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Abstract. The relationship between the microstructure of silicon nitride and its sensitivity to moisture was
studied. The effectiveness of Si-H rich and N-H rich silicon nitride layers was measured under attack from water
in vapor and liquid states. For water vapor attack, samples are exposed to vapor at 85 °C with a relative humidity
of 85% during 1600 hours; for liquid water attack, samples are dipped in water at 60, 85 and 100 °C for 200 hours.
The water resistance of the Si-H rich and N-H rich silicon nitride layers was evaluated by measuring: (i) the
thickness of the silicon dioxide formed after their oxidation with water vapor, (ii) the rate of dissolution of the
silicon nitride in liquid water and (iii) the corresponding activation of energy. This evaluation was performed by
coupling spectroscopic ellipsometry, infra-red and X-ray photoelectron spectrometry analyses. The results
revealed that for Si-H rich layer, 10 nm of silicon dioxide was formed during the water vapor attack; for liquid
water attack, a high activation energy (0.88 eV) and a low dissolution rate were observed regardless of the water
temperature. For N-H rich layers, approximatively 6–8 nm of silicon dioxide was formed and a low activation
energy (0.64 eV) with a high dissolution rate were observed. All of these observations lead to the conclusion that
the N-H rich layers could be less resistant to moisture because the isoelectronic relationship between Si2N-H and
H2O+ facilitated their deterioration in water. Moreover, a higher rate of nanoporosity for N-H rich layers than
Si-H rich layer could complete this hypothesis.
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1 Introduction
In microelectronics, moisture resistance is an important
requirement. A thin ﬁlm, called “passivation layer”, is used
to insulate component against electromagnetic ﬁelds and to
protect the moisture sensitive materials against corrosion.
Inorganic passivation layers may be made from silicon
nitride (Si3N4), silicon oxide (SiO2) and silicon oxinitride
(SiON). The properties of silicon nitride have been found to
present a good compromise between moisture resistance
and dielectric behavior [1]. The moisture-resistance of
silicon nitride, however, greatly depends on its stoichiometry, hydrogen content, the nature of chemical bonding and
the state of residual mechanical stress [2–4]. The characteristics of these layers are inﬂuenced by the deposition
methods and parameters. Among the different procedures
used to deposit silicon nitride [5], Plasma Enhanced
* e-mail: catheline.cazako@mines-paristech.fr

Chemical Vapor Deposition (PECVD) is predominant.
The advantage of this method is the low temperature
deposition (25–400 °C) due to the plasma chemistry. The
plasma is produced by a high and/or low radio frequency
discharge and a gas mixture, generally composed of SiH4,
NH3, N2.
The usual reaction occurring in silicon nitride PECVD
is SiH4 + NH3 ! SixNyHz + H2. The resulting silicon nitride
is contaminated by hydrogen occurring from reagents [5,6].
Low temperature deposition is not favorable for hydrogen
desorption and results in N–H and Si–H bondings, porosity
and a non-stoichiometric structure. These phenomenon
lead to an amorphous hydrogenated silicon nitride
(SixNyHz) passivation layer [7].
Depending on the deposition conditions, it is possible to
reach about 20% of hydrogen atoms in a silicon nitride
PECVD layer [6–8]. In a moist environment, these
hydrogen atoms improve the hydrolysis of silicon nitride
and results in the formation of Si-O-Si, Si-OH and NH3
products [1,3,9]. The formation of Si-O-Si and Si-OH bonds
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enhances porosity and increases water diffusion in the
silicon nitride passivation layer. If hydrogenated silicon
nitride remains in contact with water, hydrolysis will lead
to dissolution of this layer [1,4,10–12].
The evaluation of moisture resistance is frequently made
by water vapor attack such as the pressure cooker test with
121 °C, 2 atm and 100% RH (Relative Humidity) [3], water
vapor transmission test or standardized classical moisture test
(i.e. 85 °C /85% RH). During these tests, the performance of
the layer can be evaluated by electric monitoring of the
moisture sensitive materials (i.e. in the case of resistors, the
monitoring of the ohmic drift) [11] or by the water vapor
transmission rate [13]. This evaluation is empirical and
provides no information about the local interactions between
water and the silicon nitride layer. Fine characterizations like
measurements of relative intensity of Si-O-Si peak at
1070 cm1 in Infra-Red (IR), and the depth proﬁle of Si/O
and Si/N atomic ratio by X-ray Photoelectron Spectroscopy
(XPS) can be used to study the evolution of the chemical
structure under moisture attacks [3]. The general observations are an increasing in Si-O-Si peak with the moisture
exposition time and a high Si/O atomic ratio at the ﬁrst
nanometers of the layer [3,9,14,15]. Less usual moisture
resistance evaluations were made using condensed water (or
liquid water) [1,4,10–12]. Silicon nitride layers were soaked in
water at different temperatures. For a 1/0.9 Si/N layer soaked
in 100 °C condensed water, the dissolution rate is about
6.3 nm/h with an activation energy of 0.63 eV [4]. All of these
characteristics greatly depend on the deposition conditions.
In this work, we focused on the inﬂuence/relationship
between the chemical structure of silicon nitride and its
sensitivity to water. An appropriate use of Spectroscopic
Ellypsometer (SE) allowed to quantify the surface
oxidization and the dissolution rate of silicon nitride with
water (vapor and liquid state). Complementary techniques
like IR and XPS were employed to characterize the layer
before and after moisture tests. Furthermore, with these
techniques, we tried to identify the weak point of the
microstructure leading to moisture sensitivity and we
ﬁnally quantiﬁed the robustness of each layer.
The sample preparation with various chemical compositions necessitated the adjustment of the deposition
conditions. For this reason, radio frequency and the
mixture reagent were modiﬁed.

