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The local atomic structure of amorphous titanium diboride thin films, prepared by electron-beam
vaporization (EBV) of the crystalline compound onto liquid-nitrogen-cooled substrates, was studied
using extended x-ray-absorption fine-structure (EXAFS) and extended energy-loss fine-structure
(EXELFS) techniques. From a comparison of the extended fine-structure spectra of the amorphous
films with corresponding spectra of crystalline titanium diboride, accurate information was derived
on the nature of the local structure, or short-range order, and on the coordination numbers, intera-
tomic distances, and nanostructural atomic disorder in amorphous TiB,. A relaxation of the intera-
tomic spacing and a reduction of coordination number for the nearest-neighbor atoms was inferred
for the amorphous state. Local prismatic coordination with random 90° rotations about prismatic
planes is proposed as a likely atomic structure consistent with the data for the amorphous form. Fi-
nally, EXAFS and EXELFS were employed to examine in detail the structural changes induced in
amorphous TiB, by variations in the EBV deposition parameters, and to determine a set of opti-
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mized parameters for the EBV deposition of a TiB, stable amorphous phase.

I. INTRODUCTION

Amorphous alloys and compounds of the transition
metals and the metalloid elements (boron and carbon)
constitute an interesting and rapidly developing branch
of the family of disordered solids.”? These materials can
be prepared by a variety of techniques, and their proper-
ties are sufficiently remarkable to warrant technological
applications and industrial utilization.’ Because they
combine availability, interesting properties, and useful-
ness, their structure and properties have become an im-
portant area of theoretical and experimental physics
research.*

Although crystallization at modest temperatures limits
the practical usefulness of most glassy metals,’ stability to
much higher temperatures has been achieved by the au-
thors for amorphous films of titanium carbide, TiC.6~!!
In the present study we examine amorphous films of ti-
tanium diboride, TiB,.

In its crystalline form, titanium diboride is a refactory,
metallic, essentially stoichiometric compound with a high
melting point (~2980°C) and good electrical conductivi-

ty.12 It exhibits extreme chemical stability and excellent

resistance to corrosion.!* Such properties have made
TiB, an interesting compound from the scientific stand-
point and a promising candidate for many engineering
applications under aggressive environmental conditions.
Present industrial interest in TiB, recognizes its potential
for use as an abrasive, as a protective coating, as a possi-
ble high-temperature electrode in the refining of alumi-
num, as a component in composites, and, like all boron-
containing substances, as a potential material for use as a
neutron absorber.!*~!® One reason for undertaking this
investigation was our expectation that these advanta-

38

geous properties of TiB, could be enhanced or extended
by preparing it in an amorphous form, leading to an even
broader range of technological applications.!”

For example, TiB, appears attractive for use in the mi-
croelectronics industry as a diffusion barrier for
integrated-circuit metallization. Although this possibility
was suggested as far back as 1969, little work has been re-
ported since then on using it for this application.!®!
This neglect may, in part, result from the complex re-
quirements for integrated-circuit development, in partic-
ular, the need to minimize high-temperature processing
and to maximize step-coverage quality. These conditions
impose very stringent limitations on the standard tech-
nique for producing TiB, films, chemical-vapor deposi-
tion (CVD), which uses hydrogen reduction of the
chlorides: the chemical reaction becomes thermodynami-
cally favorable only at high temperatures (above 900 °C),
and a large amount of hydrochloric acid is produced.?’
Both conditions are extremely detrimental to integrated
circuit components as well as to many substrates.
Preparation of TiB, films by methods which deposit
amorphous material seems to be a very promising ap-
proach to circumventing these problems since the experi-
mental technique involved requires cooling the substrate
to low temperatures where the thermal energy for the
differential steps required in crystallization is not avail-
able.! Furthermore, this technique does not produce
any hydrochloric acid by-products. This potential appli-
cation of amorphous titanium diboride films to the fabri-
cation of electronic devices could lead to substantial
economies.

This paper is one in a series of reports by the present
authors on the successful preparation, characterization,
and study of the structure and properties of amorphous
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TiB, thin films. We focus here on the identification of
structural arrangements of atoms in the amorphous
phase, since knowledge of the local atomic environment,
and of any nanostructural static disorder is of great value
in interpreting the electrical, optical, and mechanical
properties.?!?

Results of structural investigations by extended x-ray-
absorption fine-structure (EXAFS) and extended
electron-energy-loss fine-structure (EXELFS) techniques
are presented for amorphous TiB, thin films produced, at
this preliminary stage of our work, by electron-beam va-
porization (EBV), since TiB, vaporizes congurently.?* In-
formation generated on the static atomic displacement
and the local atomic environment of both the metalloid
(from the B K-edge EXELFS), and metal (from the Ti K-
edge EXAFS), and on the nature and degree of short-
range order (SRO) in the amorphous TiB, phase, is
presented and discussed in relation to the basic structural
units of its crystalline form. In particular, we show that
short-range order does indeed exist in the amorphous
phase at the level of the first and second boron and titani-
um coordination shells, a result to be contrasted with
amorphous titanium carbide films, where no chemical or-
dering was detected beyond the first carbon and titanium
coordination shells.?* The degree of this local (chemical)
ordering in the TiB, amorphous phase depends strongly
on the deposition parameters used during EBV. We also
demonstrate that the EXAFS-EXELFS combination is a
powerful tool for probing the local atom environment in
amorphous solids and in compounds composed of both
light and heavy constituents.

