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Abstract: 

We have studied high aspect ratio Ag nanopillar coatings exhibiting reduced secondary 

electron emission for the mitigation of multipactor effect in radio-frequency space devices of 

high frequency and high power. The Ag nanopillars have been grown by glancing angle 

deposition with DC magnetron sputtering. Some samples have been covered by a gold capping 

layer to reduce oxidation and aging effects. The secondary emission yield of the surfaces of 

these samples has been measured and compared to those of flat Ag and Au reference samples. 

The results show that high aspect ratio surface roughness at the nanometer scale significantly 

reduce the secondary emission yield of the surface. This reduction is more important for low 

electron energies, which is the most influencing energy range of electrons for multipactor. 

The multipactor region for the nanopillar coating presenting the best secondary emission yield 
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properties has been simulated, finding practical suppression of multipactor effect. The high-

frequency surface resistance of these samples has also been estimated from published 

computations for similar surface roughness patterns. It was found that such nanopillar coatings 

are compatible with the most rigorous requirements of space industry. 

 

1.  Introduction 

Multipactor is an avalanche electron discharge (electron cloud) occurring in vacuum 

RF devices at high frequency and high power and in resonance with the RF field. It is initiated, 

fed, and sustained by secondary electron emission (SEE) from the device surfaces exposed to 

the electron discharge [ 1 , 2 ]. This electron discharge usually produces outgassing and 

eventually evolves into destructive Corona breakdown, a high intensity plasma [2]. These 

impairing phenomena affect severely the operation of communication, Earth observation, and 

other types of space satellites. It is also an important problem in high-energy particle 

accelerators, thermonuclear toroidal plasma fusion devices, klystron vacuum tubes for 

microwave generation, and other advanced equipment of great scientific, technological, 

industrial, economic, and social importance [3, 4, 5, 6]. Because of its relevance, suppression 

or mitigation of multipactor is being the objective of many leading and prestigious laboratories 

in the world during several decades (NASA, SLAC, CERN, KEK, ESTEC-ESA, VSC-ESA). 

We have to note that, although multipactor in RF systems in space satellites and in 

vacuum accelerators share the same fundamental principles, the strategies for multipactor 

mitigation are different. As we will see below, high aspect ratio roughness surfaces are desired 

in space industry whereas this does not work for vacuum accelerators, as their main problem 

in these systems is the degasification produced by the electron cloud, thus the more surface 

ratio the more possible degasification. In the following, all the material presented here refers 

to the first strategy. 
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Multipactor occurs when certain so-called resonance conditions are met among the RF 

field (frequency, intensity and geometry), the electron trajectories (initial emission and impact 

velocities and phases, distance between impacts) and the SEE properties of the surface 

material. Thus, the multipactor susceptibility results depend only on a frequency times gap 

(characteristic length) product and the RF field amplitude, apart from the material SEE 

properties. Of these, the SEE yield (SEY) for low impacting energies is the most influencing 

[7,8]. Because of the SEE crucial role in multipactor, it is well established that the ultimate 

recourse against this phenomenon is the use of surfaces showing low SEY in critical parts of 

the RF device [5,6]. Therefore, research is focused on obtaining anti-multipactor coatings of 

very low SEY. In this sense, strategies based only on physicochemical properties of the 

surface materials have shown a limited capability because of surface aging on exposure to 

atmospheric air. SEY is a technique of high surface sensitivity and, in the energy range of 

interest, the emission is mostly due to true secondary electrons being the total yield of 

backscattered electrons below 0.4. The emission of true secondaries is extremely sensitive to 

the surface escape probability, and consequently, to surface composition and structure. Of 

course, the most surface sensitive part of the SEY is the lower kinetic energy range of the 

spectra, which contains precisely the most influential electrons in the SEY spectra and 

consequently, in the multipactor process. Recent results have demonstrated the significant 

dependence of SEE on surface roughness. High aspect ratio surface roughness at the 

micrometer scale leads to important reduction of the SEE, and thus to multipactor mitigation 

[7]. In fact, since ESA workshop MULCOPIM 2005 [9] it is established that anti-multipactor 

coatings for space applications should be based on the SEE reduction by surfaces with high 

aspect ratio roughness [10,11,12,13,14]. Roughness reduces intrinsic (or flat mode) SEY by 

capturing part of the emitted electrons [15,16]. However, surface roughness of high aspect 

ratio present a new problem: the associated increase of RF surface resistance due to the skin 

effect of high-frequency electromagnetic waves [17,18], thus incrementing the RF power loss 
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(insertion loss) of the device and limiting its efficiency. This drawback is becoming more 

demanding with the requirement of increasing frequency in space technology. Nevertheless, 

it can be solved by decreasing the depth of surface roughness (the thickness of the surface 

layer containing the roughness) while maintaining its high aspect ratio [10,12,13] since RF 

surface resistance increases with both, aspect ratio and roughness depth. For 10 GHz devices, 

this implies surface roughness depth well below 1 μm; thus small compared with the skin 

depth of the RF field ( 630 nm for Ag) making negligible its contribution to the RF surface 

resistance [17, 18]. Thus, a promising alternative is the creation of high aspect ratio structures 

at the nanometer scale.  

