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Supporting Information 

Supporting Information 1: List of important symbols used in this study 

Symbols Meaning 

{} Concentration of species enclosed within brackets on the surface of the 

cathode or anode. Unit: mol/m
2
 

[ ] Concentration of species enclosed within brackets in the etching solution. 

Unit: mol/m
3
 

t Time. 

Ic Number of holes generated by the cathode per unit time. 

Ia Number of holes consumed by the anode per unit time. 

AAu Area of the Au taking part in the cathodic reaction. 

ASi Area of the Si taking part in the anodic reaction. 

A Area of a single side of the Au film. Equivalent to the projected area of Si 

etching. 

Nc Stoichiometric ratio of number of holes to number of H2O2 molecules in 

the cathodic reaction. 

Na Stoichiometric ratio of number of holes to number of HF molecules in the 

anodic reaction. 

Nh Stoichiometric ratio of holes to Si in the anodic reaction. 

F Faraday’s constant. Equal to 96485 C/mol. 

kc Rate constant for cathodic reaction. 

ka Rate constant for anodic reaction. 

Dc Dissociation constant of HF. 

s Defined as etch range in this study. It is the depth that can be etched into 



Si by a stationary catalyst during MACE. 

H Thickness of the Au catalyst. 

G Geometric parameter. Equal to sAAu/ ASi. 

σ Van der Waals’ forces of attraction per unit area between Si and the 

catalyst. 

C Hamaker’s constant. 

b Width of the Au nanobeam or diameter of holes in the Au film. b = 315nm 

in this study. 

L Length of the Au nanobeam. L = 2μm unless stated otherwise. 

E Young’s modulus. The value for Au used in this study is 600GPa
1
. 

ψ Second moment of area. 

v Etch rate. 

Q Amount of charge carried by a single hole. Equal to 1.6 x 10
-19

/m
3
. 

χ Density of atoms in Si. Equal to 5 x 10
28

 /m
3 2

. 

ρ Density of Au. Equal to 19300 kg/m
3
. 

β Bending stress. 

βc Critical bending stress. 

ε Dielectric constant. 

n Refractive index. 

h0 Planck’s constant. 

k Boltzmann’s constant. 

T Temperature. 

υe Mean absorption frequency (≈3 x 10
15 

Hz)
3
. 



Supporting Information 2: Derivation of expressions for Ic, Ia and s 

 

Assumptions of model: 

1. The production of h
+
 at the cathode is the rate limiting step.  

2. All the h
+
 injected into Si is consumed at the solution/Si interfaces near the Au 

catalyst. This assumption is based on the results reported in reference 6 where the 

authors made the observation that Si etching away from the Au catalyst is minimal for 

MACE conditions such as those employed in this study. 

3. Charge carrier concentration in Si is insignificant compared to cathodic/ anodic 

current. 

4. The cathodic and anodic reactions only occur at an appreciable rate when Au and Si 

make electrical contact i.e. they are not charged entities when separated. 

5. The Au film is rigid (i.e. does not bend) in the y-axis. 

 

Let us start by considering an etching solution with a bulk concentration of [H2O2] and 

[HF] (in mol/m
3
). By making use of the Langmuir isotherm

4
, the surface concentrations (in 

mol/m
2
) of H2O2, {H2O2}, and H

+
, {H

+
}, adsorbed onto the Au surface is  

     221max2222 OHKOHOH    ------------ (S2.1)     

       HKHH 2max  --------- (S2.2)    

where {H2O2}max and {H
+
}max refer to the maximum surface concentrations of H2O2 and H

+
 

that can be adsorbed onto the Au surface at a particular temperature respectively. K1 and K2 

are constants and it has been assumed that K1 [H2O2] << 1 and K2 [H
+
] << 1 so that we arrive 

at eq. (S2.1) and eq. (S2.2). Note that [H
+
] can also be expressed in terms of [HF] with the 

following relation 

   2

1

HFDH c
 ------------ (S2.3)     



where Dc refers to the dissociation constant of HF.  

The rate equation for the cathodic reaction can be given as
5
 

 
   qm

HOHk
dt

OHd  22
22   --------------- (S2.4)               

where k is the rate constant, t is time and m and q are constants. By making use of the 

expressions in eq. (S2.1) – (2.3), eq. (S2.4) can be re-written as 

 
   nm

c HFOHk
dt

OHd
22

22   -------------- (S2.5)    

where kc is a constant and kc = k(K1)
m

(K2)
2n

(Dc)
n
({H2O2}max)

m
({H

+
}max)

2n
. Note that n = q/2 

for the simplification of the notations for eq. (1) in the main text.  

From the stoichiometric relation between H2O2 and h
+
 in the cathodic reaction shown 

in the main text, the cathodic current Ic can therefore be calculated as 

 
   nm

ccAucAuc HFOHFkNA
dt

OHd
FNAI 22

22 







  --------- (S2.6)  

where AAu is the surface area of the gold-solution interface, Nc is the number of moles of 

holes produced from one mole of H2O2 consumed and F is the Faraday’s constant (≈ 96485 

C/mol). Note that Nc = 2. 

Going through the same analysis for the anode, we will obtain 

 
 p

a HFk
dt

HFd
  --------- (S2.7)     

 p

aaSia HFFkNAI   --------- (S2.8)     

where ka and p are constants, ASi is the surface area of the silicon anode involved in the 

anodic reaction, Na is the ratio of the number of moles of holes to the number of moles of HF 

consumed, which, according to the anodic reaction shown in the main text, is ½. Since Ic = Ia 

in the steady state, 
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 22  --------- (S2.9)   

where 

sA

A
G

Si

Au

/
  --------- (S2.10)      

s is the etch range of a static Au catalyst and G is the geometric parameter. With respect to 

Figure S1 and considering a single slice of the Au nanobeam of length dx (x-axis extends out 

of the page), it can be seen that for a given location under the Au catalyst, ASi = 2sdx 

(assuming that the anodic reaction takes place predominantly in the region of Si immediately 

adjacent to the Au catalyst) and AAu = (b + 2y) dx. Since t << b, the contribution of t to AAu is 

not taken into account here. 

