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Abstract: ZrCoRE (RE denotes rare earth elements) non-evaporable getter films have significant applications in vacuum packaging
of micro-electro mechanical system devices because of their excellent gas adsorption performance, low activation temperature and
environmental friendliness. The films were deposited using DC magnetron sputtering with argon and krypton gases under various
deposition pressures. The effects of sputtering gas type and pressure on the morphology and hydrogen adsorption performance of
ZrCoRE films were investigated. Results show that the films prepared in Ar exhibit a relatively dense structure with fewer grain
boundaries. The increase in Ar pressure results in more grain boundaries and gap structures in the films. In contrast, films deposited in
Kr display a higher density of grain boundaries and cluster structures, and the films have an obvious columnar crystal structure,
with numerous interfaces and gaps distributed between the columnar structures, providing more paths for gas diffusion.
As Kr pressure increases, the film demonstrates more pronounced continuous columnar structure growth, accompanied by deeper
and wider grain boundaries. This structural configuration provides a larger specific surface area, which significantly improves the
hydrogen adsorption speed and capacity. Consequently, high Ar and Kr pressures are beneficial to improve the adsorption

performance.
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1 Introduction

As the most advanced adsorption method that can meet the
requirements of micro-scale vacuum packaging devices, the
non-evaporable getter (NEG) film has advantages such as low
active temperature, space efficiency, patternability, absence of
particle pollution and elimination of pressure gradient. It can
be applied in the vacuum chambers of large ultra-high vacuum
pipes, such as particle accelerators and micro-electro
mechanical system (MEMS) devices, which can maintain the
vacuum level inside the vacuum pipes and microstructure
devices" .,

There is a passivation layer on the surface of getter film,
which needs to be activated by high temperature. The
activation temperature and time vary depending on the
material systems. Commonly used getter film material
systems are titanium alloy and zirconium alloy, including
ZrVFe, TiZrV, ZrCoRE (RE denotes rare earth elements),
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etc” 1. ZrCoRE alloy has wide-range applications in vacuum

packaging of MEMS devices because of better adsorption
performance, excellent compatibility with activation process
and no environmental risk. The adsorption process differs
depending on the types of gas. For H,, the gas can be rapidly
diffused into getter, forming a solid solution. Due to the weak
force between hydrogen atom and getter alloy, hydrogen
absorbed at low temperatures can be released when heated to
higher temperature. In contrast, other active gases, such as CO
and O,, are adsorbed on the surface of getter materials, where
they decompose into atoms and chemically bond with getter to

#21 The getter combines strongly

form oxides or carbides'
with these elements, and no gas is released at high
temperature. High temperature promotes the solid solution of
gas atoms into the getter, exposing fresh film surfaces and
enabling further adsorption of active gases. Therefore, the
specific surface area, porosity, gas diffusion process and solid

solubility of the substrate materials directly affect the
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adsorption performance of the film.

ZrCoRE thin films can be deposited by DC magnetron
sputtering. In traditional magnetron sputtering, argon (Ar) is
used as sputtering gas. During sputtering, parameters such as
sputtering pressure, power and grazing angle have a great
impact on the morphology and structure of the thin films,
thereby further affecting their overall properties. In this study,
krypton (Kr) was used as sputtering gas due to its relatively
high sputtering yield, which enhances the ionization efficiency
and facilitates the preparation of high-performance films. In
addition, ZrCoRE getter films with different microstructures
and hydrogen absorption properties were prepared by
changing the sputtering pressure in both Ar and Kr sputtering
atmospheres, and the mechanism of the influence of sputtering
pressure on the structure and properties of the films was analyzed.

