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 Derivation of the effective minimum thickness of the resist for the multiscale simulation 
 
The initial amorphous MD unit cell size in this sub-10 nm PEB simulation study should be carefully determined 

considering two aspects: 1) acid and base diffusion and 2) polymer chain morphology.  

In terms of the acid & base diffusion in FDM simulation, the minimum cell size only for the acid diffusion length 

is highly expected to be negligible because the periodic boundary conditions in all directions (x, y, and z) were 

applied to the FDM unit cell, which the acid/quencher diffusion was not blocked at all edges of the domain. 

Namely, the cell dimension did not interrupt the dispersion of acid and quencher across the photoresist. 

However, in terms of polymer morphology at the line edge, it is important to produce a proper edge surface that 

fully contains the interfacial roughness feature of the resulting pattern of the MD simulation. We performed a fast 

Fourier transform (FFT) analysis to confirm the effective minimum thickness of the unit cell to reflect the 

roughness feature of the resulting polymer morphology 1. The interfacial surface height on the sidewall was 

disassembled into a series of periodic functions, according to eq. S1.  

 
 
                                            

(S1) 
 

where 𝛤ሺ𝑓௬, 𝑓௭ሻ is a complex Fourier coefficient for periodic function having the frequencies in y- and z-direction 

(𝑓௬=0, …, 𝑁௬ െ 1 and 𝑓௭=0, …, 𝑁௭ െ 1). 𝑁௬ and 𝑁௭ are the number of data points extracted from the edge 

surface of pattern in MD simulation result according to y- and z-axes, respectively. 𝑥ሺ𝑦, 𝑧ሻ is the height of edge 

surface (two-dimensional matrix component) at y- and z grid for y = 0, …, 𝑁௬ െ 1 and z = 0, …, 𝑁௭ െ 1. The 

amplitudes (ห𝜞ሺ𝒇
𝒚

, 𝒇
𝒛
ሻห/𝑁௬𝑁௭) for each frequency component are plotted in Fig. S2.  

As shown in Fig. S2, most of the amplitude peaks are located within the yellow dashed line (dominant frequency 

range, y-dir.: 0-0.33 nm-1, z-dir.: 0-0.29 nm-1), which means minimum space ranges are 3.03 nm (= 1/0.33) and 

3.45 nm (= 1/0.29) for y- and z-direction, respectively. Most of the roughness features on the line edge can be 

described by periodic functions having the minimum wavelengths of 3.03 nm (y-dir.) and 3.45 nm (z-dir.).  Based 

on this result, the length in the y-direction of 3.19 nm of the unit cell in this study meets the effective minimum 

length for the y-direction (3.03 nm). 
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 Derivation of the initial normalized quencher concentration (𝑸) 
 

As we quantified the normalized local acid concentration (𝐴) in our previous study 2, the normalized local 

quencher concentration (𝑄) should be determined for neutralization simulation in FDM. The non-bonded 

interaction energy (𝐸௧ሺ𝑟ሻ) between the triflate anion and TOA was obtained by molecular mechanics 

(MM) simulation using 

𝐸௧ሺ𝑟ሻ ൌ 𝐸,ሺ𝑟ሻ െ 𝐸௧௧,ሺ𝑟ሻ െ 𝐸்ை,ሺ𝑟ሻ                 (S2) 

Here, 𝐸,ሺ𝑟ሻ is the minimized energy of the total system, 𝐸௧௧,ሺ𝑟ሻ and 𝐸்ை,ሺ𝑟ሻ are the 

energies of the triflate anion and TOA, respectively. Fig. S4 shows the interaction energy fitted by the 9–

6 LJ form  

𝐸௧,ሺ𝑟ሻ ൌ 𝜀ሾ2ሺ𝑟/𝑟ሻଽ െ 3ሺ𝑟/𝑟ሻሿ                        (S3) 

where r0 (3.20 Å) is the distance corresponding to the lowest energy (െ𝜀 = -2.10 kcal/mol). Fig. S4 shows 

the interaction energy obtained from the MM simulation and the fitted LJ potential. We calculated the 

existence probability of the quencher by adopting a Boltzmann factor, and the probability was normalized 

by that of the lowest nonbonded interaction energy (െ𝜀): 

𝑄ሺ𝑟ሻ ൌ ൝
షሺಶ,ಽሺೝሻ ೖಳ⁄ ሻ

షሺషഄ ೖಳ⁄ ሻ ,      𝑟  3.20Å

1,                                𝑟  3.20Å
              

(S4) 

Here, 𝑘 is the Boltzmann constant and T is temperature (K). The calculated probabilities of the acid 

and quencher were applied to 𝐴 and 𝑄 in eqs. (1) and (2) as the initial normalized concentration of each 

species at the nodal point. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 Diffusion of acid and quencher within the PR matrix in PEB procedure 
 

After quenching in the first step, the remaining concentrations of the acid and quencher at each node 

became the present state values (𝐴ത,,
௧  and 𝑄ഥ,,

௧ ) at time t. By substituting 𝐴ത,,
௧  and 𝑄ഥ,,

௧  for 𝐴,,
௧  

and 𝑄,,
௧ , and removing the last term that was already implemented in the first step for quenching, we 

can rewrite eqs. (1) and (2) as follows:  

𝐴,,
௧ା∆௧ ൌ 𝐴ത,,

௧  𝐷∆𝑡 ൬
തశభ,ೕ,ೖ
 ିଶത,ೕ,ೖ

 ାതషభ,ೕ,ೖ


ሺ∆௫ሻమ
                   

                       
ത,ೕశభ,ೖ
 ିଶത,ೕ,ೖ

 ାത,ೕషభ,ೖ


ሺ∆௬ሻమ


ത,ೕ,ೖశభ
 ିଶത,ೕ,ೖ

 ାത,ೕ,ೖషభ


ሺ∆௭ሻమ
൰                        (S5) 