II. EXPERIMENT

The initial method chosen for preparing amorphous
TiB, was vaporization of a crystalline specimen onto a
cooled substrate using electron-beam vaporization (EBV).
The source material for the EBV process consisted of
high-purity (99.999%) chips of TiB, single crystals,
placed in the water-cooled hearth of the EBV evaporator.
Compound TiB, targets, rather than separate elemental
targets, were used as titanium diboride vaporizes
congruently,23 whereas born does not vaporize exclusive-
ly as a monatomic species from elemental boron.?> The
pressure in the vaporization chamber was kept below
~1077 torr at all times, and the electron-beam voltage
was varied, for different deposition runs, from 6 to 9 kV
with a power rating of 20-40 kW. Although the temper-
ature of the target during vaporization is not known pre-
cisely, it was in the range 2000-25000°C. The TiB, coat-
ings were deposited onto Pyrex and quartz glass sub-
strates and cooled to liquid-nitrogen temperature. The
films produced were of uniform thickness, silver-colored,
mirror-bright, and adherent. The film thickness, deter-
mined by profiling with an a-step analyzer (2X 10~ 3-um
resolution), was 0.5-1 pm.

The EXAFS and EXELFS studies were carried out at
the Center for the Microanalysis of Materials, Materials
Research Laboratory, University of Illinois at Urbana-
Champaign.

The transmission EXAFS studies were carried out us-
ing x rays produced by a Rigaku RU-200 laboratory
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rotating-anode x-ray generator, equipped with a
molybdenum target and operated at 12-13 kV with a
beam intensity ~70 mA. This high intensity allows EX-
AFS spectra to be collected on a time scale of a few
hours, thus reducing the effects of source instability to a
minimum.?® Extreme care was taken to eliminate impuri-
ty wavelengths from the source, i.e., higher-order x-ray
excitations, by combining the choice of an x-ray excita-
tion voltage below the threshold for emission of such
wavelengths with the use of a focusing Johansson
curved-crystal monochromator. The detection system
consists of a beam monitor placed in front of the sample,
to measure the incident-beam intensity, J,, and of a beam
detector positioned behind the sample to collect the
transmitted signal, J. This configuration permits simul-
taneous detection of J and J,, subsequently, the compila-
tion of difference spectra from the normalized ratio
Jo/J, thus eliminating any errors induced by time-
dependent fluctuations in the source or mechanical wob-
ble in the spectrometer.?’ Finally, a GSK Scientific mod-
el 100 EXAFS cold stage was employed to collect spectra
from samples cooled by liquid nitrogen to reduce thermal
vibration effects.?8?

Considerable attention was also devoted to eliminating
other experimental sources of error in EXAFS measure-
ments, which include cracks or holes in the sample,
where a fraction of the incident beam can pass unaffected
by a jump in the absorption edge, and particle-size and
thickness effects in powdered samples and thin films.*
An optimum thickness was determined experimentally by
collecting EXAFS data for crystalline TiB, films and
powdered samples of various thicknesses and particle
sizes, then performing the entire data analysis and com-
paring the experimentally determined structural parame-
ters with the standard crystalline values.>! We found that
a film thickness—or particle size—of 5-7.5 um was
needed to achieve best results. Special precaution was
also taken to prepare amorphous TiB, powedered stan-
dard samples. The amorphous films were removed from
the substrates by etching with hydrofluoric acid, and
10-15 layers were collected on cellophane tape to make
samples of optimum thickness. The crystalline TiB, sam-
ples, in the form of powders, were ground and sieved to
400 mesh to assure small grain texture. These powders
were also mounted on transparent cellophane tape.

The EXELFS measurements employing a high-energy
electron beam (300 keV) were performed on a Philips
EM430 transmission electron microscopic (TEM) com-
bined with a Gatan model 607 single-magnetic-sector,
double-focusing electron-energy-loss spectrometer. The
electron microscope was used in the bright-field imaging
mode to form a 1-um-diam probe of 300-keV electrons on
the speciment with a beam current of ~1 uA. An en-
trance slit to the spectrometer selects according to their
scattering angle and the spectrometer disperses them in a
direction perpendicular to the slit. Spectra are recorded
by scanning the energy-loss intensity across an apertured
scintillator (model NE100) and by counting the single
pulses derived from the photomultiplier (RCA 8575).%

In the case of EXELFS measurements using an
electron-beam source, we optimized instrumentation fac-
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tors such as the electron probe current I, its diameter on
the sample, the energy resolution and acceptance angle of
the spectrometer, and the total dwell time needed per eV
channel. Following the procedure of Leapman, Grunes,
Fejes, and Silcox,*® we performed a check of the reliabili-
ty of the counting rates achievable with our system and
of ways for optimizing them for different sets of typical
experimental parameters. We made use of standard ex-
pressions for count rates of scattered electrons which
have been analyzed by a spectrometer and have lost an
energy E through core-level excitations, and of calculated
oscillator-strength data given by Leapman, Rez, and
Mayers’? for the excitations just above the B and Ti K-
shell ionization edges. We found that for a typical 10-
nm-thick sample analyzed with an electron beam of 300
keV, which forms a probe on the sample with a diameter
of 1 um, and a total probe current of 1 uA, and using an
electron-energy-loss spectrometer designed to accept
electrons scattered inside a semiangle of 10 mrad with an
energy resolution of 3 eV, counting rates as high as
10°-10° counts per eV channel are achievable. However,
the exponential nature of the EXELFS spectrum decay
above threshold makes it necessary to collect data for a
longer time. For this reason, sweeps of individual spectra
were compiled to give a total counting time of 3-4 s per
eV channel. Digital scans of 0-50 eV were thus con-
trolled by an EDAX 9100/60 minicomputer, which was
also used to store the spectra and perform the initial data
processing and background subtraction. Since the spec-
trometer is capable of ~ 1-eV resolution, the energy reso-
lution of the measured spectra (~3 eV) was determined
mainly by the thermal spread of the incident beam.
Thermal vibrations were reduced by mounting the TEM
samples in a Philips-mode PWGS591/01 side-entry cold
stage and collecting spectra at liquid-nitrogen tempera-
ture. Multiple-scattering effects, such as collective
plasmons, were also minimized by limiting the sample
thickness to ~1.5A (where A is the inelastic mean free
path), leading to typical thicknesses of 1000—-2000 A).

