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The reduction of the total secondary electron emission during electron-matter interactions is required to improve
the maximum power limit of the vacuum RF equipments prone to multipactor discharge. In this work, a chemical
deposition technique was developed to create the appropriate micron or submicron surface roughness to signiﬁcantly improve the typical characteristics of the ﬂat silver coatings used for high-power microwave devices
for space applications. Rough silver coated RF ﬁlters with a high surface aspect ratio, > 3, was achieved. It is
found that the secondary electron emission yield (SEY) remains lower than 1 throughout the primary electron
energy range and therefore multipactor electron avalanche is avoided. The inﬂuence of aging on the multipactor
discharge is also drastically reduced in rough silver coatings. An experimental linear correlation was found
between the multipactor power level and the minimum interaction energy for which the number of incident and
emitted electrons is equal.

1. Introduction
The resonant radiofrequency (RF) electronic discharge in vacuum
sustained by secondary electron emission (SEE) from the walls of RF
devices is called the multipactor eﬀect. This discharge becomes a
priority problem in high-power RF devices in Earth remote sensing
equipment in space missions and other RF hardware. The secondary
electrons emitted by the surfaces are the feedback required for the
electron avalanche. Therefore, the search for reliable low SEE materials,
which would reduce this feedback, is an essential technological objective [1–6]. Low-SEY coatings are also of great relevance in similar
technological problems in large high-energy particles accelerators like
the ones at CERN [7–10].
The SEY data for most pure and clean metals are not applicable to
the actual space environment when surfaces are previously exposed to
air and moisture. Therefore, metals covered with their natural oxide
and contaminants should be studied. In particular, our group from
ICMM of CSIC is developing a research on reliable low-SEY surface
treatments and rough coatings to mitigate the multipactor eﬀect in RF
components for high power RF components in satellite systems for
Galileo navigation satellites within ESA Programs. This research includes the optimization of the surface roughness for low RF insertion
⁎

losses [11–15].
Aluminium, the usual material in the manufacture of RF devices,
exhibits high SEY values that are not suitable for RF devices prone to
Multipactor. Al SEYmax, in fact, is close to 3 depending on the time of
exposure to air. In order to reduce the SEY, diﬀerent materials and
textured surfaces were studied including anticorrosion surface treatments [11–17]. Alodine (chromate conversion coating) has been the
reference anti-multipactor coating for the space industry during decades because it presents a relatively low SEY, a good electrical conductivity, and also it is very stable in air. However, a recent EU directive establishes stringent requirements for manufacturers to ensure
that the use of Cr+6 should be prohibited and new surface treatments
should be also analyzed, for example, Surtec [18].
The main requirements for anti-multipactor coatings are: 1) low SEY
(for space, ﬁrst cross-over E1 > 75 eV, maximum SEY σmax < 1.5), 2)
low RF surface resistance (for space: less than 3 times Ag one), and 3)
stability in air (for space: more than 10 months) [12]. However, it was
realized that these requirements were somehow contradictory; materials with good (1) and (2) properties are always reactive and evolve
when in air into more stable materials but with worse properties. Even
Au adsorbs some molecules in the air and its SEY increases signiﬁcantly.
In high-energy particle accelerators, the surface properties are partially
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photoemission spectroscopy (XPS), proﬁlometry were used to characterize them. Also, the RF insertion loss (IL) of the ﬁlters before and
after the surface treatments (waﬄe-iron typo ﬁlter, 12 GHz, gap 1 mm)
are measured with a calibrated Keysight. 8722ES S-parameter Vector
Network Analyzer (VNA). Cable measurements on coaxial cables were
required to verify and troubleshoot the electrical performance of RF
transmission systems. The traditional 2-port method was the conﬁguration selected for measuring cables loss since it takes advantage of the
error correction capability of the VNA.
Plating of aluminium RF ﬁlters was carried out through electroless
plating approach. Electroless plating process is based on chemical reduction reactions and does not need to apply any external electrical
potential, this fact increases the processing ﬂexibility. Electroless deposits can have a uniform thickness throughout the device (conform).
This process oﬀers distinct advantages when plating this irregularly
shaped samples, internal surfaces, holes, etc. In electroless plating, a
fully chemical process, there are several parameters that aﬀect the
plating rate and deposition characteristics, for instance, pH, temperature, concentration need to be optimized to control the plating process.
Rough silver coatings have been synthesized using a complexation
mechanism of triethanolamine (TEA) and Ag+ (AgNO3) to reduce the
oxidation–reduction potential diﬀerence and slow down the deposition
speed of Ag on metallic substrates. The molar ratio of AgNO3 to TEA,
the concentration of AgNO3 and the inﬂuence of reaction temperature
has been determined. Physical deposition techniques can also be used
for these technological applications. However, they undergo from limitations such as restricted directional variation or poor conformality. RF
ﬁlters were treated using a two-step chemical process: 1) chemical
etching,2) deposition of a rough coating with high aspect ratio, > 3
(proﬁlometer measurements). The RF ﬁlters studied are a low pass
corrugated ﬁlter (12 GHz).
Coatings with surface roughness of diﬀerent size scales were prepared by the following techniques.

