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Reducing the secondary electron yield (SEY) of Ag-plated aluminum alloy is important for high-power microwave
components. In this work, Cu doped carbon films are prepared and the secondary electron emission characteristics are
studied systematically. The secondary electron coefficient Smax of carbon films increases with the Cu contents increasing
at first, and then decreases to 1.53 at a high doping ratio of 0.645. From the viewpoint of surface structure, the higher
the content of Cu is, the rougher the surface is, since more cluster particles appear on the surface due to the small solid
solubility of Cu in the amorphous carbon network. However, from viewpoint of the electronic structure, the reduction of the
sp? hybrid bonds will increase the SEY effect as the content of Cu increases, due to the decreasing probability of collision
with free electrons. Thus, the two mechanisms would compete and coexist to affect the SEY characteristics in Cu doped

carbon films.
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1. Introduction

High-power microwave components are one of the core
payloads in spacecrafts and satellites.!'™*) However, the mul-
tipactor effects become more and more destructive in space
as the microwave devices become miniaturized and integrated.
The multipactor effects can increase the surface temperature of
microwave components and the noise level of the microwave
devices which decreases the output power levels.>°! In more
serious cases, permanent failures of microwave components
may occur. Therefore, improving the multipactor threshold
of microwave components or avoiding the multipactor has be-
come a key research topic,”*! which should be considered in
designing satellite systems with high-power microwave com-
ponents.

Generally, the multipactor effect is strongly related to the
secondary electron yield (SEY) of the materials.!'%-1?! The
two most commonly used methods to suppress SEY effects
are micro-trapping structure surface!'>~'71 and surface coating
with low SEY materials.®! Ye e al. reduced the maximum
secondary electron emission coefficient (Gpax) by 60% by fab-
ricating the triangular raised structures.!!®! Bai et al. prepared
porous anodic alumina films with various hole sizes on alu-
minum alloy substrates,!'”! resulting in an obvious inhibiting
effect in the SEY coefficient. However, the signal transmission
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becomes worse and energy loss also increases when the oper-
ations are applied to high power microwave devices. He et al.
sputtered platinum film (100 nm) on the surface of silver plat-
ing aluminum alloy samples,*°! in which the maximum SEY
coefficient decreased from 2.40 to 1.77. In addition, TiN, thin
films were prepared on monocrystalline silicon and glass by
RF magnetron sputtering,!'® and it not only efficiently sup-
presses the SEY coefficients but also improves the threshold
value of multipactors of components.

ml5.7:21

The amorphous carbon (C) fil -2l is a metastable

material with coexistence of diamond phase and graphite

e, 124-27

phas I which could suppress the SEY effect through

a simple coating process. Copper metals also have small
secondary electron emission coefficients and their electri-
cal conductivities satisfy the requirements of microwave

(281 Tn this study, copper doped carbon films are

components.
sputtered on silver-plated aluminum alloy substrates. Then,
the secondary electron yield characteristics of the C/Cu com-
posite films are systematically analyzed by the x-ray photo-
electron spectroscopy and scanning electron microscopy. In
addition, sp?/sp> hybrid bonds of the C/Cu composite films
are presented to reveal the physical mechanism by Raman

spectroscopy. [24,28-30]
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2. Experiment

Undoped carbon films and Cu films were deposited by a
magnetron sputtering system at argon pressure of 1.5 Pa with
microwave power at 150 W and 70 W, respectively. Cu-doped
C films with different compositions were prepared by control-
ling the sputtering powers, as shown in Table 1. Two experi-
mental samples of different sputtering systems were obtained
finally. The amount of metal nanoparticles deposited on the
surface of the film is different since the growth rates of C and
Cu are different. Thus, it is evident that the surface colors of
samples obtained by different preparation processes are quite
different. The process parameters for the preparation of the
C/Cu composite films are listed in Table 1.

Table 1. Preparation parameters of the Cu-doped carbon films.

Serial number C/Power Cu/Power Time neu/ne
/ MC/150 W / 1h /
/ / DC/70 W 40 min /
A MC/200 W DC/I5W 1h 0.135
C MC/150 W DC/15W 1h 0.173
D MC/100 W DC/15W 1h 0.204
B MC/50 W DC/15W 1h 0.226
E MC/150 W DC/35W 1h 0.245
F MC/150 W DC/55W 1h 0.452
G MC/150 W DC/75W 1h 0.645

3. Results

Firstly, we test the aluminum alloy substrate with pure
Cu-plated surface using the SEY characteristic test platform,
and the sample is with pure C-plated film. The test results are
shown in Fig. 1(a). It can be obtained that the Opax of the Ag-
plated aluminum alloy substrate, the Cu-coated sample and the

C-coated sample are 2.522, 1.920, and 1.362, respectively. It
is found that the secondary electron yield coefficient () of
the substrate surface is significantly reduced after coating, and
the & of the sample with a Cu film sputtered on the surface
is reduced by about 0.6 compared to the aluminum alloy sub-
strate, which is about 23.79%. In addition, it can be obtained
that the primary energy of the maximum (En,x, electronvolt)
of the Cu-plated aluminum alloy substrate, Cu-plated sample,
C-plated sample is 300 eV, 300 eV, 200 eV, respectively. The
coating process can significantly control the SEY effect.

