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Abstract 
 

Nanoporous membranes are an interesting approach to manufacture a variety of devices for 

different applications. For example in biomedicine the separation of molecules or cells or the 

sequence-based analysis of single-stranded DNA are of great interest. 

Based on silicon membranes, a promising method to achieve pores with a high aspect ratio is 

metal-assisted etching, where noble metal particles serve as catalysts for the oxidation of the 

underneath Si, which is subsequently removed by hydrofluoric acid. 

This thesis project deals with developing a method, based on wet chemical etching of 

nanopores into a silicon membrane, utilizing noble metal particles as catalysts. The main goal 

was to investigate if it is possible to achieve straight channels perpendicular to the substrate 

surface with approximately the same diameter as the particle size. Therefore, the etching 

behaviour of gold, silver and platinum nanoparticles with different diameters on various 

substrates and etching solutions has been investigated. 

First the optimal substrate and etching solution for defined pore growth were determined 

using gold nanoparticles. Long-time measurements have been conducted showing a saturation 

of the etch speed and square aperture growth after a few hours. Next the etching reaction was 

enhanced with adding HCl and applying a voltage and it was found that the particle 

concentration has an influence on the orientation of the pores. After showing only erratic 

movement in the beginning, erect pores with a maximum aspect ratio of ~ 20 could be 

manufactured using CTAB coated particles. 

After that silver particles have been investigated. Initially, the optimal compositions for 

synthesis and etching solution were determined. Then the behaviour for long-time immersion 

was investigated, implicating that the pores grow fast and constantly within the first hour. In 

the end, highly straight pores with aspect ratios of ~ 1000 were etched. But due to the high 

particle concentration, the surface was badly affected by strong etching, as well. 

For both noble metals, diluting the etching solution and thus slowing down the etching 

reaction resulted in more oriented pore growth. For the platinum particles, however, no 

promising results could be achieved, because platinum seems to be a too strong catalyst for 

the etching reaction. 
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1. Introduction 

 

Metal-assisted chemical etching (MaCE) on silicon (Si) is a wet chemical etching process 

describing the manufacture of nano-scale structures like pores, nanoporous surfaces or 

nanowires from bulk material with assistance of noble metal particles deposited on its surface. 

Initial investigations on the properties of porous Si have been conducted by Uhlir already in 

19561. The first notable scientific report mentioning a process that can be referred to as metal-

assisted etching was published in 1997 by Dikova-Malinovska et al.2, where a thin aluminium 

film was evaporated onto a silicon surface before immersing it in a HF-HNO3 solution. This 

way a high aspect ratio of length to width of the evolving pores was achieved2,3. The general 

technique of MaCE attracted a wider field of interest in the year 2000, when Li and Bohn4 

published their paper. They introduced the term “metal-assisted chemical etching” and 

compared the effects of different noble metals like gold (Au), platinum (Pt) or gold palladium 

(Au-Pd) on the etching mechanism in HF-H2O2 solutions of varying mixing ratios. This study 

is frequently cited in recent publications and its achievements have therefore eventually 

inspired this project as well4-8. 

The basic concept behind MaCE is to utilize the catalytic properties and chemical inertia of 

noble metals to continuously reduce an oxidant. Positive charge carriers (holes), induced on 

the surface of thin metal layers or metal particles, diffuse into the underneath silicon, which 

gets oxidized and subsequently is etched away by the surrounding hydrogen fluoride (HF).  

With common wet etching techniques it is, however, not possible to manufacture straight 

pores with a high aspect ratio. Etching solutions like HF in combination with an oxidant like 

HNO3 or H2O2 or KOH etch either isotropically (progressing with the same speed in any 

direction) or anisotropically (with an etch front in (111) direction, at an angle of 54,7° relative 

to (100), where the etch rate is two orders of magnitudes lower). The type of etching reaction 

depends on the direction-specific number of the interatomic bonds in the ideal silicon    

crystal 3, 9-12. This means that - in purely chemical etching - the surface openings grow 

proportionally to the etch depth. In contrast to this, the etching reaction beneath noble metal 

nanoparticles takes place locally confined, giving the etching reactions a strong directionality. 

MaCE offers similar advantages as common physical, anisotropic methods of micro-scale 

material removal with ion beams like reactive ion etching (RIE) and focused ion beam (FIB). 

The main problem of these etching methods is the fault tolerance when it comes to very small 
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dimensions. Derivations from the straight shape of a pore occur mainly due to imperfections 

of the applied beam and charge carrier scattering, leading to a widening of the pores and 

unwanted etch bulbs deeper in the sample. And also the etch rate declines with increasing 

depth and aspect ratio13. MaCE, however, offers good control over the pore diameter and 

shape and can be applied in a large scale, parallel process3. It is relatively cheap compared to 

high-energetic processes and easy to apply3,6. Furthermore, it provides a lower sidewall 

roughness than RIE13 and small deviations in the pore width can easily be cured by thermal 

oxidation. 

In comparison to anodic wet etching, where deep pores are etched electrochemically by 

biasing the Si substrate in HF, no elaborate preparation like contacting and adjustment of 

voltages is needed14. 

According to the IUPAC convention pores are categorized into macro- (diameter above 50 

nm), meso- (2 – 50 nm), and micropores (below 2 nm)9,15. Proposed applications for meso- 

and micropores in Si substrates cover a wide field and range from nanoelectronics, 

optoelectronics, bio- and chemical sensors and energy storage over solar cells  to optical 

filters and micromachining3,4,6,15-31. 

The aim of this project is to investigate the mechanisms of MaCE with different metal 

particles on bulk silicon, particularly to later apply the process on a Si membrane. Therefore 

the etching properties of gold, silver and platinum nanoparticles on different substrates and in 

various etching solutions have been investigated. First, 10 and 30 nm particles were tested on 

four different substrates in three different etching solutions to evaluate the aperture widening 

and the evolving surface morphology. After the 30 nm gold nanoparticles proved to be the 

most promising on a 3000 – 4000 Ωcm substrate and in a ρ = 0.82 solution, the etching speed 

was further reduced by diluting the etching solution with EtOH, improving the orientation of 

the pores. It is furthermore shown that long-time immersion results in square apertures and 

that the etching slowly saturates after a few hours. The application of bias and the addition of 

HCl strongly enhanced the etching reactions, leading to deeper pores. In order to investigate 

the influence of the ligand coating, the citrate covered particles were then compared to 

nanoparticles in CTAB cappings. The CTAB coated particles instantly formed straight pores, 

but it is however not entirely clear, if this effect depends on the capping or on the particle 

concentration.  

After that, silver particles were synthesized and a basic examination of the size distribution 

depending on the composition of the particle solution was performed. After the optimal 

parameters were found, further tests on dilution of the etching solution were conducted, where 
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it was possible to etch 70 µm deep pores with constant diameter. Long-time immersion 

measurements furthermore showed linear growth behaviour of the pores with time. 

For the platinum particles no considerable pore evolution was detected, most likely because of 

the too small diameter of 3 nm. 

In the long run, this project shall be the first step to manufacture arrays of meso- and 

micropores which are capable of providing a basic structure for highly parallel processing of 

single DNA-strands. By applying a bias to the substrate, it is possible to electrically attract the 

polar regions of the strands. After arriving at the openings, the double strands are being split 

up by being pulled through a proper pore, before they are analysed by laser excitation. Due to 

the parallel processing of multiple strands, microarrays are able to multiply the total speed of 

data achievement, relative to the number of holes. 

Chapter two provides the theoretical background of the materials and describes the basic 

chemical and physical processes taking place during etching. In the third chapter, the methods 

of measurement are presented. The experimental setups are explained as well as the intrinsic 

properties of the used materials and the compositions of the etching solutions. In chapter four 

the results are analysed and discussed. The obtained data will be compared to results from the 

literature. In the last chapter a conclusion is drawn and an outlook on possible improvements 

is provided.   

The experiments for this thesis were conducted in the Laboratory of Functional Nanomaterials 

(FNM) and the Electron Microscopy Laboratory of the School of Information and 

Communication Technology in Electrum Kista, divison of Kungliga Tekniska Högskolan 

(KTH) Stockholm in spring and summer 2014. 
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2. Theoretical Background 

2.1 Materials 

Silicon 

Silicon crystals are arranged in the diamond structure, where every Si atom forms four 

covalent bonds with neighbouring Si atoms (fig. 1). Therefore, it has the lowest directional 

density of atomic bonds in the crystallographic (100) direction, which subsequently is the 

preferred etching direction for HF3,9,10,13,14,24,27,32. The most industrially important feature of 

Si (group IV in periodic system of elements) is that it can easily be doped by introducing 

foreign atoms into the crystal lattice in order to alter its semiconducting properties. Si has an 

indirect band gap with a minimum of 1.107 eV35. Common doping materials are Boron (B) 

and Antimony (Sb) for p-type Si or Phosphorus (P) and Arsenic (As) from group V for n-type 

Si34,35. Si and its natural surface oxide SiO2 are not soluble in most acids, except for the 

dissolution of SiO2 in hydrofluoric acid (HF)36. Moreover Si itself is a bad catalyst for the 

H2O2 reduction, meaning that etching in uncatalyzed HF-H2O2 proceeds very slowly14. 

 

Figure 1: Crystal structure of Silicon12,34  
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Silicon is the most prominent material in the semiconductor industry and its processing is 

very well developed. Its oxide, SiO2, can be found all over the earth crust and is the basic 

material for Si production. 

After melting it together with coke, a reaction to SiHCl3 in order to get rid of impurities and 

electrical heating under elimination of HCl either the rather outdated Czochralski- or the 

current Floating-procedure are used to produce either pure or ultra-pure (99.9999%) Si 

crystals with nearly no lattice defects35. Those single crystals are then cut with diamond saws 

into typically 500µm thin and extremely flat, commercially available wafers. 

