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Abstract

:

In this work, the surface of Al sheet was coated with a fluorocarbon (FC) thin film by radio frequency (RF) sputtering of polytetrafluoroethylene (PTFE) to investigate the influence of dielectric coatings on the secondary electron yield (SEY) behavior of Al sheets. Atomic-force microscopy (AFM) and energy-dispersive spectroscopy (EDS) were employed to identify the surface topographies and elemental contents of the samples with FC coatings. Water contact angle (WCA) measurements were performed to characterize the surface tension as well as the polar and dispersion components of the samples’ surface. The secondary electron- mission (SEE) behavior of the samples was determined by measuring the SEY coefficients in an ultra-high vacuum chamber with three electron guns. The experimental results indicated that the longer sputtering time effectively led to the increase in coating thickness and a higher ratio of F/C, as well as the continued decrease of surface tension. A quite thin FC coating of about 11.3 nm on Al sheet resulted in the value of maximum SEY (δmax) dropping from 3.02 to 1.85. The further increase in coating thickness beneficially decreased δmax down to 1.60, however, at the cost of a ten-fold thicker coating (ca. 113 nm). It is found that increasing the coating thickness contributes to reducing SEY coefficients as well as suppressing SEE. The results are expected to guide the design of dielectric-coating for SEY reduction as well as multipactor suppression on Al.
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1. Introduction


Secondary electron emission (SEE) is a phenomenon where primary incident electrons hitting a solid or passing through the surface layer of a solid, induce the emission of secondary electrons. It is a well-known phenomenon of electron-solid interactions that has been regarded as accounting for the multipactor effect in space-based systems. This detrimental effect is a self-sustained electron avalanche caused by the impingement of electrons against the metallic surface of microwave components accelerated by energy in an RF field. Multipactor discharge in space high-power microwave components may bring serious breakdown and insulation failure [1,2,3] which has inspired research on developing effective approaches to inhibit SEE [4,5,6]. Secondary electron yield (SEY) is frequently used as the index for describing SEE behavior and is defined as the proportion of secondary electron numbers to primary electron numbers. It is known that reducing SEY helps to suppress SEE.



Several studies have discovered two routes that leading to significantly reducing SEY: micro-structured surfaces and surface coating with passivation layers [7,8]. The geometrical morphology of a sample surface can be tailored to create triangular, rectangular and micro-porous grooves through several approaches such as laser lithography and laser and chemical etching. Parts of the primary incident electrons are trapped in the grooved structures by changing its trajectory, thus restraining SEE [9,10,11,12]. On the premise of a large depth-to-width ratio and high aspect ratio, rough surfaces with irregular structures created by artificial means also work. The surface roughness is likely to act as a blackbody or rough surface cage. Particle bombardment is an emerging and promising method to prepare rough surfaces with reduced SEY. Yang et al. [13] found that argon ion sputtering reduced the SEY of gold by eliminating contamination but also the roughing surface induced ion bombardment. An “equivalent work-function” relating the effect of contamination and surface roughness was proposed to predict SEY. Furthermore, Hu et al. [14] analyzed the influence of bombardment intensity and ion energy on the SEY of copper plates. Based on different surface topographies fabricated by ion bombardment, the optimized ion-beam parameters to achieve the lowest SEY of copper were obtained. In association with the experimental construction of rough structures, numerical simulation and dynamic calculation have developed rapidly. Theoretical research has mainly focused on building up rough-structure models, which consider the energy and incident angle of primary electrons. Chang et al. [15] applied particle-in-cell simulation to analyze the changes of SEY and the multipactor threshold when surfaces vary from flat to grooved shapes. It was concluded that periodic grooved structures effectively reduced SEY and raised surface flashover voltage in high RF fields. A numerical multi-generation model from Cao et al. has contributed to in-depth understanding of the SEE behavior of rough metal surfaces [16]. Although the micro-structured surface has proved effective in reducing SEY, it is lacks optimized structure parameters and the characterization of their impact on the performance of microwave components.



