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Abstract Non-evaporable getter (NEG) films are an inte-

gral part of many particle accelerators. These films provide

conductance-free evenly distributed pumping, a low ther-

mal outgassing rate, and a low photon-and electron-stim-

ulated desorption. These characteristics make it an ideal

solution for resolving the non-uniform pressure distribution

in conductance-limited narrow vacuum tubes. In this study,

ternary Ti–Zr–V films were deposited on Si substrates and

Ag–Cu (Ag 0.085 wt%) tubes with an inner diameter of 22

mm. All Ti–Zr–V films were prepared from an alloy target

using the same DC magnetron sputtering parameters. The

compositions and corresponding chemical bonding states

were analyzed by X-ray photoelectron spectroscopy after

activation at different temperatures. The test particle Monte

Carlo (TPMC) method was used to measure the sticking

probability of the Ti–Zr–V film based on pressure readings

during gas injection. The results indicate that activation

commences at temperatures as low as 150 �C and Ti0, Zr0,

and V0 exist on the surface after annealing at 180 �C for 1

h. Ti–Zr–V films can be fully activated at 180 �C for 24 h.

The CO sticking probability reaches 0.15, with a pumping

capacity of 1 monolayer.

Keywords Non-evaporable getter (NEG) � Accelerator
vacuum � TPMC � Activation temperature

1 Introduction

New generation diffraction-limited storage rings have a

compact lattice combined with small magnet apertures

owing to the small horizontal beam size [1, 2], resulting in

much smaller vacuum chamber apertures [3]. The vacuum

system design of the Hefei Advanced Light Source Facility

(HALF) results in the reduction in size of the aperture to 22

mm. This induces a challenge for the vacuum system

design, as traditional lumped pumps are unable to provide

the required ultra-high vacuum. Such problems can be

solved by coating the inner surface of the storage ring

vacuum chamber and inserting devices with non-evap-

orable getter (NEG) films. NEG films not only provide

in situ conductance-free pumping speeds but also reduce

outgassing from the walls [4, 5]. Coating the vacuum

chambers with NEG films was originally applied in CERN

[6–8] and then widely used in many ultra-high vacuum

facilities, especially for particle accelerators, such as MAX

IV [9], LHC [10], SOLEIL [11], DIAMOND [12], and

ESRF [13].

Transition metals and their alloys are considered as ideal

getter materials, and widely used getter materials are nor-

mally composed of Ti, Zr, and V. Ti and Zr have a good

oxygen affinity and solubility, and V has a good oxygen

diffusion property, which ensures maximum pumping
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performance and good activation characteristics [14]. NEG

films are able to capture residual gases by impinging on

their active surfaces to achieve ultra-high vacuum. How-

ever, NEG films are easily oxidized in ambient air. As a

result, an inert oxide layer is generated on the surface,

preventing residual gases from reacting with it further [15].

Therefore, NEG films need to be baked in a high vacuum to

restore their sticking ability. This process is called activa-

tion, during which the oxides on the surface diffuse into the

films, and new active metal surfaces reappear. The vacuum

chambers of an accelerator are usually made of stainless

steel, aluminum, oxygen-free copper, chromium zirconium

copper, and silver copper. The high activation temperatures

of NEG films do not only reduce the yield strength of

vacuum system materials but also increase the cost of

accelerator chambers, which are several hundred meters

long. Many studies have been conducted on reducing the

activation temperature of NEG films [16, 17]. Previous

studies have shown that amorphous or nanocrystalline

NEG coatings with a grain size of less than 100 nm have a

lower activation temperature and better activation

performance.

The activation temperature and vacuum performance of

Ti–Zr–V getter films were investigated in this study for

application of Ti–Zr–V getter films in the vacuum system

of HALF. All Ti–Zr–V films were deposited by DC mag-

netron sputtering. The surface topography and thickness

were assessed by scanning electron microscopy (SEM).

