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Abstract Using a combination of scanning electron mi-
croscopy, transmission electron microscopy (TEM), X-ray
diffraction and X-ray photoelectron spectroscopy (XPS),
we made a comparative study of the high-temperature
annealing impact on thin titanium deuteride (TiD,) films
covered by an ultrathin Pd layer, and on Ti/Pd bilayer films.
The bilayer films were prepared under ultrahigh vacuum
conditions and were in situ annealed using the same anneal-
ing procedure. It was found that the surface and the bulk
morphology of both films undergo different annealing-
induced transformations, leading to an extensive intermix-
ing between the Ti and Pd layers and the formation of a
new PdTi, bimetallic phase. Energy-filtered TEM imaging
and energy-dispersive X-ray spectrometry analysis, as well
as XPS depth profiling all provided evidence of a different
distribution of Pd and Ti in the annealed TiD,/Pd film
compared with the annealed Ti/Pd film. Our results show
that thermal decomposition of TiD,, as a consequence of
annealing the TiD,/Pd film, modifies the intermixing
process, thereby promoting Ti diffusion into the Pd-rich
top layer of the TiD,, film and thus providing a more likely
path for the formation of the PdTi, phase than in an
annealed Ti/Pd film.
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Introduction

Thin Ti/Pd bilayer films can be applied as hydrogen storage
material used in catalytic or energetic reactions [1-3]. Thin
Ti films are able to form relatively stable titanium hydrides
[4-8] and the Pd top layer can protect the titanium hydride
material against destructive air interaction [9, 10]. In a
previously published paper [10] we presented the results of
an extensive structural and chemical characterization of
titanium deuteride (TiD,) films prepared in ultrahigh
vacuum (UHV) and in situ covered by a thin evaporated
Pd layer (TiD,/Pd). Evolution of hydrogen from such
systems is in practice usually realized at elevated temper-
atures, where both chemical and structural transformations
of the TiD,/Pd film can be expected to occur as the result of
high-temperature annealing and simultaneous decomposi-
tion of the TiD,. With the application of such films as
deuterium storage material in mind, a structural and
chemical characterization of TiD,/Pd films after thermal
decomposition of the deuteride is highly desirable. Two
important questions arise: (1) What will be the tendency of
the structural changes of the TiD,/Pd film towards high-
temperature annealing? (2) Would decomposition of deu-
teride by thermal annealing also affect additionally the
structural rearrangement of a Ti/Pd bilayer film? In order
to elucidate these points, we performed an experimental
investigation using transmission electron microscopy
(TEM) in combination with energy-filtered TEM (EF-
TEM) and energy-dispersive X-ray spectrometry (EDX),
scanning electron microscopy (SEM), X-ray diffraction
(XRD) and  X-ray photoelectron spectroscopy (XPS). A

@ Springer



1490

Anal Bioanal Chem (2007) 389:1489-1498

comparative study of two types of bilayer films, Ti/Pd and
TiD,/Pd, which underwent a similar annealing procedure,
was performed. As we will show, in this way we are able
to better characterize the structural variations originating
from both high-temperature annealing and deuteride
decomposition.

Experimental

Ti films on the order of 100-200-nm thickness were
deposited onto a quartz substrate kept at 273 K within a
glass UHV system [11], at a pressure of 1 x10~’ Pa or less,
by evaporation of a fine wire (Johnson-Matthey grade I)
wound around a tungsten heater. After evaporation, the
films were annealed for 60 min at 650 K. The TiD, films
were prepared in situ by volumetrically controlled D,
sorption on the annealed Ti films at 300 K [12]. Both Ti
and TiD, films were then covered by evaporation of a 10—
12-nm-thick Pd layer and were subsequently annealed
following the same heating scheme: (1) heating from room
temperature to 800 K at a heating rate of 50 K/min, (2)
maintaining them at 800 K for 2 h, and (3) cooling from
800 K to room temperature at a rate of 20 K/min. The
decomposition of TiD,, as a result of the annealing of the
TiDy/Pd films was also monitored in situ by thermal
desorption [13]. The preparation procedure was repeated
in situ each time for a new sample. In this way we were
able to prepare specimens representative of the Ti/Pd and

Fig. 1 Scanning electron
microscopy images of a a
150-nm-thick Ti film covered by
a 10-nm-thick Pd layer, before
annealing (surface view), b a
100-nm-thick TiD,, film covered
by a 10-nm-thick Pd layer,
before annealing (cross-section
view), ¢ sample in a after
annealing (surface view, normal
direction) and d sample in b
after annealing under similar
conditions as in ¢ (surface view,
normal direction)

@ Springer

TiD,/Pd films prior to annealing and after annealing,
respectively.

