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The application of two electron-beam-induced extended-fine-structure (EFS) techniques [surface
extended energy-loss fine structure (SEELFS) and extended appearance-potential fine structure
(EAPFS)] to the study of thin films has been demonstrated by measurements on three well-

characterized compositional phases of titanium deposited on Si(111).

The EFS above the Ti L, ;

edge have been measured for an unannealed (20°C) pure Ti overlayer, a 250°C-annealed layer (a

Si-rich Ti overlayer), and a 400°C overlayer (a silicide phase).
routines from extended x-ray-absorption fine structure (EXAFS):

Data were analyzed by using two
the standard optical transform

(including Al = + 1 phase shifts) and the ratio method which is independent of phase shifts. The
Ti L, ;edge EFS satisfies the dipole pseudo-selection-rule of EAPFS, validating the use of Al =

phase shifts in the EAPFS analysis.

The agreement between the measured spectra obtained with

SEELFS and EAPFS is very good and is additional confirmation of the use of dipole phase shifts
in SEELFS analysis. The nearest-neighbor atomic spacings for both the 20°C and 250°C unreact-
ed overlayers were determined by the standard analysis to be 2.93+0.02 A, in good agreement with
the predicted value of 2.915 A for the two unresolved near-neighbor spacings at 2.89 and 2.94 A of

bulk Ti.

Application of the ratio method to this data confirms these results and also shows that

the 250°C-annealed film, measured at room temperature, exhibits a higher degree of structural dis-
order than the 20°C film. The absence of additional peaks in the radial distribution function ob-
tained from the EFS and the good straight line fits of the ratio method suggest that the silicon
diffuses via grain boundaries. Measurements of the 400°C data showed a local structure similar to
TiSi. The nearest-neighbor pair in this film was determined to be a Ti—Si bond with a spacing of
2.39+0.04 A, also in good agreement with the predicted value of 2.37 A, again for two unresolved
near-neighbor atomic separations at 2.30 and 2.44 A of bulk TiSi.

I. INTRODUCTION

Surface extended energy-loss fine structure!™>
(SEELFS) and extended appearance-potential fine struc-
ture®’ (EAPFS) are electron-based extended-fine-
structure (EFS) techniques which offer many of the ana-
lytlc c gabxhtles of extended-x-ray-absorption fine struc-
ture®~1° (EXAFS) in an in-house laboratory setting.
Both are local-structure probes, sensitive to the near-
surface region. Both utilize commercially available, con-
tinuously variable, monoenergetic electron sources of
high intensity (intensities comparable to synchrotron-
based EXAFS, Ref. 11) as well as energy-selective elec-
tron detectors. Electron beams can easily be modulated
for lock-in detection of the EFS and can also be focused
to examine small regions and inhomogeneities or defects
on a microscopic scale. In most cases, the same ap-
paratus and chamber used for characterizing the surface
(system) can be used for the EFS measurement, simplify-
ing experimental procedures. SEELFS has the addition-
al advantage of being insensitive to the diffraction effects
sometimes present in EAPFS. 12

A significant lingering theoretical problem is the valid-
ity of the dipole selection rule in choosing phase shifts to
use in the analysis of the EFS data obtained from
electron-energy-loss techniques. In the case of EAPFS it
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is necessary to do explicit calculations of the excitation
process to predict the population of each distinct angu-
lar momentum final state. Such calculations by Mehl
and Einstein'® show that for the excitation of nodeless
core states, the final state is dominated by the channel
where the change in angular momentum is Al =+1.
This nonexclusive dipole selection rule has been termed a
dipole pseudo-selection-rule. In the case of the SEELFS,
Leapman'* has calculated the dependence of the general-
ized oscillator strength (GOS) on the momentum
transfer for several elements. De Crescenzi and Chiarel-
lo? have emphasized the large contributions of the low-
momentum-transfer values in these calculations to the
total cross sections, implying the validity of the dipole
approximation. Still, no explicit calculations of the rela-
tive population of various angular momentum final states
by the excited electron have been performed for
SEELFS.

