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Abstract

Silicon nitrides, deposited by capacitively coupled plasma (CCP)-type plasma enhanced atomic
layer deposition (PEALD), are generally applied to today’s nanoscale semiconductor devices,
and are currently being investigated in terms of their potential applications in the context of
flexible displays, etc. During the PEALD process, 13.56 MHz rf power is generally employed
for the generation of reactive gas plasma. In this study, the effects of a higher plasma generation
frequency of 162 MHz on both plasma and silicon nitride film characteristics are investigated
for the purpose of silicon nitride PEALD, using bis(diethylamino)silane (BDEAS) as the silicon
precursor, and N2 plasma as the reactant gas. The PEALD silicon nitride film deposited using
the 162 MHz CCP exhibited improved film characteristics, such as reduced surface roughness, a
lower carbon percentage, a higher N/Si ratio, a lower wet etch rate in a diluted HF solution,
lower leakage current, and higher electric breakdown field, and more uniform step coverage of
the silicon nitride film deposited in a high aspect ratio trench, as compared to silicon nitride
PEALD using 13.56 MHz CCP. These improved PEALD silicon nitride film characteristics are
believed to be related to the higher ion density, higher reactive gas dissociation, and lower ion
bombardment energy to the substrate observed in N2 plasma with a 162 MHz CCP.
Supplementary material for this article is available online
Keywords: PEALD, silicon nitride, very high frequency, BDEAS, Langmuir, optical emission
spectrometry
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1. Introduction

to the substrate to decrease, due to decreased impedance at
the plasma sheath, and increased conductance in theplasma
[18–23]. However, as the operating frequency is increased, the
wavelength of the operating frequency in the plasma is comparable to the size of the chamber. Therefore the standing wave
effect, which decreases plasma uniformity in the processing
chamber, is increased. Recently, a very high frequency (VHF)
CCP-type PECVD, utilizing multiple electrodes (multi-tile
electrodes composed of push-pull floated electrode set), which
does not show the standing wave effect, has been investigated
in relation to the deposition of high quality, large area, and uniform silicon nitride layers for thin film passivation [24, 25].
Using multi-tile 162 MHz VHF CCP plasma, it was found
that physical damage to the substrate could be ameliorated by
reducing the ion bombardment to the substrate, and that the
standing wave effects could be reduced by using multiple electrodes. Moreover, a higher degree of dissociation of the reactant gas, as compared with conventional high frequency (HF)
plasma sources (3–30 MHz), could be observed [23, 24].
In this study, the multi-tile push-pull 162 MHz CCP source
is applied to the deposition of silicon nitride via PEALD, and
the characteristics of silicon nitride deposited by this VHF
PEALD are investigated. To better understand VHF CCP as
a method for the deposition of silicon nitride by PEALD, the
properties of plasmas and the characteristics of silicon nitride
deposited via PEALD are compared with those obtained by
means of a conventional 13.56 MHz CCP-type plasma source.
In addition, in the PEALD process, the precursor’s molecular structure plays a key role in the deposition process and
resulting film quality. Recently, aminosilane precursors have
been proposed as Si precursors for the silicon nitride PEALD
process; these would be more desirable than chlorosilanes
precursors, owing to their excellent reactivity with the substrate, uniform film formation, and the easy removal of any
byproducts [26–28]. Of the available amino silane precursors
for the deposition of silicon nitride, bis(diethylamino)silane
(BDEAS) has been investigated as a suitable Si precursor for
deposition, as it can be deposited over a wide temperature
range, from 100 ~ 400 ◦ C, at a high deposition rate, as well
as possessing good thermal stability [29]. Therefore, in this
study, the characteristics of PEALD silicon nitrides, deposited
via multi-tile 162 MHz CCP were compared with a conventional 13.56 MHz CCP, using BDEAS as the silicon precursor.

