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Abstract
Maintaining an ultra-high vacuum (UHV) environment is

essential for the Hefei Advanced Light Facility (HALF) to
achieve its design performance. Owing to the dimensional
limitations imposed by small-aperture vacuum chambers,
non-evaporable getter (NEG) films are commonly applied
to the inner walls to enhance vacuum performance. How-
ever, conventional NEG films increase the resistive-wall
impedance of the vacuum pipes, thereby exacerbating the
wakefield effects. To address this problem, a novel com-
posite film, Al-TiZrV, has been developed. By covering the
TiZrV film surface with a highly conductive film, it can re-
duce the resistivity of the composite film. The results show
that while the addition of the Al layer reduces the resistivity
significantly, it increases the secondary electron yield (SEY),
exacerbating the electron cloud effect. This study provides
insights into the complex properties of similar bilayer films
for future research on accelerator-related materials.

INTRODUCTION
In modern particle accelerators, the performance of the

vacuum system is critical for maintaining the stability of
particle beams. Traditional NEG films, such as TiZrV, are
widely used to achieve ultra-high vacuum due to their excel-
lent gas absorption capability [1]. They play a critical role
in adsorbing residual gases, and ensuring a stable vacuum
environment, all of which are vital for the efficient opera-
tion of particle accelerators. However, the TiZrV film has a
relatively high resistivity, which may significantly aggravate
the resistive-wall impedance of the vacuum chamber. This
effect is particularly pronounced in vacuum chambers with
small apertures, such as those used in the HALF, where it
can lead to beam instabilities. The resistive-wall effects can
cause beam emittance growth, energy dispersion, and other
undesirable effects, thereby limiting the performance of the
accelerator [2].

To address this issue, this research has explored adding
an Al layer to the surface of the TiZrV film to suppress the
adverse impacts caused by high resistivity [3]. Therefore, a
comprehensive investigation of the properties of Al-TiZrV
composite films is essential for evaluating their potential
in improving the performance of accelerator vacuum sys-
tems [4].
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EXPERIMENTAL PROCEDURES
Film Deposition

The Al-TiZrV composite films were deposited via a direct-
current magnetron sputtering system. High-purity TiZrV
alloy target (99.9% purity, atomic ratio 1:1:1) and Al target
(99.9% purity) were utilized. Prior to deposition, oxygen-
free copper (OFC) substrates were cleaned using RSB-117
solution, passivated in ammonium citrate solution, and dried
with high-purity nitrogen. Silicon wafers were ultrasonically
cleaned in acetone solution and dried similarly.

The composite film was commenced with the deposition
of the TiZrV film onto the substrates, employing a direct
current (DC) magnetron sputtering technique. This initial
layer was followed by the sequential deposition of an Al
layer. The detailed parameters are shown in Table 1. To
systematically vary the thickness of the Al layer, deposition
time was precisely controlled at 10, 20, and 30 minutes.
To ensure comparability, standalone TiZrV film was also
deposited under identical conditions, facilitating a direct
assessment of the influence exerted by the Al layer on the
characteristics of the composite film.

Table 1: Deposition Parameters

Film Deposition
Time[min] Current[A] Working

Pressure[Pa] Gas

TiZrV 180 0.6 1 Ar
Al 10/20/30 0.1 1 Ar

Microstructural Characterization
A scanning electron microscope (SEM) coupled with an

energy dispersive X-ray spectrometer (EDS) was utilized to
assess the surface morphology and cross-sectional structure
of the film. The cross-sections were prepared by cleaving
the silicon wafers. The EDS analysis was used to map the
elemental distribution within the films, providing insights
into the composition and structure of the deposited film.

Secondary Electron Yield Measurement
The secondary electron yield (SEY) measurement setup

consists of a sample chamber, an electron gun, a test cham-
ber, and a pumping system, as shown in Fig. 1. The test
chamber was pumped to 5 × 10−7 Pa using a 300 L/s turbo-
molecular pump and a 200 L/s sputter ion pump. The sample
was placed in the sample chamber, pumped to 5 × 10−5 Pa,
then transferred to the test chamber by the transfer arm and
the pressure of the test chamber should be pumped below
5 × 10−7 Pa for measurement.



An electron beam with energies from 100 eV to 1000 eV
and a current of 600 nA was directed at the sample surface.
The current was measured by a picoammeter, with initial
-40 V bias for secondary electron emission and +70 V for
collection. The SEY is the ratio of the number of secondary
electrons emitted from a surface, to the number of electrons
incident to that surface [5]. Therefore, the SEY (𝛿) was
calculated as Eq. (1).

𝛿 = 1 − 𝐼𝑡

𝐼𝑝
, (1)

where 𝐼𝑝 is the total primary electron current and 𝐼𝑡 is the
total current flowing through the sample, measured at +70
V and -40 V.

Figure 1: SEY measurement facility.

Resistivity Measurement
The resistivity measurements of the composite films on

the copper substrate with different thickness of Al layers,
deposited for 10, 20, and 30 minutes, were conducted at
room temperature using the four-point probe method with
an ST2258C digital four-probe tester. The process involved
applying four probes in a linear array to the sample surface,
passing a current through two probes, and measuring the
voltage across the other two. The resistivity was calculated
from the voltage-to-current ratio. This technique was applied
to samples with different Al layers to evaluate their resistive
characteristics.

