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 12 

The influence of H2 dilution on CF4-plasma etching of Si0.7Ge0.3 on Si(001) and Si on 13 

Si0.7Ge0.3/Si(001) was investigated. Selective etching of Si0.7Ge0.3 with respect to Si was 14 

achieved without H2 dilution, with the selectivity ratio of approximately 5.0. As the 15 

H2 dilution ratio increased, the etch rate of Si0.7Ge0.3 decreased monotonically, while that of 16 

Si remains nearly unchanged up to 5% H2 dilution and the etch rate decreased by further H2 17 

dilution. With an increase in the H2 dilution, fluorocarbon deposition on Si0.7Ge0.3 and Si 18 

surface increased, resulting in suppression of surface roughening. Note that, the selectivity 19 

ratio of approximately 3.5 with keeping a surface flatness was achieved with 5% H2 dilution. 20 

Furthermore, fluorocarbon passivation was more prominent on Si than Si0.7Ge0.3. We 21 

demonstrated lateral selective etching of Si0.7Ge0.3 by etching of the <110>-oriented 22 

sidewalls of Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked layers. These results are applicable to Si-23 

nanosheet fabrication for gate-all-around field-effect transistors.  24 

 25 

 26 

 27 

 28 

 29 

 30 
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1. Introduction 1 

Nowadays, gate-all-around field-effect transistors (GAAFETs) are center to the 2 

aggressive scaling of silicon complementary metal-oxide-semiconductor (CMOS) 3 

technology, in line with Moore’s Law, and replacing FinFETs1-3). GAAFETs enable device 4 

operation with excellent switching characteristics by incorporating multilayer Si-nanosheets 5 

(Si-NSs) as the channel in a three-dimensional array, which realize effective current 6 

controllability through GAA structures. Therefore, from the perspectives of integration and 7 

low power consumption, GAAFETs play a pivotal role in enabling high-performance 8 

artificial intelligence accelerators. In other words, the GAAFETs are key features in next-9 

generation chips and promise substantial improvements in power efficiency and processing 10 

speeds.4-5) One of the key processes in forming Si-NSs for GAAFETs is the epitaxial growth 11 

of SiGe/Si layer stacks and the selective etching of the SiGe layers. Recently, there have 12 

been many reports all over the world as conventional methods for selective etching of SiGe 13 

with respect to Si, which mainly include wet etching,6-11) HCl vapor phase etching,12-19) and 14 

dry etching.20-23) It should be noted that by precise control of the H2 dilution ratio in H2/CF4, 15 

SiGe and Ge selective dry etching with respect to Si can be realized.24-26) Although these 16 

studies provide systematic investigations of dry etching for blanket SiGe or Ge films, 17 

fabricating Si-NS devices with reasonable yield from SiGe/Si stacked structures requires 18 

precisely controlled lateral selective etching of SiGe from vertically patterned stacks. After 19 

the lateral SiGe etching, atomically flat top and bottom Si surfaces are required. Therefore, 20 

understanding the surface reactions involved in dry etching is essential for developing 21 

etching processes with atomic-level precision.  22 

In this work, we investigate dry etching processes of epitaxially grown SiGe(001) and 23 

Si(001) surfaces using a CF4 and evaluate influence of H2 dilution of a plasma on the 24 

selectivity and surface roughness. Furthermore, the selective etching of SiGe in lateral <110> 25 

direction is tested for a Si-NS application using the CF4 diluted with H2 plasma.  26 

 27 

2. Experimental methods 28 

Selective dry etching of SiGe is carried out using H2-diluted CF4 plasma. To investigate 29 

the surface reactions involved in selective SiGe etching and to evaluate lateral selectivity, 30 

