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A B S T R A C T   

Important issues for silicon nitride (SiNx) plasma enhanced atomic layer deposition (PEALD) are lowering the 
process temperature and minimization of plasma damage. In this study, the characteristics of PEALD SiNx films 
deposited at a low processing temperature of 100 ◦C with di-isopropylamino silane (DIPAS) and N2 plasma 
excited by using a very high frequency (VHF, 162 MHz) floating multi-tile electrode capacitively coupled plasma 
(CCP) source and a conventional VHF CCP source are reported in addition to the characteristics of both plasma 
sources. The PEALD SiNx film deposited with the floating multi-tile electrode exhibited higher growth rate (~ 
0.6 Å/cycle), higher N/Si ratio film (N/Si ~ 0.98, even though it is lower than the stoichiometric ~1.33 of N/Si 
for Si3N4) with no trace of carbon, lower surface roughness, and higher conformality in a trench compared to 
those deposited by the conventional CCP. In addition, improved electrical properties of the SiNx films such as 
lower leakage current, lower interface trap density, and higher breakdown voltage of PEALD SiNx film were 
obtained with the floating multi-tile electrode. These enhanced properties of SiNx films deposited by the floating 
multi-tile electrode are believed to be related to the higher plasma density, higher radical density, and lower ion 
energy bombarding the substrate observed for the multi-tile electrode through the enhanced power efficiency of 
the differentially-coupled multi-tile plasma source.   

1. Introduction 

Silicon nitride (SiNx) thin film serves as one of the important mate-
rials for various semiconductor devices and extensively used as a gate 
spacer in logic or memory devices, and a charge trap layer for flash 
memory devices, etc. [1–5]. For these device applications of SiNx thin 
film, conformal deposition on high aspect ratio structures and good film 
quality (i.e., highly stoichiometric N/Si ratio, low leakage current, etc.) 
are required at low processing temperatures (< 400 ◦C) [6–9]. To satisfy 
the requirements of SiNx for a broad range of applications, atomic layer 
deposition (ALD) methods are widely investigated due to high con-
formality, precise thickness control, high quality, and excellent repeat-
ability based on self-limiting features of the ALD processes [10–12]. 

Plasma enhanced atomic layer deposition (PEALD) is attracting 
much attention as an alternative technique of ALD because it has ad-
vantages such as high deposition rate, lower deposition temperature, 
film stress control, etc. [13,14]. In the case of PEALD SiNx deposited at 
low temperatures, despite considerable research, still some properties 
such as impurity, stoichiometry, step coverage, and plasma induced 
damage are in need of improvement [15–18]. During the SiNx PEALD, 
plasma exposure is a critical step in controlling the properties of the 
deposited film such as carbon concentration, surface roughness, con-
formality, etc. in addition to the deposition rate. A number of research 
reports can be found on the enhancement in the properties of the PEALD 
SiNx films by controlling the plasma process conditions such as exposure 
time, plasma pressure, power, frequency, plasma source type, etc. 
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[19–21]. In general, for the SiNx PEALD, during the reaction step of the 
deposition process, a high frequency (HF)-plasma generated with a 
capacitively coupled plasma (CCP) equipment or an inductively coupled 
plasma (ICP) equipment with Druvestyn electron distributions is used 
with a hydrogen containing gas such as NH3. The use of very high fre-
quency (VHF) capacitively-coupled-plasma (CCP) results in high elec-
tron density (ne), reduced ion energy, and reduced average electron 
temperature (Te) at a high operating pressure, and enables the use of N2 
instead of NH3 as the reaction gas. The combination of high density and 
low bulk electron temperature for the VHF CCP enables 
highly-vibrationally-excited N2,v* and/or N2-dissociation, possibly via 
vibrational ladder pumping, enabling nitrogen to be incorporated into 
the SiNx film. However, plasma non-uniformity challenges exist in VHF 
CCP discharges due to a standing wave effect [22]. 

