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A B S T R A C T

Non-evaporable getter (NEG) thin films provide distributed pumping properties, allowing to achieve ultrahigh
vacuum in narrow and conductance limited chambers. It is an ideal solution to deal with the small aperture of
vacuum chambers. In this paper, ternary Ti-Zr-V getter film with approximate equal atomic ratio was deposited
on oxygen free copper (OFC) substrate by using a developed DC magnetron sputtering system with an alloy
target. Microstructural characterization by scanning electron microscopy, atomic force microscopy and energy
dispersive spectroscopy (EDX) indicates that the porous getter film exhibit a columnar growth pattern and the
grain sizes are very distributed ranging from several up to hundreds of nanometres. The compositions and the
corresponding chemical bonding states are analyzed by using in-situ synchrotron radiation X-ray photoelectron
spectroscopy after activation for 1 h at different temperatures in ultra-high vacuum. The results indicate that Ti,
Zr and V are initially in their high oxidized states, which are gradually reduced in steps to oxides of lower
valence states and finally to their metallic states. The reduction of vanadium oxides is more preferable than that
of titanium- and zirconium-oxides. Such activation commences at a temperature as low as 150 °C, and can be
enhanced by increasing temperature.

1. Introduction

Deposition of non-evaporable getter (NEG) films effectively trans-
fers the inner wall of vacuum chamber and cavities into distributed
pumps, thus providing a well-recognized solution to the problems as-
sociated with residual gas (O2, H2, CO, N2, etc.) control [1–6]. There-
fore, it is possible to achieve ultra-high vacuum desirable for the ad-
vanced accelerators and vacuum packaged MEMs devices.

However, the surface of the NEG thin films are readily to be oxi-
dized and contaminated upon exposure to ambient conditions due to its
high oxygen affinity. As a consequence, its ability of further chemi-
sorption is rather limited as the oxide layer not only consumes the ac-
tive sties to interact with the surrounding residual gases, but also acts as
a barrier hindering the diffusion of gases into the bulk materials [7],
which, unfortunately, has been acknowledged as the two essential
processes leading to its high absorption capacity. The generally ac-
cepted practice to restore the sorption capacity of the NEG films is by
thermal activation realized by simple baking [8–10], during which, the
oxides gradually diffuse towards the bulk, leaving free surface sites to

interact with the residual gases.
However, it is of importance that the annealing temperature should

be compatible with the accelerator operation [11,12]. Specifically, the
vacuum chambers of the accelerators are normally made of metallic
alloys, like stainless steel, aluminum alloys, oxygen-free copper (OFC),
etc. The mechanical properties of these metallic parts drop drastically
with temperature. For example, when the temperature increased from
room temperature to 200 °C, the yield strength of OFC is almost halved
[13], therefore, it is critical to lower the activation temperature in order
to maintain the mechanical integrity of the vacuum chamber. On the
other hand, too high temperature is also detrimental causing reduced
lifetime of the instruments attached to the chamber.

Tremendous efforts have been devoted towards lowering the acti-
vation temperature of the NEG films [11,12], either by manipulating
their chemical composition [14] or by tailoring their microstructural
characteristics through adjusting the corresponding deposition para-
meters [15]. Transition metals and their alloys are the most promising
getter materials for residual gas removal in vacuum chambers and the
widely accepted getter materials are normally composed of Ti, Zr and V.
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Ti and Zr possess high oxygen solubility thus assuring the maximum gas
that can be absorbed, while V is selected because it provides high
oxygen diffusivity that guarantees acceptable activation kinetics. De-
position parameters leading to refined grains, amorphous structures
[10] and/or high porosity [16] are preferred as the oxygen diffusion
might be enhanced along the grain boundaries and pores [9,10]. It has
been published that ternary Ti-Zr-V thin film normally has an activation
temperature within the range of 180 ~ 400 °C [17–19], depending on
the specific composition and thin film microstructures.

Then, the persisting question remains as if it is possible to further
reduce the activation temperature. In the present work, the activation
process of Ti-Zr-V thin films deposited on OFC substrates starts at a
temperature as low as 150 °C after quantitative analysis of the chemical
states evolution on the surface of the film upon annealing by in-situ
synchrotron radiation X-ray photoelectron spectroscopy.

