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Abstract: Silicon nitride and silicon oxynitride thin films are widely used in microelectronic
fabrication and microelectromechanical systems (MEMS). Their mechanical properties are important
for MEMS structures; however, these properties are rarely reported, particularly the fracture
toughness of these films. In this study, silicon nitride and silicon oxynitride thin films were deposited
by plasma enhanced chemical vapor deposition (PECVD) under different silane flow rates. The silicon
nitride films consisted of mixed amorphous and crystalline Si3sN4 phases under the range of silane
flow rates investigated in the current study, while the crystallinity increased with silane flow rate in
the silicon oxynitride films. The Young’s modulus and hardness of silicon nitride films decreased
with increasing silane flow rate. However, for silicon oxynitride films, Young’s modulus decreased
slightly with increasing silane flow rate, and the hardness increased considerably due to the formation
of a crystalline silicon nitride phase at the high flow rate. Overall, the hardness, Young modulus,
and fracture toughness of the silicon nitride films were greater than the ones of silicon oxynitride films,
and the main reason lies with the phase composition: the SiNy films were composed of a crystalline
SizNy phase, while the SiOXNy films were dominated by amorphous Si-O phases. Based on the
overall mechanical properties, PECVD silicon nitride films are preferred for structural applications in
MEMS devices.

Keywords: silicon nitride; silicon oxynitride; thin film; PECVD; mechanical property; hardness;
Young’s modulus; fracture toughness

1. Introduction

Silicon nitride (SiNx) and silicon oxynitride (S5iOxNy) thin films deposited by plasma enhanced
chemical vapor deposition (PECVD) are widely used in electronic device applications including
passivation, isolation, insulation, and etch masking. They are also increasingly employed in
microelectromechanical systems (MEMS) as functional structures in the form of beams, bridges,
and membranes [1-6]. The mechanical properties of the thin films are very important to the design
and reliability of the devices. Various studies have been conducted to evaluate the films’ mechanical
properties including Young’s modulus, residual stress and hardness, etc. [7,8]. Adhesion of silicon
oxide and nitride to substrate (such as copper) employed in micro- or nano-electronics has also been
studied [9,10]. Compared with bulk samples made by powder sintering, data for the mechanical
properties of silicon nitride thin films are limited and scattered. This is due to the fact that the
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properties of the films are closely related to the film composition, density, and microstructure, which
are dependent on the deposition condition. Among existing reports, Dong et al. [5] found that the
Young’s modulus of a radio frequency (RF) magnetron sputtered amorphous silicon oxynitride film
was 122 GPa. Danaie et al. used a low frequency PECVD reactor to prepare silicon oxynitride films
with controllable residual stresses via different gas flow rates [6]. Yau et al. [8] also employed an RF
magnetron sputtering method to prepare silicon nitride films under different nitrogen flow rates.
The films were amorphous and the nitrogen content was found to have decreased with increasing
nitrogen flow rate. The elastic modulus showed a decreasing trend with increasing nitrogen flow rate
in the range of 130-155 GPa.

Clearly, the film properties strongly depend on the microstructures, which vary with the
deposition method and processing parameters [5-12]. Therefore, a systematic analysis of the correlation
among composition, microstructure, and mechanical properties is necessary for our chosen PECVD
method. In particular, fracture strength and fracture toughness of the silicon nitride and silicon
oxynitride films are very important in designing against device failure, but the work in this area
is scarce. In fact, to the best of our knowledge, there has been no report available for the fracture
toughness of silicon nitride and silicon oxynitride thin films. Most of the published work on fracture
toughness of silicon nitride was carried out on bulk specimens using a conventional fracture mechanics
test [13,14], and the focus was mainly on the effect of doping [15,16]. However, the fracture toughness
of thin films can be very different from the ones measured from bulk materials due to the difference in
microstructure and composition. In the available reports on thin film fracture toughness and fracture
strength studies on silicon nitride, micro-bridge [17] or micro-bulge specimens [18] had to be fabricated
by a lithographic approach, which is both expensive in sample making and inaccurate in result
interpretation. For example, in the micro-bridge test, the residual stress in the films had to be estimated
in order to calculate the fracture toughness of the thin film [19]. Due to the uncertainty on the residual
stresses, the reported value for the critical stress intensity factor ranges from 1.8 + 0.3 MPa-m'/? for
low-stress film to an upper bound value of 14 MPa-m'/? for a high-stress film [17]. The micro-bulge
test [18], however, can only yield information on the biaxial modulus and tensile fracture strength,
not the fracture toughness of the film. No report is available for the fracture toughness and fracture
strength of silicon oxynitride thin films.

