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Abstract Titanium films of different thicknesses were
prepared on sapphire substrates in an UHV chamber, by
means of ion beam sputter deposition at room temperature,
under Ar-atmosphere at the pressure of 1.5-10 E~* mbar.
For electrochemical hydrogen loading, the films were cov-
ered by a 30-nm thick layer of Pd in order to prevent
oxidation and facilitate hydrogen absorption. In situ stress
measurements were conducted during step-by-step electro-
chemical hydrogen charging of the films. XRD measure-
ments using a Phillips X-Pert diffractometer with a Co-Kua
radiation were performed before and after hydrogenation in
order to investigate the effect of hydrogen loading on the
microstructure. The phase boundaries, as well as the stress
and strain development during hydrogen absorption, depend
strongly on the thickness of the films. The main character-
istics of absorption behavior of hydrogen, as well as the
thermodynamics and phase boundaries of titanium-hydro-
gen thin films are discussed in detail with specific emphasis
on the influence of films thickness. The obtained results are
also compared to literature data on the widely studied tita-
nium-hydrogen bulk system. Shifted phase boundaries and
narrowed two-phase field appear in Ti—H film system, which
are mainly attributed to the microstructural contribution, as
well as to the large stresses in the GPa-range that built up
between the films and their substrate.

Introduction

Based on the high affinity for of Ti for hydrogen and its
isotopes, the properties of Ti—-H bulk system have been
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widely studied and reviewed [1-5]. However, to our
knowledge, this is not the case with titanium thin films,
despite both the fundamental and applicative interest that
this system manifests. For example, thin films of titanium
hydride (deuteride) are considered as potential candidates
for hydrogen storage in catalytic or energetic reactions [6].
Recently, titanium hydride layers grown epitaxially on the
surface of titanium implants, which were found recently to
be a promising candidate for biomedical applications since
the plastically deformed hydride layer was able to
accommodate externally applied stresses without disturb-
ing the titanium body structure [7].

From the fundamental point of view, by reducing the
system size to the nanometer-scale, the surface-to-volume
atom ratio, and for nanocrystalline materials, the inter-
face-to-volume atom ratio, becomes large. Therefore,
surface and interface contributions become more relevant
and are expected to change the system properties com-
pared to bulk. Thin films are usually deposited onto
substrates that are either single crystals, polycrystals, or
amorphous. The deposition conditions, e.g., technique,
temperature, pressure, kinetic energy of the atoms, and
the lattice misfit between film and substrate affect the
films microstructure and the intrinsic stress of the as-
grown thin film. The microstructure of thin films can be
rather different and contain numerous microstructural
defects. Films’ grains can be of all sizes, ranging between
that of nanocrystals with a high density of grain bound-
aries, to single crystals for epitaxial films. The mean grain
size can also change in the vertical direction. Even when
the grain size is maximized by epitaxial film growth,
dislocations are generated during the film’s growth pro-
cess to adjust the lattice mismatch between the film and
the substrate. In the vicinity of these defects, the hydrogen
solubility is altered compared to conventional interstitial
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lattice sites [8, 9]. Furthermore, the interpretation of
results in metal-hydrogen nanosized systems is compli-
cated because the exact determination of the hydrogen
concentration is difficult [10]. However, using electro-
chemical hydrogen charging technique under the proper
conditions, the hydrogen concentration can be accurately
determined via Faraday’s law [9-11].

In this study, the thermodynamics of ion beam sputtered
titanium films of different thicknesses during hydrogen
absorption are investigated by electromotive force (EMF)
measurements and in situ stress measurements.