As catalysts for inducing the local etching reactions, noble metal nanoparticles (NP) of Gold 

(Au), Silver (Ag) and Platinum (Pt) were utilized in this project. Noble metals are highly 

unreactive (inert) due to their high redox potential and thus particles of these materials 

scarcely form corrodible oxides on their surfaces37. Accordingly, noble metals appear in their 

raw form in nature. As nanoparticles, they provide a high surface-to-volume ratio and the 

ionization potential of the surface atoms is increasing with shrinking particle size, where they 

also show better conductivity and higher mobility of ions38. Noble metals additionally possess 

high work-functions, making it possible to adjust the Schottky-barrier for the oxidation of Si 

with holes provided from H2O2.  

 

Noble metal nanoparticles are usually made from solution reductions. Common syntheses are 

for the production of gold and silver nanoparticles are: 

 

Gold:                      HAuCl4 → AuCl3 + HCl 

       AuCl3 + 3 Na+ + 3e- →Au + 3 NaCl 39 

Silver:                     AgNO3 → Ag+ + (NO3)- 

                                                                     HF → H+ + F-   

           H+ + (NO3)- → HNO3 40 

 

Noble metal nanoparticles find all forms of technical applications from catalysts for chemical 

reactions over biomedical contrast agents to microelectronics41. Most noble metals fit for the 

application in MaCE, but it has been demonstrated that especially nanoparticles from Ag, Pd, 

Pt, Au-Pd, and Pt-Pd are suited for this technique. 
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Material Silicon (Si) Gold (Au) Platinum (Pt) Silver (Ag) 
Configuration Diamond Fcc Fcc Fcc 

Density (g∙cm-3) 2.34 19.3 21.5 10.49 
El. Negativity 1.9 2.54 2.28 1.93 

Work function (eV) 4.60-4.85 5.12 5.65 4.26 

 

Etching solution 

Hydrofluoric acid is a solution of the gas hydrogen fluoride dissolved in water. It is a 

relatively weak acid with a logarithmic acid dissociation constant (pKa) of 3.17 and an 

intrinsic pH of around 2 for low concentrations43. It strongly reacts with metals except most 

noble metals like Ag, Au and Pt44. It is produced using a reaction of fluorite with sulphuric 

acid and olem 

CaF2 + H2SO4 → 2 HF + CaSO4 at 300 °C  

Or a process involving sulphur trioxide and steam, respectively45.  It is nowadays mainly used 

in the glass or the semiconductor industry for the contouring of silicon. 

Hydrogen peroxide (H2O2) is a very strong oxidant and a weak acid with a pH of 3.3 at 

concentrations of 30%46. It is mainly produced with the “Anthrahydrochinon procedure” 

involving the reduction of oxygen with the help of 2-Alkyl-Anthrahydrochinon as catalyst  

H2 + O2 → H2O2 47 

and subsequently extracted from water. Hydrogen peroxide is mostly used for bleaching and 

disinfection purposes. 

Acid Molar weight Density (g·cm-3) pKa 
HF 20.01 1.14 3.17 

H2O2 34.015 1.45 11.8 
Table 2: Properties of the compounds of the etching solution33 

 

 

 

Table 1: Overview of the intrinsic properties of the materials used29,33,35,42 
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2.2 Fundamental etching processes 

 

The material removal processes of MaCE can in general be divided into two different 

mechanisms. Firstly, an electrochemical reaction, involving charge carrier generation and 

charge transfer. Basically, the holes, generated at the H2O2/metal interface, travel through the 

NP and subsequently locally oxidize the Si substrate beneath the particle. And secondly, a 

chemical complexation reaction of the evolving silicon oxide via HF, i.e. the removal of SiO2. 

Since the oxidation mainly takes place underneath the metal particle, the following chemical 

etching process can be considered to be anisotropic3,32. In general anisotropic etching 

processes like MaCE are usually under kinetic control11, which means that the reaction is 

limited by the chemical interaction of the etchant with the substrate. In contrast to this, 

isotropic etching processes are diffusion-controlled where the diffusion boundary layer 

controls the flux of reactants and thus the availability of the etchant. This regime usually 

dominates when the kinetic processes of SiO2 removal run very fast, i.e. in the electro 

polishing regime11,48. For the chemical reaction in MaCE the HF concentration is the limiting 

factor. For the electrochemical process it is the particle concentration and the ratio between 

HF and H2O2, controlling the amount of available charge carriers and thus the critical current 

density which again controls the etching regime20,23,49. 

 

Figure 2: Scheme of the etching process. Electrochemical etching (arrows) and chemical 

etching (green area) 
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2.2.1 Electrochemical etching 

 

The catalytic reaction on the surface of the Au particle triggers a chain of electron/hole-

transfers between the etching solution, the noble metal particles and Si. The bulk Si and the 

etching solution surrounding a particle can be treated as nano-sized, short-circuit galvanic  

cell24,50. The positive electrode (anode) - in this case the oxidant H2O2 - attracts the negative 

charge carriers (anions) and withdraws electrons (oxidation). The negative electrode (cathode) 

- the particles - attracts positive charge carriers and reduces them with adding electrons. 

Additionally, these electrons travel through the Si/metal interface and the particle´s potential 

shifts to a positive value14,19, triggering on the other hand the injection of holes into the 

valence band of Si. In return, the noble metals receive electrons from Si and transfer them to 

H2O2. This charge transfer between Si, H2O2 and the particles prevents their oxidation and 

consequently their dissolution7,14,18. 

 

 

Figure 3: Redox potentials of noble metals and peroxide compared to band gap of Si 3,14 

 

As fig. 3 shows, the redox potential of H2O2 is more positive than the potential of the noble 

metals and of the valence band of Si. The noble metals also have a positive potential in 

between H2O2 and the valence band of Si. This energy difference indicates that the holes 
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generated in the reduction of H2O2 diffuse from the metal/Si interface into the bulk Si, where 

they are injected deeply into the valence band3,10. The Si substrate then gets oxidized from Si0 

to Si4+ 3,28. Since Si is a poor catalyst for the reduction of hydrogen peroxide itself, only very 

slow and “randomly placed” etching along the surface occurs, where no particles are in 

contact3,4,9,10,14,26.  

Cathodic reaction:  

As stated before, H2O2 serves as oxidant and is reduced at the metal particle surface3,4,10,16. 

The metal NP decreases the activation energy for the cathodic reaction by reducing H2O2 to 

water in an acidic environment10,15,24,49: 

𝐻2𝑂2 + 2𝐻+  → 2𝐻2𝑂 + 2ℎ+   (𝐼) 

According to the discussion about the origin of the hydrogen evolution responsible for the 

movements of the particles along the surface, an alternative reaction has been proposed by Li 

and Bohn4, which will be pointed out later in the results part (4.1.1). Here H+-ions, originating 

from HF instead of H2O2, are reduced: 

2𝐻+  →  𝐻2 ↑  +2ℎ+   (𝐼𝐼) 

Anodic reaction: 

The silicon substrate acts as anode3,4,16. Depending on the amount of transferred charge 

carriers, divalent, trivalent and tetravalent reactions are distinguished. The main factor 

determining the reaction regime and rate is the critical current density Jps, maximal in the 

(100) direction and proportional to the H2O2 concentration15. This concept was introduced by 

Uhlir in 19561, differentiating the way of material conversion between a charge-supply-

limited regime (below Jps) and a mass-transport-limited regime (above Jps)15,51.           

Lehmann et al.51 later proposed two basic etching reactions for the electro-chemical etching 

of Si: 

 

Divalent state: 

𝑆𝑆 + 4𝐻𝐹2−  → 𝑆𝑆𝐹62− + 2𝐻𝐹 + 𝐻2 ↑  +2𝑒− (𝐼𝐼𝐼) 
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Here two charges are released per silicon atom. This reaction is accredited to porous Si 

formation. This reaction also suggests a possible release of hydrogen molecules and takes 

place below the critical current density Jps
15. 

Tetravalent state: 

𝑆𝑆 + 4ℎ+ + 4𝐻𝐹 → 𝑆𝑆𝐹4 + 4 𝐻+ (𝐼𝐼) 

Here four charge carriers evolve per Si atom and the stronger current shifts the dissolution 

reaction into the electro-polishing regime15,20,49. With an anodic surface in an electrolyte and 

an applied voltage, the surface ions in solution are removed electrochemically. The evolving 

SiF4 will subsequently be complexed by HF.  

 

Figure 4: Valence (Zi) versus anodic current and etching regimes49 

 

Summarized anodic reaction by Chartier et al. (divalent + tetravalent): 

𝑆𝑆 + 6𝐻𝐹 + 𝑛ℎ+  →  𝐻2𝑆𝑆𝐹6 + 𝑛𝐻+ +  4−𝑛
2

 𝐻2 ↑    (𝐼)15 

Adding up the reactions discussed so far, leads to equation (V) proposed by Chartier et al.15    

n represents the number of transferred charge carriers. Porous Si formation takes place for n = 

2 (divalent reaction) where one H2 molecule is formed per dissolved Si atom. Electro-

polishing is present for n = 4 (tetravalent reaction) resulting in an oxidized intermediate 

species without hydrogen evolution. However, MaCE most likely happens for reactions with 
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n = 3 (trivalent reaction), forming ½ H2 per Si atom15,49. By using an etching solution with a 

molar concentration ratio of ρ = 0.82 (an intermediate value in between the optimal values of 

ρ = 0.8 for Au3,15 and ρ = 0.85 for Ag15), a value of Jps of around 0.24 Acm-2 can be 

expected15. 

The final potential U of the galvanic cell is defined as the difference U = Ec - Ea 
11,50 of 

cathode potential Ec minus anode potential Ea. The redox potentials for the reactions proposed 

for MaCE are listed in tab. 3.  

