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In the present article, we report a study on the mechanical behaviour displayed by hydrogen atoms

and pores in silicon nitride (SiN) films. A simple three-phase model is proposed to relate the

physical properties (stiffness, film stress, mass density, etc.) of hydrogenated nanoporous SiN thin

films to the volume fractions of hydrogen and pores. This model is then applied to experimental

data extracted from films deposited by plasma enhanced chemical vapour deposition, where

hydrogen content, stress, and mass densities range widely from 11% to 30%, �2.8 to 1.5 GPa, and

2.0 to 2.8 g/cm3, respectively. Starting from the conventional plotting of film’s Young’s modulus

against film porosity, we first propose to correct the conventional calculation of porosity volume

fraction with the hydrogen content, thus taking into account both hydrogen mass and concentration.

The weight of this hydrogen-correction is found to evolve linearly with hydrogen concentration in

tensile films (in accordance with a simple “mass correction” of the film density calculation), but a

clear discontinuity is observed toward compressive stresses. Then, the effective volume occupied

by hydrogen atoms is calculated taking account of the bond type (N-H or Si-H bonds), thus

allowing a precise extraction of the hydrogen volume fraction. These calculations applied to tensile

films show that both volume fractions of hydrogen and porosity are similar in magnitude and

randomly distributed against Young’s modulus. However, the expected linear dependence of the

Young’s modulus is clearly observed when both volume fractions are added. Finally, we show

that the stiffer behaviour of compressive films cannot be only explained on the basis of this

(hydrogenþ porosity) volume fraction. Indeed this stiffness difference relies on a dual mechanical

behaviour displayed by hydrogen atoms against the film stress state: while they participate to the

stiffness in compressive films, hydrogen atoms mainly behave like pores in tensile films where they

do not participate to the film stiffness. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4887814]

I. INTRODUCTION

Silicon nitride (SiN) thin films are widely used for both

their functional properties (electrical insulation, optical

refraction, low permeation to impurities, etc.) and for their

mechanical properties (stiffness, hardness, stress driver,

etc.).1,2 In particular, SiN has been widely used in microtech-

nology process flow for diverse applications:3,4 as Etch Stop

Layers (ESLs) for their hardness and chemical resistance,3 as

encapsulating layers for their ability to prevent copper diffu-

sion in metal interconnections,5 as passivation layers for

their ability to prevent moisture absorption,3 as capping pas-

sivating layers in microsystems,6 as anti-reflective coatings

for solar cells,7 and as stress drivers to improve electron mo-

bility of n-MOS transistors.8

All these SiN thin films are usually amorphous (or

nanocrystalline) and hydrogenated. Their chemical organi-

sation has been extensively studied numerically.9–12 The

disordered structure comes from the low deposition temper-

ature required for device fabrication (usually ranging within

200–500 �C) and leads to cavities at the nanometer-scale.

Hydrogen atoms are inevitably introduced during film proc-

essing, usually based on CVD process (for Chemical Vapor

Deposition): LPCVD (Low Pressure CVD, PECVD

(Plasma Enhanced CVD), etc. Hydrogen atoms are known

to improve the SiN insulating properties (by saturating bro-

ken bonds).9 The physical chemistry of hydrogen incorpo-

ration in PECVD-grown SiN films has been widely

reported,13–15 as well as the enhancement of compressive

stress build-up through atomic peening mechanism.16,17

Numerous works have been reported on the empirical rela-

tionship between hydrogen content and SiN structural proper-

ties (density, mechanical stress, stiffness, hardness, etc.).18–21

In particular, the mechanism of stress build-up against the

chemical reactions taking place during film processing (or

post-process treatments) is well-documented.21,22 However,

hydrogen and porosity volume fractions are rarely discrimi-

nated, thus preventing the identification of the prevailing phe-

nomenon. In addition, to our knowledge, no data are available

on a dual mechanical behaviour displayed by hydrogen in ten-

sile and compressive SiN films. Our results will be confronted

to works reported on other iono-covalent amorphous ceramics:

carbon, silicon, and germanium amorphous films.

a)Author to whom correspondence should be addressed. Electronic mail:
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II. EXPERIMENTAL TECHNIQUES

A. Film processing

The silicon nitride films were deposited by PECVD over

silicon substrates at 400 �C. Tensile films were deposited

with a multilayer approach: the deposition process alternated

short deposition steps (few nm-thick) with pure nitrogen

plasma treatments (for few seconds). The films were then

formed by sequential deposition/plasma treatment steps. A

more detailed description of the deposition process of these

tensile films can be found in Morin et al.8 Compressive films

were monolayer films deposited at low pressure (2 Torr) and

increased plasma power (75 W) to improve atomic peening.

