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Highlights

• NH3 acts as a pivotal nitrogen source to accelerate SiH4-based film growth.
• RF power compensates for NH3-induced hydrogen by enhancing dissociation efficiency.
• Plasma modifications via power and gap tuning significantly improve film uniformity.

Abstract

With the shift in advanced packaging toward 3D integration and flexible electronics, it is
becoming critical to produce high-quality silicon nitride films under low thermal budgets.
To overcome the limitations of low-temperature deposition, this study compares two gas
mixtures—SiH4/NH3/N2 and SiH4/N2—in plasma-enhanced chemical vapor deposition
of silicon nitride coatings. We systematically evaluated how the NH3 precursor affects
deposition kinetics, chemical bonds, non-uniformity, optical properties, and internal stress
at different RF powers and electrode gaps. The test results show that NH3, with its
lower dissociation energy, avoids the high activation barrier associated with pure N2

plasma, leading to a higher reactive nitrogen flux and a doubled deposition rate. In the
SiH4/NH3/N2 system, raising RF power from 300 W to 900 W reduced hydrogen content
from 23.58% to 12.25%. This suppression of hydrogen promoted structural densification,
shifting the mechanical stress from 173.3 MPa to −989.7 MPa. At a larger electrode gap
of 19 mm, NH3’s better diffusion characteristics offset the electric field sensitivity typical
of N2 systems, reducing large-area film non-uniformity by 28.7% compared to a 13 mm
gap. This work offers a practical, mass-production-friendly approach for depositing robust,
low-hydrogen, highly uniform silicon nitride films at low temperatures.

Keywords: silicon nitride films; low-temperature PECVD; precursor gas effects; internal
stress; large-area uniformity

1. Introduction
Driven by the rapid advancement of the integration circuit (IC) industry and advanced

packaging technologies, plasma-enhanced chemical vapor deposition (PECVD) silicon ni-
tride films have become an indispensable dielectric material in modern semiconductor man-
ufacturing, owing to their excellent dielectric properties and high chemical inertness [1,2].
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Compared to the silicon nitride films deposited by high-temperature thermal CVD and con-
ventional PECVD (≈400 ◦C), low-temperature PECVD (<200 ◦C) facilitates film formation
at a substantially reduced thermal budget [3]. This suitability for temperature-sensitive
applications—such as back-end-of-line (BEOL) interconnects, three-dimensional integrated
circuits (3DIC), power device packaging, and flexible electronics—have consequently made
the controllable deposition of silicon nitride films via low-temperature PECVD a major
research focus [4,5].

From a practical manufacturing standpoint, the low-temperature approach faces sev-
eral distinct technical obstacles. First, the intrinsically slow deposition kinetics at low
temperature severely limit manufacturing throughput. This low deposition rate constitutes
a critical bottleneck in high-volume production, as it increases the process time per wafer
and reduces overall equipment effectiveness, thereby undermining the economic viability
of the technology [6]. Second, incomplete precursor dissociation leads to excessive hydro-
gen incorporation within the silicon nitride films. This elevated hydrogen content raises
major reliability concerns: it can induce film aging (e.g., blistering), cause time-dependent
stress shifts, and degrade critical electrical properties such as breakdown voltage, col-
lectively threatening the long-term stability and performance of the final device [7,8].
Third, the limited thermal energy significantly restricts the surface diffusion of adsorbed
species, resulting in poor film uniformity both within a wafer and from wafer to wafer.
Inconsistent film thickness and properties narrow the usable process window, complicate
integration, and adversely affect device yield and performance distribution [9,10]. There-
fore, addressing these three core challenges—low throughput, compromised reliability,
and poor uniformity—is essential to advance low-temperature PECVD from a laboratory
technique to a robust, high-volume manufacturing solution.