 

Reaction Redox-potential 
I 1.76 V 
II 0 V 
III - 1.2 V 
IV - 1.2 V 
V - 1.2 V 

Au3+ + 3 e- ↔ Au0 1.52 V 
Pt2++ 2 e- ↔ Pt0 1.19 V 
Ag+ + e- ↔ Ag0 0.8V 

Table 3: Redox potentials of involved reactions4,5,7,14,15,20,24,52 

 

These potentials allow calculating the Gibbs free energy G of the electro-chemical reaction:                                         

G = -z F U , where z is the ion charge and F Faraday´s constant, determining if a chemical 

reaction runs spontaneously or not11. 

 

2.2.2 Chemical etching 

 

After the electrochemical process, the oxidized Si surface is etched away by chemical 

complexation of SiF4 or SiO2 by HF, producing SiF6
2- or H2SiF6 (hexafluorosilicic acid), 

respectively3,11,28. The fluoride ions weaken the Si-Si bonds due to their high electro-

negativity24. The interatomic bonding energies in Si are 176 kJ/mol29 and highly anisotropic 

because of the diamond crystal structure. In <100> direction two fluoride ions can polarize 

two Si backbonds, while in <111> direction one ion has to polarize 3 bonds10. This way the 

<100> direction is more unstable and preferably etched3,9,10,13,14,24,27,32, with an etching rate 
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which is approximately 2 - 8 times higher in <100> than in <111> direction for SiO2 in HF12. 

With the anodic reactions above one gets two possible chemical reactions for the Si removal. 

First the more common interpretation, where in an aqueous environment the formation of 

silicon dioxide originates from a reaction of pure Si with water from the surrounding solution:  

𝑆𝑆 + 2𝐻2𝑂 → 𝑆𝑆𝑂2 + 4𝐻+ + 4𝑒−    (𝐼𝐼) 

The Si oxide formed by oxidation gets then dissolved by HF: 

𝑆𝑆𝑂2 +  6𝐻𝐹 →  𝐻2𝑆𝑆𝐹6 + 2𝐻2𝑂   (𝐼𝐼𝐼) 

And secondly the chemical dissolution of silicon tetrafluoride from the tetravalent state in 

reaction IV: 

𝑆𝑆𝐹4 + 2𝐻𝐹 →  𝐻2𝑆𝑆𝐹6    (𝐼𝐼𝐼𝐼) 

Both reactions produce soluble H2SiF6 or SiF6
2- as end product, which subsequently diffuses 

away in the electrolyte. Two different ways for this material removal have been proposed. 

Either SiF6
2- travels in between small particles (< 1µm) and the evolving etching channel (fig. 

5, left side), or it diffuses right through the particle and is then washed away by HF and H2O2 

(fig. 5, right side)3,7, which is proposed for bigger particles due to shorter diffusion paths 

compared to bypassing route. 

 

Fig 5: Schematic view of the two models of Si dissolution in MaCE3. 
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2.2.3 Final reaction: 

𝑆𝑆 +  
𝑛
2

 𝐻2𝑂2 + 6𝐻𝐹 → 𝑛𝐻2𝑂 +  𝐻2𝑆𝑆𝐹6 + 
4 − 𝑛

2
𝐻2 ↑    (𝐼𝑋) 

The etching reaction preferably takes place in the crystallographic <100> direction. Yet, the 

directionality can be tuned by changing the concentration of H2O2, supplying the etch front 

with more holes and reducing the directionality by enhanced reactivity3. However, it is still 

widely discussed, if the catalytic properties of the particles depend purely on the redox 

potentials - as explained before - or if the formation of a Schottky barrier also has an 

influence. 

From the electronic point of view, at the interface between the semiconductor and the 

metal/etching solution, a quasi-Schottky barrier is formed. This barrier controls the 

availability of charge carriers at the contact and thus the injection and diffusion behaviour of 

holes at the metal/Si interface19,26. This means, the catalytic behaviour for the charge transfer 

in the redox reaction can be determined by the band bending, which can be controlled by the 

work functions of the metal particles. The Schottky barrier height is defined as                  

φ𝐵 =  ψ𝑀 −  χ𝑆𝑆  
34, where ψM is the metal work function and χSi is the silicon electron affinity 

(4.05 eV)53. 

In contact, the potentials of electrolyte, the metal NP and substrate try to align their electric 

potentials at the interface. The associated charge carriers in the electrolyte are driven to the 

surface of the semiconductor and form an electric double layer, similar to a so-called 

Helmholtz-layer54. Since the work function (the energy needed to extract electrons from a 

metallic conductor) of the metal NP is lower than the work function of the silicon substrate, 

the electron flow from metal to Si takes place until the thermodynamic equilibrium is reached 

at aligned Fermi levels55. 
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Figure 6: Schottky-barriers for n-type substrates in an electrolyte11 

 

The direction of the band bending regulates the built-in electric field in a space-charge region 

and constitutes a barrier for the charge carrier transport in between Si and metal NP26. In an n-

type substrate, where the Fermi level is shifted closer to the conduction band, an arising 

Schottky barrier causes a depletion of electrons (majority carriers). This way, the barrier 

reduces the electron flow and the electrons have to surpass the potential barrier towards the 

particle in order to oxidize the Si11. So, the lower the barrier is, the faster the etching occurs. 

In a p-type substrate the accumulation of holes (majority carriers) occurs on the surface (and 

etching should occur faster)26. The resulting width of the evolving space charge region can be 

calculated according to 𝑊𝑠𝑠𝑠 =  �2𝜀𝜀0𝑈𝑆
𝑒𝑁𝐷

, where ε is the dielectric constant of the substrate, US 

the critical voltage, e the elementary charge and ND the doping concentration54. 

The resulting band bending depends on a variety of factors like the doping type and level of 

the substrate, the composition of the etching solution, the actual surface state of Si, the Fermi-

levels and the particle size (increasing contact area)3. However, this effect is superimposed by 

the redox levels, which have a much higher energetic influence9,62. 
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2.2.4 Electroless silver deposition 

 

The silver ions are deposited on the Si substrate via a galvanic displacement reaction between 

HF and AgNO3 15. The cathode process in this case is the reduction of Ag+ ions  

                                                        Ag+ + e- → Ag (XI)15 

at a redox potential of E0 = 0.8 V15,26,52,56, whereas the anodic reaction is the same oxidation 

of Si stated before (reactions III and IV, 2.2.1) and the charges are transferred between Ag+ 

and Si. 

The energy level of the reduction from Ag+ to Ag lies below the Silicon valence band        

(fig. 3) and the Ag+ ions attached to the Si surface withdraw electrons from the 

bulk8,9,15,20,26,52,55,56. The nuclei also have higher electro negativity than the Si substrate and 

thus attract electrons which in return charge them negatively, causing more Ag+ ions to 

approach and attach to the nuclei, which subsequently grows. The Si gets oxidized and etched 

away by HF. After a while the evolving high ohmic and porous Si underneath the nucleation 

site prevents further electron supply and thus inhibits growth20. The depositing nuclei have a 

high catalytic activity and provide a reactive surface for further cathodic reactions for the 

oxidation of the underneath Si layer, which is slightly etched3,8,15,24,55,56. For this process, no 

differences for n- or p-type substrates are presumed, since the electrons for the particle growth 

are provided by Si-Si bindings of the substrate4,56. Furthermore, the subsequent etching 

reactions can be accelerated since the additional NO3
- ions on the Si surface also serve as a 

strong oxidation agent13,55. 
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3. Experimental methods 

 
3.1 Silicon substrate  
 

For this project p- and n-type Si substrates with different doping and various resistivities have 

been used. First, the silicon wafers with a crystal orientation of (100) and a thickness of      

500 – 550 µm (tab. 4) were mechanically cleaved along crystal orientation with a diamond 

pen. Approximately 1 × 1 cm2 squares were used for the immersion measurements, and 1.5 × 

1.5 cm2 squares for the experiments in the Teflon etching cell. 

 

Resistivity (Ωcm) 0.01 – 0.03 0.55 – 0.8 20 – 40 3000 – 4000 20 – 40 
Wafer type n-type n-type n-type n-type p-type 

Doping element Phosphorus Phosphorus Phosphorus Phosphorus Boron 
Table 4: Wafers used in the experiments 

 

Subsequent to cutting, the platelets were rinsed with isopropanol in order to wash away Si 

splinters from the surface. Following an immersion in isopropanol in an ultrasound bath for 5 

min, they were dried with pressurized nitrogen. Then, the samples were exposed to oxygen 

plasma under vacuum (Fischione Model 1020 Plasma cleaner) for 1 min to provide a 

hydrophilic surface and to enhance the adhesion of the NP by OH-groups57. 

 

3.2 Noble metal particles  
 

The experiments were conducted with three different noble metals: Gold (Au), Silver (Ag) 

and Platinum (Pt). The Au particles used in this work were encapsulated in either citrate 

buffer (C6H5O7
3−) or in cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, CTAB). Both 

elongated molecules are attached to the surface of the AuNPs and with negatively charged 

ions at their tails they electrostatically prevent agglomeration.  

The gold and platinum particles were purchased by Sigma Aldrich, except for the 20 nm 

AuNP, which were synthesized at FNM. The AgNP were manufactured according to the 

procedure presented in chapter 3.7.  
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Element Pt Au Au Au Au Au Au 
Diameter 3 5 10 20 30 100 150 

Concentration 1000 ppm 5.5 · 1013 ml-1 6.0 · 1012 ml-1 unknown 1.8 · 1011 ml-1 3.8 · 109 ml-1 3.6 · 109 ml-1 

Capping None Citrate Citrate CTAB Citrate Citrate Citrate 
Table 5: Particle diameters, concentrations and cappings 

 

The nanoparticles were deposited on the Si-surface using a spin coater (model WS-650SZ-

6NPP/LITE, Laurell Technologies). A droplet of the solution was dripped onto the middle of 

the sample, preferably close to its rotational axis. The subsequent spinning induces centrifugal 

forces on the droplet, driving it outwards against the frictional forces determined by the 

liquid´s viscosity58. 

