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ABSTRACT: In the current and next-generation Si-based semi-
conductor manufacturing processes, amorphous carbon layer
(ACL) hard masks are garnering considerable attention for high-
aspect-ratio (HAR) etching due to their outstanding physical
properties. However, a current limitation is the lack of research on
the etching characteristics of ACL hard masks under plasma
etching conditions. Given the significant impact of hard mask
etching on device quality and performance, a deeper understanding
of the etching characteristics of ACL is necessary. This study aims
to investigate the role of oxygen in the etching characteristics of an
ACL hard mask in a complex gas mixture plasma etching process.
Our results show that a small change of oxygen concentration
(3.5-6.5%) can significantly alter the etch rate and profile of the
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ACL hard mask. Through our comprehensive plasma diagnostics and wafer-processing results, we have also proven a detailed
mechanism for the role of the oxygen gas. This research provides a solution for achieving an outstanding etch profile in ACL hard
masks with sub-micron scale and emphasizes the importance of controlling the oxygen concentration to optimize the plasma

conditions for the desired etching characteristics.

1. INTRODUCTION

The trend in the electronics industry toward miniaturization
continues to drive the development of nanoscale electronic
devices. This is due to the growing demand for compact, fast-
performing and energy-efficient devices that offer high levels of
integration.'™® The International Technology Roadmap for
Semiconductors’ predicts that by 2034 the critical feature size
of logic devices will be below 10 nanometers and that three-
dimensional (3D) devices will have over 512 layers for 3D
NAND flash. In addition, the maximum bit density is expected
to increase fivefold between 2018 and 2028, further
augmenting the capabilities of nanoelectronic devices. As a
result, the advancement of nanoelectronic devices necessitates
the utilization of increasingly complex semiconductor
fabrication methodologies. Therefore, the advancement of
the nanoelectronic device industry demands the implementa-
tion of highly advanced semiconductor etching technologies.
Accordingly, in the modern semiconductor etching process,
especially high-aspect-ratio (HAR) etching, harsher plasma
process conditions such as high ion bombardment energy and
complex chemical reactions are required to form narrow and
deep patterns.””'? However, these harsh conditions may result
in damage to the photoresist or hard mask, thereby affecting
the etch result of the underlying layer. Si-based conventional
single-layer hard masks such as silicon oxide'' and silicon
nitride'"'* are frequently used to provide protection during
the etching process. However, there are several drawbacks
© 2023 The Authors. Published by

American Chemical Society

32450

7 ACS Publications

associated with these hard masks, including limited selectivity,
mask erosion, mask undercutting, wiggling, and pattern
collapse in the high ion energy condition due to low plasma
resistivity.">~'” The damage to the hard mask is directly related
to the process yield because it affects the etching shape and
depth of the pattern. Therefore, to overcome these challenges
and enhance device performance and yield, alternative hard
mask materials and processes are being developed.

The application of amorphous carbon as an alternative hard
mask for conductive or dielectric underlayer HAR etching has
been introduced as a means of addressing the limitations
associated with conventional single-layer hard masks based on
silicon.'®"*° The utilization of an amorphous carbon layer
(ACL) as an etching mask in nanoscale plasma etching
patterning is facilitated by its impressive physical properties,
including a high melting point, exceptional hardness, and
resistance to corrosion and etching in Cl- or F-containing
gases. Additionally, in both current and next-generation
semiconductor processing, the ACL hard mask, in conjunction
with a complex gas mixed plasma, can be leveraged to achieve
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Figure 1. Schematic diagram of the experimental setup.
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high etching selectivity in HAR etching.”’~*’ In industrial
semiconductor plasma etching, three or more complex gas
mixtures, which are based on inert gases such as argon and
composed of a combination of oxygen, C,F,, and CngFZ gases,
are used to control the etch profile and selectivity.’>*" In a
complex gas mixture, inert gas is injected to control the plasma
density and degree of dissociation rate,”” and a trace amount of
oxygen gas is injected to control the degree of precursors and
deposited polymers produced in the plasma.’”*” However, the
high removability of the ACL by oxygen can result in
unwanted sidewall etching of the ACL hard mask when
exposed to a processing plasma containing oxygen gas, leading
to a distorted etch profile and increased pattern opening. Thus,
it is imperative to analyze and regulate the etching character-
istics of the ACL when using oxygen gas as the profile of the
hard mask holds a significant influence on the profile of the
bottom layer to be etched, and thus greatly impacts the device
quality and performance..””**

