spectrum because of the longer lifetime of the 2pq&i
hole. Two major observations can be made. First, the
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FIG. 5. Series of normalized first-derivative DAPS spectra of
the 2p levels for a smooth Si(111)surface at Ti depositions of {a)
—, monolayer, (b) 1 monolayer, (c) 5 layers, (d) & 15 layers, and

{e) pure single-crystal Ti(0001).
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FIG. 4. Series of normalized first-derivative DAPS spectra of
the 2p levels for a smooth Si{100)surface at Ti depositions of (a)

monolayer, (b) 1 monolayer, {c) &10 layers, and (d) pure

single-crystal Ti(0001). As Ti coverage increases, the surface-
state peak shifts, broadens, and splits into a peak and a should-
er.

occurrence of a continuous shift of the 2pi~2 spectrum
maximum by —1 eV to higher energy with increasing Ti
coverage. Second, the broadening of the spectrum and the
appearance of a shoulder on the low-energy side. On both
silicon surfaces, this shoulder exists even at submonolayer
coverage. In UPS studies, ' it has been shown that there
is no Fermi-level shift associatmi with the deposition of Ti
on Si(100) or Si(111) surfaces. Thus the shift observed
here describes a real change in the local density of states
(LDOS) above the Fermi level. Layer-by-layer calcula-
tions of the electronic structure of a free-standing
Ti(0001) film by Feibelman et al. ' indicate that although
the Fermi level nearly corresponds to a local minimum in
the bulk density of states, a strong band of surface states
exists at the Fermi level. This surface state is visible as a
peak in the single-crystal Ti(0001) spectrum (at 456 and
463 eV), but is merely a shoulder in the Ti on Si spectra
where the crystallinity of the Ti overlayer has not yet been
established. The presence of a shoulder instead of a mell-
developed peak is also characteristic for polycrystalline
pure Ti films. ' There is a total absence of a shoulder for
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TiSi2 overlayers or Si rich Ti overlayers, but this may be
due to segregation of the Si to the surface positions for
these overlayers. At submonolayer coverages of Ti on Si,
the DAPS spectrum agrees quite well with the prediction
of the LDOS calculation for a one-monolayer free-

standing Ti(0001) layer. By the completion of the first
layer, the state visible at lower coverages broadens and we

begin to see the "bulk" LDOS behavior in the Ti DAPS
spectrum. Very similar results were found for Ar+ sput-
tered and annealed Si(100) and Si(111) surfaces. The oc-
currence of these spectral features characteristic of pure
Ti is further evidence for a lack of intermixing of Ti and
Si. This result, and the similarity of the heat-cleaned and
sputter-cleaned surfaces confirms that the growth mode
on the sputter-cleaned surface is island formation rather
than intermixing.

The surface nature of the shoulder at 456 eV is easily
demonstrated by altering the probing depth of the DAPS
technique by changing the lower limit of the quasielastic
scattering yield. ' Figure 6 shows that as we go from the
purely disappearance technique of elastic scattering
( E,„I,——0 eV) to more quasielastic scattering
(E,„I~,——10 or 25 eV), the shoulder becomes less pro-
nounced as the probing depth of the DAPS technique in-

creases. Further verification of the surface dependence of

this feature is established by noting that Ti surface con-
tamination (either oxygen' or silicon ) destroys this
feature.

We have earlier observed a band of surface states for
submonolayer quantities of Ti on Cu(111), which was an
unexpected result. The behavior of the DAPS spectrum is
very similar for Ti on Si, as evidenced in Fig. 7 where a
comparison is made for one monolayer coverages of Ti on
Cu(111), Si(111), and Si(100). Also shown is a single-
crystal Ti(0001) spectrum.

VI. Ti/Si INTERMIXING

Our conclusion that there is no intermixing of Ti and Si
beyond the first monolayer at room temperature is in
disagreement with the results of van Loenen et al. '3 Us-

ing medium-energy ion scattering, they conclude that the
first 3—4 Ti layers intermix with the sputter-cleaned
Si(111) surface atoms to form a layer with the composi-
tion of TiSi. Additional deposited Ti sits atop this layer.
The conclusion of intermixing is mainly drawn from
backscattering results obtained using the shadowing and
blocking technique. ' In this technique, the He+ ion
source and detector were aligned with the [1 11]and [001]
directions, respectively, and the (110) plane was chosen as
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FIG. 6. Series of normalized first-derivative DAPS spectra of
the 2p levels for 10 layers of Ti deposited on a smooth Si(100)
surface as the maximum energy loss of the reflected electrons is
increased (increasing the probing depth). The shoulder becomes
less pronounced as the maximum energy loss increases from 0 to
25 V (decreasing the surface sensitivity).
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FIG. 7. Series of normalized first-derivative DAPS spectra of
the 2p levels for one monolayer of Ti on (a) Cu(111), (b) Si(111),
and (c) Si(100). Also shown (d) is the normalized first-derivative
DAPS spectrum for pure single-crystal Ti(0001).
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the scattering plane so that the number of Si atoms visible
to the ion source and detector are minimized. In this

