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Epitaxial growth of fcc Ti films on Al „001… surfaces
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High-energy ion scattering~HEIS!, x-ray photoelectron spectroscopy, and x-ray photoelectron diffraction
~XPD! were used to study the growth of thin Ti films on Al~001! surfaces. The Al surface peak area in the
backscattered ion spectrum of MeV He1 ions, incident along the@001̄# direction, was used to monitor the
atomic structure of the Ti films during growth. An initial decrease in the area was observed indicating epitaxial
film growth. This decrease continued up to a critical film thickness of about 5.5 ML, after which point the
structure of the film changed. Titanium films 3, 5, and 9 ML thick were characterized using XPD in thesame
chamber. Both the HEIS and XPD results show that the Ti films grow with an fcc structure on Al~001!. A
tetragonal distortion of 2.4% in the fcc Ti film was measured using ions incident along the@101̄# direction.
Although there is a general similarity of fcc Ti growth on both Al~001! and Al~110!, the submonolayer growth
regime does show differences for the two surfaces.@S0163-1829~97!03940-4#
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INTRODUCTION

In an earlier paper we presented a study of the epita
growth of metastable fcc Ti films on Al~110! surfaces at
room temperature.1 Similar studies on the growth of othe
transition metals, Pd, Ni, and Fe, show that the nature of
growth may be dependent on the Al substrate surface or
tation. On one hand, Pd films intermix with both Al~001! and
Al ~110! surfaces to form an AlPd-like phase at the Al-P
interface.2,3 On the other hand, thin Ni films intermix with
the Al~110! surface to form an AlNi-like phase, but tend
form a Ni overlayer on the Al~001! surface.4,5 A recent study
of thin Fe films deposited on Al surfaces indicated t
growth of an AlFe-like phase at the interface, although
growth on Al~110! appeared to have a more Al-rich initia
phase at the interface.6 In this paper we show that Ti grow
epitaxially on the Al~001! surface, similar to the behavio
observed on the Al~110! surface. There are, however, som
differences for the first monolayer of Ti deposition. In add
tion, we use off-normal ion channeling to measure the d
tortion of the fcc Ti lattice associated with the epitaxial la
tice matching, and compare our results with a rec
quantitative low-energy electron diffraction~LEED! analysis
of this system.7 We also present photoelectron diffractio
measurements to further confirm the existence of an
structure in the Ti overlayer. Understanding the growth
these epitaxial Ti films will benefit our knowledge of meta
metal epitaxy, and is expected to have applications in
development of diffusion barriers and metallization schem
on electronic materials.

EXPERIMENTAL TECHNIQUES

High-energy ion scattering~HEIS! and x-ray photoelec-
tron spectroscopy~XPS! were the primary techniques used
this study. When used in the channeling mode, HEIS p
vides a powerful tool to probe the substrate surface struc
560163-1829/97/56~15!/9841~7!/$10.00
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as well as the overlayer structures and growth modes.8,9 Ion
scattering also provides a direct means for accurately m
suring the overlayer coverage when the ion beam is incid
on the substrate in a random direction. In the channe
geometry the ion beam is incident along a low-index crys
lographic direction, and the energy spectrum of backsc
tered particles exhibits a surface peak~SP! associated with
ions backscattered from the topmost layers of the solid. T
SP areas are converted to areal densities of visible ta
atoms (atoms/cm2) using the Rutherford-scattering cros
section, the solid angle subtended by the detector, and
time-integrated incident ion current. To extract informati
about the surface structure from the data, the experimen
measured ion yields are compared with the scattering yie
calculated using computer simulations of the channel
measurements for various overlayer-substrate structure
the XPS experiments the attenuation of the Al photope
intensity as a function of Ti coverage is used to characte
the morphology of the Ti films. Photoemission is also used
determine the amount of contamination on the sample
face during the cleaning process. To better characterize
structure of the epitaxial film, off-normal channeling me
surements were performed to determine the Ti~001! interpla-
nar distance in the overlayer. Scanned-angle photoelec
diffraction measurements~XPD! confirmed the fcc structure
of the Ti overlayer determined by ion scattering. To o
knowledge, this study was the first attempt to compare
results from both XPD and HEIS techniques in the sa
vacuum system with the same sample.