III. EXAFS-EXELFS FORMALISM
AND DATA ANALYSIS

Extended x-ray-absorption fine structure (EXAFS) is
the oscillatory modulation of the absorption coefficient
on the high-energy side of an x-ray-absorption edge of a
constituent atom in a material.** The EXAFS oscilla-
tions are a final-state photoelectron effect arising from
the interference between the outgoing photoejected elec-
tron wave and the backscattered waves from neighboring
atomic sites.”> The equation for the EXAFS modulation
X(k), assuming no multiple scattering, and using the for-
malism of Stern, Sayers, and Lytle,¢ is given by

(k)—po(k)
y(k)= TR
I.Lo(k)
N;A; 222 R

/A,
:§ KR} e e 7 sin(2kR;+6;), (1)

where p(k) is the total absorption coefficient measured
above the edge and p(k) is the smoothly varying atomic
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contribution. The summation is over coordination shells
of atoms surrounding the excited atom, with N ; (the
coordination number) atoms in shell j located at an aver-
age distance R; from the central atom. The first ex-
ponential term containing a? is a Debye-Waller—type
term, where cr? is the mean-square relative positional dis-
placement of the central and backscattering atoms from
both thermal disorder and structural disorder. The quan-
tity A is the phenomenological mean free path that corre-
sponds to a finite lifetime of the excited state, 4 j(2k) is
the backscattering amplitude of the atoms in the jth
shell, and §;(k) is the phase shift experienced by the pho-
toelectron as it traverses the potential of the central and
backscattering atoms. The variable k is the ejected pho-
toelectron wave vector.

Since EXAFS is sensitive mainly to short-range order,
there is no fundamental distinction between crystals with
long-range order and disordered systems, such as
aperiodic solids, liquids, and solutions.”” This feature
makes EXAFS an extremely suitable spectroscopy for
gaining a fundamental understanding of the structure of
amorphous materials, such as amorphous TiB,.%

However, whereas the 4960-eV K edge of titanium is
readily detectable with our laboratory rotating-anode x-
ray source, the lack of monochromatic radiation of
sufficient resolution and intensity from such a source for
the 188-eV B K edge made it necessary to search for an
alternative measurement method. Although this limita-
tion can be overcome by utilizing a synchrotron-radiation
source with its appreciably higher beam intensity, the
need to use both grating and crystal monochromators to
detect signals from low-atomic-number-Z elements, and
the inconvenience of traveling to a synchrotron facility,
made it more advantageous to exploit the features of ex-
tended electron-energy-loss fine-structure (EXELFS)
spectroscopy using an available analytical electron micro-
scope.®®

EXELFS is the modulation in the differential
inelastic-electron-scattering cross section past an ioniza-
tion edge of a constituent element in a compound.*’ EX-
ELFS, in the case of forward scattering (k ~0, where k is
the electron wave vector), has the same physical origins,*!
contains the same kind of information, is described by the
same equation [see Eq. (1)], and can be analyzed in the
same way as EXAFS, using the formulation of Stern,
Sayers, and Lytle.3¢

The general method of EXELFS involves a monoener-
getic beam of electrons which passes through a thin
specimen. Electrons interact with atoms in the specimen
and are transmitted with a certain loss of energy indica-
tive of the interaction. With the aid of an electron spec-
trometer, one can study the energy-loss distribution of
the transmitted electrons.*? Since it is a direct measure-
ment of electron scattering, and because it exhibits a
one-to-one correspondence between atoms excited by in-
cident electrons and electrons having a characteristic en-
ergy loss (under the assumption of single scattering), EX-
ELFS is particularly appropriate for the study of light
elements,* such as the 188-eV B K edge. In this respect,
EXELFS spectroscopy complements and expands the
features displayed by its EXAFS counterpart, especially
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in compounds composed of both light and heavy constit-
uents, such as titanium diboride.

To extract information from the EXAFS and EXELFS
fine-structure spectra, the parameters from Eq. (1) are
used. For any given coordination shell j, the correspond-
ing expression,

NjAj(k)e—zkzaﬁe—zk

2
kR’

/A
X;(k)= /"sin(2kR; +9;) , (2)

can be extracted from the data following standard pro-
cedures.’®*3” Some of the parameters can be calculated
from theory —for instance, we can use theoretical values
for the atomic phase shifts given by Teo and Lee**— or
determined by experimental fitting procedures, but the
results are not always satisfactory. Fortunately, when
dealing with amorphous materials, we can use the crys-
talline compound as a standard.*® The chemical transfer-
ability of the phase shifts and backscattering amplitudes
is well established, since the local environment and chem-
ical state (local bonding) should not differ much between
crystalline and amorphous states.*® We would expect
however, some relaxation in the nearest-neighbor dis-
tances and a reduction in the coordination number.