Experimental evidence for such a dipole selection rule
has been suggested by De Crescenzi and co-workers as a
result of SEELFS experiments on the L, ; edge of vari-
ous materials.>*1%1® These edges have been analyzed
using EXAFS-type Al =+ 1 phase shifts and have suc-
cessfully reproduced the known values for the interatom-
ic spacings of their nearest neighbors. On the other
hand, SEELFS measurements on the M,; edge—for
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which the initial core wave function has a node—of oth-
er materials®* have consistently resulted in contracted
distances of 0.2-0.3 A from the accepted values. This
discrepancy has not been attributed to the incorrect
choice of final-state angular momentum, but instead to a
failure of the Z + 1 approximation'”!® used in calculat-
ing the phase shifts utilized in the analysis. The Z +1
approximation is not completely applicable in the
phase-shift calculations for the low-binding-energy M, ;3
core level because of the strong interaction of the excited
level with the valence electrons. An example of the
strength of the interaction can be seen in Fano antireso-
nances, '>?° Auger line-shape changes,?! and charge-
transfer excitations which shield the core hole.?? No-
gura and Spanjaard?® added weight to this claim by
demonstrating that the direct recombination of the M, 3
core hole with the conduction electrons strongly
modifies the Z + 1 approximation. These results indicate
that further calculations for the modifications of the
Z +1 approximation presented by screening effects are
needed for more accurate values for the phase shifts used
in EFS analysis of M, ; edges. This additional complica-
tion is not specific to electron-beam-based EFS, but
would be present in all EFS measurements (including®*
EXAFS) of M, ; core levels.

Tyliszczak and Hitchcock® have experimentally pur-
sued the validity of dipole phase shifts by examining the
SEELFS of the Ni M,; edge with a glancing-angle
scattering geometry. Restricting the measurement to a
small-angle scattering geometry reduces the momentum
transfer of the excitation, enhancing its dipole character
and altering the contribution of different angular
momentum states to the measured EFS. Their results
showed no difference in atomic spacings compared to
normal-incidence data, suggesting no modification of
final angular momentum state contribution.

In comparing the treatments of EAPFS and SEELFS,
it is clear that a direct experimental comparison of the
EFS measured by SEELFS and EAPFS on a system
satisfying the dipole pseudo-selection-rule of EAPFS (for
a nodeless core state) would determine to what degree
the SEELFS data can be analyzed by dipole selection
rule analysis.

An alternative technique used extensively in EXAFS
analysis, which avoids the complications due to phase
shifts, is the ratio method.®~!° By comparing the EFS
of our unknown sample with that of a similar standard
material of known structure, we can determine atomic
spacings, coordination number, and relative atomic dis-
order in our unknown system. In this paper we briefly
describe this technique and make the first application of
it to SEELFS data to determine atomic spacings in-
dependently of phase-shift considerations. The excellent
agreement between the ratio method and our standard
analysis will further demonstrate the reliability of using
dipole phase shifts for SEELFS and EAPFS measured
L, ;-edge EFS. Additionally, the ratio method has ap-
plications beyond the corroboration of the standard
analysis results: We used it successfully’ in the analysis
of M, ;-edge EFS measurements, where there are no reli-
able phase-shift values. A major question remaining in
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the application of the ratio method to M, ;-edge data is
the transferability of phase shifts. Screening effects
which contribute to the failure of the Z +1 approxima-
tion also undoubtedly affect the central atom phase shifts
and may tighten the criteria for phase-shift transferabili-
ty between systems with different chemical environ-
ments.

The near-surface sensitivity of electron-induced EFS
techniques makes them ideal for examining the local
structure of interacting thin-film systems. In relative
terms, the lower electron energy and the elastic scatter-
ing nature of EAPFS, which is based on the
appearance-potential spectroscopy technique, make it a
more surface-sensitive technique than SEELFS.?® On
the other hand, variation of the incident electron energy
can be used to effectively vary the surface specificity of
SEELFS.