The settings for the spin coating were chosen according to the results of the preliminary work 

on this project, investigated to achieve most homogenous distribution and least agglomeration 

possible. 

 

Step Time Final Rotational Speed Acceleration 
1. 20 s 300 rpm 25 rpm/s 
2. 40 s 4000 rpm 500 rpm/s 
3. 15 s 0 rpm 300 rpm/s 

Table 6: Spin Coating Program 

 

3.3 Etching solutions  
 

The basic etching solutions were prepared according to the ratio 

 

𝜌 =  [𝐻𝐻]
[𝐻𝐻]+[𝐻2𝑂2] (XI) 

 

suggested by Li and Bohn in 200015. [HF] and [H2O2] refer to the molar concentrations ci = 𝑛𝑖
𝑉

 

of 49% hydrogen fluoride and 30% hydrogen peroxide, where ni is the amount of substance 

and V the total volume of the solution. For most experiments a solution with a molar ratio of  

ρ = 0.82 has been used, which was found to be optimal according to etching speed and pore 

straightness for Au and Ag3,4. For ρ in between 100 and 70 the formation of straight pores 

with a diameter similar to the particles´ diameter was observed15. 
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ρ 0.11 0.82 0.66 0.33 
50% HF in ml 10.1 116.5 84.5 34.0 

30% H2O2 in ml 156.5 50.0 82.0 132.5 
H2O in ml 83.0 83.0 83.0 83.0 

Table 7: Composition of the etching solutions  

 

In later experiments solutions of ρ = 0.82 were diluted in DI water in a 1:1 and a 1:3 ratio. 

Furthermore, a 1:1:1 HF(49%):H2O2(30%):EtOH volume ratio solution, also proposed by Li 

and Bohn4, was used with ρ = 0.66, as well as dilutions of it in 1:1 and 1:2 ratio. 

 

3.4 Wet etching 
 

To investigate the factors influencing the pore evolution, various parameters were tested. In 

general a few ml of the etching solution were poured into a corrosion-resistant polypropylene 

cup and the sample was slowly immersed into the liquid using ceramic tweezers. Then, the 

beaker was covered to prevent disturbing environmental illumination (fig. 7), since 

illumination is suspected to raise the etching speed by 1.5 times3 and the experimental 

conditions should be identical for all samples. Different immersion times ranging from 1 min 

to 24 h were used to investigate the effect of particle constituent, size and etching solution on 

etching depth and surface structure. 

 

 
Figure 7: Schematic view of the general etching setup 
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3.5 Teflon Cell 
 

The etching cell setup consisted of two Teflon forms, two lock rings and two isolating rubber 

rings fixed with 4 stainless steel bars (fig. 8). This setup was chosen to avoid possible 

desorption of the particles due frictional forces occurring during the movement of the sample 

relative to the liquid while sinking into the solution. The platelets were chucked in between 

the two half cells and sealed against leakage with the rubber rings. The setup was again 

covered with an aluminium hood to avoid illumination from environmental light. The etching 

times ranged from 10 min to 18 h. 

In order to apply a bias to the sample, an additional PMMA plate placed under the Si platelet. 

The sample has then been contacted with copper tape and connected to a VersaSTAT 4-

potentiostat. The backside of the Si platelet was coated with Indium-Gallium to enhance the 

conductivity. Positive voltages of 2 V and 5 V were applied and for data analysis the “Versa 

Studio” software had been used. 

 

 
Figure 8: Cross-section of the cell (left side) and setup for applying voltage (right side) 
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3.6 Characterization with scanning electron microscopy 
 

For the characterization of the samples after etching a Zeiss Ultra 55 Gemini scanning 

electron microscope was used. Images were taken from the top and as cross section at an 

angle of 20° relative to the top-view. The acceleration voltage was 3 kV and the approximate 

working distance lay in between 3 – 4 mm. The basic magnifications were chosen as 10 k,    

30 k and 70 k to give a general overview and to have comparable impressions of the size 

distribution. Higher magnifications were chosen for the investigation of morphology details 

and specific size determination. 

 

3.7 Synthesis of silver nanoparticles 

 

For the synthesis of the silver nanoparticles two strongly diluted solutions of AgNO3 and HF 

in water were mixed in a PP beaker. After a pre-treatment including immersion in 

isopropanol, ultrasonification and plasma cleaning, the Si platelets were immersed in the 

solution under soft stirring for 1 and 5 min respectively. After that the samples were rinsed 

with DI water and dried with nitrogen. Various dilutions of the basic solutions R1 and R2 

were prepared in order to investigate the effects on concentration. 

 

Recipe Concentration AgNO3 Concentration HF 
R1 5·10-4 M 0.14 M 
R2 1·10-3 M 0.14 M 

Table 8: Main recipes for silver nanoparticle synthesis 
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4. Results and Discussion 

 

The final morphology of the substrate, as well as the depth and shape of pores, can depend on 

a variety of influences. The most important parameters investigated in this work were: The 

resistivity of the substrate, the size and the concentration of the particles, the type of noble 

metal and the concentration of EtOH and H2O2. 

The first results of AuNP are discussed, since for the gold particles a large variety of 

parameters was available. Then the results for AgNP and their synthesis are shown and last a 

short view platinum particles is given. Finally a comparative discussion is provided. 

 

4.1 Gold nanoparticles 
 

Since most data exists on AuNP in literature and due to the better accessibility, 5 different 

solutions of gold particles with different diameters from 5 – 150 nm and concentrations have 

been tested. 

 

4.1.1 Dependence on resistivity and etching solution concentration 

 

To get a basic impression of the optimal parameters for circular apertures, n-type wafers with 

resistivities ranging from 3000 – 4000 Ωcm to 0.01 – 0.03 Ωcm have been investigated. Three 

different ratios of etching solutions (ρ = 0.11, 0.66 and 0.82, tab. 9) have been examined on 

dispersed 10 and 30 nm AuNP for etching times of 10 and 20 min, respectively. Afterwards 

the aperture size, the characteristics of the surface etching and the surface morphology have 

been evaluated, using the ImageJ analysis software on the obtained SEM pictures. 

 

Resistivity (Ωcm) 0.01 - 0.03 0.55 - 0.8 20 - 40 3000 - 4000 
10 nm 0.11 0.66 0.82 0.11 0.66 0.82 0.11 0.66 0.82 0.11 0.66 0.82 
30 nm 0.11 0.66 0.82 0.11 0.66 0.82 0.11 0.66 0.82 0.11 0.66 0.82 

Table 9: Overview of resistivities, NP sizes, etching solutions 
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Figure 9: Comparison of surface features for 30 nm particles on a) 3000 - 4000 Ωcm,    

b) 20 - 40 Ωcm, c) 0.55 - 0.8 Ωcm, d) 0.01 - 0.03 Ωcm substrates, ρ = 0.82, after 10 min 

 

The SEM images of the samples show the apertures of the pore apertures. It is remarkable that 

also a lot of trenches ranging from a few nm up to several µm, often with AuNP (bright spots) 

at their ends, can be observed. Furthermore, with decreasing resistivity, the surface 

morphology becomes rougher, especially for the highly doped 0.01 – 0.03 Ωcm substrates. 

These mesoporous structures in highly doped substrates have also been observed by Li and 

Bohn59 and attributed to enhanced lateral hole diffusion along the substrate surface in low 

resistivity substrates3,7,8,13,14,17,19,59. Further reasons for large numbers of holes on the surface 

can be excess hole generation in high H2O2 concentrations or high rate of Si4+ removal in high 

HF concentrations13,14.The surface then gets oxidized and etched by HF. The trenches are 

caused by random movement of the particles along the surface, inducing slight etching 

reactions. This behaviour can be attributed to hydrogen evolution beneath the particles 

(formulas II, III, V and X). A special focus is put on equation II: 

𝐻+  →  𝐻2 ↑  +2ℎ+   (𝐼𝐼) 

a b 

c d 
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Both cathodic reactions inject two holes into the valence band of Si10 but only reaction II 

explains the constantly observed gas bubbles on the samples. However, the real reason for the 

hydrogen evolution remains questionable. No etching is observed without using H2O2 and on 

the other hand no hydrogen evolution is detected in pure H2O2 without HF. So, it is most 

likely that the cathodic reaction consists of a mixture of reactions I and II 3, with a trend to 

reaction I, since the potential of the Si valence band (0.67 V) is more positive than the redox 

potential of H+/H2 (0 V)56. Chartier et al. proposed that the emerging hydrogen could also be 

related to anodic reactions (III and V)15. Also the intensity of either the anodic and cathodic 

reactions6,15,60 might contribute.   

The hydrogen bubbles are suspected to either prevent proper adhesion of the particle to the 

substrate and thus initiate a tumbling along the surface or partially shield the NP surface from 

the etchant60. However, at the end of many tracks, apertures of particles sunken into the 

substrate can be observed. From that it can be concluded, that the hydrogen evolution either 

saturates with time due to a shift in the etching regime from tetravalent to divalent state or the 

particles get into a stable position while the hydrogen evolves besides them and get in contact 

with the Si surface. Furthermore, a higher ρ should lead to stronger cathodic reaction of H+ 

ions and thus more hydrogen evolution. The observations were gathered in tab. 10, where in 

most cases long trenches were observed for ρ = 0.82, reinforcing this assumption. 

