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Abstract 
Titanium, titanium dioxide and vanadium oxide thin films, as 
well as V2O5/TiO2 systems were deposited onto Si (111) 
substrates. For some samples, 1/3 of the surface was covered 
with palladium using molecular beam epitaxy. Chemical 
composition, density and layer thickness of the layers were 
determined by RBS [1]. Samples have been charged with 
hydrogen 5 times (titanium films) and 3 times (vanadium 
oxide films) under pressure of 1 bar and at temperature of 

Secondary Ion Mass Spectrometry (SIMS) and Nuclear 
Reaction Analysis (N-15 method). NRA measurements 
proved a higher hydrogen concentration in samples with 
partially covered top layers, than in samples without 
palladium indicating that palladium acts as a catalyst for 
hydrogen diffusion through the TiO2 layer. RBS 
measurements showed reduction of V2O5 after each 
hydrogen charging, and VO2 composition have been 
obtained after the third process. Further measurements, in 
particular hydrogen profiling, are in progress. 
 
Introduction 
Thin-film and multilayer structures often play an important 
role in the improvement of the rate of hydrogen absorption 
as well as the chemical and crystal structure stability. The 
atom mixing, diffusion across the interfaces and precipitation 
of nanoparticles may affect the hydrogen uptake-release 
cycling as well. Titanium and its alloys have many industrial 
applications thanks to their excellent corrosion resistance 
and high specific strength. However, hydrogen absorption 
induces cracking of titanium layers (hydrogen-induced 
cracking, HIC) because of hydrogen absorption [2]. 
Titanium dioxide top layers act as a protective layer (against 
corrosion) but also as a barrier to hydrogen absorption into 
the metal [3]. Additionally, the atomic transport can be 
improved using palladium layers. Some theoretical models, 
in particular based on finite elements method, have been 
used to simulate the behavior of hydrogen in titanium oxide 
layers [4]. Titanium is also one of the most important 

elements that can store high amounts of hydrogen so 
titanium alloys as well as thin films are taken into 
consideration as candidate for engine fuels [5]. Vanadium 
oxide (V2O5), as a wide band gap and n-type semiconductor 
material, was widely investigated because of its interesting 
electrochemical performance, is integration in lithium 
secondary batteries, and its thermochromic and 
electrochromic properties [6]. Hydrogen charging of this 
oxide can lead to reduction into VO2, which is widely used 
for infrared applications. 
The main aim of our work was to explore, investigate and 
find the best composition of the thin films of Ti-V system 
(also with metal oxides) with gradually changing 
composition (produced by co-sputtering technique) and 
MBE method, and with different hydrogen content.  
 
Experimental 
Deposition process of titanium samples was carried out in a 
planar, magnetron sputtering system described in details 
elsewhere [7]. Magnetron discharge was driven by a dc pulse 
power supply. The target of 5N Ti was sputtered either in 
high purity argon (for Ti layer deposition) or Ar+O2 reactive 
gas atmosphere (for TiO2 layer deposition). The layer 
thickness was controlled by the deposition time. The 
substrates prior and during deposition were heated up to 
250oC. After titanium and titanium dioxide layer deposition, 
some of the samples were partially (about a 1/3 of the film 
surface) covered by 20 nm-thick palladium layer by physical 
vapour deposition. 
The film chemical composition, depth profile, layer 
thickness and structure were determined by Rutherford 
Backscattering Spectrometry (RBS). The measurements 
were performed at Institut fur Kernphysik, Goethe-
Universitat Frankfurt, using a 2 MeV (for titanium samples) 
and 1.7 MeV (for vanadium samples) 4He+ ion beam with 
171o backscattering angle. For data evaluation of the RBS 
spectra, the computer code SIMNRA [8] was used and the 
simulated areal density value was converted into the layer 
thickness in nm, so that it can be compared with the 
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(thickness) value estimated from other methods. Details of 
our RBS analysis in particular the conversion of the RBS 
layer thickness into nm was described elsewhere [9,10]. 
The hydrogen profile was determined by means of a 
secondary ion mass spectroscopy (SIMS) and N-15 Nuclear 
Reaction Analysis (15N-NRA method). SIMS was carried out 
by using Cs+ primary ions recording positive secondary ions 
by a CAMECA ims 5f equipment. The reaction 15N + 1H 
12

was used for the 15N-NRA method to obtain the results. For 
data evaluation the computer code SRIM was used. 
 