The deposited thicknesses of both film families range from

130 to 680 nm.

B. Physical and chemical characterizations

The films were characterized with standard clean-room

dedicated tools. Chemical bond types and densities were

measured by combining spectroscopic ellipsometry (FX100

ellipsometer from KLA Tencor) and Fourier Transform

InfraRed (FTIR) spectroscopy (BIO RAD QS 2200A from

Accent). A specific analysis was applied to obtain an over-

all description of the film chemistry,8 thus providing quan-

titative bond concentration results of 1017 bonds cm�2 with

an uncertainty of 60.5. Film density was measured, thanks

to a high-precision weighting machine (Mentor SP3 from

Metryx). The mechanical stress was evaluated by wafer

curvature measurement from Stoney’s formula (accuracy

better than 10 MPa for a 350 nm thick film). The film elastic

stiffness (Young’s modulus) has been measured by picosec-

ond ultrasonic technique, which is based on acoustic wave

propagation. A more detailed description of the technique

is given in Refs. 23–25 and details of the measurement on

our samples are reported in Ref. 26. In our case, the preci-

sion on the measured stiffness is 2%.

III. MODELLING OF HYDROGEN-DOPED NANOPOROUS
SiN FILMS: SIMPLE THREE-PHASE MODEL

A. Phase definition

The structure of hydrogen-doped nanoporous SiN films

is rather complex at the atomic scale and requires ab initio
calculations for proper modelling.12 The long-range disor-

der of this amorphous material is concomitant to nanoscale

porosity and of hydrogen atoms (that saturate dangling

bonds). Even though the characteristic lengths of these fea-

tures reach the scale of electron clouds, we propose to

model this system through meso-scale continuous media

with sharp interfaces. Within this frame, we propose to

describe the film as the coexistence of three distinct phases

(Figure 1):

- Phase 1: Dense SiN (hydrogen and pore-free)—This phase,

which constitutes the main skeleton of the film, is made up

of Si-N and Si-Si bonds. Proportions of these bonds depend

on the film stoichiometry. N-N bonds are known for being

absent of such films.12 The film stiffness is supposed to be

mainly driven by this phase.

- Phase 2: Hydrogen atoms—These atoms are either bonded

to silicon or nitrogen atoms. In terms of chemical bonding,

the remarkable specificity of hydrogen atoms is that they

only bind once, meaning that hydrogen atoms terminate

atom chains. As a consequence, they should not transmit

mechanical stress from one atom to another, suggesting that

hydrogen should not participate to the global film stiffness.

- Pores—Individual nanoscale cavities are usually found in

amorphous thin films. They are due to the long-range disorder

of atom chains and to the induced bond angle misfit. In terms

of mechanical stiffness, they constitute a zero-stiffness phase.

For further clarity, the sum of both hydrogen and pore

phases will be called the “negative phase,” as opposed to the

“Dense SiN ” phase that constitutes the “positive phase” of

the film.

B. Equation statement

From the above system definition, one can define different

magnitudes describing volume and mass-related properties:

VPhase, mPhase, dPhase, and fPhase: the volume (in cm3),

mass (in g), mass density (in g/cm3), and volume fraction of

the indexed phase, respectively.

fPhase is defined as

fPhase ¼
VPhase

VFilm
: (1)

The indexed phase can be either of the followings: Film (i.e.,

the entire film, including the three phases), Dense SiN, H (for

Hydrogen), Pore, and Hþ Pore (i.e., the “negative phase”).

From these magnitudes, the following equations can be

stated:

(a) Volume relation

VFilm ¼ VDense SiN þ VH þ VPore: (2)

(b) Mass relations

mFilm ¼ mDense SiN þ mH þ mPore; (3a)

mPore ¼ 0; (3b)

mH ¼ ½H� � VFilm � ðPH � uÞ: (3c)

With ½H� the hydrogen concentration (in cm�3) in the film

and ðPH � uÞ the atomic mass of hydrogen, PH ¼ 1:008

and u ¼ 1:66� 10�24g.