Morphological examination of all films was performed ex
situ in separate analytical systems. TEM analyses were carried
out with a Philips CM300ST-FEG instrument which was
equipped with a Gatan Tridiem energy filter and a Thermo
Fisher Noran System Six EDX analyzer with a nanotrace
EDX detector. The TEM specimens of the analyzed films
were prepared in cross section according to the recipe
described in [14]. Cross-sectional TEM (XS-TEM) as well
as energy-filtered TEM (EF-TEM) analyses were used to
obtain information regarding the bulk structure of
corresponding films, while selected area diffraction (SAD)
analysis allowed the crystal phases in the bulk of TiD,/Pd
and Ti/Pd films after annealing to be identified. EDX
analysis, used in conjunction with TEM, allows quantifica-
tion of the relative elemental concentration distributed in
selected interface areas of the bilayer films. The surface
morphology of all films was revealed using SEM analysis
(LEO Gemini 1550 FEG), whereas the crystalline phase
characterization of annealed films was realized using XRD
(Siemens D 5000 diffractometer).

Additional chemical characterization of the annealed Ti/

Pd and TiD,/Pd films was carried out using XPS (PHI
Quantera scanning X-ray microprobe). For calibration of
the energy scale of the instrument, the work function of the
spectrometer was determined by setting the binding energy
(BE) values of Au 4f7,, Ag 3ds,, and Cu 2p;, for cleaned
gold, silver and copper to 83.9, 368.3 and 932.7 eV,
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respectively [15—17]. The XPS spectra were recorded using
an Al anode (beam diameter 100 um, power 25 W). XPS
sputter depth profiling was done using a 2-keV argon ion
beam, a sputter area of 3x3 mm and a sputter rate of
4.7 nm/min, calibrated on a 100-nm-thick SiO, layer
thermally grown on a Si substrate. Elemental quantification
was done with standard single element sensitivity factors
using CasaXPS software. The photoelectron peaks consid-
ered were O 1s, Pd 3d and Ti 2p.

Results and discussion
SEM analysis of film surface morphology

Figure 1 shows SEM images of the Ti/Pd and TiD,/Pd film
surfaces (Fig. la,b, respectively) and the corresponding
film surfaces viewed after a similar annealing procedure
(Fig. lc,d, respectively).

A homogenous granular structure with a grain size of
2040 nm can be observed on the Ti film covered by a 10—
12-nm-thick Pd layer (Fig. la). However, in the cross-
sectional SEM image of the Pd/TiD,, layer (Fig. 1b) one can
observe a rough surface, superimposed on a fine-grained
structure, which is determined by the grain distribution
within the bulk of the TiD,, film.

A distinct change in the morphology of both film
surfaces was observed after annealing. The Ti/Pd films
exhibit a fibrous grain transition structure (Fig. 1c), whereas
the TiD,/Pd film, in which the annealing is accompanied by
decomposition of the TiD, phase, reveals a distinct surface
structure with polygonal clusters with sizes between
approximately 40 and 200 nm (Fig. 1d). This is most likely
the result of the aggregation of smaller grains. The
appearance of a specific fibrous structure of the annealed
Ti/Pd film can be associated with a transition structure
consisting of densely packed fibrous grains, which was
specified in a structure zone model (SZM) developed by
Thornton [18]. This model describes the film morphology
as a function of the ratio of the specific substrate
temperature (7;) and melting temperature (7},). According
to this model the fibrous structure is suggested to occur at a
TJ/T, ratio of 0.1-0.5. Considering our experimental
conditions during the Ti/Pd film annealing (7,=800 K,
Tm(Pd)=1828 K [19] and T7,,(Ti)=1941 K [19]), we can
estimate this ratio to be about 0.4 for both metals, which is
consistent with the SZM prediction.