Results and discussion 
Prior to other experiments the composition of samples was 
studied by RBS. The measured and simulated RBS spectra of 
three titanium-titanium oxide systems are shown in Fig. 1. A 
large Ti-peak related to the backscattered signal from the 
first Ti layer deposited on the Si(111) substrate was observed 
at the energy of about 1400 keV. The signal from the TiO2 
layer deposited on top of the Ti layer  leads to an appearance 
of a shoulder on the right hand side of the titanium peak and 
a widening of the Ti peak, as well as a visible oxygen peak 
around 700 keV. In the case of tri-layer film, a double 
maxima feature and a twice larger peak-width were observed 
in the energy range of 1300-1500 keV, as a result of the 
backscattered signal from the Ti layer deposited onto the 
TiO2 layer. The layer-thickness of the Ti layers are similar, 
the intensity of the two maxima are quite similar.  
The compositions and the fitted values of layer thicknesses 
have been in good agreement with the nominal values 
(compared  also with XRR results, reported previously in 
[11]), and within RBS error limit no interdiffusion and 
mixing was observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1. Random RBS (markers) and SIMNRA (lines) 

simulated spectra for Ti/Si(111), TiO2/Ti/Si(111) and 
Ti/TiO2/Ti/Si(111) film with the layer-thickness of each 

layer about 50 nm 

 
 
We have characterized hydrogen absorption by titanium and 
titanium dioxide films in the Ti-TiO2 system under hydrogen 
charging under pressure of 1 bar and at temperature 300oC 
with specific emphasis on the hydrogen diffusion and its 
storage in each layer [12]. The hydrogen profile determined 
from SIMS and NRA  N-15 are presented in Fig. 2 and 3. It 
is visible, that for samples partially covered with palladium, 
hydrogen accumulates in both titanium layers (up to 50%), 
but only small amount is present in TiO2 layer. Diffusion of 
hydrogen in titanium dioxide is very rapid in direction 
parallel to c axis and proceeds by a proton jump from one 
O2  ion to another along this channel. This mechanism was 
proposed by Bates et al. [13]. Palladium acts as a catalysts 
for gathering hydrogen in titanium and its diffusion through 
TiO2, since N-15 results for a sample without palladium 
cover show similar behaviour of hydrogen as in the sample 
with palladium, but the amount in titanium layers is 
significantly lower  40% and 15%, respectively. 
 

 

 
 

 

 

 

 

 

Fig 2. Comparison of the hydrogen profile determined by 
SIMS for the Ti/TiO2/Ti/Si(111) film (up) 

andPd/Ti/TiO2/Ti/Si(111) film (downt) before and after 
hydrogen charging at 1bar and at temperature 300o  

Hydrogen is the one of the gases used to reduce oxygen 
content from the metal oxides. In this project, hydrogen was 
used to remove excess oxygen from V2O5 in order to 
produce VO2 film. The RBS spectra for a TiO2/V2O5/SiO2 is 
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shown in Fig. 4(a). This sample was charged with hydrogen 
twice. After each process of hydrogenation (fig 4 b,c), 
reduction of vanadium oxide was observed, achieving 
vanadium dioxide after the second charging. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. Comparison of the hydrogen profile determined by 
15N for the Ti/TiO2/Ti/Si(111) film (up) and 

Pd/Ti/TiO2/Ti/Si(111) film (down) after hydrogen charging at 
1bar and at temperature 300oC. 

 
. 

Conclusions 

Palladium acts as a catalyst for the hydrogen diffusion in the 
titanium layers. A large enhancement of hydrogen storage in 
the films was obtained by introducing an additional thin Pd 
layer on the top of the Ti-TiO2 system. Hydrogen can diffuse 
through the TiO2 layer without any accumulation there. Such 
a phenomenon is related to the columnar-structure of TiO2. 
The highest value the value of H concentration after charging 
was about 50% (in palladium-covered part) and about 25% 
in titanium that was not covered by Pd. These values are in 
good agreement with the results of SIMS measurements. 
Additionally, titanium dioxide cover on V2O5 film did not 
block diffusion of hydrogen, which occurred reduction of 
V2O5 to VO2. 
 

 

 

 

 Fig. 4. Random RBS (markers) and SIMNRA (lines) 
simulated spectra for TiO2/V2O5/SiO2 a) before hydrogen 

charging, b, c) after hydrogen charging at 300oC for 3 hours. 
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