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A B S T R A C T   

Radicals generated during reactive ion etching (RIE) cannot be electrically controlled, causing isotropic etching 
and chemical damage to the sidewall of the etched feature during the etching process. In this study, using a 
reactive ion beam etcher (RIBE) installed with a dual exhaust system, where an additional exhaust valve was 
introduced to pump out radicals from the inductively coupled plasma (ICP) source chamber in addition to the 
conventional main gate valve in the process chamber, the radical flux relative to ion flux during the RIE process 
has been controlled and the effect of additional exhausting through the ICP source chamber for the control of 
radical flux relative to ion flux on the properties of etching has been investigated using CF4 gas. The results 
showed that the additional exhausting of the radicals through the ICP source chamber not only decreased the ICP 
source chamber pressure but also decreased the ratio of radical flux to ion flux to the substrate. The lower ICP 
source chamber pressure could be also obtained without additional exhausting through the ICP source chamber 
by decreasing the CF4 gas flow rate to the ICP source chamber, however, the lower ratio of radical flux to ion flux 
was observed for the dual exhaust system. It is believed that, for the next generation RIBE, multiple exhausting is 
beneficial for anisotropic etching of nanoscale features by controlling the radical flux to the sidewall and ion flux 
to the bottom of a nanoscale feature during the etching.   

1. Introduction 

With the increase of semiconductor device integration, the minimum 
line width of the semiconductor pattern has been continuously 
decreased and reached the level of several nanometers now. For the 
nanometer scale device processing, the difficult etching processes such 
as precise control of the etch thickness, high etch selectivity with the 
mask materials, vertical etch profile, low surface roughness, and low 
chemical etch damage are required.[1,2] To satisfy the etch re-
quirements, various etch techniques such as pulsed plasma etching 
[3–5], atomic layer etching [6–10], cryogenic etching [11–13], ion 
beam etching [14,15], and neutral beam etching [16,17] are being 
investigated. These etch techniques require the understanding of the 
physical and chemical interactions occurring in the plasma and sub-
strate, and also require independent and precise control of ions and 

radicals generated in the plasma. 
In general, during the reactive ion etching (RIE) processes, the flux 

and the direction of the ions can be controlled electrically by adjusting 
the source power and bias power.[18–20] And the radical flux can be 
also controlled by adjusting the source power but the direction of the 
radicals cannot be controlled by any method. Therefore, during the etch 
processes, radicals react not only with the bottom surface of the etch 
feature but also with the sidewall of the etch feature, and, if volatile 
compounds are formed on the sidewall surface, less anisotropic etching 
will be resulted. In addition, radicals can penetrate inside the pattern 
and cause chemical damage to the pattern sidewall material.[21,22] 
These damages caused by radicals tends to show a greater effect on 
etching as the pattern size is decreased, so, the need for the independent 
control of radicals and ions in the etching process is gradually 
increasing. 

* Corresponding author at: School of Advanced Materials Science and Engineering, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon-si, Gyeonggi-do 
16419, Republic of Korea. 

E-mail addresses: entks92@naver.com (D.S. Kim), gyyeom@skku.edu (G.Y. Yeom).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Applied Surface Science 

journal homepage: www.elsevier.com/locate/apsusc 

https://doi.org/10.1016/j.apsusc.2021.151311 
Received 25 May 2021; Received in revised form 2 September 2021; Accepted 13 September 2021   

mailto:entks92@naver.com
mailto:gyyeom@skku.edu
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2021.151311
https://doi.org/10.1016/j.apsusc.2021.151311
https://doi.org/10.1016/j.apsusc.2021.151311
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2021.151311&domain=pdf