2 Methods
The amorphous silicon nitride ﬁlms were deposited in a
parallel plate reactor made by Oxford Instruments. This
apparatus can supply a radio frequency of 0.10 MHz or/and
13.56 MHz. Silicon nitride deposition was made on silicon
wafers. For IR analysis, we used FZ (Float-Zone process)
double-side polished {100} silicon wafers whereas for XPS
and SE analysis, CZ (Czochralski process) single-side
polished p-type {100} silicon wafers were used.
2.1 Film deposition and characterization
The deposition conditions are outlined in Table 1. The
deposition temperature is 250 °C and the thickness of asdeposited silicon nitride is about 250 nm. The thicknesses

Table 1. Deposition conditions.
Reagents

RF frequency Pressure Power
[MHz]
[mTorr] [W]

HF
SiH4/N2/NH3 13.56
LF
SiH4/N2/NH3 0.10
LF Free SiH4/N2
0.10
NH3

650
650
1000

60
60
60

before/after the moisture test and the refractive index
were measured with a SE provided by Woolam and were
identiﬁed by a model consisting of SiO2/Cauchy ﬁlm/silicon
substrate [14]. The IR spectrum of each silicon nitride ﬁlm
was measured with a Brüker infrared spectrometer in
transmission mode. Four vibrations were identiﬁed: Si-N
(900 cm1), Si-N-H (3350 cm1 and 1170 cm1) and Si-H
(2150 cm1). By using the Landford and Rand procedure [6],
the hydrogen content of each ﬁlm was determined from
absorption peaks of Si-H (2150 cm1) and N-H (3340 cm1).
The vibrations of Si-O bonding at 1070 cm1 and 800 cm1
from the native silicon dioxide cannot be detected by the
infrared transmission mode because of its low relative
quantity. The atomic ratio Si/N and the depth chemical
composition proﬁle of ﬁlms were estimated using an XPS
with a monochromatic Al Ka source. Depth proﬁles were
obtained by sputtering the surface with a monoatomic Ar+
ion beam (500 eV and 15 mA) with a theoretical etch rate of
0.1 nm/s on Ta2O5. An ellipsoid surface of 400–800 mm2 was
analyzed in the center of the 1.3*2.6 mm2 sputtered surface.
After moisture tests, the residual thickness measured by SE
was divided by the total etching time and resulted in the
sputtering rate. These calculations allow the analyzed depth
to be determined. During XPS analysis, a low energy ﬂoodgun is used in order to reduce the charge effect. The pass
energy is 50 eV for the detailed spectra. Sensitivity factors for
chemical quantiﬁcation of Si 2p and N 1s are 0.817 and 1.800
respectively. The residual mechanical stress of layers was
determined by measuring the bending of the silicon nitride
ﬁlm on double sided silicon wafer substrate. The stress is
calculated by curvature angle of the sample and the Stoney
relation.
Two moisture tests were done:
– water vapor attack at 85 °C /85% RH for aging times up
to 1600 hours. The thickness of silicon dioxide induced by
the water vapor attack on silicon nitride was measured by
SE
– liquid water attack: silicon nitride layers were immersed in
water and the thickness before and after the water attack
was measured by SE. The silicon nitride dissolution rate
was determined by the dissolved thickness as a function of
soak time (up to 200 hours) in water. This test was done at
different water temperatures (60, 85 and 100 °C). With the
collected data and Arrhenius Law (Eq. (1)), the activation
energy of dissolution reaction was determined. The
chemical composition in the depth layer was characterized
by XPS.
V ¼ K  expðEa =RTÞ:

