
A Brief Review of Plasma Enhanced Atomic Layer Deposition of Si₃N₄

저자
(Authors)

You Jin Ji, Ki Seok Kim, Ki Hyun Kim, Ji Young Byun, Geun Young Yeom

출처
(Source)

Applied Science and Convergence Technology 28(5), 2019.9, 142-147(6 pages)

발행처
(Publisher)

한국진공학회(ASCT)
The Korean Vacuum Society

URL http://www.dbpia.co.kr/journal/articleDetail?nodeId=NODE09231678

APA Style You Jin Ji, Ki Seok Kim, Ki Hyun Kim, Ji Young Byun, Geun Young Yeom (2019). A
Brief Review of Plasma Enhanced Atomic Layer Deposition of Si₃N₄. Applied
Science and Convergence Technology, 28(5), 142-147

이용정보
(Accessed)

저작권 안내
DBpia에서 제공되는 모든 저작물의 저작권은 원저작자에게 있으며, 누리미디어는 각 저작물의 내용을 보증하거나
책임을 지지 않습니다. 그리고 DBpia에서 제공되는 저작물은 DBpia와 구독계약을 체결한 기관소속 이용자 혹은 해
당 저작물의 개별 구매자가 비영리적으로만 이용할 수 있습니다. 그러므로 이에 위반하여 DBpia에서 제공되는 저
작물을 복제, 전송 등의 방법으로 무단 이용하는 경우 관련 법령에 따라 민, 형사상의 책임을 질 수 있습니다.

Copyright Information
Copyright of all literary works provided by DBpia belongs to the copyright holder(s)and Nurimedia does not
guarantee contents of the literary work or assume responsibility for the same. In addition, the literary works
provided by DBpia may only be used by the users affiliated to the institutions which executed a subscription
agreement with DBpia or the individual purchasers of the literary work(s)for non-commercial purposes.
Therefore, any person who illegally uses the literary works provided by DBpia by means of reproduction or
transmission shall assume civil and criminal responsibility according to applicable laws and regulations.

성균관대학교 자연과학캠퍼스
115.***.196.112
2020/01/08 16:50 (KST)

http://www.dbpia.co.kr/journal/publicationDetail?publicationId=PLCT00013794
http://www.dbpia.co.kr/journal/voisDetail?voisId=VOIS00564143
http://www.dbpia.co.kr/ournal/iprdDetail?iprdId=IPRD00015774


I. Introduction

Recently, silicon nitride (SiNx) has attracted considerable in-
terest owing to its diverse range of applications [1–10]. For instance, 
SiNx is used as a permeation barrier for flexible organic light emitting 
devices [7–10] or as a charge trap layer for logic and memory devices 
[4]; SiNx gate spacers have also been studied extensively [1–3,6]. High 
quality and excellent conformality are critical requirements for various 
applications of SiNx thin films. In addition, lowering the deposition 
temperature is an important factor for devices employing low tem-
perature substrates such as polymer substrates. To satisfy such a re-
quirement for employing SiNx thin films, many studies have used 
various deposition techniques such as chemical vapor deposition 
(CVD), low pressure chemical vapor deposition (LPCVD), plasma 
enhanced chemical vapor deposition (PECVD), atomic layer depo-
sition (ALD), plasma enhanced atomic layer deposition (PEALD), and 
so on [11–43].

Low pressure chemical vapor deposition is the most common 
technique used to fabricate SiNx thin films because of its simple 
method and low cost. However, it is difficult to achieve a conformal 
layer on a high aspect ratio structure. In addition, the deposition 
needs to be conducted at high temperature (> 700 ℃) [17,18]. Plasma 
enhanced chemical vapor deposition can deposit films at temperatures 
lower than that by using thermal LPCVD. Unfortunately, this leads to 
poor step coverage and low film quality [3,15,16]. To address issues 
related to conformality, the ALD technique has been studied exten-
sively [19–26]; ALD is a cyclic process that offers atomic scale thick-
ness control of the material that is being deposited. In addition, ALD 
methods can deposit thin films with high quality in terms of low wet 
etch rate and high conformality at low process temperatures [25,26]. 
However, ALD methods have several challenges such as a relatively 

high thermal budget for actual device application and low throughput 
(GPC > 2 Å/min) that hinders the industrialization of ALD methods 
[22,26]. By assisting with a plasma for dissociating reactive gases 
during ALD with PEALD processes, a thin film with a good step 
coverage on a high aspect ratio structure can be deposited at low 
temperatures. A plasma with reactant molecules can be used instead 
of exposure to reactant molecules only during the reactant exposure 
step; highly reactive species are formed during the reactant exposure 
step, which allows the deposition of high quality films with a high 
growth rate while lowering deposition temperatures [15,27–42]. 