XRD analysis
Figure 2 shows XRD diffractograms taken from Ti/Pd and

TiD,/Pd films before and after annealing, all experimental
procedures being performed under similar experimental
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Fig. 2 X-ray diffraction (XRD) patterns of a 100-nm-thick TiD,, film
covered by a 10-nm-thick Pd layer before (a) and after (b) annealing,
The corresponding XRD patterns for a 150-nm-thick Ti film covered
by a 10-nm-thick Pd layer, taken before and after annealing under
similar conditions as in spectrum b, are shown in spectra ¢ and d,
respectively

conditions. By analyzing the XRD patterns, we character-
ized the bulk film morphology from a rough estimation of
the grain size as determined from the full width at half
maximum (FWHM) of XRD peaks using the Scherrer
formula [20]:

L =KA/(f cosb) (1)

where L is the mean crystallite size, K is a shape constant
(approximately 0.9), A is the wavelength of the X-ray
radiation, 3 is the FWHM of the diffraction peak and 6 is
the Bragg angle of diffraction. Table 1 shows the results of
this analysis.

It can be seen from Fig. 2 that the recorded spectra do
not indicate any detectable titanium oxide phase, confirm-
ing the good protection properties of the Pd layer against
destructive air interaction [9, 10]. The XRD pattern for the
TiD,/Pd film (spectrum a) exhibits a face-centered cubic
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Table 1 Mean crystallite size evaluated from the X-ray diffraction
patterns of a 150-nm-thick Ti film and a 100-nm-thick TiD,, film, both
covered by a 10-nm-thick Pd layer, before and after annealing (see
Fig. 2) using the Scherrer formula [20]

Material Mean crystallite size (nm)

Ti/Pd film (prior to annealing) 40.1+0.3 (Ti, Pd)
7.0+0.3 (PdTiy)
24.2+1.0 (Ti)
20.8+0.7 (PdTi,)
12.1£0.3 (TiD,)
10.8+0.3 (Pd)
32.0+0.1 (Ti)

23.74+0.7 (PdTi,)

Ti/Pd film (after annealing)
TiD,/Pd film (prior to annealing)

TiD,/Pd film (after annealing)

(fcc) CaF,-like structure of the TiD,(d-phase TiD,) [21]
with a dominant (111) orientation and a distinct fcc Pd
phase [21]. Upon annealing, the TiD,/Pd film undergoes a
structural transformation (spectrum b). A new tetragonal
bimetallic PdTi, phase [21] appears in addition to the Ti
hexagonal close packed (hcp) phase [21]. The same PdTi,
phase grows within the Ti/Pd film as a result of annealing
(spectrum d). The annealing process is accompanied by
significant changes in the size of the crystallites forming the
crystalline phase in both Ti/Pd and TiD,/Pd films. The
mean size of the PdTi, and Ti crystallites was found to be
relatively larger in the annealed TiD,/Pd film than in the
corresponding Ti/Pd film (Table 1). This tendency was also
observed by SEM (Fig. 1), reflecting the surface morphol-
ogy variations of both films due to annealing.

The question arises of what the relative contribution of
PdTi, is in the crystalline phase of the annealed TiD,/Pd
film compared with the corresponding Ti/Pd film. To
consider this point more quantitatively, we compared the
XRD peak areas evaluated for the Ti and PdTi, phases in
both annealed films. The relative ratio of the XRD peak
areas attributed to the PdTi, and Ti phases was calculated to
be 0.7 and 2.0 for the annealed Ti/Pd (Fig. 2, spectrum d)
and TiD,/Pd (Fig. 2, spectrum b) films, respectively. This
indicates that the relative contribution of PdTi, in the
crystalline phase of the annealed TiD,/Pd film is signifi-
cantly higher than in the corresponding Ti/Pd film.