Silicon nitride films are commonly deposited via PECVD using precursor systems such
as SiH4/NH3/N2 or SiH4/N2 [11,12]. When activated by a radio frequency (RF) field, these
precursors dissociate into reactive species (e.g., SiHx, NHx, H), which subsequently undergo
adsorption, surface migration, and chemical reactions on the substrate to form a Si–N
network [13]. The high dissociation energy of N2 leads to a relatively slow deposition rate in
the SiH4/N2 system [14]. The introduction of NH3—which has a lower dissociation energy—
can enhance deposition kinetics; however, it also generates an excess of NH+ radicals,
resulting in increased hydrogen incorporation and associated reliability issues. Since the
deposition process is governed by the synergistic effect of temperature and the RF electric
field, adjusting RF parameters becomes a critical approach to mitigating hydrogen content
when the substrate temperature is fixed at a low level [15]. Current research on PECVD
silicon nitride films has primarily focused on processes carried out at around 400 ◦C [16].
For instance, Iliescu et al. reported that an increase in RF power results in a gradual decrease
in the tensile stress of silicon nitride films, likely due to enhanced film densification under
high-power conditions [17]. Similarly, Li et al. observed an analogous trend, wherein
elevating low-frequency power and deposition temperature promotes a transition to a
more compressive stress state [18]. Furthermore, Lobo et al. demonstrated that introducing
argon as a carrier gas during deposition effectively reduces the content of Si–H and N–H
bonds, thereby mitigating tensile stress [19]. These findings provide valuable theoretical
guidance for practical silicon nitride films fabrication. In contrast, the influence of NH3

as a precursor on film properties and the corresponding RF-driven reaction mechanisms
under low-temperature conditions (e.g., <200 ◦C) remain insufficiently explored. Moreover,
previous optimization efforts have largely been confined to empirical adjustments within
narrow laboratory-scale processing windows. As a result, industrial applications often
proceed in the absence of a robust theoretical framework—a limitation that significantly
hinders the scalable and rational development of low-temperature PECVD technology.
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In this study, to address the limitations of conventional low-temperature deposition,
the role of NH3 precursor and its RF response mechanism in low-temperature PECVD were
systematically investigated. The influence mechanism of NH3 on the properties of silicon
nitride films was elucidated by evaluating the deposition rate (DR), non-uniformity (NU),
surface roughness and morphology, hydrogen content, Si/N atomic ratio, refractive index
(RI), and stress of films grown from both SiH4/NH3/N2 and SiH4/N2 precursor systems.
Furthermore, film properties in both systems were modulated by adjusting RF parameters
(power and electrode gap), and the intrinsic relationship between chemical bonding charac-
teristics and film performance was established. This study provides theoretical guidance for
fabricating high-quality silicon nitride films at low temperatures. A reproducible method
along with a theoretical framework is proposed within a mass-production-ready process
window, enabling the preparation of silicon nitride films with high deposition rate, low
hydrogen content, and excellent uniformity.

2. Materials and Methodology
2.1. Preparation of Silicon Nitride Films

In this study, silicon nitride films were deposited using commercial PECVD equipment.
The purity of the N2, SiH4, and NH3 gases utilized exceeded 99.99%. The 12-inch (100)
silicon wafer was used for film deposition. As shown in Figure 1, the schematic diagram of
the PECVD system, gas enters the chamber through the top electrode. Under the RF electric
field, silicon nitride films are deposited on the wafer placed on the bottom electrode, while
the residual gas is exhausted through the exhaust pipe. Both the top and bottom electrodes
have circular surfaces. Based on our team’s previous research experience, the baseline
deposition parameters for the silicon nitride films are detailed in Table 1. Furthermore, to
analyze the impact of the NH3 precursor on film properties and its RF response mechanism,
two sets of single-variable experiments were designed involving RF power (300, 400, 500,
600, 700, 800, and 900 W) and electrode gap (13, 14, 15, 16, 17, 18, and 19 mm). Deposition
rates varied across different conditions, so the deposition time was adjusted accordingly to
keep all films in this study at around 2000 Å in thickness.

 

Figure 1. Schematic diagram of PECVD of silicon nitride films.

Table 1. Baseline deposition parameters for silicon nitride films.

SiH4
(sccm)

N2
(sccm)

NH3
(sccm)

Temperature
(◦C)

Pressure
(Torr)

RF Power
(W)

Gap
(mm)

Time
(s)

SiH4/N2/NH3 300 10,000 200 160 3 600 16 60
SiH4/N2 300 10,000 0 160 3 600 16 138
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2.2. Characterization Methods

Deposition rate: The deposition rate was defined as the thickness of the film deposited
per unit time. The film thickness was measured using an Aleris 8500 (KLA Tencor) in-
strument, with six wafers tested for each film type. The thickness was measured using
spectroscopic ellipsometry over a wavelength range of 300–800 nm. The optical model was
based on the Cauchy dispersion model, and the data were fitted using the least-squares
method. The uncertainty in film thickness measurements was less than 1%. The calculation
formula for the deposition rate was given by Equation (1). THK is the average of six wafers,
and t is the deposition time.

