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Epitaxial growth of fcc Ti films on Al (001) surfaces
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High-energy ion scatterin@HEIS), x-ray photoelectron spectroscopy, and x-ray photoelectron diffraction
(XPD) were used to study the growth of thin Ti films on(B01) surfaces. The Al surface peak area in the
backscattered ion spectrum of MeV Héons, incident along th¢001] 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 sarie
chamber. Both the HEIS and XPD results show that the Ti films grow with an fcc structure(681AIA
tetragonal distortion of 2.4% in the fcc Ti film was measured using ions incident alond @& direction.
Although there is a general similarity of fcc Ti growth on both@01) and Al(110), the submonolayer growth
regime does show differences for the two surfa¢€6163-182@7)03940-4

INTRODUCTION as well as the overlayer structures and growth m8dden
scattering also provides a direct means for accurately mea-
In an earlier paper we presented a study of the epitaxiasuring the overlayer coverage when the ion beam is incident
growth of metastable fcc Ti films on AMI10) surfaces at on the substrate in a random direction. In the channeling
room temperaturé.Similar studies on the growth of other geometry the ion beam is incident along a low-index crystal-
transition metals, Pd, Ni, and Fe, show that the nature of theygraphic direction, and the energy spectrum of backscat-
growth may be dependent on the Al substrate surface orienered particles exhibits a surface pe@® associated with
tation. On one hand, Pd films intermix with both(801) and  jons backscattered from the topmost layers of the solid. The
Al(110 surfaces to form an AlPd-like phase at the Al-PdSp areas are converted to areal densities of visible target
intel’facez.’3 On the other hand, thin Ni films intermix with atoms (a‘[oms/cﬁa using the Rutherford_scattering Cross
the Al(110 surface to form an AINi-like phase, but tend to section, the solid angle subtended by the detector, and the
form a Ni overlayer on the AD01) surface’® A recent study  time-integrated incident ion current. To extract information
of thin Fe films deposited on Al surfaces indicated theahout the surface structure from the data, the experimentally
growth of an AlFe-like phase at the interface, although Femeasured ion yields are compared with the scattering yields
growth on A(110 appeared to have a more Al-rich initial calculated using computer simulations of the channeling
phase at the interfaceln this paper we show that Ti grows measurements for various overlayer-substrate structures. In
epitaxially on the A{00D surface, similar to the behavior the XPS experiments the attenuation of the Al photopeak
observed on the AL10 surface. There are, however, somentensity as a function of Ti coverage is used to characterize
differences for the first monolayer of Ti deposition. In addi- the morphology of the Ti films. Photoemission is also used to
tion, we use off-normal ion channeling to measure the disgetermine the amount of contamination on the sample sur-
tortion of the fcc Ti lattice associated with the epltaXIaI lat- face during the C|eaning process. To better characterize the
tice matching, and compare our results with a recenktructure of the epitaxial film, off-normal channeling mea-
quantitative low-energy electron diffracti¢hEED) analysis  surements were performed to determine th@dl) interpla-
of this systent. We also present photoelectron diffraction nar distance in the overlayer. Scanned-angle photoelectron
measurements to further confirm the existence of an fcgiffraction measurement&PD) confirmed the fcc structure
structure in the Ti Overlayer. Understanding the grOWth Ofof the Ti Over|ayer determined by ion Scattering_ To our
these epitaXial Ti films will benefit our knOWledge of metal- know|edge, this Study was the first a‘[tempt to compare the
metal epitaxy, and is expected to have applications in theesults from both XPD and HEIS techniques in the same
development of diffusion barriers and metallization schemegacuum system with the same sample.
on electronic materials. The Al single crystals were cut and polished to within
0.5° of the(0021) crystallographic plane, as measured using
x-ray diffraction. The crystals were then chemically etched
for 15 sec in an aqueous solution containing A@E%),
High-energy ion scatteringHEIS) and x-ray photoelec- HF(1.5%), and HNQ(2.5%), and mounted in the UHV
tron spectroscopyXPS) were the primary techniques used in chamber. Three strands of high-purity Ti wir€39.99%,
this study. When used in the channeling mode, HEIS pro9.25 mm in diameter and 10 cm in length, were twisted
vides a powerful tool to probe the substrate surface structurtmgether, wound into small coils, and then etched in a 20%
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HF solution. To deposit Ti on the Al surfaces in vacuum 250