Once we have obtained the X (k) functions for the stan-
dard, X,(k), and the unknown, X#(k), we can separate nu-
merically the phase factor for a particular shell,
®;=2kR;+38;(k), and take the difference, giving®’

®,(k)—d (k)=2k(R, —R,)+[8,(k)—8,(k)], (3)

but because phase shift due to atomic potentials, § j( k),
results from comparable chemical environments in the
amorphous and the crystalline state, the difference
8,(k)—58(k) is negligible. A plot of ®, —®, versus 2k
should therefore produce a straight line with a slope of
R, —R, and a zero intercept.

Similarly, isolating the amplitudes for the standard and
unknown, computing the ratio, and taking the logarithm
gives*®

uRs

NSRM

u

H

s

In =—2k2(0ﬁ—af)—%(Ru—Rs)+ln

’

4)

where H;=(N;A;/R;*)exp(—2k*s3—2R;/LA).  The
difference R;—R, is small compared to the mean-free-
path distance A, so that last term can be neglected. A
plot of In(H, /H,) versus k? should therefore produce a
straight line with a slope of 02 —02 and an intercept of
In(N, A,R2/N, A,R?). Using the transferability of the
backscattering amplitudes ( 4, ~ 4;), it is quite straight-
forward to deduce the coordination number N,.* This
technique is known as the ratio method and is outlined in
detail in Refs. 35-37, 45, and 50. Choosing a standard
with a known structure (crystalline TiB,) and a chemical
environment which is similar to that of the unknown
structure (amorphous TiB,) reduces reliance on the as-
sumption of transferability, and thus allows high accura-
cy to be achieved in the determination of structural pa-
rameters.

Experimentally, the EXAFS and EXELFS spectra ap-
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pear as low-intensity oscillations (relative to the jump at
the absorption or ionization edges) superimposed on the
smooth atomic background, which decays with increas-
ing energy above the edge. Typical “raw” EXAFS and
EXELFS spectra are shown in Fig. 1 (EXAFS for the Ti
K edge in crystalline TiB,,c-TiB,) and Fig. 2 (EXELFS
for the B K edge and Ti L edges in amorphous TiB,,a-
TiB,). These data have not been smoothed, or normal-
ized, nor has any background been removed. The figures
are only intended to illustrate the excellent signal-to-
noise ratio (> 300:1) of these data and the quality of ux,
where x is the thickness, for the EXAFS and the intensity
of the EXELFS spectra achieved from the samples.
These excellent signal-counting statistics are essential to
produce accurate results and extract correct structural
information.

The EXAFS and EXELFS interference functions X(k)
were extracted from the absorption and energy-loss spec-
tra, respectively, using standard procedures.’®*>*° The
zero of the photoelectron wave vector k was taken to be
4960 eV for the Ti K-edge and 188 eV for the B K-edge
spectra. Figures 3 and 4 show the X(k) function, weight-
ed by k for the EXAFS data and by k? for the EXELFS
data, respectively, of the Ti K edges and B K edges in
crystalline TiB, (standard) and amorphous TiB, (un-
known). Figure 3(c) is displayed to exhibit the effect of
the weighting scheme k", which is typically chosen so
that the relative importance of the various low-k and
high-k regions within the data is appropriately em-
phasized without severely distoring the amplitude en-
velope.

The magnitudes of the Fourier transforms or radial
distribution functions (RDF’s) give the locations and
coordination numbers of the surrounding atoms, as
shown in Figs. 5 and 6. When the phase shifts §;(k) are
not included in the transform, the peaks in the RDF’s are
shifted. By backtransforming the data over a particular
R-space window, the contribution from a single shell can
be extracted (Fig. 7). Representative R-space windows of
the first and second contribution shells are displayed in
Fig. 7(a) for the EXAFS Ti K edge in amorphous TiB,.
The result of this filtering is displayed in Fig. 7(b), where
we now show typical filtered single-shell X(k) data for the
first, X,(k), and second, X,(k), coordination shells sur-

= EXAFS from Crystalline TiB;

T (c-TiBy)
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FIG. 1. Typical “raw” x-ray-absorption data, showing EX-
AFS for the Ti K edge in crystalline TiB,. Data have not been
normalized, smoothed, or edited.
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EXELFS Spectrum of amorphous TiBy
B K edge (a-TiBy)
»
c
3
o
S
Ltz Lz

£ Ti L edges
2 W
[
E Ly

}

1

1 L 1 L N
I50 250 350 450 550 650 750 850

Energy Loss (eV)

FIG. 2. Typical “raw” electron-energy-loss data, showing
EXELFS past the B K edge and the Ti L edges in amorphous
TiB,. Spectra have not been normalized, smoothed, or edited.

rounding a titanium atom in amorphous TiB,.

Once the single-shell EXAFS and EXELFS data have
been isolated, the analysis becomes more specialized.
The next step involves breaking down the single-shell
X(k) data into phase and amplitude parts, then applying
the ratio method, as outlined previously in this section.
This allows one to compute In(H,/H,)=—2k*o?
—02)+In(N,R2/N,R}) and do=®,—b ,=2k(R,
—R;) for each pair of coordination shells, such as for the
titanium first coordination shell in amorphous TiB, (the
unknown, referred to by the subscript u) and crystalline
TiB, (the standard, referred to by the subscript s). By

0.4k @) EXAFS amorphous TiB,
) Ti K edge
L o2F [\
= A\
=< 00 A A
-0.2-/ \/
(b) EXAFS crystalline TiBp
041 Ti K edge
0.2} /\
E N
3
< 00 VAVAW/\\VJ\'A o~
-0.2—/
(c) EXAFS crystalline TiB,
oaf Ti K edge
ERN ¥
S AN a A
MIAVARAATRAY
-0.2+ -
1
|

40 60 I20

k (nm h
FIG. 3. Isolated EXAFS X(k)k" for the Ti K edge in (a)
amorphous TiB, (n =1), (b) crystalline TiB, (n =1), and (c)
crystalline TiB, (n =2), all at —195°C.

