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Abstract

The effect of deposition conditions on characteristic mechanical properties — elastic modulus and hardness — of low-temperature PECVD silicon
nitrides is investigated using nanoindentation. It is found that increase in substrate temperature, increase in plasma power and decrease in chamber
gas pressure all result in increases in elastic modulus and hardness. Strong correlations between the mechanical properties and film density are
demonstrated. The silicon nitride density in turn is shown to be related to the chemical composition of the films, particularly the silicon/nitrogen
ratio.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction composition of the films can be varied within certain range by
adjusting the deposition conditions, including reactant gas mix-

Silicon nitride thin films fabricated by plasma enhanced ing ratio and pressure, substrate temperature and plasma power
chemical vapor deposition (PECVD) have been widely used in [8-10]. The films may also contain hydrogen due to the gas
semiconductor industry as passivation layers, diffusion barri- chemistry used for deposition [11]. Mechanical properties are
ers, gate dielectrics and isolation material [1,2]. More recently, significantly influenced by the deposition conditions, and can be
the application of silicon nitride thin films has been extended  considerably different from those of their bulk material counter-
to structural materials in micro-electro-mechanical systems part [12]. Mechanical characterization of thin films is therefore
(MEMS) devices, e.g., support structures for tunable mirrors essential in gauging the potential structural integrity and perfor-
in Fabry—Perot filters [3,4]. PECVD processes enable the depo- mance in MEMS devices. In the past two decades, instrumented
sition of silicon nitride thin films at much lower temperatures nanoindentation has attracted the attention of researchers as
than those deposited by low-pressure chemical vapor deposition a simple, relatively non-invasive means of quantifying basic

(LPCVD). Low-temperature deposition is of particular signifi- mechanical properties, specifically elastic modulus and hard-
cance in the fabrication of MEMS devices that are temperature ness, of thin films on substrates [13—-16]. Such an approach
sensitive and relatively free of residual stresses. is especially well suited to determine the role of key deposi-

While low-temperature deposition is a major advantage of the tion variables, such as substrate temperature, plasma power and
PECVD process, the silicon nitride thin films produced tend to chamber gas composition and pressure.

be non-stoichiometric, i.e., SiN, with x £ 4/3 [5-7]. The actual Accordingly, in this study an experimental investigation is

made of mechanical properties of PECVD SiNj, thin films using

nanoindentation. Explicit relations are used to deconvolute the

* Corresponding author. Tel.: +61 7 33653583; fax: +61 7 33654799. modulus and hardness of the films from measurements on as-

E-mail address: han huang @uq.edu.au (H. Huang). deposited film/substrate bilayers. The modulus and hardness are
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found to correlate strongly with film density, which in turn corre-
lates with ratio of silicon and nitrogen elements within the film.
The effect of deposition conditions on the mechanical properties
of thin films is discussed in terms of gas chemistry and deposi-
tion conditions.

2. Experimental method
2.1. PECVD silicon nitride thin films

SiN, thin films were deposited onto 300 wm thick (00 1) Si
substrates using a PECVD system (PLASMALAB 80, Oxford
Instruments, Oxford, UK). The process gases for PECVD were
SiH4, NH3 and dilutant N». Films were deposited at differ-
ent substrate temperatures, radio frequency (RF) powers, and
chamber gas pressures. Detailed PECVD conditions are listed
in Table 1.

The film surfaces were examined using atomic force
microscopy (SPM D3000, Digital Instruments, Santa Bar-
bara, USA), scanning electron microscope (Zeiss Supra S5VP,
Carl Zeiss AG, Germany), and white light interferometer. The
microstructure of the films was examined using cross-sectional
transmission electron microscopy (TEM Jeol 3000F).

2.2. Measurement of thin film density

PECVD SiN;, film density was evaluated using a microbal-
ance system. In this system, a quartz crystal was placed at the
same level as the Si substrate in the PECVD chamber. The
residual stress measurement and microstructural characteriza-
tion of the films deposited under the same conditions but on
different substrates indicated that the change of substrates was
unlikely to cause any significant microstructural change in the
films deposited, hence their material properties. As a result, the
density values of the films grown on the quartz in our experi-
ments can be well correlated to the real densities of those films
grown on the Si substrate. Special care was also taken to make
sure that the thin film was uniformly deposited on one side of the
crystal, the silicon nitride deposition mass increment, Am, was
obtained by measuring the change of resonant frequency, Af, of
the crystal. The relationship between Am and Af is described
by the Sauerbrey equation [17], i.e.,

_ 2f5Am
(p1/2pl/2A)

where fy is the fundamental frequency, p the density, u the
shear modulus and A the actively resonating area of the crystal,

Af =

Table 1

PECVD conditions

Parameter Value

Gas flow ratio: SiH4/NH3/N» 1/10/20

Substrate temperature (°C) 125, 150, 200, 300
Radio frequency (RF), Power (W) 40, 120, 200
Chamber pressure (mTorr) 200, 600

Radio frequency (MHz) 13.6

respectively. Knowing the thin film thickness, measured using a
profilometer, the density was thus determined.

