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A B S T R A C T

This study systematically investigates the mechanical properties, particularly fracture toughness, of plasma 
enhanced chemical vapor deposited SiNx films by exploring variations in their chemical composition. Three films 
with sub-micrometer thickness (600 nm) and different stoichiometry, i.e., increasing silicon content, were 
deposited and characterized by X-ray photoelectron spectroscopy, Raman and photoluminescence spectroscopy, 
and transmission electron microscopy. Mechanical properties were determined using nanoindentation, applying 
the Oliver–Pharr method for hardness and elastic modulus and a procedure suitable for thin films, developed by 
Xia et.al., for fracture toughness measurement. Results revealed an enhancement in fracture toughness for the 
highest silicon-content film, while the intermediate sample showed no significant variations, suggesting the 
existence of a silicon-content threshold above which some toughening effect is initiated. The observed tough
ening mechanism is hypothesized to be related to the substantial dispersion of amorphous silicon heterogeneities, 
affecting intrinsic stress evolution and mechanical compliance of the films. These findings highlight the critical 
role of chemical composition and microstructural features in controlling mechanical performance and provide 
valuable guidelines for the customization of SiNx passivation layers in the semiconductor industry.

1. Introduction

Silicon nitride (SiNx) thin films deposited via Plasma Enhanced 
Chemical Vapor Deposition (PECVD) are widely employed as passiv
ation and dielectric layers in advanced semiconductor devices, owing to 
their excellent combination of chemical inertness, electrical insulation, 
mechanical robustness, and thermal stability [1–4]. Despite these ad
vantageous properties, one critical limitation of SiNx layers is their 
brittle post-elastic behavior [5,6], which represents a primary concern 
within the semiconductor industry, as it implies cracking as the primary 
mechanism for dissipation of excess strain energy developed due to 
thermomechanical stresses typical of electronic devices production steps 
[5].

For this reason, the assessment of fracture toughness is a key step for 
the mechanical characterization of ceramic passivation layers, such as 
SiNx. This property quantifies the material resistance to crack propaga
tion and is therefore a decisive parameter for evaluating the reliability 
and lifetime of the semiconductor device [7,8]. However, the accurate 

measurement of fracture toughness in thin films, especially those with 
thickness below 1 μm, presents significant experimental challenges. 
Conventional methods such as the Lawn–Evans–Marshall (LEM) 
approach, which rely on indentation-induced crack patterns, become 
problematic due to substrate effects and crack propagation into the 
underlying silicon substrate, making the derived values unreliable for 
sub-micrometer films [9,10].

In recent years, several methods have emerged as alternative tech
niques specifically designed to overcome these limitations for thin and 
brittle coatings. Micro-pillar splitting, micro-cantilever bending, and 
micro-chevron beam, have been developed to accurately measure frac
ture toughness in thin films; however, these methods must be often 
supported by complex sample preparation or finite element simulations 
[7,8,11,12]. In contrast, Xia et.al. have developed a method which in
volves simpler sample patterning, offering a practical alternative for 
assessing thin-film toughness based on an energy balance approach [13,
14]. With this method the interference of the substrate effects is 
excluded, by requiring a simple patterning of the film deposited. More 

* Corresponding author.
E-mail address: filippo.sabatini@polimi.it (F. Sabatini). 

Contents lists available at ScienceDirect

Thin Solid Films

journal homepage: www.elsevier.com/locate/tsf

https://doi.org/10.1016/j.tsf.2026.140898
Received 13 October 2025; Received in revised form 6 February 2026; Accepted 24 February 2026  

Thin Solid Films 838 (2026) 140898 

Available online 25 February 2026 
0040-6090/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0009-0007-3856-2032
https://orcid.org/0009-0007-3856-2032
https://orcid.org/0000-0002-3066-0064
https://orcid.org/0000-0002-3066-0064
https://orcid.org/0000-0003-2686-4731
https://orcid.org/0000-0003-2686-4731
https://orcid.org/0000-0002-1265-4971
https://orcid.org/0000-0002-1265-4971
mailto:filippo.sabatini@polimi.it
www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2026.140898
https://doi.org/10.1016/j.tsf.2026.140898
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


details of this characterization method will be discussed in the section 
“Methodology”.