The XRD pattern of the annealed TiD,/Pd film (Fig. 2,
spectrum b) reveals the most relevant peaks, which can be
attributed to the tetragonal PdTi, phase [(103) and (110)],
as well as a low-intensity (004) peak. However, in the
annealed Ti/Pd film (Fig. 2, spectrum d) no PdTi, (004)
peak was detected. The absence of this diffraction peak is
likely to be due to a partial distortion of the PdTi, phase,
which is formed in coexistence with the Ti hep phase, and
indicates that the path of annealing-induced formation of
the PdTi, phase in the Ti/Pd film is different from that in
the TiD,/Pd film.
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It is interesting to note that a weak PdTi,(103) peak is
already observed in the XRD spectrum of the Ti/Pd film
before annealing (Fig. 2, spectrum c); this spectrum can be
characterized by a relatively small Pd(111) peak and
absence of the Pd(200) peak. The result supports the idea
that the fcc Pd structure becomes significantly distorted
already during low-temperature evaporation of Pd on the Ti
film because of PdTi, phase growth initiation. The
crystalline Pd fraction of the bimetallic film is reduced by
interaction with Ti owing to the formation of an amorphous
bimetallic phase within the Pd-Ti interface region. A
similar phenomenon was observed by Tadayyon et al. [22]
in sputter-deposited Pd/Ti multilayer films. The authors
showed that an amorphous phase is formed in the interface
region even for deposition at room temperature, and that the
amorphization also proceeds during postdeposition anneal-
ing at 573-623 K. According to their model [22], the
thermodynamic driving force for the reaction between
crystalline Pd and Ti layers to form the amorphous alloy
is the result of a large negative heat of mixing of both
metals [22]. In our case the annealing of the Ti/Pd film was
performed at higher temperature (800 K), in which the
amorphization of the Ti and Pd crystalline phases within the
Ti-Pd interface, observed prior to annealing (Fig. 2,
spectrum c¢), is followed by a high-temperature-induced
recrystallization of the Ti phase and intensive growth of the
new PdTi, crystalline phase. The recrystallization process
leads to an increase of all XRD peaks of the annealed Ti/Pd
film (Fig. 2, spectrum d). The analysis of the XRD patterns
recorded for the Ti/Pd films prepared prior to annealing
(Fig. 2, spectrum c) and processing by annealing (Fig. 2,
spectrum d) reflects a significant growth of the PdTi,
crystallites after annealing (compare the mean crystallite
size of PdTi, in the Ti/Pd film prior to and after annealing,
presented in Table 1).

XS-TEM analysis

Figure 3 shows low-magnification TEM cross-sectional
images of TiD,/Pd (Fig. 3a) and Ti/Pd (Fig. 3b) films, both
annealed under the same experimental conditions. The
images reveal a complex bulk structure containing distinct,
randomly distributed crystallites in addition to disordered
regions, which can be ascribed to the formation of an
amorphous phase in both films. In a previous paper [10],
we showed similar amorphous structures appearing within
the interface region of the Pd/Ti bilayer films evaporated at
room temperature.

In order to obtain information on the microstructure of
both annealed films SAD analyses were carried out on the
cross-section planes. Figure 3c and d shows a quarter-
section representation of the SAD pattern from the annealed
TiD,/Pd and Ti/Pd films, respectively. All SAD recordings
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Fig. 3 Low-magnification transmission electron microscopy (TEM)
cross-sectional bright-field images of the annealed TiD,/Pd (a) and Ti/
Pd (b) films. The selected area diffraction patterns recorded on the
annealed TiD,/Pd and Ti/Pd areas are shown in ¢ and d, respectively,
in a quarter-section representation, together with the assignment of the
most relevant low-index Miller planes of the diffraction spots

show the diffraction spots to lie on artificial concentric
circles (semitransparent gray circle sections drawn on SAD
spot patterns). From a direct measurement of the radius
between the central spot and the relevant diffraction spots
lying on these artificial concentric circles, the Miller index
planes can be determined. This allows the crystallographic
planes belonging to Ti hcp [21] and tetragonal PdTi, [21]
structures to be identified. For an assignment of the most
relevant low-index Miller planes, see Fig. 3¢ and d.

EF-TEM and EDX analysis

EF-TEM analysis on the cross-section planes was carried
out in order to reveal the relative distribution of Ti and Pd
atoms as a result of annealing the Ti/Pd and TiD,/Pd
films. In Fig. 4 the results of such analysis, performed on
both films, are presented. In the left column a high-
magnification XS-TEM image of the Ti/Pd film is shown
together with the associated EF-TEM elemental mapping
images of Pd (M, s edge) and Ti (L, 5 edge). The elemental
distribution is marked in white color. In the right column the
corresponding images for the TiD,/Pd film are compared.
EF-TEM analysis reveals that an extensive intermixing
process between the Ti and Pd layers forming the bilayer

films occurs as a result of the annealing process. The range
of major Pd atom penetration into the Ti and TiD, layers,
revealed by the EF-TEM mapping images (Fig. 4), is on the
order of 25-40 nm for both annealed films, which is much
larger than the thickness of the deposited Pd layer
(approximately 10 nm) covering both the Ti and the TiD,,
films prior to annealing [10]. Such a significant spread of
the Pd-Ti intermetallic phase within bilayer films can be
explained in terms of high-temperature-induced interdiffu-
sion processing [23]. To consider this point we can estimate
the length of the diffusion zone (Lg;) for Ti and Pd within
the Pd-Ti interface, which is available from the annealing
time (7qirr), using the simple relation rdiff:(Ldiff)z/Ddiff,

