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dy on the influence mechanism of
He/Ar/N2 plasma treatments on the high tensile
stress of a multilayer silicon nitride film

Jianping Ning,ab Zhen Tang,b Yue Sun,b Chunjie Niu,b Jichi Yangb and Dayu Zhou *a

Silicon nitride films with high tensile stress have great application potential in the strained silicon technology

field. However, the current understanding of themechanisms governing tensile stress development in films,

particularly in multilayered structures, following diverse plasma treatments remains limited. Herein, the

influence mechanism of He, Ar, and N2 plasma bombardment on the development of stress in

monolayer and multilayer films is investigated and compared in greater depth. The results of this

research indicate that the observed increase in tensile stress is primarily attributed to the enhancement

of the film's intrinsic stress induced by plasma bombardment. Following bombardment by N2 or Ar

plasma, the rupture of Si–H and N–H bonds, accompanied by the reconstruction of Si–N bonds, leads

to densification through chemical bond reorganization in the treated surface layer. This structural

evolution propagates stress coupling effects to non-treated regions, resulting in anisotropic lattice

displacement along the normal and in-plane directions, thereby significantly enhancing the tensile stress

of the film. Compared with the monolayer film, multilayer films treated with N2 and Ar plasma exhibited

41.80% and 32.78% higher stress, respectively. In contrast, multilayer films treated with He plasma

exhibited a gradual transition from tensile to compressive stress, which can be attributed to residual He

formed during the plasma treatment process. At the initial stage of deposition, the residual He can

increase the nitrogen content within the film by generating metastable reactive species. This reduces the

cross-linking density of the Si–N network, leading to volumetric expansion and subsequent compression

of the underlying structure. These findings can provide theoretical guidance for the preparation of high-

tensile-stress multilayer SiNx:H films.
1 Introduction

With the rapid development of the semiconductor industry and
the continuous shrinking of the chip size, strained silicon
technology is becoming one of the key technologies for
improving the carrier mobility of silicon channels in metal
oxide semiconductor eld-effect transistors (MOSFETs).1

Carrier mobility, including hole and electron mobility, can be
enhanced by improving mechanical strain, which could be
achieved using high-stressed lms. For p-type metal oxide
semiconductor (PMOS) devices, the hole mobility in the valence
band can be enhanced using highly compressive stress gener-
ation in lms, which can be attributed to the destruction of
lattice symmetry and the change in the radius of curvature of
the energy band.2,3 For n-type metal oxide semiconductor
(NMOS) devices, the electron mobility in the conduction band
can be enhanced using high-tensile stress silicon.4 This is
cat. Laser Ion & Electron Beams, Minist.

Rd, Dalian 116024, People's Republic of

110000, People's Republic of China

the Royal Society of Chemistry
because the original six-degree degenerate energy valley D6 can
be eliminated and split into energy valley D4 and D2 through the
introduction of high tensile stress, which can decrease the
probability of inter-valley scattering between D4 and D2 and
increase electron mobility.5 As a contact-etch-stop layer in
standard integration ow, a silicon nitride lm deposited
through plasma-enhanced chemical vapor deposition (PECVD)
is the most commonly used lm for introducing high
mechanical strain.6,7

For silicon nitride lms deposited through PECVD, one of
the most convenient approaches to enhance stress is to modify
deposition process parameters.8 Higher compression can be
achieved by increasing the bombardment of ions on the lm
and incorporating hydrogen, which provides greater freedom
for densication.9,10 However, the enhancement of lm stress is
constrained by variations in deposition parameters, which
presents challenges in fabricating high-tensile silicon nitride
lms via PECVD, particularly at low temperatures.11,12 To further
increase the tensile stress of silicon nitride lm, the develop-
ment mechanisms of tensile stress were explored. Tensile stress
can be increased via hydrogen dissociation from Si–H/N–H,13

because it can result in the generation of Si–N or Si–Si and
RSC Adv., 2025, 15, 17875–17884 | 17875

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02111a&domain=pdf&date_stamp=2025-05-29
http://orcid.org/0000-0001-5143-9230
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02111a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015023