Concerning the approaches to limiting the brittle failure, it is known 
that, by controlling the development of residual stresses, it is possible to 
modify the final toughness of the material [15]. Residual stresses 
develop naturally during the PECVD deposition process, because of 
thermal expansion mismatches, plasma-induced ion bombardment, and 
chemical gradients within the growing film. Depending on process 
conditions these stresses can manifest either tensile or compressive, 
respectively reducing or enhancing the effective toughness of the film by 
promoting or preventing crack initiation and propagation. Nevertheless, 
the mechanisms underlying the formation and control of residual 
stresses in SiNx films are still not fully understood, particularly when 
dealing with thin layers [15]. Thus, investigating the effect of varying 
chemical composition in thin SiNₓ layers can be the most effective way 
of influencing their mechanical properties [1,16,17]. For example, by 
increasing relative gas flows of silane (SiH4) with respect to ammonia 
(NH3) during PECVD the spontaneous formation of amorphous silicon 
nanoparticles (NPs) embedded in the SiNx matrix is observed [16–20]. 
Such composition is generally referred to as “silicon rich” (SR) silicon 
nitride, and whether these embedded NPs could offer meaningful con
tributions to mechanical properties is still an information subject to 
research.

The present study aims to provide a comprehensive analysis of the 
mechanical properties of PECVD silicon nitride films, focusing on the 
influence of chemical composition (Si/N ratio), intrinsic stress state, and 
the presence and structural characteristics of embedded silicon nano
clusters. Specifically, three films with sub-micrometer thickness (600 
nm) and increasing Si/N ratios were deposited via PECVD and charac
terized both in their chemical and mechanical properties, implementing, 
for the latter, the procedure developed by Xia et al․ [14] to assess frac
ture toughness in thin films by nanoindentation.

2. Methodology

In this study, SiNx thin films were deposited via PECVD with a 
nominal thickness of 600 nm on 775 um thick crystalline silicon wafers. 
The deposition was performed at 380 ◦C and 4.3 Torr for all samples, 
exploiting different gas mixtures varying the silane (SiH4) flux while 
maintaining a fixed ammonia (NH3) flux. Three primary compositions 
were selected for investigation: a quasi-stoichiometric silicon nitride 
film, deposited with a silane/ammonia flux ratio equal to 3:4 and 
labelled as “St” (Standard), and two silicon-rich variants with silane/ 
ammonia flux ratio equal to 4:1 and 5:1, referred to as “SR4” and “SR5” 
respectively.

Immediately after deposition, the intrinsic residual stress was 
determined through the application of the Stoney equation after wafer 
curvature measurements performed using optical profilometry [21]. 
After stress measurements, all wafers underwent photolithographic 
patterning to obtain suitable samples for mechanical characterization 
through the method proposed by Xia et.al [14]. Results will be discussed 
in Section 3.2.

Mechanical characterization was carried out using nanoindentation 
techniques, employing a Hysitron TI 980 TriboIndenter (Bruker, USA). 
Hardness (H) and plane strain elastic modulus (Ep) were determined 
with a Berkovich tip using the well-established Oliver–Pharr method 
[22] by restricting indentation depths to a range of 8 %− 15 % of the film 
thickness and exploiting a specific analysis software, called Intrinsic 
Thin Film (Brucker, Intrinsic Thin Film Mechanical Property Solution), 
which implements a methodology by Li and Vlassak [23] that permits to 
exclude the substrate effect for a thin mono-layer deposited on a bulk 
substrate.

The method proposed by Xia et.al. was utilized for accurate deter
mination of fracture toughness (Kc), which consists in using a 4-sided 
pyramidal tip (specifically, a Vickers geometry) to indent the substrate 
surface close to a free edge of the film, as schematically represented in 

