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A B S T R A C T   

The etch characteristics of silicon trenches masked with various SiO2/Si3N4 pattern distances were investigated 
using synchronously and asynchronously pulse modes in addition to the continuous wave (CW) mode for Ar/ 
Cl2 inductively coupled plasmas. By using synchronously and asynchronously pulse modes instead of CW mode, 
the selectivity between Si and the mask layer was increased by 2 and 10 times, respectively. Also, the etch rate 
differences between wide and narrow pattern distance patterns (aspect ratio dependent etching, ARDE) was 
decreased from 35% to 21 and to 8%, respectively. The increased etch selectivity and reduction of ARDE for the 
synchronously pulsed mode were related to the increased conduction of Cl radicals/byproducts through the high 
aspect ratio trench, therefore, increased chemisorption/byproduct removal on the silicon trench surface during 
the pulse-off period. For the asynchronously pulsed mode, the further improved etch selectivity and reduced 
ARDE were believed to be related to the time separated etch cycle composed of Cl chemical adsorption on the 
silicon trench surface and the removal of the chemisorbed species by ion bombardment. It is believed that, the 
asynchronously pulsed plasma etching method can be applicable to various next generation deep nanoscale 
device fabrication requiring high etch selectivity and low ARDE.   

1. Introduction 

To improve the integrity and performance and to reduce the power 
consumption of semiconductor devices, the critical dimension of the 
devices has been decreased continuously and, recently, has reached to 
its limit of reduction.[1–3] To resolve the problems related to the critical 
dimensional limit, various three dimensional (3D) devices instead of two 
dimensional (2D) devices are currently being developed.[4–6] However, 
for the fabrication of the semiconductor devices with 3D structures, 
more selective, more anisotropic, a higher aspect ratio, and less aspect 
ratio dependent etching (ARDE) are required in addition to more ac-
curate and more uniform etching because the critical dimensions are still 
in nanometer scales.[7–9]. 

For conventional plasma etching, radio frequency (rf) powers with a 
constant power input (continuous wave; CW) has been generally used 
for the device fabrication process over the past decades. However, as the 
size of the device is decreased to nanoscale, the phenomena related to 
plasma etching such as plasma-induced damage (PID)[9], pattern 

distortion (such as notching, bowing, and trenching of etched features 
caused by charging)[10], and differences in etch depth depending on the 
aspect ratio, that is, aspect ratio dependent etching (ARDE) effect have 
become serious problems. These problems not only increase the leakage 
current of the devices but also degrade the uniformity of device per-
formances.[10] 

Pulsed plasma etching technologies, where, the source rf power, bias 
rf power, or both source/bias rf powers are turned on and off periodi-
cally, are getting more attention as one of the candidates for atomic- 
scale device fabrication to solve problems observed during conven-
tional CW plasma etching processes.[11–13] By varying pulse fre-
quency, duty ratio, and pulse phase difference (synchronous pulsing, 
asynchronous pulsing, etc.), it can not only provide more operation 
parameters than conventional CW plasmas, but also can control the 
plasma primary properties such as electron temperature, electron/ion 
density, plasma potential, dissociation species.[14–16] Due to the above 
technical advantages, pulsed plasma have been utilized for nano- 
patterning of SiO2[16], magnetic materials[17] and poly silicon[18], 
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etc. These studies showed that the pulsed plasma processes can prevent 
device performance degradation and profile distortion. However, for the 
pulsed plasmas, most of researches on pulsed plasma etching are related 
to the source, bias, or synchronously pulsed plasmas[14,18–21], and 
only a few studies related to plasma characteristics[22] and the com-
parison of pulse phase lag [23,24] can be found for asynchronously 
pulsed plasma etching. 

In this paper, the characteristics of synchronously/asynchronously 
pulsed plasmas and their etch characteristics for nano-scale silicon 
trench etching with an inductively coupled plasma (ICP) system were 
investigated. Especially, the differences in the etch characteristics 
related to the ARDE effect of nano-scale silicon etching and their etch 
mechanism for synchronously pulsed mode, asynchronously pulsed 
mode, and CW mode were studied using Ar /Cl2 ICP plasmas. 