In this paper, we briefly reviewed the recent work of PEALD 
SiNx and related process parameters that could determine film cha-
racteristics. Furthermore, this review will discuss properties of the film 
that are dependent on deposition conditions. A schematic of a PEALD 
cycle is shown in Fig. 1. Each SiNx PEALD cycle can be divided into 
four steps. In the first precursor adsorption step, similar to ALD, a Si 
precursor is introduced into the deposition chamber. Si precursors are 
chemisorbed on the surface through self-limiting reactions followed 
by a purge step. In the following plasma exposure step (for ALD, 
reactant exposure step), plasma-generated reactive species react with 
the adsorbed precursor on the surface. As a plasma source, capa-
citively coupled plasma (CCP) or inductively coupled plasma (ICP) 
sources are commonly used along with N2, NH3, or N2/H2 to generate 
reactive plasmas [5,15,27–40]. To optimize PEALD processes, various 
parameters should be adjusted to meet the material properties of SiNx 
required for the application. 

II. Process parameters

As mentioned above, in PEALD, there are various process para-
meters including reactant gas, plasma source, precursor, precursor 
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dose time, purge time, process temperature, and others. In this sec-
tion, the effects of some process parameters influencing SiNx depo-
sition are briefly discussed.

1) Precursors 

Many kinds of precursors such as trisilylamine (TSA), diisopro-
pylaminosilane (DIPAS), bis(tertiary-butyl-amino)silane (BTBAS), tris-
dimethylaminosilane (3DMAS), di(sec-butylamino)silane (DSBAS), hexa-
chlorodisilane (HCDS), pentachlorodisilane (PCDS), dichlorosilane (DCS), 
and tetramethylsilane (TMS) have been reported as Si sources of SiNx 
PEALD [5,27–30,32–36,38–40]. Table I summarizes studies on SiNx 
PEALD in recent decades; it also provides details on Si precursors, 
reactant gas, plasma source, deposition temperature, and growth rate.

2) Plasma conditions

Plasma characteristics such as density of radicals, energy, and 
density of electrons and ions have a considerable influence on SiNx 
PEALD processes. Therefore, controlling plasma conditions such as rf 

Figure 1. (Color online) Schematic of a PEALD cycle.

Table I. Summary of recent studies on PEALD SiNx.

Si precursor Reactant Plasma source / 
Frequency

Process 
temperature GPC (Å/cycle) Ref.

Silane (SiH4) N2
CCP

200–400 kHz 250–400 ℃ 0.25–2 15

Trisilyamine (TSA, Si3H9N) NH3
ICP

13.56 MHz 250–350 ℃ 0.65 27

Hexachlorodisilane (HCDS, Si2Cl6) NH3
CCP

13.56 MHz 350–450 ℃ 1.2 (400 ℃) 28

Bis(tertiary-butylamino)silane (BTBAS, SiH2(NHtBu)2) N2
ICP

13.56 MHz 400–500 ℃ 0.15 (500 ℃) 29

Trisdimethylaminosilane (3DMAS, C6H19N3Si) N2 ICP
13.56 MHz 350 ℃

0.12
30Dichlorosilane (DCS, SiH2Cl2) NH3 0.24

Trysilylamine (TSA, Si3H9N) N2 -
Bis(dimethylaminomethylsilyl)trimethylsilyl amine (DTDN2-H2, C9H29N3Si3) N2 27.12 MHz 250–400 ℃ 0.36 31
Neopentasilane (NPS, (SiH3)4Si)

N2
CCP

13.56 MHz 250–300 ℃ 1.4
32

Trisilylamine (TSA, (SiH3)3N) 1.2

Di(sec-butylamino)silane (DSBAS, SiH3N(SBu)2) N2
ICP

13.56 MHz 100–500 ℃ ~0.19 (100 ℃) 33

Diisopropylaminosilane (DIPAS, C6H17NSi) N2
CCP

13.56 MHz 150–250 ℃ 0.3 (100 ℃) 34

Pentachlorodisilane (PCDS, HSi2Cl5)
N2 Hollow cathode

13.56 MHz 270–360 ℃ 0.2
35

N2 / NH3 ~1 (270 ℃)