FIG. 1. Three-phase model of hydrogen-doped nanoporous SiN film. The

main grey area represents the “Dense SiN ” phase. White areas represent

pores. H-marked areas represent hydrogen atoms.
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(c) Mass density relations

dFilm ¼
mFilm

VFilm
; (4a)

dDense SiN ¼
mDense SiN

VDense SiN
: (4b)

With dDense SiN ¼ 3:2 g=cm3.

(d) Volume fraction relations

fDense SiN ¼
VDense SiN

VFilm
; (5a)

fH ¼
VH

VFilm
; (5b)

fPore ¼
VPore

VFilm
; (5c)

fHþPore ¼
VH þ VPore

VFilm
: (5d)

The combination of Eqs. (2), (3a), (3c), (4a), (4b), and

(5d) leads to

fHþPore ¼ fH þ fPore; (6a)

fHþPore ¼ 1� dFilm

dDense SiN
þ H½ � � PH � uð Þ

dDense SiN
: (6b)

C. Hydrogen modelling

At this stage, a more detailed description of the volume occu-

pied by hydrogen atoms is required. Within the frame of the

present meso-scale model, we propose to apply a hard-sphere

model to the hydrogen atom. The quantitative criterion further

used to describe the volume occupied by hydrogen is the

hydrogen radius RH. RH can be defined as the smallest dis-

tance beyond which a neighbouring atom does not bind

chemically with hydrogen (no hybridization). For free hydro-

gen atoms, RH is the Van der Waals radius (120 pm, from

Ref. 27). However, in the case of bonded hydrogen, RH should

be handled with care. In SiN films, hydrogen either binds to

silicon or to nitrogen. Because of the s-character of the hydro-

gen orbital, the electronic probability density remains spheri-

cal and centered on the hydrogen nucleus; thus, the smallest

distance before chemical bonding is given by the atomic bond

length (Figure 2). From this description, the hydrogen volume

fraction can now be expressed directly

fH ¼
4p
3

R3
H

� �
� H½ �: (7)

Finally, combining Eqs. (6a), (6b), and (7) leads to

fPore ¼ 1� dFilm

dDense SiN
þ H½ � � PH � uð Þ

dDense SiN
� 4p

3
R3

H

� �
� H½ �:

(8)

In addition, because of the electronegativity difference

between the involved atoms (vSi ¼ 1:9 eV, vH ¼ 2:2 eV, and

vN ¼ 3:04 eV), one can expect slightly different electron

shell extensions and bond lengths for Si-H and N-H bonds.

In accordance with this trend, numerical simulations have

shown that dN-H¼ 115 pm and dSi-H¼ 150 pm (from

Ref. 11), in close accordance with Refs. 28, 10, and 12.

IV. POROSITY-DEPENDENCE OF STIFFNESS:
HYDROGEN-CORRECTION

In literature, the stiffness of porous materials (and of

SiN films in particular) is either represented against material

density29–31 or against porosity volume fraction.32,33 Both

representations are equivalent as long as porosity is the only

phase constituting the “negative phase” of the dense SiN

phase (i.e., in almost hydrogen-free films). Indeed in that

case, the volume fraction of pores is easily found

f 0Pore ¼ 1� dFilm

dDense SiN
: (9)

With f0Pore the pore volume in hydrogen-free SiN films, and

dDense SiN¼ 3.2 g/cm3.

Within the frame of our three-phase model, the corre-

sponding magnitude is now fHþPore (which is the negative

phase of the dense SiN phase). This fHþPore magnitude sim-

ply corrects the effective mass of the material that responds

mechanically: as stated above, hydrogen atoms should not

respond mechanically, while the mass of these atoms is taken

into account in the measured film mass. The analytical

expression of this hydrogen-correction (XH) is the last term

of Eq. (6b)

XH ¼
H½ � � PH � uð Þ

dDense SiN
: (10a)

This leads to

fHþPore ¼ f 0Pore þ XH: (10b)

For hydrogen-free films, this hydrogen-correction XH is nil

and fHþPore equals fPore. In hydrogenated films, the stiffness

can now be represented against the hydrogen-corrected po-

rosity (i.e., against fHþPore) (Figure 3).