Applied Surface Science 571 (2022) 151311

2

In this study, a reactive ion beam etching (RIBE) system was used to 
study the effect of relative fluxes of ions and radicals reaching the sub-
strate during RIE processes. In the case of the RIBE system, the plasma 
generation region and the substrate processing region can be separated 
by using a remote plasma source, and ions and radicals are extracted 
from the plasma source to the substrate processing chamber using a grid 
assembly, enabling easier control of the relative flux between ions and 
radicals to the substrate used in the RIE processes. To control the relative 
flux between ions and radicals to the substrate, a dual exhaust system 
was introduced in the RIBE system to control the amounts of radicals 
generated from the plasma, therefore, to control the fluxes of radicals 
and ions to the substrate during the RIE process. Using the dual exhaust 
system in the RIBE, the flux ratio of radicals and ions to the substrate 
could be varied and, by etching a nanoscale patterned silicon with a CF4 
plasma, the effect of ratio of radical flux to ion flux on the etch profile 

could be confirmed. 

2. Experimental 

A schematic diagram of the reactive ion beam etcher (RIBE) used in 
the experiment is shown in Fig. 1. CF4 gas was used to study the radical 
control effect, and 13.56 MHz, 300 W radio frequency (RF) was applied 
to inductively coupled plasma (ICP) ion beam source for plasma gen-
eration. A three-grid assembly that extracts ions from the plasma and 
controls the energy of the ions was located under the ICP source. The 
grid was made of graphite with the diameter of 14 cm, the thickness of 1 
mm, and the hole diameter of 2 mm. Also, the spacing between the grids 
was ~ 1.7 mm. The grid assembly consisted of the 1st grid (located close 
to the plasma) that controls the energy of ions extracted from the plasma 
by applying positive DC voltage, the 2nd grid (located between 1st grid 
and 3rd grid) that controls the flux of ions extracted by applying nega-
tive DC voltage (more negative voltage to the 2nd grid can increase the 
ion flux but, a high negative voltage can increase the possibility of arcing 
between the grids), and the 3rd grid (located near the substrate) con-
nected to the ground. A shutter and a substrate were placed under the 
grid assembly, and the substrate was kept at room temperature (RT). The 
base pressure of the ion beam etching (IBE) chamber was approximately 
2.0 × 10–5 Torr. In order to extract the reactive ion beam from the CF4 
ICP source and to control the fluxes of reactive radicals reaching the 
substrate at the same time, an exhaust hole with a diameter of 25 mm 
connected with a valve was formed in the ICP ion beam source chamber, 
and it was connected to the turbo molecular pump (TMP) adapter at the 
bottom of the chamber. Therefore, the radicals generated in the ICP ion 
beam source chamber could be additionally removed from the ICP 
chamber through the exhaust valve without removing through the main 
gate valve in the process chamber. In addition, by varying the exhaust 
hole size using the valve, the radical amount reaching the substrate by 
passing through the grid assembly holes could be controlled. 

The pressure changes with the variation of the exhaust valve opening 
size were monitored with pressure gauges (MKS baratron gauge, type 
627) located at the ICP source chamber and the process chamber. 

Fig. 1. Schematic diagram of the reactive ion beam etcher (RIBE) with dual exhausting for radical flux control.  

Fig. 2. Pressure in the upper ICP source chamber and lower process chambers 
according to the control of the exhaust valve opening in the ICP source 
chamber. Process CF4 gas was fed to the ICP source chamber. 
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Residual gas analyzer (RGA, SRS 200) was used to measure the amount 
of C, F, and CFx radicals reaching the process chamber while controlling 
the pressure through the exhaust valve at the ICP ion beam source 
chamber. In addition, a single Langmuir probe (APL-150, Impedans) was 
installed at the ICP source chamber to measure the change in plasma 
characteristics generated during the control of the opening of the 
exhaust valve. The probe tip was made of tungsten, 0.4 mm in diameter 
and 24 mm in length. A retarding grid ion energy analyzer was installed 
on the substrate location to measure the energy and flux changes of the 

ion beam extracted from the ICP ion beam source. The differences in the 
surface composition of etched silicon sidewall for the different exhaust 
valve opening were observed using X-ray photoelectron spectroscopy 
(XPS; Thermo VG, MultiLab 2000, Mg Kα source). The patterned silicon 
etch profiles for different exhaust valve opening were observed using a 
scanning electron microscope (SEM; Hitach S-8700). 