7337

0.4 EXELFS crystalline TiBy
B K edge

0.2+
0.0 /\J\/\/\
\/ \/ YV VUV

(b) EXELFS amorphous TiB»
B K edge

0.2+
= AW
= 00 A DA
=V

-0.2

-041 | 0 | I

40 50 60 70 80
k(nmi)

FIG. 4. Isolated EXELFS data X(k)k2 at —195°C for the B
K edge in (a) crystalline TiB, and (b) amorphous TiB,.

plotting d ®(k) versus k, the interatomic distance R, for
the coordination shell under consideration in amorphous
TiB, is determined from the slope of the straight line; R,
is calculated from crystallographic data for crystalline
TiB,. Debye-Waller—factor deviations Ao’=c2—02,
and consequently the structural disorder of atoms in
coordination shells of amorphous TiB, compared to the
crystalline standard, and the coordination numbers N,
are determined from the slope and intercept, respectively,
of the plot of In(H, /H,) versus k2.

(a) EXAFS crystalline TiBo
Ti-B_ _.
‘ Ti-Ti

0.4
R(nm)
(b) EXAFS amorphous TiBp
Ti-B
Ti-Ti

}

Radial Distribution Function F(R) (arb. units)

I f 1
0.0 0.2 0.4 0.6 08
R(nm)
FIG. 5. Fourier transform of EXAFS X(k) data from Ti K
edge in (a) crystalline TiB, (—195°C) and (b) amorphous TiB,
(—195°C).
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(a) EXELFS crystalline TiB,

0.4 0.6 0.8
R(nm)

EXELFS amorphous TiBy

Radial Distribution Function F(R) (arb. units)
o
o
o
N

| 1 1
0.0 0.2 0.4 0.6 0.8
R(nm)

FIG. 6. Fourier transform of EXELFS X(k) data from B K
edge in (a) crystalline TiB, (—195°C) and (b) amorphous TiB,
(—195°C).

Representative phase-difference curves and logarithm
(ratio of amplitude envelopes) plots are displayed in Figs.
8 and 9. Figure 8 shows the logarithms of ratio and
phase differences [Figs. 8(a) and 8(b), respectively] for the
titanium K-edge EXAFS X,(k) data, corresponding to
the first coordination shell around a titanium atom in
crystalline and amorphous TiB,. Figure 9 displays the
same information from the B K-edge EXELFS X,(k)

(a) EXAFS amorphous TiB,
Ti-B

(arb. units)

Radial Distribution Function F(R)

T R e ]
0.0 0.2 04 0.6 08
R(nm)
0.4}-(b) EXAFS amorphous TiB»
ﬁ!ma
0.0 A 5 :
-0.2

1 1 1 1 1
20 40 60 80 100 120
k(nm)

FIG. 7. (a) Typical backtransforming windows for first and
second shells in amorphous TiB, and (b) single-shell data after
backtransforming over a limited range in R space using the R
windows shown in (a).

data, corresponding to the first coordination shell sur-
rounding a boron atom in crystalline and amorphous
TiB,. Deviations of these curves from a straight line at
the high-k end of the spectrum are due to noise in the
data and to thermal vibrations. As mentioned earlier, the
latter were minimized by comparing data for the same
measurement temperature (—195°C). At the low-k end
of the spectrum (k <30 nm™') the nonlinearity observed
is attributed mainly to the failure of the EXAFS expres-
sion in the XANES—x-ray-absorption near-edge
structure—region, ~30-50 eV above the edge. These
deviations can be used to estimate the error in AR.

Most of the error in the structural determination pro-
cess is not due to counting statistics or measurement er-
rors, but instead arises from systematics introduced in
the analysis process or from inadequacies in the standard
EXAFS-EXELFS expression [Eq. (1)], as pointed out by
Stern et al.’® and Teo and Lee.** Systematic errors in the
analysis include uncertainties in the normalization, rela-
tive E, determination, background distortions introduced
by the Fourier filtering, and truncation effects in the
Fourier transform. These errors are considered as uncer-
tainties in our results, and their net effect is to make error
bars larger at the k;, and k_;, ends of the spectra. We
minimized these errors appreciably, however, by analyz-
ing the unknown and standard in exactly the same way,
and by using the ratio method, which tends to make er-
rors induced by systematics and by many-body effects
cancel 2%

al m

0.4} EXAFS Ti K edge
Crystalline TiB,/amorphous TiBj»

2n(H,/Hg)
o
@
T

O 1 1 1 1 1 1
0] 20 40 60 80 100 120 140
k(nm')
-1.5
]
= -2.5}-
Q
e
Y -3.5+
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(=)
-4.5
g EXAFS Ti K edge
S i . .
T 55 Crylsm hne; Tle/,amorplhous Tl|82 1
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k(nm")

FIG. 8. (a) Logarithm of of amplitudes (H, /H,) for the first
coordination shell around a Ti atom, from EXAFS Ti K-edge
spectra taken at —195°C, between crystalline TiB, and amor-
phous TiB,, and (b) the corresponding phase difference. The
relative energy zero between both samples, E,, has been adjust-
ed by 0.6 eV so that the phase intercept at K =0 passes through
a multiple of 2n (Refs. 36 and 45).
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FIG. 9. (a) Logarithm of ratio of amplitudes (H, /H,) for the
first coordination shell surrounding a B atom, from EXELFS B
K-edge spectra taken at —195°C, between crystalline TiB, and
amorphous TiB,, and (b) the corresponding phase difference.
The relative energy zero was also adjusted (by ~0.5 eV) so that
the phase intercept at k =0 passes through a multiple of 2n .