Both the stiffness range (90–150 GPa and 165–230 GPa

for tensile and compressive films, respectively) and the den-

sity range (2.0–2.5 g/cm3 and 2.5–2.8 g/cm3 for tensile and

compressive films, respectively) are consistent with data

FIG. 2. Hard-sphere schematics of the hydrogen radius RH for both Si-H

(left) and N-H (right) bonds.
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found in literature on PECVD-grown SiNH films.31,34 The

trend found in Figure 3 is also consistent with the stiffness

decrease with porosity increase29 or with the average coordi-

nation number reduction35 described in literature. It can be

seen that tensile and compressive samples draw two distinct

data clouds. Both clouds display a linear dependence of stiff-

ness against the hydrogen-corrected porosity (clear linear de-

pendence for tensile films, more dispersed for compressive

films because of the lower number of points). This is in

agreement with literature on hydrogen-doped SiN films.20

Extrapolation of the “tensile-films” trend (dotted line) shows

that for similar fHþPore, compressive films are stiffer than

tensile films.

The weight of the hydrogen-correction XH has been cal-

culated numerically for both populations. This weight (given

in percentage of the negative phase fraction (fHþPore) is

reported in Table I.

This calculation first shows that this hydrogen-

correction XH is more relevant in compressive films

(�9.0%) than in tensile films (�3.3%): while this correction

may fit within the error bars in tensile films, it definitely has

to be taken into account in compressive films. Table I also

shows that the average hydrogen content is larger in com-

pressive films. In order to check if the different weight

observed on both populations is related to the hydrogen con-

centration or to the mechanical behaviour of hydrogen, the

weight of this hydrogen-correction is represented in Figure 4

against hydrogen concentration.

A nearly linear dependence of the hydrogen-correction

weight with hydrogen concentration is found for tensile films.

The slope (which is proportional to the reciprocal of fHþPore)

only slightly varies with hydrogen content. This linearity

matches with the expected mechanical behaviour of hydrogen:

as hydrogen atoms only terminate SiN matrix bonds they can-

not transmit mechanical stress, thus they behave as a zero-

stiffness phase (i.e., as ideal pores). Within this frame, the

hydrogen-correction XH simply subtracts the hydrogen mass

from the measured film mass and does not affect the film stiff-

ness. As it may be seen in Figure 4, its weight simply evolves

linearly with hydrogen concentration in tensile films.

The extrapolation of the “tensile-films” trend to the

“compressive-films” (dotted line) range clearly shows that

the intrinsic behaviour of hydrogen differs drastically for

both populations. This gap strongly suggests that hydrogen

atoms do not behave like ideal pores in compressive films.

This dual behaviour description will be supported below.

V. ESTIMATION OF THE VOLUME OCCUPIED BY
HYDROGEN ATOMS

In order to study the pore-like behaviour of hydrogen in

tensile films, we propose to estimate the effective volume

they occupy in the film. Equation (8) reports the dependence

of pore volume fraction (fPore) against hydrogen radius (RH).

As these two magnitudes are not available experimentally in-

dependently, we first propose to assume that porosity is nil

on all the samples (this “zero-porosity” assumption will be

discussed and corrected afterwards). Under this assumption,

RH can be extracted from Eq. (8) with fPore¼ 0 (leading to

Eq. (11)) and then plotted against film stress (Figure 5)

RH ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

4p H½ �
1� dFilm � H½ � � PH � uð Þ

dDense SiN

� �
3

s
: (11)

FIG. 3. Young’s modulus of tensile and compressive films against the nega-

tive phase volume fraction (fHþPore).

TABLE I. Hydrogen-related data in tensile and compressive films.

Average weight

of the hydrogen-correction

(XH/fHþPore)

Average hydrogen

concentration

(1022/cm3)

Tensile films 3.3% þ/�0.7% 1.6% þ/�0.4%

Compressive films 9.0% þ/�2% 3.0% þ/�0.3%

FIG. 4. Weight of the hydrogen-correction XH (in percentage of the negative

phase volume fraction) against the hydrogen concentration.