these filaments were resistively heated using a constant cu [ '|'| or|1 AI(OO1|) o
rent supply to maintain a constant Ti sublimation rate. The T/ [ 0.57 MeV He* * clean
filaments were mounted 5 in. away from the Al sample sc 200 - Normal incidence O 1.89 ML of Ti
that a uniform Ti flux was obtained across the sample sur ___ L Scatt. angle 105° .
face. A deposition rate of about 0.5 ML/min, as measured by -2 150 I \’l‘/' E
ion scattering, was obtained by maintaining a current of 4.2 3 [ - i
A through the Ti wire. On the ADO1) surface one mono- O [ oy Ti ]
layer (ML) is 1.22< 10" atoms/cr. All Ti depositions were 5 100 E ;" % J, ]
performed with the Al sample at room temperature. K0! i * @

The UHV chamber used for the HEIS measurements it ~~ b & 8 ﬁ
connected to a 2-MV Van de Graaff accelerator through ¢ 50 [FroReg. 3, e B ]
differentially-pumped beam line as described elsewf&re. [ XY S %
The Al crystal was mounted in the chamber on a thick Mo [ | > : 3 L.
quck which is attached to a three-axis goniometer for chan %50 " "350 700 450 500 550
neling measurements. The temperature of the Mo block wa Backscattered lon Energy (keV)

monitored using a calibrated Pt resistor mounted inside o:

the bI?Ck' After baking the UHV system, a pressure of 1.5 g 1. He" jon backscattering spectra at 0.57 MeV incident ion
X 10~ *° Torr was obtained. Energy analysis of the backscatanergy along thé001] direction for a clean ADO1) surface(solid
tered particles for HEIS was performed using a bakeablegircleg and after a deposition of 1.89 ML of Ti. The Al and Ti
passivated, implanted planar silicon detector installed on gurface peak energies are indicated by the vertical arrows.
rotatable arm and located 3 in. away from the sample. The

detector position was set at a scattering angle of 105° fop, e hetween the sample normal and the electrostatic ana-

thelse experlmtﬁnts. al | db ted | lyzer was fixed at#=30° for the intensity versus coverage
1 {]5\/?((:[\’/”2+ 1€ CB/S abs v(\;ere c ?ane y rFEea e (':);? is easurements. The acceptance angle of the analyzer is speci-
—1.5keV Ar ion bombardment for several hours with the g4 by the manufacturer to he6°. Film deposition, chan-

sample at roozn temperature, followed_by annealing theﬁeling measurements, and XPS photopeak intensity measure-
sample at 450 °C for 15 min. The cleaning procedure wa ents were all performed without moving the sample,

repeated until the photopeak associated with aluminum OXidSlthough the sample was occasionally rotated slightly to
was completely removed from the XPS spectrum. ThesO 1 measure the random alignment backscattering yield from Ti

Photope_gk EOUId not lra]e l;(s:g to rTIia_ny mor!itolr t:edAI sur- Foms. This arrangement helped in maintaining the sample
ace oxide because the analysis area Included a smalionment with the ion beam. In addition, for a 5-ML film,

portion of the Mo sample holder surrounding the Al CryStal'channeIing measurements near f61] direction (rocking

After cleaning the sample, a collimated beam of'Hens, curve were done to determine ti{601) interplanar distance
passing through an aperture of 1.2 marea, was used to in the Ti overlayer.

carry out the ion scattering measurements. The sample Was agier the initial experiments to characterize the Ti films as
aligned with the ion beam incident along @01] direction 5 fnction of Ti coverage, XPD measurements were made for
by r_ninimizing the backscattered ion yield in a small region—; fiims with thicknesses of 3, 5, and 9 ML. The angular
behind the su_rface peak. dependence of the photopeak intensities associated with Ti
lon scattering and XPS measurementgiwere made aftefyy Al core levels was used to complement the channeling
each Ti deposition. A total dose of 1.880" ions/cnf was  measurements. The dependence of the intensities on the po-
used to collect each HEIS spectrum. In a preliminary experiiy, amission angled in the (010 azimuthal plane, over an
ment to measure the damage induced by the inciderit Heangular range of 0°~55° off normal was measured for the
beam, no significant increase in ion yield was observed aftéflean Al substrate and for each of the three Ti films. Azi-