The Al single crystals were cut and polished to with
0.5° of the~001! crystallographic plane, as measured usi
x-ray diffraction. The crystals were then chemically etch
for 15 sec in an aqueous solution containing HCl~1.5%!,
HF~1.5%!, and HNO3(2.5%), and mounted in the UHV
chamber. Three strands of high-purity Ti wires~99.99%!,
0.25 mm in diameter and 10 cm in length, were twist
together, wound into small coils, and then etched in a 2
9841 © 1997 The American Physical Society
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9842 56ADLI A. SALEH et al.
HF solution. To deposit Ti on the Al surfaces in vacuu
these filaments were resistively heated using a constant
rent supply to maintain a constant Ti sublimation rate. The
filaments were mounted 5 in. away from the Al sample
that a uniform Ti flux was obtained across the sample s
face. A deposition rate of about 0.5 ML/min, as measured
ion scattering, was obtained by maintaining a current of
A through the Ti wire. On the Al~001! surface one mono
layer~ML ! is 1.2231015 atoms/cm2. All Ti depositions were
performed with the Al sample at room temperature.

The UHV chamber used for the HEIS measurements
connected to a 2-MV Van de Graaff accelerator throug
differentially-pumped beam line as described elsewher10

The Al crystal was mounted in the chamber on a thick M
block which is attached to a three-axis goniometer for ch
neling measurements. The temperature of the Mo block
monitored using a calibrated Pt resistor mounted inside
the block. After baking the UHV system, a pressure of 1
310210 Torr was obtained. Energy analysis of the backsc
tered particles for HEIS was performed using a bakea
passivated, implanted planar silicon detector installed o
rotatable arm and located 3 in. away from the sample.
detector position was set at a scattering angle of 105°
these experiments.

In vacuum the crystals were cleaned by repeated cycle
1–1.5 keV Ar1 ion bombardment for several hours with th
sample at room temperature, followed by annealing
sample at 450 °C for 15 min. The cleaning procedure w
repeated until the photopeak associated with aluminum o
was completely removed from the XPS spectrum. The Os
photopeak could not be used to reliably monitor the Al s
face oxide because the XPS analysis area included a s
portion of the Mo sample holder surrounding the Al cryst
After cleaning the sample, a collimated beam of He1 ions,
passing through an aperture of 1.2 mm2 area, was used to
carry out the ion scattering measurements. The sample
aligned with the ion beam incident along the@001̄# direction
by minimizing the backscattered ion yield in a small regi
behind the surface peak.

Ion scattering and XPS measurements were made
each Ti deposition. A total dose of 1.5631015 ions/cm2 was
used to collect each HEIS spectrum. In a preliminary exp
ment to measure the damage induced by the incident1

beam, no significant increase in ion yield was observed a
an ion dose of 3.131016 ions/cm2. In addition, an ion scat-
tering spectrum was measured, however, less freque
with the sample rotated out of the channeling alignmen
determine the total Ti coverage at the different stages of
experiment. These measurements in a random-alignmen
ometry eliminate possible errors, associated with the sh
owing of Ti atoms, in determining the Ti coverage. The u
certainty in the ion scattering yields reported here
estimated to be65.6% with the largest contribution to th
uncertainty coming from the determination of the detec
solid angle, and smaller contributions coming from unc
tainties in the integrated charge, the scattering angle, and
determination of the surface peak area.