One application of these measurements would be to
submonolayer coverages of adsorbed atoms and/or mole-
cules on surfaces. Unfortunately, due to the rapid de-
cline of the total electron cross section with increasing
atomic number (and binding energy),'* we have found
that the sensitivity of these techniques using commercial
electron sources and detectors is just slightly below the
level needed to obtain analyzable EFS for most materi-
als® (with the notable exception of very-low-Z elements
such as carbon and oxygen). Additional improvements
permit submonolayer sensitivity: Signal-to-noise ratio
can be increased by reducing unwanted background, us-
ing higher incident electron fluxes (with increased atten-
tion to possible electron-beam damage of the sample),
longer integration periods, and glancing-angle incidence
all will increase sensitivity. Our experience has been
that EAPFS has a larger signal and higher sensitivity
than SEELFS, perhaps due to its higher surface charac-
ter and reduced background. Promising results for sin-
gle layers of Co on Si have already been obtained. !°

Multilayer systems with their inherently more intense
and easily observed and analyzed EFS represent a partic-
ularly valuable potential application of electron-beam-
based EFS techniques. One thin-film system of particu-
lar interest is a thin film of titanium deposited on silicon.
This system, and its related silicides, have many interest-
ing properties.?’” A deeper understanding of these prop-
erties can be obtained from a detailed examination of the
interface kinetics leading to the formation of the silicide.
A number of recent studies have addressed this concern
by examining the microscopic properties of the film and
interface. Results show that thick films of titanium de-
posited in UHV conditions on atomically clean, room-
temperature silicon remain essentially unreacted beyond
the interface region (~10 A). Disagreement remains
about the degree and type of intermixing at the interface
which occurs during deposition. (In an earlier paper,®
we found no intermixing at room temperature). If these
films are subsequently heated to relatively low_tempera-
tures (200°C), long-range intermixing (> 100 A) occurs
across the interface. Various techniques show that Si is
the dominant diffusing species during intermixing.?°~3!
The mechanism for this diffusion has not been deter-
mined, although diffusion along grain boundaries®”3? has
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been suggested. At temperatures greater than 500°C, a
stable silicide phase forms which has been identified by
x-ray diffraction?”3* as TiSi,. Unfortunately, due to the
absence of long-range order in the overlayer films at the
intermediate temperature range (300-500°C), the consti-
tuency and structure of the film at these temperatures
remains in dispute. Butz er al., using x-ray
diffraction,* find that this overlayer is polycrystalline
with a very fine grain size (10-30 A) and a composition
close to TiSi,. In contrast, Tromp et al., utilizing high-
resolution medium-energy ion scattering (MEIS),*? sug-
gest that the film composition is TiSi, although no true
structure determination was possible. The measurement
of local structure in systems lacking long-range order is
one of the major strengths of EFS techniques in general.
Thus determination of the near-neighbor spacings in
these poorly ordered silicide films represents an impor-
tant test of the applicability of electron-based EFS mea-
surements.

II. EXPERIMENT

The experiments were conducted in an ion and Ti-
sublimation pumped UHV system with a base pressure
less than 2X10~!° Torr. The system is equipped with
LEED and Auger electron optics with coaxial electron
gun, a single-pass cylindrical mirror analyzer (CMA)
with coaxial electron gun which was used for Auger
electron spectroscopy (AES), a quadrupole mass spec-
trometer, a quartz-crystal microbalance (QCMB), and an
Art-ion sputtering source. The silicon samples were
boron-doped, p-type wafers (35-50 Q cm, 0.4 mm thick)
with a (111) orientation. The samples were approximate-
ly 1 cmX 1 cm in area and were thermally anchored to a
resistive sample heater by a molybdenum clamp and a
very small amount of indium inserted between the sur-
face of the heater and the backside of the silicon. There
was no evidence of indium segregation from the backside
to the Si surface.®® Temperatures were measured by
thermocouples attached to the heaters and were calibrat-
ed at high temperature by optical pyrometry.

The Ti films were evaporated onto the Si substrate
from a thoroughly outgassed, directly heated Ti-Ta alloy
wire. Typical deposition rates were 1 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 quartz-crystal microbalance to be con-
stant over extended periods (equivalent to > 30 layers)
but did slowly decrease as the source exhausted its Ti
supply. After all depositions, AES again showed only
traces of contaminants, and no Ta signal was present in
the AES spectra. During deposition, the background
pressure remained below 5x 10~ !° Torr.