The chemical state evolution on the surface of the film

upon annealing was analyzed by X-ray photoelectron

spectroscopy (XPS). The TPMC model was built and run to

analyze the relationship between the measured pressure

ratio and the NEG coating sticking probability using the

MOLFLOW program.

2 Experimental procedures

Ti–Zr–V films were deposited on Si substrates and Ag–

Cu (Ag 0.085 wt%) tubes with an inner diameter of 22 mm

by DC magnetron sputtering. The cathode target was a

ternary Ti–Zr–V alloy wire with a chemical composition

equal to the atomic ratio. Before deposition, the Si sub-

strates were first ultrasonically rinsed in acetone and then

in absolute ethyl alcohol for 10 min. Finally, the obtained

substrates were cleaned with deionized water and then

dried using blowing nitrogen. The Ag–Cu tube was care-

fully cleaned by dipping in an alkaline solution and sub-

sequent acid etching for 10 min. Then, the Ag–Cu tube was

passivated by citric acid and finally dried using blowing

nitrogen. The base pressure in the deposition facility was 1

9 10-5 Pa. The films were deposited using the pulsed

unipolar current mode with a constant current of 0.1 A and

a pulsed frequency of 40 kHz. The magnetic field strength

used for the deposition was 200 G. Kr was supplied as

sputtering gas because of its high sputtering yield, and the

working pressure in the present study was 1 Pa.

The surface and cross-sectional morphologies of the Ti–

Zr–V films were characterized using a Gemini SEM 500

Schottky field emission scanning electron microscope. The

SEM was equipped with an Oxford Aztec series X-ray

energy spectrometer (EDS) for characterizing the elemen-

tal distribution. The coated Si substrates were fractured to

expose the new film flakes which were used to acquire

cross-sectional SEM images. The thicknesses of the NEG

films were determined using the cross-sectional images.

The structure and crystallite sizes of the films were studied

using X-ray diffraction (XRD). The grazing angle for the

theta-theta rotating anode X-ray diffractometer was 1� and
the 2h data was varied between 30� and 60� with a step size
of 0.02�. The evolution of the chemical states on the top

surface of the thin films was identified using a PHI 5000

Versaprobe III multifunctional scanning X-ray photoelec-

tron spectroscope using monochromatic Al Ka (Mono Al

Ka) as an excitation source with a chamber pressure of 6.7

9 10-8 Pa. The temperature of the four-dimensional

sample holder was adjusted in the range of - 140 to 600

�C. The film was heated to pre-set temperatures (25 �C, 150
�C, 160 �C, 170 �C, 180 �C, and 200 �C) and maintained

for 1 h before acquiring the spectra of each individual

element. The binding energy was calibrated using the C

1s core level orbital with a binding energy of 284.8 eV. The

spectra of Ti 2p, Zr 3d, and C 1s were individually obtained

within their respective binding energy ranges. The spectra

of V 2p and O 1s were obtained together in the binding

energy range of 509–538 eV.

The dedicated system shown in Fig. 1 was designed and

built to investigate the pumping properties of the NEG-

Fig. 1 Schematic of the vacuum system for analyzing vacuum

properties of the tubular NEG tube
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coated samples. The TPMC model was used to obtain an

accurate evaluation of the sticking probability by reading

the pressures at both ends during gas injection [18]. The

TPMC model was built and run for each configuration

using the MOLFLOW program written by Kersevan [19].