Fig. 1.
This method was specifically developed to handle substrate-related 

effects typically encountered in thin-film fracture toughness measure
ments [14]. This approach involves performing an indentation with a 
Vickers tip on the substrate side at a distance s from the film. During 
indentation, one of the radial cracks initiates in the substrate and 
propagates normally toward the film and upward through its thickness, 
thus generating a single, clearly defined through-thickness crack with 
length a. In the opposite direction, another crack will propagate along 
the free substrate with length b. By analyzing the crack lengths produced 
on both coated and uncoated substrate sides, fracture toughness can be 
determined using an energy balance criterion, which considers the strain 
energy release rates for both substrate and film. The higher the tough
ness of the film compared to that of the substrate, the larger the differ
ence between average a and b cracks will be, as a higher amount of the 
initial work generated by the indentation will be used to crack the film. 
The final equation to obtain the critical Stress Intensity Factor related to 
the toughness of the coating is expressed as: 
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where the subscript c refers to the coating film and s to the substrate; Ep 
are the respective plain strain modulus, t the coating thickness, λ and Ψc 
two dimensionless, material-independent, factors equal to 0.45 and 
0.95, respectively - obtained from finite element model (FEM) calcula
tions made by Xia et.al. in their work - and φ is the slope of the fitting 
obtained by plotting a vs b measured with increasing indentation loads. 
In this study, to obtain this last value, all samples have been indented 
with four different loads: 1300 mN, 1900 mN, 4500 mN and 6000 mN. 
An unexpected substantial challenge concerned handling the undesired 
failure mode from now on referred to as scaling, i.e. the partial or total 

Fig. 1. schematic representation of the patterned film and indentation geom
etry in front view (a) and cross section (b). The Vickers tip leads to the prop
agation of four cracks along a cross shape. In this study we consider the two 
cracks normal to the film edge, designated as a for the one across the coating 
and b for the one across the free substrate.
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detachment of portions of the substrate near the tip imprint during the 
indentation process. Indeed, this competing failure mechanism is 
beyond the treatment of Xia et al. and has the potential to undermine the 
assumptions behind the energy balance of Eq. (1). For this reason, all 
experiments featuring scaling were discarded until we obtained 12 of 
them without any of these failure modes for every tested load. After 
indentation, the lengths of the induced cracks were characterized by 
optical microscopy with a Keyence VHX-7000/7000 N.

Finally, complementary structural and compositional analyses of the 
SiNx films were conducted to elucidate their chemical and microstruc
tural characteristics. X-ray photoelectron spectroscopy (XPS) was per
formed with a PHI5000 Versaprobe III (ULVAC-PHI) with photon energy 
(PE) of 280 eV, equipped with an Ar sputtering gun to perform in-depth 
profile analysis up to 10 μm of acquisition depth. The technique was 
employed to determine the accurate stoichiometry of the films, thereby 
verifying the intended Si/N compositional variations. Raman spectros
copy was used to probe the structural characteristics of the silicon-rich 
films and confirm the presence or absence of embedded silicon hetero
geneities. The analysis was performed using a Renishaw InVia micro- 
Raman spectrometer equipped with an Ar+ gas laser (λ=514 nm) and 
a 1800 grooves mm-1 grating. To avoid effects which could damage the 
samples, the incident laser power was kept <0.4 mW. With the same 
instrument, photoluminescence (PL) spectroscopy was performed 
exploiting a different laser wavelength (λ=457 nm), to assess the optical 
response of the Silicon-rich films, specifically looking for characteristic 
signals associated with quantum confinement effects from potential 
embedded Si NPs [17].

To provide deeper insights into the NPs potentially formed during 
sample deposition, the silicon-rich films were subjected to thermal 
annealing treatments at 1100 ◦C in atmosphere for 1 hour of dwell time. 
This thermal treatment was specifically aimed at promoting crystalli
zation of the spontaneously formed amorphous silicon NPs within the 
Silicon-rich SiNx films during their deposition. This operation was 
necessary to allow direct observation of the NPs by transmission electron 
microscopy (TEM), which was otherwise not able to distinguish the NPs 
in their amorphous state from the amorphous SiNx matrix. The mea
surements were conducted on electron transparent lamellae, using a 
Thermo Fisher Themis Z aberration-corrected Scanning Transmission 
Electron Microscope (STEM), operating at 300 kV acceleration voltage. 
Dark-Field TEM (DF-TEM) images were acquired on the annealed sam
ples for microstructural analysis and determination of crystal di
mensions, providing an independent means of verifying and quantifying 
the NPs size and distribution, as previously inferred from Raman and PL 
analyses. Moreover, the images were taken in two areas, one near the 
substrate and the other near the surface of the SiNx films, to observe 
possible gradients in the NPs distributions and average diameters along 
the film thickness. Finally, to avoid observing the oxidized thickness of 
the SiNx films after the annealing, estimated to be lower than 100 nm 
[24], the set of figures near the surface was taken under this outermost 
thickness.