3. Results and discussion 

Fig. 2 shows the pressure changes of ICP ion beam source chamber 
and process chamber measured as a function of the additional exhaust 
valve opening ratio installed at the ICP ion beam source chamber in 
addition to the gate valve at the bottom of the process chamber. 65 sccm 
CF4 gas was flowed uniformly from the ICP ion beam source chamber 
and the pressures were measured both at the ICP source chamber and at 
the process chamber while varying the exhaust valve ratio from 0 % (full 
close) to 100 % (full open) and the results are shown in Fig. 2. As shown 
in Fig. 2, when the exhaust valve was closed, the ICP source chamber 
pressure was 12 mTorr, and, as the exhaust valve opening ratio is 
increased to 50 and 100 %, the ICP source chamber pressure was 
decreased to 11.2 and 11 mTorr, respectively. In the case of process 
chamber, the pressure was lower as 3.5, 3.4, and 3.3 mTorr for 0, 50, and 
100 % of exhaust valve opening due to the existence of main gate valve 
below the process chamber while limiting the conductance of the gas 
flow from the ICP source chamber by the grid assembly. In fact, the 
lower ICP source chamber pressure of 11 mTorr, which is the same 
pressure for 100 % exhaust valve opening, can be also obtained without 
opening the exhaust valve at the ICP source chamber and by lowering 
the CF4 gas flow rate to 58 sccm and, in this case, the process chamber 
showed 3.4 mTorr which is a little higher than the pressure obtained 
with 100 % of exhaust valve opening. Therefore, while keeping the same 
operating pressure of the ICP ion source chamber, the process chamber 
pressure could be varied by controlling the exhaust valve opening ratio, 
and which shows the possibility in controlling the ratio of radicals and 
ions at the substrate on the process chamber. 

Fig. 3(a) shows the pressure of CF4 measured with the RGA installed 
at the sidewall of the process chamber during the CF4 gas flow to the ICP 
ion beam source chamber. As shown in Fig. 3(a), when no gas was 
introduced to the ICP source chamber, the pressure measured at the RGA 
was ~ 5.0 × 10–7 Torr (0 ~ 60 s). After the CF4 gas flow of 65 sccm to 
reach 12 mTorr in the ICP ion source chamber, the pressure was initially 
increased and reached at ~ 4.3 × 10–6 Torr without opening the exhaust 
valve (60 ~ 100 s). When the exhaust valve was opened 50 %, the 
pressure was decreased to ~ 4.1 × 10–6 Torr (100 ~ 140 s) and the 
further opening of the valve to 100 % decreased the pressure further to 
~ 4.0 × 10–6 Torr (140 ~ 175 s). When the exhaust valve was closed, the 
pressure of RGA was returned to ~ 4.3 × 10–6 Torr (175 ~ 200 s). In 
addition, when the CF4 pressure in the ICP ion source chamber was 
decreased to 11 mTorr by reducing the CF4 flow rate at the ICP ion 
source chamber while the exhaust valve is closed, the pressure of the 
RGA was decreased to 4.0 ~ 4.1 × 10–6 Torr (200 ~ 240 s). Therefore, 
the pressures measured at the RGA showed the similar trends to those 
measured with the pressure gauges at the ICP ion beam chamber and the 
process chamber. Using the RGA, the radical species dissociated from 
the CF4 plasmas were also compared for the different exhaust valve 
opening ratios. To generate the CF4 plasma in the ICP ion beam source, 
300 W of 13.56 MHz was applied to the ICP source. Because, RGA makes 
fragmentation of molecules during the measurement of species, the 
species measured just by flowing CF4 gas without generating CF4 plasma 
were also compared as a reference. In the case of the CF4 gas flow 
without generating plasma, a small mass peak related to CF3 was 
observed while no noticeable peaks related to C, F, CF, and CF2 could be 
observed. However, as shown in Fig. 3(b), when the plasma was turned- 
on, the dissociated species such as CF3, CF2, CF, F, and C were observed 
with RGA (the most abundant species was CF3) and, as the exhaust valve 
opening ratio was increased from 0 to 100 %, the intensities of the 

Fig. 3. (a) Pressure measured at RGA while adjusting exhaust valve. (b) 
Changes in the amount of C, F, and CFx radicals generated by CF4 plasma for 
different exhaust valve opening ratios and pressure (for 0 % exhaust 
valve opening). 