Anti-multipactor coatings for space applications are particularly challenging mainly 

because they should be exposed to atmospheric air and they cannot afterward be surface 

conditioned in vacuum as can be done in other applications. SEE aging in air should be 

compensated for surface roughness, however this should not significantly affect to the 

electromagnetic properties of the device, their RF surface resistance should be extremely low. 

The research and progress in this specific applied domain has mainly been supported or 

published by ESA. As an indication of its youth and limited spread, the number of specific 

experimental contributions to MULCOPIM 2008 and 2017 were 4 and 8, respectively. This 

can roughly be estimated in more than 1/3 of worldwide contribution.   

The main two requirements for anti-multipactor coatings in space have been quantified 

by recent research [7,12,13] as: a) low SEY: SEY maximum, m, below 1.3 together with first 

cross-over energy, E1 (SEY(E1) = 1), higher than 200 eV; b) low RF surface resistance: below 

1.4 times that of standard flat smooth Ag coating. Requirement (a) implies strong surface 

roughness: high porosity (>50 %) and aspect ratio (>1.5) [19, 20]. On the other hand, 

condition (b) requires the surface material to be Ag in a thickness of more than 3 μm (for10 

GHz). In the case that thin overlayers are used for lowering intrinsic SEY and slowing down 
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aging [7,14], requisite (b) also forces the surface capping overlayer to be much thinner than 

50 nm. Finally, surface roughness depths well below 1 μm are also required to keep the RF 

surface resistance below the defined tolerance. 

Anti-multipactor coatings used in space industry and even most in technological 

research do not achieve the above desideratum requirements (a) and (b). Thus, any practical 

approach to reach them is of huge interest. Having this in mind, in this work we explore the 

anti-multipactor capabilities of different coatings containing Ag nanopillars with high aspect 

ratio. We show that surfaces terminated in these nanopillars significantly reduce the secondary 

emission with respect to flat Ag coatings. Our approach is based on glancing angle deposition 

with DC magnetron sputtering [21]. With the appropriate choice of the deposition parameters, 

the momentum distribution and directionality of the sputtered species can be controlled. In the 

last few years it has been shown how glancing angle deposition with magnetron sputtering 

can produce nanopillar coatings of different metals [22,23,24]. The main advantage of this 

technique relies on its scalability, since sputtering is a physical technique in vacuum (thus 

with minimal recycling problems, since no aggressive waste is produced) able to coat large 

surfaces with relatively low energy consumption. The present research is original in its 

specific domain (anti-multipactor coatings for space applications) because of two main 

features: very high aspect ratio surface nanostructures and glancing angle magnetron 

sputtering deposition. Other features are: theoretical/simulation prediction of multipactor, 

theoretical/simulation estimation RF behavior, and theoretical explanation of energy behavior 

of SEY reduction factor.  

2. Materials and Methods 

Two different kinds of samples have been fabricated by DC magnetron sputtering at 

RT in a UHV chamber (base pressure in the low 10-9 mbar range) onto 1 cm2 Si substrates. 

Ag-terminated samples consist of a 2 nm thick adhesion layer of Ti, a continuous film of Ag 
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(200 nm thick) and Ag nanopillars on top. On the other hand, Au-terminated samples consist 

of a 2 nm thick adhesion layer of Ti, a continuous film of Au (200 nm thick), Ag nanopillars 

and a final capping layer of Au, about 10 nm thick. Prior to the fabrication of these two series, 

an initial set of samples without the continuous 200 nm Ag or Au thin film was fabricated in 

order to find the suitable conditions generating the desired morphologies. The fabricated and 

analyzed samples are summarized in Table I. 