3. Results

3.1. Structural characterization of silicon nitride films

Initially, XPS measurements were employed to determine the 
chemical composition of the as-deposited films. Fig. 2 illustrates the 
atomic percentages of silicon and nitrogen on the left, and the Si/N 
atomic ratio on the right, for increasing flux of the silane precursor gas 
considering a fixed ammonia flux. Depth profiling by Argon sputtering 
showed constant Si/N atomic ratios for the three films, equal to 0.86, 
1.10 and 1.33 for the St, SR4 and SR5, respectively. Moreover, no other 
elements than silicon or nitrogen were detected.

Several differences related to stoichiometry variation can be 
observed in the spectra resulting from Raman analysis, reported in 
Fig. 3. Firstly, it is possible to observe a variation in the transparency of 

the three characterized films, which decreases with increasing silicon 
content. This can be observed by the decreasing intensity of the crys
talline silicon peak, positioned at 521 cm-1, which originates from the 
substrate. Since the three films have the same thickness, the lower in
tensity of the peak indicates lower transparency (or higher absorbance) 
with increasing silicon content. Moreover, the standard film shows no 
other distinct signal in the observed range, except for the initial part of a 
photoluminescence broad band. This last effect partially covers a band, 
ranging from 750 to 1000 cm-1, related to Si-N vibrational modes of 
silicon nitride [18,25] which is observable for the two silicon rich 
samples, whose photoluminescence effects begin for higher Raman 
shifts, as it will be discussed later. Opposite to the St sample, the SR4 and 
SR5 samples show distinct vibrational features associated with localized 
amorphous silicon domains. Specifically, a broad band around ~470 
cm-1 is generated by the characteristic signal of Si-Si stretching mode at 
465 cm-1 and the transverse optical (TO) band of amorphous silicon at 
480 cm-1 [18,19,26]. Other known signals related to amorphous silicon 
are responsible for the band positioned at 180 cm-1, further indicating 
the presence of heterogeneities dispersed in the SiNx matrix spontane
ously formed during deposition [17,25,27]. These Si heterogeneities 
seem to be present only in silicon rich samples since no signal related to 
amorphous silicon is visible for the St sample.

Complementary to Raman spectroscopy, photoluminescence mea
surements provided additional information related to the Si NPs pres
ence. PL spectra of all the samples analyzed are shown in Fig. 4 reported 

Fig. 2. XPS results reporting atomic percentages of Si and N atomic content on 
the left and Si/N atomic ratio on the right. Results are reported for increasing 
silane flow rate during PECVD deposition considering a fixed ammonia flux. 
The dashed line is a reference for qualitative comparison with the data, sug
gesting the Si/N atomic ratio grows rather linearly with the Silane flow rate.

Fig. 3. Raman spectra of St, SR4 and SR5 SiNx. The two silicon rich samples 
show bands related to amorphous silicon content which are not present in the 
Standard sample. The strong peak related to crystalline silicon origin from the 
substrate and its decreasing intensity for the three samples indicates a lower 
transparency of the SiNx films for increasing silicon content during 
PECVD deposition.
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with black and colored solid lines for the original and fitting curves, 
respectively. It is well established that silicon nitride PL signal can vary 

strongly with different synthesis methods and deposition parameters 
[28,29]: the spectra are composed of several contributions due to the 
different defect states in the bulk material, band-tail effects, and possibly 
quantum confinement effects related to the NPs presence [30–32].

The fittings shown in Fig. 4 for each original photoluminescence 
signal were obtained employing the software Fytic, which permits to 
evaluate the weighted sum of squared residual (WSSR) of the curves. For 
each sample, a very good WSSR value (1 ± 0.1) has been obtained for 
the relative fitting, achieved by performing a deconvolution of the 
original curve using three peaks described by a Voigt function (Gauss- 
Lorentzian Function). Similar results have been observed in other 
studies that associate the two lower-energy peaks with radiative defect 
states and band tail effects [17,19,31], and the higher-energy peak, in 
the range from 1.8 to 2.1 eV, with quantum confinement by Si clusters 
and, thus, with the presence of NPs [17,19]. These latter deconvolution 
peaks are shown in Fig. 4 by dashed lines, and their center indicates the 
photoluminescence energy Epl of the photoemitting NPs. This value is 
also related to the average dimension of such NPs.