Hexachlorodisilane (HCDS, Si2Cl6)
N2 / NH3 Hollow cathode 270–360 ℃ ~0.68

5
Ar / NH3 ~0.57

Two step
Hexachlorodisilane (HCDS, Si2Cl6) + Methylamine (CH3NH2)

N2
CCP

13.56 MHz 400 ℃ ~0.9 36

1,3-di-isopropylamino-2,4-dimethylcyclosilazane (CSN-2, C8H22N2Si2)
N2 27.12 MHz 200–500 ℃ 0.43

37
NH3 / N2 + N2 ~0.35

Bis(tertiary-butyl-amino)silane (BTBAS, SiH2(NHtBu)2) N2
ICP

13.56 MHz

85 ℃ 0.8
38155 ℃ 0.3

275 ℃ 0.2

Bis(tertiary-butyl-amino)silane (BTBAS, SiH2(NHtBu)2) N2
ICP

13.56 MHz

80 ℃ 0.44

39
120 ℃ 0.33
160 ℃ 0.26
200 ℃ 0.24

Dichlorosilane (DCS, SiH2Cl2) NH3 13.56 MHz 400–630 ℃ 1.39 (550 ℃) 40
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power and frequency is important.
Weeks et al. [32] reported PEALD SiNx using a precursor of 

neopentasilane (NPS) and N2 plasma by using a CCP source at the 
temperature of 275 ℃. They determined the effects of plasma power 
on the wet etch rate, hydrogen concentration, and film density. A high 
plasma power resulted in more energetic ions that could damage the 
depositing film. Therefore, as shown in Fig. 2, the wet etch rate of the 
SiNx films in a 100:1 HF solution (HF: deionized water = 1:100) 
decreased when the plasma power decreased from 750 to 250 W, 
which was consistent with the results of low hydrogen contents and 
high film density, as summarized in Table II. With a decrease in the 
power from 750 to 250 W, the H concentration decreased while the 
film density increased. The wet etch rate is closely related to the H 
concentration in the film and film density [30].

Park et al. [31] also investigated the effect of RF power on film 
property. Charge trap density, wet etch rate, N/Si ratio, carbon con-
centration, and oxygen concentration were measured for SiNx film 
deposited by PEALD using DTDN2-H2 and N2 plasma with various 
plasma powers ranging from 75 to 400 W. As shown in Fig. 3, the 
carbon and oxygen concentrations of the film increased with in-
creasing RF power; however, the N/Si ratio decreased. This can be 
attributed to the dissociation of precursor ligands that desorbed from 
the surface because of the high RF power of the plasma. Owing to the 
deposition of the carbon impurity, the wet etch rate of the film was 
also increased with increasing RF power.

Another important parameter influencing plasma properties 
such as electron density and electron temperature is the frequency of 
plasma generation. Thus, the plasma generation frequency also needs 
to be controlled to improve SiNx thin film quality. King et al. com-
pared the Fourier-transform infrared spectroscopy (FTIR) results for 
SiNx deposited using SiN4 and N2 plasma with different source fre-
quencies [15]. As shown in Fig. 4, PEALD SiNx film using a frequency 
of 13.56 MHz showed a high intensity of the Si-N stretching mode. In 

contrast, the peak intensities of the Si-H and N-H stretching modes 
were lower than those obtained from films deposited using a fre-
quency of 200–400 kHz. A higher plasma frequency can achieve the 
effective decomposition of N2 gas, thus allowing a higher density of N 
and N+ ions. Reactive species such as N and N+ ions can react with the 
Si-H surface bonds and form a bond with Si by replacing the H atom. 
Therefore, PEALD SiNx films deposited using higher frequency 
showed less Si-H and N-H bonding compared to those using lower 
frequency. 

3) Process temperature

PEALD methods can lower the deposition temperature com-
pared to other deposition techniques. However, a considerably lower 
process temperature is still required for SiNx PEALD for various 
applications of SiNx films. For example, in the case of polymer or 
flexible substrates, very low process temperatures are required. The 
effect of the substrate temperature on the surface reaction mechanism 

Figure 2. Wet etch rate of SiNx deposited using NPS and N2 plasma with different 

plasma conditions. Reproduced with permission from [32], Copyright, American 

Institute of Physics.

Table II. Hydrogen concentration and film density of SiNx for different plasma power. 

Reproduced with permission from [32], Copyright, American Institute of Physics.