2 Experiment

2.1 Deposition of ZrCoRE films

The ZrCoRE films were deposited on (100) Si wafer
substrates by DC magnetron sputtering using Ar and Kr as
sputtering gas (purity=99.999%). The Si wafer substrates were
ultrasonically cleaned with acetone, anhydrous alcohol and
deionized water. The ZrCoRE alloy target (Zr 75%/Co 20%/
RE 5%, RE includes 3% Ce and 2% La, wt%; purity>99.9%;
@100 mmx6 mm) was prepared by hot pressing. The target
prepared by this method has fine grain, uniform structure and
high density which are beneficial for preparation of
high-performance films. The deposition parameters include
the pressure of sputtering gas, DC power, target-substrate
distance, deposition temperature and time, as shown in
Table 1. The background pressure of vacuum chamber was
less than 1.0x10* Pa, avoiding the gas contamination in
deposition. Before deposition process, the substrates were
applied with bias voltage at 600 V for 10 min to clean and to
improve the adhesion between film and substrate.

Table 1 Deposition parameters of Zr-Co-RE films

Parameter Value
Sputtering gas Ar, Kr
Sputtering pressure/Pa 3.0-6.0
Sputtering power/W 350
Target-substrate distance/cm 7

Substrate temperature Ambient temperature
Deposition time/min 30
<1.0x10°*

600 V for 10 min

Background pressure/Pa

Bias voltage before deposition

hydrogen adsorption capability at room temperature. Given
that hydrogen is the most important gas affecting the vacuum
level of large ultra-high vacuum pipes and MEMS devices, the
hydrogen absorption performance of ZrCoRE films was
tested. The surface of the prepared ZrCoRE film forms a
passivation layer upon exposure to the atmosphere, which
needs to be activated by high temperature to refresh surface
for gas adsorption. The adsorption tests were conducted using
a dynamic method (the pressure is constant) within a special
vacuum system built according to ASTM F798-97, and
hydrogen was used as the standard testing gas™. The diagram
of testing system is demonstrated in Fig. 1. The specimens
were placed on a heating platform in the stainless-steel
chamber. The vacuum system was heated to 150 °C to outgas,
achieving a base pressure less than 1.5x10° Pa. Then, the
getter films were activated at 300 °C for 15 min before
cooling down to ambient temperature. H, (high purity,
99.999%) was accessed by the valve to maintain the pressure
of test chamber (P,) at 3x10™ Pa. In the test process, P, was
the instantaneous pressure within the test gas inlet chamber.
The adsorption speed (S) and capacity (Q) were calculated
according to the following formulas.

2.2 Adsorption test method = F pP,-P, W
The remarkable feature of getter films is their exceptional P4
Mechanical pump Pump unit
V2 A
H1 TH2
Gas
distribution Shtorage Sample §H3
Vi chamber chamber chamber
éé w2
Pl Gl G2 G3 G4 G5 G6
Test N,
gas

V1-manual stop valve; V2-manual high vacuum angle valve; V3 and V6-all metal sealed high vacuum angle valve;

V4 and V5-bellows valve; W1 and W2-micrometering valve; Pl-absolute pressure sensors; Gl-pirani gauge; G2

and G5-hot cathode gauge; G3-1330 Pa capacitance diaphragm gauge; G4 and G6-13.3 Pa capacitance diaphragm

gauge; H1 and H2-heater; H3-heater for activating getter; C1-flow limiting element

Fig.1 Testing system diagram of ZrCoRE getter films
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where A4 is the surface area of test specimens, and F is
the known flow conductance of capillary tube (1.08 mL-s™
for H,).
2.3 Microstructure characterization

The surface morphologies and cross-sectional structures of
the film were analyzed using Zeiss Sigma 500 scanning
electron microscope (SEM), equipped with energy dispersive
X-ray spectroscope (EDS) for measuring the chemical
composition. The microstructures were characterized by X-ray
diffractometer (XRD, Rigaku) with Cu Ko radiation at
glancing angle of 1°.

3 Results and Discussion

3.1 Morphology and microstructure characteristics of
ZrCoRE films
Gas diffusion through surface and interface are faster than
bulk diffusion, so the getter films with large specific surface
have better gas adsorption performance because of more
interfaces, grain boundaries and gaps. Fig.2 shows the surface
and cross-sectional morphologies of the ZrCoRE getter films,

3 Pa

200 nm

Cross-section

4 Pa

Surface

Cross-section

which were deposited at the argon pressure of 3, 4 and 5 Pa.