2. Experimental procedures

Magnetron sputtering PVD is used to produce Ti-Zr-V thin films on
OFC substrates. The coupon of a ternary Ti-Zr-V alloy wire (Φ3 mm)
with a chemical composition of equal atomic ratio is used as the target.
Before deposition the OFC substrates are carefully cleaned by dipping in
alkaline solution and subsequent acid etching in an ultrasonic bath so as
to increase the adhesion strength of the thin films. No pre-heating is
conducted on the substrate to promote the formation of refined grains
and increased surface roughness [20]. The background base pressure in
the deposition chamber before sputtering is 5 × 10−5 Pa. The thin films
are deposited using pulsed unipolar current mode. The applied current
are kept constant at 0.1 A, the duty cycle are pre-set to be 38.5%, and
the corresponding frequency is 50 Hz. The magnetic field strength used
for the deposition is 170 G. Kr is supplied as the sputtering gas due to its
high sputtering yield [21], and the working pressure utilized in the
present study is 1 Pa.

The surface and cross-sectional morphologies of the thin films are
characterized by using Tescan MAIA3 schottky field emission scanning
electron microscopy equipped with Oxford Instruments X-Max 50 en-
ergy dispersive spectroscopy (EDS) for chemical analysis. As the OFC
substrate is very ductile while the getter film is brittle, the samples are
bended so as to expose getter flakes, from which the cross-sectional
images of the thin film are acquired. The film thickness are measured
directly from the cross-sectional SEM images. The roughness of the
films are evaluated using DI Innova scanning probe microscope oper-
ated in non-contact tapping mode and phase mode under ambient
conditions.

In-situ synchrotron radiation X-ray photoelectron spectroscopy
characterization is performed with a VG-ScientaR3000 hemispherical
analyzer using non-monochromatic Mg K radiation (1253.6 eV) as ex-
citation source to identify the evolution of chemical states within the
top surface of the thin films while being annealed at different tem-
peratures from 150 °C to 180 °C at an interval of 10 °C. XPS data was

collected step by step from the same sample after annealing for 1 h at
pre-set temperatures with a chamber pressure of 1.5 × 10-7 mbar.
High-resolution spectra for the Ti 2p, Zr 3d, and C 1s orbitals was in-
dividually collected within their respective binding energy ranges,
while that for the V 2p and O 1s regions are collected together in the
binding energy ranging from 509 to 538 eV.

The resulting XPS data are analyzed and fitted using CasaXPS soft-
ware. A C 1s core level orbital is used as the charging reference at a
binding energy of 284.5 eV. Shirley background is subtracted for all the
collected spectra. V 2p + O 1s spectra is fitted together using a single
Shirley background subtraction to improve the fitting reliability. The
measured XPS spectra is resolved to reveal the chemical states.
Gaussian (Y%)–Lorentzian (X%) profiles are used to model the sym-
metric peak shapes, while the function LA(α,β,m) defined in CasaXPS is
selected for the asymmetric peaks yielded from metallic cores (M0).
Following the literature [22], LA(1.1,5,7) and LA(1.2,5,8) profiles are
selected to model the spectrum of Ti0 and V0, respectively. For the Ti 2p
and V 2p orbitals, the intensities of the 2p3/2 with respect to 2p1/2
peaks is strictly constrained following the ~2:1 ratio relation, while the
peak intensities for the Zr 3d5/2 splitting is set to be 1.5 times that of
the Zr 3d3/2 splitting. As the 2p3/2 and 3d5/2 peaks are, respectively,
much more intense than that of 2p1/2 and 3d3/2 peaks, only the
binding energy and corresponding full width at half maximum (FWHM)
of the related 2p3/2 and 3d5/2 peaks are reported in the present study.
The characteristic binding energy used to resolve the measured XPS
spectra is compile from the NIST Database and X-ray photoelectron
spectroscopy handbook [23].