modiﬁed by some type of surface conditioning in vacuum previously to
operation (heat treatment, irradiation with electrons, ions, or photons).
In space, these techniques are prohibitive to overcome these problems.
A thin and inert overlayer might have low SEY and show low eﬀective
RF surface resistance if suﬃciently thin over a highly conductive substrate. Alodine is very stable in air, however, the thickness of Alodine is
not thin enough at high RF frequencies respect to the RF skin depth.
The main types of anti-multipactor coatings are the following: i)
light transition metal nitrides, carbides, and suboxides, ii) Alodine
(anticorrosive treatment for Al), and iii) deeply surface-structured
metals. Class (i) is based on compounds with metallic character for low
SEY while also having relatively strong ionic-covalent bonding for
chemical stability. TiN combines the strongest bond with the best
electrical conductivity. Class (i) has also been studied thoroughly in the
particle accelerators community [19,20]. Class (iii) of coatings is based
on the “SEY suppression eﬀect” of strong surface roughness. It aﬀects
more primary electrons of lower energies, just the most important part
of SEY for the multipactor discharge. This eﬀect is more pronounced in
the case of materials with a higher ﬁrst cross-over energy for SEY = 1,
E1. It is a classical macroscopic eﬀect (no quantum physics) and depends on the shape but not on the size of the roughness, when the entire
surface is irradiated with electrons. In this paper, we present the main
results up to the present moment of this research, pointing out the
challenging problems encountered and discussing the approaches to
address them.

2. Experimental part
SEY measurements were directly performed on the RF devices in an
ultra-high vacuum (UHV) system (< 10−10 hPa) at ICMM – CSIC. The
SEY data were recorded via computer-controlled data acquisition systems using two diﬀerent methods. (i) The continuous method: the sample
is continuously irradiated with an electron beam while the energy of
the primary electrons increases linearly with time. The total dose delivered to the surface was < 10 nC/mm2. The electron currents are
recorded by Keithley digital electrometers. (ii) The pulse method: the
electron beam is pulsed by counter-bias of the wehnelt. The sample is
irradiated with a single pulse for each primary energy with a pulse
duration of < 170 ns, with each pulse delivering < 1 fC/mm2. The
pulses are recorded with a Keysight digital oscilloscope, 4 channels,
previously ampliﬁed by a Femto ultra-fast current ampliﬁer. In this
case, the primary energy also increases with time. The electron source
was a Kimball Physics e-guns, delivering PE energies from 0 to 5000 eV.
SEY measurements on dielectrics are more diﬃcult to make than on
conductors due to charging eﬀects. To minimize insulator charging, the
pulsed-electron beams is used. The electron gun current, Iegun QeGun , is
previously calibrated. Then, the sample is irradiated with electrons
from the electron gun and the current of the emitted electrons, Iemit, and
the current of the sample to ground, Iground QGround , can be measured.
SEY is computed as follows, Eq. (1).
SEY = Iemit/Iegun = 1 - Iground/Iegun

a) Chemical etching of Ag plating; size 1–5 μm.
b) Electroless deposition of Ag under out-equilibrium conditions, size
1–5 μm
c) Sputtering Au coating of Ag plating, chemically etched, size 1–3 μm.
3. Results and discussion
Fig. 1 shows SEY as a function of the primary electron energy, Ep, of
a typical ﬂat silver coating. During this electron beam -sample interaction measurements, as expected, SEY increases at low primary energy, because more secondary electrons can be excited and emitted up
to the maximum value of SEY, 2.34 and Emax = 314 eV. Therefore, in
this silver coating the range of the primary electrons becomes higher
than the escape depth of the SEs for EP > 314 eV, resulting in a decrease

(1)

The energy of the secondary electrons leaving the sample is determined using a concentric hemispherical electron energy analyzer
(HDA) and the excitation sources of energetic electrons or x-ray, MgKα
and AlKα (hν = 1256.6 eV and 1486.6 eV, respectively) radiation. The
sample can be rotated in front of the electron spectrometer for the
surface composition or cleanliness examination, and in front of the
programmable electron guns for the SEY measurements by using two
micrometric XYZθ manipulators. Low primary electron current
(I0 < 4 nA) were used to avoid electron conditioning or surface modiﬁcations during SEY measurements because, for example, high primary
electron doses reduce SEY [21]. Large samples, for example, RF devices
can be measured in this SEY facility at ICMM- CSIC, no witness samples
were required. In addition, scanning electron microscopy (SEM), x-ray