geometry, a displacement of Si atoms from their lattice
sites will result in an increase in the number of Si atoms
visible in the surface region. The backscattering results
showed that as the amount of Ti deposited on the Ar+
sputtered and annealed Si(111)surface increased from 0 to
2.8)&10' Ti atoms/cm, the corrected integrated Si peak
area increased suggesting that Si atoms were displaced
from their lattice positions. Simultaneous with the
growth of the Si peak, the high-energy onset of the Si
peak remained fixed. This meant that there are areas on
the surface where the Si is not covered by the Ti. These
combined results were interpreted to represent intermixing
at the Ti/Si interface, where more Si atoms are made visi-
ble to the ion beam and detector, and some Si is at the
surface. Additional Ti deposition beyond 2.8 X 10's
atoms/cm resulted in no increase in Si peak area and a
shift in onset of the Si peak. Therefore, the additional Ti
is thought to sit inertly on top of this intermixed over-
layer.

Our results on the sputter-cleaned Si surface suggest a
different interpretation for these results which does not
require intermixing. From our LEED results, we know
that as Ti is deposited, the long-range order of the surface
layer is lost, suggesting that the Si atoms at the surface
are displaced from their lattice positions, resulting in a
loss of long-range order. This would account for the in-
crease in the number of Si atoms visible to the ion beam
and detector in the shadowing and blocking geometry.
From our AES results, we know that the overlayer for a
sputter-cleaned Si surface grows by island formation and
that Si is still exposed at the top-most layer, even after the
equivalent of 2 layers of Ti have been deposited. This
would account for the absence of a shift of the high-
energy onset of the Si peak in the ion backscattering re-
sults until more than 2—3 layers of Ti have been deposit-
ed. Si and Ti AES versus Ti deposition calculations for
an intermixed Ti overlayer (with uniform thickness or
with a Poisson distribution in thickness) are not consistent
with the measured AES data.

VII. CONCLUSIONS

In direct contradiction with the results of previous
studies, we find that it is possible to grow Ti on Si in the
layer-by-layer mode at room temperature, and that there
is no intermixing beyond (possibly) the first layer of Ti.
The origin of this new finding lies first of all in the im-
portant effect of the cleaning procedure used to prepare
the surface prior to Ti deposition. Secondly, we have ob-
served a structural disruption of the Si surfaces by sub-
monolayer coverages of Ti that can explain observations
that have previously been interpreted in terms of inter-
mlxlllg.

On both Si(100) and Si(111)surfaces cleaned by heating
only, the AES signal intensity versus Ti coverage clearly
indicates layer-by-layer growth of Ti. The inelastic mean
free path deduced from the measurements is 4.0 A for the
90 eV Si Lz & VV electrons and 5.7 A for the 385 eV Ti
L $M2 3M2 i electrons. Measurements of the Ti 2p core
edges via appearance potential spectroscopy reveal that
the Ti overlayer takes on a metallic character at submono-
layer coverages. These results show clearly that intermix-
ing of the Ti with the Si substrate does not occur. How-
ever, the deposition of less than a monolayer of Ti causes
the (1X1) LEED patterns of both the (100) and the (111)
oriented substrates to disappear completely. This shows
that in spite of the lack of intermixing, the Ti atoms seri-
ously disrupt the Si lattice in the near-surface region.

Previous studies of the growth of Ti were carried out on
Si surfaces cleaned by a combination of sputtering and
heating. We find that using this cleaning procedure re-
sults in no difference in the LEED or APS result for Ti
growth. The variation of the AES intensity, however, is
far more gradual than for the heat-cleaned surface. Since
the APS results are the same as for the heat-cleaned sur-
face and totally different from those observed for the
titanium-silicide layer formed by heating, this cannot be
the result of intermixing. Instead the Ti must be growing
in an island-forming mode on the sputter-cleaned sur-
faces. The growth curve can be fit well with no adjustable
parameters using a Poisson distribution of Ti thickness
and the inelastic mean free paths obtained from the
layer-by-layer growth curves. If the growth curve is
analyzed by the approximate exponential decay curve, an
apparent mean free path of 8 A is obtained for the 90 eV
Si L2 & VV electrons, consistent with previous results on
the sputter-cleaned surface.

These results show the importance of surface prepara-
tion in determining overlayer growth mechanisms. The
disruption of the Si lattice by the Ti overlayers signals the
strength of the Ti-Si interaction, and must serve as the in-
itiating step for silicide formation. This disruption of the
Si lattice may be responsible for ion-backscattering results
that were interpreted as being due to Ti-Si intermixing.
Neither our studies of the growth mode nor of the Ti core
levels via APS support the possibility of intermixing at
room temperature.
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