DR(Å/s) = THK/t (1)

Chemical bonds: To probe the internal chemical bonds, the films were analyzed
by FT-IR spectroscopy in the 400–4000 cm−1 range. The measurement was performed
in attenuated total reflectance mode. The Lanford–Rand method [20], recommended
by Thermo Scientific, was applied based on the Si–H and N–H peaks. As shown in
Figure 2, the peaks at 2190 cm−1 and 3342 cm−1 were assigned to Si–H and N–H bonds,
respectively [21]. Based on Equations (2) and (3), the number of Si–H (ASi–H) and N–H
(AN–H) bonds per unit volume in the film can be calculated. The concentrations of Si–H
and N–H bonds, denoted as CSi–H and CN–H, are then derived from Equations (4) and (5),
respectively. Subsequently, the total content (CH) and ratio (RH) of Si–H to N–H bonds
were determined from Equations (6) and (7) [22]. Meanwhile, the Si/N atomic ratio of the
films was determined using X-ray photoelectron spectroscopy (Nexsa G2, Thermo Fisher
Scientific, Waltham, MA, USA). The etching process was performed for 30 s with an ion
beam energy of 50 eV.

AN−H =
HN−H × 110 × 108

THK × 5.3 × 10−18 (2)

ASi−H =
HSi−H × 130 × 108

THK × 7.4 × 10−18 (3)

CN−H = +
AN−H

AN−H + ASi−H + 7.0108 × 1022 × 100% (4)

CSi−H = +
ASi−H

AN−H + ASi−H + 7.0108 × 1022 × 100% (5)

CH = CSi−H + CN−H (6)

RH = CSi−H/CN−H (7)

where HSi–H and HN–H are the peak heights of Si–H and N–H bonds.

4000 3500 3000 2500 2000 1500 1000 500

Si–H

Wavemumber (cm−1)

N–H

 
Figure 2. FT-IR spectra of silicon nitride films deposited from SiH4/N2/NH3 system.

https://doi.org/10.3390/coatings16060737

https://doi.org/10.3390/coatings16060737


Coatings 2026, 16, 737 5 of 17

Non-uniformity: The thickness non-uniformity was also measured using an Aleris
8500 (KLA Tencor) instrument and evaluated using Equation (8) based on 49-point
measurements. σTHK and µTHK are the standard deviation and average value of
thickness, respectively.

NU(%) =
σTHK
µTHK

× 100% (8)

Surface roughness and morphology: The surface of the film was observed using
scanning electron microscopy (SEM). The surface roughness of the silicon nitride films
was quantitatively characterized using a Bruker Dimension Icon atomic force microscope
(AFM). All measurements were performed under ambient conditions at room temperature
in tapping mode, with a scan area of 2 µm × 2 µm and a scan rate of 2 Hz. The arith-
metic average roughness (Ra) was automatically calculated using the instrument’s built-in
NanoScope Analysis software to ensure consistency and reproducibility in data processing.

Refractive index: The refractive index was characterized with an Aleris 8500 (KLA,
Milpitas, CA, USA) instrument. For each film type, measurements were performed on six
wafers, and the final value was taken as the average.

Stress: The stress of silicon nitride films was measured using a T910 system (Skyverse,
Shenzhen, China), with six wafers tested for each film type. The film stress was calculated
based on the change in the wafer curvature radius before and after deposition, according to
the Stoney equation given in Formula (9).

σ =
Ests

6(1 − vs)t f
(

1
R f

− 1
Rs

) (9)

where σ is the film stress, Es and νs are the Young’s modulus and Poisson’s ratio of the
substrate, respectively. ts is the substrate thickness, tf is the film thickness, and Rs and Rf

are the curvature radii before and after deposition, respectively.

3. Results and Discussion
3.1. Deposition Rate

Figure 3a illustrates the variation in deposition rate with RF power under different
precursor systems. A significant enhancement in the deposition rate is observed with the in-
troduction of NH3: at 300 W, a deposition rate of 39.5 Å/s is achieved by the SiH4/NH3/N2

system, which is approximately 117% higher than that obtained with the pure N2 sys-
tem. From the perspective of molecular physics, the bond energy of N2 (945 kJ/mol)
is substantially higher than that of NH3 (391 kJ/mol), resulting in a higher dissociation
barrier [23]. In contrast, NH3 is more readily subjected to stepwise dissociation, generating
highly reactive NHx radicals. These radicals are characterized by a significantly higher
sticking coefficient on the substrate surface when compared to atomic nitrogen, thereby
effectively accelerating the film growth kinetics. Furthermore, as the RF power is increased
from 300 W to 900 W, a monotonic decline in the deposition rates is exhibited by both
systems. This trend is attributed to an “ion bombardment-induced densification” process:
higher power leads to the kinetic energy of ions being enhanced, whereby micropores in
the film are compacted through an atomic peening effect [24,25]. Consequently, the mass
per unit volume is increased, which is macroscopically manifested as a slowdown in the
growth rate.