2. Experimental details 

A 200 mm ICP etch system (modified STS-PLC) used for etching 
silicon trenches is shown in Fig. 1 (a). For the generation of pulsed 
plasmas, a 13.56 MHz pulsed RF generator (SEREN, R10001) was con-
nected to the ICP source antenna through a matching network and the 
pulse signal extracted from the source RF generator was fed to a RF 
amplifier (ENI, A1000) for the substrate bias power sync/async pulsing 
through a digital delay generator (DDG; SRS, DG645) and a signal 
generator (HP, 8657B) set at 12.56 MHz. Pulse repetition frequency 
(PRF) was kept at 1 kHz, and the duty ratio of the source/bias power 
pulsing was kept at 50 %. In the case of synchronously pulsed mode, the 
delay time of DDG was set 0 µsec (Fig. 1 (c)), and where, the bias pulse 
power was turned on when the source power was turned on, while, for 
the asynchronously pulsed mode, the delay time was set 500 µsec (Fig. 1 
(d)), and where, the bias pulse power was turned on after the source 
pulse power was turned off. 

To investigate the etch characteristics, silicon patterned with a 
hardmask of SiO2(90 nm)/Si3N4(90 nm) having various opening widths 
from 185 to 35 nm were used. For the etching, a gas mixture of Cl2/Ar (5 
sccm/ 45 sccm) at 5 mTorr was used and, the instant ICP source power 
and instant bias power of 400 W and 100 W, respectively, were used for 
all plasma modes. The substrate temperature was maintained at 20 ◦C by 
a chiller. 

To observe the etch depth and profile of etched silicon trenches, a 
field emission scanning electron microscope (FE-SEM; Hitach, S4700) 
was used. The significance of ARDE (ARDE %) was calculated using the 
following equation . [25]. 

ARDE % = 100 −

[
Etch depth at the smallst space (35 nm)

Etch depth at the largest space (185 nm)

]

× 100 (%)

To observe the species in the plasmas during the CW/pulse mode 
operation, an optical emission spectrometer (OES; Andor, iStar734) was 
operated in two ways; the time-averaged scan mode for the wavelength 
range from 200 to 900 nm and the time-resolved scan mode which 
measures the temporal intensity change for a specific wavelength range. 
During the OES measurements, a 200 mm silicon wafer was loaded on 
the substrate holder to observe the by-products. For the time-averaged 
mode, the optical emission peaks were normalized by the Ar peak at 
750 nm. For time-resolved scan mode, the emission peaks were scanned 
every 50 µsec. Species in the process chamber during power off, CW 
mode, synchronously pulsed mode, and asynchronously pulsed mode 
were also measured by a residual gas analyzer (RGA; SRS, RGA200). 
Differentially pumped RGA was installed at the top center of the 
chamber and, for the collection of the species from the plasma, a 3 mm 
diameter pinhole connecting to the plasma was used and the electron 
energy of the ionizer was set at 70 eV. X-ray photoelectron spectroscopy 
(XPS; VG Microtech Inc., ESCA2000) was used to investigate the 
chemical composition of the residue remaining on the silicon trench 

Fig. 1. (a) Schematic diagram of the ICP etching system. The plasma modes used in the experiment: (b) CW, (c) synchronously pulsed, and (d) asynchronously 
pulsed modes. 
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during the etching using various modes. XPS measurements were con-
ducted with the samples having different aspect ratios to understand the 
ARDE effect. The silicon sample used for XPS analysis was masked with a 
parallel line mask having different opening widths at different areas 
(each area was larger than 1 mm × 1 mm). To minimize the top surface 
effect for the measurement of the trench inside, the silicon wafers with 
different mask widths were etched until the top hardmask layer was 
etched away and the different Si areas with different aspect ratio 
trenches (the area with low aspect ratios of 0.5 ~ 2, the area with mid 
aspect ratios of 5 ~ 10, and the area with high aspect ratios of 15 ~ 20) 
were measured by XPS to compare the surface composition for the 
different plasma conditions. The instant RF voltages on the source an-
tenna and the substrate holder for CW, synchronously pulsed, and 
asynchronously pulsed plasma conditions were measured using high 
voltage probes (P6015A. Tektronix) and an oscilloscope. 