IV. RESULTS AND DISCUSSION

A. Transmission-electron-microscopy
and electron-energy-loss results

Although we expect the deposited film to have the
same stoichiometry as the target source, because TiB, va-
porizes congruently, it is quite straightforward to check
this expectation with quantitative EXELFS. The simpli-
city of such a task emphasizes one of the major advan-
tages of using high-energy electron instead of synchrot-
ron radiation to perform structural studies involving light
elements, namely the ability to image the irradiated area,
to obtain a selected-area diffraction pattern, and to per-
form quantitative analysis on the same instrument.®>!
The value thus obtained for the boron-to-titanium ratio
was 2.0610.10, compared with 2.00.

The x-ray-diffraction (XRD) scans of the film showed
that, in 15°-40° (20) region, only one very broad peak,
characteristic of amorphous structures, was detected.
This behavior is shown in Fig. 10. Figure 11 displays the
selected-area diffraction pattern of the same deposit, ob-
tained during EXELFS data collection. The micrograph
shows a few very diffuse rings, which is an additional in-
dication of the amorphicity of the films. The correspond-
ing bright-field image was uniform and featureless, with
no grains or microcrystallites detected. However, XRD

7339
LN S S S S B e S B S S B RN S B RN B ENE SN S B
XRD Spectrum of EBV Amorphous TiB»
©
c
=
g
2
»
<
3
(e}
(&)
TN WA U TN AN TN WORNN SRR WA AN SN SN SN (N TN SN N TR N SO A B I
10 15 25 30 35

20
26 (deg)

FIG. 10. X-ray-diffraction (XRD) curve for amorphous TiB,
film produced by EBV.

and selected-area diffraction patterns (SADP’s) failed to
provide any information on the existence and nature of
short-range order (SRO) in the amorphous structure, thus
underlying the importance of wusing EXAFS and
EXELFS to provide such structural knowledge.

B. EXAFS-EXELFS results

We were able to obtain structural information for
amorphous and crystalline TiB, systems with an appreci-
ably higher accuracy than what is typically achieved in
similar studies through the use of an absolute calibration
procedure presented initially by Boulding, Stern, Von
Roedern, and Azoulay.?"">? The first step in this ap-
proach consists of devoting extreme care to eliminating
experimental sources of error that include particle-size

FIG. 11. Selected-area diffraction pattern (SADP) of same
film as in Fig. 10 shows few very diffuse rings.
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and thickness effects, harmonic contamination in the x-
ray beam, etc. A second step involves selecting various
sets of experimental parameters and performing measure-
ments to deduce an optimum set—the one that yields the
highest signal-to-noise ratio and the best counting statis-
tics. Finally, a consistency check is carried out on a stan-
dard material with a known structure to determine the
magnitude of errors obtained in the compilation of typi-
cal structural parameters such as coordination number N,
structural disorder o?, etc., and a subsequent absolute
calibration of the whole procedure is carried out. We ap-
plied this process to three separate standards of crystal-
line TiB,, produced by three different experimental tech-
niques. Data for these standards were compiled repeat-
edly for the Ti K edge using EXAFS and the B K edge us-
ing EXELFS, for x-ray- and electron-beam voltages in
the range, respectively, 11-13 kV and 200-300 kV, and
the whole analysis was subsequently performed for each
individual run.

We begin our discussion of the EXAFS-EXELFS re-
sults with the experimental observation that truncation
ripples are more pronounced in the EXELFS than in the
EXAFS radial distribution function, F(R), as seen in
Figs. 5 and 6. These artifacts are due to the smaller k
range available for Fourier-transforming the EXELFS B
K-edge spectra than what is dispensible for the EXAFS
Ti K-edge spectra. Nevertheless, by choosing an ap-
propriate Fourier filtering function for analyzing the
EXELFS data, we were able to achieve an accuracy com-
parable to that of the EXAFS data.®

The most important observation in Figs. 5 and 6 is that
four coordination shells are evident in the radial distribu-
tion function about Ti for crystalline TiB, [Fig. 5(a)],
while only two are seen in the corresponding radial distri-
bution function of amorphous TiB, [Fig. 5(b)]. Similarly,
at least three coordination shells can be seen in the radial
distribution function about B for crystalline TiB, [Fig.
6(b)]. The Fourier transforms, therefore, not only agree
with the present authors’ x-ray- and electron-diffraction
findings (Figs. 11 and 12) on the amorphicity of the TiB,
films; more importantly, they provide accurate informa-
tion on the local structure and SRO of the films. Such in-
formation cannot be acquired by XRD and electron-
diffraction (ED) techniques. The EXAFS-EXELFS re-
sults show that the amorphous phase is not formed sim-
ply of random arrangements of Ti and B atoms that are
distributed in a statistical manner in space. Instead, a
certain degree of short-range order, which probably plays
an important role in defining the properties of amorphous
TiB,, does exist.

The first stage of our study involved employing EX-
AFS and EXELFS to investigate the conditions for
electron-beam vaporization of amorphous TiB, as a func-
tion of the EBV deposition parameters (electron-beam en-
ergy, power rating, etc.). Using structural information
provided uniquely by EXAFS and EXELFS, a set of opti-
mized experimental conditions for producing amorphous
TiB, was then determined. Emphasis was placed on
selecting that combination of EBV parameters that would
yield a SRO in the amorphous phase with the least nanos-
tructural disorder o in atomic positions. We believe
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that the stability of the amorphous structure is strongly
dependent on the nature and degree of such disorder and
that minimizing o2 is crucial in enhancing such stability.

