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Supplementary SEM images for AAO and G-AAO 

 

Figure S1. SEM pictures of AAO and G-AAO. a, G-AAO with good porous structure. b, Carbon overgrowth on 

AAO. c, High magnification images taken from specific areas on (b). d, AAO before graphene growth (inset: an 

illustrative schematic of AAO indicating the pores going through) e,f, High magnification images taken from 

specific regions on (c). 

Figure S1d is the SEM image of AAO before graphene growth. The lines on the image were 

caused by the charging effect of AAO in SEM. Figure S1a shows the porous structure of G-

AAO without overgrowth layer, while Figure S1b shows overgrowth on AAO. Figure S1c is a 

high magnification image taken from Figure S1b. Figure S1e and f are high magnification 

images taken from Figure S1c with and without the overgrowth bumps, respectively. Note 

that Figure S1b and c are taken when the sample was tilted at 52°, while the rest are taken 

directly from the top of the sample. It can be seen clearly from Figure S1e that the porous 
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nature of the sample remains, even though some pores are blocked by overgrowth. Figure S1c 

and f shows that the ‘bumps’ also retain the porous structure of the AAO.   

Potential distribution for charged particles on metal and on dielectric 

Let us consider electrons (blue spheres) to be distributed in a line evenly in free space as 

shown in Figure S2a. The electrical potential can be calculated as plotted in Figure S2c by 

solving Poisson equation. If we add ions (the red spheres in Figure S2b) in the same line but 

keep the net charge the same, it is seen from Figure S2d that the calculated potential is much 

more complex close to the charge line than in larger distance. In practice, Figure S2b 

resembles a negatively charged floating metal sheet because ions can move freely on the 

surface and cancel out part of the contribution for potential from electrons. While on a 

dielectric surface described by Figure S2b, all the charged particles are trapped and cannot 

simply counteract each other. It is worth noting and emphasizing that although the potentials 

are drastically different close to the surfaces in Figure S2a and b, the potential distributions 

are still similar at relatively far distance.  

 

Figure S2. Calculated electrical potential distribution (shown by (c) and (d)) around lines composed of electrons 

(blue spheres) only (a) and of mixture of electrons and ions (red spheres) (b), respectively. Note the net charges are 

the same for (a) and (b). The scale bar represents the calculated electrical potential in arbitrary unit. 

Plasma sheath formation on the dielectric sitting on the metal surface 

Plasma sheath is a layer composed of an unbalanced number of differently charged particles 

formed on the material immersed in plasma due to the different mobility and diffusion rates 

between electrons and ions, causing a potential drop within the sheath. The sheath width is 



usually of the order of several Debye lengths (
D ). Depending on the bias voltage between 

the material and the plasma, the sheath can have different length and width.  

1. The plasma sheaths on metal and on dielectric. 

For an isolated material immersed in plasma, an ambipolar field will be established due to the 

ambipolar diffusion. At the steady state that ambipoblar diffusion reached, the electron flux is 

equal to the ion flux, i.e. 𝑛𝑒𝜇𝑒𝐸𝐴 − 𝐷𝑒∇𝑛𝑒 = 𝑛𝑖𝜇𝑖𝐸𝐴 − 𝐷𝑖∇𝑛𝑖, where 𝐸𝐴 is the ambipolar 

field, 𝑛𝑒 and 𝑛𝑖 are the electron and ion densities, 𝜇𝑒 and 𝜇𝑖 are the electron and ion mobility, 

𝐷𝑒 and 𝐷𝑖 are the electron and ion diffusion coefficients, respectively. Since the electrical 

potential attenuates away from the material surface similarly for both metal and dielectric, the 

ambipolar field established will be similar. Therefore the charged particles are still described 

by Boltzmann distribution, thus the Debye length can still be found by solving Poisson-

Boltzmann equations, which is 𝜆𝐷 = (
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, where 𝑘𝐵 is the Boltzmann 

constant, 𝑛𝑒0 and 𝑛𝑖0 are the electron and ion densities in plasma, 𝑇𝑒 and 𝑇𝑖 are the electron 

and ion temperature, respectively. And the potential attenuation away from the metal surface 

is described by 𝜑 = 𝜑0𝑒𝑥𝑝 (−
𝑧

𝜆𝐷
), where 𝜑0 is the potential determined by the ambipolar 

field. It can be seen from the above flux equation that 𝐸𝐴 only depends on the intrinsic 

properties of plasma and does not change with the external potential. 

 

Figure S3. The potential distribution in plasma. 