Fig. 1. SEY (Secondary Electron Yield) as a function of the primary electron
energy, Ep, for rough silver coated sample.
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Fig. 2. SEY as a function of the primary energy for the RF ﬁlter before and after antimultipactor treatment with the optimum roughness (rough silver coating). Inset:
photo of one shell of the RF ﬁlter during the SEY measurements.

coating deposited on RF ﬁlter and its transversal cross section, respectively. We can observed a sponge-like morphology of the coating. A
homogeneous silver thickness is observed along the sample surface. It is
also remarkable the good interlayer adhesion.
The stability of the space components during aging, from the asmanufactured samples to long-duration spaceﬂight, is a critical problem. Fig. 4a and b shows the SEY parameters as a function of the time
of exposure to air of rough coatings of Ag and Au, TiN/Ag and Alodine.
SEY increases as a function of the time of exposure to air and a strong
reduction of E1 is also observed. Type (i) TiN degrade in air by oxidation, water adsorption and other contaminations (XPS analysis), which
make necessary surface conditioning. These ﬁgures illustrate both the
importance of aging and the advantage of type (iii) coatings. We can
observe that the inﬂuence of exposure to air on SEY of rough silver
coatings is minimum compared to the TiN coatings. In the case of rough
gold coatings (aspect ratio ˜1.3) the eﬀect of their roughness is not able
to reduce the eﬀect of aging. It is remarkable that SEY of the rough
silver coatings is still lower than 1, even after the exposure to air.
In order to analyze the SEY data of the coatings and their relationship with the multipactor discharge, we have used a simple simulation of multipactor in parallel plate geometry [1]. For this purpose,
we have made a kind of calibration of the simulation: We have used a
typical SEY curve as reference to the plated sample. Fig. 5 shows the
multipactor level as a function of the SEY properties for rough Au and
Ag samples with a surface aspect ratio lower than 2. We have also

of SEY. Secondary electrons (SEs) have a very small escape depth, in the
order of 10 nm, due to their low kinetic energy < 50 eV. However, the
dissipation mechanisms of the deposition of energy by the primary
electron requires the detection of correlated electron pairs, where one
electron carries the signature of the involved excitation, while the other
provides information on its decay [22]. As shown in Fig. 1, the ﬁrst (low
energy) crossover energies for SEY = 1, E1 is 19.54 eV. The secondary
electron emission yield (SEY) parameters E1, SEYmax and Emax are the
most important parameters for multipactor simulations [1].
The SEY and aging processes of the electroless plating of rough
silver onto the RF ﬁlter were studied. The samples were coated with
diﬀerent deposition times and temperatures in the range 1–60 min and
40–60 °C, respectively. The results of the SEY measurements of silver
plated RF ﬁlters before and after the surface treatments are presented in
Fig. 2. The main parameters of the SEY curve of the reference silver
coated corrugated ﬁlter (pillars of 4 mm size) are SEYmax = 1.43, E1
=37.8 eV and Emax = 460 eV. After the surface treatment, we can observe a relevant reduction of the SEY: It is remarkable that microstructured silver coating achieves SEY < 1 throughout the primary
energy range. This result (SEY < 1) was also veriﬁed by the pulsed
method. If SEY is lower than 1 or close to 1 after a surface treatment, it
is necessary to measure the SEY by the pulsed method to ensure that the
reduction SEY is not a charging eﬀect as a consequence, for example, of
an unexpected huge increase of the local surface resistance or oxidation. Fig. 3a and b shows SEM images of the surface of the rough silver

Fig. 3. (a) SEM image of the surface of the rough antimultipactor silver coating, SEY < 1, (b) SEM image of the transversal section of Ag coated aluminium samples
after anti-multipactor treatment.
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Fig. 4. Eﬀect of aging in air on SEY. SEYmax (left panel) and E1 (right panel) as a function of the time of exposure to air for rough Ag-coated RF ﬁlter, Au-coated rough
Ag plating, TiN/Ag and Alodine. Rough Ag-1 (Ag deposition at 45 °C), Rough Ag-2 (Ag deposition at 50 °C), Rough Au-1 (20 nm thickness), Rough Au-2 (30 nm
thickness), Rough Au-3 (40 nm thickness), Rough Au-4 (50 nm thickness), TiN/Ag-1 ([N]/[Ti] = 0,98), and TiN/Ag-2 ([N]/[Ti] = 1,01). Both Rough Ag-1 and 2
coatings shows SEY < 1, green color region.