RESULTS AND DISCUSSION
Surface Morphologies

The EDS images (Fig. 2) clearly demonstrate that a uni-
form layer of Al has been successfully deposited onto the
surface of the TiZrV film, resulting in a continuous and ho-
mogeneous coating. Additionally, other elements are evenly
distributed and there is no obvious segregation phenomenon,
which is essential to ensure the properties of the composite
film.

The SEM images presented in Fig. 3 illustrate the mor-
phological evolution of Al-TiZrV bilayer films at various
deposition time, highlighting the surface morphology (a, d,
g), TiZrV film thickness (b, e, h), and Al layer thickness
(c, f, i). The deposition time significantly impacts both the

Figure 2: EDS images of Al-TiZrV composite film with Al
layer.

surface characteristics and cross-sectional structure of the
films. Initially, at a deposition time of 10 minutes, the film
surface displays a cauliflower-like texture, likely due to the
nucleation of small, irregularly distributed Al particles dur-
ing the early stages of deposition. As the deposition time
extends to 20 minutes, the Al particles begin to gather, fill-
ing surface irregularities and leading to a more uniform and
smoother surface morphology, indicative of improved Al
layer coverage over the TiZrV film. Extending the deposition
to 30 minutes results in a higher density of Al particles on
the surface, exhibiting a glossy granular structure. Cross-
sectional observations reveal that the underlying TiZrV film
maintains a columnar structure facilitating the transporta-
tion and adsorption of gas molecules, while the overlying Al
layer shows a continuous increase in thickness as deposition
time extends, potentially altering the physical properties of
the composite film.

Figure 3: SEM images of Al-TiZrV composite film with Al
layer deposition for 10 min (a, b, c), 20 min (d, e, f), and 30
min (g, h, i). (a, d, g) Surface topography; (b, e, h) TiZrV
film thickness; (c, f, i) Al layer thickness.

Resistivity of TiZrV film and Al-TiZrV film
The resistivity measurements of the films are shown in

Table 2. Upon the deposition of an Al layer, there is a marked
reduction in resistivity by approximately two orders of mag-
nitude while the as-deposited TiZrV film exhibits a resistivity



of 4.52 × 10−6 W m. Furthermore, as the thickness of the Al
layer increases, the resistivity of the composite film contin-
ues to decrease, demonstrating the effectiveness of the Al
layer in lowering the electrical resistivity of the composite
film. This reduction in resistivity effectively mitigates the
resistive-wall effect, a critical factor for optimizing perfor-
mance in practical applications.

Table 2: Resistivity of Different Al Layers

Film Al Layer Thickness
[nm]

Resistivity [Ω·m]

TiZrV – 4.52 × 10−6

Al-TiZrV 22.33 2.64 × 10−8

Al-TiZrV 35.73 2.57 × 10−8

Al-TiZrV 53.59 2.45 × 10−8

SEY of Al-TiZrV films with different Al layers
The SEY of Al-TiZrV composite films was systematically

investigated as a function of the Al layer thickness. The
results demonstrated a clear correlation between SEY and
the thickness of the Al layer. Specifically, the maximum
SEY values for films with Al layer deposition time of 10, 20,
and 30 minutes were measured to be 2.48, 2.50, and 2.70,
respectively, as shown in Fig. 4. This trend indicates that
the SEY increases progressively with the thickness of the
Al layer, highlighting the influence of Al layer deposition
time on the secondary electron emission properties of the
composite films.

Figure 4: SEY values of Al-TiZrV films with different Al
layer thicknesses as a function of electron beam energy.

The increase in SEY with Al layer thickness could be
attributed to the intrinsic properties of Al film, which has
a relatively high SEY compared to TiZrV film [6]. Addi-
tionally, the surface morphology and microstructure of the
composite films may also play a role in exacerbating SEY.
As the Al layer thickness increases, the surface roughness

and the density of nucleation sites may further influence the
secondary electron emission [7].

CONCLUSION
In this study, Al-TiZrV composite films were success-

fully deposited on oxygen-free copper substrates and silicon
wafers by magnetron sputtering. Surface characterization
confirmed the formation of a well-defined bilayer structure
with homogeneous Al coverage, demonstrating the uniform
distribution and successful integration of the Al layer.

However, the results of resistivity and SEY measurements
indicated a clear trade-off. While the Al layer effectively
reduced resistivity by two orders of magnitude, it increased
SEY and exacerbated the electron cloud effect in accelera-
tor vacuum systems. Even so, the Al-TiZrV bilayer remains
practically useful for accelerator sections where low resistive-
wall impedance is prioritized over strict electron-cloud sup-
pression. Future research should focus on mitigating the
adverse SEY increase while retaining low resistivity, such as
optimizing Al thickness below 20 nm or exploring low-SEY,
high-conductivity alternatives (Cu, Ag). This work provides
valuable insights for designing low-impedance NEG coat-
ings in accelerator vacuum systems.
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