Ti/lPd

TiD,/Pd

Fig. 4 Energy-filtered TEM analysis of the Ti/Pd (lefi column) and
TiD,/Pd (right column) films after a similar annealing procedure (see
text for details). The bright-field cross-sectional TEM images of both
films are presented at the top of each column. The spots marked /—6
show the areas analyzed by energy-dispersive X-ray spectrometry
using a focused primary electron beam of 3.5-nm diameter. Below the
cross-sectional TEM images are shown the associated elemental
mapping images of Pd (M, s edge) and Ti (L, 5 edge). The elemental
distribution is marked in white
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where Dy 1s a diffusion coefficient determined for each
metal at the annealing temperature. Taking the literature
value of Dy for Pd and Ti diffusion in Pd/Ti bilayer films
to be 1.2x107'? and 1.7x107" m* s™', respectively [23],
and Tg4s=2 h, we can estimate Lgier to be 29 and 35 nm,
respectively, for the Pd and Ti diffusion zone. These values
are in agreement with our EF-TEM results.

Close inspection of the EF-TEM images in Fig. 4 shows
also that Ti atoms seem to penetrate more extensively into
the Pd-rich layer of the annealed TiD,/Pd film than into the
Ti/Pd film. Compare, e.g., the intensity of the white dots in
the two Pd mappings; the higher the intensity, the higher
the relative concentration of Pd in this layer, and conse-
quently the lower the concentration of Ti. The Pd-rich layer
of the TiD,/Pd film shows darker regions in the Pd map
than that in the Ti/Pd film. The intensity of the Ti signal in
the corresponding Ti mapping of the TiD,/Pd film is, on the
other hand, on average slightly higher than in the Ti/Pd
film. This result suggests that high-temperature-induced
decomposition of deuteride modifies the interdiffusion
process, promoting more Ti diffusion into the Pd-rich top-
film region and making it more likely that a PdTi, phase is
formed. In order to verify this observation EDX analysis
was carried out within the top-layer film area of both films.
On six different spots of each film, lying at a similar
distance from the top of the film in cross section, a local
EDX analysis was carried out using a focused primary
electron beam of 3.5-nm diameter. The measured spots in
Fig. 4 are marked with numbers 1-6. The EDX analysis
results for all spots are summarized in Table 2. EDX
quantification using the thin-film approximation (standard-
less quantification routine according to the Cliff-Lorimer
approximation without absorbance), performed as an

Table 2 Energy-dispersive X-ray spectrometry analysis results for the
selected areas of the annealed Ti/Pd and TiD,/Pd films

Sample Area Ti-to-Pd ratio (atom %)

Ti/Pd film (after annealing) 1 1.33
2 1.44
3 1.33
4 1.27
5 1.38
6 1.22
TiD,/Pd film (after annealing) 1 0.82
2 1.33
3 0.89
4 1.63
5 0.33
6

11.50

The measured areas are marked in Fig. 4 with numbers (1-6) for each
film. The analysis was carried out using a focused primary electron
beam of 3.5-nm diameter
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average for six measured spots (see the results in Table 2),
reveals the Ti-to-Pd ratio to be 1.340.1 for the Ti/Pd film.
A strong variation in the Ti-to-Pd ratio was, however, found
within the top layer of the annealed TiD,/Pd film. The Ti-
to-Pd ratios were estimated to be in the range 0.3—-11.5
(Table 2). Such strongly varying ratios can be the result
of significant TiD,, film surface roughness, leading to
TiD,~Pd interface irregularities, subsequently affecting the
area within the Ti diffusion zone in the Pd top layer. To
obtain an average value of the Ti-to-Pd ratio in the annealed
TiD,/Pd film we measured the EDX signal using a
defocused circular-shaped electron beam until the entire
film from top to bottom in cross section was included in the
analysis. The total Pd intensity EDX signal was then
compared with the Ti intensity measured locally along the
Pd-Ti intermetallic zone layer (see the EF-TEM mapping
images in Fig. 4). The average Ti-to-Pd ratio evaluated in
this way was 2.3. The results of these calculations confirm
more extensive Ti atom penetration within the Pd top layer
of the TiD,/Pd film than in the Ti/Pd film. It is also relevant
to point out that the roughly evaluated Ti-to-Pd ratio from
EDX is in reasonable agreement with the stoichiometry of
the PdTi, compound.