The effects of different system and electrode gap on the deposition rate of silicon
nitride films are examined in Figure 4. As shown in Figure 4a, a gradual decrease in the
deposition rate is observed with increasing electrode gap. This trend is noted for both the
SiH4/N2 and SiH4/NH3/N2 systems. Specifically, with the increase in gap from 13 mm to
19 mm, the deposition rate is reduced from 20.7 Å/s to 10.4 Å/s in the N2 system. In the
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NH3/N2 system, a decrease from 37.5 Å/s to 23.9 Å/s is observed. This decrease is mainly
due to the larger electrode gap. The increased gap weakens the RF electric field strength.
Consequently, the ionization efficiency of the reaction gases is reduced [26].
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Figure 3. (a) Dependence of the deposition rate on RF power for the two silicon nitride film systems;
(b) Effect of NH3 introduction on the silicon nitride films deposition rate.
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Figure 4. (a) Dependence of the deposition rate on electrode gap for the two silicon nitride film
systems; (b) Effect of NH3 introduction on the silicon nitride film deposition rate.

Overall, in the plasma environment, the dissociation energy of NH3 is significantly
lower than that of N2, enabling more efficient generation of high concentrations of reactive
nitrogen radicals. As shown in Figures 3b and 4b, the deposition rate of the NH3-added
system is consistently maintained significantly higher than that of the pure N2 system.
Meanwhile, through analysis of the deposition rate difference with and without NH3

(∆DR), it is concluded that this kinetic advantage provided by NH3 is strongly modulated
by plasma parameters and exhibits convergence with changes in system energy or spatial
density. On one hand, as the RF power is increased, the enhancement in deposition rate
due to NH3 shows a slow decay. This indicates that the high-power environment supplies
enough energy to N2 molecules with high bond energy, resulting in a compensatory
increase in their dissociation efficiency [27]. Consequently, the gap in active species flux
between the two nitrogen sources is narrowed. On the other hand, the gain effect of
NH3 is also weakened with increasing electrode gap. Under small gap conditions, the
strong electric field and high plasma density between the electrodes fully amplify the
advantage of NH3’s easier dissociation. However, as the gap is expanded, the electric field
strength and plasma density are generally reduced. This leads to a suppression of precursor
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dissociation probability, thereby diminishing the inherent reactivity difference between the
two nitrogen sources.

3.2. Chemical Bonds

Figure 5a shows the variation in total hydrogen content (CH) in silicon nitride films
with RF power and electrode gap under different nitrogen precursor systems. The CH of the
film decreases significantly with increasing power, regardless of NH3 introduction. When
the power is raised from 300 W to 900 W, the CH of the SiH4/NH3/N2 system decreases
from 23.58% to 12.25%, while that of the SiH4/N2 system decreases from 15.93% to 8.70%.
The underlying mechanism lies in the enhanced energy coupling of the plasma at high
power, which promotes deeper precursor dissociation and provides adsorbed atoms on the
growing surface with higher kinetic energy, thereby accelerating dehydrogenation during
film formation [28]. Meanwhile, as shown in Figure 6a, as the gap increases from 13 mm to
19 mm, the CH of the SiH4/NH3/N2 system decreases from 13.65% to 12.22%, and the CH of
the NH3-containing system shows a slight decreasing trend. This is mainly because a larger
gap allows for more spatial diffusion of the reaction gases. It also prolongs the residence
time of active species in the chamber. Both factors facilitate dehydrogenation reactions in
the gas phase and on the surface. In contrast, the SiH4/N2 system is less affected by the gap
variation. Its CH remains lower than that of the NH3-containing system across the entire
process range. This lower CH reflects the direct contribution of NH3 dissociation to N–H
bonding groups in the film.

300 400 500 600 700 800 900
0

5

10

15

20

25

30
N2&NH3

N2

C
H

RF Power (W)

(a)

 
300 400 500 600 700 800 900

0

2

4

6

8

10 (b)

△C
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Figure 5. (a) Dependence of the CH on RF power for the two silicon nitride film systems; (b) Effect of
NH3 introduction on the silicon nitride films CH.