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 6
:1

0:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a denser network structure.14 The Si–H and N–H in the silicon
nitride lm deposited by PECVD can be broken using pyrolysis,
ion bombardment, or photolysis.15,16 Therefore, thermal
annealing, plasma treatment, and ultraviolet irradiation can be
used as post-treatments to improve the tensile stress of the
lm.17 For example, Morin et al. reported that the SiNx:H lm
stress increases from −500 to 1200 MPa following annealing at
1100 °C;18 Tian et al. showed that the stress in SiNx:H lms can
be increased from 0.6–0.8 to 1.5–1.6 GPa through UV curing.19

Among these post-treatments, the thermal annealing post-
treatment is rarely used due to the deterioration of the device
under high temperature.20 The effect of increasing stress is
obvious; therefore, ultraviolet irradiation post-treatment has
been introduced in some recent NMOS technologies.21,22

However, additional expensive equipment is required and the
production capacity currently operates at a relatively low level.
Unlike thermal annealing and ultraviolet irradiation, plasma
treatment has been applied to increase the tensile stress of
silicon nitride lm in NMOS technologies since it can be per-
formed at low temperature with no additional equipment
required.23 However, there is a limited increase in tensile stress
following plasma treatment owing to the limited penetration
depth (1–3 nm); therefore, a multilayer silicon nitride lm with
high tensile stress was constructed and analyzed. For example,
Morin et al. report that the stress of SiNx:H lms can reach
1200 MPa through the construction of a multilayer structure
that consists of 100 deposited and plasma-treated layers.24

Meanwhile, they demonstrate a clear correlation between stress
enhancement and the formation of Si–N bonds.25 These studies
are concentrated on exploring the inuences of nitrogen plasma
bombardment on lm stress.17,24 Technological advancements
have resulted in improved lm stress by bombarding the lm
surface with various types of plasmas. There are insufficient
investigations into the mechanism of stress resulting from
different plasma treatments on lms, particularly multi-layer
silicon nitride lms.

In the PECVD process, three types of plasmas (He, Ar, and
N2) are commonly employed. Among these, He and Ar typically
do not directly participate in chemical reactions; therefore, their
ion kinetic energy serves as a critical performance metric. The
ion kinetic energy is positively correlated with the potential
difference of the sheath layer (DVs), which is jointly determined
by the self-bias voltage and the radio frequency voltage. For He
plasma, the ion kinetic energy is constrained by its high ioni-
zation energy (24.59 eV) and low molar mass (4 g mol−1). The
high ionization energy restricts the efficiency of electron colli-
sional ionization, leading to a relatively low electron density.
Meanwhile, the low molar mass drives rapid plasma expansion,
which further enhances the spatial non-uniformity of the elec-
tron density distribution. According to the Debye shielding
theory, this reduced electron density increases the Debye
length, weakening space-charge separation in the sheath region
and suppressing DVs development.26–28 Consequently, the
limited potential gradient produces weak ion acceleration
elds, yielding low ion kinetic energies. Compared with He, Ar
exhibits a lower ionization energy (15.76 eV) and a higher
atomic mass.29 Therefore, the DVs in Ar is larger, resulting in
17876 | RSC Adv., 2025, 15, 17875–17884
higher ion kinetic energies. Unlike He and Ar, N plasma actively
participates in chemical reactions. The ionization energy of N2

is similar to that of Ar, while the ion kinetic energy falls within
an intermediate range between He and Ar.30,31 During the
bombardment process, the chemical reactions occurring on the
lm surface are signicantly affected by the ionic characteristics
of the plasma species involved, leading to variations in prop-
erties such as lm stress. Further investigation into the relevant
theoretical research is required to offer systematic theoretical
guidance for the development and practical application of high-
tensile-strength silicon nitride lms.

This study investigated the stress inuence mechanism of He,
Ar, and N2 plasma bombardment on monolayer and multilayer
silicon nitride lms, which are used in the strained silicon tech-
nology eld. FT-IR and XPS test methods were used to characterize
the internal chemical bond composition. SEM cross-sectional
images were employed to observe the multilayer structures.
Meanwhile, the stress, thickness (THK), and refractive index of the
lm were also tested. The effect of He, Ar, and N2 plasma on the
stress and chemical bond of the lms were investigated, which can
provide some theoretical guidance for the development of
advanced silicon nitride lm deposition technology.
2 Film deposition and testing
methods
2.1 Film deposition

