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Featured Application: Non-evaporable getters (NEG) with low activation temperature are more
compatible with devices and can be widely applied in particle accelerators, the Tokamak fusion
test reactor, field-emission display, vacuum packaged MEMS and neutron tubes.

Abstract: The activation process of Zr, ZrVHf and TiZrV non-evaporative getter (NEG) thin films,
prepared by direct current magnetron sputtering, is investigated by in situ synchrotron radiation
photoemission spectroscopy. The activation temperatures of Zr and ZrVHf films are found to be
300 ◦C and 200 ◦C, respectively, and the activation temperature of TiZrV film is 120 ◦C—the lowest
activation temperature reported on TiZrV. As the heating temperature increases, the transformation
of metal-C bond follows the orders of V–C, Ti–C, Zr–C, Hf–C. It is found that the order of reduction
difficulty of the same element oxides, that is, Zr oxide and V oxide in different films follows Zr
film > ZrVHf film > TiZrV film. The order of difficulty in the reduction of oxides in the same alloy
NEG films follows HfO2 > ZrO2 > TiO2 > V2O5. We propose that the above phenomena can be
explained by interstitial diffusion, grain boundary diffusion of residual gas atoms and grain boundary
precipitation of V and Ti in the solid solution of the NEG films.

Keywords: non-evaporative getters; activation; thin films; SRPES

1. Introduction

Non-evaporable getters (NEG) technology was first invented at CERN in the 1990s [1]
and are now widely employed in particle accelerators [2] the Tokamak fusion test reactor [3],
field-emission display, vacuum packaged MEMS [4] and neutron tubes [5].NEG materials
have become an integral component of many ultrahigh vacuum environments mainly due
to their unique surface properties, which are conducive to achieving ultrahigh vacuum
(UHV) of the order of at least 10−8 Pa [6,7] by chemically adsorbing gas molecules on their
surface. Heat needs to be applied to the NEG to allow the surface gas to residually diffuse
into the bulk before it can have pumping performance; this process is called “activation”.
If one coats the inner wall of a vacuum chamber with NEG film, it actually turns the
outgassing vacuum chamber into a vacuum pump without any need of additional space
and energy. It is critical to reduce the temperature needed for activation to protect the
adjacent vacuum components from overheating damage [8]. Efforts [9–13] have been made
to reduce the activation temperature; the lowest activation temperature of TiZrV films
reported was 150 ◦C [14]. The activation temperature of the NEG can be characterized by
the pressure distribution of the custom-made pumping speed measurement setup [11,15],
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the ultimate vacuum after activation [16] and the change in valence states by X-ray pho-
toelectron spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), low-energy ion
scattering (LEIS) and Auger electron spectroscopy (AES) [17–22]. The models [23] to evalu-
ate diffusion and solution in the activation process are only applicable to single crystals,
hence the search for NEG films of lower activation temperatures is currently posteriori.
The challenge is to further reduce the activation temperature of NEG films and understand
the activation process.

In this context, we fabricated Zr, ZrVHf and TiZrV NEG films by direct current (DC)
magnetron sputtering and investigated their activation process by in situ synchrotron
radiation photoemission spectroscopy (SRPES).

2. Materials and Methods

The activation process of the NEG films was investigated by in situ SRPES, performed
at the photoelectron spectroscopy station (4B9B beamline) in the Beijing Synchrotron Radi-
ation Facility, equipped with a SCIENTA R4000 analyzer. The synchrotron radiation light
is monochromated by four high-resolution gratings and equipped with a hemispherical
energy analyzer. The light source covers photon energies in the range from 10 eV to 1100 eV.
During measurements, the base pressure was better than 3× 10−8 Pa. The photon energy
was calibrated by measuring the 4f XPS peak of a clean sheet of polycrystalline gold foil that
was electrically connected to the sample. The samples were heated in a heating treatment
chamber and transferred to a SRPES analysis chamber through a transfer chamber under
vacuum. The background vacuum of all chambers was around 3× 10−8 Pa.