The sample stage is fully motorized, so that the substrate can be placed in front of the 

desired sputtering target and tilted when needed. The target diameter d is 5.1 cm for Ti and 

Ag and 3.8 cm for Au; and the distance between target and substrate L is 22 cm for Ti and 19 

cm for Ag and Au. Argon is the sputtering gas and, in order to favor the ballistic regime (no 

collisions of the sputtered atoms with the plasma species and therefore high directionality), 

the pressure is the lowest allowing for stable plasma: 1.5 × 10-3 mbar. Moreover, cylindrical 

chimneys of 9 cm length and width of the same diameter as the target are placed on top of 

each magnetron source to increase the collimation of the sputtered material leading to the 

trapping of the thermalized sputtered species (i.e. those subjected to a high number of 

collisions, thus non-directional). The continuous thin films of Ti, Ag and Au have been 

deposited in the standard configuration, i.e. substrate parallel to the target. The power used 

for the deposition of thin films is 100, 60 and 20 W for Ti, Ag and Au, respectively. When a 

Au capping layer has been deposited, the substrate rotated ±25º in order to obtain an 

homogeneous coverage.  

In order to fabricate the Ag nanopillars, we have used glancing angle deposition with 

85º tilt angle between target and substrate. The length of the nanopillars is controlled by the 

deposition time. The obtaining of well-defined nanopillars is promoted by the high 

directionality of the atoms arriving at the substrate and their subsequent atomic shadowing 

effects related to the incidence at glancing angle. Although the deposition parameters favor 

the ballistic regime (the low gas pressure assures a low thermalization degree and the above 
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mentioned chimney increases the collimation), atomic shadowing competes with the atoms 

mobility. In a first approximation, the adatom mobility depends inversely on the melting 

temperature Tm: the lower the Tm, the higher the mobility [25]. Thus, Ag (Tm=1235 K) has 

higher adatom mobility than Au (Tm=1337 K) or Ti (Tm=1941 K), which makes more difficult 

obtaining nanostructured coatings made of silver. Lowering the temperature of the substrate 

would help, but the energy cost would prevent any application-oriented study. Our choice has 

been to rise the power, which increases the deposition rate and decreases the influence of 

mechanisms linked to surface mobility processes, since impinging new particles prevent the 

diffusion of the previous ones [26]. Thus, the Ag nanopillars have been fabricated with 300 

W. Moreover, in order to minimize the incorporation of thermalized atoms, a particle 

collimator at the level of the substrate has been added to optimize the fabrication of the 

nanopillars [27, 28], see Fig.1(a). Other options proposed in the literature to increase the ratio 

of ballistic to thermalized atoms are the use of an area slit aperture [29] or the alignment 

between a segment of the racetrack on the target (i.e. the region with maximum ion 

impingement from the plasma) and the substrate when the L/d ratio is about 1.5 [30], but in 

our case L/d is almost 4. The particle collimator has the shape of a tunnel with 18 mm length 

and rectangular section (height: 4 mm, width: 14 mm), see Fig. 1(c), and it provides a good 

screen for thermalized atoms. By using the collimator, tilted nanopillars are obtained if the 

deposition takes place with the flux of sputtered atoms entering through one of the apertures 

of the tunnel. Vertical nanopillars have been also achieved by alternating deposition from both 

apertures [31]: depositing during 30 s from one side, rotating 180º the sample holder (the 

rotation axis being the normal to the substrate) and depositing again another 30 s from the 

other side; this process is repeated the desired number of times. 

The morphology of the samples has been characterized by field emission scanning 

electron microscopy (FESEM), using a FEI Verios 460 high resolution electron microscope. 
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The images were made at low voltage (2 kV) in order to get enough detail on the surface 

structure. 

SEY measurements were performed using a Kimball Physics ELG-2 electron gun, 

which supplied the incident or primary electron beam: current 3 nA, diameter 2 mm, energy 

20-2000 eV, fluence 0.5 C/mm2 per full energy scan. The electron gun current was 

previously calibrated with a Faraday cup and by measuring a graphite sample biased at +50 V. 

Additional information may be found elsewhere [7]. The SEY measurements were then 

performed by measuring the sample current to ground while sample was biased to -30 V with 

respect to the analysis chamber (VG Escalab 210 system at 310-9mbar). Though SEY 

measurements were performed in a UHV analysis chamber, samples were previously exposed 

to atmospheric air for about 10 days except those of pure flat Ag or Au cleaned in situ in the 

analysis chamber by Ar ion bombardment. Standard samples of flat Ag or Au were exposed 

to atmospheric air for more than one month.  

3. Results and Discussion 

Fig. 1 shows FESEM images of representative samples with nanostructured Ag 

coatings fabricated with different parameters together to a scheme of the deposition system. 