Coating passivation films with relatively low SEY on samples was found to be another effective approach to reduce the SEY of metals. Due to the intrinsically low SEY of carbon coatings, aquadag, vacuum pyrolized glyptal and lamp black deposited by electrophorese were analyzed to increase the power throughput to a plasma of an existing lower hybrid waveguide [17]. Gold and silver with their good physical and chemical properties, are traditional metallic passivation films [18,19]. The chemical stability against ambient conditions and good electrical conductivity of these coatings make them beneficial for storage, transportation and installation of devices. However, the high cost of noble metals limits their applications. Thus, a growing number of novel coatings have been considered. Titanium nitride, chromium nitride and carbon nitride are typical candidates [20]. The effect of thickness, elemental content and geometric morphology of the novel coatings on reducing SEY have been investigated [21,22]. Based on the measured SEY, numerical simulation is employed to calculate multipactor threshold and to ensure the effectiveness and feasibility of proposed treatment approaches for microwave power components [23,24]. However, during storage and operation, the above inorganic passivation films were not stable enough to counter mechanical vibrations and temperature shocks. These factors may lead to micro-cracks which result in coating flake off and increasing SEY values.



Fluorocarbon (FC) film with its excellent properties, including high resistivity, chemical inertness and lower Young’s modulus, has been found to be a promising passivation coating for application in the mechanical, electrical and medical industries. The FC film is mainly amorphous and is typically prepared by the sol-gel method [25], chemical vapor deposition (CVD) [26] and physical vapor deposition (PVD). Some pioneers have explored several preparation methods for FC film by PVD, such as vacuum evaporation and magnetron sputtering. The optical, physical and chemical properties of FC films have been discussed in few articles [27,28,29]. More research is needed on the application of FC films to reduce SEY and examine the dynamics during the deposition of FC films.



This work intends to coat Al sheets with FC films by sputtering technology, which is expected to obtain FC films with different thickness to reduce the SEY values of Al. The surface geometrical morphology, elemental contents, and surface tension characteristics of the samples are assessed using various approaches such as AFM, EDS and WCA measurements.




2. Materials and Methods


An aluminum roll with purity of better than 99.99% was cut into 1 mm × 6 mm (thickness × diameter) circular sheets. The sheets were subsequently cleaned by sonication for 20 min with acetone, anhydrous alcohol and de-ionized water, successively. With the RF magnetron sputtering, a PTFE disk with thickness of 4 mm was used as the target. The FC film was deposited on the Al sheet by sputtering in argon at 0.5 Pa. The voltage and current during sputtering were controlled as 500 V and 160 mA, respectively. The distance between the Al sheet and the PTFE target was set as 100 mm. The thickness of the FC coating was controlled by the sputtering duration which was 10, 20, 60 and 100 min, and the thickness values were metered by a surface profiler (Dektak XT, Bruker, Germany).



The polar component   γ s p   and dispersion component   γ s d   of surface tension   γ s  owk    were determined by the Owens-Wendt-Kaelble (OWK) approach and the Young’s equation (Equations (1) and (2)) [30]. The OWK approach includes dispersion component, hydrogen bonding and dipole-dipole interactions of the surface tension. This approach is an extension of the Fowkes’ concept [31].


   γ s  owk   =  γ s p  +  γ s d   



(1)






   γ L    (  1 + cos θ  ) = 2 [   (   γ s d   γ L d   )   1 / 2   +   (   γ s p   γ L p   )   1 / 2   ]  



(2)







The parameters of θ and γL in Equation (2) stand for the measured contact angles and the known surface tension of liquids. Diiodomethane and water were considered as nonpolar and polar droplets (each 20 μL), respectively, to evaluate the surface tension   γ s  owk    of samples. An AFM (XE-7, Parker, Korea) working at non-contact mode was utilized to obtain the value of mean square deviation Ra of the samples’ surface roughness. The field emission scanning electron microscope with X-ray energy dispersive spectroscopy (FESEM/EDS, Tokyo, Japan) with a beam accelerating voltage of 8 kV was used to determine elemental compositions of specimens. The FESEM (JSM-7800F, JEOL, Tokyo, Japan) provided topographical information of the sample surface. X-rays with sufficient energy escaping sample surfaces were detected to produce a spectrum with peaks at the characteristic energies of the elements present. The spectrum provided semi-quantitative elemental composition information of the sample surface.