Ti and Al 2p core-level photopeaks were also monitor
during the film growth using an AlKa x-ray source. A fixed
pass energy of 50 eV and a scanning rate of 0.1 eV/s w
used for the hemispherical analyzer~VSW HA 100!. The
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angle between the sample normal and the electrostatic a
lyzer was fixed atu530° for the intensity versus coverage
measurements. The acceptance angle of the analyzer is sp
fied by the manufacturer to be66°. Film deposition, chan-
neling measurements, and XPS photopeak intensity meas
ments were all performed without moving the sampl
although the sample was occasionally rotated slightly
measure the random alignment backscattering yield from
atoms. This arrangement helped in maintaining the sam
alignment with the ion beam. In addition, for a 5-ML film,
channeling measurements near the@101̄# direction ~rocking
curve! were done to determine the~001! interplanar distance
in the Ti overlayer.

After the initial experiments to characterize the Ti films a
a function of Ti coverage, XPD measurements were made
Ti films with thicknesses of 3, 5, and 9 ML. The angula
dependence of the photopeak intensities associated with
and Al core levels was used to complement the channel
measurements. The dependence of the intensities on the
lar emission angleu in the ~010! azimuthal plane, over an
angular range of 0°–55° off normal was measured for t
clean Al substrate and for each of the three Ti films. Az
muthal angle scans of the photopeak intensities atu545°
were also recorded. The scanning was accomplished by
tating the sample in a fixed-analyzer-source geometry w
angular increments of 1°. For each point in the angular sc
the binding energy ranges that include the peaks of inter
were scanned. Finally, single-scattering, spherical-wave c
culations of the XPD scans, using the Rehr-Albe
formalism,11 were made and compared with the measur
ments to extract structural information about the Ti film
which could be compared with the HEIS results.

RESULTS

A. HEIS measurements

Channeling spectra taken for the clean Al surface, a
after the deposition of 1.89 ML of Ti, are shown in Fig. 1

FIG. 1. He1 ion backscattering spectra at 0.57 MeV incident io
energy along the@001̄# direction for a clean Al~001! surface~solid
circles! and after a deposition of 1.89 ML of Ti. The Al and Ti
surface peak energies are indicated by the vertical arrows.
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56 9843EPITAXIAL GROWTH OF fcc Ti FILMS ON Al~001! . . .
Both spectra were taken with the 0.57 MeV He1 ion beam
incident along the@001̄# direction, i.e., at normal incidence.
The crystal was aligned by minimizing the integrated bac
scattering yield to the left of the SP in Fig. 1. The measure
SP area yields a value of 9.731015 atoms/cm2 for the clean
~001! surface, or 4.0 Al atoms/row visible to the incident ion
beam normal to the surface. This value is in excellent agre
ment with computer simulations for the clean surface,
discussed below. After deposition of 1.89 ML of Ti, the A
yield hasdecreasedto 8.331015 atoms/cm2, associated with
the shadowing of Al surface atoms by Ti adatoms.

Figure 2 illustrates the basic growth characteristics of th
Ti films on the Al~001! surface as measured using ion chan
neling. The open circles in the figure represent the expe
mental yield from Al atoms, i.e., the Al SP area from Fig. 1
plotted as a function of the Ti coverage as determined fro
the Ti yield in the ion scattering spectra recorded for anon-
channelingdirection of incidence. For the first half mono-
layer of Ti coverage the trend in the SP area is not very cle
and may be assumed to be constant to within the experim
tal uncertainty. However, after this coverage and up to 5
ML of Ti deposited on the substrate, a decrease in the Al S
area was observed. An increase in the Al peak area is o
served at higher Ti coverages. This behavior contrasts
markably with the behavior for Pd, Ni, and Fe on Al~001!
where the Al SP areaincreases immediatelywith metal
deposition.2–6

Results of computer simulations of the ion scattering e
periment are indicated by the solid circles in Fig. 2. Th
simulations were done using theVEGAS code with lattice
parameters for bulk Al.12,13In these simulations the Ti atoms
were arranged in a flat overlayer and placed on the Al f
lattice sites above the Al surface. The Al~001! interplanar
distance of 2.025 Å, and the Al vibration amplitude of 0.10
Å were used in simulating the Ti overlayer.13