The sample shown in Fig. 1(b) was fabricated by simply tilting the substrate 85º with respect 

to the surface of the target, without using the particle collimator and with 40 min deposition 

time. The atomic flux during deposition was coming from the upper part of the sample and 

therefore, nanostructures tilted towards that direction are formed, although with a strong 

degree of coalescence, as it can be seen in the planar-view image. On the other hand, the 

sample in Fig. 1(d) (corresponding to sample #1163 from Table I) was made with the same 

deposition time but using the particle collimator shown in Fig. 1(c) in order to reduce the 

divergence of the arriving flux of atoms (the flux entered only from one aperture of the particle 

collimator). Comparing these two images, it is clear that the collimator successfully promotes 
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the selective deposition of highly directed particles, thus favoring the atomic shadowing 

regime: as a result, well-defined nanopillars tilted towards the incoming flux are formed. Only 

samples fabricated with the particle collimator, and thus with distinct nanopillars, have been 

analyzed regarding the SEY properties; they are included in Table I. 

Finally, the sample shown in Fig. 1(e) (sample #1192 in Table I) was fabricated by 

alternative deposition from both apertures of the collimator (30 s deposition time in each 

position and 40 repetitions), corresponding to the top and bottom sides of the image, and as a 

consequence vertical nanopillars oriented along that axis are formed, as it can be seen in this 

planar-view. To get a more detailed insight on the geometry of the vertical nanopillars, an 

equivalent sample has been fabricated directly on Si substrate (without the continuous film), 

Fig. 1: (a) Scheme of the deposition system. (b) Example of sample fabricated without particle collimator. 

(c) Particle collimator, which has been offset to make visible the substrate below it. (d) Sample fabricated 

with the particle collimator and deposition from only one aperture (it corresponds to sample #1163 from 

Table I). (e) Sample fabricated with the particle collimator and alternative deposition from both apertures 

(sample #1192 from Table I). (f) Cross-sections along and perpendicular to the direction of the flux for a 

sample fabricated as that in panel (d), i.e., with the particle collimator and alternative deposition from both 

apertures, but on Si (sample #1182 from Table I) 
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and cross-section FESEM images have been taken, shown in Fig. 1(f). The cross-section 

images confirm that the nanopillars are elongated in the direction of the atomic flux. This 

sample corresponds to sample #1182 in Table I. 

The growth rate has been determined from SEM measurements of cross-sections of 

some of the fabricated samples, namely #1182, #1184 and #1192, and it was 10 nm/min. The 

length of the nanopillars can be estimated from the growth rate and the time, therefore 

nanopillars from sample #1192 (40 min) are 400 nm long, and those from samples #1219, 

#1220, #1230, #1229 (70 min) are 700 nm long. 

The lateral dimensions of the nanopillars and the spacing among neighboring pillars 

also depend on the deposition time, as the nanopillars become wider as they grow. Some 

representative values are: 

-Sample #1192, vertical pillars with ellipsoidal top base with 300 nm ± 75 nm long 

axis and 100 nm ± 25 nm short axis, spacing between 10 and 40 nm.  

-Sample #1219, vertical pillars with ellipsoidal top base with 1100 nm ± 300 nm long 

axis and 390 nm ± 90 nm short axis, spacing between 50 and 100 nm. 

- Sample #1163, tilted pillars with diameter 75 nm ± 30nm; spacing is bigger in tilted 

nanopillars compared to vertical ones, here is from 50 to 150 nm. 

It is also worth noticing that SEM images of Au-terminated samples obtained with 

back-scattered electron do not show inhomogeneities, which is an indication of a rather 

uniform coating. 
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Fig.2: a) Scheme of the Au-terminated samples; b) SEY-energy curves of Au-terminated samples 

with tilted Ag nanopillars fabricated with 13, 26 and 40 min deposition time (samples #1165, 

#1164 and #1163 in Table I). c) Low energy region of the above curves. Pink curve corresponds 

to a flat smooth sample of standard Ag plating from space industry exposed to the air (sample Ag 

Ref. in Table I). 

Fig.2 shows the SEY-energy curves of three Au-terminated samples with tilted Ag 

nanopillars fabricated with 13, 26 and 40 min deposition time (samples #1165, #1164 and 

#1163 from Table I). Longer deposition time leads to longer pillars, thus to higher aspect ratio 

nanostructures. The curve of a flat smooth sample of a standard Ag plated piece from space 

industry exposed to air for several weeks is also included in Fig. 2 as a reference. The 

nanopillar coatings offer an improved SEE behavior compared to the reference Ag surface. It 

is worth noting that the first cross-over energy E1 (indicated by arrows for each sample) 
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increases and the maximum value of the SEY (σm) decreases with the deposition time. 