The Zr, ZrVHf and TiZrV films were deposited on oxygen-free electrolytic (OFE)
copper substrates by direct current (DC) magnetron sputtering. The cathode voltage
and current were approximately 300 V and 0.25 A, respectively. The working gas (Kryp-
ton) pressure was approximately 1.5 Pa. The magnetic field was kept at approximately
200 Gauss. The duration of deposition was about 11 h. After deposition, the NEG films
were intentionally exposed in the air before mounting into the load lock chamber. The NEG
films were annealed in the heating treatment chamber at a pre-set temperature measured
by an infrared thermometer. After annealing, the NEG films were transferred to the in
situ SRPES analysis chamber. The SRPES spectra were acquired at a photon energy of
700 eV. A series of core level SRPES spectra (O 1s, C 1s, Ti 2p, V 2p, Zr 3d and Hf 4f) were
acquired at room temperature after degassing the NEG films at 80 ◦C for 6 h, and heating
at 120 ◦C, 180 ◦C, 200 ◦C, 250 ◦C and 300 ◦C for 0.5 h, respectively, under UHV conditions.
The spectra fitting was done using a Gaussian–Lorentzian line shape with XPSPEAKS
developed by Raymund Kwok after having performed the Shirley background corrections.

Rutherford back-scattering (RBS)/channeling measurements were performed on a
collimated 2.0-MeV He+ beam produced by 5SDH-2 Pelletron at Peking University. The
accelerator provides a He+ beam. The sample was mounted on a high precision (0.01◦)
three-axis goniometer in a vacuum chamber, so that the orientation of this sample relative to
the He+ beam could be precisely controlled. A detector coupled to a multichannel analyzer
was located about 7.5 cm from the sample. The backscattered particles were accepted by an
Au–Si barrier detector. The detection angle was 160◦ and its energy resolution was about
18 keV. The size of the crystallites was investigated by X-ray diffraction (XRD) (Bruker D8
Advance) on the NEG films. The X-ray source was a copper anode with a wavelength of
0.1540 nm. A diffractometer was used in a θ− 2θ mode, 2θ varying from 20◦ to 100◦ in
steps of 0.02◦/sec. Under the assumption of a homogeneous single phase and of roughly
equiaxed crystal grains, the Scherrer formula ∆(2θ) = 0.88λ/(ω cos θ) was applied to
determine the average dimensionω of the crystallites, where λ is the source wavelength
0.154 nm, 2θ is the measured angle in radians and ∆(2θ) is the full width at half-maximum
in radians.
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3. Results

The elemental composition of the NEG thin films was measured by RBS at different
positions, showing that the composition is very uniform. From the RBS spectrum, the
elemental concentrations of TiZrV were 24 atomic % Ti, 50 atomic % Zr, 26 atomic % V. The
elemental concentrations of ZrVHf were 37 atomic % Zr, 42 atomic % V, 21 atomic % Hf.

Figure 1 shows SRPES spectra of the C 1s core-level peak of different NEG films
recorded after heating at various temperatures. The differentiation of the C 1s spectra gave
several component peaks representing carbon in various chemical states. After degassing
at 80 ◦C, the spectra of all films showed peaks of adventitious carbon contamination
with C–C/C–H, O–C–O and O–C=O at binding energies of 284.8 eV, 286 eV and 288.5 eV,
respectively [24].

For the Zr film (Figure 1a) at temperatures of 300 ◦C, there was a chemical shift to a
lower binding energy of 281.1 eV, typical for zirconium carbide [25]. This suggests that the
surface carbon partly desorbs and is partly transformed to zirconium carbide.

For ZrVHf film (Figure 1b), the chemical shift to metal carbide appeared after heating
at 200 ◦C, a temperature much lower than that of the Zr film. After heating at 200 ◦C, the C
1s spectra showed a detectable quantity of V–C at 282.2 eV [25] and Zr–C at 281.3 eV. After
heating at 250 ◦C, the metal carbide peak shifted to a lower binding energy of 281.1 eV,
typical for Zr–C, with still a possible small amount of V–C at 282.2 eV. After heating at
300 ◦C, the Zr–C peak partly shifted to 280.8 eV, typical for Hf–C [25]. The above shifting
of the metal carbide peaks suggests that as the heating temperature increases from 200 ◦C
to 300 ◦C, the transformation of metal-C bond follows the order of V–C, Zr–C, Hf–C.

For TiZrV film (Figure 1c), the chemical shift from adventitious carbon to metal carbide
at 282.1 eV, typical for V–C, appeared at temperatures as low as 120 ◦C. After heating at
180 ◦C, the intensity of carbon peak reduced and the V–C peak shifted to 281.5 eV, typical for
Ti–C [25], suggesting that the surface carbon desorbs and vanadium carbide is transformed
to titanium carbide. After heating at 200 ◦C, the surface carbon peak disappeared, and
the carbide peak shifted to 281.1 eV, typical for Zr–C. After heating at temperatures above
250 ◦C, the Zr–C peak disappeared. The above shifting of the metal carbide peaks suggests
that as the heating temperature increases from 120 ◦C to 200 ◦C, the transformation of
metal-C bond follows the order of V–C, Ti–C, Zr–C. After heating at temperatures above
250 ◦C, the carbon bonded to zirconium diffused from the surface into the bulk [26].