However, even though the etch characteristics of the ACL
hard mask, such as etch rate, etch profile of mask, and mask
damage (wiggling, notching, and pattern collapse) may differ
caused by the small amount of oxygen gas and inert gas
species, prior studies have focused on the etching character-
istics of conductive or dielectric underlayers and not on those
of the ACL mask. In addition, studies on the etch properties
(etch rate, damage, and etch selectivity) of ACL hard masks
have been scarce in plasma etching technologies, despite their
importance in the manufacturing process of current and next-
generation devices, such as 3D DRAM and vertical-NAND
flash memory with high-aspect-ratio patterns. Furthermore,
current and next-generation semiconductor manufacturing
involves the use of complex gas mixtures based on Kr or Xe
plasma, as well as Ar plasma, for HAR etching processes.***°
Therefore, it is imperative to investigate the effects of trace
amounts of oxygen on the ACL hard mask, which are
contingent upon the species of inert gas utilized.

In this study, we studied the etching characteristics of ACL
due to both inert gas species and trace amounts of oxygen. It
was found that the etch rate of ACL hard masks increases
dramatically with increasing O, concentration, although it
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varies minimally (4—6.5%) in fluorocarbon-mixed gas plasmas.
The effect of inert gas species (Ar, Kr, and Xe) on the etch rate
and profile of the ACL was studied. These results were
compared with the measured plasma parameters, such as
electron density (n,), electron temperature (T,), optical
emission intensity of atomic oxygen, and electrode voltage
related to ion energy under various discharge conditions.
Finally, excellent etch profiles of the bottom layer with less
ACL hard mask damage were obtained through flow rate
control of oxygen and the fluorocarbon-based gas through
these comprehensive studies. As a result, we developed a
technology that can control the etch profile of the ACL hard
mask by adjusting a small amount of oxygen gas flow rate at a
level where plasma parameters involved in etching, such as
electron temperature and ion energy, hardly change.

2. MATERIALS AND METHODS

2.1. Experimental Setup. The etching process was
performed using a capacitively coupled plasma (CCP), which
is widely used in industrial semiconductor processes. The
chamber geometry, radio-frequency power feeding, and plasma
diagnostic system are shown in Figure 1. The chamber was
cylindrical with an inner diameter of 340 mm and a height of
50 mm from the top to the bottom electrode. The 13.56 MHz
power supply connected to the bottom electrode with the
wafer through an L-type auto-matcher provided an input
power of 500 W during the experiment. The surfaces of the
powered electrode and the ground electrode were coated with
AlO;. The gases used in this experiment were Ar, O,, C,Fy,
and CH,F,. The flow rates of Ar, C,Fg, and CH,F, were 60, 6,
and 6 sccm, respectively. The flow rate of O, gas was increased
from 3 to S sccm, which accounted for 4—6.5% of the total gas
flow rate. The condition of oxygen concentration below 4%
was achieved by adjusting the flow rate of the inert gas or the
fluorocarbon gas. Kr and Xe gases were used to observe the
effects of changes in inert gas species and O, gas flow rates on
the plasma parameters, etch rate, and etch profile. Rotary and
turbomolecular pumps were employed to maintain a back-
ground pressure of 5 X 107 Torr, measured using a Penning
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Figure 2. FE-SEM image of the patterned wafers etched for 10 min with Ar-based mixture plasma: (a) reference sample mask opening width of 245
nm, and (b) etch rates of SiO, and ACL as a function of the O, concentration under an input power of S00 W and gas pressure of 28 mTorr.

gauge. The experimental pressure was 28 mTorr, measured
using a capacitive manometer.