an ion dose of 3.% 10'® ions/cnt. In addition, an ion scat- 1 thal angle scans of the photopeak intensitied-a5°
tering spectrum was measured, however, less frequentlyyere aiso recorded. The scanning was accomplished by ro-
with the sample rotated out of the channeling alignment tQ4iing the sample in a fixed-analyzer-source geometry with
determine the total Ti coverage at the different stages of thgnqjar increments of 1°. For each point in the angular scan,
experiment. These measurements in a random-alignment 9&se’ hinding energy ranges that include the peaks of interest
ometry eliminate possible errors, associated with the shadyere scanned. Finally, single-scattering, spherical-wave cal-
owing of Ti atoms, in determining the Ti coverage. The un-. ations of the XPD scans, using the Rehr-Albers
certainty in the ion scattering yields reported here isgomalism!! were made and compared with the measure-
estimated to bet5.6% with the largest contribution to the ments 1o extract structural information about the Ti films

uncertainty coming from the determination of the detector,nich could be compared with the HEIS results.
solid angle, and smaller contributions coming from uncer-

tainties in the integrated charge, the scattering angle, and the

determination of the surface peak area. RESULTS
Ti and Al 2p core-level photopeaks were also monitored

during the film growth using an Ak« x-ray source. A fixed

pass energy of 50 eV and a scanning rate of 0.1 eV/s were Channeling spectra taken for the clean Al surface, and

used for the hemispherical analyz&/'SW HA 100. The after the deposition of 1.89 ML of Ti, are shown in Fig. 1.

A. HEIS measurements



56 EPITAXIAL GROWTH OF fcc Ti FILMS ON AI(00Y) . . . 9843

Ti Deposition {(Monolayers) Ti Deposition (Monolayers)
0 2 4 6 8 10 12 —~ 0 2 4 6 8
& (MM N B N B B B S By B S B B B B B B N B NE 15 AL AL A B A A B S Sy B e e s e D)
g 10} 1 ° ]
[ . 8 n N . ] 2
E [ Ti on AI(001) 5 2l Ti on AI0OT) 140 §
0 ]
S sl 0.57 MeV He* 2 I 0.97 MeV He* 1 3
O - d6 ¢ - 10F ds g
e [ 2 S | 1 =
S sf — Nt Je ©
g - — ® =)
o [ 148 £ f 1 £
E 4L = S 51 B PR
s < 27 . 1* %
= . 1, @ < .. ] =
I o[ 12 2 42 &2
2 1'% ) 1" =
© S a | ]
Qa L ool 1 1y
2 ool A = 0 2 4 6 8 0 12
> 0 15 Ti Deposition (10" atoms/cm?)

5 10
Ti Deposition (10" atoms/cm?)
. o ] FIG. 3. Visible Al atoms, at 0.97 MeV incident ion energy, as a
FIG. 2. Visible Al atoms, at 0.57 MeV incident ion energy, as afynction of Ti coverage deposited at room temperature on the
function of Ti coverage deposited at room temperature on they(0o1) surface. The solid circles indicate the yield for a flat,
Al(001) surface(open circles The solid circles indicate the yield pseudomorphic Ti film, calculated using thecas simulation code.

for a flat pseudomorphic fcc Ti film, calculated using ¥®GAS  The solid lines are linear fits to the two regions indicated, and are
simulation code. The solid lines are linear fits to the two regionsprovided to guide the eye.

indicated, and are provided to guide the eye.

We also carried out channeling measurements at higher

Both spectra were taken with the 0.57 MeV tiin beam incident ion energies to compare the SP changes with our