Figure 2 shows SRPES spectra of the O 1s core-level peak of different NEG films
recorded after heating at various temperatures. The deconvolution of O 1 s spectra resulted
in the observation of O–C bond at 533.2 eV, -OH bond at 532.0 eV and lattice-O bonds
ranging from 531.0 eV to 530.0 eV [27].
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Figure 1. SRPES spectra of the C 1s core-level peaks of (a) Zr film, (b) ZrVHf film and (c) TiZrV film
recorded after heating at various temperatures.
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Figure 2. SRPES spectra of the O 1s core-level peaks of (a) Zr film, (b) ZrVHf film and (c) TiZrV film
recorded after heating at various temperatures.
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For Zr film (Figure 2a), as the heating temperature increased from 80 ◦C to 250 ◦C,
the intensity of the O–C and -OH group gradually reduced. After heating at 300 ◦C, the
intensity of the lattice-O peak at 531.0 eV corresponding to O in ZrO2 [28] partly reduced.

For the ZrVHf film (Figure 2b), the intensity of the O–C and -OH group almost fully
reduced after heating at 180 ◦C. After heating at 80 ◦C, the lattice-O peak at 530.5 eV
showed a mixture of ZrO2, V2O3, V2O5 and HfO2. After heating at 120 ◦C, V2O5 reduced
to V2O3 at 530.7 eV [28], which can be cross validated by the V 2p spectrum of the ZrVHf
film mentioned later. After heating at 200 ◦C, the lattice-O peak started to shift to a lower
binding energy, suggesting the reduction in V–O. After heating at 250 ◦C, the lattice-O
peak had two components—ZrO2 at 531.0 eV and HfO2 at 530.4 eV [28]. The intensity of
the ZrO2 and HfO2 components is partly reduced after heating at 300 ◦C. The shifting of
the lattice-O peaks suggests that the ease of breaking the metal-O bond follows the order
of V–O, Zr–O, Hf–O. After heating at temperatures above 250 ◦C, most O was bonded to
Zr and Hf.

For TiZrV film (Figure 2c), after heating at 80 ◦C, metal-O bonds showed components
of V2O5/TiO2 at 530.0 eV, V2O3 at 530.7 eV and ZrO2 at 531.0 eV [28]. The intensity of all
components of the O 1s peak was significantly reduced at only 120 ◦C, suggesting that
120 ◦C may be the activation temperature for the TiZrV film. After heating at 300 ◦C, the
intensity of the lattice-O was significantly reduced.

Figure 3 shows the SRPES spectra of the Zr 3d core-level peak of different NEG films
recorded after heating at various temperatures. In all these cases, the deconvolution of
Zr 3d spectra resulted in two peaks which corresponded to the Zr 3d5/2 and Zr 3d3/2,
respectively.

In Figure 3a, for the 80 ◦C degassed Zr film, the binding energy of the Zr 3d5/2 is
182.2 eV, a value that corresponds to fully oxidized Zr (IV) [29]. After heating at 250 ◦C,
the peak intensity of Zr (IV) significantly reduced, with a possible amount of Zr (sub) [30].
At high temperatures of 300 ◦C, the Zr (IV) peak shifted to a lower binding energy and
consisted of several elementary peaks, with the majority corresponding to metallic Zr (0) at
178.8 eV [29], suggesting that Zr (IV) reduced to a large extent.

Compared to the Zr film, the reduction in Zr (IV) in the ZrVHf film occurred at a
lower temperature of 200 ◦C, as can be seen in Figure 3b. Furthermore, in the TiZrV film as
shown in Figure 3c, the Zr (IV) was partly reduced to Zr (sub) and Zr (0) after heating at a
temperature as low as 120 ◦C. The tail at the binding energy of 187.4 eV is attributed to
Auger peaks. It should be noted that since the binding energy of Zr–C is very close to that
of ZrO (sub), the corresponding peaks could be a mixture of both.

Figure 4 shows SRPES spectra of the V 2p, Ti 2p and Hf 4f core-level peaks of ZrVHf
and TiZrV films recorded after heating at various temperatures. The peak position resolved
in Figure 4 is consistent with references [31–33]. In Figure 4a–c, the reduction in the fully
oxidized states of V 2p and Ti 2p in ZrVHf and TiZrV films occurred after heating at a
temperature of only 120 ◦C.