For this purpose, electron-beam (EB) vaporization of
amorphous TiB, was carried out with the EBV voltage
set at, for different deposition runs, values ranging from 6
to 9 kV. The power rating was also varied, for each indi-
vidual setting of the EB voltage, between 20 and 40 kW
in a stepwise manner at 2-kW intervals. The substrates
were kept at all times at liquid-nitrogen temperature.
The whole EXAFS-EXELFS analysis was subsequently
performed for each amorphous film produced, and corre-
sponding radial distribution functions F(R), coordina-
tion numbers N, radial distances R, and static disorder
factors o2 were deduced for the titanium and boron con-
stituents. The data were then compared to those from
crystalline TiB,, used as a standard, and from the other
amorphous TiB, films. Finally, XRD scans and ED mi-
crographs were collected for each amorphous film pro-
duced.

No differences were detected in the amorphous phase
for all the EBV-produced TiB, films when examined by
x-ray and electron diffraction. The XRD scans exhibited
the same very broad peak as in Fig. 10, while the ED pat-
terns displayed diffuse, broad halos similar to those in
Fig. 11, with both results being characteristic of amor-
phous systems.

The EXAFS and EXELFS results, on the other hand,
showed some interesting changes in the SRO and in the
degree of disorder, 0,2,, of the atomic positions in the
amorphous phase with variations in the EBV deposition
parameters. In Fig. 12 we display representative curves
of Ao?=02—0? for the first coordination shell surround-
ing a Ti atom in amorphous TiB, films, produced with
different depostion parameters, as a function of EB volt-
age and power rating. The standard used in all these
computations is crystalline TiB,. The observed behavior,
which was also exhibited by the second titanium coordi-
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FIG. 12. Change in structural disorder, Ao?, of the first coor-
dination shell surrounding a Ti atom in amorphous TiB,, rela-
tive to its counterpart in crystalline TiB,. Ao? is plotted as a
function of the EBV power rating for an electron-beam voltage
of (a) 6 kV, (b) 7kV, (c) 8 kV, and (d) 9 kV.



nation shell and by both boron coordination shells in
amorphous TiB,, is that the degree of disorder in the
atomic positions with respect to their crystalline counter-
parts tends to decrease appreciably with increasing EB
voltage and power rating. This observation seems to in-
dicate that an amorphous phase with higher stability is
achieved with increased EB voltage and power rating.

By examining the corresponding radial distribution
functions E (R), however, we found that for the amor-
phous films produced with a 9-kV electron beam at a
power rating about 30 kW, a third titanium and boron
coordination shell starts to appear, as can be seen in Fig.
13. This result seems to indicate that at the higher beam
energy and power rating a modified structure with longer
range order, the so-called medium-range order,? starts to
form. It is suggested that this transition from short- to
medium-range order—which could be viewed as the
threshold for the amorphous-to-crystalline transition—
might be attributed to the higher thermal energy avail-
able for the vaporized atomic species, namely titanium
and boron, at the increased EB voltage and current,
which allows migration (atomic rearrangements) to a
more ordered phase, and, ultimately, to the crystalline
form.

From these observations, two sets of optimum deposi-
tion parameters can be proposed for the EBV deposition
of a stable amorphous TiB, phase, namely 8 kV with
30-40 kW, or 9 kV with 25-30 kW. Lower voltages and
currents lead to a highly disordered amorphous structure
(see Fig. 13), while higher values lead to medium-range
order and possibly crystallization.

The next stage of our analysis involved using the ratio

(a) Ti-8 EXAFS amorphous TiB;

| 1 I
0.2 04 0.6 0.8
R(nm)

EXELFS amorphous TiBp

Radial Distribution Function F(R) (arb. units)
o

B-B
B-Ti
B-B
! | )
(e} 0.2 04 0.6 0.8
R (nm)

FIG. 13. Typical (a) Ti EXAFS and (b) B EXELFS radial
distribution functions F(R) for an amorphous TiB, film pro-
duced at high EB voltage (9 kV) and increased power rating
(> 30 kW). A third coordination shell around Ti and B can be
detected indicating a transition from short- to medium-range
order.
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method, with crystalline TiB, as a standard, to establish a
detailed understanding of the nature of the SRO and to
derive accurate information on the coordination number,
interatomic distances, and structural disorder for “stan-
dard” amorphous TiB, films. The films examined are
those produced with optimum deposition parameters.

A structural model consistent with the data could be
generated by reference to the crystal structure. The crys-
tal structure of TiB, is hexagonal with ¢=0.3028 nm and
¢=0.3228 nm; Ti atoms form a simple hexagonal lattice,
while B atoms occupy +(2,—2,0,3) positions, forming
basal planes similar to basal planes in graphite.

The crystalline TiB, structure gives the coordination
shells listed in Table I. The second coordination shell for
Ti includes the six Ti atoms at a=0.3028 nm and the two
Ti atoms at ¢=0.322 nm, giving an average distance of
(6a +6¢)/8=0.3078 nm. In this context the criterion we
are using in defining a coordination shell is based on the
common convention that if atoms are separated well
enough that their transforms in R space show clearly
separated peaks, the atoms are considered to be in
different coordination shells; otherwise they are con-
sidered to be in the same coordination shell. In practice,
this criterion means that atoms more than 0.06 nm apart
are considered to be in separated shells.*¢

From the backtransform, coordination shells for the
amorphous state are determined. The corresponding
coordination numbers and radial distances are also listed
in Table I for the Ti and B atoms. There is a general re-
laxation in the interatomic distances and a reduction in
the coordination numbers for amorphous TiB,. The
difference in structural disorder parameters o2—o?2
[slope of curves in Figs. 8(b) and 9(b)] also shows a disor-
dering trend in going to the amorphous state. In the
latter, a fractional coordination number can be interpret-
ed as the average number of atoms occupying a given
shell. Since the fundamental structural units in an amor-
phous solid tend to be arranged so as not to fill space
completely, the mismatch in arranging these units might
result in a different number of, or a different spacing for,
neighboring atoms about some of the reference atoms.