3000 - 4000 Ωcm  20 - 40 Ωcm  0.55 – 0.8 Ωcm  0.01 – 0.03 Ωcm  
10 nm, ρ = 0.11 - 10 nm, ρ = 0.11 - 10 nm, ρ = 0.11 0 10 nm, ρ = 0.11 - 
10 nm, ρ = 0.66 + 10 nm, ρ = 0.66 -- 10 nm, ρ = 0.66 -- 10 nm, ρ = 0.66 No pores 
10 nm, ρ = 0.82 -- 10 nm, ρ = 0.82 -- 10 nm, ρ = 0.82 -- 10 nm, ρ = 0.82 No pores 
30 nm, ρ = 0.11 - 30 nm, ρ = 0.11 0 30 nm, ρ = 0.11 ++ 30 nm, ρ = 0.11 + 
30 nm, ρ = 0.66 -- 30 nm, ρ = 0.66 - 30 nm, ρ = 0.66 -- 30 nm, ρ = 0.66 -- 
30 nm, ρ = 0.82 + 30 nm, ρ = 0.82 0 30 nm, ρ = 0.82 -- 30 nm, ρ = 0.82 -- 

Table 10: Evaluation of the surface morphology from circular holes + + to trenches 

several µm long - -  

 

However, no clear trend for the hydrogen evolution according to the substrate resistivity has 

been observed. To best of my knowledge, no reports on the relation between the resistivity 

and hydrogen evolution, is currently available in the literature. A lower ρ shifts the 

equilibrium between the cathodic reactions (I) and (II) towards reaction (I) due to the higher 

concentration of H2O2. This way, the hydrogen evolution is reduced, which is indicated by 

reduced length of etching trenches along the surface (fig. 9, tab. 10). Furthermore, a higher 
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doping should reduce the space charge region formed by the Schottky barrier and charge 

transfer should occur easier, leading to enhanced etching. 
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Figure 10: Aperture diameters for 3000 - 4000, 20 - 40, 0.55 - 0.8 and 0.01 - 0.03 Ωcm    

n-type substrates in relation to particle size and solution ratio, 10 min etching 

 

The plot of pore aperture diameters shows that the aperture sizes for 10 nm particles vary 

quite strongly. Contrary to this, the size distribution of the 30 nm particles is quite uniform 

and close to the diameter of the NP for the high resistivities and higher HF ratios. This 

suggests that the etching reaction takes place mainly beneath the particle and later hole 

migration from the bottom to the top of the pore is limited. In general the main reasons for the 

widening of apertures can be: Diffusion of holes to the interface if the rate of consumption for 

oxidation is lower than rate of injection3,7,8,13,14,15,19,26,29,32,59, redeposition of metal ions from 

the particles at the pore sidewalls, leading to micro-scale etching site3,7,9,14 and slow but steady 

etching of the surface due to the elongated exposure to HF3,7. The possibility of the formation 

of nanoporous sidewalls due to enhanced hole migration in solutions with an excess peroxide 

concentration fits the observations quite nicely, since the highest broadenings of the apertures 

have been observed for etchant ratios of ρ = 0.11. 
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The most promising results regarding the aperture size and shape have been achieved for the 

20 – 40 Ωcm and 3000 – 4000 Ωcm substrates showing relative narrow size distributions for 

the particles with 30 nm diameter. The pore opening sizes in the 20 – 40 Ωcm Si are closer to 

the original particle diameter. It should be noted that the particles itself have a size 

distribution affecting the final pore size distribution. For the samples with a substrate 

resistivity of 0.01 – 0.03 Ωcm und solution ratios of ρ = 0.66 and 0.82 no pores could be 

observed. It is presumed that the nanoporous and thus very rough surface prevented good 

contact of the particles to the substrate and this way no sufficient charge transfer for the 

oxidation was possible. 

 

 
Figure 11: Morphology of a) 3000-4000 Ωcm substrate compared to b) 0.01-0.03 Ωcm 

substrate after etching, ρ = 0.11, 10 min etching 

 

Concerning the doping of the substrate, the leading opinion in literature is that doping type 

and level are not important for the principle pore evolution in MaCE, since the influence of 

band bending is overpowered by the energetic relations of the redox couples and the valence 

band edge9,22. It seems, however, the doping can have an influence on the etching depth and 

speed of the process. It was found by Bechelany et al.7 that etching occurs slightly faster in n-

doped Si (0.33 µm/min vs 0.37 µm/min). In a n-substrate more electrons are available for 

reducing H2O2 compared to a p-substrate, leading to a faster overall etching process7,52, at the 

sites covered by particles as well as in the “off-metal areas” 3,4,6,32. With higher doping in p-

type substrates, a faster and deeper etching occurs along the substrate and deeper pores  

evolve4,32, because positive charges agglomerate beneath the particle26. At higher resistivity, 

the amount of positive charge carriers below the particle increases according to n = 𝑛𝑖
2

𝑁𝑎
, where 

a b 
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n is the number of charge carriers, ni the intrinsic carrier concentration and Na the dopant 

concentration. Each electron, which is thermally excited from the valence to the conduction 

band, creates a hole in return. Since noble metals are more electronegative than Si, they attract 

electrons from the substrate and this way the Si beneath the Au is positively charged32. 

Furthermore, it was found that lower doped substrates inhibit higher etching rates4,7,25,61, 

while lower doped p-type substrates cause more confined etching6. Furthermore, the band 

bending due to a Schottky barrier can be a slightly limiting factor for charge transfer as well 

and is dependent on doping level and type3. 

Regarding the hole diameter, the relative surface movement of the particles and the 

morphology of the surface the 3000 – 4000 Ωcm substrate with a relative ratio of ρ = 0.82 are  

most promising. Since the broadening of the apertures was slightly less for the 30 nm than for 

the 10 nm particles, the following experiments are based on the 30 nm particles. 

 

4.1.2 Dependence on particle size 
 

Based on the results from the previous experiments, the influence of the size of the particles 

has been investigated on 3000 – 4000 Ωcm Si substrates. To lower the etching rate for better 

comparison, the etching solution was changed to a 1:1:1 ratio of HF(49%):H2O2(30%):EtOH. 

The reduction of the HF concentration compared to ρ = 0.82 and the addition of EtOH should 

weaken both chemical and electro-chemical components of the reaction and result in less pore 

depth7,23. The investigated particle sizes were 5, 10, 30, 100 and 150 nm and the immersion 

time was 1 h.  

 

a b 
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Figure 12: Comparison of etching behavior for different particle sizes: a) 5nm, b) 10 nm, 

c) 30 nm, d) 100nm and e) 150 nm in 1:1:1  etching solution after 1 h etching 

For the 5 nm particles only single, crooked pores were observed with a maximum depth of     

5 µm. The 10 nm particles showed formation of longer pores around 6 – 8 µm with short, 

straight segments. However, the concentration of etch traces was also significantly higher. As 

discussed later on, the formation of particle-platelets can lead to an augmented appearance of 

straight pores. The 30 nm particles show again much less pores. It can be concluded that since 

the mass of gold was constant for all provided solutions the concentration of particles is 

proportional to r3. Because of this, the number of particles in the droplets and subsequently on 

the surface drops dramatically with increasing particle size. In general, in regions with higher 

concentration the pores seem to tend to prefer movement in the <100> direction. The samples 

with 100 nm particles barely show any pore formation at all and no straight tunnels could be 

detected at all. The 150 nm NP again showed noticeable pore formation with depths of up to 

10 µm, but the structures were also randomly orientated and the total occurrence of etched 

channels was way lower than for the smaller particles. For the 100 nm and 150 nm NP, the 

concentration of particles in solution was nearly the same (3.8 · 109 ml-1 and 3.6 · 109 ml-1). 

a b 

c 
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The surface area of each particle is the driving factor for the charge carrier provision14,60, 

since this is the reaction area for the H2O2 decomposition and grows quadratically with the 

sphere´s radius A = 4·π·r2. Combined with the similar concentration of the nanoparticles, the 

total area for the reduction of H2O2 is now twice as big for the 150 nm NP compared to the 

100 nm particles, and thus the etching for the bigger particles is enhanced14, leading to 

intensified pore formation (fig. 12, d and e). 
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Figure 13: Comparison of pore depth, pore and aperture diameter for 5, 10, 30, 100 and 

150nm AuNP, optimal value of aperture size depicted as black line 

Comparing the pore depths and the divergence of the aperture diameters from the original 

particle dimensions, the 10 and 30 nm particles were the most promising. Especially the 

formation of straight pores in areas with higher particle concentration was interesting and lead 

to later investigations on the influence of particle concentration (chapter 4.1.6). 

A general conclusion in literature is that the smaller the particles are, the more erratic the 

movement becomes6. Another factor for the directionality of the sinking is the shape of the 

particles. Especially the 30 nm particles´ shape differed strongly from a sphere (fig. 14), 

explaining why the pores were more winding than the ones of the 10 nm NP27. The 10 nm 

particles showed some promising results compared to the 100 and 150 nm NP, though. 
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Figure 14: Derivation of particle shapes and diameters from ideal spheres (30 nm NP) 

In general, smaller particles can also provide better access of the etching solution to the 

etching front, leading to a more homogenous etching reaction and thus straighter pores25. 

However, for the 5 nm particles, only a few straight pores with bigger diameters, but a lot of 

structures with striped sidewalls (fig. 15, left side, at bottom and top in the middle and right 

image) and screw-like shaped pores (fig. 15, left image) were observed. The most obvious 

reason for this are surface irregularities of NPs or the agglomeration of smaller particles, 

leading to inhomogeneous etching reactions and this way to uncontrollable movement in the 

substrate . Lee et al.14 proposed that an accumulation of 10 and more, equally sized particles 

is sufficient to form a spherical structure equal to a single globular particle, with similar 

catalytic properties and thus regular etching behaviour. However, single particles with 

granular surface morphology, platelet structures consisting of several adhering particles 

keeping the same face to the axis of the helix while sinking into the substrate27 or bigger 

platelets with uniform sinking rate (fig. 15 b), result in straight pores with striped sidewalls14. 