3. Results and discussion 

Fig. 2 (a)~(c) show the cross-sectional SEM images of silicon 
trenches with various widths etched for ~ 300 nm in depth by CW, 
synchronously pulsed, and asynchronously pulsed plasma modes, 
respectively. Cl2/Ar (5 sccm/ 45 sccm) at 5 mTorr with the instant ICP 
source power of 400 W and the instant bias power of 100 W were used 
for all plasma modes while keeping the substrate temperature at 20 ℃. 
The silicon trench etch rates for Fig. 2 (a)~(c) observed as a function of 
different opening widths are shown in Fig. 2 (d). Also, the silicon etch 
selectivities over the SiO2/Si3N4 mask layer and the ARDE % between 
185 nm and 35 nm opening widths for different plasma modes in Fig. 2 
(a)~(c) are shown in Fig. 2 (e). (The duty percentage for the pulse 
conditions was 50 % and the ARDE % for different duty percentages are 
shown in Figure S1 in the supporting information.) As shown in Fig. 2 
(d), the etch rates measured from the SEM data in Fig. 2(a) ~ (c) were 
the highest for the CW plasma conditions (black dots) and those were the 
lowest for the asynchronously pulsed plasma conditions (blue dot) for all 
of the pattern distances (We also measured the etch rates and etch se-
lectivities using blank Si and SiO2 wafers, and the same results were 
obtained as shown in Figure S2 of supporting information). However, in 

the case of CW mode plasma condition, as shown in Fig. 2 (a), the 
sidewall of the trench was tapered due to the low etch selectivity of 
silicon over the mask layer (~2), and etch depth differences between the 
wide width (185 nm) and the small width (35 nm), that is, the ARDE %, 
was the highest as 36 %. In the case of synchronously pulsed plasma 
mode condition, the selectivity was increased ~ 2.3 times compared to 
CW. In addition, the ARDE % was decreased to 21 %. Also, as shown in 
Fig. 2 (b), the tapering and bowing of the sidewall were observed 
possibly due to the mask erosion and scattering of low energy ions at the 
tapered mask layer edge (Figure S3 in the supporting information shows 
the instant voltages on both ICP antenna and the substrate observed 
during the operation of CW, synchronously pulsed, and asynchronously 
pulsed plasmas. During the operation with the synchronously pulsed and 
asynchronously pulsed plasma modes, the ion energy distributions to the 
substrate appear to be wider compared to the CW condition.[26]). In the 
case of the asynchronously pulsed plasma condition, the etch selectivity 
was the highest and the ARDE % was the lowest at 8 %. The silicon etch 
profiles were improved compared to the synchronously pulsed plasma 
mode by showing relatively vertical etch profiles due to the highest etch 
selectivity, however, due to the scattering of the low energy ions at the 
mask edge, bowing was also observed for the widest pattern. The further 
improvement of the silicon trench etch profile could be obtained by 
adding a small amount of fluorocarbon gas (4 sccm of CF4) and 
decreasing pulse duty ratios (25 % for both powers) for the formation of 
a sidewall passivation layer as shown in Fig. 2 (f). 

To investigate the dissociated species and byproducts in the process 
chamber during the etching with different plasma modes, the RGA 
measurements were performed. During the RGA measurement, a Si 
wafer was located on the substrate holder to measure the etch byprod-
ucts. Fig. 3(a) shows the mass intensities of the Cl2 and dissociated Cl at 
power-off, CW mode, synchronously pulsed mode, and asynchronously 
pulsed mode. Table 1 shows Cl2/Cl ratios for the power-off, CW, syn-
chronously pulsed, and asynchronously pulsed plasma modes. The 
process conditions of Fig. 3 and Table 1 are the same as those in Fig. 2 
except for gas conditions (a gas mixture of Cl2 (40 sccm)/Ar(10 sccm) at 
10mtorr was used to increase the Cl and Si-Cl signals for measurement.) 
Due to the fragmentation of molecules, as shown in Fig. 3(a) and 