3. Results and discussion

3.1. Microstructural characterization

The surface morphology of the Ti-Zr-V thin film deposited in the
present study as shown in Fig. 1(a) exhibits very porous characteristics.
The surface of the thin film are composed of cauliflower-like clusters, as
shown by the inset in Fig. 1(a). The pores exhibit various size without
any specific geometric shapes. The analysis of the surface SEM images
of much lower magnification (not shown here) using ImageJ software
reveals a total porosity of about 5%, and the largest pore observed is
around 15 μm2, while the smallest ones are less than 1 μm2. Elemental
mapping analysis by EDX shows that the films is composed of 29.5 at.%
Ti, 29.8 at.% V, 33.2 at.% Zr and 7.5 at.% O (O atoms are readily to be
absorbed by the getter film as long as it is exposed to ambient air). All
the three metallic elements are homogenously distributed within the
getter film without any obvious segregation. The cross-sectional images
of the thin film (Fig. 1(b)) presents columnar grain structures, as can be
explained following Thornton’s growth mode [24]. The thin film
thickness of approx. 1 μm is measured from the cross-sectional SEM
image. Also from Fig. 1(b), it is clear that the pores observed from the
top surface (Fig. 1(a)) are not producing any through-holes along the

Fig. 1. (a) Surface, (b) cross sectional and (c) AFM images of the Ti-Zr-V thin films.
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film thickness, as the bottom of the pore may be occupied by the de-
posited grains (one of which have been circled in Fig. 1(b)). Such ob-
servation also indicates that the pores are possibly formed by the
competitive growth of the grains. The grain diameter estimated from
the AFM image (Fig. 1(c)) lies in a range between several nanometers
up to 500 nm, and a surface roughness of 59.2 nm is also yielded from
Fig. 1(c). The boundaries of the columnar grains serve as direct diffu-
sion path for the residual gases. The presence of porosity, large
spreading of grain diameters together with the large surface roughness
is beneficial to enhance the active surface area of the thin films. On the
other hand, the large grain boundary volume arising from the nano-
sized grains and the pores provides effective diffusion paths, therefore,
the activation kinetics might be largely increased.

3.2. XPS investigation of as-deposited sample

XPS survey spectra reveals that the superficial surface of the thin
films comprises of Ti, Zr, V, O and C, and the corresponding high-re-
solution XPS spectra and the evolution of valence states with increasing
annealing temperature for each individual element is presented in
Fig. 2. It is found that the positions of the peaks are obviously shifted
and their geometric shapes evolved greatly as the annealing tempera-
ture increases. To derive the chemical states involved in the superficial
surface, the collected XPS spectra is carefully resolved, as shown in
Fig. 3.

In the as-deposited getter film, Ti appears in its stable oxide state
TiO2, as characterized by the 2p3/2 peak at binding energy of 458.9 eV
(FWHM = 1.76 eV). GL(30) profile is used here to fit the symmetric
peak shapes, and the separation energy for the 2p1/2-2p3/2 splitting
are set to be 5.66 eV, 5.60 eV, 5.73 eV and 6.13 eV respectively for the
valence state of Ti(IV), Ti(III), Ti(II) and metallic Ti (Ti0). After resol-
ving the spectra, it is clear that apart from the formation of TiO2, a
marginal fraction of Ti atoms are identified to be consumed by forming
its sub-oxide Ti2O3 with the 2p3/2 peak at BE = 455.9 eV
(FWHM = 2.0 eV). While the peak positions resolved here are in good

agreement with that summarized in the literature [22,23], their
FWHMs are significantly larger. Such peak broadening may be attrib-
uted either to the presence of XPS intensity distributed over many un-
resolved final states [25], or to the disorder within the oxide matrix
[19], probably caused by a deficiency of O, as opposed to the stoi-
chiometric oxide. By applying equal relative sensitivity factors (RSF) to
the resolved 2p3/2 peaks and zeroing RSF for the corresponding 2p1/2
peaks, it is convenient to make a simple comparison of the integrated
peak areas to derive that about 95% of the total Ti content in the sur-
face exists as TiO2, while Ti2O3 accounts for the rest. The dominance of
TiO2 with a small fraction of Ti2O3 on the top surface is the typical
characteristics of the native oxide film formed with Ti alloys [26].