Sometimes, the parameter E1/σm has been used as Figure of Merit (FoM) since multipactor 

threshold was often found to be approximately proportional to (E1/σm)s for some s about 0.7 

[7], which reveals the increased influence of SEY at low energies on multipactor. As it can be 

seen from Fig. 2 and Table I, the nanopillar surfaces with higher aspect ratio exhibit higher 

FoM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table I. Analyzed samples and their SEY parameters. The basic sample structure is defined by 

capping/nanopillars/substrate. The table collects the presence or absence of each of these components. The 

capping thickness is around 10 nm. The nanopillars geometry is described as: t-tilted; v-vertical, coal- highly 

coalesced nanopillars. The deposition rate of the nanopillars is around 10 nm/min, with some deviations 

associated to the placement of the particle collimator and to the deposition-taking place from only one or both 

apertures. A Ti layer within the substrate refers to a 2 nm thick adhesion Ti layer. The Au (200) or Ag (200) 

layers refer to 200 nm thick continuous films. Polished Ag are substrates made from Ag and subsequently 

polished. The samples Ag Ref. and Au Ref. correspond to standard industry flat smooth samples. 

 

SAMPLE substrate 

nanopillars SEY 

angle 
deposition 

time (min) 
capping 

E1 

(eV) 
σm 

Em 

(eV) 
σ1800 

FoM

(eV) 

#1109 Si t,coal. 90 - 37 1,63 538 1,34 23 

#1108 Si t 90 - 29 2,06 430 1,57 14 

#1165 Au(200)/Ti/Si t 13 Au 54 1,58 1013 1,52 34 

#1164 Au(200)/Ti/Si t 26 Au 68 1,55 1007 1,49 44 

#1163 Au(200)/Ti/Si t 40 Au 88 1,52 960 1,44 58 

#1182 Ti/Si v 13 - 65 1,43 720 1,24 45 

#1184 Au(200)/Ti/Si v 13 Au 21 1,40 1074 1,38 15 

#1192 Au(200)/Ti/Si v 40 Au 46 1,31 1045 1,29 35 

#1219 Au(200)/Ti/Si v 70 Au 153 1,47 1034 1,41 104 

#1220 Ag(200)/Ti/Si v 70 - 169 1,37 788 1,26 123 

#1230 Polished Ag v 70 Au 79 1,28 926 1,24 61 

#1229 Polished Ag v 70 - 132 1,25 711 1,17 106 

Ag Ref. Ag - 31 1,98 391 1,47 16 

Au Ref. Au - 26 1,98 575 1,64 13 
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Table I collects the main SEY parameters of all samples studied including the Ag and 

Au reference samples with industry standard flat smooth surfaces. The best results in terms of 

FoM were obtained with vertical nanopillars (fabricated by alternative deposition from 

opposed sides of the particle collimator). Indeed, the best samples (numbers #1219, #1220 

and #1229) were made of vertical nanopillars of about 700 nm height and 1100390 nm2 

lateral average dimensions with about 60 % of surface coverage, grown on top of Ag or 

Fig. 3: a) SEY-energy curve of a Ag-terminated sample with vertical Ag nanopillars (sample 

#1220) compared to those of a flat smooth sample of standard Ag plating from space industry 

exposed to the air and the same reference Ag plating after cleaning with Ar ion bombardment in 

UHV; b) SEY-energy curve of an Au-terminated sample with vertical Ag nanopillars (sample 

#1219) compared to those of a flat smooth air exposed Au sample and the same surface after clean 

preparation in UHV. The inferior panels show the low energy regions in more detail. 

Au. Fig. 3 shows the SEY plots corresponding to these samples: Fig. 3a) contains that of the 

Ag-terminated nanopillars grown on a 200 nm thin film of Ag (sample #1220) and Fig. 3b) 
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that of the Au-terminated terminated nanopillars grown on a 200 nm thin film of Au (sample 