In this paper, the chemical composition, bonding state, microstructure, and mechanical properties
of silicon nitride and oxynitride thin films, prepared by PECVD under varying silane flow rate,
were studied. The mechanical properties include Young’s modulus, nano-indentation hardness and
fracture toughness. The correlation between the mechanical properties and materials” structural factors
was established.

2. Materials and Methods

Silicon nitride and oxynitride films were prepared by PECVD at 200 °C on Si (100) substrates.
All thin film samples were prepared on the silicon substrate except for the fracture toughness
measurement, which will be described later. Prior to the deposition, the substrates were pre-cleaned
with acetone, alcohol, and de-ionized water, followed by a nitrogen blow-dry using a static neutralizing
blow-off gun. The silicon oxynitride films were synthesized by introducing silane (SiH4) and nitrous
oxide (N,O) gases into the deposition chamber. The silicon nitride films were prepared using SiH,
with ammonia (NHj3) gases. In each case, the silane flow rate was varied while other deposition
parameters remained unchanged. Details of the deposition parameters are given in Table 1. All these
deposition parameters were chosen on the basis of the available BKM (best known method) parameters
in the industry.
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Table 1. Deposition parameters of PECVD silicon nitride and oxynitride films.

SiH, Flow N,O Flow NH; Flow  Pressure Radio Frequency

Film Rate (sccm) Rate (scem) Rate (sccm)  (mTorr) Power (W)
SiOxNy 20, 30, 50 400 - 730 100
SiNy 16,32, 50 - 160 620 250

The thickness of the as-deposited films was measured using a Tencor P-10 surface profilometer
(ClassOne Equipment, Atlanta, GA, USA). The phases of the thin films were identified by X-ray
diffractometer (XRD-6000, SHIMADZU, Kyoto, Japan) using Cu Ko radiation (wavelength of 1.54 A)
at 50 kV and 20 mA with a thin film goniometer (Rigaku, Tokyo, Japan) at a glancing angle of
1°. The chemical states of the atomic species and atomic ratio in the thin films were analyzed by
XPS (Kratos AXIS spectrometer, Manchester, UK) with the monochromatic Al K« X-ray radiation at
1486.71 eV. The base vacuum in the XPS analysis chamber was about 10~ Torr. The samples were also
analyzed using Fourier transform infrared spectroscopy (FTIR) with a Perkin Elmer system 2000 FTIR
spectrometer (Waltham, MA, USA). The spectra were taken in transmission mode at normal incidence.
Young’s modulus and hardness of the thin films were obtained by nanoindentation (Nanotest™,
Wrexham, UK). A diamond Berkovich indenter (three-faced pyramid) was used, and the maximum
depth was controlled to be around 20 nm to eliminate the possible influence from the substrate. Detailed
information on the determination of the Young’s modulus and hardness using the nanoindentation
method is provided in the Supporting Information (Figure S1 and Equations (S1)—(S3)).

The fracture toughness of the thin films was measured using a controlled buckling test. Details
about the test are available in existing reports [19,20]. To prepare the controlled buckling beam
specimens, polyetherimide (Ultem®, SABIC Asia Pacific Pte. Ltd., Singapore) was used as the substrate
so that the test-piece has the required flexibility for the buckling test. A schematic illustration
of the test is shown in Figure S2 in the Supporting Information. The dimensions of the samples
were 48 mm X 3 mm x 0.175 mm. Five to ten samples were tested for each deposition condition.
The Young’s modulus and Poisson ratio of the Ultem® substrate were 2.6 GPa and 0.36, respectively.
The ratio of the thickness of the tested films to the thickness of the substrate was between 1:500 to 1:1000.
The small ratio in thicknesses was to ensure that the one-side coated thin films were under uniform
tensile stress through the thickness when the film-on-substrate beam bent during the experiment. For
the fracture toughness measurement, the film was placed on the tension side of the bending beam.
The test jig was placed on the platform of an optical microscope so that the initiation of cracking in
the thin film could be directly observed [19]. The film fracture was expected to occur at the point of
maximum curvature at the center of the test piece. Based on the lateral displacement at crack initiation,
the fracture strain (or stress) and fracture toughness could be calculated [19-21]. There was a small
amount of residual stress in the coated films. This stress was calibrated [22] in the fracture toughness
calculation. The fracture toughness, in terms of the critical energy release rate, Gic, is given by