As for the chemical states of zirconium in the as-deposited getter
film, the measured Zr3d profile can be deconvoluted into three doublets
associated with the different oxide states. Specifically, ZrO2 can be
identified at a binding energy of 182.65 eV (FWHM = 1.38 eV) for the
3d5/2 peak. Apart from that, a peak with FWHM = 1.28 eV at 1 eV
above that of ZrO2 is also resolved, which can be attributed to the
zirconium hydroxides (Zr(OH)4), as Zr atoms are readily to interact
with O and H dissolved in the metallic matrix [14] to make its surface
covered with native oxide as well as a hydroxyl layer [27]. A small 3d5/
2 peak at BE = 180.9 eV with a FWHM of 2.0 eV is also identified,
which can be attributed to suboxides ZrOx (0 < x < 2) [28]. The
presence of ZrOx suggests that the Zr atoms on the superficial surface is
not fully oxidized in the as-deposited sample. The coexistence of zir-
conium oxide, suboxides and hydroxides is also supported after de-
convolution of O 1s spectra (Fig. 3e) to reveal a main peak at binding
energy of 529.06 eV (FWHM = 1.9 eV) arising from the metallic oxides
(M-O), and another peak with FWHM= 2.0 eV at about +2.2 eV above
the main peak associated with the OH groups [29]. Quantitative ana-
lysis reveals that the fractions of Zr atoms combined to ZrO2, Zr(OH)4
and ZrOx are 88.2%, 9.0% and 2.8%, respectively.

From above analysis, it is now clear that Ti and Zr atoms comprising
the getter films are dominantly in their full oxide state with negligible
suboxides and hydroxides. The V2p spectrum appears apparent doublet

Fig. 2. Evolution of high-resolution XPS spectra collect from (a) Ti 2p, (b) Zr 3d, (c) V2p + O1s and (d) C1s orbitals as a function of temperature.

S. Wang, et al. Applied Surface Science 528 (2020) 147059

3



peaks at BE = 517.1 eV and 523.1 eV, corresponding to 2p3/2 and 2p1/
2 orbitals respectively. When resolving the V2p + O1s spectrum, even
though the constrains associated with the standard binding energy,
theoretical energy separation and 2:1 peak area relation for the 2p3/2
and 2p1/2 doublets are carefully employed, we still obtain apparent
“underfitting” of the 2p1/2 portion of the spectrum (Fig. 3) due to the
subtraction of a single Shirley background during modelling. However
the convergence of the 2p3/2 portion is reasonably good. In this case, it
is acceptable to make the quantitative analysis only based on the 2p3/2
spectrum [22]. The modelling results suggests that the peak at
BE = 517.1 eV can be resolved into two component peaks at binding
energy of 516.1 eV (FWHM = 3.2 eV) and 517.7 eV (FWHM = 1.7 eV),
originating, respectively, from the presence of VO2 and V2O5 oxides
(Fig. 3). Comparing the associated areas under 2p3/2 peaks originating
from the two oxide states (RSFs of the 2p1/2 peaks are set to be 0)
suggests that only 23.3% of V atoms are oxidized to V2O5, while the rest
is in its suboxide state (VO2), such observation is in agreement with
Wu’s [30] work that reported the dominance of suboxides of vanadium
on getter film surface.

As for the spectra measured from the C 1s core level orbital, it is
straightforward to identify a strong peak with a much weaker shoulder.
After resolving the collected data, it is easy to determine that the main
peak at BE = 284.2 eV (FWHM = 2.0 eV) arise from adventitious
carbon contamination on the film surface, and the much broader
shoulder peak (FWHM = 3.4 eV) at a binding energy of 287.3 eV is
attributed to the carboxyl species attached to the getter surface [7].