A microwave cutoff probe was employed to measure the
electron density (n,),”””® whereas a floating harmonic probe
was used to measure the electron temperature (T,).””* Both
probes were placed at the center of the discharge chamber (25
mm above the powered electrode) to measure the plasma
parameters at the same measurement position. The microwave
cutoff probe was connected to a network analyzer (SALUKI,
S3601) via SO  coaxial cables to obtain the transmission
spectrum. An optical emission spectrometer (OES, Ocean
optics, HR 4000) installed on a quartz window located 25 mm
above the bottom electrode was used to measure the emission
spectrum of the plasma bulk. A high-voltage probe (Tektronix,
P6015SA) was connected between the matcher and the bottom
electrode to measure the DC self-bias voltage (Vpc) at the
electrode. In this experiment, a wafer with trench patterns was
prepared on a stack of ACL (1500 nm)/SiO, (2000 nm)/Si
substrates. The patterned wafer was manufactured by a chip-
maker of a memory semiconductor. The ACL hard mask was
deposited within a low-pressure regime of a plasma-enhanced
chemical vapor deposition chamber, utilizing C,H, gas as the
carbon source and a combination of Ar, N,, and He gases, as
documented in ref 41, 42. The width of the ACL hard mask
opening was 245 nm. The etch rate and profile of the patterned
wafer were measured using field-emission scanning electron
microscopy (FE-SEM, Hitachi, S-4800).

2.2, Plasma Diagnostic Method. The microwave cutoff
probe is the plasma diagnostic method that measures the
absolute electron density based on the transmission of the
minimum electromagnetic wave from the radiating antenna to
the detecting antenna. The physics behind the cutoft probe was
clarified by Kim et al’”*® The dispersion relation of
electromagnetic waves propagating in a plasma with no DC
magnetic field or of an ordinary wave in a DC magnetic field is
given by w* = w;e + k?, where @ is the frequency of the
electromagnetic wave, @, is the electron plasma frequency, c is
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the speed of light, and k is the wave number. When an
electromagnetic wave radiating from the radiating antenna is
lower than the cutoff frequency of the plasma, the wave is
generally reflected and can no longer propagate at the cutoff.
The relation between the cutoff frequency and electron density
is given by n, = w;eeome/ ¢’, where ¢, is the vacuum
permittivity, e is the elementary charge, and m, is the electron
mass. The cutoff method provides high accuracy (uncertainty
under 2%)**** in the measurement of absolute electron
density due to its simple equation without any specific
assumptions.

The floating harmonic probe is a plasma diagnostic
method.”” A voltage of the kHz frequency band is applied to
the metal tip, and it measures the ion flux and electron
temperature by analyzing the current coming into the probe tip
through the sheath. The current flow through the probe tip
when the electrons are in the Maxwellian distribution is given
by i, =2i exp[e(VTeVP)][ilm + iy, + ], where i" is the
electron saturation current, T, is the electron temperature, V
is the DC bias voltage, V, is the plasma potential, @ is the
frequency applied to the probe, and i,, is the nth harmonic
current. The electron temperature can be obtained by the ratio
of any two harmonic current amplitudes. The ratio of the
amplitudes of the first and second harmonics is given by

liy 1/ 1) =II(I5T&)/IZ(ET&), where V, is the RF voltage

amplitude of the applied voltage and I, is the current
amplitude of the nth harmonic current. The ion flux is given
by i, = 2(0.61lenuzA)(I,/I,)cos(wt), where n; is the ion
density, ug is the Bohm velocity, and A is the probe area.

3. RESULTS AND DISCUSSION

The etch rate and etch selectivity of SiO, to the ACL hard
mask were measured by varying the O, concentration in the
Ar/0,/C,Fg/CH,F, plasma. During these experiments, the
input power, gas pressure, and etching time were maintained at
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Figure 3. Results for argon: measured plasma parameters (a) n,, T, V¢, and I, and (b) normalized values of n,, T,, V¢, and I, as a function of
O, concentration under an input power of 500 W, gas pressure of 28 mTorr, and Ar, C,Fg, and CH,F, of 60, 6, and 6 sccm condition, respectively.
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Figure 4. SiO, and ACL etch rate results for (a) Kr and (b) Xe as a function of the O, concentration under an input power of S00 W and gas

pressure of 28 mTorr.

500 W, 28 mTorr, and 10 min, respectively. Figure 2a shows
the cross-sectional FE-SEM image of the reference sample
(mask opening width: 245 nm) and Figure 2b shows the etch
rates of SiO, (Es,), ACL hard mask (Esc;), and the cross-

sectional views of the after-etching process depending on the
concentration of O,. As shown in Figure 2b, when the O, gas
concentration increased from 3.5 to 6.5%, the E,; increased
from 25 to 76 nm/min, whereas the Ego, was constant. The

etch selectivity of SiO, for ACL decreased from 2.18 to 0.8. It
is possible to confirm the significant change in the etching rate
of ACL due to the increase in O, flow rate when the O,
fraction is above 4% through Figure 2b. Therefore, we
conducted plasma measurements under conditions with O,
fraction exceeding 4%.