Recently, a multi-tile VHF CCP employing floating, differential 
power coupling was applied to overcome the non-uniformity issue in the 
operation of VHF in the plasma processing such as plasma enhanced 
chemical vapor deposition (PECVD) and nitridation process [23–30]. 
Especially, in our previous work, using a VHF (162 MHz) multi-tile 
plasma source, the properties of SiNx films deposited by PEALD using 
bis(diethylamino)silane (BDEAS) and N2 plasma were reported and the 
effect of VHF (162 MHz) plasma was shown by comparing the PEALD 
using 13.56 MHz plasma at the same conditions [31]. In this study, the 
differences in SiNx PEALD deposited by VHF CCP using floating 
multi-tile electrode and a conventional diode-configuration VHF CCP 
were investigated for 162 MHz of rf frequency using di-isopropylamino 
silane (DIPAS) as the Si precursor and N2 plasma as a nitriding agent at a 
low temperature of 100 ◦C. We demonstrate that the VHF CCP with 
floating multi-tile electrode results in lower plasma induced damage to 
PEALD SiNx films compared to the conventional diode VHF CCP due to 
the lower ion bombardment energy from the plasma. 

2. Experimental methods 

Fig. 1(a) and (b) show schematic diagrams of the conventional CCP 
VHF PEALD system and the VHF PEALD system with floating multi-tile 
electrode, respectively, used for the SiNx PEALD process. For the con-
ventional CCP VHF PEALD system, the 162 MHz rf power was supplied 
to the top electrode through a matching box while the opposite electrode 
sustaining the substrate is grounded while, for the VHF PEALD system 
with floating multi-tile electrode, the 162 MHz rf power was coupled 
differentially to pairs of the tiles by a power splitter (that is, by trans-
former coupling equally to floated multi-tile electrode) through a 
matching box [28,32]. The plasma source of the VHF PEALD system 
with floating multi-tile electrode consisted of 4 pairs of electrically 
floated tile electrodes (total 8 rectangular tile shaped electrodes of 60 
mm x 49 mm). Power coupling from the tiles to the plasma is mostly 
capacitive coupling similar to the conventional CCP, however, with 
differential coupling, an additional plasma current flows parallel to the 
surface between adjacent, out-of-phase tiles. In addition to the 

capacitive coupling, the magnetic dipole is formed at the boundary of 
the pairs of tiles, and which results in an inductive electric field parallel 
to the tile-edge [26–28,33,34]. 

For the PEALD, the chamber wall temperature and the substrate 
temperature were heated to 100 ◦C while the canister and precursor 
delivery line connecting from the canister to the reactor chamber were 
maintained to 25 ◦C. As the precursor depositing the SiNx with both 
plasma sources, we chose an aminosilane precursor due to their higher 
reactivity compared to chlorosilane precursors [35–37]. Among them, 
di-isopropylamino silane (DIPAS, Duksan Techopia Corporation) having 
the chemical formular of H3Si[N{(CH)(CH3)2}], was chosen due to 
higher growth rate and wide temperature window [38–40]. The N2 
(99.9999%) was used as the carrier gas to deliver the precursor to the 
reaction chamber and also used as a nitriding agent & purge gas. One 
cycle of deposition sequence of SiNx PEALD process using DIPAS and N2 
plasma was the same for both plasma sources and is shown in the sup-
plementary Fig. S1. At the adsorption step, the DIPAS with 20 sccm of N2 
carrier gas (200 mTorr) was introduced into the reaction chamber for 10 
s and adsorbed on the silicon wafer, followed by purging with 43 sccm 
N2 for 90 s. At the reaction step, the silicon wafer adsorbed with DIPAS 
was exposed to a N2 plasma for 30 s, followed by purging with 43 sccm 
N2 for 30 s. Plasma exposure was carried out at 300 mTorr N2 and with 
500 W of 162 MHz rf power for both plasma systems. 