The evolution of the Si–H/N–H atomic ratio (RH) in the film is further shown in
Figure 7a. At an RF power of 600 W, the RH is significantly reduced from 0.22 to 0.08 with
the introduction of NH3, compared to the pure SiH4/N2 system. This reduction is attributed
to the lower bond dissociation energy of NH3, which allows reactive nitrogen species to
be generated more efficiently than from the chemically stable N2 molecule. In terms of
response characteristics, the RH in both systems exhibits a monotonic decreasing trend as
the power increases. This confirms the beneficial effect of enhanced nitrogen dissociation
efficiency under high-energy conditions on the bonding structure. Additionally, as shown in
Figure 8a, an increase in electrode gap provides more opportunities for gas-phase collisions
and diffusion in the NH3-containing system, leading to a slight decrease in the RH with a
larger gap. In contrast, due to the high dissociation energy threshold of N2, the SiH4/N2

system shows negligible compositional fluctuation when the spatial distribution is altered,
demonstrating strong stability against gap variation.
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Figure 6. (a) Dependence of the CH on electrode gap for the two silicon nitride film systems; (b) Effect
of NH3 introduction on the silicon nitride films CH.
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Figure 7. (a) Dependence of the RH on RF power for the two silicon nitride film systems; (b) Effect of
NH3 introduction on the silicon nitride films RH.
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Figure 8. (a) Dependence of the RH on electrode gap for the two silicon nitride film systems; (b) Effect
of NH3 introduction on the silicon nitride films RH.
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To further quantify the contribution of NH3 in the film-forming reaction, ∆CH and
∆RH between the two systems with and without NH3 were shown in Figures 5b and 7b,
respectively. The influence of NH3 addition is shown to be highly dependent on the RF
power. At low RF power (300 W), N2 molecules are difficult to be effectively activated by
the plasma. Under this condition, NH3 becomes the primary active nitrogen source. Many
NHx radicals are directly supplied. ∆CH and ∆RH are 7.68% and −3.93, respectively. As
the RF power increases to 900 W, both ∆CH and ∆RH show a clear narrowing trend. ∆CH

and ∆RH are 3.56% and −0.07, respectively. The reason is that the dissociation barrier of N2

is overcome by the high-energy plasma, thereby compensating for the insufficient supply
of active nitrogen in the NH3-free system. Meanwhile, dehydrogenation reactions on the
growing surface are enhanced by intense ion bombardment, which effectively removes the
excess hydrogen atoms introduced by NH3. ∆CH and ∆RH between the two systems with
and without NH3 were shown in Figures 6b and 8b, respectively. Compared to RF power,
the electrode gap has a gentler effect on ∆CH and ∆RH. An increase in the electrode gap
from 13 mm to 19 mm resulted in a decrease in ∆CH from 5.25% to 3.89% and a change in
∆RH from −0.22 to −0.07.

From the perspective of plasma dynamics, an increased electrode gap results in a
reduced local electric field strength. However, the residence time and mean free path of gas
molecules in the reaction chamber are significantly extended. For the easily dissociable NH3,
enough dissociation is maintained through secondary collisions, even under a weakened
electric field, due to the extended residence time. In contrast, for the SiH4/N2 system,
the dissociation energy barrier of N2 cannot be substantially overcome by merely altering
the spatial distribution and collision probability of particles. Consequently, the supply of
active nitrogen from NH3 is consistently more stable than that from N2 across different
electrode gaps. Thus, the chemical bond differences between the two systems are largely
desensitized to variations in the spatial scale.

The influence of RF power and electrode gap on the Si/N atomic ratio of the deposited
films is shown in Figure 9. From Figure 9a, it is observed that when the RF power was
increased from 300 W to 900 W, the Si/N ratio of the SiH4/N2/NH3 system decreased
from 1.41 to 0.98. The Si/N ratio of the SiH4/N2 system was decreased from 1.08 to 0.96.
From the standpoint of plasma reaction kinetics, SiH4 can be dissociated. In contrast, N2

molecules contain a strong nitrogen–nitrogen triple bond. This is difficult to break. At
lower RF powers, N2 dissociation is insufficient. Therefore, the films are enriched with
Si. As the RF power is increased, the density of high-energy electrons in the plasma is
increased sharply. Consequently, the dissociation rate of N2 through inelastic collisions is
greatly enhanced. A rapid rise in the concentration of reactive nitrogen radicals is caused.
As a result, a significant drop in the Si/N ratio is observed. Meanwhile, the bond energy
of NH3 is lower than that of the N2. Therefore, NH3 is dissociated much more readily at
low power levels. A plentiful nitrogen source is provided. By introducing NH3, the film
Si/N ratio is lowered considerably. At a high power of 900 W, however, the system energy
is high enough. N2 is decomposed efficiently and thoroughly. Under such conditions, the
concentration of active nitrogen precursors in both systems is brought to saturation. The
final Si/N atomic ratios are quite similar.