SiNx:H lms were deposited on the surface of 12-inch p-type
(100) silicon wafers using PECVD equipment provided by PF-
300T (China). SiH4, NH3, N2, He, and Ar were utilized during
the deposition and plasma treatment process, with each gas
having a purity exceeding 99.99%. The deposition and treat-
ment process of SiNx:H lm is shown in Fig. 1. For monolayer
SiNx:H lms, step 1 involves depositing the silicon nitride lm
using SiH4, NH3, and N2 gases. Step 2 entails treating the lm
surface with He, Ar, or N2 plasma. For multilayer SiNx:H lms,
steps 1 and 2 are repeated until the desired thickness is ach-
ieved. The lm prepared through n repetitions of steps 1 + 2 can
be named He-n, Ar-n, and N2-n. In this manuscript, the mono-
layer and multilayer SiNx:H lms (2, 4, 8, 12, 18, and 24 layers)
were constructed and characterized. Meanwhile, the reference
sample was constructed by repeating step 1 to investigate the
stress inuence mechanism of plasma bombardment on the
SiNx:H lm in greater depth. The lm prepared through n
repetitions of step 1 can be named Ref.-n. Based on our team's
prior research experience, the fundamental deposition and
treatment conditions are summarized in Table 1.
2.2 Characterization methods

2.2.1 Film stress. The internal stress (sf) of the SiNx:H lm
was calculated using the Stoney in eqn (1), which was deter-
mined using T910 (Skyverse Technology, China).

sfðMPaÞ ¼ Ests

6ð1� VsÞTHK

�
1

Rf

� 1

Rs

�
(1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the deposition and treatment process of the SiNx:H film.32

Table 1 Deposition and treatment conditions of the SiNx:H film

Temperature
(°C)

RF power
(W)

Electrode plate
spacing (mm)

Pressure
(Torr)

SiH4 : NH3 : N2 gas
ow ratio

He/Ar/N2

(sccm) Time (s)

Deposition 400 130 15 5.4 1 : 10 : 40 — 24
Treatment 400 300 15 5.4 5000 10
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where Es, ts, and Vs are Young's modulus, Poisson's ratio, and
the thickness of the silicon wafer, respectively. Rs and Rf
represent the curvature radii of the wafer before and aer lm
deposition. Stress data were acquired from measurements
carried out on ve wafers.

The Dsf of the lm was used to indicate the difference in
stress with or without plasma bombardment, which was
calculated using eqn (2).

Dsf = sf−1 − sf−1+2 (2)

where Dsf−1 is the stress of the lm constructed by repeating
step 1; Dsf−1+2 is the stress of the lm constructed by repeating
steps 1 and 2.

2.2.2 Chemical bonds. Si–H, N–H and Si–N in SiNx:H lms
were analyzed using Fourier-transform infrared spectroscopy
(FT-IR, Nicolet, USA). Spectral measurements were conducted
over a wavenumber range of 4000 to 400 cm−1, with a resolution
© 2025 The Author(s). Published by the Royal Society of Chemistry
of 2 cm−1. Based on the obtained spectra, the density of Si–H
and N–H bonds (rSi–H, rN–H) within the lm was calculated
using eqn (3). The proportion of hydrogen atoms in Si–H or N–H
(HSi–H, HN–H) bonds relative to all atoms was computed using
eqn (4). The overall atomic percentage of hydrogen present in
Si–H and N–H bonds (Hsum) was evaluated using eqn (5).
Furthermore, the ratio of bond densities between N–H and Si–H
(RN–H/Si–H) was determined using eqn (6).30 The N/Si atomic ratio
of lms was tested by X-ray photoelectron spectroscopy (Nexsa
G2, Thermo Fisher Scientic, USA). The etching process dura-
tion and the energy of the ion beam were set to 30 s and 50 eV,
respectively.

rSiðNÞ�H

�
atom per cm3

� ¼ SSiðNÞ�H � 108

fSiðNÞ�H � THK
(3)

HSiðNÞ�Hð%Þ ¼ rSi N�H

6:0108� 1022 þ rSi�H þ rN�H

� 100% (4)
RSC Adv., 2025, 15, 17875–17884 | 17877
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Hsumð%Þ ¼ rSi�H þ rN�H

6:0108� 1022 þ rSi�H þ rN�H

� 100% (5)

RN�H=Si�H ¼ rN�H

rSi�H

(6)

where SSi(N)–H is the absorption peak area of Si–H or N–H bonds
in the lm. 4Si(N)–H is the cross-section of the Si–H or N–H bond,
4Si–H and 4N–H are 7.4 × 10−18 and 5.3 × 10−18 cm2, respec-
tively, and THK is the thickness of the lm.