The SEY behavior of samples was measured in an ultra-high vacuum chamber with base pressure of 2 × 10−6 Pa. The chamber was equipped with a measuring electron gun and two neutralization electron guns (G1 and G2). Both guns were controlled by voltage pulses to be maintained as low and high energy levels, respectively. The two guns are applied to neutralize the charging state (from either positive or negative to zero) of samples during each measurement interval (Figure 1). The cathode of G1 and the sample holder were grounded so as to neutralize positive charges of the measured sample during each measurement interval. This arrangement meant that the electrons from G1 could not reach the sample if its surface was accumulated with negative charges. The energy of electrons emitted from G2 was set higher than the first cross-over energy E1 (the lowest primary energy at which SEY = 1), which led the surface potential of the sample to be increased by the electrons from G2. For the interval between measurements, the working time of G1 was set to be sufficiently long to guarantee that the surface potential of the sample was neutralized before the next measurement. In order to remove possible contamination and absorbed air molecules on the sample surface, all samples were treated by ion cleaning at the energy of 500 eV for about 20 min before the SEY measurements. The measuring electron gun generated primary electrons with energy varying from 0 to 4000 eV. The incident beam current Ip for the SEY measurement was considered as the current ejecting to the sample holder (i.e., without sample installed) by the measuring gun. The SEY current Is was collected by the collecting electrode and was measured via an electrometer (Keithley 6517B, Keithley Instruments, Cleveland, OH, USA). Therefore, δ was determined as δ = Is/Ip. More information is available in [32].




3. Results and Discussion


3.1. Characterization of Fluorocarbon (FC) Coatings


Table 1 summarizes the surface characteristics of FC coatings with different thickness. It is seen that the increased thickness of FC coatings leads to the increasing of WCA. An 11.3 nm coating resulted in the WCA increasing from 101.6° to 110.5°. However, an increase in the WCA from 110.5° to 120.9° is achieved at the cost of FC coating that is ten-fold thicker, i.e., from 11.3 to 113 nm. The FC coating, as well as showing an increase in thickness, leads the dispersion component   γ s d  , steeply increasing from 5.6 to 330.3 N/m then dropping to 7.8 N/m. Meanwhile, the polar component   γ s d   shows a decrease from 37.3765 mN/m for Al sheets to 13.3788 mN/m for the Al sheet with 113 nm FC coating.



The   γ s d   exists in every substance because it signals the Van-der-Waals interaction between all atoms and molecules. The   γ s d   of surface tension is caused by the interactions between two induced dipoles while the   γ s p   results from the potential energy of Coulomb interactions between two permanent dipoles. As is well-known, an Al sheet is protected by a thin layer of Al2O3. This Al2O3 layer is dominated by the dipole-dipole interaction and subordinated induced-dipole interaction, which should lead to the result that   γ s p   is much higher than   γ s d   [33]. With the FC coating,   γ s p   is decreased and   γ s d   changes oppositely, which indicates that the electron induction effects from the electronegative fluorine is much more obvious. This is because the F atoms are electron donor sites and electron acceptor sites appear on the Al atoms, which leads to increased amounts of induced-dipoles and the resultant increased dispersion component [34].