Plasma parameters of the N2 plasmas such as electron density (ne), 
plasma potential (Vp) and floating potential (Vf) according to the plasma 
sources were analyzed using a Langmuir probe (ALP-150, Impedans). 
Also, optical emission spectra of N2 plasmas were observed for both 
plasma sources using optical emission spectroscopy (OES, AvaSpec- 
3648, Avantes). The ion energy distribution of nitrogen ions incident 
to the substrate during the N2 plasma exposure was measured using a 
homemade retarding ion energy analyzer located on the substrate. The 
thickness of SiNx film and the growth per cycle (GPC) were determined 
by spectroscopic ellipsometry (SEMG-1000UV, Nano-view). The con-
formality of the SiNx film deposited at different positions of high aspect 
ratio Si and SiO2 trench patterns was characterized with transmission 
electron microscopy (TEM, HD-2300A, Hitachi). Surface roughness and 
elemental composition of the deposited SiNx films were measured using 
atomic force microscopy (AFM, nx-10) and X-ray photoelectron spec-
troscopy (XPS, MultiLab 2000, Thermo VG, Mg Kα source), respectively. 
Electrical characteristics of the deposited SiNx films were characterized 
using a capacitive-voltage (C-V) analyzer (Aglient E4980A, Keysight) by 
making metal-insulator-semiconductor (MIS) capacitor and by 
measuring the leakage current and interface trap density. The MIS ca-
pacitors were fabricated with ~10 nm thick PEALD SiNx layers depos-
ited on a low p-type doped silicon wafer & a high n-type doped silicon 
wafer by photolithographically forming 100 µm dot patterns with 
AZ5214E photoresist and AZ MIF 300 developer, by depositing 50 nm- 
thick TaN metal contact by sputtering, and finally by the lift-off process. 

Fig. 1. Schematic diagrams of (a) the conventional CCP VHF PEALD system and (b) the VHF PEALD system with floating multi-tile electrode using DIPAS and 
N2 plasma. 
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3. Results and discussion 

Fig. 2 shows the GPC of SiNx as a function of (a) the DIPAS dose time 
and (b) the N2 plasma exposure time for both plasma sources. The films 
were deposited for 20 cycles with 500 W of rf power and 300 mTorr N2 
(43 sccm) at the substrate temperature of 100 ◦C. As shown in Fig. 2(a) 
and (b), self-limiting reactions were achieved for both plasma sources 
even at the low temperature of 100 ◦C because the use of VHF (162 MHz) 
plasma excitation enabled a high surface reaction by delivering a high 
dose of reactive species. For both plasma sources, the GPC was saturated 
at the DIPAS dose time of ≤ 10 s and at the N2 plasma exposure time of ≤
10 s, however, the GPC was higher at ~ 0.6 Å/cycle for the floating 
multi-tile electrode compared to ~ 0.4 Å/cycle for the conventional 
CCP. A potential SiNx PEALD mechanism grown by DIPAS and N2 
plasma is shown in the supplementary Fig. S3. 

To understand the growth behavior of SiNx observed in Fig. 2, the 
characteristics of N2 plasmas for the floating multi-tile electrode and 
conventional CCP were investigated. Fig. 3(a) shows the electron den-
sities of N2 plasmas measured using a Langmuir probe as a function of 
different rf powers at 300 mTorr N2. For measurement, the Langmuir 
probe was located at the center of the chamber, ~10 cm from the plasma 
source, near the location of the substrate. As shown in Fig. 3(a), the 
electron density was in the range of ~1015/m3 and was increased almost 
linearly with increasing rf power for both plasma sources. However, the 
floating multi-electrode CCP showed 1.1 ~ 1.7 times higher electron 
density than the conventional CCP due to higher power efficiency of the 
differentially-coupled multi-tile source. Fig. 3(b) shows the OES spectra 
of N2 plasma operated by using conventional CCP and floating multi-tile 
electrode. The optical emission peaks related to N2

+ (354, 391 nm) 
[42–48], N+ (661 nm) [49], and N (746, 868 nm) [49–52] could be 
observed for the N2 plasmas generated by both plasma sources. As 
shown in Fig. 3(b), at the same rf power, higher optical emission in-
tensities were observed for the floating multi-tile electrode compared to 
the conventional CCP. However, the optical emission intensities in Fig. 3 
(b) can be also increased by increased electron density in the plasma 
even though the radical densities in the plasma are not changed. 
Therefore, to estimate the radical densities in the plasma, the optical 
intensities (Ix) of N+ (661 nm) and N (746 nm) in Fig. 3(b) were 
normalized by the electron densities (ne) in Fig. 3(a) and the results 
(Ix/ne) are shown in Fig. 3(c). As shown in Fig. 3(c), even after the 
normalization, higher intensities of N+ and N were observed for the 
floating multi-tile electrode indicating higher radical densities in the 
plasma. Therefore, from Fig. 3(a)–(c), higher plasma density and higher 