A model can now be proposed for the local structure of
amorphous TiB,. The basic unit in the crystalline state is
a prism which has nearly square faces. In the crystal,
these units are arranged to fill all space as shown in Fig.
14(a). In the formation of the amorphous state, however,

TABLE 1. Interatomic distances and coordination numbers
for crystalline and amorphous TiB,.

Boron
Distance (nm)

Titanium

Coord. no. Distance (nm) Coord. no.

Crystalline TiB,

12 B 0.2337 3B 0.1748

6 Ti 0.3028 6 Ti 0.2337

2 Ti 0.3228 6B 0.3028

12 B 0.3851 2B 0.3228
Amorphous TiB,

103 B 0.2355(7) 26 B 0.1754(8)

7.3 Ti 0.3275(10) 53 Ti 0.2520(9)
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FIG. 14. (a) In crystalline TiB, the basic structural unit is
prismatic. The prismatic units are arranged with their ¢ axis
(vertical direction) parallel; (b) the basic structural unit that
seems to exist in amorphous TiB,. Long-range order is not re-
tained, however, and these units are believed to be randomly ar-
ranged in space.

rapid cooling reduces the probability of diffusional jumps
required to form the equilibrium phase; individual atoms,
upon reaching the substrate, instead build a modified lo-
cal structural unit, as shown in Fig. 14(b). In this pro-
posed model, relaxation of bonds in the basal plane (a
direction) leads to a close correspondence with the bond
length in the prismatic plane (¢ direction)—a difference
of only 0.02 nm originally. This value for the required re-
laxation is approximately what is derived from the
EXAFS-EXELFS data. The model, though consistent
with the data, is possibly not the only one to fit the data.
It needs to be tested by computer simulation, and others
may be proposed later in our ongoing investigation. We
offer the present model at this preliminary stage of the
analysis as one which can rationalize the EXAFS-
EXELFS radial distribution functions, F(R).

A problem, however, is associated with the use of the
ratio method to derive structural information from sys-
tems where a small separation in R space (> 0.06 nm) ex-
ists between contributing shells of identical atoms. This
is the case, e.g., in crystalline TiB,, where a separation of
~0.02 nm is observed between the second and third
shells surrounding a Ti atom. The Fourier transform
cannot resolve this separation, which leads to a modula-
tion of amplitude and phase that are not included in the
ratio method. Consequently, the coordination number
and radial distance for the second shell surrounding a Ti
atom in amorphous TiB, might have larger error bars
than those listed in Table I—where we list uncertainties
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from systematic errors in the analysis, such as relative E|,
determination, truncation effects in the Fourier trans-
form, etc.

For this reason, a deconvolution of the second Ti shell
is needed to obtain more accurate phases and amplitudes,
and a curve-fitting technique should show details from
the subshells in crystalline TiB, and detect their ex-
istence, if any, in amorphous TiB,. The EXAFS beats
method, proposed by Martens, Rabe, Schwentner, and
Werner,> seems to be the correct approach. It uses the k
values from the extrema in the envelope function and
from the inflection points of the phases to calculate the
separation of subshells without knowledge of the scatter-
ing phases. We will apply this technique at a later stage
of our ongoing analysis of amorphous TiB,.

V. CONCLUSIONS

In summary, we note the following.

(1) Amorphous films of TiB, can be prepared by
thermal vaporization of the solid compound onto sub-
strates kept at liquid-nitrogen temperature.

(2) The radial distribution function for neighboring
atoms about titanium in amorphous and crystalline TiB,
can be determined by EXAFS and the radial distribution
function about boron in amorphous and crystalline TiB,
by EXELFS. The results showed that the amorphous
phase, instead of being characterized by complete ran-
domness, includes some kind of short-range order which
extends to the second coordination shell surrounding a Ti
or B atom.

(3) There is a general relaxation in the atomic spacing
and a reduction in the number of atoms within the coor-
dination shells for amorphous TiB, as compared to crys-
talline TiB,.

(4) The EXAFS and EXELFS results are consistent
with a SRO model of the amorphous form of TiB, at this
initial stage of our study. The model consists of prismat-
ic structural units on the atomic scale which are similar
to those found in the hexagonal crystalline form, but
which are rotated and relaxed such that prismatic faces
match basal planes. It is possible that this model is not
the only one which fits the data, and other models might
be proposed at a later stage of our ongoing study.

(5) By examining amorphous TiB, films produced by
EBV with different deposition parameters (EB voltage,
power rating) using EXAFS and EXELFS, sets of opti-
mized experimental conditions for obtaining a stable
amorphous phase were determined. These parameters
consisted of a beam voltage of 8 kV with a power rating
in the range 30—40 kW, or a beam voltage of 9 kV with a
power rating in the range 25-30 kW. A highly disor-
dered amorphous structure was produced at lower EB
voltages and power ratings, while higher deposition pa-
rameters led to medium-range order and possible crystall-
ization.
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FIG. 11. Selected-area diffraction pattern (SADP) of same
film as in Fig. 10 shows few very diffuse rings.



