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Figure S1. Wet etch rates of SiO2 and Si3N4 samples used in the experiment and their etch 

selectivities by etching in a HF solution (HF:deionized water = 1:100, RT). 

Figure S1 shows the etch rates of Si3N4 and SiO2 used in this experiment with 1 % HF 

solution and, as shown in Figure S1, the etch rate of SiO2 was ~ 30 nm/min and the etch 

selectivity of SiO2 over Si3N4 was ~ 50.  

 

  



 

Figure S2. EPCs as a function of the partial pressure ratio between NF3/H2 and methanol for 

different ratios of NF3 : H2; (a) only NF3 plasma, (b) NF3 : H2 ratio of 3 : 1, (c) NF3 : H2 ratio 

of 1 : 1, and (d) only H2 plasma. Other process conditions are the same as those in Figure 2(b). 

 

Figure S2 shows EPCs as a function of the partial pressure ratio between NF3/H2 and 

methanol for different ratios of NF3:H2. As shown in Figure S2(a), for NF3 only, 200 nm thick 

SiO2 and 50 nm thick Si3N4 and Si were etched away within one cycle when the ratio of 

NF3:methanol was lower than 5:1, however, when the ratio of NF3:methanol was higher, no 

etching was observed. Similar results were obtained for the NF3-rich conditions such as NF3:H2 

= 3:1 as shown in Figure S2(b). However, for the conditions of NF3:H2 = 1:1, the EPC was the 

highest when both NF3/H2 and methanol were abundant as shown in Figure S2(c). For the H2 

rich conditions, only silicon was etched as shown in Figure S2(d).  

  



 

Figure S3. OES spectra in plasma region measured as a function of (a) NF3 : H2 gas ratio and 

(b) NF3/H2 : methanol ratio for the conditions in Figure 2(a) and (b), respectively. 

Figure S3 shows the raw OES data in plasma region after the removal of backgrounds 

measured as a function of (a) NF3:H2 gas ratio and (b) NF3/H2:methanol ratio for Figure 4(a) 

and (b), respectively. For Ar actinometry, small Ar was added in the plasma and the Ar peaks 

could be measured at 750.4 nm and 811.5 nm. [1-6] Methanol related peaks were observed; 

OH peak at 309 nm [2,7], CO peaks at 297.7, 451, 483.5, 519.8, 559, 607 nm, etc. [4,8-10], 

NH peak at 336 nm, and CN peaks at 357, 388 nm. [4,6,8,9,11] N2 peak was observed in the 

region of 300-400 nm, [4-8,11] H peaks at 434, 486, 656 nm, and F peaks at 677, 685.6, 703.7, 

712.8 nm. [2-5,7] For Ar actinometry, Ar peak at 750 nm was used with H peak at 656 nm, F 

peak at 703.7 nm, NH at 336 nm, CN/CH at 388 nm, and CO at 519 nm. 

  



 

Figure S4. RGA spectra in main chamber region for different NF3 : H2 gas ratios; (a) species 

according to amu, (b) only NF3 condition, (c) 5 : 1 condition, (d) 3 : 1 condition, (e) 1 : 1 

condition, (f) 1 : 3 condition, (g) 1 : 5 condition, and (h) only H2 condition. 

 

Figure S4 shows RGA spectra in main chamber region for different NF3 : H2 gas ratios. 

Atomic species such as H and F which could be observed by OES in the plasma region were 

not observed in the process chamber region possibly due to recombination. Also, possibly due 

to the ionization in the RGA, dissociated species such as CH2OH, NF2 representing CH3OH, 

NF3 were observed.  



 

Figure S5. RGA spectra in main chamber region for different NF3/H2 : methanol ratios; (a) 

only plasma condition, (b) 5 : 1 condition, (c) 3 : 1 condition, (d) 1 : 1 condition, (e) 1 : 3 

condition, and (f) 1 : 5 condition. 

 

Figure S5 shows RGA spectra in main chamber region for different NF3/H2 : methanol ratios.  

  



 

Figure S6. Wide scan XPS data on the surfaces of (a) SiO2 and (b) Si3N4 for each process step 

of cyclic etching under optimized conditions in Figure 3. 

Figure S6 shows the wide scan XPS data for results in Figure 8. As shown in Figure S6(a), 

on the SiO2 surface, after the reaction step, F and N peaks were emerged and, after the removal 

step, those peaks were removed in addition to the increase of O peak. In the case of Si3N4, as 

shown in Figure S6(b), the change of F after each process step similar to that on SiO2 surface 

was observed on the Si3N4 surface. [12-15] 

  



 

Figure S7. surface characteristics of poly Si measured by XPS and FTIR for each process step 

of cyclic etching under optimized conditions in Figure 3; (a) XPS wide scan data, (b) surface 

atomic percentages from (a), and (c) FTIR data. 

Figure S7 shows surface characteristics of poly Si measured by XPS and FTIR for each 

process step of cyclic etching under optimized conditions in Figure 3. As shown in XPS results 

in Figure S7(a) and (b), the increase of N, O, and F peaks was observed after the reaction step, 

and, after the removal step, the decrease of N and F peaks was observed but with the increase 

of O peak possibly due to the oxidation of poly-silicon surface. The FTIR results in Figure 

S7(c) also showed the slight increase of N-H bonding after the reaction step.    
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