Experimental procedure

Titanium films of 100 and 220 nm thickness were prepared
on 0.2-mm thick and 27-mm long (0001) oriented sapphire
(Al,O3) substrates, in an UHV chamber by ion beam sputter
deposition, at room temperature. The base pressure in the
chamber was 10™® mbar, whereas the deposition took place
under Argon atmosphere at the pressure of 1.5-10~* mbar.
To meet the geometry restrictions for stresses evaluation
during hydrogen absorption, the dimensions of the as-sput-
tered films were 25 x 0.5 mm. In order to prevent oxidation
and facilitate the electrochemical hydrogen charging,
Ti-films were covered with a 30-nm thick Pd cap layer,
which was also deposited at room temperature, under the
same aforementioned conditions. The film’s thickness was
measured by profilometry. The crystal structure of the as-
sputtered films, as well as after hydrogenation, was investi-
gated by X-ray diffraction using a Phillips X-Pert diffrac-
tometer with a Co-Ko radiation. In order to release the
residual hydrogen that might have been picked up during the
deposition process, prior to electrochemical hydrogenation,
the Ti-films were discharged following the procedure
described elsewhere [12]. Then, step-by-step hydrogen
charging [10] was performed electrochemically in a 1:2
(vol.) H;PO,:Glycerine electrolyte, at room temperature. An
Ag/AgCl (sat.) and Pt wires were used as the reference and
the counter electrode. The current density was 0.05 mA
during each loading step. The electrolyte was carefully
cleaned from oxygen by prior Argon gas bubbling, so that no
hydrogen losses due to H,O formation occurred. The
hydrogen concentration in the films was calculated from the
measured electric charge by using Faraday’s law. Neither
buckling, nor detachment of the film from the substrate, was
observed after hydrogen loading, indicating good adhesion
between the Ti-films and the sapphire substrates. The stres-
ses developing in the film during hydrogen loading were in
situ determined by measuring the deflection of the substrate
using the setup described elsewhere [13], calculating its
radius of curvature and inserting it to Stoney’s equation [14]:
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where E; and v, are the Young’s Modulus and the Poisson’s
ratio of the substrate, ¢, and t; are, respectively, the thick-
nesses of the substrate and the film, and R is the substrate’s
radius of curvature. Formula (1) follows from an analysis
of a film—substrate system, which is based on several
assumptions [15, 16]. The main assumptions are (i) both
the film thickness and substrate thicknesses are small
compared to the lateral dimensions; (ii) the film thickness
is much less than the substrate thickness; (iii) the substrate
material is homogeneous, isotropic, and linearly elastic,
and the film material is isotropic; (iv) edge effects near the
periphery of the substrate are inconsequential; (v) all
physical quantities such as Young’s modulus and Poisson’s
ratio are invariant under change in positions parallel to the
interface; (vi) all stress gradients in the thickness direction
vanish throughout the material; and (vii) the strains and the
rotations are small. To meet the geometry demands, first,
the lateral dimensions of both Ti-films and their sapphire
substrates were 27 and 25 mm, i.e., larger by five and three
orders of magnitude, respectively, compared to the films
and substrates thicknesses. Secondly, the films thickness is
smaller by three orders of magnitude than the substrates
thickness.

Results and discussion

Besides the reflections of the sapphire substrate and the Pd-
coating layer which are observed in each graph, in the
XRD patterns of 220- and 100-nm Ti-films (Fig. 1), the
only diffraction signal from the Ti-film is a broad peak
around 43.3°, which in principle might be attributed to the
(0002) hexagonal «-Ti. From the Full Width at Half
Maxima (FWHM) of the broad (0002) Ti-peak, the calcu-
lated out-of-plane grain size (diameter) using Debye-—
Scherrer formula was found to be within 13-15 nm for
both films.

Both films exhibit a preferred (0002) orientation,
i.e., most grains are oriented so that the {0001} planes are
parallel with the substrate. This orientation is the fairly
common growth orientation in evaporated and sputter-
deposited hcp metals [17]. Ti-films sputtered at room-
temperature resulted in an out-of-plane c-textured
structure, with a (0002) preferred growth orientation,
though with a much reduced degree of in-plane orientation.
In the work of Peddada et al. [18], «-Ti thin films, depos-
ited by e-beam physical vapor deposition at 723 K, were
found to grow epitaxially on sapphire substrates. The
deposition temperature plays a significant role in the degree
of epitaxy and higher temperature improves the crystal
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Fig. 1 XRD patterns of 100- and 220-nm thick Ti-films sputtered at
RT on (0001) Al,O5 substrates

quality of the as-grown film. A similar observation was
reported on epitaxial and textured Mg-thin films, deposited
on sapphire and glass substrates [19, 20].

The results of EMF measurements during hydrogen
charging of Ti-films, carried out at room temperature, are
shown in Fig. 2. All the results shown below are those of
the first charging. The phase boundaries, obtained from
these plots, are summarized in Table 1.