On the other hand, it is indicated in Figure 9b that when the electrode gap was
increased from 13 mm to 19 mm, the Si/N ratio of the SiH4/N2/NH3 system was decreased
from 1.20 to 0.99. The Si/N ratio of the SiH4/N2 system was decreased from 1.05 to
0.96. This is mainly attributed to the fact that a larger electrode gap is used. The plasma
discharge region is extended. The residence time of the reactive gases in the glow zone
is prolonged. With a longer residence time, the chance of high-energy electrons colliding
with the relatively inert N2 molecules is improved. The conversion of N2 into reactive
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species is made more effective. As a result, the proportion of available nitrogen in the gas
phase is increased. The Si/N atomic ratios in both systems are decreased with increasing
electrode gap.
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Figure 9. The influence of (a) RF power and (b) electrode gap on the Si/N atomic ratio.

3.3. Non-Uniformity

Figure 10a illustrates the thickness non-uniformity of silicon nitride films as a function
of RF power under different nitrogen precursor systems. In general, a film non-uniformity
below 2% is acceptable for customer specifications. As the RF power was raised from 300 W
to 900 W, sharply divergent responses in film uniformity were observed between the two
precursor systems. In the SiH4/NH3/N2 system, the non-uniformity was significantly im-
proved from 3.30% to 1.87%, which can meet customer requirements. By contrast, a marked
deterioration was shown by the pure N2 system, with the non-uniformity worsening from
1.58% to 4.04%. This difference is attributed to the lower bond energy of NH3, which allows
its dissociation efficiency to be effectively enhanced at high power, resulting in the release
of a high flux of active nitrogen radicals. Consequently, a more uniform species distribution
is formed in the chamber, promoting spatial consistency in the deposition reaction. In
comparison, the bond energy of the N2 molecule is much higher than that of NH3. Under
high-power excitation, the plasma is concentrated predominantly in the central electrode
region. This asymmetric distribution of the electric field leads to an increased flux differ-
ence in active nitrogen between the center and edge of the electrode, ultimately causing an
unbalanced thickness distribution of the film [29].

Figure 11a compares the response of film non-uniformity to changes in the electrode
gap distance. As the gap is increased from 13 mm to 19 mm, a continuous improvement
in film uniformity is observed for the SiH4/NH3/N2 system, with the value decreasing
from 2.65% to 1.89%. In contrast, the SiH4/N2 system exhibits a non-monotonic variation:
uniformity first improves and then deteriorates as the gap widens. This difference is
attributed to the introduction of NH3, which significantly increases the concentration of
active nitrogen species in the plasma. As a result, the film deposition process becomes less
sensitive to local electric field variations. In addition, a larger gap increases the mean free
path of the reaction gases. This promotes better diffusion and a more uniform distribution
of active species [30]. In the SiH4/N2 system, however, the concentration of active species
is lower, and their distribution is less uniform. Therefore, film uniformity becomes highly
dependent on a specific optimal gap, corresponding to a narrow process window. Any
deviation from this gap leads to rapid degradation in uniformity.
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Figure 10. (a) Dependence of the NU on RF power for the two silicon nitride film systems; (b) Effect
of NH3 introduction on the silicon nitride films NU.
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Figure 11. (a) Dependence of the NU on electrode gap for the two silicon nitride film systems;
(b) Effect of NH3 introduction on the silicon nitride films NU.

Figures 10b and 11b further quantify the effect of NH3 on film uniformity by comparing
the uniformity difference (∆NU) with and without NH3. The influence of NH3 is found to
be jointly affected by RF power and gap. At low power (300 W), incomplete dissociation
of NH3 increases plasma complexity, negatively affecting uniformity. However, above
600 W, full dissociation of NH3 stabilizes the plasma, leading to significantly improved
uniformity. Across all gap distances, uniformity is generally improved with NH3. At a
19 mm gap, the uniformity value is reduced by 0.64%, indicating a clear enhancement.
Thus, by introducing NH3 under high-power and large-gap conditions, the non-uniform
plasma distribution in pure N2 systems can be effectively overcome, enabling high-level
film uniformity.