power loss in metallic materials because of the small skin depth of the
RF at high frequencies. In the limit of high frequencies, the induced
current in the material is strictly localized into the surface and the RF
resistance increases in the ratio of the area of the roughened surface to
the projected area (for transversal 2D roughness). For lower frequencies, the induced current distributes exponentially in depth according to the skin depth and the RF surface resistance decreases with
the dc resistance as a limit. In a waveguide of conductive metallic
surfaces, the power attenuation measured in dB (the insertion loss IL) is
proportional to the RF surface resistance. Its dependence on roughness
shape and size relative to the skin depth has to be computed by sophisticated simulations for each roughness shape [25]. The insertion
loss, IL, measurements of this ﬁlter shows the relatively low value of
0.014 dB compared to the result of the same ﬁlter before the antimultipactor treatment, 0,010 dB.
Because of the diﬀerent penetration of the RF ﬁeld into the substrate, the surface resistances are diﬀerently aﬀected by the substrate
conductivity. In a homogeneous non-magnetic conductive material, Rs
and the skin depth δ at microwave frequencies are:

deﬁned the FoM (Figure of Merit) of appropriate SEY parameters to
predict the multipactor level, Eq. (2):
FoM = (E1/σm)1/2

(2)

We can observe that the multipactor power level increases as a
function of the FoM. Also, this threshold power increases linearly with
E1 and the results of Au and Ag follow the same linear function. We
have found that the most important parameter to reduce the electron
discharge, that is, to increase the multipactor level, is to achieve high E1
values. However, in the case of the rough silver samples with the optimal surface roughness, SEY < 1, the highlight is that there is not
multipactor discharge.
As long as the achievement of low SEY coatings rely on surface
morphologies with roughness of high aspect ratio, insertion losses due
to surface resistance become a crucial issue. At suﬃcient high frequencies, the induced surface currents are conﬁned by the RF skin effect to a surface region of poor conductivity because of surface roughness. Recently some articles have been published in which the
relationship between surface impedance and surface roughness have
been studied [23,24]. For example, in [23] an almost linear growth of
the attenuation is shown for a speciﬁc frequency with respect to the
surface roughness. In our case, the losses increased for the rough surface respect to the smooth surface, in accordance to the results presented there. Therefore, surface roughness can be a problem in RF

Rs =

1
=
σdc δ

πμ0 ρdc f δ =

ρdc
πμ0 f

(3)

where σdc and ρdc = 1/σdc are respectively the dc conductivity and resistivity of the material. We have included the roughness eﬀect in the

Fig. 5. Multipactor level vs. SEY properties for rough Ag and Au samples with a surface aspect ratio < 2.
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analysis of coating surface resistance. It depends on both the shape and
the size of the roughness relative to the skin depth and complex calculations should be used for its accurate determination [22,24]. In a
material inhomogeneous in depth, δ (Eq. 3) can be considered as a local
material property as ρdc and, because of the decreasing exponential
penetration of the RF ﬁeld, then Rs can be calculated using the Eq. (4).

1
=
Rs

z

∫ σdc e− δ dz = ∫ 0

∞

z
1
−
e δ (z ) dz
ρdc (z )

(4)

where z is the depth. For a surface region formed by a coating of
thickness dcoat over a substrate, we have calculated the two unknowns
ρdccoat and dcoat, see Table 1. Chromate-free conversion coating for
aluminium like surtec are also shown to be more resistive than alodine
because we have observed charging evolution during the electron irradiation. Therefore, SEY measurements of surtec should be performed
by the pulsed method. However, the contribution of a relatively poorer
conductor, i.e., with a resistivity 20–100 μΩ·cm is negligible if its
thickness is small with respect to the RF skin depth.
4. Conclusions
A strong reduction of the total secondary electron emission yield
during electron-coatings interactions was achieved in RF ﬁlters prone to
multipactor discharge. In this work, a chemical deposition technique
was developed for creating the appropriate micron or submicron rough
silver surface with a aspect ratio higher than 3 to avoid multipactor
eﬀect. It was achieved that SEY remains lower than 1 for all primary
electron energy range and therefore multipactor eﬀect is avoided, even
after exposure to air. The inﬂuence of aging on the multipactor electron
avalanche is also reduced in rough materials. An interesting experimental linear correlation was found between the multipactor power
level and the SEY parameter E1.
Conductor surface roughness aﬀects the current ﬂow inside the
coating and the subsequent eﬀect on electro-magnetic properties of the
RF device. The surface roughness disturbs current ﬂow and results in a
higher than usual ohmic loss. The insertion loss of the RF ﬁlter with
low-SEY is 0,014 dB. This relatively low value could be mitigated by
controlling the shape and size of the surface roughness. SEY suppression
necessitates surface roughness of high aspect ratio but also a stable
surface material with large ﬁrst cross-over energy. Since chromate-free
surface treatments have often poor conductivity, they should appear
only in a surface layer of very small thickness relative to the RF skin
depth.
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