The films deposited at 3 Pa have relatively dense structure.
At the pressure of 4 Pa, the sputtering particles undergo
preferred growth and diffusion on the substrate, so the surface
structures become relatively loose and grain boundary
structure appears. The cross-sectional morphologies show that
the film grows in a discontinuous columnar shape. At the
pressure of 5 Pa, more grain boundaries appear in the loose
ZrCoRE film, and the columnar structure is more obvious.
These structures are attributed to different energies of the
sputtered alloy particles. At low pressures, the low collision
probability between sputtered ZrCoRE particles and gas
particles causes surface diffusion of atoms with sufficient
energy, then forming a dense structure. At higher sputtering
pressures, sputtered atoms on substrate have low mobility,
resulting in rapid preferential growth into island structures.
The continued growth of island structures leads to a
deposition shadow effect, which further hinders the capturing
of sputtering atoms at the gap, thus forming a large number of
grain boundaries, gaps or interfaces.

Morphologies of ZrCoRE films deposited at different Kr
gas pressures are shown in Fig.3. The film deposited at 3 Pa
exhibits a small number of grain boundaries. The cross-sectional

4 Pa

Fig.3 SEM surface and cross-sectional micrographs of ZrCoRE films sputtered at different krypton pressures: (a) 3 Pa, (b) 4 Pa, and (c) 5 Pa
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morphologies show that the film grows in a discontinuous
columnar pattern. There are quantities of grain boundaries and
cluster structures distributed uniformly in the film deposited
at 4 Pa. These cluster structures grow individually, eventually
forming more distinct columnar crystals, as shown in cross-
sectional morphologies. The film deposited at 4 Pa exhibits
more grain boundaries and pores, and the grain boundaries are
deeper and wider, including a large number of penetrating
grain boundaries, as shown in Fig. 4. In contrast, the film
deposited at 5 Pa shows a reduction in the depth and width of
the grain boundary structures. The formation of columnar
structure is due to the combination of self-shadowing effect of
the initial atoms and lateral diffusion mobility of atoms
arriving at substrate surface. The ZrCoRE atoms have
sufficient energy for surface diffusion at low Kr pressures. At
higher Kr sputtering pressures, sputtered atoms on substrate
have low lateral mobility, resulting in preferential growth into
a columnar structure. The surface is characterized by cluster
structures, which contain quantities of gaps and grain
boundaries. Moreover, the grain boundaries are distributed
uniformly in the structure. As the Kr pressure increases, the
kinetic energy of the sputtered atoms reaching the surface will
be greatly reduced, and thus the lateral diffusion of atoms is
further restricted. Obviously, the columnar structure becomes
finer and less marked at even higher pressures.

From the above research, it is evident that the films
deposited in a Kr atmosphere, compared with those sputtered
in an Ar atmosphere at the same pressure, contain more grain
boundaries and gap structures. The grain boundaries divide
the surface into uniform cluster structures with larger surface
area, more obvious continuous columnar structures and deeper
and wider grain boundaries, enhancing the films’ capacity for

500 nm

N 200ham

Fig.4 Cross-sectional morphologies of penetrating crack

gas adsorption and diffusion. Because Kr has relatively high
sputtering yield, it has higher ionization efficiency at the same
gas molecular density, which is conducive to the preparation
of high-performance films.

Microstructures of the getter films change with sputtering
gas pressures. XRD patterns of ZrCoRE films deposited in Ar
gas are demonstrated in Fig.5. The diffraction peaks in the
curve correspond to the (110), (200) and (211) orientations of
the a -Zr phase. With the increase in gas pressure, the full
width at half maximum of the diffraction peak increases. This
phenomenon can be attributed to the lower kinetic energy of
the deposited atoms at higher pressures, which restricts
diffusion during the film formation process, forming
amorphous regions and grain boundaries with irregular
arrangement of grains and atoms, weakening the diffraction
intensity in the Bragg direction, increasing the scattering
intensity in the non-Bragg direction, and ultimately resulting
in the broadening of diffraction peaks.