Analyzing the evolution of such signals with increasing silicon con
tent, we can ascertain three pieces of information: (i) the intensity (area) 
of the peaks associated to quantum confinement, and thus the number of 
emitters - i.e. the NPs -, is very similar for the Si-rich samples SR4 and 
SR5 (the area of the PL peak associated to quantum confinement, dashed 
lines in Fig. 4) being only 4 % larger for SR4 compared to SR5; (ii) Epl 
decreases, indicating larger average dimensions of the NPs, with 
increasing atomic Si content, but the NP size estimated from Epl is very 
similar; (iii) the full width at half maximum (FWHM) of the signals 
related to the two silicon-rich samples are very similar, indicating a 

Fig. 4. Spectrum of photoluminescence obtained for the three samples reported 
with black and colored solid lines for the original and fitting curves, respec
tively. The dotted lines represent the deconvoluted peaks related to quantum 
confinement effect. The central energy values of such peaks are linkable to the 
average dimension of the amorphous silicon heterogeneities: the lower the PL 
energy, the bigger the heterogeneity. Moreover, higher relative intensities 
indicate higher presence of emitters, i.e. heterogeneities, embedded in the 
SiNx matrix.

Fig. 5. after crystallization thermal treatment at 1100 ◦C on the two silicon rich samples, TEM analysis allowed direct observation of embedded silicon NPs inside the 
SiNx matrix (a). Further analysis on several TEM images permitted to estimate an average diameter and volume fraction of the NPs for the two samples (b) setting a 
lower selection limit of 2 nm of diameter.
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similar dimensional distribution of the NPs.
Instead, we observe that the total intensity of the PL spectra is very 

different among the 3 samples, indicating very different radiative 
recombination mechanisms associated with the defect chemistry. These 
observations will be further elaborated in the discussion section.

Further proof of the NPs presence in the two silicon-rich films was 
obtained by TEM analysis. Amorphous Si NPs could not be distinguished 
from the bulk material in as-deposited SiNx; thus, the three samples were 
subjected to a thermal annealing at 1100 ◦C to promote crystallization of 
the nanoparticles [19,31,33]. TEM analysis performed after annealing 
(Fig. 5a) revealed no heterogeneities in the St sample and confirmed a 
clear presence of NPs in the two silicon-rich samples distributed 
throughout the bulk matrix. To better characterize these nanoparticles, 
multiple images were obtained for each sample implementing post 
process data analysis with the software ImageJ [34]. This allowed us to 
distinguish each nanoparticle via grey-scale optical filtering, modeling 
them with spherical shapes, and performing statistical evaluation of 
their average dimension (Fig. 5b) and volume dispersion, by knowing 
the thickness of the TEM lamellas. Moreover, the TEM images were 
taken both from the surface of the deposited film and from the bottom 
(the latter reported in Fig. 5), allowing to ascertain the absence of sig
nificant gradients of the NPs distribution across the bulk thickness. It is 
possible to observe NPs of similar average diameter and volume fraction, 
with SR5 showing values of 5.36 nm and 1.13 %, respectively, slightly 
higher than SR4 showing values of 5.06 nm and 0.98 %, respectively.

This crystallization process was carried out mainly to have visual 
confirmation by TEM of the actual presence of NP heterogeneities in the 
silicon-rich films. Moreover, since it was performed identically on the 
different samples, it is plausible that the variation in the average 
diameter of the NPs after treatment is also similar. This allows us to 
assume that a similar size of crystalline NPs, both in diameter and in 
volume fraction, could indicate a similar relationship in the case of 
amorphous NPs.