However metal in plasma is not necessary isolated and can be biased at different voltage, 

therefore 𝜑 = 𝜑𝑠𝑒𝑥𝑝 (−
𝑧

𝜆𝐷
), where 𝜑𝑠 is the biased voltage on the surface. The potential 

distribution is plotted as the blue dashed curve in Figure S3. The plasma sheath formed on the 

surface of the material immersed in plasma is often of several Debye lengths. 

2. The plasma sheath on the dielectric sitting on the metal surface before the charges 

accumulate on the dielectric surface 

To analyse this problem, it’s convenient to start with the case where the sample was on an 

isolated metal stage (neither grounded nor connected to external circuit), only electrons exist 

on the metal surface because the diffusion coefficient for electrons is much larger than that for 

ions, namely, the electrons move faster than ions. Although the metal surface covered by the 

sample was not exposed to plasma, there will be electrons distributed underneath since the 

electrons are free to move in metal, hence the potential at that spot will be the same as 

elsewhere of the metal. Therefore the Poisson equation can be written as 

{
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  (1) 

where 𝑛2𝐷 is the electron density on the metal surface, 𝑡𝐴𝐴𝑂 is the thickness of the AAO, and 

the metal surface is located at the position where 𝑧 = 0. 

Before the charged particles accumulate on the dielectric surface, the boundary conditions for 

the equations are 𝜑𝑧=0 = 𝜑𝑠 < 0, 𝜑𝑧≈𝑡𝐴𝐴𝑂
|𝑧<𝑡𝐴𝐴𝑂

= 𝜑𝑧≈𝑡𝐴𝐴𝑂
|𝑧>𝑡𝐴𝐴𝑂

 and 𝜑𝑧→∞ = 0. The 

solution for the equations above can be obtained as follows.  

{
𝜑 = 𝜑𝑠 +

𝑒𝑛2𝐷𝑧
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 (2) 

One Debye length is considered as the sheath width in the following discussion for 

simplification, although the sheath width is conventionally defined as several Debye lengths.  



For the case of metal only in plasma, it’s convenient to consider the sheath region as a parallel 

plate capacitor with the plate-distance of 𝜆𝐷 and the total charge density of −𝑒𝑛2𝐷. The 

capacitance is therefore 𝐶 = 𝜀0 𝜆𝐷⁄ = − 𝑒𝑛2𝐷 𝜑𝑠⁄ . Substituting this relation into the first 

formula in equation (2) gives 𝜑 = 𝜑𝑠 +
𝑒𝑛2𝐷𝑧

𝜀𝑟𝜀0
≈ 𝜑𝑠 (1 −

𝑧

𝜀𝑟𝜆𝐷
). Meanwhile, the potential 

attenuation on metal surface only in plasma can be simplified as 𝜑 = 𝜑𝑠𝑒𝑥𝑝 (−
𝑧

𝜆𝐷
) ≈

𝜑𝑠 (1 −
𝑧

𝜆𝐷
) using Taylor expansion. Comparing these two relations, it can be found that the 

thin dielectric has the ability to slow down the potential attenuation in plasma by the factor of 

𝜀𝑟 and therefore extends the weakened sheath on the top of the dielectric. The green dashed 

curve in Figure S3 describes the phenomenon, where 𝑡𝐴𝐴𝑂 = 5𝜆𝐷. 

3. The plasma sheath on the dielectric sitting on the metal surface after the charges 

accumulate on the dielectric surface 

However, since the weakened electric field on dielectric surface can’t provide enough ion flux 

to ‘counteract’ the electron flux, more electrons will diffuse to and be trapped on the 

dielectric surface. Therefore the ambipolar field will be re-established, and will have the same 

strength regardless the background potential coming from the metal stage, because it has to 

reach the intrinsic value of ambipolar field to keep the electron and ion fluxes balanced. An 

additional boundary condition should be introduced, which is 
𝜕𝜑

𝜕𝑧 𝑧≈𝑡𝐴𝐴𝑂

|𝑧>𝑡𝐴𝐴𝑂
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. 

The solution can be obtained as follows. 

{
𝜑 = 𝜑𝑠 +

(𝜑0−𝜑𝑠)𝑧

𝑡𝐴𝐴𝑂
, 𝑖𝑓 𝑧 ≤ 𝑡𝐴𝐴𝑂

𝜑 = 𝜑0𝑒𝑥𝑝 [−
(𝑧−𝑡𝐴𝐴𝑂)

𝜆𝐷
] , 𝑖𝑓 𝑧 > 𝑡𝐴𝐴𝑂

 (3) 

The purple curve in Figure S3 indicates this re-establishment of plasma sheath, where 𝑡𝐴𝐴𝑂 =

5𝜆𝐷. 

 