Corkscrew structures can be attributed to two or more connected particles of different size3 or 

very irregular particles, where a varying contact leads to locally different hole supply and so 

to different etching rates along a particle´s surface, leading to a tumbling movement in the 

substrate14,17. The smaller contact area between particle and substrate subsequently slows 

down the etching speed on one side, leading to a rotational movement14. Possible reasons for 

these irregularities in shape can be irregularities during the chemical synthesis of the particles 

or Oswald ripening32. 
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Figure 15: Spiral pores and pores with striped sidewalls observed in AgNP samples 

The angles of the misaligned pores – which have been detected in nearly any of the following 

measurements - have been analyzed with ImageJ and are in agreement with reports from 

literature: For Au and Ag most of the angles lay between 53° and 55° including the angle of 

54.7° between the <111> and the <100> directions10,14. In <110> direction Si has an 

intermediate number of bonds and is thus easier etched9. Besides the contribution of the 

particle shape, it has been reported that <111> is the preferred direction in divalent 

processes10. This process can occur due to a local shortage of H2O2 in especially the highly 

concentrated etching solution - and thus a lowered current density - or due to impurities in the 

substrate. Furthermore, for bigger spirals it is also possible that the charge difference between 

cathode and anode in the NP has a propelling influence on the particles in solution, like Peng 

et al.24 proposed. While a current flows from cathode to anode, the protons on the particle 

surface migrate in the opposite direction, forming a concentration gradient. This new charge 

carrier distribution builds up an electric field, forcing the particle to rotate contrary to this24. 

Literature also proposes that a high oxidant concentration can shift the movement from <100> 

direction to perpendicular to the surface13 and also the particle concentration seems to have an 

influence on the orientation of the pores (chapter 4.1.6). 

  

a b 
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4.1.3 Long-time immersion 

 

The next experiment was conducted to investigate the effect of longer etching times. The 

3000 - 4000 Ωcm substrates with 30 nm particles have been immersed for 1 h, 7 h, 17 h and 

24 h in ρ = 0.82 solution.  

Figure 16: Pore apertures after a) 1h, b) 7h, c) 17h and d) 24h etching 

Interestingly the long-time immersion pores show a square aperture. The oriented growth of 

the apertures can be explained by the influence of selectivity. Zhang63 reported the same 

observations and concluded that in (100) substrates the apertures have a square shape 

delimited by {011} planes with corners pointing to the <100> directions, as seen in fig. 16. 

Lu64 also confirms that on crystalline Si (100) substrate the etching rate for MaCE with 

copper particles is faster along [100] and [110] compared to [111]. 

 

a b 

c d 
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Figure 17: Cross-sections for a) 1h, b) 7h, c) 17h and d) 24h etching 

The pores observed in the cross-section images are neither deep nor straight for longer 

distances and longer etching times lead to bigger apertures. 
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Figure 18: Comparison of pore diameter and pore depth for long time immersion 

a b 

c d 
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The pore depth seems to slowly saturate for AuNP. At first the growth shows a parabolic 

slope which turns linear after approximately 7 – 8 h. The same tendency for growth has also 

been reported by Chen et al.16. This could be a consequence of slow particle degradation or a 

decline of supply with etching solution at the pore tips. In contrast to the later investigated 

AgNP the surface particle concentration is very low (~ 1 µm-2) and only isolated, single pores 

have been formed, where an exchange of etching solution in between them was not possible. 

Another reason for the aperture widening might be charge diffusion from the etch front to the 

sidewalls of the pores and subsequent oxidation or redeposition of noble metal ions released 

by sinking particles at the sidewalls, forming nanoporous regions there which are 

subsequently etched away. Similar observations were made in TEM and EDX for the 

formation of Si pores and nanowires on highly doped substrates with MaCE7,10. 

 

4.1.4 Etching in cell 
 

In order to eliminate desorption of the particles from the substrate due to the frictional forces 

occurring during the sinking movement in liquid in the conventional beaker and in order to 

control the etching area, etching was performed in a customized cell. It was furthermore 

possible to apply HCl in a controlled way without washing off the particles, to illuminate the 

sample from the backside and to apply a bias via backside contacting. 

The measurements show that the pore depth increased for the samples mounted in the cell 

before application of the etching solution. The pore depths redouble from approximately    

750 nm to about 1.5 µm and also the pore and aperture diameters increased. This indicates 

enhanced adhesion of the particles to the substrate and thus a more pronounced etching 

reaction starting earlier. 

For anodic etching 2V and 5V were applied on a 3000 – 4000 Ωcm substrate in ρ = 0.82 

solution for 60 min. 
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Figure 19: Comparison of etching dimensions for applied voltages 

 

The application of 5 V leads to a more aggressive etching in which pore depths were around 9 

times higher compared to 2 V and unbiased samples. This can be attributed to more charge 

carriers available at the surface. The voltage creates an electric field forcing the holes towards 

the surface. The particles on the surface initially form etching pits due to MaCE and the 

electric field changes along the pore tip. At the pit bottoms with concave curvature the electric 

field is now higher and the space charge region decreases, leading to an increasing 

concentration of holes and thus strongly enhanced oxidation there3,26. 

 

 
 

Figure 20: Surface corrosion for a) 2 V and b) 5 V  

 

a b 
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However, not all charges are consumed at the pore tips and the surrounding surface is 

subsequently etched as well (fig. 20, left side). The narrow standard deviations indicate a 

good controllability of the voltage enhanced etching processes. 

 

4.1.5 Effect of citrate capping 
 

The inhibited etching behaviour of the particles in contrast to the reported etching speeds 

from literature of several hundreds of nm/min up to µm/min and the formation of irregular 

instead of straight, pores9,14,1925,28 were following attributed to possible residues of the citrate 

capping, still attached to the nanoparticles. This negatively charged citrate ions are being 

applied to the particles beforehand, in order to prevent agglomeration of the particles due to 

van der waals attraction57 and could also be a remnant of the prevailing solution reduction of 

hydrochloric acid (HAuCl4) in trisodiumcitrate (Na3C6H5O7)57,65. The particle agglomeration 

of nanoparticles occurs due to the DLVO-theory57 determined by electrostatic repulsion and 

van der waals attraction. Actually the AuNP should be quite stable to agglomeration in neutral 

solutions because their intrinsic negative surface charge leads to an electrostatic repulsion. 

However, agglomeration could be observed investigating the particle distribution before 

applying the etching solution. In acidic solutions the AuNP lose this surface charge and 

precipitate9. Repulsion is a direct function of the Zeta potential (surface charge of the NP) in 

solution. The NPs collide with each other and the Si surface due to Brownian motion. In an 

acidic solution the Zeta potential increases with adding more acid and thus lowering the pH, 

which increases the probability that a collision results in adhesion due to van der waals   

forces57. Further the agglomeration becomes more probable with particle size due to a 

decrease of Zeta potential with increasing particle size and an increase of van der waals forces 

with particle size with r2 9,57. The repulsive interactions in between the particles decrease at 

lower pH9. 
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Figure 21: Agglomeration of particles in ρ = 0.82 solution 

 

The negative charge of the tails of the ligand molecules evidentially prevents an adhesion to 

hydrogen terminated surfaces as the plasma treated samples used here57. The stability of a 

ligand capping is in general dependent on the pH-values around the isoelectric point, where 

NPs have no surface charge and the ligands detach57,62. However, the isoelectric point in Si 

lies at pH 2 which is slightly higher than the pH of the etching solutions (tab. 11). At lower 

pH Si has a slightly positive surface charge and intrinsically negatively charged AuNP should 

adsorb to the surface when the capping detaches more easily62. In order to further lower the 

pH a few droplets of HCl were added to the etching solution. Additionally new particles with 

a CTAB capping instead of the commercially available particles covered in citrate were used. 

Since the Zeta potential of Citrate and CTAB varies, the capping were supposed to have a 

different stability in the etching solution. Consequently, the behaviour of the CTAB covered 

NPs was used as a reference for the citrate particles. 

 

Solution ratio 0.11 0.66 0.82 1:1:1 
pH 1.15 1.0 0.8 0.8 

Table 11: Measured pH values for the used etching solutions 

 

Additionally to changing the Zeta potential of the particle further away from the isoelectric 

point57, the acid dissolves the capping below pH 3.1 and the citrate deprotonates to citric 

acid57,62 

C6H8O7 ↔ C6H7O7
- + H+ (XII) 

where a low pH forces the equilibrium to shift to the left62. 
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Figure 22: Pore depth without and with application of HCl  
 

The application of HCl resulted in pores about 5 times as deep as for untreated samples for 

both particle sizes, while aperture and pore diameter remained nearly constant. The values for 

the 30 nm particles are, however, still far-off the expected pore depths of ~ 60 µm after 1 h19 

etching. It may be possible that residues of the capping prevent a direct contact in between the 

particle and the semiconductor surface before etching in the low pH solution, where the 

capping detaches. The capping seems not to totally prevent contact – or at least charge 

transfer – between the particle and the substrate. Otherwise no visible etching would have 

occurred for the samples in the previous experiments. 

Additionally, with adding HCl (and EtOH) the selectivity of the etching solution changed, 

showing square apertures similar to the long-time immersion measurements. 

 
Figure 23: Square apertures and pores with (100) orientation of 100 nm 

particles after application of HCl 
 

a b 
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A hint for the successful removal of the citrate capping in HCl before adding the etching 

solution was that the 100 nm particles finally formed straight pores and also increased pore 

growth for 30 nm particles was observed.  

 

It was also reported, that HCl enhances the corrosion of Si itself introducing the reaction:  

 

Si + 2 HCl ↔ SiCl2 + H2 (XIII)66 

 

which can have an additional effect on the etching and also seems to have a strong influence 

on selectivity (fig 23, left side). One can see in the images that the surface suffers from 

stronger etching although the same amount of particle solution has been used. It is quite hard 

to determine if the enhanced etching occurs due to a possible removal of the capping or 

because of the additional etching process introduced by HCl. 