The lower surface tension of fluorine elements in FC coating is beneficial for the significant increase in WCA. The increase in the thickness of the FC layer leads to the decrease of both   γ s d   and   γ s p  . Although the fluorine content increases (Figure 2) in thicker FC layers, the   γ s d   should not be strongly dependent the increased thickness of the FC layer. This is due to the fact that the interaction between F and Al atoms tends to disappear in thicker FC layers. Therefore, the prominent enhancement of surface roughness (Figure 3) should play the key role in decreasing the   γ s d  . On the other hand,   γ s p   keeps decreasing which is caused by the introduction of fluorine elements that exhibit quite low surface tension. The ionic polar Al2O3 layer endows the   γ s p   and determines the surface tension   γ s  o w k    for the Al substrate sheet, which is manifested by the ratio of   γ s p  /  γ s d   = 6674. The very thin layer of FC coating (e.g., 11.3 nm) is sufficient to drop this ratio to 54. However, further increase of the FC coating thickness results in the increase of   γ s p  /  γ s d   for example,   γ s p  /  γ s d   = 1715 corresponding to the 113 nm FC layer. The increase of   γ s p  /  γ s d   is probably caused by the imperfect stacking of the FC layer which can be evidenced by the AFM results (Figure 3) [35].



The chemical compositions of FC coatings show significant dependence on the layer thickness, i.e., sputtering duration. Figure 2 provides a semi-quantitative view of the elemental compositions in weight percent. The oxygen is traceable by the observed small value of 2 wt %, which confirms the existence of the very thin oxide layer (OL) on the Al surface. The beam accelerating voltage of 8 kV results in X-ray generation depth that is well over a micron, which is far more than the total thickness of the FC coating and OL. This makes it reasonable that minor amounts of oxygen remain regardless of the thickness of FC layer. With the FC coating and its increased thickness ion Al sheets, F and C elements appear and show significant variation upon different FC layer thickness. It should be noted that the weight percentages of F and C increase sharply with the increasing layer thickness. The ratio F/C increases from 10.69% to 63.94% upon the thickness increasing from 11.3 to 113 nm. A lower F/C indicates large amounts of unsaturated components (UCs), typically, C–F and C–C. Longer duration of sputtering enhances saturated components (SCs) such as CF2 and CF3.



The increase in the F/C ratio with increased thickness arises from the developing dissociation-synthesis-growth process by momentum transfer and polymerization during deposition [36]. This process involves energetic atomic-sized Argon ions as well the F and C atoms in the PTFE target. During sputtering, momentum transfers from the bombarding Argon ions to the F and C atoms of the target, which results in their ejection. The ejected atoms diffuse towards the Al sheet and are deposited. This process is influenced by the fact that the atomic mass of C is lighter than that of F, which leads to C being easier to ballistically fly from the PTFE target in straight lines and impact energetically on the Al substrate. The deposited C afterwards acts as a nucleus which contributes to the improved deposition of F. As observed, the increased F/C in thicker films is the result of the increased carbon-fluorine coordination in the FC film. For long-time sputtering (corresponding to thicker FC films CF, CF2 and CF3 which are the most dominant radials are noticeable, as are CF4, C2F4, C2F6 and C3F8, which are the most important stable gases during sputtering [37]. These components serve as precursors to the plasma polymerization process which results in deposition of the FC film [38,39].



The surface morphology of samples measured by AFM are shown in Figure 3. With the FC coating and its increasing thickness, all samples exhibit an increase in surface roughness. The Al sheet without FC coating has a quite smooth surface with Ra~3.3 nm and the value of valley-to-peak Rpv is around 50 nm (Figure 3a). The 11.3 nm FC layer has changed the Ra from 3.3 to 11.8 nm and the Rpv reaches 116 nm (Figure 3b). The further increasing of layer thickness from 67.8 nm to 113 nm results in the increment of Ra from 35.2 nm to 48.6 nm. Meanwhile, the corresponding Rpv rises from 260 nm to 286 nm (Figure 3c,d).



During sputtering, the coating process of the FC layer is usually considered as an assembly of multiple levels of layers. It starts from the initial activated nucleus which introduces serried grain forming on the surface of Al sheet. This is followed by the merging of the serried grains and the subsequent forming of a semi-continuous three-dimensional network layer. The formation of the semi-continuous layer achieves coverage of 50%–70%. This provides the conditions for the serried grains of the next layer to begin to grow.