FIG. 5. Calculated hydrogen radius RH against film stress. Dashed lines are

guides for the eye.
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This plot confirms the different behaviours of hydrogen

within both populations: while the “tensile” RH cloud spans

from 143 to 189 pm, the “compressive” RH cloud spans from

100 to 128 pm. The two dotted lines are given to guide the

eye from the “tensile” to “compressive” clouds. It appears

that a transition occurs around 120–140 pm for zero-stress

condition.

The calculation of RH under this “zero-porosity” assump-

tion considers that the negative phase (i.e., hydrogen atomsþ
pores) is fully occupied by hydrogen atoms. However, nano-

scale porosity is thermodynamically stable in tensile films and

is always found in such films, thus this “zero-porosity”

assumption leads to an overestimation of RH for tensile films:

the calculated RH hides pores within the hydrogen volume

fraction. The case of compressive films will be discussed

afterwards.

Despite the simplicity of our model, the RH transition

range at zero-stress (120–140 pm) is in very good agreement

with numerical modelling11 that state that dN-H¼ 115 pm and

dSi-H¼ 150 pm. However, as this nearest neighbour distance

varies so greatly (�50% from N-H to Si-H bonding), one

can expect that the concentration of N-H and Si-H bonds

should affect the calculated effective RH (till this point our

calculations do not discriminate N-H from Si-H bonds).

Figure 6 represents the ratio of Si-H bond concentration over

the total concentration of hydrogen bonds (Si-HþN-H) in

our films. This plot clearly shows that the Si-H bonds are

almost absent from compressive films (Si-H concentration

varies from undetectable to �5%). This result is explained

by the steric effect associated to the large dimension of Si-H

that prevents these bonds to form during the processing of

compressive films. On the contrary, tensile films display

much larger Si-H bond concentration (25% in average, up to

65%) confirming that the steric effect is much less important

in tensile films.

This discrepancy between tensile and compressive films

allows a better understanding of Figure 5: the large RH calcu-

lated in tensile films actually corresponds to the coexistence

of hydrogen atoms occupying large volumes (when bonded

to Si) and hydrogen atoms occupying smaller volumes

(when bonded to N), while the small RH calculated in com-

pressive films corresponds to the smaller volumes occupied

by the N-H bonds.

From these observations, it is now possible to calculate

directly the fH with an appropriate choice of RH: 115 pm or

150 pm for hydrogen atoms bonded to nitrogen or to silicon,

respectively. Equation (7) can then be improved by weight-

ing the hydrogen bond concentration by the corresponding

RH. The hydrogen volume fraction can then be expressed as

fH ¼
4p
3

R3
H�Si

� �
� Si� H½ � þ 4p

3
R3

H�N

� �
� N � H½ �:

(12)

With ½Si� H� and ½N � H� the concentrations of Si-H and

N-H bonds, respectively. RH-Si¼ 150 pm and RH-N¼ 115 pm.

This exact expression of the hydrogen volume fraction now

replaces Eq. (7) for further calculations.

As Eq. (6a) remains valid, its combination with Eq. (12)

allows the discrimination of volume fractions of both hydro-

gen and pores. Thus, the evolution of tensile film stiffness

against the two volume fractions fH and fPore can be plotted

(Figures 7 and 8). One can see that no linear dependence is

observed either for hydrogen or pore volume fractions. Only

their sum (fHþPore, also shown) leads to a linear dependence

with Young’s modulus (i.e., the linear dependence already

shown in Figure 3). As fH and fPore are of the same order of

magnitude, none of them forces this linearity. This confirms

our previous suggestion on the mechanical behaviour of

hydrogen within tensile films: hydrogen atoms behave like a

“zero-stiffness” phase (i.e., like pores), inducing a linear

FIG. 6. Ratio of Si-H bonds over the total concentration of hydrogen bonds

(Si-HþN-H) against the film stress.

FIG. 7. Young’s modulus of tensile films against the volume fractions of

hydrogen (fH) and of the negative phase (fHþPore).

FIG. 8. Young’s modulus of tensile films against the volume fractions of

pores (fPore) and of the negative phase (fHþPore).
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dependence of the film stiffness with the fraction of these

two “zero-stiffness” phases.

The same calculations run on compressive films lead to

pore volume fractions as low as 2.6% in average (contrary to

�17% in average for tensile films). For several of these

films, this calculated fraction is even next to nil. This very

small pore volume fraction suggests that free volumes are

negligible in compressive films, i.e., nanopores and/or free

volumes surrounding hydrogen atoms are virtually absent.