FIG. 2. Visible Al atoms, at 0.57 MeV incident ion energy, as
function of Ti coverage deposited at room temperature on t
Al ~001! surface~open circles!. The solid circles indicate the yield
for a flat pseudomorphic fcc Ti film, calculated using theVEGAS

simulation code. The solid lines are linear fits to the two region
indicated, and are provided to guide the eye.
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We also carried out channeling measurements at hig
incident ion energies to compare the SP changes with
previous results for Ti on Al~110!,1 and other metals on A
surfaces.2–6 In Fig. 3 we show the backscattered ion yield f
0.97 MeV He1 ions incident normal to the Al~001! surface.
Shadowing of Al atoms is seen again for Ti coverages up
5.5 ML, although the onset of shadowing at low coverage
less pronounced. At this higher ion energy our value for
clean Al SP yield is 11.9531015 atoms/cm2, or 4.9 Al atoms
per row, somewhat larger than the value of 4.6 Al atoms/r
reported previously.14 Computer simulations~VEGAS! for
layer-by-layer Ti growth are shown by the solid circles
Fig. 3, using the same lattice parameters as used in the
culations for Fig. 2.

After the experiments leading to the results of Fig. 3 we
completed, the Al surface was cleaned and new Ti films w
deposited with thicknesses of 3 and 5 ML, respectively. W
these films the Ti and Al rocking curves were measured w
the ion beam incident near the@101̄# direction, i.e., 45° from
normal incidence. In the 3-ML experiment the measur
variation in Ti SP area is quite small because of the lack
appreciable shadowing for our incident ion energy. For th
ML Ti film the Ti and Al rocking curves are shown in Fig. 4
The Ti yield ~open circles! represents the variation in the S
area as a function of the angle between the sample no
and the incident ion beam. The Al bulk dechanneling yiel
measured behind the SP and indicated by the closed cir
in Fig. 4, were used to plot the Al rocking curve. The Al an
Ti yields were normalized by dividing each measurement
the maximum backscattered yield measured in the exp
ment. The solid lines through the points are provided
guide the eye. As we shall see, these measurements
used to determine the interplanar distance of the epitaxia
overlayers.

e

s

FIG. 3. Visible Al atoms, at 0.97 MeV incident ion energy, as
function of Ti coverage deposited at room temperature on
Al ~001! surface. The solid circles indicate the yield for a fla
pseudomorphic Ti film, calculated using theVEGAS simulation code.
The solid lines are linear fits to the two regions indicated, and
provided to guide the eye.
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9844 56ADLI A. SALEH et al.
B. X-ray photoemission and photoelectron diffraction
measurements

Figure 5 shows the Al 2p photopeak area, normalized to
the value for the clean surface, plotted as a function of
coverage as determined from the ion scattering yield. T
attenuation in the Al photopeak is not significant until the T
coverage exceeds a thickness of about 1 ML. After this co
erage the photopeak decreased in area throughout the ex
ment. The decay in the Al peak area is compared with
exponential decay represented by the solid curve as d
cussed in the next section. The data deviate slightly from t
decay at higher Ti coverages.

The dependence of the Ti and Al photopeak areas w
measured as a function of polar and azimuthal emiss
angles for the clean Al surface and for Ti films of 3, 5, and

FIG. 4. The normalized Ti surface peak area~open circles! and
the Al bulk dechanneling yield~solid circles! as a function of the
angle of incidence near the@101̄# direction.

FIG. 5. Normalized Al 2p photoelectron intensities plotted as a
function of Ti coverage on the Al~001! surface. The solid line is a
model calculation for a layer-by-layer growth mode, using an a
tenuation length of 13 Å, for the data between 1 and 5.5 ML
discussed in the text.
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ML thickness. The bottom curve in Fig. 6 shows the Al 2p
photopeak polar scan in the~010! polar plane. The emission
intensity, after background subtraction, has been normal
by the maximum value at zero polar angle. The curves
Fig. 6 have also been shifted vertically for clarity. The ph
topeak intensity for the clean Al surface is enhanced alo
several low-index directions of the crystal. The enhan
ments atu50° and 45° are associated with the central d
fraction peaks in the@001# and @101# directions, respective-
ly.15 These two peaks are often referred to as ‘‘forward
cusing’’ peaks. The structure at an angle of about 25° is
to a combination of first-order diffraction associated w
forward scattering along@001# and@101#, and forward focus-
ing in the @103# direction.