XRD patterns of the film deposited in Kr gas are shown in
Fig.6. All films have almost the same pattern and exhibit one
broad diffraction peak at around 26=36°. Compared with the
film deposited in Ar atmosphere, the (200)- and (211) -ori-
ented diffraction peaks of a-Zr phase do not appear, and the
broad diffraction peaks of (110) orientation exist, which
indicates that there are more non-crystalline regions and grain
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Fig.5 XRD patterns of ZrCoRE films sputtered at different argon

pressures
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Fig.6 XRD patterns of ZrCoRE films sputtered at different krypton

pressures
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boundaries in the film structure.

Fig. 7 presents the effect of the gas pressure on the
composition of ZrCoRE films. The composition is analyzed
by EDS with the assumption that the sum of the mass
percentage of Zr, Co, Ce and La is 100%. The composition of
all samples has no significant difference under different gas
pressures, which indicates that the sputtering yield of each
element in the target is not affected by the pressure.

3.2 Adsorption characteristics of ZrCoRE getter films

The getter films should be heat activated to refresh the
surface before the gas adsorption test. ZrCoRE films were
heated at 300 °C for 15 min and then cooled to ambient
temperature. H, adsorption capacity and rate were evaluated
under a constant hydrogen pressure of 3x10™* Pa in the test
chamber. Fig.8 demonstrates the hydrogen adsorption curves
of the films deposited in Ar gas. The initial adsorption rate is
58.4, 62.2 and 69.5 mL-s"-cm™ at 3, 4 and 5 Pa, respectively.
Fig.9 demonstrates the influence of Kr sputtering gas pressure
on adsorption characteristics. The initial adsorption rate is
88.9, 113.5 and 108.3 mL-s™"-cm™ at 3, 4 and 5 Pa, respectively.
It indicates that at the same gas pressure, ZrCoRE films
deposited in Kr exhibit more grain boundaries and gap
structures, and the specific surface area is larger, which is
conducive to gas adsorption and diffusion. In different
atmospheres, the increase in gas pressure is beneficial to
improve the hydrogen absorption performance of the film.
This is because the film deposited at high gas pressure contains
more grain boundaries and gap structures, and the grain
boundaries divide the surface into uniform cluster structures
with larger surface area, more obvious growth of continuous
columnar structures and deeper and wider grain boundaries.
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Fig.7 Composition of ZrCoRE films sputtered in Ar (a) and Kr (b)
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Fig.8 Hydrogen adsorption curves of ZrCoRE films deposited in
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Fig.9 Hydrogen adsorption curves of ZrCoRE films deposited in
krypton atmosphere

4 Conclusions

1) For ZrCoRE films deposited in Ar atmosphere, the
increase in gas pressure is beneficial to the gas adsorption and
diffusion. When the gas pressure is 5 Pa, the ZrCoRE particles
deposited on the substrate have low diffusion ability, and the
short-range aggregation forms island-like crystal nuclei. The
deposition shadow effect of the island-like structure becomes
stronger, and numerous gaps or grain boundaries further form,
so the film has a large specific surface area.

2) For the ZrCoRE films deposited in Kr atmosphere, with
the increase in pressure, the shadow effect makes the particles
grow into a columnar structure in the preferred direction, and
the surface presents a cluster structure with a large number of
grain boundaries and gap structures which are uniformly
distributed. At higher deposition gas pressures, the kinetic
energy of particles is greatly reduced, which affects the
lateral diffusion of atoms and the preferential growth. When
the air pressure is 4 Pa, the grain boundaries become
deeper and wider, including a large number of penetrating
grain boundaries, and the film has the highest hydrogen
absorption rate.

3) At the same gas pressure, the film deposited in Ar
atmosphere is denser, while the film deposited in Kr
atmosphere has more cluster structures and penetrating grain
boundaries, and the columnar crystal structure is more
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