The SEELFS and EAPFS spectra were measured with
the sample at room temperature by simple extensions of
standard surface-science techniques, electron-energy-loss
spectroscopy>® (EELS) and disappearance potential spec-
troscopy (DAPS),3”3® respectively. In SEELFS, the
first- (or second-) derivative electron-energy-loss spec-
trum for 1-2 keV normally incident electrons is mea-

sured using the CMA for energies at, and up to several
hundred eV beyond, the Ti L,; edge (450-850 eV of
loss energy). The derivative spectrum is obtained by im-
posing a 6—10 V peak-to-peak modulating voltage on the
gun energy and using lock-in detection techniques. For
EAPFS (via DAPS), the LEED optics are used to mea-
sure the quasielastic scattering yield as the energy of the
electrons incident on the sample is swept through the Ti
2p excitation thresholds and beyond the EFS region
(450-850-eV range of incident electron energies). Only
those electrons that have lost less than a few eV of ener-
gy from the incident electron energy (quasielastically
scattered electrons) are detected. The first derivative of
the quasielastic yield is measured by applying a ~10-V
peak-to-peak modulation voltage to the sample potential
and using lock-in detection techniques. Additional de-
tails of the experimental procedures can be found in the
references (SEELFS), (Refs. 1, 3, and 39; EAPFS, Refs.
1, 39, and 40).

We have measured the extended fine structure for
three different types of Ti/Si films on Si(111) substrates.
Each was formed by deposition of approximately ten lay-
ers (25 A) of Ti at room temperature (RT), quickly heat-
ing to a specified temperature for ten minutes and then
cooling to room temperature for measurement. The Si
and Ti Auger intensities following this procedure for
temperatures up to 850°C are shown in Fig. 1. As de-
scribed previously,?®*! the initially deposited Ti forms a
smooth film with no intermixing beyond (possibly) the
first atomic layer of the Si substrate. The increase in Si
intensity at T ~200°C corresponds to interdiffusion of Si
into the Ti film, as described by other workers.?’—3!
Above 300°C, silicide formation begins,‘“ resulting in
the formation of two stable silicide phases in the T
ranges labeled III and V in the figure. The EFS mea-
surements were made beyond the Ti L, ; edge (460 eV
binding energy) for the as-deposited room-temperature
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FIG. 1. Normalized Si L,;VV and Ti L3;M,3 M, ; Auger
intensities after 10 min annealing at elevated temperatures for
ten layers (25 A) of Ti on Si(111). Five regions have been indi-
cated as I-V. Regions III (300-500°C) and V (>600°C)
display plateaus indicative of the formation of a stable silicide.
The arrows at 20°C, 250°C, and 400°C correspond to the an-
nealing temperatures of the samples used for the local-
structure determination via SEELFS and EAPFS.
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Ti film with a pure Ti composition; the 250°C Ti over-
layer, which exhibits an increased Si content of
15-25 %; and the 400°C plateau region of the silicide
phase. (These annealing temperatures and compositions
are indicated by the arrows in Fig. 1.) Difficulties result-
ing from the reduced EFS signal strength for the TiSi,
overlayer annealed at 650°C (second plateau region)
prevented us from obtaining analyzable EFS for that
phase. The drastic reduction in the amplitude of the
core loss feature and associated EFS is directly related to
the reduction in Ti content within the examined surface
region caused by the conversion of the overlayer to TiSi,
and by the coalescence of the silicide into islands.*? The
TiSi, island formation exposes the bare Si surface and
masks a significant fraction of the underlying TiSi, from
our surface probes. The use of thicker silicide films
would alleviate this difficulty.

III. RESULTS AND ANALYSIS

The SEELFS and EAPFS of the Ti L, ; edge for the
three compositional phases of the Ti/Si system which
could be measured are shown in Figs. 2 and 3, respec-
tively. The sharp feature at 560 eV is the L, core loss
feature. The analysis of the EFS needed to extract the
local atomic spacing begins by isolating the EFS features
through data truncation and a stiff cubic-spline back-
ground subtraction. Then it is integrated (if necessary)
to obtain the undifferentiated electron-loss spectrum for
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FIG. 2. Three first-derivative, room-temperature SEELFS
spectra above the Ti L, ; edge for ten layers of Ti depositied
on Si(111) after annealing at the indicated temperatures for 10
min; (a) 20°C (pure Ti overlayer), (b) 250°C (Si-rich Ti over-
layer), and (c) 400°C (silicide film). The EFS has been normal-
ized to the measured L,; core loss intensity. The sharp
feature at the loss energy of 560 eV is the L, core loss feature.
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FIG. 3. First-derivative and room-temperature EAPFS mea-
surements after 10-min anneals at the same three temperatures
as SEELFS; (a) 20°C (pure Ti overlayer), (b) 250°C (Si-rich Ti
overlayer), and (c) 400°C (silicide film). All measurements nor-
malized to the L,; appearance edge intensity. The sharp
feature at 560 eV incident energy is the L, appearance edge
feature.