incident along thd001] direction, i.e., at normal incidence. . . 1
The crystal whs aligned by minimizing the integrated back.Prévious resuilts for Ti on AL10)" and other metals on Al
scattering yield to the left of the SP in Fig. 1. The measurec?urfaceg' In+F'|g. 3 yve.show the backscattered ion yield for
SP area yields a value of 9710 atoms/crf for the clean 0.97 Me_\/ He ions |nC|d_ent normal _to the m01) surface.
(001) surface, or 4.0 Al atoms/row visible to the incident ion Shadowing of Al atoms is seen again for Ti coverages up to
beam normal to the surface. This value is in excellent agree?-5 ML, although the onset of shadowing at low coverages is
ment with computer simulations for the clean surface, adess pronounced. At this higher ion energy our value for the
discussed below. After deposition of 1.89 ML of Ti, the Al clean Al SP yield is 11.98 10*° atoms/cr, or 4.9 Al atoms
yield hasdecreasedo 8.3x 10*° atoms/crA, associated with per row, somewhat larger than the value of 4.6 Al atoms/row
the shadowing of Al surface atoms by Ti adatoms. reported previously? Computer simulationsveGas) for
Figure 2 illustrates the basic growth characteristics of thdayer-by-layer Ti growth are shown by the solid circles in
Ti films on the A(001) surface as measured using ion chan-Fig. 3, using the same lattice parameters as used in the cal-
neling. The open circles in the figure represent the experieulations for Fig. 2.
mental yield from Al atoms, i.e., the Al SP area from Fig. 1,  After the experiments leading to the results of Fig. 3 were
plotted as a function of the Ti coverage as determined frongompleted, the Al surface was cleaned and new Ti films were
the Ti yield in the ion scattering spectra recorded farom-  deposited with thicknesses of 3 and 5 ML, respectively. With
channelingdirection of incidence. For the first half mono- these films the Ti and Al rocking curves were measured with
layer of Ti coverage the trend in the SP area is not very cleakne jon beam incident near tfi201] direction, i.e., 45° from
and may be assumed to be constant to within the experimepormal incidence. In the 3-ML experiment the measured

tal uncertainty. However, after this coverage and up t0 5-8.ariation in Ti SP area is quite small because of the lack of

ML of Ti deposited on the substrate, a decrease in the Al SI:z)ippreciable shadowing for our incident ion energy. For the 5

markably with the behavior for Pd, Ni, and Fe on(@01) area as a function of the angle between the sample normal

where the Al SP areancreases immediatelyvith metal and the incident ion beam. The Al bulk dechanneling yields,

depositior?® ) e :
Results of computer simulations of the ion scattering ex__measured behind the SP and indicated by the closed circles

periment are indicated by the solid circles in Fig. 2. Thel Fi9. 4, were used to plot the Al rocking curve. The Al and
simulations were done using theGAs code with lattice 1! y|elds.were normalized by dlyldlng each measurement by
parameters for bulk A?3In these simulations the Ti atoms the maximum backscattered yield measured in the experi-
were arranged in a flat overlayer and placed on the Al fcdnent. The solid lines through the points are provided to
lattice sites above the Al surface. The(@01) interplanar ~9uide the eye. As we shall see, these measurements were
distance of 2.025 A, and the Al vibration amplitude of 0.105used to determine the interplanar distance of the epitaxial Ti
A were used in simulating the Ti overlaykt. overlayers.
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FIG. 4. The normalized Ti surface peak afeaen circles and 6 10 20 30 40 50

the Al bulk dechanneling yieldsolid circles as a function of the Polar Emission Angle (deg)

angle of incidence near tHa01] direction.

FIG. 6. Normalized Al and Ti p photoelectron intensities plot-
ted as a function of polar emission angle along[hE0] azimuth in
the surface for@) clean Al, and(b—d) three Ti coverages on the
Al(001) surface, as indicated in the figure. The solid curves are
Provided to guide the eye.

B. X-ray photoemission and photoelectron diffraction
measurements

Figure 5 shows the Al @ photopeak area, normalized to
the value for the clean surface, plotted as a function of T
coverage as determined from the ion scattering yield. The
attenuation in the Al photopeak is not significant until the Ti ML thickness. The bottom curve in Fig. 6 shows the Ad 2
coverage exceeds a thickness of about 1 ML. After this covphotopeak polar scan in t{@10) polar plane. The emission
erage the photopeak decreased in area throughout the expdtritensity, after background subtraction, has been normalized
ment. The decay in the Al peak area is compared with alpy the maximum value at zero polar angle. The curves in
exponential decay represented by the solid curve as did=ig. 6 have also been shifted vertically for clarity. The pho-
cussed in the next section. The data deviate slightly from thisopeak intensity for the clean Al surface is enhanced along
decay at higher Ti coverages. several low-index directions of the crystal. The enhance-