Fig. 2. SEM etch profiles of Si trenches etched by (a) CW, (b) synchronously pulsed, and (c) asynchronously pulsed plasma modes. (d) silicon trench etch depths for 
different pattern widths and (e) silicon etch selectivities over SiO2/Si3N4 mask layer and ARDE percentages between 185 nm and 36 nm opening widths for the CW, 
synchronously pulsed, and asynchronously pulsed plasma modes. For the etching of (a)~(c), Cl2/Ar (5/45 sccm) at 5 mTorr with the instant ICP source power of 400 
W and the instant bias power of 100 W were used. The substrate temperature was kept at 20 ◦C. (f) shows the SEM etch profile Si trench etched with a sidewall 
passivation gas (CF4). For the etching of (f), Cl2/CF4/Ar (6/4/40 sccm) at 5 mTorr with the instant ICP source power of 400 W(duty ratio 25 %) and the instant bias 
power of 120 W (duty ratio 25 % with 250 usec delay from end of the source pulse signal) were used. The substrate temperature was kept at 20 ◦C. 
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Table 1, some Cl intensity fragmented in the RGA was observed for the 
power-off condition and the ratio was of Cl2/Cl ratio is 10.37. However, 
for the CW mode, due to the dissociation of the Cl2 in the plasma by both 
ICP power and bias power, the Cl2 intensity was decreased with the 
increased Cl intensity (Cl2 / Cl ratio = 3.19). For the synchronously 
pulsed plasma mode, a higher Cl2/Cl ratio of 5.7 compared to the CW 
mode was observed due to the no dissociation of Cl2 during the 50 % 
pulse-off period. Also, the recombination of Cl is expected during pulse- 
off period.[20,27,28] Therefore, the silicon trench etching is expected 
only during the pulse-on period and, during the pulse-off period, mostly 
etch byproduct removal/chemical adsorption rather than silicon etching 
from the etch trench is expected. 

For the asynchronously pulsed plasma mode, the further increase in 
the Cl2/Cl ratio of 7.31 compared to the synchronously pulsed plasma 
mode was observed due to the separation of the source power-on period 
and the bias power-on period within a pulse cycle. During the source 
power-on only period, the Cl2 gas is effectively dissociated due to the 
high density plasma formation by the ICP source without ion 
bombardment, therefore, dissociated Cl can be effectively chemisorbed 
on the all silicon trench areas including narrow silicon trench areas 
without etching silicon (see supporting information, Figure S4). In 
addition, during the bias power-on only period, due to the low density 
plasma formation by the capacitively coupled plasma (CCP) source 
applied to the substrate holder, mostly ion bombardment is expected 
without significant gas dissociation (see supporting information, 
Figure S5 (a) and Table S1), therefore, the chemisorbed silicon surface 
areas are effectively removed from all silicon trench areas. 

Fig. 3(b) shows mass intensities of the etch byproducts (SiCl, SiCl2, 
SiCl3, and SiCl4) observed for the CW, synchronously pulsed, and 
asynchronously pulsed plasma modes. As shown in Fig. 3(b), the etch 
byproducts were observed for all three modes. However, the byproduct 
intensities were the highest for the CW condition, and they were 
decreased in order of CW, synchronously pulsed, and asynchronously 
pulsed plasma modes due to the decreased etch rates in the order of CW, 
synchronously pulsed, and asynchronously pulsed plasma modes as 
shown in Fig. 2(d). 

OES was also used to investigate the dissociated species and etch 
byproducts during the etching with different plasma modes using the 

process conditions in Fig. 3 and the time-averaged OES data from 200 to 
900 nm are shown in Fig. 4 (a), (b), and (c) for CW, synchronously 
pulsed, and asynchronously pulsed modes, respectively. As shown in 
Fig. 4 (a)~(c), in addition to dissociated Cl (726, 838 nm, etc.)[29] and 
Ar (750, 811 nm, etc.)[30], the peaks Si (252 and 288 nm)[31], SiCl 
(282 and 287 nm), and SiClx bands (300 to 420 nm) [32,33] which are 
related to etch byproducts due to the application of bias power to the 
silicon substrate could be observed similar to RGA data in Fig. 3. To 
clarify the variation of reactants and byproducts for different plasma 
modes, the emission peaks were normalized by the Ar intensity at 750 
nm, and Fig. 4(d) shows the optical intensity ratios of SiCl (282 nm) /Ar 
(750 nm) and Cl (838 nm) /Ar (750 nm) for each plasma mode. As 
shown in Fig. 4 (d), the Cl radical intensity and SiCl byproduct intensity 
were the highest in the CW mode and the lowest in the asynchronously 
pulsed plasma mode. These results were also consistent with the RGA 
data in Fig. 3, and which shows the decrease of SiCl intensity from ~ 2.4 
× 10-10 Torr for the CW condition to ~ 1.75 × 10-10 Torr for the asyn-
chronously pulsed plasma mode. 