3.3. Activation evaluation by XPS

It is obvious that the surface chemical states evolves drastically as
the getter films are baked even by simple vision inspection of the re-
sulting XPS spectra (Fig. 2). As for Ti 2p spectra, when the temperature
increases to 150 °C, the position of the Ti 2p orbital has shifted towards
lower binding energy and the FWHMs of the Ti 2p3/2 peaks have more
than doubled as compared with that in the as-deposited film. Similar
changes are also very pronounced even by a slight increase in annealing
temperature by just 10 °C to 160 °C, the position of the peaks are shifted
even further towards the lowering binding energy, and the associated
FWHMs are so large that it is hard to distinguish the 2p3/2 and 2p1/2
peaks by simple vision inspection. After further increasing the an-
nealing temperature to170 °C, the peaks are located at further lower
binding energy and become sharp and distinguishable again, with the
FWHM only slightly larger than that in its initial as-deposited condition.
Further increasing the temperature to 180 °C, the peak profile of the
measured spectra do not present too much changes, apart from that the
peaks has shifted back a little bit by 0.5 eV and become even sharper. As
previously reported [7], the shifting of peaks towards lower binding
energy indicates the reduction of the Ti oxides. The spreading of
FWHMs results from the co-existence of TiO2 and its various sub-oxides
TiOx (0 < x < 2) [25,31]. It should be noticed that the ‘x’ here does
not have to be integer to represent the nonstoichiometric oxides [7],
whose presence is testified by the increased FWHMs observed here than
that from the standard stoichiometric oxides. Based on these observa-
tions, it is reasonable to predict that the activation of the getter film has
occurred at 150 °C, albeit to a very slight extent. It should be kept in
mind that the getter film is only annealed for 1 h, and there is no doubt

Fig. 3. Resolved XPS spectra of (a) Ti 2p, (b) Zr 3d, (c) V2p+ O1s and (d) C 1s orbitals. The line represented by the discrete circles shows the raw data, while the red
line is the synthetic envelop. The dashed lines represents the individual components resolved out of the collected spectra. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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that the reduction (activation) will continue with prolonged annealing
time considering the temperature only determines the thermodynamics
of the activation.

The evolution of Zr 3d spectrum with annealing temperature is
presented in Fig. 2(b). It is clear that the changes in zirconium spectra
with respect to the as-deposited sample during annealing at 150 °C also
involves shifting towards lower binding energy, indicating the com-
mencement on the reduction of the initially formed native oxides on the
superficial surface of the getter film, but such reduction process has not
been completed as no peaks are observed around BE = 179 eV (re-
presenting the metallic Zr0). The incomplete reduction process is also
testified by the broadening of the Zr 3d peaks. When annealed at
160 °C, apart from the shift of the peaks towards the lower binding
energy, a new shoulder appears at lower binding energy around
178.7 eV, suggesting the formation of species with zirconium of lower
valence states. Further increasing the temperature to 170 °C does not
induce too much changes to the resulting XPS spectrum while the
portion of the freshly formed shoulder increases when the annealing
temperature is increased to 180 °C.

As shown in Fig. 2(c), the V 2p spectrum experiences the most rapid
evolution compared with its Ti 2p and Zr 3d counterparts. Upon an-
nealing at as low as 150 °C, the peak at binding energy of 517.1 eV
disappears with the presence of a fresh peak at much lower binding
energy. Increasing the annealing temperature to 170 °C, the fresh peak
grows gradually and remains almost unchanged beyond 170 °C.

The XPS spectrum collected from the C 1s core level orbital also
varies with the annealing temperature, as shown in Fig. 2(d). After one
hour’s baking at 150 °C, the main peak at BE = 284.3 eV associated
with adventitious carbon in the as-deposited getter film has shifted a
little bit by 0.2 eV to 284.5 eV, and the shoulder initially observed at
BE = 287.3 eV totally vanished. The characteristics of the spectrum
remain almost unchanged even when the annealing temperature is
further increased to 160 °C. Annealing at 170 °C produces a new peak at
BE = 281.3 eV apart from the existing peak at BE = 284.3 eV. After
being annealed at 180 °C, the 281.3 eV peak becomes stronger as
compared with the 284.3 eV peak.

To quantitatively evaluating the abovementioned changes induced
by annealing at different temperatures, the corresponding spectra have
been modelled with the prescribed peak constrains, and the modelling
results are exhibited in Fig. 3. Only the modelling results of the spectra
collected from the as-deposited samples and that annealed at 150 °C
and 180 °C are included in Fig. 3 as to reveal the corresponding che-
mical states on the superficial surface of the initial state, directly upon
commencement and completion of activation, respectively.