 

Figure S1: Schematic diagram showing MACE in process. Red arrows indicate the flow of h
+
 

from Au to Si. 

 

Substituting ASi and AAu into eq. (S2.10) and (S2.9), it can be observed that s will vary 

with y as AAu is a function of y. To simplify the model and subsequent calculations, we use an 

average AAu which can be calculated in the following way: 

dx
b

dyA
b

b

Au
2

3

2/

1
2

0
 --------- (S2.11)     

By using the average value of AAu shown in eq. (S2.11), we can obtain an average value for s 

from eq. (S2.9) which is independent of y. The use of average values of AAu and s in 



subsequent calculations is not expected to introduce any significant error when we consider 

that the actual etching of Si during MACE is much more disorderly than that depicted in 

Figure S1. This is because the porous Si that forms underneath the metal catalyst as a result 

of this disorderly etching will have a roughness and thickness greater than the variation of s 

with y predicted by this model (~4nm or less)
6
. Therefore, any deviation between the 

predictions of this model and actual results is expected to be caused more by a lack of 

consideration for the formation of porous Si than the use of an average values for AAu and s.  

However, because the modelling for the formation of porous Si can be extremely 

involved, we will only focus on it in our future work. For now, the current model will suffice 

by providing a first order approximation of the relationship between s, [H2O2] and [HF]. 

Evaluating eq. (S2.10), we will obtain G = 3b/4 for the Au nanobeams in eq. (S2.9) which 

can be also be expressed in the logarithmic form shown in eq. (3) in the main text. 

 



Supporting Information 3: Computation of Hamaker constant, C 

The Hamaker constant, C, in eq. (4) in the main text can be computed in the following 

way
3
: 

  solSisolAu CCCCC   --------- (S3.1)    

where 

19104 AuC  
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--------- (S3.3)   

k is the Boltzmann constant, T refers to the temperature (≈300K), h0 refers to the Planck 

constant, υe refers to the mean absorption frequency (≈3 x 10
15 

Hz
3
), ε and n refer to the 

dielectric constant and refractive index of the material indicated in the subscript. The 

subscripts Au, Si, sol and 0 refer to gold, silicon, etching solution (the optical properties of 

which can be approximated to be that of water
7
) and vacuum respectively. The values of the 

electromagnetic properties used for the various materials are summarized in Table S1. For Si-

Au adhesion, C is found to be 2.76 x 10
-19

 J whereas for SiO2-Au adhesion, it is 2.54 x 10
-20 

J. 

 

 
ε n C(10

-19
J) 

Si 11.7
8
 3.4

9
 6.69 

SiO2 4.5
10

 1.5
11

 0.62 

Sol 83.3
7
 1.33

12
 0.37 

0 1 1 - 

Table S1: Summary of the optical values used and corresponding Hamaker constant obtained 

for each material.  



Supporting Information 4: Derivation of expression for v 

To etch a single Si atom, QNh amount of charges are required. Q refers to the charge 

an electron or hole carries (=1.6 x 10
-19

C) while Nh refers to the number of holes required to 

etch one Si atom which according to reaction (2) in the main text, is 3. Since the etch rate, v, 

can give the number of Si atoms etched per unit time over a unit area, v can be related to Ic 

(=Ia) with the following expression: 

hc QNAvI   --------- (S4.1)      

where A refers to the projected area over which the etching is taking place and χ refers to the 

density of Si atoms (=5 x 10
28

 /m
3
). Note that Avχ gives the number of Si atoms removed per 

unit time. Combining eq. (S4.1) with eq. (S2.6), we have 

   nm

c

h

cAu HFOHk
QN

FN

A

A
v 22


 --------- (S4.2)    

which can be expressed in the logarithmic form shown in eq.(7) in the main text. 

 

Derivation of v for MACE using a metal film patterned with a square array of square holes 

 

Figure S2: Schematic diagram showing the top view of a square array of square holes in a 

gold film. 

Consider an Au film with a square array of square holes having a period of 2b and 

feature size b (Figure S2). When placed in the etching solution, the Si underneath the Au will 



be removed, leaving nanopillars with cross-sectional areas of b x b. During the etching 

process, the area of the Au film varies from 3b
2
 to 6b

2
 for each periodic feature as more and 

more of the underside of the Au film is exposed following the etching of Si. Substituting AAu 

= 2b
2 

+ (b+2y)
2
 in eq. (S2.11), we obtain an average value of 13b

2
/3 for AAu in this case. Also, 

A = (2b)
2 

- b
2 

= 3b
2
. Therefore, for an Au film with a square array of square holes of width b 

and period 2b, AAu/A = 13/9. 

 

 



Supporting Information 5: Dependence of calculated σ with respect to estimation of L 

From eq. (5) in the main text, the first order derivative of σ with respect to L can be 

written as  

 32

148

xLxb

zE

dL

d







 -------- (S5.1)     

From eq.(S6.1), it can be seen that for x  0 or x  L, dσ/dL  ∞. In contrast, for x = L/2, 

dσ/dL has a finite value. This shows that the estimation of σ is significantly more sensitive to 

the estimation of L for points near the ends of the beam as compared to the center of the beam. 

Typically, for the samples in this study, 1% error in estimating L will bring about 3% or less 

error in estimating σ based on deflections in the center of the beam.  
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