For more accurate analysis of pulsed plasmas, the time-resolved OES 
measurement was performed for synchronously and asynchronously 
pulsed plasma modes for the condition in Fig. 3 and the time-varying 
OES peak signals related to SiCl peak at 282 nm, Cl peak at 838 nm, 
and Ar peak at 750 nm for one cycle (1000 µsec) of pulsed plasma are 
shown in Fig. 5 (a) and (b) for synchronously pulsed plasma and asyn-
chronously pulsed plasma, respectively. For the synchronously pulsed 
plasma mode, OES was measured from 0 to 500 µsec (1st half period) for 
the source power-on/bias power-on period and from 500 to 1000 µsec 
(2nd half period) for the source power-off/bias power-off period. For the 
asynchronously pulsed plasma mode, OES was measured from 0 to 500 
µsec (1st half period) for the source power-on/bias power-off period and 
from 500 to 1000 µsec (2nd half period) for the source power-off/bias 
power-on period. As shown in Fig. 5 (a) and (b), during the 1st half 
period, as the source power was turned on, the intensities of SiCl, Cl, and 
Ar were initially increased with time and were nearly saturated after 
about 250 µsec. The saturated Ar intensity was higher for the synchro-
nously pulsed mode compared to the asynchronously pulsed plasma 
mode due to the more power input (source/bias powers on) to the 
plasma for the synchronously pulsed mode during the pulse power-on 
time. In addition, higher SiCl intensity compared to Cl intensity was 
observed for the synchronously pulsed plasma mode compared to that 
for asynchronously pulsed plasma mode due to the high rate of Si 
etching (more Cl consumption and more SiCl formation) by biasing the 
substrate. After 500 µsec, during the 2nd half period, the intensities of 
SiCl, Cl, and Ar were decreased exponentially for synchronously pulsed 
plasma mode due to no power to the chamber while, even though the 
intensities are small, those intensities still existed due to the bias power- 

Fig. 3. RGA data of (a) Cl and Cl2 and (b) byproduct intensities for power-off, CW, synchronously, and asynchronously pulsed plasma modes. The process conditions 
are same as those in Fig. 2 except for gas conditions. (a gas mixture of Cl2 (40 sccm)/Ar(10 sccm) at 10 mtorr was used to increase the Cl and Si-Cl signals for 
measurement.). 

Table 1 
Cl2/Cl ratios for power-off, CW, synchronously pulsed, and asynchronously 
pulsed plasma modes. The process conditions are the same as those in Fig. 3.   

Power OFF CW mode Sync. Mode Async. Mode 

Cl2/Cl  10.37  3.19  5.70  7.31  
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Fig. 4. Time-averaged full scan (200 nm ~ 900 nm) OES data for (a) CW, (b) synchronously pulsed, and (c) asynchronously pulsed plasma modes. (d) SiCl intensity 
(282 nm)/Ar (750 nm) and Cl intensity (838 nm)/Ar(750 nm) for each plasma mode. The process conditions were the same as those in Fig. 3. 

Fig. 5. Time resolved OES intensities of Cl and SiCl. (a) synchronously pulsed plasma mode and (b) asynchronously pulsed plasma mode. (c) and (d) are the Cl and 
SiCl peak intensities of (a) and (b) normalized by Ar (750 nm) peak intensity, respectively. The process conditions are the same as those in Fig. 3. 

H.J. Kim et al.                                                                                                                                                                                                                                   



Applied Surface Science 596 (2022) 153604

6

on for the asynchronously pulsed plasma mode. Especially, for the 
synchronously pulsed plasma mode, even though there was no power 
input to the chamber, the intensities of SiCl, Cl, and Ar were observed up 
to 650 µsec due to the afterglow.[34]. 