To further strengthen this hypothesis, a phenomenological relation 
proposed by Kim et.al [35] and Park et.al [36], which correlates Epl and 
average diameter of PL emitting amorphous silicon nanoparticles, was 
used: 

da =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2.40

Epl − 1.56

√

(2) 

where Epl (eV) is the photoluminescence energy and da (nm) is the 
average diameter of the NPs. Applying the formula, it is possible to make 
a size estimation of the amorphous NPs prior to the thermal treatment 
and to compare the obtained values with those measured from the TEM 
images. All results are reported in Table 1.

This analysis brings three main results: (i) the average size and vol
ume fraction (VNPs/VTot) of the crystalline NPs appear to weakly vary 
with increasing silicon content; (ii) the difference in average NPs size 
between SR4 and SR5 is higher for the amorphous NPs (+16 %) with 
respect to the crystalline one (+6 %); (iii) the average sizes of the NPs 
are larger after the crystallization thermal treatment. This last phe
nomenon could be induced by clustering effects promoted above ~750 

◦C [37], which could lead to atom migration or smaller NPs merging 
during crystallization to form larger ones.

These results suggest that, as sizes and distributions of the crystalline 
NPs are similar between the two silicon-rich samples, a similar size 
distribution can be expected also for the amorphous NPs, confirming the 
indications obtained by PL measurements. Moreover, even considering 
the possible difference in the size and distribution of amorphous NPs 
between samples SR4 and SR5, the NP sizes are too small to indicate a 
potential toughening effect from crack deflection, which is a mechanism 
described for composite materials. However, the XPS results confirmed 
the presence of significantly higher amounts of silicon in the SR5 sample 
compared to that present in the SR4 one. Thus, it would be plausible that 
part of the silicon remained within the film in other forms, such as 
heterogeneities, interstitials atoms, or particles too small to be detected.

3.2. Mechanical properties

To investigate the mechanical properties of the silicon nitride films, 
intrinsic residual stress, hardness, plain strain elastic modulus, and 
fracture toughness were measured. These mechanical properties were 
assessed to clarify how compositional variations influence the overall 
mechanical performance of SiNx films, particularly concerning their 
fracture behavior.

Intrinsic residual stress values obtained by wafer curvature mea
surements and Stoney's equation are equal to 120 MPa (tensile) for the St 
sample, 15.2 MPa (tensile) for the SR4 sample and − 85.3 MPa 
(compressive) for the SR5 sample. It is possible to observe a monotone 
shift in the stress state from tensile to compressive with increasing sili
con content, but the quantities remain low in their absolute values for 
each sample, considering that PECVD silicon nitride can develop resid
ual stresses in the order of hundreds of MPa, strongly variable depending 
on gas flow ratio, RF power and chamber pressure during deposition 
[38].

Plane strain modulus and hardness have been evaluated by indenting 
directly on the surface of the samples with a Berkovich tip through the 
classical Oliver & Pharr method, applying the Intrinsic Thin Film 
approach to eliminate the substrate effect; results (reported below) do 
not vary strongly in absolute values, but decrease linearly with 
increasing Si % for the reduced modulus and shows similar hardness for 
St and SR4 samples while showing a lower value for the SR5 sample.

Finally, the deposited films were subjected to controlled dry etching 
to obtain the step-like pattern necessary to apply the method developed 
by Xia et.al [14]. Figs. 6a and b report the linear fitting of the points 
obtained by plotting the crack lengths a (through the film coating) 
against the crack lengths b (through the free substrate) for all in
dentations with the different applied loads and a front-view optical 
image of one indentation, respectively. One explanation for the increase 
in the data spread at higher loads, visible in Fig. 6a, could be related to 
the development of cracks shape different from the radial ones, most 
obtained only at lower loads. Despite this, the obtained points almost 
always show cracks a shorter in length than cracks b – as expected from 
the energy balance criterion underlying the method of Xia et al. – and a 
linear fit clearly remains the most suitable.

It is possible to directly evaluate the value “φ(b-a)” inside Eq. (1) as 
the intercept of the fitting curves reported. Thus, the toughness of the 
three coatings can be evaluated directly from Eq. (1) by also knowing the 
plane strain modulus and toughness of the substrate (180 GPa and 0.7 
MPa√m, respectively for [111] crystalline bulk silicon [14,39]) and 
adding information related to plane strain modulus and intrinsic stress 
obtained for the coatings. All mechanical parameters, including critical 
stress intensity factor, hardness, plane modulus and residual stress, are 
reported in Table 2.