SEELFS and the first-derivative electron-energy spec-
trum for EAPFS. These electron-energy spectra are the
proper forms required for strict analogy with EXAFS.’
First- and second-derivative SEELFS spectra have been
utilized to obtain ‘“‘pseudoradial distribution functions”
(PRDF’s) (Refs. 1-5) which reproduce known atomic
spacings, >* but these PRDF’s intensify higher coordina-
tion shell contributions as well as complicating k-
weighting issues. Data are converted from energy to
wave-number dependence using the Lee-Beni method for
the determination of the inner potential E,.** A second
background subtraction is then performed using a knot-
ted cubic spline. (Variations in the details of the back-
ground subtraction result in no significant change in the
determination of the atomic spacing.) The wave-number
data are weighted by a factor of k? to counteract the ex-
plicit k ~! dependence of the EXAFS equation and the
apparent k ~! dependence of the Ti or Si backscattering
amplitude factor. !7*3

The weighted data were transformed using an optical
Fourier transform to obtain radial distribution functions
(RDF’s) F(r), which represent the interatomic spacings.
The effect of the k weighting and the optical Fourier
transform on the EFS is

k .

max  —i8,(k)
Frn= [ ™™™
kmin

k3 (k)e ~**dk | (1)

where k., and k.., are the lower and upper limits of
the data range and X(k) is the background-subtracted
EFS in wave-number space. The phase shift correction
is included as an exponential term where §;(k) is the
energy- and angular-momentum-dependent total phase
shift incurred by the excited electron in traversing the
atomic potentials of the backscattering and central
atoms. We have used the calculated phase shifts of Teo
and Lee!” for the Ti and Si backscattering atom, which
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is angular momentum independent, and for the Ti cen-
tral atom assuming /=2 (Al =+1). The type of back-
scattering atom (Ti or Si) is determined by comparing
the extracted backscattering amplitude function with
theory.!” We have determined the backscattering atom
is Ti for the 20°C- and 250°C-annealed data and Si for
the 400 °C-annealed data. After these adjustments, peaks
in F(r) correspond to the interatomic spacings.

The RDF’s for the three examined annealing tempera-
tures are shown in Fig. 4. The similarity between the
SEELFS-measured and EAPFS-measured RDF’s is ap-
parent. This agreement in the nearest-neighbor atomic
spacing for a system where the validity of the use of the
dipole phase shifts in EAPFS analysis has been estab-
lished further corroborates their use in SEELFS analysis.
The first peak position for the RT-deposited Ti overlayer
and the 250°C-annealed overlayer occurs at 2.93+0.02
A. This uncertainty reflects the degree of change in the
peak position as the background-subtraction parameters
are varied. Crystallographic measurements on pure Ti
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FIG. 4. RDF’s for the undifferentiated SEELFS and first-
derivative EAPFS-measured EFS for the three annealing tem-
peratures; 20°C pure Ti overlayer, 250°C Si-rich Ti overlayer,
and 400°C silicide film. Analysis used /=2 phase-shift correc-
tions. The striking overall similarity between the SEELFS and
EAPFS RDF’s is reflected by the agreement in the first peak
positions for all annealing temperatures. First peak positions
for both the 20°C- and 250°C-annealed films occur at
R =2.93£0.04 A. The first peak position for the 400°C-
annealed film occurs at R =2.39+0.04 A.

indicate that there should be two interatomic spacings
very near each other at 2.89 and 2.94 A,* both with a
coordination number of 6. These peaks would appear in
the RDF as one peak at 2.915 A. This is very near our
value of 2.93 A and is in good agreement with other EFS
measurements for the L, ; edge of pure single-crystal Ti
(SEELFS, Ref. 15; EXAFS, Ref. 45) and further
confirms our choice of phase shifts.