The optical intensities of Cl and SiCl in Fig. 5 (a) and (b) can be also 
increased with the increase of electron density in the plasma even 
though the concentrations of Cl and SiCl are the same, therefore, the 
intensities of Cl (838 nm) and SiCl (282 nm) were normalized to that of 
Ar (750 nm) for the rough concentration estimation of Cl and SiCl in the 
plasma and the results are shown in Fig. 5 (c) and (d). As shown in Fig. 5 
(c), for the synchronously pulsed plasma mode, during the 1st half 
period, a higher SiCl/Ar intensity ratio and a lower Cl/Ar intensity ratio 
were also observed due to the etching of silicon by the bias power. For 
the 2nd half period, due to the removal of the plasma by turning-off both 
source/bias powers, it was impossible to estimate the radical density 
from the intensity ratios. However, from the slow decrease of Cl and SiCl 
[35,36] observed from 500 to 650 µsec in Fig. 5 (a), the chemical 
adsorption (Cl) on silicon surfaces and removal of etch byproduct (SiCl) 
from the silicon surface could be expected during the power-off period 
for the synchronously pulsed plasma mode. For the asynchronously 
pulsed plasma mode, as shown in Fig. 5 (d), a higher Cl/Ar intensity 
ratio with a lower SiCl/Ar intensity ratio was observed during the 1st 
half period indicating the Cl chemisorption on the silicon surfaces of the 
silicon trenches rather than etching of silicon. Also, during the 2nd half 

period, initially a high SiCl/Ar intensity ratio and a low Cl/Ar intensity 
ratio were observed possibly indicating the preferential removal of the 
chemisorbed layer on the silicon surfaces by the bias power only. 

The surface chemical binding states of silicon etched with different 
plasma modes were investigated by XPS. The process conditions are the 
same as those in Fig. 2. Fig. 6 (a), (b), and (c) show XPS Si 2p narrow 
scan data of high aspect ratio (15 ~ 20) and low aspect ratio (0.5 ~ 2) Si 
trenches etched by CW, synchronously pulsed, and asynchronously 
pulsed plasma modes, respectively. As shown in Fig. 6 (a)~(c), the peak 
intensities related to Si-Si (99.3 eV), Si-Cl (100.1 eV), Si-Cl2(101.1 eV), 
Si-Cl3(102.2 eV), and Si-OClx(103.3 eV) binding were observed at both 
high aspect ratio and low aspect ratio areas.[37–39] Especially, for the 
silicon trenches with different aspect ratios, the deconvoluted intensities 
of Si-Clx (x = 1 ~ 3) bindings were higher for the high aspect ratio silicon 
trench compared to the low aspect ratio silicon trench indicating more 
SiClx (x = 1 ~ 3)[40–42] remaining on the high aspect ratio silicon 
trench surface compared to lower aspect ratio silicon trench surface. To 
compare the degree of Si-Clx (x = 1 ~ 3) on the silicon trench surfaces 
for different plasma modes, the Si-Clx binding ratios (Σ Si-Clx / Σ Si 2p 
binding peaks) of the high aspect ratio pattern and low aspect ratio 
pattern for each plasma mode were measured from the data in Fig. 6 (a) 
~ (c), and the result is shown in Fig. 6 (d). The Si-Clx binding ratios were 
calculated using the following equation ;  

Fig. 6. XPS Si 2p narrow scan data of high aspect ratio (15 ~ 20) and low aspect ratio (0.5 ~ 2) Si trenches etched by (a) CW, (b) synchronously pulsed, and (c) 
asynchronously pulsed plasma modes. (d) Si-Clx binding ratios (Σ Si-Clx / Σ Si 2p binding peaks) of the high aspect ratio pattern and low aspect ratio pattern for each 
plasma mode. The process conditions are the same as those in Fig. 2. 
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As shown in Fig. 6 (d), in the CW mode, the Si-Clx ratio was 37.5 % 
for the high aspect ratio silicon trench surface while that was 28.4 % for 
the low aspect ratio silicon trench surface, therefore, the difference 
between two surfaces was 9.1 %. For the synchronously pulsed mode, it 
was 32.5 % for the high aspect ratio surface and 28.2 % for the low 
aspect ratio surface, therefore, the difference was 5.3 %. In the case of 
asynchronously pulsed mode, the difference was 0.7% by showing 37.7 

% for the high aspect ratio surface and 37 % for the low aspect ratio 
surface. The lower differences between the high aspect ratio silicon 
trench surface and the low aspect ratio silicon trench surface indicate the 
similar etching environment during the etching which makes the etch 
rates similar between the silicon trenches with a wide pattern and a 
narrow pattern. Therefore, it is expected that the differences in the 
environment during the etching between silicon trenches with a wide 
pattern and a narrow pattern are the lowest for the asynchronously 

Fig. 7. Diagrams of Si trench etching during (a) CW plasma mode process, (b) synchronously pulsed plasma process, and (c) asynchronously pulsed plasma process.  