As shown in Figure 12, AFM was used to characterize the surface roughness of films
prepared under different RF power and electrode gap conditions. Overall, no significant
change in surface roughness was caused by varying the electric field parameters. When the
RF power was increased from 600 W to 900 W, the macroscopic non-uniformity was raised
from 2.23% to 4.04%. The Ra was only slightly increased, from 2.21 nm to 2.28 nm. When the
electrode gap was increased from 16 mm to 19 mm, the non-uniformity was raised to 2.53%.
The Ra was kept almost unchanged, at around 2.20 nm. From these results, it is suggested
that changes in RF power and electrode gap mainly affect the spatial distribution of the
plasma inside the reaction chamber. The macroscopic uniformity of the film is therefore
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altered by this effect. On the other hand, the microscopic roughness is more dependent on
how reactive radicals move on the substrate surface and how nucleation happens locally. A
strong effect from the macroscopic electric field fluctuations is not seen at this level. The
sample phenomenon can also be observed in the SiH4/N2/NH3 system. Under the same
increases in power and gap, the non-uniformity of the film was significantly reduced from
2.36% to 1.87% and 1.89%. At the same time, the roughness was only slightly changed
within a narrow range, from 2.16 to 2.11 or 2.14. Overall, the non-uniformity is mainly
controlled by adjusting the electric field parameters. However, only a very limited effect on
the local roughness is produced by these adjustments.

 

Figure 12. AFM images of silicon nitride films under different conditions: (a,b) SiH4/N2 and
SiH4/N2/NH3 systems, RF power 600 W, gap 16 mm; (c,d) same as above, RF power 900 W, gap
16 mm; (e,f) same as above, RF power 600 W, gap 19 mm.

To further evaluate the quality of the films, SEM was used to characterize the samples
prepared under different process conditions (Figure 13). The results showed that highly
continuous and flat microscopic morphologies were obtained in all conditions. No physical
defects such as microcracks, holes, or local delamination were observed. It is worth noting
that even when the residual compressive stress in the film reached as high as −989.7 MPa
under certain parameters, the film still maintained good quality. This phenomenon in-
dicates that the films deposited in this system possess high intrinsic mechanical stability.
The internal high strain energy can be effectively accommodated. At the same time, good
interfacial adhesion between the film and the substrate was formed. The buckling or de-
lamination effects that are commonly caused by high compressive stress were successfully
suppressed. In summary, it is confirmed that although the internal stress state of the film is
significantly changed by adjusting the electric field parameters, the structural integrity is
not damaged. The deposited films always maintain good process reliability.
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Figure 13. (a) SEM images of silicon nitride films under different conditions: (a,b) SiH4/N2 and
SiH4/N2/NH3 systems, RF power 600 W, gap 16 mm; (c,d) same as above, RF power 900 W, gap
16 mm; (e,f) same as above, RF power 600 W, gap 19 mm.

3.4. Refractive Index

As shown in Figure 14, the RF power was increased from 300 W to 900 W. No significant
change was observed in the refractive index of films deposited from the SiH4/N2/NH3

system. In contrast, a decrease followed by an increasing trend was exhibited by the
SiH4/N2 system. The refractive index of silicon nitride films is generally dominated by
the Si/N atomic ratio [31]. With increasing RF power, the Si/N ratio of the SiH4/N2/NH3

system was not significantly changed. Therefore, its refractive index remained relatively
stable. For the SiH4/N2 system, a clear decreasing trend was observed in the Si/N ratio.
As a result, the refractive index initially decreased. However, when the RF power exceeded
700 W, an abnormal increase in the refractive index was observed in the SiH4/N2 system.
This can be attributed to the fact that at high power levels, the dissociation efficiency of
N2 molecules was greatly improved. Intense ion bombardment caused the increase in
film density to become the dominant factor [32]. Thus, the overall refractive index was
raised. Accordingly, the overall refractive index of the NH3-added system was higher
than that of the pure N2 system. This was also attributed to the higher film density of the
SiH4/N2/NH3 system compared to the SiH4/N2 system.
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Figure 14. (a) Dependence of the RI on RF power for the two silicon nitride film systems; (b) Effect of
NH3 introduction on the silicon nitride films RI.