The dependence of the Ti and Al photopeak areas wagents atd=0° and 45° are associated with the central dif-
measured as a function of polar and azimuthal emissiofraction peaks in th¢001] and[101] directions, respective-
angles for the clean Al surface and for Ti films of 3, 5, and 9ly.'® These two peaks are often referred to as “forward fo-

cusing” peaks. The structure at an angle of about 25° is due
to a combination of first-order diffraction associated with

1.2 forward scattering alongD01] and[101], and forward focus-
o ing in the[103] direction.
= 1.0 The angular distributions of the photopeaks were mea-
S sured again after the deposition of the Ti films. Cuthbgin
= 0.8 Fig. 6 shows the Ti B photopeak polar scan for the 3 ML Ti
a film as compared to that of the clean Ap2hotopeak. The
N Ti photopeak distribution clearly exhibits enhanced emission
< 06 in the [001] and[101] directions coinciding with peaks for
9 i the Al 2p level in curve(a). The polar emission distribution
N 0.4 curve obtained for the 5 ML Ti film is shown as curt® in
© [ Fig. 6. The angular position of the enhancement h£at] is
g 0.2 slightly shifted to the left of the vertical dashed line, placed
prd at 45°. These results generally agree with the observation
00 L that the angular location of the minima in the Ti and Al

Ti Coverage (ML)

rocking curvegFig. 4) do not coincide.
The ion scattering results presented earlier suggest that
there is a change in film structure for Ti coverages exceeding

FIG. 5. Normalized Al D photoelectron intensities plotted as a -5 ML. The photoelectron diffraction measurements support
function of Ti coverage on the £001) surface. The solid line is a  this picture at least foa 9 ML Ti film, as shown as curve)
model calculation for a layer-by-layer growth mode, using an at-in Fig. 6. Although some forward focusing alofg01] is
tenuation length of 13 A, for the data between 1 and 5.5 ML asstill present, the emission alod01] is much less distinct
discussed in the text.

than that measured for the thinner Ti films. In Fig. 5 we see



56 EPITAXIAL GROWTH OF fcc Ti FILMS ON AI(00Y) . . . 9845

that the Al 20 photoemission intensity continues to decreasecoveragex of the topmost layer, is described Iby|=wh(1
for Ti coverages greater than 5.5 ML so there is no evidence_X+XW)_ Here, | 5 is the photopeak intensity, normalized