The angular distributions of the photopeaks were m
sured again after the deposition of the Ti films. Curve~b! in
Fig. 6 shows the Ti 2p photopeak polar scan for the 3 ML T
film as compared to that of the clean Al 2p photopeak. The
Ti photopeak distribution clearly exhibits enhanced emiss
in the @001# and @101# directions coinciding with peaks fo
the Al 2p level in curve~a!. The polar emission distribution
curve obtained for the 5 ML Ti film is shown as curve~c! in
Fig. 6. The angular position of the enhancement near@101# is
slightly shifted to the left of the vertical dashed line, plac
at 45°. These results generally agree with the observa
that the angular location of the minima in the Ti and
rocking curves~Fig. 4! do not coincide.

The ion scattering results presented earlier suggest
there is a change in film structure for Ti coverages exceed
5.5 ML. The photoelectron diffraction measurements supp
this picture at least for a 9 ML Ti film, as shown as curve~d!
in Fig. 6. Although some forward focusing along@001# is
still present, the emission along@101# is much less distinct
than that measured for the thinner Ti films. In Fig. 5 we s

-
s

FIG. 6. Normalized Al and Ti 2p photoelectron intensities plot
ted as a function of polar emission angle along the@010# azimuth in
the surface for~a! clean Al, and~b–d! three Ti coverages on the
Al ~001! surface, as indicated in the figure. The solid curves
provided to guide the eye.
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that the Al 2p photoemission intensity continues to decrea
for Ti coverages greater than 5.5 ML so there is no evide
for Ti island formation or Al diffusion into the overlayer
both of which would lead to an increase of Al XPS intensi

DISCUSSION OF RESULTS

There are two major growth regimes for Ti films on th
Al ~001! and Al~110! surfaces as seen in Fig. 2 and Ref.
The emphasis in this work is to characterize the growth
low 5.5 ML, and to compare the growth for the two Al su
faces. We do this by considering first the HEIS results a
subsequently the XPS and XPD results. We also note
differences for the two surfaces in the submonolayer cov
age regime, and return to this point at the end of the disc
sion.

In the coverage regime between 1 and 5.5 ML an epit
ial, nearly fcc structure is observed for the Ti films. T
primary evidence for this is the reduction in Al yield, seen
Fig. 2, which can only occur if Ti atoms sit directly above A
atoms in a pseudomorphic structure. Any other arrangem
of Ti atoms will not result in this amount of Al shadowing
Similar behavior was seen for Ti films on Al~110!.1 How-
ever, for the~110! surface the shadowing was apparent ev
at submonolayer Ti coverages, while on the~001! surface
there is an apparent coverage delay before Al shadow
occurs. The delay is also manifested in the lack of atten
tion in the Al 2p photopeak at low Ti coverages shown
Fig. 5. This behavior is consistent with the formation of
Ti-Al alloy in the surface layer on Al~001!.

After the critical thickness of 5.5 ML is reached, we b
lieve that the strain energy in the Ti film exceeds the Ti-
interfacial energy, resulting in the interruption of pseud
morphic growth. Although the atomic structure after 5.5 M
cannot be completely determined on the basis of our res
we believe that misfit dislocations in the thicker Ti film
allow Ti atoms to gradually shift parallel to the surface, r
lieving strain in the film, uncovering Al atoms in the su
strate, and causing the Al yield to slowly increase back to
value for the clean surface. It is important to note that at
time in our experiments did the yield from Al atomsexceed
the value for the clean surface, which would occur, for e
ample, if Al atoms were moving off of fcc lattice sites.2–6

To model the Ti film growth, the measured rate at whi
the number of visible Al atoms decreases with Ti coverag
compared with the decrease in the Al yield obtained fr
VEGAS computer simulations~solid circles in Figs. 2 and 3!.
First, we note that the yield obtained from the simulatio
agrees with the measured number of visible Al atoms for
clean surface. Results from the simulations for Ti overlay
are generally below the experimental results. However,
rate of attenuation for the number of visible Al atoms o
tained from the simulations, 1.1 ML of Al per deposited
ML, agrees with the average attenuation rate obtained f
the experimentafter the initial monolayer. This attenuation
of Al yield is strong evidence for pseudomorphic Ti epitax
growth.