As expected for the case of brittle failure, the standard deviations 
calculated for the three toughness values are large [6], however, the 
average obtained KIc values are in the same range of values already 
shared in literature for similar films analyzed with different techniques, 

Table 1 
parameters related to NPs embedded in SR4 and SR5 samples both extrapolated 
for TEM image and phenomenological expressions by Kim et.al [35] and Park et 
al․ [36] (eq. (2)). The subscripts c and a indicate the diameter of a crystalline and 
amorphous NPs, respectively. The errors relative to the da values have been 
evaluated considering the FWHM of the deconvoluted peaks related to quantum 
confinements.

SR4 SR5

Si/N Ratio 1.1 ± 0.3 1.3 ± 0.4
Volume fraction from TEM ( %) 1.0 ± 0.3 1.1 ± 0.3
dc from TEM (nm) 5.1 ± 2.0 5.4 ± 2.2
da from Eq (2) (nm) 2.5 ± 0.6 2.9 ± 0.5
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such as micro-cantilever deflection [11] or estimated numerically [40]. 
The St and SR4 films show average toughness values so similar to be 
statistically indistinguishable from one another. In contrast, SR5 sample 
displays a significantly larger toughness, indicating that the silicon 
content is related to a toughening effect over a critical threshold.

Finally, Fig. 7 shows how the fracture toughness and the hardness of 
the three samples analyzed display a trade-off - i.e., larger toughness 
corresponds to smaller hardness - as has been observed phenomeno
logically in other previous studies [16,41].

The SR4 film exhibits the highest hardness values, similar to that of 
the Standard sample, suggesting higher yield strength, which complies 
with a more brittle post-elastic behavior. In contrast, the SR5 sample 
shows lower hardness suggesting lower yield strength, hence higher 
chances to dissipate excessive strain energy via plastic deformation 
rather than only crack initiation and propagation. These aspects further 

corroborate a different mechanical behavior of the SR5 sample from the 
Standard and SR4 samples.

4. Discussion

The main objective of this research was to understand if and how the 
variation of SiNx stoichiometry during PECVD synthesis impacts its 
mechanical properties. The results have shown that a toughening effect 
is indeed possible when depositing SiNx coatings with a sufficiently high 
ratio between the flux of silane and ammonia, i.e., a strong enough over- 
stoichiometry of silicon in the film composition. However, it is not 
straightforward to understand the exact mechanisms behind such vari
ation in the mechanical behavior of silicon nitride.

Our results showed the formation of amorphous NPs only for the two 
silicon rich samples, both proved by Raman and PL analysis, and by 
direct visualization by TEM imaging after the crystallization thermal 
treatment. The properties of these amorphous silicon clusters are very 
similar in the SR4 and SR5 samples, both in terms of average size, size 
variability, and quantity, as observed from the photoluminescence re
sults. The distribution analysis by TEM images provides further confir
mation on the similarity between the NPs in the two samples: although 
the crystallized particles will differ from the amorphous ones, the heat 
treatment, applied identically to both samples, should modify them in a 
similar way. This information indicates that the presence of NPs cannot 
explain the difference in toughness between the two silicon-rich sam
ples, and thus neither between the SR5 and St samples.

A variation of the intrinsic stress generated during deposition from 
compressive to tensile with increasing silicon content has also been 
observed. The development of tensile intrinsic stress can certainly in
crease the effective toughness, even though the stress variation is quite 
low to explain alone the toughness variation observed for the SR5 
sample. Hardness is instead very similar between the St and SR4, while it 
decreases significantly in the most Si-rich film SR5. This reduction in 
hardness suggests lower yield strength, hence higher room for energy 
dissipation via plasticity in the post-elastic regime, which would explain 
the observed increase in fracture toughness.

On top of these considerations, the XPS results clearly show that the 
SR5 sample has a significantly higher atomic percentage of silicon (Si/N 
ratio equal to 1.33) compared to the SR4 sample (which is only slightly 
over-stoichiometric) and the St sample (slightly sub-stoichiometric).