XPS analysis

The chemical nature of the components formed within the
surface region of the annealed Ti/Pd and TiD,/Pd films was
investigated by means of XPS. Figure 5 shows a set of Pd
3d (panel a), Ti 2p (panel b), O 1s ( panel ¢) and valence
band (panel d) XPS spectra presented for both films. All
these spectra were recorded after the films had been etched
with argon ions for 2 min to remove the air contaminants.
As can be seen, the XPS spectra do not reveal any chemical
differences in the surface and subsurface regions between
the two systems.

In Fig. 6, Pd 3d (panel a) and Ti 2p (panel b) spectra of
the annealed TiD,/Pd film recorded before and after argon
ion etching are compared with the corresponding XPS
spectra collected on separate pure Pd and Ti films. In this
way we can better investigate the shift in the BE of Ti and
Pd peaks as a result of annealing the TiD,/Pd film, so that
the chemical nature of the intermetallic compounds formed
within both annealed bimetallic films can be identified
more accurately.

The Pd 3d XPS spectrum (Fig. 6, panel a) of the “as
received” annealed TiD,/Pd film (spectrum 1) is character-
ized by a doublet in the Pd 3d spectrum (Pd 3ds, peaks
positioned at BE=335.7 and 336.5 eV and corresponding
Pd 3d;,, peaks at BE=340.9 and 341.7 eV, respectively).
This spectrum is accompanied by the O 1s XPS spectrum at
BE=530.0 eV (spectrum 1 in Fig. 6, panel c) and the Ti 2p
XPS spectrum formed by a Ti 2p5/, peak at BE=459 eV and
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a Ti 2p;» peak at BE=464.7 eV (spectrum 1 in Fig. 6,
panel b), which is indicative of heavy contamination with
TiO, [24] and PdO [24]. After a short argon ion sputter
cleaning cycle, only a single Pd 3ds, peak emerges,
increasing at BE=336.5 eV (spectrum 2). Therefore, we
can ascribe the Pd 3ds, peak at BE=335.7 ¢V to surface
palladium oxide. When the Pd 3ds,, peak at BE=336.5 eV
(spectrum 2 in Fig. 6, panel a) is compared with the
corresponding peak from the pure Pd film (spectrum 3 in

525 530 535

540 545

Binding energy (eV)

Fig. 6, panel a), the observed 1.4-eV BE shift relative to
pure Pd shows good agreement with the corresponding BE
shift of 1.37 eV, reported by Bzowski and Sham [25] for
PdTi,. These authors determined in addition the BE shift of
the Ti 2p5/, peak for PdTi,, which was found to be 0.33 eV
relative to pure Ti. This value is very close to the BE shift
(0.4 eV) derived from our spectra (compare spectra 2 and 3
in Fig. 6, panel b). The characteristic features of the valence
band spectra recorded on both annealed films (see valence
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Fig. 6 Pd 3d (a), Ti 2p (b), O 3
Ls + Pd 3p3 (¢) and VB (d) )
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band peaks at BE=0.5 and 3.5 eV in Fig. 5, panel d and
Fig. 6, panel d) are also in accordance with the data
presented in [25]. PdTi, therefore seems to be the most
likely intermetallic compound appearing within the TiD,/Pd
and Ti/Pd films due to the annealing process. Our XPS
results further corroborate the idea of a PdTi, phase
appearance during heating-induced structural transformation
of both films as derived from XRD (see “XRD analysis) and
TEM/EDX (see “EF-TEM and EDX analysis™).
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XPS depth-profiling analysis

The TiD,/Pd and Ti/Pd films were depth-profiled using
XPS to elucidate the Pd and Ti distribution within both
films after the annealing procedure. Because both annealed
films contain the same chemical compounds, and were
analyzed under the same experimental conditions, we
assume that all sputter-profiling-induced effects, like
instrument-related effects, surface effects and bulk-atomic



Anal Bioanal Chem (2007) 389:1489—-1498

1497

mixing [26], are similar for both films. Therefore, in a
direct comparison of the elemental depth profiles for both
films these sputter-profiling-induced artifacts are cancelled
out, thus disclosing only the difference in the Pd and Ti
distribution in both films caused by the annealing process.