The change in the Al 2p photopeak areas as a function
Ti coverage, shown in Fig. 5, was modeled using an id
layer-by-layer growth mode.16 The attenuation of the inten
sity after the completion ofh ML, plus an additional partial
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coveragex of the topmost layer, is described byI Al5wh(1
2x1xw). Here, I Al is the photopeak intensity, normalize
to the intensity for the clean Al substrate;w is an attenuation
factor expressed as exp@2d/(l cosu)#, whered andl are the
interplanar distance in the overlayer and the attenua
length of electrons, respectively;u is the photoelectron exi
angle relative to the surface normal~30° in this case!. The
solid curve in Fig. 5 is a least-squares fit to the data in
region between 1 and 5.5 ML of Ti coverage. The inelas
mean free path was allowed to vary during the fitting pro
dure. We did not include the submonolayer data in t
model fit because the lack of shadowing at low coverage
Figs. 2 and 3 and the lack of attenuation below 1 ML in F
5 do not support an overlayer growth model. We also did
include the region above 5.5 ML in the fit because the HE
~Fig. 2! and XPD~Fig. 6! results suggest that the structure
the film is changing in this coverage regime. Extending
layer-by-layer model fit to higher Ti coverages in Fig.
could be accomplished by using a larger value forl, but this
seems inappropriate since the morphology of the film may
changing, e.g., through the formation of islands. The res
ing value ofl from the fitting in Fig. 5 was 13 Å. We do no
consider this observation as strong evidence of a flat Ti fi
because of the ambiguity in the value ofl. Consequently, the
HEIS and XPD results remain the crucial confirmation for
epitaxy on the Al surfaces for Ti coverages up to 5.5 ML

The results obtained from off-normal rocking curves~Fig.
4! can be used to further characterize the epitaxial struc
of the Ti film. In particular, these curves are used to meas
the interplanar distance in the Ti overlayer. In the discuss
above, our conclusions were based on the observed T
shadowing in the normal incidence channeling geometry.
though the shadowing depends on the Ti-Ti interatomic d
tance in the overlayer, this dependence is relatively we
and thus cannot be used to evaluate the lattice constanta' in
the Ti film. However, in the off-normal alignment the ang
lar position of the minimum of the rocking curve near@101̄#
for an epitaxial Ti film with a lattice constant identical to th
of Al would coincide with the minimum of the Al rocking
curve at an angle of 45° from the surface normal. On
other hand, stretched or contracted overlayer lattice const
lead to shifts in the angular locations of the minimum sc
tering yield from the overlayer as compared to that of t
substrate. As shown in Fig. 4, the minimum yield for the
ML Ti film ~maximum shadowing! occurs at 44.33°, as com
pared to the location of the Al minimum yield at 45° due
channeling along the@101̄# direction. Using this difference
and the Al lattice constant, we obtain a value of 2.073 Å
a' , the average~001! interplanar distance in the Ti film, a
compared to 2.025 Å for Al, a difference of 2.4%. It shou
be noted that this measurement is an average of the over
lattice constant. In reality, the lattice constant may vary in
strained overlayer, where it adapts to the substrate struc
at the interface and gradually relaxes as a function of d
tance from the substrate surface.

Our choice of using the Al bulk dechanneling yield to pl
the Al rocking curve instead of the Al SP area is significa
As we indicated earlier, the background subtraction meth
introduces some uncertainties in the measured SP areas.
problem becomes worse when the beam is off axis beca
of an increased background behind the surface peak. In
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9846 56ADLI A. SALEH et al.
dition, the Al atoms near the surface may be strained beca
of the Ti overlayer, and thus the surface structure may no
a good reference for comparison. On the other hand,
variations in the yield due to bulk dechanneling reflect
bulk symmetries and directions, and are thus more usefu
a reference direction.