for Ti island formation or Al diffusion into the overlayer, {4 the intensity for the clean Al substrate;is an attenuation
both of which would lead to an increase of Al XPS intensity. ¢5.tor expressed as dxpd/(\ cosd)], whered and\ are the
interplanar distance in the overlayer and the attenuation
length of electrons, respectively;is the photoelectron exit
angle relative to the surface norm@O0° in this casp The
There are two major growth regimes for Ti films on the solid curve in Fig. 5 is a least-squares fit to the data in the
Al(001) and Al110 surfaces as seen in Fig. 2 and Ref. 1.region between 1 and 5.5 ML of Ti coverage. The inelastic
The emphasis in this work is to characterize the growth bemean free path was allowed to vary during the fitting proce-
low 5.5 ML, and to compare the growth for the two Al sur- dure. We did not include the submonolayer data in this
faces. We do this by considering first the HEIS results andnodel fit because the lack of shadowing at low coverage in
subsequently the XPS and XPD results. We also note thEigs. 2 and 3 and the lack of attenuation below 1 ML in Fig.
differences for the two surfaces in the submonolayer cover5 do not support an overlayer growth model. We also did not
age regime, and return to this point at the end of the discudnclude the region above 5.5 ML in the fit because the HEIS
sion. (Fig. 2) and XPD(Fig. 6) results suggest that the structure of
In the coverage regime between 1 and 5.5 ML an epitaxthe film is changing in this coverage regime. Extending the
ial, nearly fcc structure is observed for the Ti films. The layer-by-layer model fit to higher Ti coverages in Fig. 5
primary evidence for this is the reduction in Al yield, seen incould be accomplished by using a larger valueNpbut this
Fig. 2, which can only occur if Ti atoms sit directly above Al seems inappropriate since the morphology of the film may be
atoms in a pseudomorphic structure. Any other arrangememhanging, e.g., through the formation of islands. The result-
of Ti atoms will not result in this amount of Al shadowing. ing value of\ from the fitting in Fig. 5 was 13 A. We do not
Similar behavior was seen for Ti films on AL0.> How-  consider this observation as strong evidence of a flat Ti film
ever, for the(110) surface the shadowing was apparent everbecause of the ambiguity in the valuexofConsequently, the
at submonolayer Ti coverages, while on 1) surface HEIS and XPD results remain the crucial confirmation for Ti
there is an apparent coverage delay before Al shadowingpitaxy on the Al surfaces for Ti coverages up to 5.5 ML.
occurs. The delay is also manifested in the lack of attenua- The results obtained from off-normal rocking curégg.
tion in the Al 2p photopeak at low Ti coverages shown in 4) can be used to further characterize the epitaxial structure
Fig. 5. This behavior is consistent with the formation of aof the Ti film. In particular, these curves are used to measure
Ti-Al alloy in the surface layer on A00J). the interplanar distance in the Ti overlayer. In the discussion
After the critical thickness of 5.5 ML is reached, we be- above, our conclusions were based on the observed Ti-Al
lieve that the strain energy in the Ti film exceeds the Ti-Al shadowing in the normal incidence channeling geometry. Al-
interfacial energy, resulting in the interruption of pseudo-though the shadowing depends on the Ti-Ti interatomic dis-
morphic growth. Although the atomic structure after 5.5 ML tance in the overlayer, this dependence is relatively weak,
cannot be completely determined on the basis of our resultgnd thus cannot be used to evaluate the lattice congtaint
we believe that misfit dislocations in the thicker Ti films the Ti film. However, in the off-normal alignment the angu-
allow Ti atoms to gradually shift parallel to the surface, re-lar position of the minimum of the rocking curve nda01]
lieving strain in the film, uncovering Al atoms in the sub- for an epitaxial Ti film with a lattice constant identical to that
strate, and causing the Al yield to slowly increase back to itof Al would coincide with the minimum of the Al rocking
value for the clean surface. It is important to note that at na@urve at an angle of 45° from the surface normal. On the
time in our experiments did the yield from Al atoregceed other hand, stretched or contracted overlayer lattice constants
the value for the clean surface, which would occur, for ex-lead to shifts in the angular locations of the minimum scat-
ample, if Al atoms were moving off of fcc lattice sité< tering yield from the overlayer as compared to that of the
To model the Ti film growth, the measured rate at whichsubstrate. As shown in Fig. 4, the minimum yield for the 5
the number of visible Al atoms decreases with Ti coverage iML Ti film (maximum shadowingoccurs at 44.33°, as com-
compared with the decrease in the Al yield obtained frompared to the location of the Al minimum yield at 45° due to
VEGAS computer simulationgsolid circles in Figs. 2 and)3  channeling along th§101] direction. Using this difference
First, we note that the yield obtained from the simulationsand the Al lattice constant, we obtain a value of 2.073 A for
agrees with the measured number of visible Al atoms for the, , the averag€00l) interplanar distance in the Ti film, as
clean surface. Results from the simulations for Ti overlayercompared to 2.025 A for Al, a difference of 2.4%. It should
are generally below the experimental results. However, thée noted that this measurement is an average of the overlayer
rate of attenuation for the number of visible Al atoms ob- lattice constant. In reality, the lattice constant may vary in a
tained from the simulations, 1.1 ML of Al per deposited Ti strained overlayer, where it adapts to the substrate structure
ML, agrees with the average attenuation rate obtained fromat the interface and gradually relaxes as a function of dis-
the experimengfter the initial monolayerThis attenuation tance from the substrate surface.
of Al yield is strong evidence for pseudomorphic Ti epitaxial ~ Our choice of using the Al bulk dechanneling yield to plot
growth. the Al rocking curve instead of the Al SP area is significant.
The change in the Al @ photopeak areas as a function of As we indicated earlier, the background subtraction method
Ti coverage, shown in Fig. 5, was modeled using an ideaintroduces some uncertainties in the measured SP areas. This
layer-by-layer growth mod# The attenuation of the inten- problem becomes worse when the beam is off axis because
sity after the completion af ML, plus an additional partial of an increased background behind the surface peak. In ad-

DISCUSSION OF RESULTS
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dition, the Al atoms near the surface may be strained because
of the Ti overlayer, and thus the surface structure may not be
a good reference for comparison. On the other hand, the
variations in the yield due to bulk dechanneling reflect the
bulk symmetries and directions, and are thus more useful for
a reference direction.