For the silicide formed at 400°C, the RDF is quite
different from those of the RT or 250°C data, with a first
peak position at 2.394+0.04 A. For comparison, the local
geometry for the three bulk crystal structures of TiSi all
contain two nearby Ti-Si atomic spacings at 2.30 and
2.44 A, again with equal coordination numbers.* If
these two spacings were not resolved in our EFS mea-
surement (due to the close proximity of these coordina-
tion shells, the limited data range, and structural and
thermal disordering of the atomic spacings), they would
result in an apparent single-shell nearest- -neighbor spac-
ing of 2.37 A. Our single-shell value of 2.39 A is quite
near this expected peak position for TiSi, indicating that
the intermediate-temperature film (400°C) is TiSi. Since
there is no evidence for a peak at either the atomic spac-
ing associated with titanium (2.92 A) or associated with
TiSi, (2.54 A) the local structure of the titanium atom
in the annealed overlayer is TiSi and does not contain a
large fraction of other silicide phases. Since the EFS
measurements selectively probe the local structure sur-
rounding the Ti atom, these results do not rule out the
possibility of additional silicon in the overlayer in excess
of the stoichiometric value of TiSi or at the overlayer
surface (as indicated by other techniques).

To distinguish among the three TiSi structures, atomic
spacing information beyond the nearest-neighbor atoms
is required. In our data, there are higher R peaks asso-
ciated with larger atomic spacings which show qualita-
tive agreement with expected further-neighbor distances
for both the Ti and the TiSi. Unfortunately, the posi-
tions of these lower-intensity peaks are dependent on our
background subtraction, making them unreliable for a
quantitative determination of the TiSi crystal structure.
Although we are unable to differentiate between the
three reported TiSi structures via EFS, the unanalyzed
near-edge structure may provide this information as in
the case of graphitic carbon on Ni(110).4¢

Additional information about the 250°C-annealed
phase can be obtained through the application of the ra-
tio method to the EFS associated with the first peak for
the 20°C and 250°C data. In this technique,®® the EFS
associated with a single shell from a standard material
with known structure is compared with the measured
EFS. This comparison can be demonstrated by separat-
ing the EFS function into an amplitude term and a phase
term. For a single coordination shell,

X(k)= A (k)sin(¢) . (2)

The amplitude term is given by

A (k)=const X —é—v-z-r(k)Q(k)exp(—ZR /A, 3)

where N is the coordination number of the shell, R is the
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coordination shell distance, (k) is the backscattering
amplitude function of the coordination shell atoms,
Q (k) is a disorder term (thermal and structural), and A
is the phenomenological mean free path (lifetime) of the
electron or core hole state. The phase term is

¢=2kR +8(k) , )

where k is again the outgoing electron wave number and
8(k) is the sum of the central atom and backscattering
atom phase shifts. Identifying the terms of the EFS
equation for the standard with a prime, the total phase
difference A¢ between it and the EFS of the measured
unknown is

Ap=¢—¢'=2kR —2k'R’'+8(k)—08'(k’) . (5

To the extent that the unknown system and the standard
system are similar, the backscattering and central atom
phase shifts will be the same and the phase-shift terms
will cancel, effectively eliminating the need for any
phase-shift corrections in the analysis. We have contin-
ued to distinguish between k and k' because of possible
difference in the zero of energy, E,, between the sample
and the standard. If this is the case, the intercept of the
phase difference A¢ as a function of k& will not intersect
the origin as it should. By varying AEy=Ey—E until
A¢ as a function of k does pass through the origin
(modulo 27), then’

8(k)—8(k’)=2(k'—k)R’ (6)
and
Ap=2k(R —R’') . (7)

The slope of this straight line (A¢ versus 2k) will enable
us to extract the difference in interatomic spacing be-
tween the unknown and the standard (R —R’).