ð1Þ
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Table 2. As-deposited layer characteristics.
SiNx stress Si
N
O
Si/N
Deposition Refractive [H]
[atomic %] [atomic %] [atomic %] ratio
rate [nm/s] index
x 1025 Atom/cm3 [MPa]
HF
19.9
LF
14.9
LF Free NH3 9.9

1.978
1.913
1.927

0.73
1.31
0.92

+ 276
– 1452
– 1050

V = dissolution rate (m/h), K = kinetic constant (m/h),
Ea = activation energy (J.mol1), R = 8,314 J · K1 · mol1,
T = temperature (K).

56.3
52.5
51.1

39.8
45.4
45.6

2.4
2.1
2.1

Si-Nstretching

0.25

LF FREE NH3

3.1 The radio frequency impacts the layer
stoichiometry and the mechanical residual stress

Absorbance

0.2

3 Results and discussion

1.41
1.15
1.12

HF

0.15

LF

Si-Hstretching

0.1

N-Hstretching

N-Hbending

0.05

3.2 The mixture choice decreases the stress and the
hydrogen content
Table 2 shows that LF Free NH3 (mixture SiH4/N2) and
LF (mixture SiH4/NH3/N2) samples contain approximately similar Si and N atomic percent.

0
0

1000

2000
3000
Wavelenght (nm)
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Fig. 1. Absorbance infra-red spectra of LF, HF and LF Free NH3
samples.
1.4
1.2

[NH]

[SiH]

[H]

1
x 1022 Atomes/cm3

Table 2 shows that the Si/N atomic ratio of layers is
superior to the 0.75 atomic ratio of the stoichiometric
Si3N4. It reveals that the deposited layer is silicon-rich.
Furthermore, the HF sample contains more silicon than the
other samples. It is tensile stressed with a high refractive
index and deposition rate. By contrast, the LF and LF Free
NH3 samples contain more nitrogen and hydrogen than the
HF sample. The layer is compressive stressed with a low
refractive index and deposition rate.
These results bring to light the inﬂuence of radiofrequency on the stoichiometry and the microstructure of
silicon nitride deposited by PECVD. The composition of
the layer after PECVD process depends on the plasma
composition. The formation of the plasma is induced by the
collision between an electron and a gaseous molecule; the
resulted plasma is composed of neutral and ionic particles.
During the deposition, the radiofrequency impacts the
collision between particles:
– at high frequency (> 4 MHz), electrons are in movement
whereas ionic particles stay immobile; only neutral
particles participate to the deposition. As the dissociation energy of SiH4 (Edissociation = 3,1 eV) is lower than N2
(Edissociation = 9,9 eV), the collision of electron gives more
silicon-rich neutral particles. The deposited layer is
silicon-rich. During the deposition, there is desorption of
hydrogen (from Si-H and N-H) and cross-linking of Si-N
bonding, which cause shrinkage of the ﬁlm. The layer
formed is silicon-rich and tensile stressed;
– at low frequency (< 4 MHz) in addition to electron, ionic
particles are in movement. Inelastic collision between
electron and particles are produced. The deposition is
composed of radical and nitrogen-rich ionic bombardment. The ionic bombardment produced a high compressive stressed layer.

0.8
0.6
0.4
0.2
0
LF FREE NH3

HF

LF

Fig. 2. Quantiﬁcation of [Si-H], [N-H] and [H] from infra-red
spectra of LF, HF and LF Free NH3 samples.