The main vacuum chamber comprised a tube with a

diameter of 150 mm and a length of 200 mm, on the wall of

which four holes with equal diameters of 35 mm were

machined for gas injection, a residual gas analyzer (RGA),

an ionization gauge and a valve connected to the pump

assembly. The total pressure in the main chamber was

measured using a calibrated ionization gauge, while the

partial pressure was measured by the RGA, which had been

calibrated against the ionization gauge. The NEG film was

coated onto a 22 mm inner diameter Ag–Cu tube with two

35 mm flanges. This testing system enables the measure-

ment of the sticking probability between 10-4 and 1 and

the main chamber pressure from 10-8 to 10-4 Pa during

testing [20]. A 500 L/s turbomolecular pump backed with a

Drytel fore-vacuum pump was used for bakeout, NEG film

activation, and gauge degassing. To prevent activated NEG

film poisoning, a 300 L/s sputter ion pump was used to

remove thermally desorbed gases from the uncoated parts

of the test vacuum chamber after NEG film activation. The

pressure in the test chamber reached 10-8 Pa after the

uncoated parts of the system had been baked at 250 �C for

24 h. The new bakeout and activation processes described

in Ref. [20] were carefully performed in this study.

The gas injection system consisted of two expansion vac-

uum chambers (volumes of 0.2 L and 2 L), an injection line

connected to gas cylinders, and a pumping system consisting of

a 75 L/s turbomolecular pump and a 10 m3/h scroll pump. The

injected gas flux was calculated with the pressure in the small

expansion vacuum chamber (measured by a 0.1 Pa full-scale

PREIFFER membrane gauge) during gas injection.

The test system was baked, and the tube coated with NEG

film was activated. The injection system was pumped with a

molecular pump and then filled with CO until the pressure in

the smaller expansion chamber reached � 5 Pa. The fine leak

valve was opened after the test system had been cooled to 20

�C. The partial pressures of CO at both ends were recorded at

the same time until the point at which the values at both ends

were equal. The initial sticking probability of theNEGfilmwas

determined from the measured maximum pressure ratio using

the TPMC method [18].

3 Results and discussion

3.1 Surface morphology and microstructure

The surfaces and cross-sectional morphologies of the

Ti–Zr–V films are shown in Fig. 2). The surface

morphologies (Fig. 2a) of the Ti–Zr–V film deposited onto

the Si substrate exhibit uniform nanostructures, and a large

number of nucleations can be observed. The films com-

posed of 30.1 at.% Ti, 31 at.% V, 27.4 at.% Zr and 11.5

at.% O were observed through elemental mapping analysis

by EDS. The three metallic elements are evenly distributed

on the surface of the film. Cross-sectional images (Fig. 2b)

of the thin film present columnar grain structures with a

film thickness of approximately 0.8 lm. Meanwhile, many

pores are also observed among the columnar grain

structures.

The microstructures of the films deposited on Si were

studied using X-ray diffraction (XRD). The XRD data for

the as-received Ti–Zr–V films are shown in Fig. 3. The

only diffraction peak at 2h = 37.5� associated with the film

has a rather broad width. According to this diffraction

peak, the average grain size in the films, as calculated by

Scherrer’s equation, is 2.10 nm.

3.2 Surface chemical states and activation

evaluation by XPS

The NEG films were exposed to ambient air after

deposition. Oxygen atoms are prone to be absorbed by the

NEG films. Therefore, the surfaces of the as-received NEG

films were almost completely oxidized. To recover the

pumping ability, NEG films need to be heated to a certain

temperature in an ultrahigh vacuum. The binding energy

spectra and the variations in chemical states of each indi-

vidual element of the NEG films with increasing annealing

temperature are presented in Fig. 4. The resolved spectra of

the as-received NEG and those activated at 150 �C and 180

�C are shown in Fig. 5. This reveals the surface chemical

states of the as-received films in the initial and in the

completely activated states.

As for the as-received NEG films, the Ti element was

fully oxidized, and appeared in its stable oxide state TiO2.

According to a previous study, the oxides of Ti in various

valence states correspond to different peaks in the spectra

of Ti 2p. The 2p3/2 peaks at binding energies of 458.7 eV,

456.1 eV, 454.8 eV and 454.3 eV are attributed to Ti4?,

Ti3?, Ti2? and metallic Ti0, respectively. After analyzing

the spectra, it was determined that the Ti atoms on the

Fig. 2 Surface (a) and cross-sectional (b) images of Ti–Zr–V films
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surface of the as-received NEG films were mainly con-

sumed by TiO2, and Ti2O3 occupied a marginal part. This

is a typical characteristic of a natural oxide surface formed

on Ti alloys [21].