Additionally particles with a CTAB coating have been investigated as well. With those 

particles straight pores arising from the surface could be detected for the first time.  

 
 

Figure 24: Straight pores from a) undiluted and b) diluted CTAB-AuNP in 1:1:1 

solution after 1h. 

 

The pore depths were still quite low with depths of a few hundred nm. Yet most of the pores 

were very straight and evolved perpendicular to the sample surface. The pore diameters were 

very close to the diameters of the particles before etching (~ 20 nm) suggesting a low hole 

diffusion and stability of the particles after 1h. 

The aspect ratio of the pores was around 15 – 20. However it is difficult to conclude if this is 

an effect of the varied capping or the ~ 500 times higher concentration compared to the 

a b 
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previously applied particles in citrate capping. A dilution of the particle solution by factor 5 

lead to a less distinct pore evolution (fig. 24, right side). 

Later AgNP have been synthesized by solution reduction in order to totally avoid having a 

capping (chapter 4.2). 

 

4.1.6 Influence of particle concentration 
 

 
 

 

Figure 25: Comparison of low (a and c) and 10-fold higher (b and d) concentrated 

particles on surface etching with 100 nm particles 

 

The particle concentration seems to have an important influence on the directionality, but is 

poorly discussed in literature so far. With increasing particle concentration (~ 10-fold) the 

pore formation lost its random orientation and pores formed along the <100> direction. 

However, the surface region became rougher due to increased etching as well. 

The pore depth increased nearly 10-fold from a few µm to ~ 25 µm, while aperture and pore 

diameter remained the same. A similar observation was made, when particles randomly 

a b 

c d 
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agglomerated on the substrate prior to etching or around dirt particles. When the cross section 

of such a spot was investigated under SEM, it was obvious that enhanced and directional 

etching occurred. 

 
‘ 

Figure 26: High concentration area a) from top-view and straighter pores and b) etching 

gradient at a random concentration border in two different samples 

 

The literature adduced for this project states the same observations, but no satisfactory is 

provided. During the etching process a charge depletion layer with high resistivity develops 

around the sinking metal particles. This would relocate the charge exchange and diffusion 

away from the pit wall to the anodic and the cathodic sites at the metal/Si interface32. It is 

stated the 2 Wsc-rule for anodic etching - determining the space charge region depleted from 

charge carriers at the Si/solution interface15 - most probably does not apply here, since the 

pore formation above all depends on the particle distribution prior to etching4,15,32. 

According to Cruz et al. it has often been observed that freshly etched pores in Si are 

passivated by a hydride layer. This could be proven with FTIR measurements, detecting 

hydrogen compounds in the pores25,68 and could explain, why higher concentrations lead to 

straighter pores. When a faster particle sinks into the substrate, the non-reactive walls left 

behind would redirect slower particles into the same orientation. It has also been suggested 

that image forces in between the particles69 or charge depletion because of an evolving space 

charge region around the particle26 is possible, which could keep the particles in a fixed 

distance to each other and in consequence could lead to an ordered sinking for high NP 

concentrations. Furthermore it is once more possible that the pores from higher concentrated 

particle layers are straighter because of agglomerates of particles or the merging of pores. 

 
 

a b 
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4.2 Silver particles 
 

In order to totally avoid the possibility of having an inhibiting capping, silver particles have 

been synthesized according to a procedure proposed by Li et al.26. The reactions III and XI 

(chapters 2.2.1 and 2.2.4) involve no further by-products except silver particles and HNO3 or 

NO3
-, which is known to serve as further oxidant13,55. 

 
Figure 27: SEM picture of self-synthesized particles formed on a Si platelet which was 

placed in 2.5 ∙ 10-4 M and AgNO3 and 0.07 M HF for 5 min 

 

4.2.1 Concentration of particle solution 
 

The particle concentration after synthesis ranged from approximately 560/µm2 for the R1 

solution and 5 minute immersion to around 1/µm2 for a 1
4�  of the concentration.  

 
Figure 28: SEM picture of self-synthesized particles made in 2.5 ∙ 10-4 M and AgNO3 

and 0.07 M HF (left) for 5 min and in a quarter of the concentration (right) 

a b 
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The differences in size distribution most probably originate from Ostwald ripening, 

implicating the growth of large particles and contemporary dissolution of small ones during 

the nucleation process70. With increasing concentration of particle solution and elongated 

deposition time the average particle size increases, but the particles become more irregular 

and seem to merge together26. This does, however, not fit the observations of Li et al.26 who 

report that a higher concentration leads to higher density and smaller size. Nevertheless it 

could be proven that longer immersion time and larger AgNO3 concentration with constant 

HF concentration also results in more surface coverage with a higher density, yet lower 

particle size. 

 
Figure 29: Particle size distribution 

 

Figure 29 shows that the particles´ diameter increases while their amount reduces with 

lowering the concentration of the AgNO3 and HF in solution. The Gaussian distribution of the 

R1 solution showed the narrowest FWHM of ~ 10 at a maximum peak of 15.3. 

Next the etching behaviour of the different particle solution was investigated. For this p-type 

substrates NP were synthesized in the R2 and R1 solutions as well as dilutions of R1 in the 

ratios 1:2 and 1:4 for 5 min. Then the samples were exposed to the 1:1:1 etching solution     

for 1 h.  
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 Figure 30: Pore evolution for the particle solutions a) R2, b) R1, and dilutions of R1 in 

the ratios c) 1:2 and d) 1:4 

 

The most obvious observation was a much stronger hydrogen evolution compared to the 

AuNP, starting immediately after the immersion and continuing with roughly the same 

intensity until the end of the etching process after 1h. This was also reported by Li and Bohn4. 

The surface of the platelet turned from shiny silver over gray (after ~ 3 min) to black (~ 8 

min) and then to bronze after putting the Si platelets into the etching solution. This effect 

occurs due to the change in porosity and a resulting lower refractive index of the surface15,30. 

The etching behaviour confirms the expectations of the particle distribution.  

 

a b 

c d d 
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Figure 31: Particle size distribution for solutions R2, R1 and dilutuions 1:2 and 1:4 

 

The highest concentrated particle solution R2 caused the deposition of more but smaller 

particles. This led to a strong, several tens of µm deep dissolution of the substrate         

surface, without notable formation of straight pores (fig. 30 a). The few straight pores were 

dramatically broadened indicating very big agglomerations of particles. Etching                   

the R1 solution yet resulted in straight pores with maximal depths of 60 µm (fig. 30 b). This  

corresponds to an etching speed of 1 µm/min, which fits the results from literature ranging 

from 0.4 – 6 µm/min8,15,18,24,29,55. However, the entire surface was macroporous for the upper 

few µm. With halving the concentration of the synthesis solution, the depth of the pores 

further increased to 70 µm (fig. 30 c). The pores were even straighter and aspect ratios of ~ 

1000 were achieved, while the corrosion of the surface was visibly reduced. This confirms the 

assumption stated before, that bigger particles (maximum peak at 30 nm compared to 15 for 

R1) create straighter pores, while smaller particles tend to erratic movement. The R1 sample 

with dilution of ¼ then showed only very few straight pores around 20 µm (fig. 30 d). 

These results are a further indication that the concentration and the particle size are important 

parameters for the pore evolution. Especially for Ag it has been observed, that nanoparticles 

tend to orientate in the same direction when sinking into the substrate3. Possible explanations 

for this behaviour in between Ag particles could be i.e. image forces coordinating a collective 

particle movement. These forces are governed by the distance-dependent interactions related 

to the range in between the particles´ centres3,69. Furthermore particles in the vicinity could 

influence each other’s band bending at Ag/Si interface and thus an enhanced carrier transfer 

through the Ag/Si interface can appear3,69,71. It has also been reported that AgNP can show 

higher etching speed than Au since the lateral diffusion of holes is suppressed8. 
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4.2.2 Concentration of etching solution 
 

For the etching with AgNPs mainly the 1:1:1 etching solution was used. In order to slow 

down the etching process, the initial solution was further diluted in 1:1 and 1:2 ratios with DI 

water.  

 
 

 

Figure 32: Comparison for dilution of a) etching solution 1:1:1 (HF, H2O2, EtOH), and 

further diluted b) 1:1 and c) 1:2 with DI water 

 

For the undiluted etching in 1:1:1 solution the cross section of the sample surface shows a 

very rough morphology for the upper 5 – 10 µm. The few straight pores formed underneath 

this layer were rather short (~ 5 – 10 nm) and show two main orientations, together with a big 

amount of twisted, screw-like pores of minor depth. The main orientation was the <100> 

direction and the less abundant one shifted in an angle of ~ 54.7° degrees to this, equivalent to 

the <111> direction. Both observations indicate very strong etching reactions in the beginning 

of the process. The highly porous surface layer may also be a result of erratic particle 

movement due to irregular shape in the beginning. After a while the particles become more 

a b 

c 
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spherical due to the release of silver ions from their surface3,13,14,18 because of the high 

difference in redox potential between H2O2 (E0 = 1.72 V) and Ag (E0 = 0.8 V)14 and start 

forming straight pores. The height of the highly porous surface stays approximately the same 

for the 1:1 dilution, yet the pore orientation beneath it is now nearly exclusively along the 

<100> direction. As can be seen from fig. 32, the pore length is rather uniform. For the 1:2 

dilutions the strongly etched surface region was dramatically reduced to around 2 µm, but the 

pore length declined as well. However, the straight regions of the pores show a high aspect 

ratio of ~ 200.  
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Figure 33: Comparison of average pore depths, pore and aperture diameter for different 

dilution ratios 

 

With adding more water to the etching solution, the pores become straighter and according to 

fig. 33 the etching rate decreases strongly. The pore and aperture diameters also decrease with 

increasing dilution, indicating less oxidation of the surface due to a reduced reactivity and 

thus less diffusion of charge carriers. The dilution with water makes the etching solution (HF 

and H2O2 concentration decreases) less aggressive and thus slows the etching speed, lowering 

the anodic and the cathodic reactions equally59. This should turn the etching more face 

orientated according to crystal directions32,52. The addition of EtOH in return reduces only the 

hole consumption rate on the anode, which in the end reducing the total etch rate as           

well7,23,59. 
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4.2.3 Long-time immersion 
 

Next the pore depth versus immersion time was investigated. Therefore particles were 

synthesized with the R1 solution with 5 min particle formation time and then exposed to the 

1:1:1 etching solution. Images were taken after 1, 5, 10, 30 and 60 min. 