However, the sample elaborated with the mixture SiH4/
N2 contains less hydrogen than LF samples elaborated with
the mixture SiH4/N2/NH3. For the same radio frequency,
but with a different mixture (SiH4/NH3/N2 or SiH4/N2),
the absolute value of stress decreases with the hydrogen
content. Because of the mixture, the ionic bombardment is
higher in LF deposition (NHx+ and N2+) than for LF-Free
NH3 (only N2+) conditions. This phenomenon produces a
more compressive stressed layer in LF than in LF Free NH3
deposition. There is a correlation between the deposition
rate and the densiﬁcation of the layer. If the deposition rate
is low, the atomic structure is denser and the porosity is
decreased [16,17]. Following Table 2, LF Free NH3 ﬁlm is
denser and the structure is less porous because of its lower
hydrogen content and residual compressive stress.
Figures 1 and 2 show that HF sample contains a higher
quantity of Si-H bonding whereas LF and LF Free NH3
contain a higher quantity of N-H bonds. Depending on the
atomic content of Si and N, hydrogen is contained in Si-H
or N-H bonding.
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Fig. 3. Silicon oxide thickness as a function of exposure time at
85 °C/85% RH.

3.3 The chemical structure inﬂuences the moisture
resistance
The moisture resistance was evaluated by water vapor and
condensed water. The chemical reaction of water with
silicon nitride is well-known [3,4,12]. It is described by
equations 2 to 5. For water vapor attacks, i.e. 85 °C /85%
RH, gaseous water molecules adsorb at the surface of the
silicon nitride layer and react to create silicon dioxide and
ammonia gas (Eq. (2) and (3)). For condensed water
attacks, the silicon dioxide produced from equation 2 is
gradually dissolved in water (Eq. (4) and (5)).
Si3 N4ðsÞ þ6H2 Oðg or 1Þ ! 3SiO2ðsÞ þ 4NH3ðgÞ
ð2Þðoxidation of the layerÞ
þ

NH3ðgÞ þHOðg or 1Þ ! NH4 ð1Þ þ OH
ð3Þðammonia dissolution in waterÞ
SiO2ðsÞ þ2H2 Oðg or 1Þ ! SiðOHÞ4ð1Þ
ð4Þðhydrolysis reaction of silicon dioxideÞ
SiðOHÞ4ð1Þ þ OH ! ðOHÞ3 SiO ð1Þ þ H2 Oð1Þ
ð5Þðionization and dissolutionÞ
The robustness of the different layers was evaluated by
measuring the silicon oxide thickness and by the dissolution rate of silicon nitride in water.
3.3.1 Water vapor attacks of silicon nitride layers
Figure 3 indicates that silicon dioxide thickness increases
with exposure time. At the initial state, about 3–6 nm of
SiO2 is formed on samples due to the ambient air
oxidization. HF samples in ambient air contain less SiO2
than the other samples. Si-H rich ﬁlm (HF sample) seems to
oxidize slowly at the beginning but after 500 hours, the
thickness of SiO2 becomes higher than the other samples.

0
0

20

40
60
80
100
Exposure time of sample in water (h)

120

140

Fig. 4. Lost thicknesses of LF (red), HF (blue) and LF Free NH3
(green) samples measured by SE as a function of the exposure
time of sample in water at 85 °C.