There are at least three factors which could be involved on determining the surface roughness: the planted grains, the network structure of the semi-continuous layer, and the surface roughness of the Al sheet [40]. During sputtering and the layer stacking, the planted grains growing on Al sheet tend to curl due to the surface roughness of the Al sheet followed by further growing as well merging of grains. The surface roughness is expected to reach a saturation value, which is proved by the AFM measurements (Figure 3). This is due to the process whereby the semi-continuous layer is gradually filled by grain merging, which results in less porosity of the mesh structure.




3.2. Secondary Electron Yield (SEY) Analysis


Figure 4a shows the SEY coefficient δ of Al sheet and the sheet coated by an FC layer with different thicknesses as a function of primary electron energy, which varies between 0 and 4000 eV. Figure 4b is enlarged for a better view of the zone for energy lowers than 60 eV. Depending on the energy of the primary electrons, they will be able to penetrate up to a certain depth R in the sample. The value of R is small for the very low energy primary electrons. This leads to the fact that the secondary electrons easily escape and the δ rises with the growth of primary electrons energy. For primary electrons with very high energy, the quite large R means most secondary electrons are generated at a greater depth, which suppresses their escape due to the significantly prolonged escape path and increased energy dissipation. This leads to the fact that SEY decreases with the increasing energy of the primary electrons. Hence, the SEY coefficient δ has a maximum value δmax at a certain energy of the primary electrons. The results in Figure 4 show the δmax of the Al sheet decreases from 1.85 to 1.60 via 1.79, 1.63 with the thickness of FC coatings increasing from 11.3 to 113 nm via 22.6 and 67.8 nm. The corresponding primary electron energy Emax is 268, 192, 241, and 244 eV, respectively. When the δmax value of the Al sheet is 3.02, a sharp drop appears with 11.3 nm FC coating on the Al sheet. Further increases of the FC coating thickness may result in an even lower δmax value of 1.60, however this is at the cost of a ten-fold increase in the thickness of 113 nm.



The first-increase, later-decrease behavior of the SEY coefficient (δ) gives two crossover points E1 and E2 at which δ = 1. The primary electrons with an energy level between E1 and E2 can introduce more than one secondary electron on average, which initiates the occurrence of multipactor discharge and the resulting surface breakdown. Primary electrons with energy below E1 or above E2 should excite less of secondary electrons, and multipactor discharge will be suppressed. The E1 of Al sheet is 18 eV and this value increases from 28 to 43 eV as the result of increasing the FC coating thickness from 11.3 to 113 nm. This confirms that thicker FC coating helps to enhance E1 which may lead to an increase in the multipactor threshold. The E2 of Al sheet has a quite high primary electron energy of 3180 eV. A very thin FC coating of 11.3 nm on Al sheet is sufficient to reduce the E2 down to 1073 eV. Further increases in the thickness of the FC coating seem to only generate fluctuation of E2. The FC coating with thicknesses from 22.6 to 113 nm gives rise to E2 first decreasing from 993 to 873 eV, then increasing to 900 eV. It is apparent that a thin layer of FC coating is quite close to the optimal thickness value in order to significantly suppress the SEE for Al sheets.



The maximum values (δmax) for Al sheets coated by FC layers are summarized in Figure 5 for better comparison. It is well-known that fluorocarbon polymers have good capability for negative-charge storage [41]. Our results showed that the 11.3 nm FC thin film holds a surface potential value of around 20 V after negative corona charging. Because of the FC layer’s capacity to store charge, it should capture some of the primary electrons. This surface potential value corresponds to a quite high electron density of around 10 mC/m2. Therefore, the captured electrons are able to decrease SEY by reducing the ejection energy and number of primary electrons, which accounts for the right shifting of E1 with increasing FC-layer thickness.



FC coating is composed of C–F and C–C bonds (Figure 2). The bond length of Al–Al is about 280 pm, while the values for C–C and C–F are about 135 and 154 pm, respectively. The much-narrower lengths of C–C and C–F should enhance the difficulty, i.e., energy loss, for primary electrons to penetrate through the FC layer as well as for secondary electrons to leave the sample surface [42]. They both play a role in reducing the number of secondary electrons, which leads to the sharp decrease of δmax from 3.02 to 1.85 when the Al sheet is coated by a 11.3 nm thick FC layer.