Secondly, the SEY curves of various C and Cu doping ra-
tios are shown in Fig. 1(b). We can find that the Cu-doped and
C-based nano-films can suppress the SEY. With the increase
of the metal Cu doping ratio, the dyax can be reduced from
1.69 to 1.53. The best suppression effect is the G sample with
ncu/ne of 0.645, and its Omax is 1.53. Compared with the Ag-
plated Al alloy substrate, its suppression effect is increased
by 39.28%, and the suppression effect has been increased by
20.31% compared with the pure Cu sample. The poorer sup-
pression effect is the sample E with an ncy/nc of 0.245, and
its Omax is 1.69. Compared with the Ag-plated aluminum al-
loy substrate, the suppression effect is increased by 32.94%,
and the suppression effect is increased by 11.98% compared
with the pure Cu film. The suppression effect of the C/Cu
composite film is poor, and the dpayx of all doped samples is
higher than 1.36 compared with the pure C film. Based on the
data in Fig. 1(a), the least squares polynomial fitting is used
to fit the curve of 8y,a.x with the C/Cu doping ratio, as shown
in Fig. 1(c). The SEY coefficient shows a nonmonotonic rela-
tionship that increases at first and then decreases with the Cu
doping contents.
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Fig. 1. (a) Secondary electron yield curves of aluminum alloy substrate with Ag plating, pure Cu-plated film sample and pure C-plated film
sample. (b) The compared secondary electron yield curves of different doping C/Cu samples. (c) The dpax of C/Cu composite film and its

fitting trend curve.

The percentages of C and Cu of samples A—G are ob-
tained by using an x-ray photoelectron spectroscopy, as shown
in Fig. 2(a). All the samples show the C and Cu elements.
Then, the corresponding ratios of nc /ncy are obtained by peak
fitting, as shown in Table 1.

In order to analyze the influence of the structure of
the sample on the SEY, we use the field emission scanning

electron microscopy (SEM) to characterize the surface and

cross-sectional morphology of the B, C and G Cu-doped C-
based nano-film samples, and the inset shows the correspond-
ing sample. According to the sample morphology shown in
Figs. 2(b), 2(c), 2(d), when the Cu doping ratio in the C-based
composite film is small, such as B (ncy/nc: 0.173) and C
(ncu/nc: 0.204) samples. The surface of the film sample is flat
and the cross-sectional morphology is dense relatively. With

the increase of the Cu doping ratio in the composite film, such
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as sample G (ncy/nc: 0.645), the size of the nano-particles
on the surface of the film becomes larger and a large num-
ber of nano-particles are precipitated, obvious pores appear,
and the surface morphology changes. It can be seen from the
cross-sectional morphology that the compactness of the film
becomes worse, forming a porous, loose and rough “coral-

reef”’-like structure.
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Fig. 2. (a) The XPS of the C/Cu composite films. Surface morphology of
C/Cu composite films with different Cu contents. (b) Sample B ncy/nc:
0.173. (c) Sample C ncy/nc: 0.204. (d) Sample G ncy /nc: 0.645.

The reasons for the above-mentioned changes in sample
morphology seem to be that, on the one hand, the change
of sputtering power during film growth not only affects the
change of metal doping ratio, but also changes the energy and

intensity of incident ions, thereby affecting the structure of the
film. On the other hand, the surface of the film forms clusters
with small scale and loose structure because there is no chem-
ical bond between Cu and C atoms. The Cu nanoparticles in
the film cause crystal lattice defects through dislocation slip-
page, etc., and then make up a series of “trap” structure. In
addition, the Cu nanoparticles serve as a buffer material in the
film, which can significantly reduce the internal stress and im-
prove the film-base bonding force to a certain extent.

Since the samples F and G are seriously oxidized, Raman
spectroscopy could not be obtained because of the obvious flu-
orescence interference. Therefore, Raman spectroscopy was
performed on samples A—E, as shown in Fig. 3(a). The analy-
sis of Raman spectroscopy is important to gain a better under-
standing how the Cu doping will affect sp?> and sp> hybridiza-
tion types of coordination bonds. Through the data processing
method of peak fitting, the Raman spectra of samples A-E are
analyzed, respectively. First, two different Gaussian peaks are

I and

obtained as shown by the red curve (D) near 1390 cm™
the green curve (G) near 1585 cm~!. By sorting out the Ra-
man data of samples A-E, the information such as the half
width of the G peak is given in Table 3. It can be obtained that
with the increase of the metal Cu doping ratio, In/Ig shows
a monotonous decreasing trend, and the change trend of the
peak position of the G peak is first increasing, then decreas-
ing, and then increasing again, as shown in Fig. 3(b). Grwum
is the overall increasing trend at the same time, which includes

rise and fall alternating as shown in Fig. 3(c).
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Fig. 3. (a) Raman spectrum of samples A-E. (b) The change trend of I /Ig and G peak position. (c) The change trend of Grwpm.