radical density are obtained with the floating multi-tile electrode 
compared with the conventional CCP. The higher growth rates observed 
in Fig. 2 with the floating multi-tile electrode are believed to follow from 
the higher plasma density and radical densities in the plasma which 
enhances the surface reaction [41] with DIPAS leading to the formation 
of Si-N bonding. Fig. 3(d) shows the plasma potential (Vp) and the dif-
ference between plasma potential and floating potential (Vp-Vf) 
measured with the Langmuir probe as a function of different rf powers 
for the floating multi-tile electrode and conventional CCP. The Vp and 
Vp-Vf are related to the ion energy to the grounded substrate and insu-
lated/floated substrate, respectively, therefore, the ion energies to the 
substrates from the plasmas can be estimated from the Vp and Vp-Vf. As 
shown in Fig. 3(d), with increasing rf power, Vp increased and Vp-Vf 
decreased for both plasma sources. However, as shown in Fig. 3(d), at 
the same rf power, lower Vp-Vf and Vp were observed with the floating 
multi-tile electrode compared to conventional CCP. Consistent results 
were also measured with the ion energy distribution measured using a 
retarding grid ion energy analyzer at a lower pressure of 60 mTorr 
(shown in supplementary Fig. S4). Therefore, by using a floating, 
multi-fed, multi-tile electrode, lower ion bombardment energies are 
obtained at the same rf power. 

Fig. 4(a)–(d) show the XPS spectra of Si 2p and N 1 s of the PEALD 
SiNx films deposited using the floating multi-tile electrode and the 
conventional CCP with the operating conditions shown in Fig. 2. XPS 
measurement was carried out after the Ar+ sputter etching to remove the 
surface contamination. For the both plasma conditions, the peaks at 
~102 eV and 397.8 eV related to Si 2p and N 1 s, respectively, were 
observed [53,54]. The atomic percentages of Si and N in the PEALD SiNx 
films were calculated and, as shown in Fig. 4(e), 50.58% Si and 49.42% 
N for the floating multi-tile electrode, and 53.78% Si and 46.72% N for 
the conventional CCP were obtained, and which gives the N/Si ratios of 
0.98 and 0.88, for the floating multi-tile electrode and conventional 
CCP, respectively. For either case, the carbon impurities were below the 
detection limit of XPS indicating high purity SiNx films even at the low 
temperature for both VHF (162 MHz) plasma sources. For the N 1 s peaks 
in Fig. 4(b) and (d), the deconvolution of N 1 s into Si-N bond at 397.8 eV 
and N–H bond at ~399.3 eV [31,55,56] was carried out and, the 
calculated percentages of N–H bonds and N-Si bonds in N 1 s are shown 
in Fig. 4(f). The calculated percentages of N-Si and N–H bonds in N 1 s 
were 88.18 and 11.81% for the conventional CCP, and 82.13 and 
17.56% for the floating multi-tile electrode CCP, respectively. The lower 
N-Si and higher N–H observed by XPS for the floating multi-tile elec-
trode may be attributable to the -NH species on the surface that could 

Fig. 2. Growth behavior of the SiNx VHF PEALD as a function of (a) DIPAS dose time and (b) N2 plasma exposure time. N2 plasma time was fixed at 19 s in (a) and 
DIPAS dose time was fixed at 10 s in (b). The films were deposited using the floating multi-tile electrode and the conventional CCP at the substrate temperature of 
100 ◦C. 

Y.J. Ji et al.                                                                                                                                                                                                                                      



Surfaces and Interfaces 33 (2022) 102219

4

serve as reactive sites for the precursor adsorption (because the N–H% 
was the highest at the surface and decreased with depth as shown in 
supplementary Fig. S5). 

Fig. 5 shows the RMS surface roughness of PEALD SiNx films 
deposited at 100 ◦C using VHF (162 MHz) plasma sources of (a) con-
ventional CCP and (b) floating multi-tile electrode. As shown in Fig. 5, 
the RMS surface roughness values of 0.126 nm for the conventional CCP 
and 0.115 nm for the floating multi-tile electrode were observed. The 
use of VHF plasma excitation, in contrast to HF plasma excitation, offers 
lower ion damage on the deposited layer due to a combination of lower 
ion bombardment energy and high ion & radical flux that promotes the 
densification of the deposited films [31,57]. Furthermore, by using the 
floating multi-tile electrode which gives further reduction of ion 
bombardment energy as shown in Fig. 3(d), a lower RMS surface 
roughness was obtained on the SiNx film deposited with the floating 
multi-tile electrode. Also, the higher N/Si ratio of the deposited SiNx film 
for the floating multi-tile electrode may have affected lowering the 
surface roughness [58,59]. 