As the NEG films are baked, it is obvious that the sur-

face chemical states evolve drastically, as shown in the

spectra (Fig. 4a). After being activated at 150 �C, the peaks

in the Ti 2p spectra shifted toward lower binding energies

and the corresponding FWMHs became wider compared

with that of the as-received sample. When the annealing

temperature was increased to 160 �C, the peaks in the

spectrum shifted even further into the lower binding energy

direction. Meanwhile, the 2p3/2 and 2p1/2 peaks are difficult

to distinguish by simple visual inspection. As the activation

temperature was further increased to 170 �C and finally to

180 �C, the peaks continued to shift toward the lower

binding energy direction and became sharp again. The shift

of the peak toward the direction of low energy indicates

that the amount of Ti oxide begins to decrease [15]. The

coexistence of TiO2 and sub-oxides TiOxð0\x\4Þ causes
wider FWMHs in the spectrum [22]. The above analysis

indicates that Ti–Zr–V NEG films began to be activated at

150 �C, although the activation extent was rather limited.

In addition, the amount of Ti oxides decreased with

increasing annealing temperature. Considering that the

samples were only annealed for 1 h, it is reasonable for the

activation extent to increase and continue increasing with

increasing holding time.

The resolved spectrum of Ti 2p after annealing at 150

�C shows that it is mainly composed of TiO2 and Ti2O3,

whereas TiO cannot be identified (Fig. 5a). The amount of

TiO2 decreased, and the proportion of Ti2O3 increased as

compared with the as-received sample. After activation atFig. 3 XRD result for the as-received Ti–Zr–V film

Fig. 4 (Color online) Evolution

of XPS energy spectra of a Ti

2p, b Zr 3d, c V 2p ? O 1s and
d C 1s with an increase in

annealing temperature
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180 �C, a new peak at the binding energy of 454.3 eV could

be resolved, indicating that the presence of metallic Ti and

Ti atoms in the high-valence state are further reduced. At

this time, only metallic Ti and TiO were present on the film

surface.

In the as-received Ti–Zr–V film surface, Zr mainly

existed in the form of ZrO2. The binding energy of 182.5

eV corresponds to the Zr 3d5/2 peak. A peak at the binding

energy of 183.7 eV is observed in the resolved spectrum,

which can be attributed to the existence of zirconium

hydroxides (Zr(OH)4), as the Zr on the surface of the film

readily reacts with O and H to form a passivation layer of

oxides and hydroxides [23]. The resolved spectra (Fig. 5c)

of O 1s also confirm this phenomenon, because in addition

to a main peak at a binding energy of 530.6 eV, another

peak at the binding energy of 532.1 eV can be observed,

corresponding to metallic oxides and hydroxides, respec-

tively [24, 25]. The coexistence of ZrO2 and Zr(OH)4 is a

typical characteristic of Zr alloys exposed to ambient air.

The Zr 3d spectra of the samples annealed at various

temperatures are shown in Fig. 4b. It is obvious that the

peaks in the spectra shift toward the lower binding energy

direction with an increase in annealing temperature, which

is similar to the Ti spectra variation, indicating a reduction

in zirconium oxides during the annealing process. This

reduction was highly dependent on the annealing temper-

ature. Specifically, for an annealing temperature of 140 �C,
hardly any changes in the Zr 3d spectra could be observed

as compared with that of the as-received sample. When the

annealing temperature was increased to 150 �C, the posi-

tions of the Zr 3d peaks remained almost unchanged;

nevertheless, the corresponding FWHMs of the peaks

increased. Similar characteristics are also apparent for

samples annealed at temperatures up to 170 �C. Moreover,

the FWHMs of the Zr 3d spectra become wide enough that

the two sub-peaks can hardly be distinguished. The

increased FWHM of the Zr 3d spectra can be attributed to

the coexistence of zirconium in various valence states.