The results of the angular distribution curve of the Ti 2p
photoemission peak area confirm our findings from HE
The curve in Fig. 6~b! exhibits a peak near the polar emi
sion angle of 45° for the 3 ML Ti film. This peak coincide
with the Al 2p photopeak enhancement along@101#. Such
results illustrate the significance of the XPD measureme
in complementing the ion scattering experiments. The Ti
shadowing in a 3-ML-thick film is too small in the MeV io
energy range to accurately measure the overlayer ato
structure. Such a condition on the overlayer thickness is
a requirement in XPD. Also, a HEIS study of an adsorba
substrate system may become complicated in the case w
the adsorbate atom is lighter than that of the substrate du
the difficulty in extracting the net SP areas. However,
precision of the ion scattering measurement in the dete
nation of the overlayer lattice constant is excellent when
elemental conditions are favorable because the angular w
of the rocking curve is much less than that of the forwa
focusing peaks obtained in XPD with our instrumentatio
For the 5 ML Ti film, an angular shift of about 1° is observe
in the Ti XPD peak along@101# compared to the Al XPD
peak. Thus, both techniques indicate a larger value ofa' in
the Ti overlayer.

To put the comparison between XPD and HEIS measu
ments of overlayer structure on a more quantitative basis
performed single-scattering calculations of the XPD spec
Details regarding the XPD technique and the calculations
described elsewhere.15 As discussed in the references, t
single scattering calculation does a good job of locating
XPD peak positions, although multiple scattering correctio
are necessary to get the line shapes and relative peak a
tudes to agree with experiment. In Fig. 7 we show a serie
calculations for a 5 ML Ti overlayer in the fcc structure. Th
interplanar spacinga' varies from 2.02 to 2.22 Å. To facili-
tate comparison with the calculations, a smoothly vary
background has been removed from the experimental d
Also, the emission angles have been redefined so that no
emission is at 90° in this figure. The dominant peak near
in the calculated spectra shifts gradually to larger emiss
angles, i.e., closer to normal emission, as the interpla
spacing in the overlayer is increased. A quantitative comp
son between calculated and measured spectra was carrie
to determine the best value ofa' based only on the position
of the emission peak near 45°. Figure 8 shows the result
an R-factor analysis using the measured photoemission
tensity for polar emission angles between 35° and 55°. In
case theR-factor is the sum of the absolute differences b
tween calculated and measured values at each emis
angle, divided by the sum of the measured values for
same emission angles.15 Best agreement with the data~solid
circles in Fig. 7!, occurs fora'52.12 Å, a lattice expansion
of 4.7% relative to that of clean Al. This expansion should
compared with the value ofa'52.073 Å ~2.4% expansion!
obtained with ion scattering.

So far we have considered the coverage regime in wh
se
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the Ti film grows epitaxially on the Al~001! substrate. From
the HEIS results we obtain a value of about 5.5 ML for t
critical film thickness, after which the structure undergoe
transformation to reduce the accumulated strain. This va
is only slightly larger than that obtained for the growth of
on Al~110!, where we obtained 5 ML for the measured cri
cal thickness. The measured critical thickness on Al~001! is
consistent with a lattice constant mismatch of 4%, where
have used the expression developed by Jesser
Kuhlmann-Wilsdorf.17 This mismatch corresponds to an in
teratomic distance of 2.97 Å, as compared to 2.86 Å,
nearest-neighbor distance in Al. The value of 2.97 Å is clo
to the nearest-neighbor distance in the hexagonal clo
packed structure of Ti~2.95 Å!. Although bulk fcc Ti does
not exist in nature, it is reasonable to start with the assum
tion that it would have the same interatomic distance as
the hcp structure.