The step coverage of SiNx films deposited on Si trench wafers with 
the aspect ratio of 4.5 was investigated for the floating multi-tile elec-
trode and conventional CCP for the deposition conditions in Fig. 2. Fig. 6 
shows the cross sectional TEM images of the PEALD SiNx film deposited 

using (a-c) conventional CCP for 250 cycles and (d-f) floating multi-tile 
electrode for 170 cycles. As shown in Fig. 6, due to the self-limited 
behavior of ALD, deposited PEALD SiNx films showed relatively 
conformal morphology even at low temperature in both plasma sources. 
The PEALD SiNx deposited using the conventional CCP showed 91% of 
bottom step coverage and 78 ~ 88% of sidewall step coverage on the Si 
trench pattern. On the contrary, the floating multi-tile electrode showed 
99% of bottom step coverage and 96 ~ 100% of sidewall step coverage 
on the Si trench pattern. In general, low conformality of PEALD is caused 
by plasma damage and the directionality of plasma species [2,59–62]. In 
the high aspect ratio structures, the sidewalls are exposed less to the ion 
flux from the plasma than at the top and bottom. Because ion 
bombardment by N+ and N2

+ ions can have a role in the formation of 
reactive bonding sites for Si-N bond, the differences in the flux of ion 
species among top, bottom, and sidewall of the trench can cause poor 
step coverage [63,64]. Since the energy of ions was lower and the flux of 
ions was higher for the floating multi-tile electrode, the step coverage of 
SiNx was better than that of SiNx deposited by the conventional CCP. The 
morphology of SiNx films deposited on a narrower and higher aspect 
ratio trench pattern (~ 30) can be seen in the supplementary Figs. S6 
and S7. 

Lastly, to investigate the effect of floating multi-tile electrode VHF 

Fig. 3. Comparison of plasma properties for floating multi-tile electrode vs conventional CCP (a) Electron densities of N2 plasmas as a function of different rf powers 
(100 ~700 W) at 300 mTorr of N2. (b) OES spectra of N2 plasma with the operating conditions used for the SiNx VHF PEALD process. (c) optical intensities (Ix) of N+

(661 nm) and N (746 nm) in Fig. 3(b) normalized by the electron densities (ne) in Fig. 3(a). (d) Plasma potential (Vp) and the difference between plasma potential and 
floating potential (Vp-Vf) as a function of different rf powers (100 ~700 W) at 300 mTorr of N2. Operating conditions for (b) ~ (c): rf power of 500 W and 300 mTorr 
N2 (N2 gas flow rate of 43 sccm). 

Y.J. Ji et al.                                                                                                                                                                                                                                      



Surfaces and Interfaces 33 (2022) 102219

5

CCP on the electrical characteristics of PEALD SiNx films, metal- 
insulator-semiconductor (MIS) capacitors were fabricated on highly n- 
type doped Si substrate for current-voltage (I-V) measurement and on 
low p-type doped Si substrate for capacitance-voltage (C-V) measure-
ment with the PEALD SiNx films deposited with floating multi-tile 
electrode and conventional CCP. As shown in Fig. 7(a), 100 μm diam-
eter and 50 nm thick TaN metal contacts were formed on the ~10 nm 
thick PEALD SiNx films deposited by both plasma sources. Fig. 7(b) 
shows the leakage current and breakdown voltage characteristics of 
PEALD SiNx. The MIS capacitor with PEALD SiNx deposited using 
floating multi-tile electrode showed lower leakage current and higher 
breakdown volage than that fabricated with SiNx deposited using con-
ventional CCP. The interface trap density (Dit) values of PEALD SiNx 

films were extracted from the C-V curve and the results are shown in 
Fig. 7(c). The dielectric constants were also extracted from the C-V 
measurements and the dielectric constants of PEALD SiNx films depos-
ited using floating multi-tile electrode and conventional CCP were in the 
range of typical dielectric constant values of silicon nitride by showing 
6.71 and 8.16, respectively. The Dit values measured in this study were 
also comparable with those reported in previous researches deposited at 
higher substrate temperatures [65–67]. However, as shown in Fig. 7(c), 
the overall Dit values were lower for the floating multi-tile electrode for 
the whole range of energy trap levels (E-Et) by showing lower than 1 ×
1012 eV− 1⋅cm− 2 for the MIS capacitor fabricated using the floating 
multi-tile electrode while showing higher than 1.8 × 1012 eV− 1⋅cm− 2 for 
the capacitor fabricated using the conventional CCP. The Dit is generally 