Silicon nitride(Si3 N4 ) is widely used in the semiconductor
industry for various applications, such as gate dielectrics, sidewall spacers for gate structures, passivation layers to prevent
the diffusion of impurities, and as sacrificial layers for Vertical
NOT-AND [1, 2]. It has also been investigated as a transparent thin film passivation layer for flexible display devices, etc
[3–5].
Silicon nitride is generally deposited via chemical vapor
deposition (CVD) and plasma enhanced chemical vapor
deposition (PECVD). These days, thermal atomic layer deposition (ALD) and plasma enhanced atomic layer deposition
(PEALD) techniques are also employed, due to the decrease
in modern device sizes, and the importance of more conformal
step coverage [6–9]. By using CVD, high quality and stoichiometric silicon nitride can be deposited at temperatures of
~800 ◦ C. However, , Where devices require a lower deposition
temperature, PEVCD techniques are widely used, as silicon
nitride can be deposited at lower temperatures, since the reactant gases are dissociated by the plasma [10]. However, as the
size of devices has decreased to the nanoscale, ALD has been
investigated and applied as a next generation deposition technique for various thin films, including silicon nitride. This is
due to the requirement of nanoscale devices for high step coverage at high aspect ratios, as well as for atomic scale thickness
control, even though the deposition rate is slow. It should be
noted that ALD uses only thermal energy for its chemical reactions. In contrast, PEALD techniques, employ plasma as an
additional energy source for the dissociation of reactive gases;
therefore these techniques are also being investigated, with the
aim of decreasing the deposition temperature, in addition to
acknowledging PEALD’s advantages over ALD, such as high
growth per cycle and a wide process window, induced by the
high chemical reactivity of plasma radicals in the reaction step
[11, 12].
During the PEALD of silicon nitride, nitrogen or/and
ammonia plasmas are used to generate the nitrogen radicals
required for the reaction with silicon precursors adsorbed on
the substrate surface, thereby forming a stoichiometric silicon
nitride. However, due to ion bombardment at the substrate surface, together with compound formation with impurities such
as hydrogen and carbon by the plasma during the reaction step,
the physical and chemical properties of the deposited material are altered; as a result, the electrical properties may be
degraded, in addition to the decreased step coverage [13, 14].
Moreover, the use of nitrogen gas as the reactive gas for silicon
nitride PEALD, in order to reduce hydrogen-related problems,
is known to present challenges in terms of the depositition of
silicon nitride with a high nitrogen content. This is particularly
true for the conventional PEALD system, using capacitively
coupled plasmas (CCP), given that nitrogen molecules are not
easily dissociated, due to their high dissociated energy with a
triple bond (24.3 eV) [15–17].
In general, for plasma generation in a CCP system, a
13.56 MHz operating frequency is used, since studies have
shown that an increased operating frequency, causes the
plasma density to increase, and the ion bombardment energy

2. Experimental
2.1. VHF(162 MHz) multi-tile push-pull plasma source

A schematic diagram of the VHF (162 MHz) CCP-type
PEALD system with a multi-tile push-pull plasma source is
shown in figure 1(a). The multi-tile plasma source consists of
four pairs of electrodes. One pair of electrodes is composed
of two adjacent and identical rectangular (60 mm × 49 mm)
power electrode tiles,where the electrode pair formed one push
(+V) electrode and one pull (−V) electrode, alternately, during one rf cycle. Each push-pull electrode pair was identically
powered by an inductively coupled power splitter system connected to the VHF (162 MHz) generator, allowing the current
2
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Figure 1. (a) Schematic drawing of the PEALD system using a VHF (162 MHz) multi-tile push-pull plasma source. (b) Chemical structure

of silicon precursor (BDEAS; bis(diethylamino)silane) used in this experiment. (c) Schematic representation of one cycle of silicon nitride
PEALD.

to flow between the push-pull electrodes without flowing to
the substrate. Details of the 162 MHz multi-tile plasma source
can be found elsewhere [23, 25].