FIG. 8. R-factor analysis for the interplanar distance in a 5 ML
Ti film on Al ~001!, using the position of the dominant peak ne
45° in the XPD results shown in Figs. 6 and 7.

FIG. 7. Calculated~solid lines! and measured~solid circles! po-
lar angle scans of Ti 2p photopeak intensity for a 5 ML Ti film on
the Al~001! surface. Calculations for several interplanar distan
are shown.
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After the completion of our work we became aware
LEED experiments for Ti films deposited on Al~001!.7 These
authors conclude that Ti films thicker than 10 Å have a bod
centered tetragonal structure which matches the bulk Al~001!
in-plane spacing of 2.864 Å, and has a vertical interpla
spacing of 2.14 Å. They further show using a strain analy
that the structure must be a modification of an equilibriu
fcc structure rather that a distorted bcc structure. Our val
for the interplanar distance~2.073 Å from HEIS and 2.12 Å
from XPD! are in good agreement with their value. Form
tion of fcc Ti has also been reported for Ni/Ti multilayers.18

For Ti coverages exceeding the critical thickness,
atomic structure of the films is more difficult to determin
The authors of Ref. 7 conclude that the strained fcc struc
continues to grow to thicknesses exceeding 25 Å, altho
they allow for errors in coverage determination of as much
650%. Our observations consist of continued attenuation
the substrate XPS signal, decreased Al shadowing in HE
and broadening of the Ti 2p XPD peak at 45°. These obse
vations are consistent with a relaxation of the Ti film as t
critical thickness is exceeded, and the onset of some diso
causing a loss of the XPD peak. At this time we cann
reconcile the loss of the XPD peak for our thicker films wi
the well-developed 131 LEED pattern reported in Ref. 7
However, we are in good agreement for the structure of
thinner Ti films.

Finally, we return briefly to the structure of the Ti film fo
submonolayer coverages. Titanium films grown on the
Al ~110! surface appear to shadow Al atoms from the onse
deposition, i.e., they occupy sites directly above the Al s
face atoms. On Al~001! surfaces, however, both the XP
attenuation curve~Fig. 5! and the HEIS shadowing~Figs. 2
and 3! indicate that Ti atoms may be intermixing with th
surface Al atoms to form a surface alloy. Evidence for d
ferent behavior on the two surfaces is also reported in LE
studies where a weakc(232) pattern is seen for Ti/Al~001!
while no such pattern is seen for Ti/Al~110!.7 Considerations
of the higher surface energy for Ti would support the ind
fusion of Ti on both Al surfaces, but does not distingui
of
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adequately between them. Saleh and coworkers have
ported low-energy ion scattering measurements which s
gest that on the~001! surface the Al atoms do float on top o
the Ti film and are only gradually incorporated into the
structure.19 Similar experiments have not yet been made
the Al~110! surface. This gradual incorporation of Al atom
would explain the behavior seen in Figs. 2 and 3 where
measured HEIS yield gradually approaches the simula
curve, for example around 4 ML of Ti coverage. It may al
help to explain any discrepancies between the XPD calcu
tions and experiment shown in Fig. 7. Additional measu
ments are needed to determine the structure of the Ti film
submonolayer coverages on these Al surfaces.

In summary, we conclude that thin Ti films grow epitax
ally on Al~001! surfaces in a fashion similar to that observe
in the growth on Al~110! surfaces. The Ti atomic structur
seems to perfectly match the Al fcc lattice in the directio
parallel to the surface plane. A 2.4% distortion is observ
for the fcc lattice in the direction perpendicular to the surfa
plane. A critical thickness of 5.5 ML is obtained for the T
film, which is consistent with the mismatch between the
crystal structure and an fcc Ti structure with 2.97 Å for th
nearest-neighbor distance, similar to that of the bulk hcp
structure. Beyond the critical thickness, axial alignment w
the substrate is only partially preserved, and off-norm
alignment is lost according to our XPD measurements. T
disorder in the film at coverages larger than the critical thic
ness may be associated with the formation of misfit dislo
tions or the relaxation to the hcp phase of Ti.
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