Table 2. Raman spectroscopy analysis of the C/Cu composite samples.

Serial number new/ne D peak (cm™ 1) G peak (cm™ 1) Dewnm (cm™!) Grwnm (cm™1) In/ls
A 0.135 1394.67 1583.42 381.59 127.24 3.917
B 0.173 1408.86 1585.79 399.53 123.76 3.967
C 0.204 1396.25 1581.87 385.00 133.94 3.605
D 0.226 1399.41 1581.87 391.32 129.05 3.801
E 0.245 1397.83 1589.58 378.112 136.13 2.766
F 0.452 / / / / /
G 0.645 / / / / /

047901-3
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As can be seen from Fig. 3(b), with the change of doping
ratio, Ip /I decreases from 3.917 to 2.766, a drop of 29.38%.
The peak position of the G peak increases from 1583.42 cm™!
to 1589.58 cm~!, and moves about 6 cm™! to the high wave
number range. The peak intensity ratio of the D peak to
the G peak first decreases from 3.917 to 3.605 and then in-
creases to 3.801 when the doping ratio is less than 0.245, a
decrease of 2.96%; the peak position of the G peak first in-
creases from 1583.42 cm™! to 1585.79 cm™! and then de-
creases to 1581.87 cm™!, a decrease of about 0.98%, indicat-
ing that the sp> hybrid bond content in the C-based compos-
ite film is generally decreasing. As shown in Fig. 3(c), when
the doping ratio is less than 0.245, the Gpwpm increases from
127.24 cm~! to 129.05 cm™ !, the overall increase is 1.42%,
and the degree of disorder of the film decreases, indicating
that the sp?> hybrid bond content of C-based composite film
is reduced overall.[®) Comprehensive analysis of the reasons
for the above phenomenon, firstly, the energy of the sputtered
metal ions can be injected into the C film to promote the con-
version of sp? bonds to sp® bonds, and result in increasing the
content of sp3 bonds in the film. However, as shown in Table 1,
the sputtering power of Cu is 15 W for samples A, B, C, and
D, which is not enough to damage the structure of the sp> hy-
brid bond. Secondly, the temperature of the film surface is not
enough to promote the conversion of sp> bonds to sp> bonds in
the film. Thirdly, more Cu nanoparticles may be precipitated
after the sputtering process, since Cu has little solid solubil-
ity in the amorphous C network, such as sample F. Here, the
sputtering power of Cu is 55 W and 75 W for samples F and
G, respectively. Thus, there would exist more nanoparticles in
the larger Cu doping samples.

Considering the above analysis, the mechanism can be
summarized as follows: Firstly, according to the sample mor-
phology, with the increase of Cu doping ratio, the size and
number of the nanoparticles becomes larger on the surface
of the film, and then obvious pores appear. It can be seen
that the compactness of the film becomes worse, forming a
porous, loose and rough “coral-reef’-like structure. Such a
“trap” structure can effectively inhibit the secondary electron
emission to some extent. Secondly, due to the small solid
solubility of Cu in the amorphous carbon network, more Cu
nanoparticles will be precipitated. Moreover, Cu is easy to be
oxidized in the atmosphere. The generated metal oxide has a
higher secondary electron emission coefficient. Thus, the in-
hibition effect of secondary electron emission is poor. Thirdly,
the number of sp> hybrid bond decreases as the increase of the
Cu doping ratio in the prepared films. The lower sp> content
would lead to fewer free electrons, and the excited secondary
electrons in the full band are less likely to collide with free
electrons as they move toward the surface. Therefore, the es-

cape ability is improved, and the suppression of SEY is re-
duced. The interaction of the three conditions makes the SEY
coefficient increase first and then decrease.

4. Conclusion

In summary, various Cu-doped carbon films have been
sputtered by controlling the sputtering power and the deposit-
ing time, and the mechanism of secondary electron suppres-
sion is analyzed. The lowest 8yax can reach 1.53 in the Cu
doping sample (ncy/nc, 0.645), and its suppression effect is
increased by 39.28% compared with the Ag-plated Al alloy
substrate. It is found that SEY increases with Cu contents due
to the oxidation susceptibility of Cu and the decrease of sp>
bonds. However, the addition of Cu increases the roughness
and the number of charge traps of the carbon film, which effi-
ciently reduces the SEY. Low SEY in Cu-doped carbon films
deposited on Ag-plated aluminum alloy is potentially useful
for applications in high power microwave components.
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