Upon further increasing of the temperature to 180 �C, the
peaks clearly shifted and a bulge exists at the binding

energy of 179 eV (representing metal Zr), indicating that

metallic Zr already existed on the film surface.

The Zr spectra collected at various annealing tempera-

tures were deconvoluted, and the results are shown in

Fig. 5b. After activation at 150 �C, three peaks can be

resolved, corresponding to ZrO2, Zr2O3, and ZrO, respec-

tively. Compared with the as-received sample, it was found

that Zr(OH)4 disappeared, the amount of TiO2 decreased,

and new ZrO and Zr2O3 components appeared. When

activated at 180 �C, the main components of the film sur-

face are ZrO and metallic Zr, and the remaining Zr oxides

disappeared.

The V 2p ? O 1s spectra of the as-received sample are

shown in Fig. 5c. In contrast to Ti and Zr, which mainly

exist in their highest oxide state, V2O5 is not the dominant

form of V. Despite the constraints associated with the

Fig. 5 (Color online) Resolved XPS energy spectra of a Ti 2p, b Zr 3d, c V 2p ? O 1s and d C 1s tested at 25 �C (as-received), 150 �C and 180

�C
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standard binding energy when resolving the spectra of V, a

theoretical energy separation and 2:1 peak area relation for

the 2p3/2 and 2p1/2 doublets were employed, however, the

spectra of V 2p1/2 were still ‘‘underfitted,’’ but the con-

vergence of the 2p3/2 was quite good. Therefore, it is rea-

sonable to analyze only the 2p3/2 portion [26].

Figure 4 shows that the evolution of the V 2p spectra is

more rapid than that of Ti and Zr. After annealing at 150

�C, the spectrum greatly shifted toward a lower binding

energy compared with that of the as-received sample,

indicating that the vanadium oxides on the film surface

evolved drastically. When the temperature was increased to

170 �C, the 2p3/2 peak of V in the spectrum increased

significantly, which was almost the same for the sample

annealed at 180 �C.
As shown in Fig. 5c, the binding energies at 517.4 eV

and 516.1 eV correspond to the 2p3/2 orbitals of V2O5 and

VO2, respectively. After calculating the area below the two

peaks, it was determined that the proportion of V2O5 is

33%, and the remainder is VO2. V 2p spectra were also

resolved for various annealing temperatures. When acti-

vated at 150 �C, V2O5 and VO2 on the surface of the film

completely disappeared, resulting in the coexistence of

V2O3 and VO with metallic V. After increasing the tem-

perature to 180 �C, the peak of V2O3 also disappeared,

leaving only VO and metallic V on the surface of the NEG

films.

As shown in Fig. 5d, it is obvious that a strong peak at a

binding energy of 284.8 eV was present, corresponding to

adventitious carbon on the film surface. Apart from the

main peak, a broad peak at a binding energy of 288.8 eV

can be attributed to carboxyl species on the getter surface

[15]. When activated at a temperature higher than 170 �C, a
small peak can be found at a binding energy of 281.9 eV,

corresponding to metallic carbide.

The variations in the surface components of the NEG

films after annealing at 180 �C for 24 h (the normally

adopted activation time for engineering applications) were

explored. The XPS spectra of the NEG films activated at

180 �C for 24 h are shown in Fig. 6. The amounts of

titanium, zirconium, and vanadium on the surface of the

Ti–Zr–V films greatly increased, while the proportion of

oxygen greatly decreased. Compared with the sample

activated at 180 �C for 1 h, the shapes of the corresponding

peaks are much sharper, indicating that with an increase in

activation time, the degree of reduction of metallic oxides

on the surface of NEG films is higher, and correspondingly,

the content of metallic components on the surface increa-

ses. The number of elemental metals on the surface

increased. A comparison of the surface compositions of

NEG films as determined by XPS in various states (as-

received, annealed at 180 �C for 1 h and 24 h) is given in

Table 1. It is obvious that the content of O decreased to

Fig. 6 (Color online)