plasma sources, while maintaining the operating pressure of
the N2 at 300 mTorr, and the rf power at 400 W. The silicon
substrate temperature was varied from 100 ◦ C to 300 ◦ C.
Plasma characteristics, such as plasma density (Ni ), plasma
potential (Vp ), and floating potential (Vf ) were measured using
a Langmuir probe (ALP-150, Impedans) installed at the location between the power electrodes and the substrate. The characteristics of the N2 plasmas were observed via optical emission spectroscopy (OES, istar DH 734, Andor), using a view
port (quartz window) located on the chamber wall. The resulting film thickness, and thickness changes via wet etching
using an HF solution (a diluted 500:1 HF solution at room
temperature) of the deposited silicon nitride were measured
via spectroscopic ellipsometry (SE MG-1000UV, Nano-view).
The chemical composition of the deposited silicon nitrides was
analyzed via x-ray photoelectron spectroscopy (XPS, MultiLab 2000, Thermo VG, Mg Kα source). The surface morphology and RMS surface roughness of the films were analyzed
via atomic force microscopy (AFM, JPK instrument). To compare the step coverage of the silicon nitrides deposited using
the 162 MHz multi-tile CCP with that based on the 13.56 MHz
conventional CCP, SiO2 line patterns with an aspect ratio of
~30 were prepared, and the step coverage was observed using
transmission electron microscopy (TEM, JEM ARM 200F,
de). The step coverages of the 13.56 MHz and 162 MHz silicon
nitride were evaluated by measuring the silicon nitride thickness deposited on the top of the pattern, together with that on
the bottom of the high aspect ratio trench pattern, and by taking the ratio of the silicon nitride thickness at the bottom to that
at the top of the trench pattern. For comparison, SiO2 line patterns initially deposited with 11 nm thick ALD silicon nitride,
using Si2 Cl6 as a silicon precursor and N2 H4 as a nitrogen precursor at ~600 ◦ C, were used prior to the deposition of silicon nitride via PEALD. To compare the electrical properties

2.2. Characterization

To compare the characteristics of plasma and the properties
of silicon nitride deposited by the 162 MHz multi-tile CCP
with those of a conventional CCP, operated at 13.56 MHz, the
162 MHz multi-tile electrodes located on the top of the chamber were replaced with a conventional 13.56 MHz CCP-type
electrode. The characteristics of the plasma and deposited silicon nitrides were compared. (The details of the 13.56 MHz
conventional plasma source used in this experiment are shown
in figure S1(available online at https://stacks.iop.org/NANO/
32/075706/mmedia).)
Silicon nitride films were deposited directly onto a highly
doped n-type Si substrate, using the aminosilane, BDEAS, and
N2 plasma as precursors for Si and N, respectively. The precursors were transported to the chamber using N2 carrier gas.
The BDEAS (H2 Si[(N(C2 H5 )2 ]2, which has a boiling point of
188 o C, was contained in a stainless-steel canister and heated
to 60 ◦ C using a ribbon heater during its delivery to the chamber. The schematic of a PEALD cycle for growing the silicon
nitride is shown in figure 1(c). The PEALD cycle consisted
of four steps: the Si adsorption step with the BDEAS precursor, the precursor purge step with N2 gas, the reaction step
with N2 plasma, and the byproduct purge step with N2 gas.
Here, N2 gas, with a flow rate of 135 sccm, was used to purge
excess gas molecules and byproducts between the precursor
adsorption step and the reaction step. The growth characteristics of PEALD silicon nitride on Si substrates were systematically investigated by changing the precursor exposure and N2
plasma exposure times for both the 13.56 MHz and 162 MHz
3
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Figure 2. (a) Ion density and (b) the difference between plasma potential and floating potential (Vp-Vf ) for 13.56 MHz and 162 MHz

plasma, measured at 300 mTorr for different rf powers (100 ~ 500 W). (c) Optical emission spectra of N2 plasma measured at 300mTorr and
400 W only.

of the silicon nitride films deposited by the PEALD process
using the 162 MHz multi-tile CCP source with those from the
13.56 MHz conventional CCP source, MIS (metal-insulatorsemiconductor) devices were fabricated on the highly doped
n-type Si substrate. Here, Ti (5 nm) and Au (50 nm), deposited by an electron beam evaporator, were used as the metal
electrodes of the MIS structure, and a dot-patterned shadow
mask with a radius of 100 µm was used to define the contact
area. The electrical properties of the deposited silicon nitrides
were characterized using a capacitive–voltage (C–V) analyzer
(Aglient E4980A, Keysight) for capacitance–voltage (C–V)
and current–voltage (I–V) measurements.