Power (W) H (at. %) Density (g/cc)
750 23.5 1.86
250 11 2.21

Figure 3. (Color online) (a) Growth rate per cycle (GPC), (b) carbon and oxygen 

concentrations and N/Si ratio, (c) charge trap density, and (d) wet etch rate with 

increasing RF power in the PEALD process. PEALD SiNx films were deposited with 

different rf plasma power. Reproduced with permission from [31], Copyright 26, 

American Chemical Society.

Figure 4. (Color online) FTIR spectra for PEALD SiNx films deposited using (a) HF 

(13.56 MHz) N2 plasmas and (b) LF (200–400 kHz) N2 plasmas. Reproduced with 

permission from [15], Copyright, American Institute of Physics.
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in SiNx PEALD systems has been studied. Results showed that the 
PEALD process could lower the process temperature compared to 
other deposition techniques (LPCVD and ALD, etc.). However, the 
quality of SiNx thin films is still temperature dependent.

Park et al. investigated the effect of process temperature on step 
coverage and wet etch rate [37]. They deposited SiNx films on trench 
patterned wafers (aspect ratio (AR) of 5.5) using 1,3-di-isopropylamino- 
2,4-dimethylcyclosilazane (CSN-2) precursor and N2 plasma (27.12 
MHz) at temperatures between 250 and 500 ℃. As shown in Fig. 5, 
SiNx thin films grown at 500 ℃ showed a high step coverage of 98 % at 
the center of the trench. With increasing temperature, the step cover-
age of the middle and bottom side walls showed substantial enhance-
ment in conformality. In addition, the wet etch rate of a silicon nitride 
film in a diluted HF solution (300:1 diluted HF solution) decreased 
with an increasing process temperature as shown in Fig. 6. Differences 
in the wet etch rates of the bottom and lower sidewalls also decreased 
for films deposited at 500 ℃. These results indicate that a higher 
process temperature offers more reactions between N radicals of the 
plasma and the precursor ligands on the surface. At a high process 
temperature, N radicals can reach the lower sidewall of the trench and 
effectively remove ligands from the surface, which results in excellent 
step coverage and wet etch rate.

Similarly, Jang et al. studied the temperature dependency of SiNx 
thin film properties such as surface roughness and refractive index 
[27]. Their results revealed that SiNx thin films deposited at lower 
temperatures showed lower defect density caused by high hydrogen 
content. 

High defect density is the common reason for hysteresis in a 
capacitance–voltage (C–V) curve. Therefore, as shown in Fig. 7, the 
SiNx thin film deposited at 250 ℃ showed a considerably lower hys-
teresis curve. Although lower hysteresis was observed at lower PEALD 
temperature because of the high hydrogen content, crystallographic 
defects were found to be higher at lower deposition temperatures. In 
addition, hydrogen could be removed during processes such as 
annealing. Therefore, the deposition of SiNx at the lower PEALD tem-
perature tends to cause more defect formation in the film. 

Figure 5. (Color online) (a) Step coverage of PEALD SiNx thin film deposited by 

PEALD at various process temperatures. Cross-sectional TEM images of SiNx thin 

films deposited by PEALD consisting of CSN-2 exposure and N2 plasma at (b) 250, 

(c) 350, and (d) 500 °C. Reproduced with permission from [37], Copyright 2018, 

American Chemical Society.

Figure 6. (Color online) (a) Wet etch rate of PEALD SiNx depending on process 

temperature. Cross-sectional TEM images of SiNx films deposited by PEALD 

consisting of CSN-2 exposure and N2 plasma at (b) 250, (c) 350, and (d) 500 °C 

after wet etch in a 300:1 diluted HF solution. Reproduced with permission from [37], 

Copyright 2018, American Chemical Society.

Figure 7. (Color online) C–V curves of SiNx films deposited by PEALD as a function 

of process temperature. Reproduced with permission from [27], Copyright 2014, 

John Wiley and Sons.
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III. Properties of SiNx

In this section, we discuss common properties of SiNx thin films. 
These properties are important for applications of the film. 

1) Step coverage

When the feature size of a semiconductor device decreases, high 
conformality on high aspect ratio structures is a critical requirement. 
Studies on SiNx PEALD focusing on the conformality of the film have 
been reported. For example, Faraz et al. deposited a SiNx layer on 
trench-patterned wafers with an aspect ratio of 4.5 using a PEALD 
method [33]. Films were deposited by alternating the exposures of 
di(sec-butylamino)silane (DSBAS) precursor and N2 plasma (13.56 
MHz) at 500 ℃. The step coverage of SiNx film was examined. As 
shown in Fig. 8, a bottom coverage of 69 % and sidewall coverage of 
50 % were observed using PEALD. The step coverage was not as good 
as that in ALD processes. However, several reports on SiNx thin films 
deposited by the PEALD method showed a good step coverage of 
above 90 %.