By contrast, the sample with N-H rich content oxidizes
quickly, but at the end there is less silicon dioxide formed.
The LF Free NH3 samples contain less N-H bonding and
the SiO2 thickness remains almost constant. Moreover, in
the literature, no case is found where the entire layer of
silicon nitride is converted into silicon dioxide with water
vapor attack. 10 nm is the maximum thickness of silicon
dioxide formed with silicon nitride and water vapor [4,9].
For water vapor attack, once the top of the layer is
oxidized, the oxidation process may be limited.
At 1600 hours, the Si-H rich sample (HF) forms about
9.6 nm of silicon dioxide, but this information is insufﬁcient
to classify this chemical structure as not robust to moisture
because we do not know if this higher SiO2 thickness is
related to lower moisture resistance or to the high Si
content. An additional test giving direct information about
the water resistance of the layer is therefore necessary.
3.3.2 Liquid water attacks
The loss of thickness of silicon nitride increases with the dip
time of samples in water at 85 °C (Fig. 4). Moreover,
although the composition of the plateau is the same, the
analyzed depth decreases when the temperature of the
water increases (Fig. 5). For example, HF samples soaked
in water at 85 °C for 127 hours have a lost thickness
(dissolved SixNyHz) of about 35 nm. This value is an
average of the 34 nm determined by SE (Fig. 4) and 36 nm
by XPS measurements (Fig. 5). This is consistent with the
dissolution reaction. The same results are observed for LF
and LF Free NH3 samples. Table 3 reports the dissolution
rate and the activation energy of the dissolution reaction
from the Arrhenius law (Eq. 1). The HF sample, with a SiH rich content needs more energy (0.88 eV) to activate the
dissolution reaction and the dissolution rate is lower than
in the other samples. By contrast, the LF sample with N-H
rich content needs less energy (0.67 eV) to dissolve in water
and the dissolution rate is faster. The orders of magnitude
of the values are consistent with the work of J.W Osenbach
and W.R. Knolle [4], for a 1/0.9 Si/N sample. At 100 °C, the
dissolution rate in water is 6.3 nm/h for 0.63 eV. These
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Fig. 5. Composition of the layer as a function of the analyzed
depth obtained before and after dissolution of the HF sample
soaked in water at initial state up to 100 °C for different durations.
These data are deduced from XPS measurements.
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results show a relationship between the chemical structure
and the moisture resistance. It can be explained by the
chemical mechanism of water attack on silicon nitride
(Fig. 6); when the initial structure of the silicon nitride is
N-H rich, the water attack starts to the step 3 and less
energy is needed to initiate the nucleophilic attacks of
water. According to J.N. Chiang et al. [18], the Si2N-H and
H2O+ are isoelectronic and can be easily substituted with
each other; this means that during hydrolysis reaction, SiN-H bonds can be substituted by Si-OH2+ which activates
the dissolution process. Consequently, the [N-H] is
proportional to the hydrolysis rate. Samples LF and LF
Free NH3 are N-H rich content. They are more moisture
sensitive and react rapidly with water [19]. The HF sample,
on the other hand, is less sensitive to water because Si-H
rich ﬁlm crosses by another chemical mechanism needing
more energy to form Si-OH bonds (Fig. 7). According to
W-S. Liao and S-C. Lee [10], Si-H ﬁlm can be used as a

Table 3. Arrhenius analysis results for the different deposition conditions at different water temperatures.

HF
LF
LF Free NH3

Si

Si
N
Si
O H
H

O H
H
O H
H

V(nm/h)
60 °C

V(nm/h)
85 °C

V(nm/h)
100 °C

Ea (eV)

K(nm/h)

0.045
0.093
0.070

0.24
0.40
0.48

1.30
1.15
1.64

0.88
0.67
0.84

7*1011
1*109
3*1011

-

+

Si Si O H
N 1 H
3
Si 2
O H
O H H
H

Si

1
O H
2 N H
H
Si
3

step 2

step 1

Si

Si

OH

OH
2

O H
H

Si
OH
NH2 3

Si

Si

3

OH

1 O H
H

step 5

step 4

step 3

+ NH3

Fig. 6. Detailed chemical mechanism between water and Si3N4 from the equation 2 leading to the dissolution of the layer.
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Fig. 7. The chemical mechanism between water and SixNyHz silicon rich structure (Si-H rich structure).
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passivation layer; the addition of a thin layer of Si-H
(30 nm) on the top of SixNyHz layer can protect against air
oxidization for 14 months. This afﬁrmation is in agreement
with the ﬁrst point (initial state) shown in Figure 3 where
the HF sample contains the least thickness of silicon
dioxide.

4 Conclusions
By coupling various characterization techniques like SE,
XPS and IR, we achieved a better understanding of the
relationship between the deposition conditions, the chemical
structure and the robustness of silicon nitride to water/
moisture. We demonstrate that the kinetic of the chemical
reaction between water and silicon nitride depends on
hydrogen bonding; for high radio frequency deposition (HF
sample-13.56 MHz), there is a moisture resistant silicon-rich
(and so Si-H rich) layer, whereas for low radio frequency
deposition (LF sample-0.10 MHz), there is a less moisture
resistant nitrogen-rich (and so N-H rich) layer. The mixture
SiH4/N2 in low radio frequency decreases the hydrogen
content and improves moisture resistance. The bonding of NH in the chemical structure of silicon nitride is moisture
sensitive and decreases the water resistance of the layer. It
will be interesting to study the effect of mechanical stress on
chemical bonding stability and the consequences on the
chemical reaction kinetic with water.
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