that the kinetic energy of the ions colliding with the substrate achieved by the 162 MHz CCP was smaller than that
of the 13.56 MHz conventional CCP. In general, at the same
rf power, when the operating frequency to a CCP system is
increased, the sheath impedance of the plasma is decreased,
since the sheath impedance is inversely proportional to the
operating frequency (Z = 1/[2πfC], where Z is the sheath
impedance, f is the operating frequency, and C is the capacitance of the sheath). Therefore, at the same rf power, due to the
decrease of sheath impedance in the plasma system, not only
do we observe a decreased rf voltage, but also an increased
current to the plasma, at the higher rf frequency. The increased
current to the plasma increases plasma density, and decreased
rf voltage will decrease the Vp − Vf in the plasma.
Figure 2(c) shows the optical emission spectra of N2
plasma, measured for the 13.56 MHz CCP and the 162 MHz
CCP at 300 mTorr and 400 W of rf power, so as to observe the
degree of dissociation of the N2 molecules. A band of peaks
related to the excitation of the N2 molecules was observed for
the wavelength range from 290 ~ 400 nm, and a band of peaks
related to the excitation of nitrogen atoms was observed for the
wavelength range from 670 ~ 860 nm. As shown in figure 2(c),
the peak intensities observed for the wavelength range from
290 ~ 400 mm were higher for the plasma operated using the
13.56 MHz CCP source than thise observed for the 162 MHz
CCP source, while the peak intensities at the wavelength range
from 670 ~ 860 nm were higher for the plasma operated
with the 162 MHz CCP source than that with the 13.56 MHz
CCP source. Therefore, by using the 162 MHz multi-tile CCP
source, not only could a higher plasma density and lower ion
bombardment energy to the substrate be obtained, but a higher
N2 molecule dissociation was also observed,compared to the
conventional 13.56 MHz CCP source at the same rf power.

3. Results and discussion
3.1. Plasma analysis

Using a Langmuir probe and OES, the characteristics of the
N2 plasma, measured for the 162 MHz CCP source and the
conventional 13.56 MHz CCP source, were investigated. Figure 2(a) shows the ion density measured for N2 plasma using
a Langmuir probe at different powers (100 ~ 500 W) based
on the conventional 13.56 MHz CCP source and the 162 MHz
CCP source. With regard to nitrogen ion density measurement,
it was assumed that the same amount of N+ ion and N2 +
ion existed as ions in the N2 plasma. A Langmuir probe tip
was located at the center of the substrate, and the data were
averaged after five measurements. As shown in figure 2(a),
the ion density generally increased with rf power. However,
at the same rf power, the ion density for the 162 MHz CCP
was higher than that for the 13.56 MHz conventional CCP.
For example, at an rf power of 500 W, an ion density higher
than 3.16 × 1010 cm−3 could be observed with the 162 MHz
CCP source, whereas an ion density below 1.06 × 1010 cm−3
was observed with the conventional 13.56 MHz CCP source.
Figure 2(b) shows the difference between plasma potential
Vp , and floating potential Vf , (Vp − Vf ), measured as a function of rf power, using a Langmuir probe. Vp − Vf is related
to the ion bombardment energy to the dielectric substrate,
such as SiO2 , during plasma processing. As shown in figure
2(b), the Vp − Vf was significantly lower for the 162 MHz
plasma than for 13.56 MHz plasma. Therefore, it is evident

3.2. Growth behavior and roughness

The silicon nitride was deposited via PEALD, using BDEAS
as the silicon precursor, and using N2 plasma generated by
162 MHz CCP, and 13.56 MHz CCP under conditions of
300mTorr N2 and 400 W of rf power. Figures 3(a) and (b)
show the GPC of the silicon nitride, measured as a function
of the BDEAS dose time (10 s for the N2 plasma process)
4

Nanotechnology 32 (2021) 075706

J Y Byun et al

Figure 3. GPCs for 13.56 MHz and 162 MHz PEALD silicon nitride on Si with (a) precursor adsorption time and (b) N2 plasma exposure

time. (c) and (d) RMS surface roughness, measured by AFM, for silicon nitride films deposited using the 13.56 MHz conventional CCP and
the 162 MHz CCP, respectively

Figure 4. (a) XPS narrow scan data for Si 2p and N 1 s in the silicon nitride films deposited using 13.56 MHz CCP and 162 MHz CCP at

200 ◦ C (b) Wet etch rates of silicon nitride films deposited at 100 ~ 300 ◦ C in a diluted 500 : 1 HF solution at room temperature. Thickness
of silicon nitride deposited was about ~65 nm for both plasma systems.