SiGe layers and Si/SiGe stacked layers were fabricated using conventional reduced-pressure 31 

chemical vapor deposition (RP-CVD) with a H2–SiH4–GeH4 gas mixture.27) After wet 32 

chemical cleaning steps, a 500 nm-thick SiGe layer with a Ge content of 30% was epitaxially 33 

grown at 600°C on the n-Si(001) substrate. We also fabricated a 500 nm-thick Si layer with 34 
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buried Si0.7Ge0.3 marker layer on the n-Si(001) using the H2–SiH4 and H2–SiH4–GeH4 gas 1 

system, respectively. To prevent plastic relaxation of the Si0.7Ge0.3 marker, the first 50 nm of 2 

Si cap was deposited at 600ºC, followed by the growth of 450 nm-thick Si layers at 700ºC. 3 

After that, dry etching using H2 diluted CF4 plasma was performed, where the total gas flow 4 

rate and pressure were kept constant at 100 sccm and 2.0 Pa, respectively. The H2 dilution 5 

ratio was varied from 0% to 15%. The dry etching reactor used in this work is shown in Fig. 6 

1. Process gases are introduced into the reactor through a shower head. The top- and bottom-7 

electrode frequencies were set at 100 MHz and 2 MHz, respectively. Here, input power to 8 

the top electrode for the plasma discharge was kept constant at 100 W without any power 9 

was applied to the bottom electrode. The substrate was placed on the bottom electrode. To 10 

avoid heating the sample during the etching process, substrate temperature was maintained 11 

at 20ºC by a back-side cooling with He. The layer thickness after each etching step was 12 

evaluated using in-situ spectroscopic ellipsometry (SE). Surface morphology and root-mean-13 

square (RMS) roughness were characterized by atomic force microscopy (AFM) in the 14 

tapping mode. In addition, X-ray photoelectron spectroscopy (XPS) was performed to 15 

evaluate chemical bonding features at a take-off angle of 30º. Here, a monochromatized Al-16 

Kα line with a photon energy of 1486.6 eV was used as the X-ray source, where the spot size 17 

was 500 m. For a Si-NS fabrication, lateral etching using H2-diluted CF4 plasma was 18 

performed from Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked layers. In this experiment, 50 nm-19 

Si0.7Ge0.3/50 nm-Si/50 nm-Si0.7Ge0.3 layer stacks with 0.1 mm line and space photoresist 20 

patterns are used. After that, Si0.7Ge0.3/Si/Si0.7Ge0.3 line-patterns were formed by vertical 21 

etching with the 13% H2 diluted CF4 plasma under substrate bias application at 200 W. 22 

Subsequently, lateral etching was carried out using the 5% and 10% H2 diluted CF4 plasma 23 

without bias application in the same chamber, where etching times were set at 10 min and 24 

20 min. Before and after etching, the structures of the Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked layer 25 

were evaluated by scanning electron microscopy (SEM).  26 

 27 

3. Results and discussion 28 

Figure 2 shows the etch rates of Si0.7Ge0.3 and Si, as evaluated from in-situ SE 29 

measurements, as a function of the H2 dilution ratio. When the samples were exposed to CF4 30 

plasma without H2 dilution, the etch rates of Si0.7Ge0.3 and Si layer were approximately 0.3 31 

nm/s and 0.06 nm/s, respectively, in which selectivity was 5.0. Considering that the binding 32 

energies of Si–Ge (3.12 eV) and Ge–Ge (2.84 eV) bonds are lower than that of Si–Si bonds 33 

(3.25 eV),28) this result suggests that F radicals preferentially cleave Si–Ge and Ge–Ge bonds 34 
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over Si–Si bonds. However, the Si-rich layer was hardly detected at the etch front of the 1 