The results of the angular distribution curve of the i 2
photoemission peak area confirm our findings from HEIS.
The curve in Fig. ) exhibits a peak near the polar emis-
sion angle of 45° for the 3 ML Ti film. This peak coincides
with the Al 2p photopeak enhancement alofit01]. Such
results illustrate the significance of the XPD measurements
in complementing the ion scattering experiments. The Ti-Ti
shadowing in a 3-ML-thick film is too small in the MeV ion
energy range to accurately measure the overlayer atomic
structure. Such a condition on the overlayer thickness is not
a requirement in XPD. Also, a HEIS study of an adsorbate/ 0.0 it
substrate system may pecome complicated in the case where Polar Emission Angle (deg)
the adsorbate atom is lighter than that of the substrate due to
the difficulty in extracting the net SP areas. However, the FiG. 7. Calculatedsolid lines and measuretsolid circleg po-
precision of the ion scattering measurement in the determimr angle scans of Ti @ photopeak intensity foa 5 ML Ti film on
nation of the overlayer lattice constant is excellent when thehe Al(001) surface. Calculations for several interplanar distances
elemental conditions are favorable because the angular widtire shown.
of the rocking curve is much less than that of the forward
focusing peaks obtained in XPD with our instrumentation.the Ti film grows epitaxially on the AD01) substrate. From
For the 5 ML Ti film, an angular shift of about 1° is observed the HEIS results we obtain a value of about 5.5 ML for the
in the Ti XPD peak along101] compared to the Al XPD critical film thickness, after which the structure undergoes a
peak. Thus, both techniques indicate a larger valua, oin transformation to reduce the accumulated strain. This value
the Ti overlayer. is only slightly larger than that obtained for the growth of Ti

To put the comparison between XPD and HEIS measureon Al(110), where we obtained 5 ML for the measured criti-
ments of overlayer structure on a more quantitative basis, weal thickness. The measured critical thickness o@@Q) is
performed single-scattering calculations of the XPD spectraQOl’lSiStent with a lattice constant mismatch of 4%, where we
Details regarding the XPD technique and the calculations arBave used the expression developed by Jesser and
described elsewhef8.As discussed in the references, the Kuhimann-Wilsdorf.” This mismatch corresponds to an in-
single scattering calculation does a good job of locating théeratomic distance of 2.97 A, as compared to 2.86 A, the
XPD peak positions, although multiple scattering correctiongiearest-neighbor distance in Al. The value of 2.97 Ais close
are necessary to get the line shapes and relative peak ampi¢ the nearest-neighbor distance in the hexagonal close-
tudes to agree with experiment. In Fig. 7 we show a series dpacked structure of T(2.95 A). Although bulk fcc Ti does
calculations foa 5 ML Ti overlayer in the fcc structure. The Not exist in nature, it is reasonable to start with the assump-
interplanar spacing, varies from 2.02 to 2.22 A. To facili- tion that it would have the same interatomic distance as in
tate comparison with the calculations, a smoothly varyingthe hcp structure.
background has been removed from the experimental data.

Also, the emission angles have been redefined so that norma  0.35

2.5
AI(001) + 5 ML Ti

Photoemission Intensity (arb. units)

emission is at 90° in this figure. The dominant peak near 45° +

in the calculated spectra shifts gradually to larger emission  0.30 - . Al(001) + 5 ML Ti + 1
angles, i.e., closer to normal emission, as the interplanar +
spacing in the overlayer is increased. A quantitative compari- 925 * + 7
son between calculated and measured spectra was carried o 5 0.20 + +

to determine the best value af based only on the position r-aaa . * T
of the emission peak near 45°. Figure 8 shows the results of 015l . * |
an R-factor analysis using the measured photoemission in- & * .

tensity for polar emission angles between 35° and 55°. Inthis™ g 10} * . i
case theR-factor is the sum of the absolute differences be- + +

tween calculated and measured values at each emissiol 0.05} T .
angle, divided by the sum of the measured values for the

same emission anglé3Best agreement with the datsolid 0.00 e —

circles in Fig. 7, occurs fora, =2.12 A, a lattice expansion

of 4.7% relative to that of clean Al. This expansion should be

compared with the value of, =2.073 A (2.4% expansion FIG. 8. R-factor analysis for the interplanar distanceai 5 ML

obtained with ion scattering. Ti film on AI(001), using the position of the dominant peak near
So far we have considered the coverage regime in whick5° in the XPD results shown in Figs. 6 and 7.