The influence of electrode gap on film refractive index is shown in Figure 15. As
illustrated in Figure 15a, the refractive index of the SiH4/N2/NH3 system was highly
insensitive to variations in the electrode gap. It remained stable at approximately 1.85. In
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contrast, as the electrode gap was increased from 13 mm to 19 mm, a monotonic decrease in
refractive index from 1.75 to 1.69 was observed in the pure N2 (SiH4/N2) system. This trend
was consistent with the previously observed change in film Si/N ratio with increasing
gap. It was further confirmed that the refractive index was mainly determined by the Si/N
atomic ratio, when it was not affected by strong densification effects.
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Figure 15. (a) Dependence of the RI on electrode gap for the two silicon nitride film systems; (b) Effect
of NH3 introduction on the silicon nitride films RI.

3.5. Stress

The evolution of stress with RF power for silicon nitride films deposited using different
nitrogen precursor systems is shown in Figure 16a. As the RF power increases from 300 W
to 900 W, the stress in both types of film transitions from a tensile to a compressive state.
Specifically, the stress in the SiH4/NH3/N2 system changes gradually from 100.7 MPa
to −239.03 MPa, while that of the SiH4/N2 system exhibits a more pronounced shift,
decreasing from 173.3 MPa to −989.7 MPa. This stress transition behavior is consistent with
that observed under conventional deposition conditions at 400 ◦C [33]. The underlying
mechanism lies in the enhanced ion bombardment effect on the growing film surface
at higher RF powers, which induces a densification reorganization of the internal film
structure, thereby driving the macroscopic stress toward a compressive state [34–36].
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Figure 16. (a) Dependence of the stress on RF power for the two silicon nitride film systems; (b) Effect
of NH3 introduction on the silicon nitride films stress.

As shown in Figure 17a, the stress in the SiH4/NH3/N2 system shifts toward tension
as the electrode gap increases from 13 mm to 19 mm, with the stress value changing from
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−250.13 MPa to −45.58 MPa. This trend is attributed to the reduced electric field strength
at larger gaps, which leads to an increase in hydrogen content and consequently promotes
tensile stress characteristics [37]. Similarly, when pure N2 is employed as the nitrogen
precursor, the film stress increases from 159.3 MPa to −63.3 MPa as the gap widens.
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Figure 17. (a) Dependence of the stress on electrode gap for the two silicon nitride film systems;
(b) Effect of NH3 introduction on the silicon nitride films stress.

To further quantify the specific impact of NH3 introduction on film stress, the differen-
tial stress curves between the two precursor systems are provided in Figures 16b and 17b.
The stress response is defined by a threshold at 600 W. Introduction of NH3 below this
power results in a slight increase in tensile stress, whereas above it, the compressive stress
is markedly enhanced, with an increment reaching 750.65 MPa at 900 W. A critical point is
identified at an electrode gap of 16 mm. When the gap is below 16 mm, the addition of NH3

enhances compressive stress; in contrast, beyond 16 mm, it promotes tensile stress. This
transition is dictated by the electric field energy (a combined function of power and gap).

Under high power or small gap conditions, NH3 is effectively dissociated, providing
abundant active nitrogen species. At the same time, intense ion bombardment promotes the
formation of a highly densified Si–N network. These factors together lead to a significant
increase in compressive stress. In contrast, under low power or large gap conditions, NH3

dissociation is incomplete. As a result, more Si–H and N–H bonds are incorporated into
the film. In addition, weaker ion bombardment results in a relatively porous film structure.
The combination of these effects ultimately increases the macroscopic tensile stress.

4. Conclusions
To overcome the limitations of low-temperature deposition, this study investigated the

PECVD process for silicon nitride films using SiH4/NH3/N2 and SiH4/N2 reaction systems
and successfully established an optimization methodology and theoretical framework.
Specifically, compared with the SiH4/N2 system, the introduction of NH3 played a key
role in accelerating the deposition rate. At 300 W, the rate increased by 117% to 39.5 Å/s,
due to its higher efficiency in generating reactive nitrogen radicals. However, adding NH3

also increased the hydrogen content in the films and affected spatial uniformity. The study
showed that increasing RF power can effectively reduce hydrogen content. When the power
was raised from 300 W to 900 W, the dissociation efficiency improved significantly, and
the hydrogen content dropped from 23.58% to 12.25%. Meanwhile, the changes in plasma
energy and spatial characteristics greatly improved film uniformity in the SiH4/N2/NH3

system. Increasing the RF power from 300 W to 900 W reduced non-uniformity from 3.30%
to 1.87%, and expanding the electrode gap from 13 mm to 19 mm further reduced it from
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2.65% to 1.89%. Finally, by balancing these interacting parameters, this study provides a
clear and practical process window for industrial mass production.
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