Si0.7Ge0.3 surface by XPS analysis (not shown). This indicates that surface Si atoms are also 2 

etched simultaneously because the bonds between the surface Si atoms and the underlying 3 

substrate are weakened due to the preferential removal of Ge atoms via Si–Ge/Ge–Ge bond 4 

etching. The etch rate of Si0.7Ge0.3 decreases with increasing H2 dilution, and etching is 5 

barely detectable at dilution ratios of 13% or higher. As discussed in ref. 29, F radicals 6 

decrease exponentially with an increase of the H2-dilution ratio. Therefore, this result can be 7 

interpreted as a decrease in the probability of etching due to the exponential decrease in F 8 

radicals with the addition of H2. On the other hand, the etch rate of Si is almost unchanged 9 

up to 5% of the H2 dilution ratio. With an increase in the H2 dilution ratio, the etch rate 10 

gradually decreased. As discussed in ref. 30, selective etching of Si over SiGe can be 11 

achieved by irradiation with hydrogen plasma, since hydrogen combines with Si more easily 12 

than with Ge. Therefore, hydrogen might have contributed slightly to the etching of Si by 13 

enhancing the F-radical-induced breaking of Si-Si bonds. Although the total amount of CF4 14 

gas decreased with the introduction of H2, the reduction in the etch rate of Si was slower 15 

than that of Si0.7Ge0.3. By further increasing the H2-dilution ratio to 13%, the etching of Si 16 

was still confirmed, while the etching of Si0.7Ge0.3 was hardly detected. Further detailed 17 

discussion and research are needed to understand the phenomenon at the H2-dilution ratio 18 

over 13%. As a result, the etching ratio of the Si0.7Ge0.3/Si decreases with increasing H2 19 

dilution ratio, although Si0.7Ge0.3 is etched more selectively than Si in the range of H2-20 

dilution ratio from 0% to 10%. 21 

To evaluate the influence of the H2 dilution on the surface morphology of Si0.7Ge0.3 and 22 

Si, we measured topographic images using an AFM. As shown in Fig. 3, the Si0.7Ge0.3 and 23 

the Si surfaces before dry etching were smooth with RMS roughness of approximately 0.12 24 

nm, and 0.11 nm, respectively. However, after dry etching using the CF4 plasma without H2 25 

dilution, the RMS roughness increased to approximately 0.81 nm for Si0.7Ge0.3, and 0.66 nm 26 

for Si. It is interesting to note that, after etching using the H2 diluted CF4 plasma at dilution 27 

ratio of 5% and 10%, the RMS roughness of both Si0.7Ge0.3, and Si surfaces decreased to 28 

approximately 0.30 nm, as summarized in Fig. 4, which indicates uniform etching with 29 

suppressed surface roughness is achieved by introducing the H2 gas. This result might be 30 

attributable to the fact that the decrease in F radicals may have increased the amount of 31 

deposited fluorocarbon, which acted as a protective layer and suppressed surface reactions. 32 

Note that we also confirmed that there was no significant change in the surface RMS 33 

roughness of the samples before and after wet cleaning steps to remove a surface 34 
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fluorocarbon (not shown). 1 

To clarify the difference in chemical bonding features of the surface after the CF4 plasma 2 

etching with and without H2 dilution, C 1s core-line spectra were measured as shown in Fig. 3 

5. Note that the peak intensities were normalized by the Si 2p metallic spectrum based on 4 

the Ge content of Si and Si0.7Ge0.3 layers, and binding energies were calibrated by the C 1s 5 

spectrum. For the as-deposited samples and those taken after etching with CF4 plasma, 6 

signals in the range from 286 eV to 295 eV were hardly detected, although signals due to 7 

absorption of hydrocarbon were observed at 285 eV. When the samples were etched using 8 

CF4 plasma diluted with H2 at 5%, signals attributed to the Cx–Fy bonds31-32) were observed, 9 

which indicated that fluorocarbon was deposited on the sample surface. The peak intensities 10 

of fluorocarbon increase with increasing H2 dilution ratio. This result can be interpreted in 11 

terms of an increase in the amount of fluorocarbon with an increase in the H2 dilution ratio. 12 