and N2 plasma exposure time (5 s for the precursor dose
time), respectively, for both the 13.56 MHz CCP and the
162 MHz CCP, at a substrate temperature of 200 ◦ C. As
shown in figures 3(a) and (b), the GPC was saturated at
roughly ~ 5 s for the same BDEAS precursor dose time, and
at ~6 s of the N2 plasma exposure time, respectively, for

both plasma frequencies. However, the saturated GPCs for the
13.56 MHz CCP and the 162 MHz CCP were 2.3 Å/cycle
and 1.7 Å/cycle, respectively. Therefore, the GPC was higher
for the 13.56 MHz CCP. Figures 3(c) and (d) show the RMS
surface roughness of the 3 µm x 3 µm PEALD silicon nitride,
measured via AFM for the 13.56 MHz CCP and the 162 MHz
5
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Figure 5. (a) Illustration of the MIS device structure for characterization. (b) I–V curves of MIS capacitors with silicon nitrides deposited

using the 13.56 MHz conventional CCP and the 162 MHz multi-tile CCP. The thickness of the deposited silicon nitride was about ~65 nm.

CCP methods, under the same process conditions (precursor
adsorption time: 5 s, plasma reaction time: 10 s). The thickness of the silicon nitrides duringwas maintained at ~65 nm
during the AFM measurement. The RMS roughness of silicon
nitride deposited via 13.56 MHz CCP was ~8.1 Å, and that
deposited via 162 MHz CCP was ~5.93 Å; therefore, using
the 162 MHz CCP rather than the 13.56 MHz CCP, a lower
RMS surface roughness was obtained in relation to the deposited silicon nitride, even though the saturated GPC was lower.
The lower saturated GPC obtained by means of the 162 MHz
CCP, compared to that achieved using 13.56 MHz CCP are
believed to be related to the densification of the silicon nitride,
and the reduction in impurities in the deposited silicon nitride
by virtue of the higher ion flux to the substrate, and the higher
nitrogen atomic reactant concentration present in the 162 MHz
CCP.

higher etch resistance of the silicon nitride film deposited by
the 162 MHz CCP is believed to be closely related to a higher
film density and higher Si–N bond concentration in the deposited silicon nitride film, due to the higher ion flux to the substrate and the higher nitrogen atomic density of the 162 MHz
plasma compared to that of the 13.56 MHz plasma, as shown
in figure 2. The lower wet etch rate of silicon nitride deposited
at a higher substrate temperature and a higher plasma generation frequency is also related to the formation of more stoichiometric silicon nitrides with a lower carbon percentage in
the deposited silicon nitride film (see table S1). As shown in
table S1, the ratios of N/Si of the silicon nitrides deposited
using the 13.56 MHz CCP and the 162 MHz CCP were not as
high as the stoichiometric Si3 N4 , due to the high boiling point
of the BDEAS precursor used here, and in particular, to the
use of a low substrate temperature.

3.3. XPS analysis and wet etch rate

3.4. Electrical characterization

Figure 4(a) shows the XPS narrow scan data for Si 2p at
102 eV, and N 1 s at 397 eV of the silicon nitride films deposited at a substrate temperature of 200 ◦ C, and figure 4(b)
shows the wet etch rates of the silicon nitride films deposited at substrate temperatures of 100 ~ 300 ◦ C in a diluted
500 : 1 HF solution, at room temperature. The silicon nitride
films were deposited via 13.56 MHz CCP and 162 MHz CCP,
respectively, at 400 W of rf power, and with the thickness
of ~ 65 nm, based on the process conditions shown in figures 3(c) and (d), with the exception of the different substrate
temperatures given in figure 4(b). As shown in figure 4(a), the
nitrogen content of the film deposited using 162 MHz CCP
(N/Si ratio = 0.8399) was much higher than in that deposited via 13.56 MHz CCP (N/Si ratio = 0.4503). The deconvoluted XPS N1s spectra in figure 4(a) are also shown in figure S2. Moreover, as shown in figure 4(b), the silicon nitride
deposited using the 162 MHz CCP demonstrated a lower wet
etch rate than that deposited using the 13.56 MHz CCP, where
the increase in substrate temperature significantly decreased
the wet etch rate from 125.11 nm min−1 (13.56 MHz) and
37.84 nm min−1 (162 MHz) at 100 o C, to 7.64 nm min−1
(13.56 MHz) and 1.05 nm min−1 (162 MHz) at 300 ◦ C. The