The etching characteristics in the Ar-based mixture plasma
were analyzed by measuring the plasma parameters according
to the change in the concentration of O, gas. Figure 3a shows
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the results for the plasma parameters under Ar-based mixture
plasma conditions. As the concentration of O, gas increased, n,
decreased slightly from 1.24 X 10" to 1.18 X 10" cm™ and T,
increased slightly from 2.9 to 3.2 eV. This is because the
absorbed power is additionally dissipated by energy loss as a
result of the dissociation and vibrational/rotational motion of
the molecular gas and the increase in electronegativity of the
gas discharge.”~** The V increased as the concentration of
O, gas increased, as shown in Figure 3a. The change in Vp¢
with O, concentration is due to the decreased electron density
leading to decreased plasma conductivity. Here, the plasma
CO(UPZE
jo + 1,
permittivity, @, is the electron plasma frequency, ® is the
driving freguency, and v, is the electron-neutral collision
frequency.*” This variation of Vp is directly related to the ion
energy, which causes ACL and SiO, sputtering and damage as
the O, gas concentration increases. The optical emission

conductivity is given by ¢, = , where ¢, is the vacuum
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intensity of atomic oxygen (I,,) at the 3pSP — 3sSS state
transition (777.4 nm)>’ was measured using OES. The I, is
proportional to oxygen radical density, and an oxygen radical is
known to be the main etchant of carbon-based materials.*'
The oxygen radical is highly reactive with the carbon atoms on
the ACL surface to produce volatile low-weight molecular
species such as CO and CO,. Reactions of carbon atoms with
oxygen are as follows:*">* C(g) + O, — CO,(g), C(g) + O,
— CO(g) + O, C + O = CO(g), CO,(g).

In this experiment, I, increased approximately twofold from
131 to 272. This increase in I, indicates an increase in the
etchant of ACL, and it causes an increased etch rate of the
ACL hard mask and an isotropic etch profile by chemical
reaction. Figure 3b shows the measured plasma parameters,
normalized at a discharge condition of 4% O, concentration.
The T, and Vp did not significantly change as the flow rate of
oxygen increased; however, n, decreased by approximately 12%
and I, increased twofold. This implies that the change in E5¢,
characteristics mainly arises from the increase in O radicals.

To investigate the change in etching characteristics
according to the inert gas species involved, more experiments
were performed using inert gases, such as Kr and Xe, instead of
Ar. The experiments were performed under the same discharge
conditions as those used for the Ar mixture plasma. Figure 4
shows the etch results obtained using Kr and Xe mixture
plasmas. Figure 4a shows the E,cj, Ego, and the cross-

sectional FE-SEM image of the after-etching process using the
Kr mixture plasma, and Figure 4b shows the Exc;, Ego, and

the cross-sectional view of the after-etching process using the
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Xe mixture plasma, depending on the O, concentration. In
Figure 4, the Ego, under the Kr and Xe mixture plasma

conditions hardly changed, even when the concentration of
oxygen was slightly increased (44—52 nm/min). However, the
EjcL changed dramatically, increasing from 22 to 75 nm/min
for the Kr mixture and from 19 to 150 nm/min (all-etched) for
the Xe mixture, as the concentration of O, increased.
Accordingly, the SiO,/ACL selectivity decreased from 1.99
to 0.73 in the case of the Kr mixture plasma and from 2.26 to
0.36 for the Xe mixture plasma as the O, concentration
increased. In the case of the 6.5% of O, concentration, the
mask opening width was surprisingly 4.5 times wider than that
of the reference sample (see Figure 2a) for the Kr mixture
plasma, and all ACL masks were etched under the Xe-based
mixture plasma. In addition, compared to the results obtained
for Ar, the mask opening width increased 1.57 times for the Kr
mixture in the 6.5% O, condition. Figure S shows the
measured plasma parameters as the O, concentration increased
in the Kr and Xe mixture plasmas. Similar to the results for the
Ar mixture plasma, n, decreased as the O, concentration
increased, and T, and Vp tended to increase slightly. In
addition, the I, also increased as the O, concentration
increased. Therefore, it is shown that the increase in E,¢; with
increasing O, concentration is the main effect of the increase in
O radicals.