The large mass density of these hydrogen-doped SiN com-

pressive films (2.47–2.84 g/cm3) is consistent with this

comment.31,34

VI. DISCUSSION

At this point, some of the key results have to be

reminded and merged for analysis. First, a discontinuous

behaviour has been observed in stiffness evolution against

negative volume fraction at the transition between tensile

and compressive stresses (Figure 3). In tensile films, hydro-

gen atoms are shown to coexist with porosity (Figure 5) and

to display a behaviour consistent with a pore-like behaviour

(Figure 4). This last point implies that hydrogen atoms in

tensile films are unable to transmit mechanical load (what

was predicted from their only one chemical bonding).

Conversely, hydrogen atoms behave differently in compres-

sive films: free volumes are almost absent there (Figure 5)

and the hydrogen impact on film density is no more consist-

ent with a pore-like behaviour (Figure 4). This point has to

be correlated with Figure 6 that explains the much smaller

hydrogen radius observed in compressive films by the bond

type (N-H bonds induce much less steric constraints that

Si-H bonds do).

All these observations can be closely related to the

mechanisms taking place when films are fabricated. During

the processing of tensile films, the available free volumes are

large enough to allow hydrogen to build-up large bonds

(Figure 6), finally leading to mechanically relaxed single-

bonded hydrogen atoms. However, during the processing of

compressive films, the bonding of hydrogen atoms is highly

constrained by the surrounding atom organisation (combined

to atomic peening mechanism). As a consequence, the free

volumes are too small to allow any kind of hydrogen bond-

ing: the short interatomic distances are favoured (Figure 6),

but even under this condition, the electron cloud of a bonded

hydrogen senses neighbouring atoms, leading to an extra con-

tribution of hydrogen to the global film stiffness (Figure 4).

These two opposite mechanical behaviours in compressive

and tensile films are schemed in Figure 9. An efficient way to

merge these two behaviours will be presented elsewhere.36

As already stated, to our knowledge, no article has

reported such a dual behaviour of hydrogen in SiN. This can

be partially explained by the difficulty to process SiN films

displaying such a large range of mechanical stresses (from

�2.8 to 1.5 GPa in the present work) without either buckling

or delaminating.37 Moreover, literature preferentially relates

hydrogen content to mechanical stress rather than to mechan-

ical stiffness. For instance, Claassen et al.20 and Paduschek

et al.38 both report that hydrogen desorption during thermal

anneals is concomitant to a stress evolution from compres-

sive to tensile state. Similar issues have been addressed on

amorphous iono-covalent ceramics like amorphous-carbon,

amorphous-silicon or amorphous-germanium. For instance,

the pore-like behaviour of hydrogen has been observed in

these systems under nil or tensile stress:39–41 Kumagai et al.
relate the softening of amorphous carbon with hydrogen

incorporation to the free internal displacement of atoms

allowed by these stress-free systems. Miranda et al. also

report that hydrogen presence does not appear to influence

the stiffness of fully relaxed amorphous silicon. This is in

agreement with the pore-like behavior of hydrogen in our

tensile films. Reported data on compressive films41–44 have

to be analyzed with care because no data are available on the

porosity volume fraction which is, however, supposed to

explain part of their results.41 Nonetheless in all these works,

hydrogen atoms affect directly the mechanical stress which

means that they transmit mechanical load, i.e., they partici-

pate to the film stiffness, in accordance with our results. For

instance, for low hydrogen content (<10%), Spanakis et al.
report an almost linear Young’s modulus increase with

hydrogen increase.

VII. CONCLUSION

The present study on the mechanical influence of hydro-

gen and porosity on the mechanical stiffness of SiN films has

emphasized the possibility to discriminate both volume frac-

tions. The stiffer answer of compressive films than tensile

films for similar fHþPore (negative phase volume fraction) is

explained by a different mechanical behaviour of hydrogen in

these two environments: hydrogen atoms behave mechani-

cally like pores in tensile films (i.e., like zero-stiffness fea-

tures), while they participate to film stiffness in compressive

films because of steric effects. This conclusion has been

drawn, thanks to (i) the introduction of a hydrogen-correction

on the porosity volume fraction and to (ii) the calculation of

the effective hydrogen radius (RH).
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