2.2.3 Thickness. The thickness of the SiNx:H lm was
characterized using an 8500 spectrometer (KLA, USA) within
a wavenumber range of 200 to 800 cm−1. Data were collected
from ve wafers, with 49 measurement points sampled on each
wafer. Based on the thickness test results, the DTHK of lm was
used to indicate the difference in lm thickness with or without
plasma bombardment, which was calculated using eqn (7).

DTHK = THK1 − THK1+2 (7)

where THK1 is the thickness of the lm constructed by
repeating step 1; THK1+2 is the thickness of the lm constructed
by repeating steps 1 and 2.

2.2.4 Refractive index. The refractive index of the SiNx:H
lm was characterized using an 8500 spectrometer (KLA, USA)
within a wavenumber range of 200 to 800 cm−1. Data were
collected from ve distinct wafers, with 49 measurement points
sampled on each wafer.

2.2.5 SEM image. Cross-sections of the samples were
prepared using a FIB (Helios 5 HX, Thermo Fisher Scientic)
with Ga+ ions and an acceleration voltage of 30 keV. A protective
platinum layer was deposited on the top surface. Cross-
sectional imaging of the lm was performed using SEM.
3 Results and discussion
3.1 Film stress

As shown in Fig. 2a, the stress of monolayer SiNx:H lms can be
enhanced by 4.39%, 6.37%, and 6.05% through He, Ar, and N2

plasma bombardment, respectively. However, the enhancement
of lm stress is constrained due to the limited bombardment
depth. Therefore, the layered silicon nitride structure was
Fig. 2 The effect of He, Ar, and N2 plasma bombardment on the stress

17878 | RSC Adv., 2025, 15, 17875–17884
constructed to further increase the tensile stress of the silicon
nitride lm. It can be seen from Fig. 2b that the stress of the
multilayer SiNx:H lm treated by N2 plasma increases as the
number of repetitions increases. The stress of the 24-layer
SiNx:H lm treated with N2 plasma is 41.80% greater than the
monolayer lm. Similarly, the stress of the multi-layer SiNx:H
lm aer Ar plasma treatment increases and then decreases
with a greater number of layers. The stress of the 16-layer SiNx:H
lm treated with Ar plasma is also 32.78% greater than the
monolayer lm. However, as the number of layers increases, the
stress of the He plasma-treated multilayer SiNx:H lm
decreases, with a maximum reduction of 1626 MPa, which
indicates that not all plasma bombardments can improve the
stress of multilayer SiNx:H lm.

It also can be seen from Fig. 2a that the tensile stress of
a multi-layer silicon nitride lm can be signicantly increased
through repeated deposition processes in the absence of
plasma bombardment. For silicon nitride lms of similar
thickness, an increase in the number of deposition cycles leads
to a corresponding rise in stress, with the maximum stress
increase of 7.80%. Aer eliminating the inuence of repeated
deposition on the increase of stress, the effects of N2 and Ar
treatment on the enhancement of lm stress are recalculated.
Ar and N2 bombardment can enhance the stress of multi-
layered silicon nitride lms by up to 29.09% and 33.99%,
respectively. The enhancement mechanisms of stress in multi-
layer silicon nitride lms by Ar and N2 will be analyzed in
Section 3.6.
3.2 Chemical bonds

The effect of He, Ar, and N2 plasma bombardment on the Si–H
and N–H bonds of SiNx:H lm was shown in Fig. 3. It can be
seen from Fig. 3a that lms subjected to He, Ar, or N2 plasma
bombardment exhibit a markedly lower Hsum compared with
SiNx:H lms constructed by repeated deposition. For the 24-
layer silicon nitride lm, Hsum was reduced by 37.00%, 34.46%,
and 40.82%, respectively following plasma bombardment using
He, Ar, and N2. There was no signicant difference in Hsum

among the lms subjected to three different types of plasma
bombardment. However, there are notable differences in the
of films (a) and an enlarged version of (a) and (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The effect of He, Ar, and N2 plasma bombardment on the (a) Hsum and (b) RN–H/Si–H of films.

Fig. 5 The effect of He, Ar, and N2 plasma bombardment on the N/Si
atomic ratio of films.
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RN–H/Si–H among the lms prepared under the three different
types of plasma treatments.