#1219). As these last nanopillars are covered with a Au capping layer, therefore the incident 

electrons impinge on a fully Au covered sample. The 200 nm thick Au substrate is intended 

to avoid possible deficient coverage of the Au capping layer between nanopillars. We will 

first discuss the case of the simplest structure, the Ag-terminated nanopillars as it consists of 

an all-Ag sample. Fig. 3a) shows the SEY-energy curve of this sample compared with those 

of a flat smooth pure Ag sample cleaned by Ar ion bombardment in UHV and of a similar flat 

smooth Ag surface after exposure to the air for several weeks. This last SEY-energy curve 

corresponds to a standard Ag plated piece from space industry. SEY curves of homogeneous 

materials with a flat surface are expected to be simple and unimodal, convex with one 

maximum at low energies followed by one inflection point and therefore becoming concave 

at higher energies. Any additional structure has always been explained by lateral (patches) or 

in depth (layers) inhomogeneities. Taking the SEY response of the UHV clean Ag surface as 

the reference for homogeneous smooth Ag, we can see that its exposure to air induces a strong 

peak or shoulder at energies below 600 eV due to surface contamination. A small shoulder at 

low energies is also present for the nanopillar sample, which would be assigned to some 

surface contamination from air exposure if it would correspond to a flat smooth sample 

(nanopillar samples were too exposed to the air). There is no theoretical or experimental 

evidence, in any case very scarce, for surface roughness alone to produce such a shoulder. A 

similar shoulder has been found in tilted nanopillars (see Fig. 2). 

In Fig. 3b), we present the SEY-energy curve of the Ag nanopillars with Au capping 

(sample #1219) along with those of a flat smooth Au cleaned in UHV and after air exposure. 

It should be clarified here that, since the electron range in Au exceeds 10 nm for energies 

higher than about 800 eV [32], the sample made of Ag nanopillars with 10 nm Au capping 

cannot be considered as being all-Au from the point of view of SEY at those energies. In the 

case of the flat smooth Au exposed to air, again a shoulder at low energies appears. This 
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shoulder is clearly distinct here because it is less intense than that appearing for Ag and more 

separated from the maximum due to the bulk. In the case of Au, this shoulder is again 

attributed to the presence of a thin surface layer coming from adsorption. The energy, the 

intensity, and the width of the peak related to the surface layer increase with its thickness [33] 

and may become blurred with the bulk contribution as in the case of Ag where both, adsorption 

and absorption, participate. The presence of the shoulder can also be observed for the capped 

nanopillars (also exposed to the air). 

Other nanopillar samples showed lower values of E1 or higher values of σm, as 

displayed in Table I. Some samples showed an evident shoulder at low energies affecting 

visibly the value of E1. It should be noticed that the presence of a shoulder was associated to 

low values of σm and σm/σ(E>>Em) and high values of Em (energy value for σm). These two 

last characteristics are typical of the modification of SEY by surface roughness of high aspect 

ratio. 

The relative SEY curves for the nanopillar sample shown in Fig. 3 are shown in Fig. 

4. Relative SEY is defined as the ratio of the SEY curve corresponding to the nanopillar 

surface (exposed to the air) to the curve of smooth flat surfaces of the corresponding pure 

metal (Ag or Au) exposed to air. In this way, we obtain a SEY reduction factor related only 

to the surface morphology. The first thing to observe from Fig. 4 is that this hypothetical 

topographical SEY reduction factor thus defined is dependent on the energy of primary 

electrons. In fact, its energy dependence qualitatively resembles that of the backscattered 

electron emission yield,  [34,35]. At very low energies,  shows an abrupt decrease due to 

elastically backscattered primary electrons and then a gradual increase due to inelastically 

backscattered ones. Actually, that is the origin of the observed dependency for the relative 

SEY: backscattered electrons are more relevant for the SEY of rough surfaces. The relative 

SEY is in some way related to the ratio of backscattered to true secondary electron emission. 

While many true secondary electrons are intercepted and absorbed by the roughness due to 
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their very low energies, intercepted backscattered produce further second-generation 

secondary electron emission. We may approximately summarize the argument: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑆𝐸𝑌 =
𝜎𝑟𝑜𝑢𝑔ℎ

𝜎𝑓𝑙𝑎𝑡
=

𝑅 · 𝛿 + 𝑅′ · 𝜂 + 𝛿(2) + 𝜂(2)

𝛿 + 𝜂
≈ 𝑅 +

𝛿(2)(𝜂)

𝛿
 

where SEY =  =  + , being  the true secondary and  the backscattered electrons emission 

yields, with >>; R is the proper topographical reduction factor (because the emission angle 

distribution of true secondary electrons or cosine law of Lambert is independent of material 

and of primary energy); R' corresponds to the reduction factor for backscattered electrons, 

with R'R but somehow dependent on material and primary energy; and (2), (2) are the 

second and higher order emission produced by backscattered electrons intercepted by the 

surface roughness, (2)>>(2). By writing (2)(), we stress the fact that those secondary 

electrons are produced by intercepted backscattered electrons and thus approximately 

proportional to . Above arguments and equation are a very rough approximation (first order) 

which predicts the general energy trend of relative SEY of rough surfaces of most materials. 