Ovanesyan et al. [36] reported SiNx thin films with ~95 % con-
formality on patterned structures (aspect ratio of ~5). Figure 9 is a 
TEM image for a ~25-nm-thick SiNx thin film deposited from Si2Cl6, 

CH3NH2, and N2 plasma at 400 ℃. In this case, Ovanesyan et al. [36] 
suggested a novel three-step PEALD process. By adding a CH3NH2 
exposure step in the PEALD cycle, conformality and growth rate per 
cycle (GPC) were increased compared to those with the PEALD me-
thod using aminosilanes and N2 plasma. Park et al. [37] also reported 
that SiNx thin films deposited by PEALD at 500 ℃ showed a high 
conformality of ~95 % on patterned wafers of AR 5.5. Thus, PEALD 
methods can be used to deposit SiNx thin films with high conformality 
on trench structures. However, to achieve higher conformality on a 
high aspect ratio structure (AR > 6) with low process temperature, 
various attempts such as using a novel Si precursor or additional steps 
in PEALD process are required. 

2) Wet etch rate

The wet etch rate is highly correlated with the integrity and 
density of the film. Kim et al. [5] demonstrated the relationship bet-
ween film density and wet etch rate and suggested a SiNx etching 
mechanism. They investigated the effects of plasma gas composition 
and process temperature on wet etch rates of SiNx deposited by 
PEALD. The SiNx thin films deposited using hexachlorodisilane (HCDS) 
precursor and Ar/NH3 plasma at 300 ℃ showed a wet etch rate of 1.2 
nm/min in a 500 : 1 HF solution. By comparing the wet etch rates of 
SiNx deposited at various conditions, Kim et al. [5] found that the 
densification of the SiNx thin film is caused by increased Si-N bonds, 
which eliminate hydrogen and result in low wet etch rates. 

In another study, Knoops et al. [29] deposited SiNx thin films on 
planar substrates using bis(tertiary-butyl-amino)silane (BTBAS) and 
N2 plasma at 400 ℃, and they investigated the wet etch rate of the 
films before and after a dip in a 7:1 HF solution (H2O : HF = 7:1). A 
low wet etch rate (~1 nm/min) was obtained because of the low hy-
drogen concentration in the films. This result is comparable to the wet 
etch rate of the SiNx thin film deposited by chemical vapor deposition 
(CVD) at high temperature.

Besides studies on the wet etch rate of SiNx thin films on planar 
surfaces, the wet etch rate has also been studied for high aspect ratio 
structures. However, most studies showed different wet etch rates for 
the sidewall, bottom, and top surface of 3D trench patterns [36]. The 
poor wet etch rate at the bottom sidewall is problematic in silicon 
nitride PEALD processes. 

IV. Concluding remarks

This brief review examined not only the deposition of SiNx thin 
films using the PEALD process, but also summarized the charac-
teristics of SiNx thin films. Compared to other deposition methods, 
the PEALD process provides atomic scale thickness control and 
excellent conformality with a lower process temperature. Various SiNx 
PEALD processes have been studied, and some results have shown 
excellent film properties such as good step coverage and low wet etch 
rate. However, for device applications, several issues need to be solved. 
To address these issues, the effect of each PEALD process parameter 
(temperature, plasma power, exposure time, and gas composition) on 
the film growth mechanism needs to be understood in detail. Further, 
new plasma sources and precursors that can deposit highly conformal 
and dense thin films at low process temperatures for a variety of 
state-of-the-art devices, which require SiNx thin films, must be 
developed. Further studies on the deposition mechanism are required 
to enhance the quality of the deposited SiNx thin films.

Figure 8. (Color online) Cross-sectional TEM image of SiNx thin film deposited on a 

high aspect ratio structure (AR = 4.5:1) by PEALD using DSBAS and N2 plasma. 

Reproduced with permission from [33], Copyright 2017, American Chemical Society.

Figure 9. (Color online) Cross-sectional TEM image of post wet-etch SiNx deposited 

by a three-step PEALD process using Si2Cl6, CH3NH2, and N2 plasma at 400 °C. 

Reproduced with permission from [36], Copyright 2018, American Chemical Society.
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