1 E
Gre = Eefmg(fx’ B)hg 1

where ¢ is the critical fracture strain, E is the Young’s modulus, v is the Poisson’s ratio, and hy is the
thickness of the film. g(o, ) is an elasticity mismatch factor between the film and the substrate [19].

3. Results and Discussion

3.1. Film Composition and Bonding State Analysis

Figure 1 shows the atomic percentage and atomic ratio in the SiNx and SiOxNy films. The atomic
percentages were average values for three independent sampling points, after surface etching for 4 min.
In the SiNy films, it is clear that the Si concentration increased, and N concentration decreased with the
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increase of silane flow rate. The N:5Si atomic ratio (Figure 1a) decreased from 1.1 to about 0.65 when
the silane flow rate increased from 16 to 50 sccm.

In the SiOxNy films, the O atom concentration decreased, and the Si and N concentrations
increased with the silane flow rate. In all cases, the O atomic concentration was always higher than
50%, the Si concentration was between 30% to 40%, and the N atom concentration was lower than
10%. As a result, the O:Si ratio was reduced from x = 2.07 to 1.45, while the N:Si ratio increased from
y =0.13 to 0.25.
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Figure 1. Atomic percentage and atomic ratio in the (a) SiNx and (b) SiOxNy films.

Typical survey spectra of XPS for the surfaces of both SiNy and SiOxNy are presented in Figure 2,
and they are globally similar to each other. The peaks corresponding to Si 2s and 2p, O 1s and Auger
were clearly present. The N 1s peak was pronounced in the SiNy sample but was weak in the SiOxNy
sample. A C 1s peak was also found, which was due to exposure of the samples to air after the
film formation.
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Figure 2. Typical survey spectra of XPS for surfaces of both SiNy and SiOXNy films.

The high-resolution spectra of the SiN, sample corresponding to N 1s and Si 2p after etching
are given in Figure 3a,b, respectively. They are plotted after the correction of charging effects using
a binding energy of 284.6 eV, which was the C 1s peak obtained from the surface. It is noted that no
peak of O 1s was detected after etching, although it was observed at the surface (Figure 2). It was seen
that all the N 1s peaks were centered at 397.9 eV, which was attributed to the N-5i bond [23]. However,
the relative height of the peak decreased with the increase of the silane flow rate. Figure 3b shows
that the center of the Si 2p core level shifted from 102.8 eV to 101.7 eV and to 101 eV, corresponding
to a silane flow rate of 16, 32, and 50 sccm, respectively. The binding energy shifted to a lower value,
which was consistent with the decreasing of the N:Si ratio, as shown in Figure 1. A similar trend has
also been confirmed by Hirohata et al. [23]. It was also observed that the relative height of the Si 2p
peak increased with the increase of the silane flow rate because more Si atoms were incorporated into
the films.
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Figure 3. The high-resolution spectra of the SiNy samples corresponding to (a) N 1s and (b) Si 2p after
etching. Films were formed using varied silane flow rates of 16, 32, and 50 sccm.