 is neglected against  because  ≈ 1.45  0.25 and  ≈ 0.30  0.15. R is the solid angle 

integral of the Lambert emission probability ( cos(),  = polar angle = emission angle) [34, 

35] over the solid angle free of surface roughness interference, thus a pure geometrical 

quantity. Since for backscattered electrons, the Lambert law is not exactly fulfilled and the 

difference is slightly dependent on energy and on material [34, 35], R' is only slightly different 

from R, and R'· is neglected against R·. The equation relays also on the fact that secondary 

electrons, with low energies, are not able to produce significant 2nd order emission, and thus 

(2)(+) ≈ (2)() ≈ (2)(). The general qualitative shape of graphs in Fig.4 has already been 

found in other cases [36]. 
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Fig. 4: a) Relative SEY curves for samples #1220 and #1219. The relative SEY curves are obtained 

by dividing the SEY curve of those samples with that of the flat smooth samples of Ag and Au 

exposed to the air, respectively. b) Relative SEY for the same samples in semi-logarithmic scale. 

Fig.4 also shows an apparent independence of the relative SEY on the material. That is not 

expected since the relative SEY should depend on the material SEE properties, see equation 

above. This coincidence is possibly due to a very similar ratio of backscattered to true 

secondary electron emission in Ag and Au. The small structure at about 70 eV in both relative 

SEY curves is due to the shoulder appearing in the SEY curves of both nanopillar samples, 

see Fig.3a) and b). That shoulder could reasonably be ascribed to surface contamination from 

air exposure, as discussed above. This is supported by the fact that it appears with different 

relative intensities in different samples. The question is why they are not so clearly 

distinguished in the flat smooth samples so that they would be canceled by offsetting in the 

relative SEY curves. An explanation could be that the contamination surface layer in the 

nanostructured surfaces is much thinner and consequently we were not using the adequate flat 

smooth surface as SEY reference. Another plausible explanation could be that those structures 

belong to the backscattered electrons emission yield-primary energy curves, which are 

enhanced in the relative SEY ones. A similar structure appears at 60 eV in new theoretical 

calculations of the backscattered emission [37]. 
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As a final assessment of the experimental SEY results, we have made an estimation of 

the possible multipactor power-threshold improvement with these nanopillar coatings. We 

have used a multipactor simulation software tool, MEST [35], which has been proved in 

similar applications. Fig.5 shows the multipactor regions for an infinite parallel plate geometry 

(applicable locally to many RF devices) with surface SEY properties either as those of sample 

#1220 (blue line) or of the flat smooth Ag reference sample (red line). The multipactor regions 

correspond to those enclosed by the lines. In the interval of most interest, 10-40 GHz-mm, the 

multipactor power-threshold improvement (with respect to the standard Ag plating) is 

computed by MEST as 9.0 dB. This power increase is over the limit of most multipactor test 

beds [7, 10, 12], and it means practical suppression of multipactor. 

Fig.5: Simulation of the multipactor region thresholds with MEST software [35] for infinite 

parallel geometry and SEY properties of the surface of sample #1220 (blue) and flat smooth Ag 

plating exposed to the air (red) sample. RF power is proportional to gap voltage squared. 

The other important property of anti-multipactor coatings is its RF surface resistance. 

The requirement of less than 1.4 times that of standard Ag plating is very demanding. It is 

even difficult to measure it with a resonant cavity, and it is better tested by the insertion loss 
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of specially designed waveguides [10, 12]. For this work, a rough estimation was made for 

sample #1220 using the results of calculations for different regular patterns of surface 

roughness [17,18]. Two problems are found: our nanopillar coatings do not show those highly 

regular patterns and they present higher aspect ratios. We propose therefore the RF surface 

resistance value of rectangular transversal grooves as an upper bound for our case. The groove 

parameters are taken as those of the average nanopillar pattern, and they were obtained by 

several strong approximations. First, a regular centered rectangular pattern of cylindrical 

nanopillars of elliptical section was calculated with the same average coverage, about 50%, 

and the same average periods, 660 and 1250 nm, for the two directions transversal and parallel 

to deposition flux, respectively (transversal grooves should show higher RF surface 

resistance). Then, a rectangular groove pattern with a period four times the skin depth (320 

nm for Ag at 40 GHz) and a height equal to half the period was assumed for the higher RF 

surface resistance compatible with the nanopillar parameters according to results of 

Matsushima and Nakata [18]. These show a value of 1.5 times that of the flat smooth surface. 