Fig. 4. Si 2p and N 1 s XPS spectra of the PEALD SiNx films deposited by using (a,b) the conventional CCP and (c,d) the floating multi-tile electrode CCP. (e) Atomic 
percentages of Si and N and (f) bonding percentages of Si-N and N–H determined from the deconvolution of N 1 s spectra in the deposited PEALD SiNx films. 
Operating conditions are the same as those in Fig. 2. 

Fig. 5. AFM images (6 μm x 6 μm) and RMS surface roughness of ~10 nm SiNx films deposited by PEALD. 250 cycles for (a) using conventional CCP and 170 cycles 
for (b) using floating multi-tile electrode to deposit ~ 10 nm and other the deposition conditions are the same as those in Fig. 2. 
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used as a parameter of plasma induced damage attributed to the ion 
bombardment with a high energy. So, the lower Dit value that reflects 
the low defects between PEALD SiNx film and Si substrate is believed to 
be attributed to the low energy ion flux from the plasma obtained using 
the floating multi-tile electrode. Therefore, it is believed that floating 
multi-tile electrode VHF CCP can prevent the plasma induced substrate 
damage because differential power coupling to the tiles in the plasma 
source that enhances the rf power efficiency and reduces the ion energy. 

4. Conclusion 

The effect of a floating, differentially-fed, multi-tile electrode very 
high frequency (VHF) capacitively coupled plasma (CCP) source on the 
growth characteristics and film properties of plasma enhanced atomic 
layer deposition (PEALD) SiNx film deposited using di-isopropylamino 
silane (DIPAS) and N2 plasma were investigated and compared with a 
conventional, single-electrode VHF CCP plasma source. For both plasma 
sources, PEALD SiNx films were successfully deposited at low 

temperature of 100 ◦C. Compared to conventional CCP, the growth rate, 
surface roughness, and the stoichiometry of the PEALD SiNx films by 
using the floating multi-tile electrode were improved. In addition, more 
conformal films were deposited on a trench pattern compared to that 
deposited using conventional CCP. The leakage current and interface 
trap density of SiNx films deposited using floating multi-tile electrode 
were also better than those by conventional CCP. The higher growth rate 
and improved film properties observed for the floating multi-tile elec-
trode compared to conventional CCP are believed to be related to the 
higher plasma density, higher radical density, and lower ion bombard-
ment energy at the substrate observed for the multi-tile electrode, and 
which leads to higher ion flux with a lower energy and higher radical 
flux to the substrate because of differential power coupling between tiles 
in the plasma source that enhances the rf power efficiency and reduces 
the ion energy. 

The following files are available free of charge. 
One cycle of SiNx PEALD process, Temperature window of PEALD, 

Potential reaction of SiNx PEALD process, plasma potential and ion 

Fig. 6. Cross sectional TEM images of the PEALD SiNx film deposited using (a-c) conventional CCP and (d-f) floating multi-tile electrode on a trench silicon pattern 
with the aspect ratio of 4.5. In both cases, SiNx film was prepared using the process conditions in Fig. 2. (250 cycles for (a-c) and 170 cycles for (d-f)). 

Fig. 7. (a) Structure of fabricated TaN/SiNx/n-Si(p-Si) MIS capacitor using PEALD SiNx films deposited with the process conditions in Fig. 2. (b) Breakdown voltage 
characteristics of PEALD SiNx films and (c) interface trap density (Dit) of PEALD SiNx films as a function of E-Et. 
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energy distribution of nitrogen ions depending on plasma source type, 
cross sectional SEM images of a SiO2 trench pattern used to investigated 
a morphology of SiNx, cross sectional TEM images of the PEALD SiNx 
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