As summarized in Fig. 6, the integrated signal intensities corresponding to Cx–Fy bonds 13 

exhibit an exponentially increase. According to ref. 29, the concentration of F radicals 14 

decreases exponentially with an increase in H2 dilution. Therefore, this result can be 15 

reasonably attributed to the similar underlying mechanisms as those reported in previous 16 

research work. Therefore, these results suggest that, at the H2 dilution ratio over 13%, 17 

fluorocarbon deposition becomes a rate-limiting factor for etching. It should be noted that 18 

the integrated signal intensity of the fluorocarbon on the Si surface is larger than that on the 19 

Si0.7Ge0.3 surface. This result implies that the amount of deposited fluorocarbon on the Si 20 

surface is more than the Si0.7Ge0.3 surface because, from considering to thermal equilibrium 21 

conditions,25) Si–C phases are more stable than Ge–C phases. In addition, it can also be seen 22 

that there are mainly four components in the C 1s spectra, except for the signal from the 23 

substrate, which is originating from C–CF2, CF, CF2, and CF3 bonds.25,31,32) 24 

Based on these results, the surface reaction of Si0.7Ge0.3 and Si, and the impact of H2 25 

dilution, can be interpreted under different conditions depending on the dilution ratio as 26 

follows: Without any H2 dilution, the CF4-plasma etching of Si0.7Ge0.3 is more pronounced 27 

than that of Si because the Si–Ge and Ge–Ge bonds have lower binding energy than the Si–28 

Si bonds. With an increase in the dilution ratio to 5%, the etch rate of Si0.7Ge0.3 is still higher 29 

than that of Si. Here, the etching of Si0.7Ge0.3 and Si by F radicals decreases since F combines 30 

with H to form HF and the amount of F radicals decreases by H2 introduction. Therefore, the 31 

etch rate of Si0.7Ge0.3 reduced. However, the etch rate of Si is almost unchanged due to the 32 

assistance of hydrogen. On the other hand, a reduction of F radicals causes an increase in the 33 

deposited fluorocarbon. Namely, in addition to the reduction of F radicals, passivation by 34 

Page 5 of 13 AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1104548.R4

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 Template for JJAP Regular Papers, STAP Articles, and 

reviews (May 2024) 

6 

fluorocarbon on the surface is also a factor that suppresses etching. However, the selective 1 

etching of Si0.7Ge0.3 is maintained although the selectivity ratio of Si0.7Ge0.3 to Si decreases 2 

to approximately 3.5. In addition, when the dilution ratio is increased over 5%, the rates of 3 

Si0.7Ge0.3 and Si further decrease while keeping the selective etching of Si0.7Ge0.3. This can 4 

be explained that the etching of Si is more suppressed than Si0.7Ge0.3 because fluorocarbon 5 

deposits on Si more than Si0.7Ge0.3 although hydrogen slightly acts as an etchant on Si. It is 6 

interesting noted that the selectivity is reversed at a H2 dilution ratio of 13%. With further 7 

increases in the dilution ratio up to 15%, the etching of Si0.7Ge0.3 and Si hardly occurred. 8 

Namely, the fluorocarbon deposition might be a dominant factor for suppression of the 9 

etching by using CF4 gas at H2-dilution ratios over 13%. 10 

To demonstrate lateral selective etching of Si0.7Ge0.3 with respect to Si, lateral etching 11 

was performed after the vertical etching using CF4 plasma diluted with H2, as shown in Fig. 12 

7. After etching with the 13% H2 diluted CF4 plasma under substrate bias application at 200 13 

W, we can see the vertical anisotropic etching of the Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked layers, 14 

as shown in Fig. 7(a). As discussed in Figs. 5 and 6, fluorocarbons are expected to deposit 15 

on the sidewalls of the Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked layers during anisotropic etching, 16 

acting as a protective layer. Subsequent etching using the 10% H2 diluted CF4 plasma without 17 

bias application, selective etching of the Si0.7Ge0.3 layers to lateral direction was confirmed, 18 

as shown in Figs. 7(b, b’). However, the etch rate is lower than in the vertical etching 19 

experiments. This result might be attributable to the <110> crystal orientation of the 20 