Fig. 4. Ion densities measured in the ICP source chamber using a single 
Langmuir probe by controlling the exhaust valve opening ratios and pressure 
(for 0 % exhaust valve opening). 
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dissociated species were also decreased indicating the decreased radicals 
in the process chamber with the increased exhaust valve opening ratio. 
When the CF4 pressure at the ICP ion beam source chamber was 
decreased to 11 mTorr by decreasing the CF4 flow rate to 58 sccm 
without opening the exhaust valve (the same pressure with the exhaust 
value opening ratio of 100 % while flowing 65 sccm CF4), the intensities 
of dissociated species were also decreased but those intensities were 
higher than those observed with exhaust valve full open while flowing 
65 sccm CF4. It indicates that lower radicals can be obtained in the 
process chamber while keeping the same pressure at the ICP ion beam 
source by using the exhaust valve at the ICP ion source chamber rather 
than reducing gas flow rate to the ICP ion source chamber. 

The ion densities in the ICP ion source chamber were measured using 
a Langmuir probe installed at the ICP ion beam source chamber for 
different exhaust opening ratios and the results are shown in Fig. 4. The 
CF4 plasma conditions in Fig. 3 were used and, for the ion density 
measurement, the ion mass of CF3

+ was used for the Langmuir probe 
measurement because CF3

+ is the major ion species in the CF4 plasma. 
As shown in Fig. 4, the ion density was increased with the increase of 
exhaust valve opening ratio by showing 1.01 × 1011, 1.05 × 1011, and 
1.14 × 1011 cm− 3 for 0, 50, and 100 % of exhaust valve opening, 
respectively. When the ion density of the CF4 plasma was measured at 11 
mTorr by reducing the CF4 flow rate while closing the exhaust valve, the 
ion density of ~ 1.13 × 1011 cm− 3 which is similar to that observed at 11 
mTorr obtained by opening 100 % of the exhaust valve could be 
measured. Therefore, the ion density in the ICP ion beam source 

chamber was more related to the pressure in the chamber and was not 
changed with exhausting gas through the ICP ion beam source chamber. 

While generating the CF4 plasmas in the ICP ion beam source with 
the conditions of Fig. 3(b), the flux and energy distribution of the ions 
extracted from the ICP ion beam source were measured using a retarding 
grid ion energy analyzer at the substrate location in the process chamber 
by applying voltages to the grid assembly and the results are shown in 
Fig. 5(a) for ion flux measured as a function of ion energy and (b) for ion 
energy distribution. For the measurement, +80 V was applied to the 1st 
grid located near the ICP source and − 200 V was applied to the 2nd grid 
while the 3rd grid was grounded. As shown in Fig. 5(a), when the 
exhaust valve was closed at 12 mTorr, the beam current (that is, ion flux 
to the substrate) was the lowest at ~ 3.2 μA and, with the increase of the 
exhaust valve opening ratio to 100 %, the beam current to the substrate 
was increased and, the beam current measured with the exhaust valve 
closed with the CF4 flow rate of 58 sccm was similar to the that with 100 
% of the exhaust valve ratio for the CF4 flow rate of 65 sccm. The 
measured beam currents were similar to the ion densities in the ICP ion 
beam source for different exhaust valve opening ratios shown in Fig. 4. 
The ion energy distribution incident to the substrate can be obtained by 
differentiating the beam current in Fig. 5(a) with the voltage and the 
results are shown in Fig. 5(b). As shown in Fig. 5(b), the energy distri-
butions of the ions extracted from the ICP ion beam source by the grid 
assembly and arrived at the substrate were in the range of 92 ~ 100 eV 
which is a little higher than 1st grid voltage due to the plasma potential 

Fig. 5. (a) Ion beam currents and (b) Ion energy distributions to the substrate 
according to exhaust valve opening ratios and pressure (for 0 % exhaust valve 
opening) measured by a retarding grid ion energy analyzer. 