It is obvious from Fig. 3b that RN–H/Si–H increased by
367.74%, 17.95%, and 78.33% following plasma bombardment
using He, Ar, and N2, respectively for the 24-layer silicon nitride
lm. As shown in Fig. 4c, for N2-24, the increase in RN–H/Si–H is
related to the reaction between N2 plasma and Si/N–H on the
lm surface. The N plasma not only promotes the cleavage of Si–
H and N–H bonds but also reacts with Si–H to form Si–N–H
bonds. However, the He and Ar plasmas can induce the cleavage
of Si–H and N–H bonds but do not react with Si–H to form Si–N–
H bonds (Fig. 4b and c). Therefore, the increase in RN–H/Si–H

suggests that Si–H is more susceptible to breakage under
plasma bombardment compared with N–H, which is related to
the higher bond dissociation energy of N–H (N–H 390.8 vs. Si–H
318.0 kJ mol−1).33,34 The high energy of Ar plasma results in
a relatively small difference in the number of bond breaks
between Si–H and N–H under Ar plasma bombardment; there-
fore, there is no signicant increase in RN–H/Si–H following Ar
plasma bombardment. Compared with Ar plasma, He plasma
exhibits lower energy.35 Consequently, the number of broken Si–
H bonds under He plasma bombardment exceeds that of N–H
bonds.

The N/Si atomic ratios of the SiNx:H lm were determined
using XPS. It can be seen from Fig. 5 that there is no signicant
Fig. 4 Schematic of the plasma bombardment process on the film surfa

© 2025 The Author(s). Published by the Royal Society of Chemistry
difference in the Si/N ratio among samples Ref.-1, He-1, Ar-1,
and N2-1. Meanwhile, the N/Si atomic ratios of He-24 and N2-
24 are slightly more than those of Ref.-24 and Ar-24. The N/Si
atomic ratios of Ref.-24, He-24, Ar-24, and N2-24 are 1.211,
1.225, 1.211, and 1.230, respectively. By comparing samples
Ref.-1 and Ref.-24, it can be concluded that repeated deposition
does not increase the N/Si ratio. The increase in the N/Si ratio is
related to plasma bombardment. For N2-24, the increase in the
ce: (a) He plasma; (b) Ar plasma; (c) N2 plasma.

RSC Adv., 2025, 15, 17875–17884 | 17879
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N/Si ratio can be attributed to the formation of chemical bonds
between N and Si. However, an increase in the N/Si ratio has
been observed for He-24 in the absence of additional N doping.
This phenomenon can be attributed to the residual He on the
lm surface following He plasma treatment (Fig. 4a). Smaller-
sized He atoms (atomic radius: He 31 pm < H 51 pm) are
more likely to adsorb onto the surface of the lm or penetrate its
near-surface region.36,37 Residual He can promote nitrogen
chemistry within the plasma by generating metastable reactive
species. These metastable species facilitate enhanced nitrogen
incorporation into the SiNx:H lm, leading to an increase in
nitrogen bonding.38
3.3 Thickness

The effect of He, Ar, and N2 plasma bombardment on the THK
andDTHK of lms are shown in Fig. 6. DTHK is used to quantify
the effect of He, Ar, and N2 plasma bombardment on the
thickness of multilayer silicon nitride lms, thereby excluding
the inuence of repeated deposition. For lms treated by Ar or
N2 plasma, the THK decreases and DTHK gradually increases as
step repetitions increase. The reason is that plasma bombard-
ment can induce the rupture of Si–H and N–H bonds
Fig. 6 The effect of He, Ar, and N2 plasma bombardment on the (a) TH

Fig. 7 (a) The effect of He, Ar, and N2 plasma bombardment on the re
refractive index.

17880 | RSC Adv., 2025, 15, 17875–17884
accompanied by the reconstruction of Si–N bonds, with the
treated layer becoming more compact. The inuence of He
plasma bombardment on the lm thickness differs from that of
Ar or N2, which is like the stress effects observed for the three
plasmas. For lms treated by He plasma, the THK initially
decreases and subsequently increases with a greater number of
step repetitions. This phenomenon is related to the residual He
in the lm. At the initial stage of deposition, the residual He can
increase N content within the lm by generating metastable
reactive species. This reduces the crosslinking density of the Si–
N network, leading to volumetric expansion.
3.4 Refractive index