SiClx Binding ratio =

{∑
Si − Clx [(Si − Cl) + (Si − Cl2) + (Si − Cl3) + (Si − OClx)]

∑
Si 2p binding peaks

}

× 100 (%)
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pulsed mode. The chemical composition of the silicon trench surfaces 
with different aspect ratios (0.5 ~ 20) were also measured by XPS and 
the differences in the atomic percentages among the different aspect 
ratios of silicon trench surfaces were also the largest for the CW mode 
while the differences in the atomic percentages for the synchronously 
and asynchronously pulsed plasma modes were lower (see supporting 
information, Figure S6). The lowest ARDE percentage observed for the 
asynchronously pulsed plasma mode in Fig. 2 (e) is believed to be related 
to the similar etching environment among the different aspect ratio 
silicon trenches. 

Based on the etch characteristics, the plasma characteristics, and the 
surface analysis results, differences in the etch mechanisms of silicon 
trench etching with different SiO2/Si3N4 mask opening widths for CW, 
synchronously pulsed, and asynchronously pulsed plasmas could be 
drawn as cartoons as shown in Fig. 7 (a), (b), and (c), respectively. For 
the silicon trench etching with the CW plasma mode, the ARDE is the 
most severe, and the etch selectivity over SiO2/Si3N4 mask layer is the 
lowest. As shown in Fig. 7 (a), for the CW mode, dissociated Cl radicals 
are easily reached to the bottom of the silicon trench for the wide trench 
but less Cl radicals can reach the narrow trench due to the lower 
conductance. Ions also can easily reach to the bottom of a wide trench 
uniformly while the some of the ions are lost on the sidewall for the 
narrow trench, therefore, the ion flux is decreased for the narrow trench 
bottom. The etch byproducts can easily escape from the silicon trench 
bottom for the wide trench due to large conductance, however, they 
cannot be easily removed from the silicon trench due to low conduc-
tance. Therefore, ARDE can be high between the wide silicon trench and 
narrow silicon trench. Also, due to the continuous ion bombardment 
during the chemisorption of dissociated Cl on silicon surface, the etch 
selectivity of silicon over the SiO2/Si3N4 mask layer is generally low. 

For the silicon trench etching with the synchronously pulsed plasma 
mode, even though the silicon etch rate is lower than the CW mode, the 
ARDE is less severe and the etch selectivity over SiO2 / Si3N4 mask layer 
is better than the CW mode. For the synchronously pulsed plasma mode, 
as shown in Fig. 7 (b), the plasma conditions are similar as those in the 
CW mode during the pulse-on period (In fact, even though both source 
and bias powers are turned on for the synchronously pulsed plasma 
mode similar to the CW mode, the plasma conditions at the initial period 
of pulse-on time are not the same due to the initiation of the plasmas 
from the pulse-off period for the synchronously pulsed plasma mode. But 
compared to other plasma conditions investigated in this manuscript 
such as source-on/bias-off, source-off/bias-off, and source-off/bias-on, 
it is similar to the CW condition). However, during the pulse-off 
period (both source and bias powers are off), the Cl radicals remaining 
without recombination during the pulse-off period due to the afterglow 
[43,44] (also, as shown in 500 ~ 650 µsec in Fig. 5 (a)) and the etch 
byproducts etched during the pulse-on time can have additional time to 
diffuse into and escape from the trench bottoms without etching, 
respectively. Therefore, the differences in Cl radicals and etch byprod-
ucts in the trench bottoms due to the differences in the conductance 
between the wide trench and narrow trench are decreased, resulting in 
the improved ARDE by using the synchronously pulsed plasma mode. 
(The lower etch rates at the same plasma mode could also improve the 
ARDE effect. The silicon etch rates with the synchronously pulsed 
plasma mode was lower than those with the CW mode at the same 
process conditions. However, it was found that, even at the lower etch 
rate, the CW plasma mode showed a worse ARDE effect compared to the 
synchronously pulsed plasma mode with a higher etch rate. See the 
supporting information, Figure S7). The increased etch selectivity over 
the SiO2/Si3N4 mask layer compared to the CW mode could be related to 
more chemical adsorption of Cl radicals on the materials surface during 
the pulse-off time, and which enhances the chemical etching charac-
teristics during the etching of the pulse-on period. 