The high-resolution spectra of the SiOxNy sample corresponding to O 1s, N 1s, and Si 2p after
etching are presented in Figure 4a—c. The O 1s and N 1s peaks were centered at 532.1 eV and 398 eV,
respectively, which were not dependent on the silane flow rate. The centers of the Si 2p core level
shifted to a lower binding energy. At the 20 sccm flow rate, the Si 2p peak was centered at 103.2 eV,
which corresponded to the SiO; bond. When the silane flow rate increased to 30 sccm and 50 sccm,
the centers shifted to 102.7 eV and 102.6 eV, respectively. It was reported that the binding energy
of silicon oxynitride depended on the nitrogen content [24]. The binding energy difference between
silicon oxide and silicon oxynitride was between 1.5 and 3.9 eV. Thus, the current study finds that at
the 20 sccm silane flow rate, the N concentration was so low that silicon dioxide (SiO,) predominantly
formed. Silicon oxynitride became significant in samples with 30 and 50 sccm flow rates.
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Figure 4. The high-resolution spectra of the SiOxNy sample corresponding to (a) O 1s, (b) N 1s, and (c)
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Figure 5 shows the FTIR spectra taken over a wavenumber range of 400-4000 cm ™! for both SiNy
and SiOXNy films. The spectrum of the silicon substrate has already been subtracted. For SiNy films,
the spectra revealed the Si-N bond with the characteristic stretching mode present near 810 cm~!. Other
vibrations observed were N-H bending (approx. 1120 cm~!), Si-H stretching (approx. 2100 cm 1),
and N-H stretching (approx. 3340 cm~!). These peaks were typical for low-temperature CVD silicon
nitride films [25]. It was also observed that the absorptions corresponding to the vibrations of the N-H
and Si-H bonds increased with increasing silane flow rate, indicating an increase in the hydrogen
concentration. Hydrogen in the SiN film is usually undesirable for microelectronic applications
because it causes hydrogen-induced defects, which may reduce its insulating effect and induce
large stress in the films at high temperature [26,27]. Therefore, lower flow rates of silane would be
recommended in order to control the hydrogen content in the SiNy films.
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For silicon oxynitride (SiOxNy) films, the absorption corresponding to the Si—O bond appeared
at about 1020 cm ™! in all three cases (Figure 5b). The Si-N bond could also be observed at around
830 cm L. It was clear that the absorption of the Si-N bond at the 20 sccm silane flow rate was very low,
which was consistent with the low N content and the near-stoichiometric O:Si = 2 ratio, as indicated
by XPS (Figure 1b). However, the absorption strength of Si-N increased with an increasing silane
flow rate, demonstrating that more and more Si-N bonds were formed in the films. This result was
consistent with the highest amount of nitrogen incorporated in the film at 50 sccm as indicated by XPS,
and also agrees well with the formation of a silicon nitride phase in the film as characterized by XRD
results shown later. It is worth mentioning that the lack of absorption at the N-H or Si-H locations
indicated that the hydrogen concentration of these groups was less than 2-3 at%, or below the detection
limit for the thin film IR spectroscopy [26,27]. Compared with the formation condition of SiNy films,
the presence of oxygen during film formation has prevented Si-H and N-H bond formation.
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Figure 5. FTIR spectra taken over a wavenumber range of 4004000 cm~! for (a) SiNy and
(b) SiOxNy films.
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3.2. Crystallinity and Phase Identification

Glancing angle X-ray diffraction patterns of the SiNy and SiOxNy films are shown in Figure 6a,b,
respectively. The SiNy films were partly crystallized for all silane flow rates, as evidenced by
all the broadened peaks. The XRD peaks belonged to neither «-Si3sN4 nor (3-Si3Ny [23]; rather,
they seem to match better with the peaks of cubic silicon nitride (c-Si3Ny) reported by Jiang et al. [28].
However, a cautionary note should be made that the cubic silicon nitride phase is usually prepared
by a high-temperature and high-pressure process. Therefore, further work is needed to confirm the
exact crystalline phase type and structure of our films. Since the atomic N:Si ratio was always lower
than the stoichiometric ratio of 1.33, these nitride films did not seem to share a common equilibrium
structure on deposition. For the SiOxNy shown in Figure 6b, it is clear that only amorphous phases
were formed at both 20 sccm and 30 sccm flow rate. Combined with the XPS analysis reported earlier,
the amorphous phase was predominantly SiO; for the 20 sccm silane flow condition, and silicon
oxynitride at 30 sccm. At a 50 sccm flow rate, similar XRD peaks to the silicon nitride films in Figure 6a
were present, which meant the crystalline SisN4 and amorphous oxynitride phase co-existed. This is
justified by the XPS spectrum where the Si 2p core level binding energy at 50 sccm in the SiOxNy film
further shifted to the SiNy side (Figure 4c).
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Figure 6. Glancing angle x-ray diffraction patterns of the (a) SiNx and (b) SiOxNy films at different
silane flow rates.
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3.3. Young’s Modulus and Hardness