The effect of He, Ar, and N2 plasma bombardment on the
refractive index of lms is shown in Fig. 7a. As the number of
repetitions increases, the refractive index gradually increases.
Meanwhile, lms subjected to He, Ar, or N2 plasma bombard-
ment exhibit a markedly higher refractive index compared with
SiNx:H lms constructed by repeated deposition. Compared
with Ref.-1, the refractive index of the SiNx:H lm prepared by
repeating the deposition process 24 times increased by 0.31%.
For the 24-layer SiNx:H lm, the refractive index decreased by
K and (b) DTHK of films.

fractive index of films, and (b) the relationship between Hsum and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.67%, 1.73%, and 1.82% following plasma bombardment
using He, Ar, and N2, respectively. Under normal circum-
stances, the refractive index is primarily inuenced by the N/Si
ratio.39,40 However, given that the deposition process remains
consistent and the variation in Si/N ratios is minimal in this
study, the observed change in refractive index is not attributed
to alterations in the N/Si ratio caused by plasma bombardment.

From the comparison between Fig. 3 and 7a, it is evident that
the relationship between refractive index and Hsum has consis-
tently demonstrated a stable correlation. To further elucidate
the relationship between refractive index andHsum, scatter plots
of refractive index versus Hsum are presented in Fig. 7b. A linear
regression model was employed to quantitatively characterize
this relationship. The correlation coefficient (R2) of the tted
formula is 0.94409, indicating a strong positive correlation
between refractive index andHsum. This suggests that variations
in refractive index are primarily attributed to changes in Hsum.
The reason is that the Si–H and N–H bonds cleave under plasma
bombardment, leading to the formation of Si–Si and Si–N
bonds. As the atomic arrangement becomes more compact, the
lm density increases, leading to an increase in the refractive
index. This result aligns with previous studies, where the Lor-
entz–Lorenz formula shows that the refractive index of lm
exhibits a pronounced linear relationship with density.41,42 The
refractive index exhibits a linear correlation with density and
Hsum, indirectly corroborating that a reduction in Hsum leads to
an increase in lm density.

3.5 SEM cross-sectional images

The SiNx:H lm treated by He, Ar, and N2 plasma and reference
sample are shown in Fig. 8. It can be seen from Fig. 8a that lms
prepared through a three-step deposition process exhibit no
signicant evidence of delamination without plasma bombard-
ment. Meanwhile, the phenomenon of stratication is not visible
with plasma bombardment (Fig. 8b–d). This might be related to
the SEM resolution, and it also indicates that the thickness of the
treated layer is markedly lower than that of the deposited layer.

3.6 Discussion

The stress of the SiNx:H lm can be primarily categorized into
two types: intrinsic stress and thermal stress. The intrinsic stress
Fig. 8 Cross-sectional imaging of morphology: (a) Ref.-3; (b) He-3; (c)

© 2025 The Author(s). Published by the Royal Society of Chemistry
can be attributed to factors such as lattice mismatch, crystal
defects, and differences in unit cell parameters, among others.43

Thermal stress is related to the coefficient of thermal expansion
of the lm.44 In this study, the lm was deposited under identical
parameters, and the thickness of the treated layer is nearly
imperceptible and markedly lower than that of the deposited
layer as evidenced by the SEM images (Fig. 7), thus only exerting
a minimal impact on the coefficient of thermal expansion.
Meanwhile, during the entire deposition and plasma bombard-
ment processes, the temperature exhibited controlled uctua-
tions within a range of 400± 10 °C. Consequently, the possibility
of stress enhancement caused by signicant temperature uc-
tuations was effectively excluded. Therefore, it can be inferred
that the change in the stress of the lm following plasma
bombardment can be primarily attributed to variations in
intrinsic stress, rather than the effects of thermal stress.