The integrated peak areas can be used to determine the content ratios of different
states to understand the activation process. In Figure 4a, at 120 ◦C, there is no V (0), but V
(sub). In Figure 4b, at 120 ◦C, V (0) and V (sub) appear with the percentages of 68.7 at% and
31.3 at%, respectively. Therefore, the activation of V in TiZrV is easier than that in ZrVHf.
Comparing Hf 4f spectrum in Figure 4d and Zr 3d spectrum in Figure 3b of the ZrVHf film,
both Hf 4f and Zr 3d started to move to a lower binding energy at 200 ◦C. It should be noted
that since the binding energy of carbide is very close to that of sub-oxide, the corresponding
peaks could be a mixture of both. In Figure 4d at 200 ◦C, Hf (sub) and Hf (IV) appear with
the percentages of 16.6 at% and 83.4 at%, respectively. In Figure 3b at 200 ◦C, Zr (sub) and
Zr (IV) appear with the percentages of 29.9 at% and 70.1 at%, respectively. Therefore, the
activation of Zr is easier than Hf.
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Figure 3. SRPES spectra of the Zr 3d core-level peaks of (a) Zr film, (b) ZrVHf film and (c) TiZrV film
recorded after heating at various temperatures.
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Figure 4. (a) SRPES spectra of the V 2p core-level peak of ZrVHf film; (b) SRPES spectra of the V 2p
core-level peak of TiZrV film; (c) SRPES spectra of the Ti 2p core-level peak of TiZrV film; (d) SRPES
spectra of the Hf 4f core-level peak of ZrVHf film. All were recorded after heating the films at various
temperatures indicated in the figures.
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4. Discussion

After heating the TiZrV film at 120 ◦C for 0.5 h, the metal states of Ti 2p, V 2p and
Zr 3d appeared, the intensity of the O 1s peak significantly reduced and metal carbide
states of C 1s emerged. Therefore, it is reliable to state that the activation temperature of
the TiZrV film is 120 ◦C. This is the lowest activation temperature reported for TiZrV. In
other words, the TiZrV film can be fully activated by heating at 120 ◦C for a longer time.
In a similar manner, the activation temperature for Zr and ZrVHf films were found to be
300 ◦C and 200 ◦C. Comparing to reference [19] (TiZrV film activated at 120 ◦C for 0.5 h),
and reference [14] (TiZrV film activated at 150 ◦C for 1 h), the reduction degree of the TiZrV
film found in this work after heating at 120 ◦C for 0.5 h is to a higher extent.

In addition, there are three phenomena worth noting. The first phenomenon is that as
the heating temperature increases, the transformation of metal-C bond follows the order
of V–C, Ti–C, Zr–C, Hf–C. The first phenomenon is found for films containing the same
element. The temperature required to break the Zr–O bond on Zr, ZrVHf and TiZrV films is
about 300 ◦C, 200 ◦C and 120 ◦C, respectively, suggesting that the difficulty of the reduction
of Zr oxide in different NEG films follows the order of Zr film > ZrVHf film > TiZrV film. By
comparing the content ratios of the V(0), V(sub) and V(V) states on TiZrV and ZrVHf films,
the activation of V in TiZrV film is easier than that in ZrVHf film. The third phenomenon
is found in the activation of different elements in the same film. The elemental carbon
absorbed on the surface of the Zr, ZrVHf and TiZrV films started to transform to metal
carbide phase after heating at 300 ◦C, 200 ◦C and 120 ◦C, respectively. On TiZrV film, the
metal carbide phase was fully removed after heating at 250 ◦C or above. This confirmed
the reported order of stabilities of the metallic oxides as follows: ZrO2 > TiO2 > V2O5 [34].
Combining the comparison of content ratios of Hf (sub)/Hf (IV) to Zr (sub)/Zr (IV) on
ZrVHf film after heating 200 ◦C, the complete difficulty of the reduction of oxides follows
the order of HfO2 > ZrO2 > TiO2 > V2O5.

The above phenomena can be explained by the thermodynamics of materials. The
ZrVHf and TiZrV alloy films are substitutional solid solutions. The atomic radii of Ti,
Zr, V and Hf elements are 176 pm, 206 pm, 171 pm and 208 pm, respectively. The elec-
tronegativities of Ti, Zr, V and Hf elements are 1.38, 1.32, 1.53, 1.16, respectively. Since
they possess similar crystal structures, their atomic radius difference is within 15% and
their electronegativities are similar, the solid solutions have high solubility. For NEG
elements, at a typical temperature of activation, the free energy of formation of the oxide is
larger than that of the solid solution per oxygen/carbon atom, so the solid solution phase
is favored, that is, during activation, O and C diffuse into the bulk of the films. As the
electronegativities of H, C, O are much higher and their atomic radii are much smaller,
they diffuse in NEG crystals by interstitial diffusion. The overall diffusion coefficient of
H, C, O in single crystals follows the order of V > Ti > Zr > Hf [8]. The difficulty of the
reduction can also be explained by analysis of Gibbs free energy of the formation of oxides:
∆GΘ

T = ∆HΘ
298 − T∆Φ′T in which ∆HΘ

298 and ∆Φ′T is the enthalpy difference and Gibbs free
energy of reaction at 298 K as a reference [35]. The order of the stability of these metal
oxides is HfO2 > ZrO2 > TiO2 > V2O5.