Table 2 displays the Young’s modulus (E) and hardness (H) of both films. The Young’s moduli were
calculated from the measured reduced moduli using nanoindentation. A typical load-displacement
curve is shown in Figure 7. To carry out the calculation of the Young’s modulus of the film according
to Equation (S2) (Supporting Information), the modulus and Poisson’s ratio for the diamond indenter
tip, Eqia = 1100 GPa and vg4;, = 0.2 were used. Poisson’s ratios for silicon nitride and silicon oxynitride
films were taken as 0.27 and 0.23, respectively, based on References [29,30]. Overall, it was found
that the hardness and Young modulus of SiNy films were greater than the ones of SiOxNy. Since the
elasticity modulus is predominantly dependent on the bonding states, this finding agrees with the
known fact that the Si-N bond is stiffer the Si—-O bond.
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Figure 7. A load-displacement curve during a nanoindentation test.

The reported Young’s moduli for SiNy films were quite close to the ones obtained by Cardinale
and Tustison [18], who found the biaxial modulus (which is E/(1 — v)) of their PECVD silicon nitride
films ranged from 110 to 160 GPa using a membrane bulge test. In general, the Young’s modulus
obtained from PECVD SiNy films is lower than the one formed by low-pressure chemical deposition
(LPCVD). The plane strain modulus (given by E/(1 — v?)) of LPCVD was reported to be in the range
of 230 to 330 GPa [31,32]. This is probably due to the higher synthesis temperatures used in LPCVD,
typically at 700 °C or above. The obtained elastic modulus by LPCVD is closer to the sintered bulk
SizNy (~300 GPa). On the other hand, PECVD operates at low temperatures (100-300 °C), therefore the
film density might be lower than the one created using high-temperature processes. Huang et al. [33]
have recently found a correlation among deposition temperature, film density, and Young’s modulus in
low-temperature PECVD silicon nitride films. In the current work, the Young’s modulus and hardness
of SiNx was found to decrease with increasing silane flow rate, corresponding to a decreased atomic
N:Si ratio in the film’s chemical composition. According Figure 1a, all the SiNy films were Si-rich
(i.e., N:5i ratio less than 1.33), thus this work finds that the further away from the stoichiometric
composition SizNy, both the modulus and hardness decreased for the Si-rich nitride films. This implies
that the elastic modulus of crystalline SiNy film was mainly controlled by the Si-N bonding. The slight
decrease in the hardness with increasing silane flow may also be affected by the presence of an
amorphous phase. However, in this work, we are not able to quantify the amount of amorphous phase
in the films.

For silicon oxynitride films, Young’s modulus decreased slightly with increasing silane flow rate,
and the variation is much smaller than for the SiNy series. It was noticed that the chemical composition
(5i, N, O) only varied in a relatively narrow window. The values (89.2-76.8 GPa) were closer to silicon
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oxide (Esiop = 70 GPa) than silicon nitride, indicating dominance of the Si-O bond. This agrees with
the XPS composition analysis in Figure 1b, which showed a low nitrogen concentration (4.1-9.2 at%)
for the three samples. The obtained Young’s moduli for silicon oxynitride films fell in the range of
78-150 GPa, which was reported by other researchers [1,5,6,34].

The hardness of the SiOxNy films showed a great increase from 4.7 GPa to 9.7 GPa when the
silane flow rate increased from 20 to 50 sccm. Unlike Young’s modulus, hardness is sensitive to both
chemical bonding and microstructure. As analyzed earlier, at a 20 sccm flow rate, the film consisted
of predominantly amorphous SiO;,. This structure had the lowest hardness. When the flow rate
increased to 30 sccm, the amorphous SiOxNy film had an increased hardness of 7.8 GPa. Although the
composition was very close between the 30 sccm and 50 sccm films, only the 50 scem sample contained
a crystalline Si-N phase. The presence of a crystalline phase clearly contributed to the increase in
hardness in the 50 sccm sample.

Table 2. Young’s modulus and hardness obtained by nanoindentation.