Up to a hydrogen concentration of, respectively, 0.1 and
0.05 H/Ti, the EMF—pressure—concentration curves of 220-
and 100-nm thick Ti-films reveal the presence of the o-
phase. When the hydrogen absorbed exceeds this concen-
tration, the EMF/pressure values remain constant with the
increase of hydrogen concentration, indicating the plateau,
i.e., two-phase region. From theses curves, the plateau
ranges from 0.1 to 0.4 H/Ti for the thicker, 220-nm film,
whereas for the 100-nm Ti-film it ranges from 0.05 to
0.1 H/Ti (see Fig. 2b, c). Beyond these concentrations,
hydride precipitation occurs, as revealed by the further
increase of EMF/pressure values with hydrogen concen-
tration. With further hydrogenation above 1.2 H/Ti, bub-
bling was observed to occur on the samples surfaces due to
the saturation of the Pd-capping layer. Therefore, the
measured EMF/pressure values correspond to mainly the
charging of the Pd-capping layer and not to the hydrogen
absorbed within Ti-films. Since in these circumstances it is
not possible to accurately evaluate the concentration of
hydrogen within the films, this part of the curve should be
disregarded.

The reduction of the Ti—H system size from bulk to thin
films results in significant changes. In comparison to Ti-H
bulk system, Ti—H films exhibit significant differences. The
plateau pressure of the samples is elevated compared to
that of Ti—-H bulk system. As, to our knowledge, no
experimental data at room temperature is available in the
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Fig. 2 a EMF-pressure—concentration curves of 100- and 220-nm
thick Ti-films deposited on (0001) Al,O5 substrates. Enlargement of
the a-phase and the plateau region is shown in b for 100-nm thick Ti-
film and in ¢ for 200-nm thick Ti-film

literature concerning bulk Ti—H system, a plateau pressure
of 10~ Pa for bulk Ti at room temperature was extrap-
olated from reference [21]. The increased plateau pressure
observed in the EMF-pressure—concentration curves of the
films can be attributed to either stress contributions or to a
metastable hydride phase [9, 10]. The phase boundaries are
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Table 1 EMF measurements of hydrogen solubility at room tem-
perature in Ti-films of different thicknesses

Sample a-phase  Miscibility Hydride’s
limit gap [H/Ti] precipitation
[H/Ti] [H/Ti]
220-nm Ti-film on (0001) 0.1 0.1-0.4 >0.4
Al,O5
100-nm Ti-film on (0001)  0.05 0.05-0.1 >0.1

Ti-H bulk system [1,2]  4x107* 4x107*-1.5 1.5

Values for bulk Ti—H system are also shown for comparison

shifted, a-phase limit is increased and the miscibility gap
(two phase region) is narrowed.

A similar trend of the system’s size effect is observed
when comparing Ti—H film system of different thicknesses.
The influence of film thickness on the thermodynamic
isotherms is clearly observed; the hydride precipitation
occurs at lower concentrations with the decrease in the
films thickness, leading to a more narrowed miscibility gap
in 100-nm thick Ti-film. The hydride formation in this film
starts at lower hydrogen concentrations, and also the o-
phase limit is reduced in comparison to the 220-nm thick
films. As expected, the plateau pressure does not change
with the film thickness. Hydrogen solubility in the hydride
phase is lower for the thinner film.

The results of in situ stress measurements and hydrogen
charging, i.e., EMF measurements, are plotted in Fig. 3.

Large compressive stresses occur during hydrogen
charging of Ti thin films. The maximum measured stress
for each film is higher than the theoretical shear strength of
bulk-Ti (generally estimated as G/30 and hence, corre-
sponding to a value of 1.4 GPa, where G is the shear
modulus of titanium equaling 44 GPa). The total hydrogen
related stress for these Ti-films is —2.2 and —1.8 GPa for,
respectively, 100- and 220-nm thick films, indicating that
the overall stress is larger for the thinner film. The trends of
the curves are approximately similar for both films in the o-
phase and the hydride region, while the distinctive differ-
ence is observed in the curves’ slope at the two-phase
region. In the a-phase region (for low concentrations below
H/Ti = 0.1), the compressive stress increases linearly with
hydrogen concentration in both plots. Based on the elastic
linear theory [22, 23], since the films are clamped to
elastically hard substrates, the elastic volume expansion
due to hydrogen absorption can take place only in out-of-
plane direction z at low H concentrations. Thus, the linear
increase of compressive stress was confirmed in our stress—
concentration plots. At a concentration of 0.09 and
0.08 H/Ti for, respectively, 220- and 100-nm thick
Ti-films, corresponding to the a-phase limit, the slope of
both curves changes. The deviation from elastic behavior
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Fig. 3 a Stress—concentration curves of 220- and 100-nm thick
Ti-films during hydrogen absorption, simultaneously obtained with
EMF measurement. Slope variations occur at phase boundaries, as
shown by the respective curves fitting in (b) and (c)