When primary electrons impinge upon the sample surface, some of the primary electrons are back scattered elastically while other electrons penetrate and interact with the sample to produce true-secondary electrons, which contribute to SEY. We have A ~ A0 (Φ/Φ0)−3 which is an empirical correlation to express the behavior that the increasing equivalent work-function Φ should reduce the escape probability A of the true-secondary electrons [43], which A0 and Φ0 as the two constants for adapting the experimental results. Some results have proved that an increase of Φ usually relates to reduction of surface tension [44,45,46,47]. It is seen from Table 1 that the surface tension of samples reduces as a result of the FC layer thickness increasing. This agrees with the observed phenomena that lower surface tension is beneficial to reduce the escape probability A, which accounts for the reduced SEY coefficient. In addition, the increasing of Ra is beneficial for secondary electrons to collide and be absorbed by the side walls of the micro-structured surface. Less surface area is applied to electron emission for higher Ra, so SEY coefficient is reduced by increasing surface roughness.



The experimental δmax of Al sheet is affected by the purity and surface roughness of Al, as well as the air exposure condition. The measured δmax for Al may vary from case to case. As there is an oxide-layer on the surface of Al sheet, the δmax of the measured sample corresponds to the value of A2O3 in Seiler’s study. When Al sheets are coated by FC, the δmax of the FC coated Al sheet is in the range of δmax for insulators [48]. Montero has found that the Al sheet with purity of 99.999% exhibits a δmax of 3.2 while the value for Al sheet with purity of 99% is smaller at 2.7 [49]. We found the Al with purity of 99.99% had an δmax = 3.02, which agrees well with the range determined by Montero.





4. Conclusions


In this work, the results of measuring the SEY of Al sheets with various FC coating thickness are presented. A significant reduction in SEY is possible when 113 nm FC coating was deposited on the surface of Al sheet. An increase in coating thickness is also found to narrow the gap between E1 and E2, i.e., the E1 increased from 18 to 43 eV and the E2 decreased from 3198 to 873 eV. The charge storage capacity and surface roughness of the FC coating appears to be the main causes of SEE suppression. The Al sheet with thicker coating, which exhibited a higher F/C ratio and lower surface tension is expected to have better effect on SEY reduction and multipactor suppression.
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Figure 1. Schematic diagram of secondary electron yield measurement. 
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Figure 2. Chemical compositions and F/C ratio of measured samples with difference layer thickness. The lines are for guiding the eyes. 
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Figure 3. Surface morphology detected by Atomic-force microscopy (AFM) for fluorocarbon (FC) coating with thickness of 0 nm (a), 11.3 nm (b), 67.8 nm (c), and 113 nm (d). 
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Figure 4. Energy dependence of secondary electron yield (SEY) of samples. (b) is zoomed in from (a). 
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Figure 5. The δmax of Al sheet coated by FC coatings with different thickness. 
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Table 1. Surface character of the fluorocarbon (FC) coating.
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	Coating Thickness

(nm)
	WCA

(°)
	  γ s d  

(mN/m)
	  γ s p  

(mN/m)
	  γ s p  /  γ s d  
	  γ s  owk   

(mN/m)
	Ra

(nm)





	0
	101.6
	5.6
	37.3765
	6674
	37.3821
	3.3



	11.3
	110.5
	330.3
	17.8590
	54
	18.1893
	11.8



	22.6
	112.1
	251.4
	16.7772
	66
	17.0286
	16.7



	67.8
	116.2
	52.4
	16.0315
	305
	16.0839
	35.2



	113
	120.9
	7.8
	13.3788
	1715
	13.3866
	48.6







Notes: WCA, the measured angle at the place of liquid-vapor interface meets a solid surface;   γ s d  , the dispersion of the surface tension;   γ s p  , the polar component of surface tension;   γ s  owk   , the surface tension calculated by the Owens-Wendt-Kaelble (OWK) approach; Ra, the arithmetical mean roughness value of the sample surface.
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