This means that all Si-rich films contain amorphous Si nanoparticles, 
however, increasing significantly the silicon content during the PECVD 
growth of a SiNx film does not lead to an increase in the size or con
centration of segregated Si nanoparticles, but rather to an excess of 
silicon which remains dispersed as interstitial atoms, Si atom bonded to 
N (e.g. filling dangling bonds) or as very small clusters (not contributing 
to PL), impacting in a stronger way the mechanical properties of the SiNx 
matrix. Interstitial atoms can modify the intrinsic stress evolution during 

Fig. 6. coating crack lengths a vs. substrate crack lengths b at various indentation loading for St, SR4 and SR5 samples from left to right (a) and front view optical 
image of one indentation at 1300 mN (b).

Table 2 
critical stress intensity factor (KIc), hardness (H), reduced elastic modulus (Ep) 
and residual stress (σ) of the three analyzed samples.

KIc [MPa
̅̅̅̅
m

√
] H [GPa] Ep [GPa] σ [MPa]

St 1.45 ± 0.38 15.47 ± 1.03 150 ± 2.26 120.1
SR4 1.12± 0.46 15.77 ± 0.13 138 ± 2.06 15.2
SR5 2.23 ± 0.32 13.47 ± 0.23 125 ± 3.53 − 85.3

Fig. 7. fracture toughness vs. hardness for the three analyzed SiNx film. A 
linear relation between the two values has been observed, as already indicated 
in similar studies. Standard error of toughness evaluation is reported.
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growth and amorphous clusters are known to possess lower hardness 
compared to stoichiometric silicon nitride [41], thus, their incorpora
tion into the matrix may be expected to facilitate localized plasticity, 
thereby enhancing fracture resistance.

Even though the exact mechanisms relating to local atomic structure 
and mechanical properties certainly require further investigation, this 
can explain why an excessive amount of dispersed silicon would lead to 
a reduced hardness of the SiNx matrix and a shift toward compressive 
stress formation simultaneously, thus leading to an increase in the 
effective toughness of the material.

5. Conclusions

This work provided a comprehensive characterization and evalua
tion of the mechanical properties of silicon nitride thin films deposited 
via PECVD, focusing on how chemical composition influences fracture 
toughness. Three films with varying silicon content - standard (quasi- 
stoichiometric), silicon-rich SR4, and silicon-rich SR5 - were analyzed 
through structural and mechanical characterization techniques.

Intrinsic residual stress measurements revealed a shift from tensile to 
compressive states with increased silicon content, though the absolute 
values remained moderate and insufficient alone to fully explain the 
observed mechanical performance differences. Structural and optical 
characterizations via XPS, Raman, and PL spectroscopy confirmed the 
presence of embedded amorphous silicon nanoparticles in silicon-rich 
films, which are however similar in average dimension with varying 
stoichiometry, as also inferred by TEM analyses following thermal 
annealing.

Fracture toughness evaluation through the method proposed by Xia 
et al. demonstrated that the SR5 composition exhibited higher toughness 
compared to the SR4 and St SiNx films. Interestingly, hardness analysis 
indicated a lower value for SR5, suggesting decreased yield strength. 
The inverse relationship between hardness and toughness observed 
aligns with previous phenomenological findings reported in the 
literature.

Given the small nanoparticle sizes observed and their similarities 
between the two silicon-rich samples, traditional toughening mecha
nisms typically attributed to nanoparticle heterogeneities in composite 
materials cannot fully account for the enhanced toughness in the SR5 
SiNx film. Instead, it is proposed that the excess amount of silicon in the 
SR5 sample compared to SR4 is dispersed in the SiNx matrix as hetero
geneities different from the observed clusters, such as interstitial atoms 
or replacing the dangling bonds typically present in SiNx, reducing the 
effective hardness and altering intrinsic stress development during 
deposition, contributing to the enhanced fracture toughness.

Overall, these results indicate that carefully tuning the silicon con
tent and thus modifying the internal microstructure of PECVD SiNx films 
represents a possible strategy to control and enhance mechanical 
properties which are critical for device reliability. Future research 
should further explore the detailed mechanisms underpinning the effect 
of amorphous silicon dispersions on different properties, for example 
regarding their impact on conductivity, to enable tailored optimization 
of SiNx passivation layers for specific semiconductor applications.
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