Deconvolution of the Ti 2p spectrum collected from the 150 °C an-
nealed sample reveals that apart from the TiO2 (Ti(IV))and Ti2O3 (Ti
(III)) species, appreciable amount of TiO (Ti(II)) compounds are formed
at 150 °C, as characterized by the deconvoluted 2p3/2 peak at
BE = 453.7 eV with FWHM of 2.3 eV (Fig. 3). Other than the dom-
inance of Ti(IV) over Ti(III) in the as-deposited sample, their relatively
amount has been reversed in the 150 °C annealed sample. The fractions
of Ti(IV), Ti(III) and Ti(II) accounts for 22.5%, 64.5% and 13.0%, re-
spectively. When the annealing temperature increases to 160 °C, an
additional 2p3/2 peak at a binding energy of 453.4 eV
(FWHM = 1.67 eV) can be resolved, suggesting the reduction of tita-
nium oxides to its metallic state (Ti0, 14.1%). In parallel, the fraction of
Ti(IV) and Ti(III) is reduced to 8.9%, 35.5% respectively, while the Ti
(II) fraction drastically increased to 41.5%. After resolving the Ti 2p
spectrum collected at 170 °C, no 2p3/2 peaks associated with Ti(IV) and
Ti(III) can be resolved. The comparison on the peaks areas of Ti0 and Ti
(II) shows that majority of the titanium oxides have been reduced to Ti0

(83.3%) with Ti(II) accounts for a fraction 16.7%. Such valence states
and their fractions of Ti atoms does not change too much when the
getter films is finally annealed at 180 °C after resolving the collected 2p
spectrum, as shown in the first column of Fig. 3.

Quantitative comparison of the Zr3d spectrum at various annealing

temperatures is exhibited in the second column of Fig. 3. When the
getter films is annealed at 150 °C, the most significant changes re-
garding the Zr3d peaks involves the appearance of Zr2O3 (Zr(III)) with a
characteristic 3d5/2 peak resolved at BE = 181.5 eV
(FWHM = 1.8 eV). The Zr(OH)4 component observed in the as-de-
posited getter film totally disappears at this temperature, while the
components of ZrO (Zr(II)) and ZrO2 (Zr(IV)) remain with their re-
spective fraction reversed. The fractions accounted by Zr (IV) and Zr(II)
are 20.4% and 4.3%, respectively. The rest fraction (75.3%) exists in
the form of Zr(III). When the getter film is further annealed at 160 °C,
the oxides are further reduced causing the disappearance of Zr(IV) and
Zr(III) components. At this temperature, metallic/carbidic, Zr0/ZrC,
starts to appear with the 3d5/2 peak at BE of 178.5 eV with
FWHM = 1.84 eV. The areas underlying the resolved peaks indicates
that about 28% of Zr atoms have been reduced to its metallic state Zr0,
and the rest (72.0%) still remains in its lower valence state (Zr(II)).
Increasing the annealing temperature up to 180 °C, the main compo-
nents resolved from the spectrum remain unchanged, Zr(II) and Zr0, the
share of Zr0 gradually increases to 36.0% and 41.0%, respectively at
170 °C and 180 °C.

The V2p spectrum has also been resolved to disclose the valence
states evolution with annealing temperature, the results are displayed
in the third column of Fig. 3. At 150 °C, the initial V2O5 and VO2 oxides
are completely reduced, leading to a coexistence of various vanadium
oxides (VO (V(II)) and V2O3 (V(III))) with metallic vanadium (V0). The
three species, V(II), V(III) and V0, are testified by the characteristic 2p
peaks at binding energy of 513.99 eV (FWHM = 2.16 eV), 515.35 eV
(FWHM= 4.0 eV) and 512.04 eV (FWHM= 1.30 eV), respectively. Co-
existence of these three species persist as the annealing temperature
increases to 160 °C. However, when the temperature is increased to
≧170 °C, the oxide species (V(II) and V(III)) totally vanished and all of
the V atoms within the superficial surface are completely reduced to V0.