with the increase in hydrogen concentration can be
explained by plastic deformation processes, which are
attributed to the presence of misfit dislocations near the
interface and to the emission of extrinsic dislocation loops



J Mater Sci (2010) 45:6389-6394

6393

Table 2 Phase boundaries of H-Ti-films of different thicknesses, as
obtained from the change in the slope of stress—concentration curves

Sample a-Phase  Miscibility Hydride’s
limit gap [H/Ti] precipitation
[H/Ti] [H/Ti]
220-nm Ti-film on (0001)  0.09 0.09-0.66 >0.66
Al,O5
100-nm Ti-film on (0001)  0.08 0.08-0.3 >0.3
Ale';

Ti-H bulk system [1,2]  4x107* 4x107*-1.5 1.5

Values for bulk Ti—H system are also shown for comparison

during phase transformation/hydride precipitation [24]. As
the hydrogen concentration exceeds the miscibility gap, the
slope of the stress curves changes again. It can clearly be
seen that the change in the slope occurs at lower concen-
trations for the thinner (at 0.3 H/Ti, in comparison to
0.66 H/Ti for 220-nm thick film), indicating again that the
miscibility gap is narrowed. Both films reveal a similar
slope in the hydride phase. The slope change indicating
further slow increase of the compressive stress above
1.2 H/Ti could be related to the charging of the Pd-capping
layer, similar to the reports on Y-films [25].

The phase boundaries observed by the slope changes in
stress—concentration curves of both 100- and 220-nm thick
Ti-films are summarized in Table 2.

They correspond by only a very rough approximation to
those obtained from their EMF-pressure—concentration
curves. The difference is more significant for the thinner,
100-nm Ti-film. In both films, the dissimilarity is more
pronounced in the hydrogen concentration value for
hydride precipitation, which is found to be larger based on
the change of slope in the stress—concentration curves.
It should be mentioned that the change in the slope of the
stress—concentration curve will be observed only when
incoherent hydride precipitation occurs [23-25], whereas
the precipitation of coherent hydrides will not result in such
a change. This could explain the higher terminal hydrogen
solubility for hydride precipitation obtained in these mea-
surements in comparison to EMF—pressure—concentration
curves. XRD results reported elsewhere [26, 27] of mea-
surements, which were conducted after each charging step
in order to study the microstructural changes induced by
hydrogen absorption, confirm the presence of a two-phase
region at 0.4 H/Ti in 220-nm thick Ti-films, while the
spectra of the next charging step to 0.7 H/Ti revealed the
sole hydride peak. Hence, hydride precipitation for this
film occurs at the range of hydrogen concentrations higher
than 0.4 and lower than 0.7 H/Ti. Nevertheless, more
precise, i.e., in situ microstructural investigations, need to
be carried out in order to determine the exact boundary
concentration.

Conclusions

In this study, the main characteristics of hydrogen’s
absorption behavior, the thermodynamics, and phase
boundaries of titanium-hydrogen thin films were investi-
gated and compared to titanium-hydrogen bulk system.
Hydrogen behavior in Ti-thin films revealed significant
changes in comparison to bulk material. Shifted phase
boundaries and narrowed miscibility gaps appeared, as
confirmed by simultaneously EMF and stress measure-
ments. Large compressive stresses develop in Ti-films
during hydrogen absorption. In low hydrogen concentration
range, a-phase region, the films behave linear elastically,
whereas with further hydrogenation, plastic deformation
processes occur. The changes in the thermodynamic iso-
therms of Ti-films vary between the films of different
thickness, and are attributed mainly to stress contributions.
The influence of the film thickness is manifested in the
narrower miscibility gap and hydride precipitation at lower
hydrogen concentrations, which are correlated to the higher
stress level in the thinner films.
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