Film Silane Flow Rate (sccm)  Young’s Modulus (GPa)  Hardness (GPa) Poisson’s Ratio [27,28]

16 153.0 + 14.9 13.6 2.9

SiNy 32 117.8 £9.5 11.8 £ 1.8 0.27
50 108.5 + 10.6 10.2 £ 3.0
20 892 +48 47 £07

SiOxNy 30 789 £ 12.6 7.8+09 0.23
50 76.8 £ 9.6 9.7+ 4.0

3.4. Fracture Toughness

Table 3 lists the critical energy release rate (Gj.) and fracture toughness (Kic) for the SiNy and
SiOxNy films. The Gy, value obtained here is an intrinsic property of the films, which reflects a
material’s ability to absorb energy for per unit-area crack growth. For easy compassion with literature
data, which are mostly given in terms of the critical stress intensity factor, Kic, we have also converted
the measured Gy into Kjc following the relation: Kic = \/GicE/ (1 — v2). Typical values of the fracture
toughness of steel, glass (amorphous silicon oxide), and a 200 nm-thick Si3Ny thin film are around 60,
0.6, and 1.8 MPa-m!/?2, respectively [17]. The fracture toughness of our nitride and oxynitride films
shown in Table 3 was close to the reported SizNjy film.

Table 3. The critical energy release rate (Gyc) and fracture toughness (Kj) of SiNy and SiOxNy films.

. Silane Flow . . (o 2 1/2
Film Rate (scem) Film Thickness (nm) Fracture Strain (%) Gic (J/m?) K;c (MPa-m*?)

16 2234 0.948 23.73 1.90

SiNy 32 283.2 1.167 25.66 1.74
50 358.5 1.367 55.41 2.44

20 198.9 1.497 17.29 1.24

SiOxNy 30 245.6 1.072 9.16 0.85
50 227.9 1.046 7.69 0.77

The variation of the critical energy release rate with the silane flow rate is plotted in Figure 8.
The Gy increased with increasing silane flow rate for the SiNy films, and an opposite trend was
observed for the SiOxNy films. Such variations are in line with the trend of the film hardness:
it is known that a harder material is likely to be more brittle (lower fracture energy). From the
microstructure’s perspective, we attribute the greater fracture energy in the SiNy film with increasing
silane flow rate to the increased amount of non-stoichiometric, Si-rich nitride phase in the films
(and possibly increased amount of amorphous content). In the case of SiOxNy, the increased film
brittleness with increasing silane flow rate was clearly related to the harder, crystalline silicon nitride
phase as analyzed before.
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Figure 8. Critical energy release rate (Gy) for the (a) SiNx and (b) SiOxNy films with variation of the
silane flow rate.

From a mechanical point of view, SiNx films are preferred over SiOxNy films because the former
possesses better material stiffness, hardness, and fracture toughness. As films dominated by ionic and
covalent bonds are generally very brittle and prone to fracture when being used as structural elements
in MEMS devices, having a greater fracture toughness is a clear advantage for the device reliability.

4. Conclusions

SiNyx and SiOxNy thin films have been prepared using plasma enhanced chemical vapor deposition
under varying silane flow rates. Film composition, chemical bonding, and microstructure were
identified by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR),
and X-ray diffraction (XRD). The Young’s modulus and hardness of the thin films were characterized
using nanoindentation test. A controlled buckling test was used to measure the fracture toughness of
these thin films. The current study found that the silicon nitride films had better overall mechanical
properties than the silicon oxynitride thin films. The main reason was that the SiNy films were
composed predominantly of the crystalline Si3N, phase, while the SiOxNy films were dominated by
the amorphous Si—O phase. Within the SiNy films, Young’s modulus and hardness decreased with
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increasing silane flow rate, corresponding to a reduced amount of the strong Si-N bonding. For the
SiOxNy films, an increasing silane flow rate has shown a minor effect on the Young’s modulus but
a significant impact on the hardness. The fracture toughness of both series of thin films displayed
opposite trends with their hardness, and this could be explained by considering that the ability for
energy dissipation increases with increased ductility (reduced hardness) of the materials. PECVD SiNy
is preferred when structural components in MEMS are to be fabricated because of its better resistance
to fracture.
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