This is thus a very conservative upper bound. In conclusion, it is expected that our nanopillar 

coatings would not significantly deteriorate device RF insertion loss. 

4. Summary and conclusions 

Relatively simple and practical experimental setup and corresponding procedure have 

been used for preparing coatings of Ag nanopillars by glancing angle magnetron sputtering 

deposition. Nanopillars were either vertical (normal to the substrate) or tilted, with dimensions 

well below the micron scale, high aspect ratio, and high surface density or coverage. These 

are known characteristics for reducing secondary electron emission and consequently for 

providing good anti-multipactor coatings. Secondary electron emission yield was measured 

and found to be reduced by a factor depending on primary electron energy, this reduction 

being more pronounced for low energies. This energy dependence could be explained by the 
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contribution of second order secondary electrons to the SEY of rough surfaces (i.e. secondary 

electrons produced by first order backscattered electrons acting as primary ones on surface 

protuberances).  

It was also found that the SEY reduction increased with the aspect ratio of nanopillars. 

The reduction for the higher aspect ratio values was found to be sufficient for practical 

suppression of multipactor by means of a numerical simulation tool (MEST). It was also 

estimated, by comparison with published simulation results, that the submicron size scale of 

the surface roughness depth maintained high-frequency RF surface resistance quite below the 

industry requirements. Glancing angle magnetron sputtering deposition thus appears to be a 

practical technique for producing anti-multipactor coatings for application in space industry. 
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Table Captions: 

Table I. Analyzed samples and their SEY parameters. The basic sample structure is defined 

by capping/nanopillars/substrate. The table collects the presence or absence of each of these 

components. The capping thickness is around 10 nm. The nanopillars geometry is described 

as: t-tilted; v-vertical, coal- highly coalesced nanopillars. The deposition rate of the 

nanopillars is around 10 nm/min, with some deviations associated to the placement of the 

particle collimator and to the deposition-taking place from only one or both apertures. A Ti 

layer within the substrate refers to a 2 nm thick adhesion Ti layer. The Au (200) or Ag (200) 

layers refer to 200 nm thick continuous films. Polished Ag are substrates made from Ag and 

subsequently polished. The samples Ag Ref. and Au Ref. correspond to standard industry flat 

smooth samples. 
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Figure Captions: 

Fig. 1: (a) Scheme of the deposition system. (b) Example of sample fabricated without particle 

collimator. (c) Particle collimator, which has been offset to make visible the substrate below 

it. (d) Sample fabricated with the particle collimator and deposition from only one aperture (it 

corresponds to sample #1163 from Table I). (e) Sample fabricated with the particle collimator 

and alternative deposition from both apertures (sample #1192 from Table I). (f) Cross-sections 

along and perpendicular to the direction of the flux for a sample fabricated as that in panel (d), 

i.e., with the particle collimator and alternative deposition from both apertures, but on Si 

(sample #1182 from Table I) 

Fig.2: a) Scheme of the Au-terminated samples; b) SEY-energy curves of Au-terminated 

samples with tilted Ag nanopillars fabricated with 13, 26 and 40 min deposition time (samples 

#1165, #1164 and #1163 in Table I). c) Low energy region of the above curves. Pink curve 

corresponds to a flat smooth sample of standard Ag plating from space industry exposed to 

the air (sample Ag Ref. in Table I). 

Fig. 3: a) SEY-energy curve of a Ag-terminated sample with vertical Ag nanopillars (sample 

#1220) compared to those of a flat smooth sample of standard Ag plating from space industry 

exposed to the air and the same reference Ag plating after cleaning with Ar ion bombardment 

in UHV; b) SEY-energy curve of an Au-terminated sample with vertical Ag nanopillars 

(sample #1219) compared to those of a flat smooth air exposed Au sample and the same 

surface after clean preparation in UHV. The inferior panels show the low energy regions in 

more detail. 

Fig. 4: a) Relative SEY curves for samples #1220 and #1219. The relative SEY curves 

are obtained by dividing the SEY curve of those samples with that of the flat smooth 
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samples of Ag and Au exposed to the air, respectively. b) Relative SEY for the same 

samples in semi-logarithmic scale. 

Fig.5: Simulation of the multipactor region thresholds with MEST software [35] for 

infinite parallel geometry and SEY properties of the surface of sample #1220 (blue) and 

flat smooth Ag plating exposed to the air (red) sample. RF power is proportional to gap 

voltage squared. 
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