Following bombardment by N2 or Ar plasma, both mono-
layer and multilayer lms exhibited signicant and varying
degrees of tensile stress enhancement. The reason is that
plasma bombardment can induce the rupture of Si–H and N–H
bonds accompanied by the reconstruction of Si–N bonds,
leading to densication through chemical bond reorganization
in the treated surface layer (Fig. 9a square frame). This struc-
tural evolution propagates stress coupling effects to non-treated
regions, inducing anisotropic displacement of the lattice along
normal and in-plane directions (Fig. 9a circular frame), thereby
triggering a signicant enhancement in the tensile stress of the
lm. Based on the above stress evolution mechanism, this study
successfully established a quantitative model between the
DTHK and Dsf. As illustrated in Fig. 10, this model follows an
exponential relationship, with a determination coefficient R2 =

0.94017, indicating a high degree of tting accuracy. Mean-
while, it also can be seen that the Si–N peaks of Ar-1/24 and N2-
1/24 shi to a lower wavenumber compared with the Si–N peaks
of Ref.-1/24 (Fig. 11), suggesting a decrease in the bond force
constant of Si–N, which is consistent with the elongation of
chemical bonds within the marked circular region in Fig. 9a.45

This experimental evidence further substantiates that the
observed increase in tensile stress is primarily attributed to the
enhancement of the lm's intrinsic stress induced by plasma
bombardment.
Ar-3; (d) N2-3.
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Fig. 9 Schematic of (a) surface structural changes in the film following plasma bombardment; (b) silicon nitride structure deposited without He;
(c) silicon nitride structure deposited with He.

Fig. 10 Relationship between the DTHK and Dsf of films treated with
N2 and Ar plasma.

Fig. 11 FT-IR spectrum of (a) monolayer silicon nitride films and (b) mu
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The tensile stress in monolayer lms can be enhanced by He
plasma bombardment. For monolayer lm, the stress induction
mechanism through He plasma bombardment exhibits
consistency with those observed under Ar or N2 plasma
bombardment. If only the surface bombardment process is
considered, He plasma bombardment should also exhibit an
enhancing effect on the stress of multilayer lms. However,
unlike multilayer lms treated with Ar or N2 plasma, the stress
in multilayer lms treated with He plasma exhibits a decreasing
trend as the number of layers increases. When the number of
layers exceeds 18, the lms transition from tensile to
compressive stress. The reduction in tensile stress is attributed
to the residual He within the lm. During the initial phase of
each deposition process, the residual He can promote nitrogen
chemistry within the plasma and enhance nitrogen incorpora-
tion into the a-SiN:H lm. The increase in N content within the
lm reduces the cross-linking degree of the Si–N network
structure (Fig. 9b and c square frame), inducing volumetric
expansion. This expansion compresses the underlying Si–N
ltilayer silicon nitride films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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network (Fig. 9b and c circular frame), leading to a progressive
decrease in tensile stress and ultimately resulting in a transition
to compressive stress.46 This phenomenon has also been
conrmed in the FT-IR spectra. It can be seen that the Si–N
peaks of He-24 shi to a higher wavenumber compared with
Ref.-24 (Fig. 11b), suggesting an increase in the bond force
constant of Si–N, which is consistent with the shortening of the
chemical bond length within the marked circular region in
Fig. 9b and c.

4 Conclusion

In this study, the multilayer silicon nitride lms are constructed
by repeating deposition and plasma treatments. Based on the
test results of stress, chemical bonds, THK, refractive index, and
the transverse section image, the inuence mechanism of He,
Ar, and N2 plasma bombardment on the monolayer and
multilayer silicon nitride lms of stress is investigated and
compared in greater depth. The conclusions are summarized as
follows:

(1) Following bombardment by N2 or Ar plasma, both
monolayer and multilayer lms demonstrated signicant yet
distinct enhancements in tensile stress. Multilayer SiNx:H lms
treated with N2 and Ar plasma exhibited 41.80% and 32.78%
higher stress, respectively compared with their monolayer lms.
He plasma bombardment also enhanced the tensile stress in
monolayer lms. However, He plasma treatment induced
a progressive stress inversion in multilayered lms, evolving
from tensile-dominated to compressive-oriented states.

(2) Exposure to N2 or Ar plasma induces bond cleavage of Si–
H, and N–H species, followed by reorganization of Si–N
networks, which triggers structural compaction through
chemical rearrangement in treated layers. These morphological
changes propagate stress coupling phenomena to neighboring
untreated zones, generating directional lattice distortions along
perpendicular and planar axes, consequently elevating the
lm's tensile stress magnitude.

(3) Multilayer lms treated by He plasma exhibit a gradual
transition from tensile to compressive stress, which can be
attributed to residual He during the plasma treatment process.
At the initial stage of deposition, the residual He can increase
nitrogen content within the lm by generating metastable
reactive species. This reduces the cross-linking density of the
Si–N network, leading to volumetric expansion and subsequent
compression of the underlying structure.
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