sidewalls, in contrast to the (001) orientation and a conformally deposited fluorocarbon 21 

causing a limiting factor due to the decrease in ions impact of the lateral etching. On the 22 

other hand, when the H2-dilution ratio is decreased to 5%, we can clearly see the formation 23 

of the approximately 113 nm-width Si-NS due to selective etching of the Si0.7Ge0.3 layers 24 

even for 10 min, as shown in Figs. 7(c), which means that the etch rate of the Si0.7Ge0.3 layers 25 

is faster than the case of the H2 dilution of 10%. This result implies that the etching was 26 

promoted due to an increase in F radicals with decreasing H2 dilution, even in lateral etching. 27 

With an increase in the etching time to 20 min, it was found that the Si-NS became more 28 

significantly triangular shape than the case for 10 min although the selective etching of the 29 

Si0.7Ge0.3 progressed in which sheet-width in the lateral direction increased from 30 

approximately 113 nm to 136 nm. This result can be interpreted as follows: After the etching 31 

of the Si0.7Ge0.3 layers, the top and bottom surfaces of the Si layer are exposed, and 32 

subsequent etching of Si-NS proceeds slightly from both the top and bottom sides, while 33 

fluorocarbon remains deposited on the sidewalls. 34 
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 1 

4. Conclusion 2 

We found that by controlling the H2 dilution ratio, the selective etching of Si0.7Ge0.3 with 3 

respect to Si can be achieved while maintaining uniform etching and surface flatness, with 4 

the RMS roughness as low as 0.30 nm due to fluorocarbon deposition. Furthermore, by using 5 

H2 diluted CF4 plasma, we demonstrated selective lateral etching of Si0.7Ge0.3 layers and the 6 

subsequent formation of Si-NSs from Si0.7Ge0.3/Si/Si0.7Ge0.3 stacked structures. 7 

 8 
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Figures 1 

 2 

 3 

Fig. 1  Schematic illustration of plasma etching reactor used for this work. 4 

 5 

 6 

 7 

Fig. 2  Etch rates of Si0.7Ge0.3 and Si layers as a function of H2 dilution ratio. 8 

 9 

 10 

Page 10 of 13AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1104548.R4

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 Template for JJAP Regular Papers, STAP Articles, and 

reviews (May 2024) 

11 

 1 

Fig. 3  AFM topographic images of (a, b, c, d) the Si0.7Ge0.3 and (a’, b’, c’, d’) the Si 2 

surfaces taken (a, a’) before and after etching using the (b, b’) 0%, (c, c’) 5% and (d, d’) 10% 3 

H2 diluted CF4 plasma. 4 

 5 

 6 

 7 

Fig. 4  RMS roughness of the Si0.7Ge0.3 and the Si surfaces after dry etching as a function 8 

of H2 dilution ratio. The dry etching time is 1 min. 9 

 10 

 11 

 12 
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 1 

 2 

Fig. 5  XPS C 1s core-line spectra of (a) the Si0.7Ge0.3 and (b) the Si surface before and after 3 

etching using the CF4 plasma with and without H2 dilution. In each spectrum, peak intensities 4 

were normalized by the Si 2p metallic spectrum, and binding energies were calibrated by the 5 

C 1s spectrum. 6 

 7 

 8 

 9 

Fig. 6   Integrated area intensities of the Cx–Fy bonds on the Si0.7Ge0.3 and the Si surface 10 

evaluated from XPS C 1s spectra as a function of H2 dilution ratio. 11 
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 1 

 2 

  3 

 4 

 5 

 6 

Fig. 7  Cross-sectional SEM images taken after (a) vertical etching using the 13% H2 7 

diluted CF4 plasma with the bias application at 200 W, and subsequent lateral etching using 8 

the (b, b’) 10%, and (c, c’) 5% H2 diluted CF4 plasma for (b, c) 10, and (b’, c’) 20 min 9 

without bias application. 10 

 11 
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