 
 

Figure 34: a) Initial distribution of Ag nanoparticles and pore formation after b) 1, c) 5, 

d) 10, e) 30 and f) 60 min 

a b 

c d 
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Figure 35: Etch depth, pore and aperture widening of Ag nanoparticles versus time 
 

The AgNP showed a highly linear pore evolution behaviour in the long-time immersion. This 

tendency of etching time versus depth was observed by further groups as well3,7,15,19,21,60 and 

can herewith be confirmed. It seems like the supply of etching solution is steady and 

degradations of the particle size due to the lower redox potential are negligible for 1 h since 

particles were visible at the bottom of the pores in the cross-section images. The diameter of 

pores and apertures showed no trends of growth for the first 10 min. After 30 min a doubling 

of aperture diameter is detectable, indicating a progressing attack of the surface. The decrease 

of standard derivation between 30 and 60 min might be an indication of a further surface 

etching with immersion time. With a rather constant pore diameter it can be assumed that no 

considerable nanoporous regions are formed within the pores due to less hole diffusion from 

the etching front. The slight decrease of pore and aperture diameter after 60 min might be 

explained with the SEM investigation being conducted at different regions of the sample and 

the size of particles involved in the etching processes varying quite strongly along the surface. 

Also it seems as if the pores become straighter in deeper regions. An explanation could be that 

the initially non-spherical NPs become more spherical by releasing few surface ions but 

keeping roughly the same diameter with progressing etching18. 

Furthermore Ag possesses a unique catalytic property for the decomposition of H2O2, which 

leads to the formation of different silver oxides AgOx on the particles´ surfaces. This oxide 

has further oxidizing properties, additionally enhancing the etching reactions18. 
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4.3 Platinum particles 
 

For most measurements with the 3 nm PtNP just a slight etching of the surface and no real 

pore evolution was detected. This is in contradiction to the literature, where Pt should have 

the highest catalytic properties for reduction of H2O2 and because of this allow the fastest 

etching4,14,18. However, no useful results were achievable and more tests with probably larger 

particles are needed. Even with higher concentrations the maximum pore depth was only 

about 3.5 µm after 1 h in 1:1:1 etching solution and not a single straight pore was found. 

 

Figure 36: Etching with platinum particles 

Most likely the main problem was the small diameter of the particles of ~ 3 nm. This size is 

close to the resolution limit of the used SEM and it is very hard to detect possible nanopores 

when the particles don´t agglomerate. Small particles also tend to more erratic movements 

than bigger ones6. It has been reported that platinum should form conical pores14 which 

should already be visible because of their geometry after sufficient etching times like 1 h, 

when the etching front further proceeded from the surface. This effect is related to the even 

higher catalytic properties compared to AuNP and AgNP with enhanced hole diffusion, which 

forms a nanoporous layer around pore3,27, resulting in an additional widening and a conical 

shape of the pores. The pores reported in recent papers dealing with PtNP are also much 

rougher and deeper than for AuNP and AgNP4,14. The biggest problem, however, is the 

orientation of the pores. All other groups publishing on Pt-MaCE reported that Pt forms 

nearly exclusively random and helical pores3,14,25,27,32 and strongly attacks the substrate 

surface.  Thus this method is inappropriate for the applications on a membrane anyway. 
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Literature also suggests that Pt particles were observed on bottom of the pores so it shows no 

net consumption and can be considered as stable24,27. An advantage would have been that the 

inhibition of the particle properties due to an artificial coating could be excluded, since the 

particles have been dissolved in pure water. 

 

4.4. Comparison gold, silver, and platinum  
 

The gold particle solutions purchased from Sigma Aldrich seem to have been prepared with 

the same mass of pure gold, meaning that the concentration of particles decreases with r3 

(except for the 150 nm AuNP). But as the data from the investigations on denser particle films 

suggests, a high concentration is very important for the formation of straight pores. Especially 

when they are not spherical and because of agglomeration, the AuNP tend to produce spiral 

pores, which become more irregular and shapes sheer off from the desired dimensions9. 

However, literature also suggests that Au pores show a random growth up to 35 µm with 

increasing resistivity32 which could not be validated because this depth has never been 

reached. Another problem seems to be an inhibited etching most probably due to residues of 

the citrate capping. The coating seems to prevent good contact between the metal particles 

and the Si surface when the etching solution is applied.  

The main problem for the AgNP was the wide size distribution of particle diameters from 

approximately a few nm up to over 200 nm. Furthermore the concentration of particles on the 

substrate was quite high in comparison to the dispersion of AuNP. So it was not really 

possible to determine the etching behaviour of single AgNPs. Another major problem for the 

application of AgNP on a membrane is the evolving, rough surface, most probably occurring 

due to the high particle concentration and non-spherical or nano-scale particles, etching the 

surface in uncontrolled manner. Strangely Ag seems to be the more aggressive oxidant, 

leading to a faster etching process, which appears to be more oriented than AuNP etching, 

although the redox potential and the work function of the AgNP are lower than those of gold 

and the catalytic properties have repeatedly been reported as less strong for Ag14,18,19. The 

high speed and etching depth maybe a consequence of residual NO3
- on the sample surface, 

which additionally is a strong oxidant55. Finally with further diluting the etching solution, and 

thus slowing down the process, very high aspect ratio of around 1000 were achieved. So 

recapitulating Ag seems better suited for the desired applications on membranes than the 
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AuNP. The measurements on the Pt particles showed no useful results, most probably related 

to the very low particle size  

The most interesting question raised after this work is accordingly, how much the straightness 

of the pores is correlated to the particle concentration. In literature this behaviour has often 

been observed, but not really explained3.  

 

4.5 Prospect on processing thin membranes 
 

The main problem for the application of MaCE on the membrane is that whenever straight 

pores were formed, the concentration of particles was so high, that the surface of the substrate 

was severely etched for several µm. Since the membrane is only about 300 nm thick, it would 

be totally destroyed applying the procedures developed in this work. Here, a trade-off 

between particle concentration and morphology of the final structure has to be found. 

Therefore, smaller particles with uniform size distribution have to be manufactured or small 

particles must be sorted out some way in order to drastically limit the etching of surface. For 

thicker substrates, electro-polishing might be a promising method to dissolve the porous, 

upper layer and flatten the surface. So applying an additional sacrificial layer might be useful. 

A further problem is the size distribution of the synthesized silver nanoparticles, which gave 

the most promising pore evolution. With a simple solution reduction as applied in this work it 

is very hard to adjust the particle size as well as their concentration and the growth of the 

particles appeared to take place quite quickly. Another problem will be to order the pores in a 

sufficient way, but promising techniques like electron beam lithography (EBL) or self-

aligning particles are currently being improved. 

Another factor that needs more consideration is the etching solution, where for example a 

softer oxidation agent like Ni(NO3)2 or Fe(NO3)3 22,56 might help to further reduce the electro-

chemical reactions and this way reducing the sinking of the particles and damping erratic 

movements. 

Since different groups report, that in general the doping type - n or p - has no influence on the 

morphology of pores, the results for the n-type 20 – 40 Ωcm substrates were assumed to be 

valid for the 20 – 40 Ωcm p-type membrane substrate as well18. 

According to the measurements in this project, however, silver seems far more suitable for 

MaCE on a membrane than Au. 

  



54 
 

  



55 
 

5. Conclusion 

In general one has to keep in mind, that MaCE is a relatively new field of corrosion sciences. 

This explains the partially controversial results and contradictions stated in the papers. 

Especially the influence of doping types, the right composition of the etching solution and the 

loading of difference in redox potentials to the height of evolving Schottky barriers for charge 

transfer need further investigation. But in the end it has been demonstrated, that creating pores 

with keeping the dimension of the diameter of the particles as pore width is possible. 

For this project microporous silicon has successfully been prepared. Particles of different 

noble metals and sizes have been investigated and their etching behavior on silicon substrates 

was analyzed. Based on the results from these measurements, the process was cultivated until 

high aspect ratios could be achieved, proving that the basic process of creating nano-scale 

pores in Si membranes for bio-sensing can be performed with MaCE. 

My proposal is to continue the process of manufacturing in a clean room in order to provide 

an optimized environment. A major problem was the agglomeration of nanoparticles around 

dirt and dust particles, drastically changing the local particle concentration. 

Another problem to deal with is the ordering of the nanoparticles before etching. With the 

methods proposed in this thesis, the assembly of the particles and later pores is random. 

Recent papers like from the group of Bauer et al.6 however show, that with the help of block 

polymer self-organized templating groups, it is possible to arrange the particles hexagonally 

with a very high periodicity. Furthermore nanosphere lithography21,72, interference 

lithography21 and anodic aluminium oxide8,21,59,73 are currently developed and promising 

methods to arrange the particles in a highly ordered manner. 

In general, certain problems avoiding purposeful etching of straight, high-aspect ratio pores 

have to be investigated, as well. It is still unclear, if the theory of MaCE fits for very small 

NPs with diameters of a few nm, which would be needed for manufacturing membranes for 

DNA strand separation. It is also not understood, in which way the particle concentration has 

an influence on the straightness of pores or how the erratic movement of the particles in the 

substrate occurs. 
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