Very significantly, this technique avoids all difficulties
associated with the phase shifts. This is especially in-
teresting when applied to the SEELFS technique where
questions concerning phase shifts are of paramount im-
portance. Quoted accuracies of this method in EXAFS
are often 0.005-0.01 A (Refs. 8 and 19) for relative in-
teratomic spacing determination. Absolute spacings rely
on how well the standard interatomic spacings are
known. Any gross deviation from a straight-line fit for
A¢(k) is indicative of nontransferability of the phase
shifts!®#7#® or of too large a non-Gaussian disorder re-
sulting in a significant additional disorder-induced phase
shift ®(k) (Gaussian disorder creates no additional
phase shift*’). Often a more suitable standard can be
found to improve the straight-line fit for these cases.*

Further information about the local structure can be
obtained by examining the natural logarithm of the ratio
of the amplitude functions for the unknown and the
standard. For similar sample and standard, both with
Gaussian disorder [i.e., Q(k)=exp(—o2k?)], the back-
scattering amplitude terms cancel giving

A (k)
A'(k)

N/R?
N'/(R')?

—[o?=(0')]k?. (8)
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Plotting the logarithmic ratio of the amplitudes versus
k? gives a slope and intercept from which we can deter-
mine the unknown coordination number N as well as the
disorder information [o2— (o’ )?].

One complicating factor to the ratio method concerns
normalization of the EFS to the core loss feature ampli-
tude. If there is a difference between the number of core
excitations in the two EFS measurements, then the plot
of the logarithmic ratio of the two EFS amplitudes
(which are proportional to the number of excitations)
will produce an intercept different than predicted by Eq.
(8). (The slope of the logarithmic ratio will, however, be
unaffected by this difference.) A method to correct for
this error is to normalize the EFS amplitude by the asso-
ciated core loss intensity (which reflects the number of
core excitations). For SEELFS and EAPFS, the data are
taken in the derivative mode with inadequate resolution
to obtain the true core loss intensity by simple integra-
tion. Thus, a separate measurement of the core loss
feature under the same electron-beam conditions as the
EFS measurements, but with a much improved resolu-
tion, is required. To achieve this, we simply reduce the
modulation voltage, and therefore the signal intensity,
and improve the instrumental resolution. Using a modu-
lation voltage of 1-2 eV for SEELFS and 0.2 eV for
EAPFS, the resolution becomes instrument limited at a
few eV for the CMA-measured SEELFS (depending on
the incident energy) and less than 0.5 eV for EAPFS.
Scaling the high-resolution data so that the EFS region
intensity matches the larger-modulation-voltage EFS
data gives a realistic first-derivative core loss feature
which can be integrated to obtain core loss intensity nor-
malization values for the EFS. Even with the improved
resolution, there are lingering complications in the nor-
malization procedure such as resonances and associated
multielectron excitations which result in core loss
features with intensities not proportional to the number
of excited electrons.
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FIG. 5. Total phase difference between the isolated first
shell EFS for SEELFS-measured pure Ti overlayer (20°C) and
annealed Si-rich Ti overlayer (250°C) vs wave number of the
excited electron. The dashed line is a least-squares fit to the
data (2.5-7.5 ;\_1). Values for E, have been selected that re-
quire that the extrapolated straight line intercept the origin at
k=0. The slope of the straight line, which is twice the
difference in atomic spacings, is zero within our uncertainties.
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FIG. 6. Log of the ratio of the amplitude of the first shell
EFS for the as-deposited pure Ti overlayer (20°C) and the an-
nealed Si-rich Ti overlayer (259°C) vs the square of the wave
number. The dashed line is a least-squares fit to the data in the
range 3-8.5 A7, The slope is 0.007+0.004 A’ indicating an
increase in disorder for the 250°C-annealed film.

We have used the ratio method to determine the
changes in the Ti film local structure resulting from in-
diffusion of Si after heating to 250°C. Thus the as-
deposited Ti film was used as the standard. To isolate
the EFS associated with a single coordination shell from
the remaining shells, the background-subtracted and
weighted k-space data was first Fourier transformed
directly, without phase shifts. The first peak of the re-
sulting RDF was isolated using a k-space window with
sides tapered by a modified Hanning function®! to mini-
mize truncation effects.’> The windowed data (consist-
ing of only the first peak) was backtransformed to obtain
the EFS associated only with this shell. These EFS spec-
tra were then compared in the ratio method. In Fig. 5
we show the total phase difference versus wave number
for the pure Ti overlayer and the Si-rich overlayer. The
values for E, have been chosen to require that the
straight-line fit to the phase difference extrapolate to
zero at k=0. From the slope of this curve we can deter-
mine the atomic spacing difference AR. We find essen-
tially no change in atomic spacing of the nearest neigh-
bor for the pure Ti and the Si-rich (250°C-annealed) Ti
overlayers, in agreement with the full analysis using
phase shifts.