Fig. 6. (a) F atomic percentage adsorbed on flat silicon surface as a function of 
radical exposure time and (b) adsorption amount of F and C radicals on the 
sidewall of the silicon pattern measured by XPS for different exhaust valve 
opening ratios and pressure (for 0 % exhaust valve opening). 
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in the plasmas. Therefore, the ion energy distributions were similar for 
all of the cases regardless of exhaust valve ratios and pressures. 

In addition to ion flux and energy to the substrate, the radical flux 
arriving at the substrate was measured by XPS in Fig. 6(a) and (b) by 
estimating the adsorption characteristics of the F radical on silicon 
substrate and by measuring the atomic percentages of the radicals 
adsorbed on the sidewall of the patterned silicon, respectively, for the 
conditions in Fig. 3(b). For the XPS analysis, the samples were exposed 
to air as it moved from the process chamber to the analysis chamber, 
therefore, there was a possible change in the surface condition during 
the air exposure. However, in order to minimize the change in the sur-
face condition during the transport, the samples were always prepared 
immediately before the analysis and the exposure time to air was about a 
few minutes. To observe the radicals arriving at the substrate only, the 
ions extracted from the ICP ion beam source were blocked by a shutter 

installed below the ICP ion beam source in addition to applying no 
voltages to the grid assembly. As shown in Fig. 6(a), when the fluorine 
adsorbed on silicon surface was measured using XPS for different 
exhaust valve opening ratios, adsorbed fluorine was saturated on the 
silicon surface after the exposure to the silicon surface for more than 15 
s, however, the rate of atomic F adsorption was lower with increasing 
the exhaust valve opening ratios by showing 15.2, 13.6, and 12.3 % 
fluorine percentage on silicon surface after 10 s exposure for 0, 50, and 
100 % of exhaust valve opening. In the case of the condition with the 
reduced CF4 gas flow rate with 0 % exhaust valve opening to have the 
same pressure with the case with 100 % exhaust valve opening, the 
adsorbed F was also saturated after 15 s but the rate of atomic F 
adsorption was faster compared to the case with 100 % exhaust valve 
opening by showing 13.2 % of fluorine percentage on silicon surface 
after 10 s of exposure time. To estimate the radicals adsorbed on the 

Fig. 7. SEM images of silicon pattern etched 
using RIBE. (a), (b), and (c) for 0, 50, and 100 % 
of exhaust valve opening ratios at 65 sccm gas 
flow rate, respectively, and (d) for 0 % of exhaust 
valve opening ratio with the same operating 
pressure as (c) by reducing gas flow rate. Silicon 
was patterned with 40 nm width SiO2 (40 nm)/ 
SiN (20 nm) and was etched with CF4/Ar = 1:4, 
12 mTorr, RF 300 W, and for 12 min while 
applying voltages to the grid system (1st grid V =
+80 V, 2nd grid V = -200 V).   
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sidewall of the patterns, in Fig. 6(b), a patterned silicon with 400 nm 
deep trenches was exposed to the radicals for 10 s as in Fig. 6(a) and the 
composition of the silicon trench surface was measured using XPS with a 
tilted angle of 45◦ for different exhaust valve opening ratios. As shown in 
Fig. 6(b), by the exposure to CF4 plasma, carbon and fluorine were 
detected on the silicon trench surface in addition to silicon by XPS and 
the higher exhaust valve opening ratios showed lower carbon and 
fluorine percentages on the sidewall of the silicon trenches. For the same 
ICP ion beam source chamber pressure conditions with 0 and 100 % 
exhaust valve opening, the condition with 100 % exhaust valve opening 
showed lower adsorption of radicals on the sidewall of the silicon 
trenches compared to the condition with 0 % exhaust valve opening. 
Therefore, from Fig. 6(a) and (b), it is found that, the radical flux to the 
sidewall of the patterned feature could be varied by controlling gas flow 
additionally at the ICP ion beam source chamber using an exhaust valve 
while maintaining the ion flux and energy to the substrate. 