Fig. 7(c) shows a cartoon on the silicon trench etch mechanism for 
the asynchronously pulsed plasma mode. For the silicon trench etching 
with the synchronously pulsed plasma mode, the silicon etch rate is the 

lowest, but the ARDE is the least severe and the etch selectivity over 
SiO2/Si3N4 mask layer is the highest. In this mode, the etch cycle is 
divided into the high density ICP source plasma period and the low 
density CCP bias plasma period. During the ICP source plasma period, 
highly dissociated Cl radicals and high density low energy ions are 
formed during the period and the dissociated Cl radicals diffuse suffi-
ciently into both wide and narrow trench holes and chemisorb the 
trench bottom areas. Even though the Cl radical densities and ion den-
sities are high, due to no substrate biasing, the silicon etch rate is very 
low. During the CCP bias plasma period, due to the low density plasma 
characteristics of CCP plasma, low density Cl radicals and low ion 
density ions are formed during the period. However, the CCP biasing 
forms a negative DC bias voltage to the substrate, and due to the low 
plasma density of CCP, a larger ion energy (see Figure S3) and a sharper 
ion angular distribution can be formed at the same bias power.[45] 
Therefore, the chemisorbed silicon trench bottom areas are preferen-
tially bombarded by energetic ions, and the chemisorbed materials are 
etched and etch byproducts are effectively removed from the trench 
areas for both wide trench and narrow trench. That is, due to the cyclic 
etch behavior of the asynchronously pulsed plasma mode, the ARDE is 
the lowest among the plasma modes investigated. Also, the etch selec-
tivity over the mask layer is the highest because the etching is cyclically 
performed by chemical adsorption of Cl radicals preferentially on the 
silicon surface followed by the removal of the chemically adsorbed 
layer. However, the etch mechanism suggested for asynchronously 
pulsed plasma mode shown in Fig. 7 (c) may require more data for 
justification because the mechanism is based on speculation due to 
insufficient data. 

4. Conclusions 

In this study, the effects of pulsed plasma modes on the character-
istics of the plasmas and on the properties for nanoscale silicon trench 
etching have been investigated for Ar/Cl2 ICPs. The ICP etcher operated 
with CW, synchronously, and asynchronously pulsed plasma modes at 1 
kHz and 50% duty ratio was used for the silicon trench etching masked 
with SiO2/Si3N4 having different opening widths. The results showed 
that, even though the silicon etch rate was the highest, the etch selec-
tivity of silicon over SiO2/Si3N4 mask layer was the lowest and the ARDE 
effect was the most severe for the CW mode. In the case of the syn-
chronously pulsed plasma mode, the silicon etch rate was lower than 
that for the CW mode, but the etch selectivity and ARDE effect were 
improved. The improvement of etch selectivity is believed to be related 
to the increased chemical reaction of Cl radical with silicon during the 
plasma-off period and the improved ARDE effect is believed to be from 
the improved conduction of Cl radicals and etch byproducts through the 
narrow silicon trench during the pulse-off period. The silicon etch rate 
was the lowest for the asynchronously pulsed plasma mode, but the etch 
selectivity was the highest and the ARDE effect was the least severe. The 
further improvement of etch selectivity and the least ARDE effect are 
related to the cyclic etching behavior of the asynchronously pulsed 
plasma mode which is composed of Cl radical chemisorption on the 
silicon surface during the source plasma-on period and the removal of 
the chemisorbed species during the bias plasma-on period. It is believed 
that, due to the cyclic etch behavior, the etching with the asynchro-
nously pulsed plasma mode can be applied for the next generation 
nanoscale device fabrication requiring improved etch characteristics of 
various materials in addition to silicon. 
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