The electrical properties of silicon nitrides deposited using
13.6 MHz CCP and 162 MHz CCP, based on the deposition conditions given in figures 3(c) and (d), respectively,
were evaluated by fabricating MIS devices, and the results are
shown in figure 5(a). The thickness of both films for the C–
V and I–V measurements was maintained at ~65 nm. On the
basis of the C–V analysis, the dielectric constants of silicon
nitrides deposited by the 13.56 MHz CCP and the 162 MHz
CCP were calculated to be 8.15 and 7.69, respectively. Both
dielectric constants were in the range of that of silicon nitride
[5]. At the same time, the MIS device fabricated with the silicon nitride deposited by the 162 MHz CCP demonstrated
a lower leakage current density of 2.58 × 10−18 A nm−2 at
~0 V and a higher breakdown field of 0.73 V nm−1 . For
comparison, the results for the silicon nitride film deposited by the 13.56 MHz CCP (a leakage current density of
2.93 × 10−17 A nm−2 at ~0 V and a breakdown field of
0.45 V nm−1 ) are shown in figure 5(b). The lower leakage current and higher breakdown voltage of the MIS capacitor fabricated using the 162 MHz CCP are believed to
be related to the higher nitrogen-containing silicon nitride
layer.
6
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Figure 6. Cross sectional TEM images of (a)–(d) 13.56 MHz conventional CCP and (e)–(h) 162 MHz multi-tile CCP silicon nitride

deposited onto a high aspect ratio SiO2 pattern. Magnified TEM image of silicon nitride deposited using the 13.56 MHz conventional CCP
at (b) top, (c) middle, and (d) bottom. Magnified TEM image of silicon nitride deposited using the 13.56 MHz conventional CCP at (b) top,
(c) middle, and (d) bottom of the SiO2 pattern.

the SiO2 pattern, respectively. Given that the 162 MHz plasma
has a higher plasma density than the 13.56 MHz plasma, the
probability that radicals and ions survive at the bottom of
the sample is higher for the 162 MHz plasma than for the
13.56 MHz plasma. Therefore, with the 162 MHz plasma,
more uniform PEALD reactions can occur at different positions in the high aspect ratio SiO2 pattern, resulting in a more
conformal silicon nitride film on the high aspect ratio SiO2 pattern surface. However, even though the PEALD silicon nitride
deposited with nitrogen plasma generated using the 162 MHz
CCP demonstrates superior step coverage to that deposited
using the 13.56 MHz CCP, the step coverage was not as uniform as that of ALD silicon nitride deposited on the SiO2 deep
trench, as shown in figure 6 (the dark line in the cross-sectional
TEM denotes the 11 nm thick ALD silicon nitride deposited
onto the SiO2 prior to the deposition of the PEALD silicon
nitride, using Si2 Cl6 as the silicon precursor, and N2 H4 as the
nitrogen precursor at ~600 ◦ C, resulting in 95% and 94.5%

3.5. Morphology

The step coverage of the PEALD silicon nitrides deposited using BDEAS, for both the 13.56 MHz CCP and the
162 MHz CCP was investigated by depositing silicon nitride
onto anSiO2 pattern with a high aspect ratio of ~30 (see figure S3). Using cross-sectional TEM, the step coverages of the
silicon nitrides deposited using the 13.56 MHz CCP and the
162 MHz CCP were observed, and the results are shown in
figures 6(a)–(d) for the 13.56 MHz CCP, and figures 6(e)–
(h) for the 162 MHz CCP. As shown in figure 6, compared to
the 13.56 MHz PEALD silicon nitride, the 162 MHz PEALD
silicon nitride exhibited a more uniform step coverage on the
high aspect ratio SiO2 pattern. The step coverages of the silicon nitride deposited using the 13.56 MHz CCP were 34.6%
and 34.2% at the sidewall and bottom of the SiO2 pattern,
respectively, and those deposited using the 162 MHz CCP
were 94.8% and 92.2% at the sidewall and at the bottom of
7
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4. Conclusion
In this study, we investigated the effect of the operating frequency of N2 plasma generation during the nitrogen reaction step of PEALD of silicon nitride, with BDEAS as silicon precursor, on plasma characteristics, and the characteristics of the deposited silicon nitrides. Compared to 13.56 MHz
plasma, 162 MHz plasma showed higher nitrogen ion density,
higher nitrogen atomic concentration, and lower ion bombardment energy. Low ion bombardment energy in the 162 MHz
plasma effectively reduced the RMS surface roughness of
the deposited silicon nitride. In addition, the PEALD silicon
nitride deposited using the 162 MHz CCP exhibited a higher
N/Si ratio and a lower carbon percentage in the deposited
film. When MIS devices were fabricated, the PEALD silicon
nitride deposited using the 162 MHz CCP also showed a lower
leakage current and breakdown voltage. Cross-sectional TEM
revealed the more conformal step coverage of the PEALD silicon nitride achieved using the 162 MHz CCP. Therefore, a
PEALD silicon nitride film with improved film characteristics
was obtained using the 162 MHz CCP, compared with those
obtained using the 13.56 MHz CCP. It is believed that similar improved PEALD film characteristics may be obtained
by using higher frequency plasma during the reaction step for
PEALD silicon nitride deposited using different silicon precursors, as well as for other PEALD films.