Figure 7 shows the XPS depth profiles of the annealed
Ti/Pd (panel a) and TiD,/Pd (panel b) films. The depth
distribution of O, Pd and Ti evaluated from the O 1s, Pd 3d
and Ti 2p XPS peaks, respectively, is shown as a function
of sputter depth, which was roughly calculated taking a
sputter rate of 4.7 nm/min, which was calibrated against a
well-known reference material (SiO,/Si). We assumed this
sputter rate to be correct because the Pd depth distribution,
as evaluated from the Pd 3d XPS depth profile (Fig. 7,
panels a and b), appeared to be equal to the thickness of the
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Fig. 7 XPS sputter depth profiles of the Ti/Pd (a) and TiD,/Pd (b)
films. The atomic concentration depth distribution of O, Pd and Ti
evaluated from the O 1s, Pd 3d and Ti 2p XPS peaks are shown as a
function of sputter time (sputter rate 4.7 nm/min relative to 100-nm-
thick SiO,). In panel ¢ the difference of the Pd-to-Ti atomic
concentration ratio [A(ACR)], determined from the XPS profiles of
both compared films is shown as a function of sputter time. For a
description, see the text

Pd zone revealed by the EF-TEM elemental mapping
images (Fig. 4).

The Pd top layer is supposed to protect both Ti and TiD,
films against interaction with oxygen from the air.
However, a small degree of oxygen is still detected within
the bulk of both films. These small amounts of oxygen are
probably due to the release of oxygen from the tungsten
heater during the Pd film after evaporation, since this heater
cannot be completely out-gassed before Pd film deposition
starts owing to the relatively low temperature of Pd
evaporation [27].

The most relevant elemental distribution differences can
be observed during depth profiling of the top region of both
films. We can see that the Ti atoms penetrate the top region of
the TiD,/Pd film much more extensively (compare the Ti 2p
profiles of the Ti/Pd and TiD,/Pd films in Fig. 7, panels a
and b, respectively). To show this more clearly, we compared
the relative Pd 3d to Ti 2p atomic concentration ratios (ACR)
evaluated from the XPS depth profiles of both films. The
difference of these values, expressed as A(ACR)=ACR(Ti/
Pd film) - ACR(TiD,/Pd film), is shown in Fig. 7, panel c as
a function of sputter depth. The A(ACR) profile shows a
significantly higher Pd-to-Ti ratio within the top region of
the Ti/Pd film than in the TiD,/Pd annealed film. Or,
alternatively formulated, the relative concentration of Ti
atoms within the top of the TiD,/Pd film is higher than in the
Ti/Pd film. This result is consistent with the EFTEM and
EDX data (see “EF-TEM and EDX analysis”).

Summary and conclusions

It was found that annealing of TiD,/Pd and Ti/Pd films,
performed under identical conditions, leads to different film
structure transformations. The Ti/Pd film surface morphol-
ogy, as revealed by SEM, is characterized by a fibrous grain
transition structure, whereas the TiD,/Pd film, in which
decomposition of the TiD, phase occurs during annealing,
reveals a distinct surface structure with polygonal clusters.
Upon annealing, EF-TEM elemental mapping and local
EDX analyses along the bilayer films in cross section,
revealed an extensive intermixing of Ti and Pd. XRD and
XPS provided evidence for the formation of a new PdTi,
bimetallic phase within the top region of both annealed
films. However, the annealing-induced decomposition of
deuteride modifies the intermixing process, promoting more
Ti diffusion into the Pd-rich top layer of a TiD, film, so
PdTi, phase formation is more likely to occur in TiD,
systems. The combination of EF-TEM, EDX and XPS
provided a coherent picture of this phenomenon. And the
results presented indicate that a thin Ti/Pd film may be
useful in its practical utilization as hydrogen (deuterium)
storage material.
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