The alloy films prepared by sputtering are nanocrystalline or even amorphous. The
grain size (<100 nm) can be calculated by the Scherrer formula: D = Kλ

β cos θ , where D is the
average grain size, θ is the scattering angle, λ is the wavelength of X-ray (0.15406 nm), β
is the half height and width of the diffraction peak, and K is the Scherrer constant (0.89).
The grain sizes of the Zr, ZrVHf and TiZrV films were measured and calculated to be 17 Å,
23 Å, 133 Å, respectively. In addition to the interstitial diffusion, grain boundary diffusion
(including free surface diffusion) plays an important role in the reduction of the alloy NEG
film. Since there are many defects (holes, impurity atoms and dislocations) at the grain
boundary, and the atoms at the grain boundary deviate from the equilibrium, and hence,
have higher energy, the diffusion coefficient at the grain boundary is generally greater
than that in the bulk. At room temperature, the irregular arrangement of the atoms at the
grain boundaries will hinder the movement of dislocations, resulting in high strength and
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hardness [36] of the NEG films at macroscopic scale. The grain boundary is like a short-
circuit for the residual gas atoms to diffuse much easier at a lower activation temperature.
Since Ti, Zr and Hf are hexagonally close-packed (hcp) and V is body-centered-cubic (bcc),
V cannot form an infinite solution with Zr, V and Hf. This difference is aggravated during
the film growth process and heating treatment, resulting in the precipitation of V at the
grain boundaries. The content of V and Ti is relatively higher at grain boundaries, while
the content of Zr and Hf is relatively higher in the bulk [37]. The V and Ti precipitates
protect Zr and Hf from oxidation to a certain extent. Consequently, the break of the Zr–O
bond is easier at a relatively lower temperature in the TiZrV films.

5. Conclusions

The Zr, ZrVHf and TiZrV NEG films were prepared by DC magnetron sputtering. The
activation process of the NEG films was investigated by in situ SRPES after heating at 80 ◦C
for 6 h, and 120, 180, 200, 250 and 300 ◦C for 0.5 h, respectively, under UHV conditions.

From the emergence of the metal states and the change in O 1s and C 1s bonds, the
activation temperature for the TiZrV film was found to be 120 ◦C—the lowest activation
temperature ever reported on TiZrV. The activation temperature for Zr and ZrVHf films
were 300 ◦C and 200 ◦C. The Zr, ZrVHf and TiZrV NEG films were able to be fully activated
after the heating treatment at 300 ◦C, 200 ◦C and 120 ◦C, respectively, for a longer time.

There were three noteworthy phenomena: (1) as the heating temperature increased,
the transformation of the metal-C bond followed the order of V–C, Ti–C, Zr–C, Hf–C; (2) in
this work, it was found that for different NEG films containing the same elements, the
order for reduction difficulty of the same element oxides, Zr oxide and V oxide in different
films, followed Zr film > ZrVHf film > TiZrV film; and (3) it was also found that the order
of difficulty in the reduction of Ti, Zr, V and Hf oxides in the same alloy NEG film followed
HfO2 > ZrO2 > TiO2 > V2O5.

We propose that the above phenomena can be explained by thermodynamics of a solid
solution. The overall diffusion coefficient of the residual gas atoms in single crystals follows
the order of V > Ti > Zr > Hf. Since the alloy films prepared by sputtering is nanocrystalline
or even amorphous, grain boundary diffusion plays a decisive role in the reduction. Due
to the crystal structure difference, V cannot form an infinite solution with Zr, V and Hf.
During the film growth process and heating treatment, V and Ti tend to precipitate more at
the grain boundaries. The V and Ti precipitates act as a protection layer for Zr and Hf in
the bulk. Consequently, the reduction of ZrO2 is easier at relatively lower temperature in
TiZrV films. At a similar grain size, TiZrV has a lower activation temperature than ZrVHf.
TiZrV is suitable for applications requiring a low operating temperature.
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