Upon annealing at 150 °C, the decomposition of carboxyl species
attached on the initial surface takes place, as its characteristic XPS peak
vanishes (Fig. 3). The C 1s peak arising from the adventitious C remains
and persists even when the temperature is increased to 180 °C. How-
ever, at 170 °C, an additional peak at BE = 281.31 eV
(FWHM = 2.03 eV) is resolved, indicating the formation of metallic
carbides at this temperature, as in consistent with the formation of ZrC.
An increase in the intensity of such carbide C 1s peak is also derived
when the temperature is increased to 180 °C.

Based on the abovementioned analysis, the fraction evolution of
various valence states of each metallic element with annealing tem-
perature has been summarized, as shown in Fig. 4. The fraction of Zr
atoms combined in Zr(OH)4 is added to that of ZrO2 to reveal the total
share of Zr with a valence of 4. The share of the high valence states (Ti
(IV), Zr(IV) and V(V) + V(IV)) of the three elements all present similar
decreasing trend and finally become zero as the temperature increases.
But the critical temperature at which this zero fraction is achieved is
different, and follows the decreasing order as Ti(IV) (170 °C) > Zr (IV)
(160 °C) > V(V) + V(IV) (150 °C). The characteristics of the curves
representing the fraction evolution of the medium valence states, M(n)
(M = Ti/Zr/V, 1 < n < 4) are quite similar. The respective curves all
possess a turning point, before which their shares increase with an-
nealing temperature, and decreases afterwards. Such turning point
comes at higher temperature for M(II) other than M(III). As the an-
nealing temperature increases, the share of M0 is monotonically in-
creased immediately after its formation temperature is reached. Such
temperature, however, is different among the studied elements (Ti, Zr
and V). Specifically, Ti0 and Zr0 first appears at a temperature
150 °C < T < 160 °C, while that for V0 is obviously lower at <
150 °C (It is not practical to derive the exact temperature in the present
study because the corresponding XPS spectra at temperatures <
150 °C is not collected). Based on the sequence of their appearance, it is
clear that the metallic oxides (TiO2, ZrO2 and V2O5 + VO2) are reduced
in steps, like, TiO2 → Ti2O3 → TiO → Ti, subjected to annealing

S. Wang, et al. Applied Surface Science 528 (2020) 147059

5



treatment. Such reduction behavior has also been reported in [32]. In
addition, it is straightforward that the vanadium oxides (V(V) and V
(IV)) are the first to be reduced with increasing annealing temperature,
which is consistent with the existing literature [16,33,34]. A simple
comparison of the shares of Ti0 and Zr0 (87% vs. 46%) at 180 °C may
conclude that the zirconium dioxide is the least easiest to be reduced,
such observation is also in agreement with that reported by et. al. [32]
who claimed higher reduction resistance from ZrO2 subjected to an-
nealing. In this regards, the observed stabilities of the metallic oxides
follow this order: ZrO2 > TiO2 > V2O5, such observations are con-
sistent with that presented by Ellingham Diagrams [35]. Considering
the occurrence of significant changes regarding the fraction of various
valence states of Ti, Zr and V, it is safe to claim that activation process
of the studied thin film commences at 150 °C.

4. Conclusions

A Ti-Zr-V getter film was deposited on OFC substrate, and its mi-
crostructural characteristics are investigated. The activation process
was studied by In-situ synchrotron radiation X-ray photoelectron
spectroscopy while being annealed at different temperatures, the evo-
lution of chemical states with increasing annealing temperature on the
superficial surface of the film were quantitatively evaluated by resol-
ving the collected XPS spectra. The main findings are as follows:

(1) Microstructural characterization discloses a porous and rough (Ra
59.2 nm) surface from the getter film with a porosity of around 5%.
The film is composed of 29.5 at.% Ti, 29.8 at.% V, 33.2 at.% Zr and
7.5 at.% O. The three metallic elements are homogenously dis-
tributed within the film bulk.

(2) The as-deposited film are covered by stable metallic oxides, TiO2,
ZrO2 and V2O5 + VO2, which are reduced in steps upon annealing
treatment through their suboxides of intermediate valence states to
final metallic states. The ease of the reduction follows the des-
cending order, V2O5 > TiO2 > ZrO2.

(3) The activation of the thin film starts at a temperature as low as
150 °C, at which about 40% of vanadium atoms contained in the
surface of the film have been reduced to its metallic state.
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