𝑄,,
௧ା∆௧ ൌ 𝑄ഥ,,

௧  𝐷ொ∆𝑡 ൬
ொഥశభ,ೕ,ೖ
 ିଶொഥ,ೕ,ೖ

 ାொഥషభ,ೕ,ೖ


ሺ∆௫ሻమ
  


ொഥ,ೕశభ,ೖ
 ିଶொഥ,ೕ,ೖ

 ାொഥ,ೕషభ,ೖ


ሺ∆௬ሻమ


ொഥ,ೕ,ೖశభ
 ିଶொഥ,ೕ,ೖ

 ାொഥ,ೕ,ೖషభ


ሺ∆௭ሻమ
൰                       (S6) 

 

 

 Calculation of protection ratio of the tBOCSt group and the polymer chain 

Fig. S5 shows the FDM model, including the tBOCSt group geometry information and its deprotection 

variation as the PEB time elapsed. From the change in acid concentration over time calculated above eq. 

S5 (𝐴,,
௧ ), the deprotection level of the tBOCSt group as a function of time (𝑅௧ ) is derived to determine 

the time evolution of the solubility of each PR polymer chain. Based on the FTCS methods, eq. (3) can 

be expressed as follows:  

                          𝑅௧ା∆௧ ൌ 𝑅௧ െ 𝑘𝐴,
௧ 𝑅௧ ∆𝑡                              

(S7) 

𝐴,
௧  represents the normalized local acid concentration of the exact location of the mth tBOCSt group 

at time t, which is obtained by trilinear interpolation of the time-evolutional acid concentration data (𝐴,,
௧ ) 

of the eight neighboring nodes.  

Acid attacks the surrounding protected pendant groups or is vanished by neutralization with a quencher. 

The solubility of the PR polymer chain is switched from a hydrophobic to a hydrophilic state as the 

deprotection of its pendant groups progresses. From the time evolutional change of the protection ratio of 

each pendant group, the entire protection ratio of the nth polymer chain over time (𝑅,
௧ ) was derived 

as follows:  

                           𝑅,
௧ ൌ ൫∑ 𝑅௧

ேು
ୀଵ ൯ ሺ𝑁 𝑁ሻൗ                          (S8) 

where 𝑁 and 𝑁 represent the number of initial tBOCSt groups (𝑁 = 12) and HOSt groups (𝑁 = 

15) in a polymer chain, respectively. 𝑅௧  indicates the protection ratio of the mth tBOCSt group of the 

corresponding polymer chain at the time t (derived from eq. S7). According to the calculated protection 

ratio of each PR polymer chain above (𝑅,
௧ ), a polymer chain with a protection ratio less than the 



 

 

conversion threshold (0.2) 4 was determined as a dissoluble polymer chain (solubility switch: hydrophobic 

 hydrophilic).  

 Supplementary Figures 

 
Fig. S1 PAG dissociation energy curve from DFT calculation referred from Kim. et al.’s research 2. Rso represents 
a distance from the oxygen atom (red in the inset) of PAG anion to the sulfur atom (yellow in the inset) of PAG 
cation. 

 
 
 
 
 
 

 
Fig. S2. Amplitude of  interfacial surface height  (x) along  the  in-plane directional  (y and z)  frequencies of  the 
pattern edge. 



 

 

 

 
Fig.  S3  Deprotection  reaction  between  tBOCSt  group  of  poly(hydroxystyrene-co-[tert-butoxycarbonyl] 
oxystyrene) and triflic acid (CF₃SO₃H) 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. S4 Plot of the non-bonded interaction energy between the detached triflate anion and the TOA (r: distance 
between the oxygen of the detached triflate anion and the nitrogen of the TOA).   



 

 

Fig. S5 Schematics of our FDM model. A FDM element (𝒅𝒙: 0.18 nm;  𝒅𝒚: 0.21 nm;  𝒅𝒛: 0.16 nm) is defined by 
8  nodes  which  have  acid  and  quencher  concentration  (small  black  circle,  𝒏𝒊,𝒋,𝒌 ൌ ሺ𝑨𝒊,𝒋,𝒌

𝒕 ,𝑸𝒊,𝒋,𝒌
𝒕 ሻሻ .  Initial 

acid/quencher concentration of each node (t = 0) and the geometry data of the tBOCSt group (triangle) were 
obtained from the molecular dynamics simulation. The color change of each triangle from left (t) to right side 
(t+α) represents the progress of deprotection reaction as PEB time elapsed, which is affected by the normalized 
acid  concentration  (𝑨𝒊,𝒋,𝒌

𝒕  ) of neighboring 8 nodes.  𝒑 ,  𝒒 ,  and    𝒓   represent  the  x,  y,  and  z position of  the 
corresponding tBOCSt group in the FDM element, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S6 Acid diffusion-coupled deprotection over PEB time in a FDM unit cell. (a) 2-component system and (b) 3-
component system (TOA 1.5 wt %).   



 

 

 
Fig. S7 Probability density of deprotection rate of tBOCSt groups  in the exposed region; 2- and 3-component 
system (TOA 1.5 wt. %). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 Supplementary Table 
 

Table S1. FDM simulation error (%) obtained from the calculated acid concentration in the exposed region at 
different PEB time with different time steps. 

Time step (ms) Error (%) at 0.3s Error (%) at 0.6s Error (%) at 1.2s 

0.05 - - - 
0.1* 0.0055 0.0022 0.0008 
0.2 0.0166 0.0065 0.0025 
0.4 0.0389 0.0152 0.0057 
0.6 divergence divergence divergence 

0.75 divergence divergence divergence 
 * Time step used in this study. 
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