Acknowledgments
This study was supported by the Nano Material Technology
Development Program, through the National Research Foundation Korea (NRF), funded by the Ministry of Education, Science, and Technology (Grant No. 016M3A7B4910429). This
work was also supported by the Department of Semiconductors in Duksan Techopia Co.
Conflicts of interest
There are no conflicts to declare
ORCID iD
G Y Yeom  https://orcid.org/0000-0001-6603-2193
8

Nanotechnology 32 (2021) 075706

[19]

[20]

[21]

[22]
[23]

[24]

J Y Byun et al

during the microcrystalline silicon deposition Thin Solid
Films 472 125–9
Gordijn A, Rath J K and Schropp R E I 2006 High-efficiency
µc-Si solar cells made by very high-frequency
plasma-enhanced chemical vapor deposition Prog.
Photovolt., Res. Appl. 14 305–11
Meiling H, van Sark W G J H M, Bezemer J and van der Weg
W F 1996 Deposition-rate reduction through improper
substrate-to-electrode attachment in very-high-frequency
deposition of a-Si: H J. Phys. D: Appl. Phys. 80 3546–51
Kakiuchi H, Ohmi H, Kuwahara Y, Matsumoto M, Ebata Y,
Yasutake K, Yoshii K and Mori Y 2006 High-rate
deposition of intrinsic amorphous silicon layers for solar
cells using very high frequency plasma at atmospheric
pressure Japan J. Appl. Phys. 45 3587
Kim K S et al 2017 Silicon nitride deposition for flexible
organic electronic devices by VHF (162 MHz)-PECVD
using a multi-tile push-pull plasma source Sci. Rep. 7 1–7
Kim K S, Sirse N, Kim K H, Ellingboe A R, Kim K N and
Yeom G Y 2016 Characteristics of silicon nitride deposited
by VHF (162 MHz)-plasma enhanced chemical vapor
deposition using a multi-tile push–pull plasma source J.
Appl. Phys. 49 395201
Monaghan E, Yeom G Y and Ellingboe A R 2015
Measurement of nc-Si: H film uniformity and diagnosis of

[25]

[26]

[27]

[28]

[29]

9

plasma spatial structure produced by a very high frequency,
differentially powered, multi-tile plasma source Vacuum
119 34–46
Monaghan E 2014 VHF-PECVD and analysis of thin
nano-crystalline silicon films with a multi-tile plasma
source for solar energy applications Doctoral dissertation,
Dublin City University
Huang L, Han B, Han B, Derecskei-Kovacs A, Xiao M, Lei X,
O’Neill M L, Pearlstein R M, Chandra H and Cheng H
2014 Density functional theory study on the full ALD
process of silicon nitride thin film deposition via BDEAS or
BTBAS and NH3 Phys. Chem. Chem. Phys.
16 18501–12
Provine J, Schindler P, Kim Y, Walch S P, Kim H J, Kim K-H
and Prinz F B 2016 Correlation of film density and wet etch
rate in hydrofluoric acid of plasma enhanced atomic layer
deposited silicon nitride AIP Adv. 6 065012
Meng X, Byun Y-C, Kim H, Lee J, Lucero A, Cheng L and
Kim J 2016 Atomic layer deposition of silicon nitride thin
films: a review of recent progress, challenges, and outlooks
Materials 9 1007
Murray C A, Elliott S D, Hausmann D, Henri J and Lavoie A
2014 Effect of reaction mechanism on precursor exposure
time in atomic layer deposition of silicon oxide and silicon
nitride ACS Appl. Mater. Interfaces 6 10534–41