Comparison of XPS spectra of

a Ti 2p, b Zr 3d, c V 2p ? O

1s and d C 1s of the NEG film

after activation at 180 �C for 0

(as-received), 1 h and 24 h

123

50 Page 6 of 8 B.-L. Zhu et al.



10% after annealing at 180 �C for 24 h, indicating that the

NEG films were almost fully activated.

3.3 Pumping properties by TPMC method

The pumping performance of the NEG films activated at

180 �C for 24 h was explored in this experiment. Figure 7

shows the partial pressure ratio at both ends of the tested

NEG-coated tube (22 mm in diameter and 500 mm in

length) as a function of the sticking probability of the NEG

film. The initial sticking probability of the NEG film was

acquired using the TPMC model with the assumption that

the sticking probability is evenly distributed along the

tested tube. The pumping capacity of the NEG film was

calculated using the pressure in a smaller expansion vac-

uum chamber before and after gas injection, whereby one

monolayer of CO was identified as 5.4 9 1014 molecules/

cm2. A pressure ratio of 10 between both ends of the tested

tube was chosen as the saturation point of the NEG film. A

maximum initial pressure ratio of 1000 was measured. The

sticking probability of the coated Ti–Zr–V films was cal-

culated to be 0.15, with a capacity of 1 monolayer.

Based on the above analysis, many pores exist in the

boundaries of the columnar grains, which provide efficient

diffusion paths for gases and can also be a container for

storing gases. This can reduce the energy required for

activation [14]. It can be concluded that the high-valence

states (Ti4?, Zr4?, and V5? ? V4?) of the three elements

present a similar evolution process, changing from the

highest valence state to the zero-valence state with an

increase in the annealing temperature [27]. After annealing

at 150 �C for 1 h, V0 is present on the surface of the films,

whereas Ti0 and Zr0 do not appear at this time, indicating

that the reduction of vanadium oxides occurs first [24].

After heating to 180 �C for 1 h, Ti0, Zr0, and V0 appear on

the NEG film surface, indicating that NEG films can be

completely activated by prolonging the activation time.

The XPS spectra of the NEG film annealed at 180 �C for 24

h showed that the O ratio was only 10%, confirming that

activation was completed. The results of the TPMC method

show that the CO sticking probability reaches 0.15.

4 Conclusion

Ti–Zr–V getter films were successfully deposited on the

inner surface of an Ag-Cu pipe and a silicon substrate by

DC magnetron sputtering. The evolution process of the

NEG film components during activation at different

annealing temperatures was detected by XPS, and the

pumping speed and capacity were calculated using the

TPMC method. The results show that the initial activation

temperature of Ti–Zr–V films can be as low as 150 �C, and
that Ti0, Zr0, and V0 appear on the surface after annealing

at 180 �C for 1 h. The Ti–Zr–V films showed a good

pumping speed and capacity after annealing at 180 �C for

24 h. This provides an excellent solution for the vacuum

system construction of the HALF.
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Table 1 Ratio of main

elements as determined by XPS

analysis for the NEG films of

as-received, annealed at 180 �C
for 1 h and 24 h

Elements As-received (at.%) 180 �C for 1 h (at.%) 180 �C for 24 h (at.%)

O 52.7 21.1 10.3

Ti 5.3 6.2 11.8

Zr 9.2 11.3 17.1

V 5.3 6.4 11.9

C 27.5 55.0 48.9

Fig. 7 (Color online) Pressure ratio as a function of the initial CO

sticking probability of the NEG film for the 500 mm long tube with a

diameter of 22 mm
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