Although the change in the etch characteristics according to
the O, gas ratio can be explained by the change in the O
radical, the variations in the etch characteristics depending on
the inert gas species need to be analyzed more thoroughly. For
this reason, it is necessary to examine the variations in plasma
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Figure 7. FE-SEM image and the mask opening width of (a) Ar-based mixture plasma and (b) Xe-based mixture plasma depending on O,
concentration under an input power of 500 W and gas pressure of 28 mTorr.

parameters as the inert gas species change. Figure 6 shows the
normalized values of the etch rate (Figure 6a) and plasma
parameters (Figure 6b) when the concentration of O, is 6.5%.
In Figure 6a, Eg;o, does not change with changes in the inert

gas species; however, the E,¢; changes by more than a factor
of two. Notably, the optical emission of O radicals increased
linearly; however, the E,c; tended to increase significantly
when the inert gas was changed from Kr to Xe. This could be
understood as a synergistic effect of the chemical and physical
reactions. In Figure 6b, T, and Vp decrease slightly as the
mass of the inert gas (Ar: 40 amu, Kr: 83 amu, and Xe: 131
amu) increases. However, n, increased 1.28 times in Kr and
1.72 times in Xe, compared to the 5, variation in Ar. The
increase in n, in Kr and Xe gases is attributed to the reduced
ionization threshold energy and collisional energy loss per
electron—ion pair creation.” As n, increases, the ion density
increases owing to the quasi-neutrality of the plasma and thus
the sputtering of the ACL hard mask is expected to increase. In
addition, as the mass of the inert gas increases, I, also
increases due to the enhanced s, Therefore, the dramatic
change in E,; is considered to be a synergistic effect involving
not only O radicals but also ion density.

The ACL mask distortion caused by the O, concentration
can be controlled by lowering the ratio of O, gas and adding a
fluorocarbon-based gas that reacts with O radicals. Thus, we
optimized the process recipe by applying the reduced O, gas
fraction in the mixture gas: 60 sccm of inert gas flow rate, 7.5
sccm of CH,F, and C,Fg gas flow rate, and 3 sccm of O, gas
flow rate. Figure 7a,b shows the cross-sectional FE-SEM image
of the after-etching process using the Ar-based and Xe-based
mixture plasmas under the 3.8% O, condition, respectively. In
Figure 7a, the mask opening width decreased by 34 nm
compared with the 4% O, condition, and the pattern height
was less etched by 30 nm in the Ar-based mixture plasma. In
the Xe-based mixture plasma (see Figure 7b), the mask
opening width decreased by 289 nm compared with the 4% O,
condition, and the pattern height was etched less by 90 nm. As
the O, gas fraction increased, the mask opening width
increased, which was more dramatic as the inert gas mass
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increased. In addition, the mask opening width was greatly
reduced when the O, concentration was decreased and the
fluorocarbon-based gas flow rate increased. In conclusion, an
outstanding etch profile in the ACL hard mask with sub-
micron scale can be obtained while reducing the damage to it
through the selection of gas species that can consume O
radicals and through precise gas flow rate control.

4. CONCLUSIONS

In this study, the effects of varying O, gas concentrations with
the same input power and gas pressure on the etch selectivity
of an ACL hard mask and SiO, underlayer in Ar, Kr, and Xe/
0,/C,Fg/CH,F, mixture plasmas were investigated. It was
confirmed that the ACL etch rate and etch profile changed
significantly with a slight change in the concentration of O,
(3.5—6.5%). Furthermore, the ACL etch rate increased and the
profile trend became more distorted as the mass of the inert
gas increased. In addition, the density of O radicals and n, were
found to be important parameters for the E,c; and etch
profiles using plasma diagnostics. Based on these process and
plasma diagnosis results, the etch process conditions, in which
the distortion of the ACL hard mask is strongly reduced and
the anisotropic etching profile of the bottom layer is
represented, were derived by lowering the mixture ratio of
the O, gas. These results for the plasma parameters and etch
characteristics are expected to aid the search for a new
industrial etching process technology in current and next-
generation semiconductor fabrication.
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Additional figure presents data obtained by measuring
the surface of the ACL hard mask using energy-
dispersive X-ray spectroscopy (EDS) to confirm the
presence of re-deposition caused by sputtering of the
electrode material. The measurements were conducted
under the following conditions: an input power of 500
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