Interplanar Distance (R)
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After the completion of our work we became aware ofadequately between them. Saleh and coworkers have re-
LEED experiments for Ti films deposited on(@D1).” These  ported low-energy ion scattering measurements which sug-
authors conclude that Ti films thicker than 10 A have a body-gest that on th€001) surface the Al atoms do float on top of
centered tetragonal structure which matches the bul@)  the Ti film and are only gradually incorporated into the Ti
in-plane spacing of 2.864 A, and has a vertical interplanastructure® Similar experiments have not yet been made for
spacing of 2.14 A. They further show using a strain analysighe Al(110) surface. This gradual incorporation of Al atoms
that the structure must be a modification of an equilibriumwould explain the behavior seen in Figs. 2 and 3 where the
fce structure rather that a distorted bcc structure. Our valuemeasured HEIS yield gradually approaches the simulated
for the interplanar distano@.073 A from HEIS and 2.12 A curve, for example around 4 ML of Ti coverage. It may also
from XPD) are in good agreement with their value. Forma-help to explain any discrepancies between the XPD calcula-
tion of fcc Ti has also been reported for Ni/Ti multilayéfs. tions and experiment shown in Fig. 7. Additional measure-

For Ti coverages exceeding the critical thickness, thanents are needed to determine the structure of the Ti films at
atomic structure of the films is more difficult to determine. submonolayer coverages on these Al surfaces.

The authors of Ref. 7 conclude that the strained fcc structure In summary, we conclude that thin Ti films grow epitaxi-
continues to grow to thicknesses exceeding 25 A, althoughlly on Al(001) surfaces in a fashion similar to that observed
they allow for errors in coverage determination of as much asn the growth on A{110) surfaces. The Ti atomic structure
+50%. Our observations consist of continued attenuation ofeems to perfectly match the Al fcc lattice in the directions
the substrate XPS signal, decreased Al shadowing in HEISarallel to the surface plane. A 2.4% distortion is observed
and broadening of the Ti2XPD peak at 45°. These obser- for the fcc lattice in the direction perpendicular to the surface
vations are consistent with a relaxation of the Ti film as theplane. A critical thickness of 5.5 ML is obtained for the Ti
critical thickness is exceeded, and the onset of some disordéifm, which is consistent with the mismatch between the Al
causing a loss of the XPD peak. At this time we cannotcrystal structure and an fcc Ti structure with 2.97 A for the
reconcile the loss of the XPD peak for our thicker films with nearest-neighbor distance, similar to that of the bulk hcp Ti
the well-developed ¥ 1 LEED pattern reported in Ref. 7. structure. Beyond the critical thickness, axial alignment with
However, we are in good agreement for the structure of théhe substrate is only partially preserved, and off-normal
thinner Ti films. alignment is lost according to our XPD measurements. The

Finally, we return briefly to the structure of the Ti film for disorder in the film at coverages larger than the critical thick-
submonolayer coveragesTitanium films grown on the ness may be associated with the formation of misfit disloca-
Al (110 surface appear to shadow Al atoms from the onset ofions or the relaxation to the hcp phase of Ti.
deposition, i.e., they occupy sites directly above the Al sur-
face atoms. On ADO1) surfaces, however, both the XPS
attenuation curvéFig. 5 and the HEIS shadowin(Figs. 2
and 3 indicate that Ti atoms may be intermixing with the  The authors are pleased to acknowledge the technical sup-
surface Al atoms to form a surface alloy. Evidence for dif- port of Erik Andersen and Norm Williams, and valuable dis-
ferent behavior on the two surfaces is also reported in LEEzussions with Lisa Peterson and Franco Jona. This work was
studies where a weal(2x 2) pattern is seen for Ti/AD01)  supported by the National Science Foundation under Grant
while no such pattern is seen for TifAlL0).” Considerations No. DMR-9409205, and by NASA EPSCoR Grant No.
of the higher surface energy for Ti would support the indif-NCCW-0058. The work at Pacific Northwest Laboratories
fusion of Ti on both Al surfaces, but does not distinguishwas supported under Contract No. DE-AC06-76RLO 1830.
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