To study the effect of the radical flux compared to the ion flux to the 
processing chamber on the nanoscale etching, silicon patterned with 40 
nm width SiN (20 nm)/SiO2 (40 nm) hardmask was etched using the ICP 
ion beam source (CF4/Ar = 1:4, 12 mTorr, RF 300 W, 12 min with the 
grid voltages of 1st grid + 80 V, 2nd grid − 100 V, and 3rd grid ground), 
and the results are shown in Fig. 7(a)~(c) for 0, 50, and 100 % of 
exhaust valve opening ratios at 65 sccm gas flow rate, respectively, and 
(d) for 0 % of exhaust valve opening with the same operating pressure as 
(c) by reducing gas flow rate. As shown in Fig. 7(a)~(c), with the in-
crease of exhaust valve opening ratios, the patten width near the center 
of the silicon etched features were decreased from 13, 16, and 20 nm, 
respectively, and the etch profiles were improved more anisotropically 
through lowering the operating pressure of the ICP source chamber. In 
these cases, the change of ICP source chamber pressure not only changes 
the radical flux but also changes the ion flux to the substrate as shown in 
Fig. 5. However, when the silicon etch profile of the condition (c) was 
compared with that of the condition (d), even though the same operating 
pressure was maintained at the ICP source chamber, the radical flux is 
higher for (d) compared to (c) while the ion fluxes/energies are similar 
as shown in Fig. 5, and better silicon etch profile could be observed for 
(c). (During the etching process, with increasing the valve opening ratio 
from 0 % of Fig. 7(a) to 100 % of Fig. 7(c), more etching of SiN/SiO2 
mask edge was observed due to the increase of ion flux to the substrate. 
However, the etch amounts of the SiN/SiO2 mask edges for Fig. 7(c) and 
(d) were similar due to the similar ion fluxes/energies.) Therefore, it is 
believed that, in the nanoscale anisotropic etching, the control of radical 
flux compared to ion flux is important and, for RIBE, by removing the 
radicals generated in the ICP ion beam source chamber by introducing 
dual exhaust system in addition to decreasing the operating pressure, 
more anisotropic etch profiles could be obtained by increasing the ratio 
of ion flux over radical flux to the substrate. 

4. Conclusions 

In the dry etch process, precise control of ions and radicals is 
required to perform nano-scale etching. In this study, a dual exhaust 
system was introduced to control radicals for RIBE, and the effects of ion 
flux and radical flux to the substrate on nanoscale anisotropic etching 
were investigated using CF4. An exhaust valve was installed in the ICP 
ion source chamber of the RIBE system and, by increasing the exhaust 
valve opening ratio, radicals generated in the ICP source chamber could 
be decreased before it was transferred to the processing chamber while 
the ions generated in the ICP source chamber could be transferred to 
substrate in the processing chamber without changing the energy and 
flux of the ions through the grid system of the ICP ion beam source. In 
fact, the decrease of radicals in the ICP source chamber, and therefore, 
lower radicals in the processing chamber, can be also obtained with 
decreasing the operating pressure in the ICP source chamber. However, 
when the 100 % exhaust valve opening was compared with the 0 % 
exhaust valve opening (that is, no additional exhaust valve in the ICP 

source chamber with a reduced gas flow rate for the same operating 
pressure), the ratio of radical flux to ion flux was higher for the case with 
the 100 % exhaust valve opening in the ICP source chamber. The sig-
nificant decrease of radical flux compared to ion flux is more required 
for the next generation nanoscale etching for vertical etching. And, it is 
believed that the removal of radicals by introducing the additional 
exhaust valve in the ICP source chamber for the RIBE system can be 
useful for the next generation nanoscale anisotropic etching in addition 
to the decrease of operating pressure. 
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