We have also examined the logarithmic ratio of the
EFS amplitude. Figure 6 shows a plot for the ratio of
the pure Ti overlayer and the Si-rich Ti overlayer. The
slope determined from the straight-line fit gives
A0?=02 e Ti—Odisich Ti= —0.007£0.004 A’ as the
difference in the Debye-Waller-type Gaussian disorders.
Since all measurements are made at RT such a value for
the Gaussian disorder difference indicates that the Si
diffusion into the Ti overlayer creates a structural dis-
ruption of the Ti crystalline lattice (similar in magnitude
to increases in disorder associated with elevated temper-
atures of a few hundred degree centigrade®’). Further-
more, the quality of the fit to a straight line indicates
that the backscattering element is the same for the pure
Ti overlayer (a Ti backscatterer) and the Si-rich Ti over-
layer (where the backscatterer could conceivably be Si
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instead). Use of the 400°C-annealed TiSi data, where
the backscattering atom is Si, as the standard for com-
parison with the 250°C data resulted in very poor fits to
a straight line. Thus there is no evidence for the forma-
tion of a Ti-Si bond at either the Ti-Si interatomic spac-
ing (present if a silicide is formed) or at the Ti-Ti intera-
tomic spacing (as would occur if a significant fraction of
the Ti was replaced by the Si).

Application of the amplitude comparison for a num-
ber of similar 250 °C-annealed Ti films all resulted in an
increase in o2, but the magnitude of the increase ranged
from 0.005 to 0.014 A% Films annealed at higher tem-
peratures (7 =300°C) and exhibiting a larger Si content
did not consistently exhibit an increased disorder when
compared to a Si-rich Ti overlayer annealed at only
250°C.

IV. CONCLUSIONS

Our earlier results have shown that thin films (25 A)
of titanium deposited on silicon at room temperature
form complete films and remain unreacted. Heat react-
ing these films to 200-300°C results in interdiffusion of
silicon into the Ti overlayer, but Auger and APS line-
shape measurements show that no silicide formation
occurs in these moderate-temperature films. Analysis of
the electron-beam-induced EFS obtained via SEELFS
and EAPFS corroborate these conclusions. The EFS
data show that the local environment of the Ti atom
after annealing for 10 min at 250°C remains essentially
unchanged compared to that of the pure Ti overlayer.
The presence of diffused silicon in the Ti overlayer re-
sults in a slight additional disorder in the overlayer, as
determined by the increase in o deduced from the ratio
method, but results in no change of atomic spacing.
Furthermore, citing the absence of any new peaks in the
resulting RDF, and the good straight-line fits of the ra-
tio comparison, the silicon most likely diffuses along
grain boundaries rather than substitutionally or intersti-
tially.

Higher-temperature anneals to 400°C result in the
complete formation of a phase which previous studies®*
have shown to lack long-range order. This phase is
stable over a range of temperatures but unstable at
higher temperatures (> 500°C) where TiSi, forms. Dis-
tinct changes in DAPS and Auger line-shape spectra are
strong indicators of the initiation of the silicide-forming
reaction at these elevated temperatures.*' Analysis of
the electron-beam-induced EFS for this phase has shown
that the nearest-neighbor pair is a Ti-Si pair with the in-
teratomic spacing consistent with the local structure of
TiSi. These results clearly show the power of electron-
based EFS techniques to provide otherwise inaccessible
information about the processes and structures in thin-
film growth. Furthermore, our results are further
confirmation of the applicability of dipole phase shifts in
the SEELFS analysis. The good agreement between the
RDF’s for the SEELFS and EAPFS on a core state
which satisfies the dipole pseudo-selection-rule criteria of
EAPFS strongly suggests at least a similar dipole selec-
tion rule for SEELFS phase shifts.
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