2.3. Determination of Si:N ratio in thin films

Energy dispersive X-ray spectroscopy (EDS) was used to
characterize the silicon and nitrogen composition in the thin
films. The EDS microanalysis was carried out using an Oxford
Instruments EDS detector (Oxford Instruments, Oxford, UK)
attached to the SEM. The EDS spectra were obtained using a pri-
mary beam energy of 5 keV, which provided sufficient nitrogen
and silicon X-ray excitation and appropriate in-depth resolution.
The penetration depth of the beam was maintained at less than
half the film thickness to avoid substrate effects. The ratio of
Si to N in the films was evaluated by comparing a bulk SizNy
standard (Tangaloy, Kawasaki, Japan) and using the ZAF correc-
tion procedure [18]. For each film, the EDS spectra were taken
at three different spatial locations. The statistical error for the
concentration determination was +5%.

2.4. Determination of elastic modulus and hardness of thin
films

Nanoindentation experiments were conducted using a
Hysitron TriboScope (Hysitron, Minneapolis, MN) nanome-
chanical testing instrument. A Berkovich indenter with a tip
radius of 100 nm was used. For each specimen, 25 indents were
performed at loads ranging from 40 to 9000 wN. Repeated inden-
tation tests were performed on different specimens, and means
and standard deviation were calculated. AFM was used to con-
firm that the indents were well-formed over this penetration
range, as shown in Fig. 1. Determinations of elastic modulus £
and hardness H were made from the load—displacement curves
[14] over indenter penetration depths ranging from 50 to 250 nm.

Z: 1 nm/division
X: 1 pm/division

Fig. 1. AFM image of indent impressed using a load of 9 mN, showing well
formed impression without pile-up along indent edges.
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For this purpose, a simple, empirical power-law relation was
used to deconvolute E and H [16]:

Es L
Hy M
H = HS(H) (1b)

where subscripts f and s denote film and substrate and the indices
L and M are dimensionless sigmoidal functions
1

[+ AG /D]

. 1

[+ B/
where h and d are the indentation contact depth and film thick-

ness, respectively, and A=3.76, B=1.47, C=138 and D=1.71
are coefficients [16].

(2a)

(2b)

3. Results
3.1. Surface characteristics and microstructure of thin films

The SEM and AFM examinations of the film surface revealed
that the films have “orange peel” characteristics. Fig. 2 shows
an example viewed in the SEM. The surface features appeared
equiaxial and their lateral scale ranged from 30 to 50 nm. AFM
imaging and white light interferometry indicated that the films
have a surface roughness of <5nm. No porosity was observed
on the examined surfaces down to 5 nm resolution. TEM exam-
inations indicated that the films studied were amorphous and
homogeneous in atomic structure with depth, and defect-free.
Fig. 3a and b are the TEM cross-sectional images of the film
deposited at 125 °C, showing the microstructures near the film
surface and the interface between the film and the Si substrate,
respectively. No microstructural change was observed along the
growth direction and the film appeared to be homogeneous.
The diffraction pattern inserted in Fig. 3a indicated that the
film was amorphous. Fig. 3c showed the microstructure of the

Fig. 2. SEM micrograph of PECVD silicon nitride deposited at 125 °C, showing
surface “orange peel” structure.

s v dinterface, 474,

w

Fig. 3. (a) and (b) TEM micrographs of PECVD silicon nitride deposited at
125 °C, showing homogeneous structure along growing depth. (c) TEM micro-
graph of PECVD silicon nitride deposited at 300 °C. Inserted pictures are
diffraction patterns of the films.

film deposited at the highest temperature of 300 °C, which was
almost identical to that of the film deposited at 125°C. The
inserted diffraction pattern in Fig. 3c also indicated that this
film had an amorphous structure.

3.2. Nanoindentation data

Values of E and H for the SiN,/Si bilayer systems are plotted
as afunction of the h/d in Figs. 4-6 for different substrate temper-
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Fig. 4. Elastic modulus E and hardness H of PECVD silicon nitride films
deposited at different substrate temperatures, plotted as a function of 4/d. Fixed
RF power and chamber pressure, film thicknesses are listed in Table 2. For the
films deposited at 125 and 200 °C, open and solid legends are their data obtained
from the thinner and thicker films, respectively. Data points are means. Solid
curves are best fits according to Egs. (1) and (2).

atures, RF powers and gas chamber pressures, respectively. Data
points in these figures are means of a minimum of 5 indents at
each test condition. Standard deviations (omitted from the plots
to avoid excessive data overlap) are typically less than 5% of
mean values. Solid curves are the best fits of Eqgs. (1) and (2)
to the average E(h/d) and H(h/d) data using E =169.5 GPa and
H=12.7GPa for (1 00) silicon [16]. For all the conditions used,
these curves approach the Si limiting values asymptotically at
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Fig. 5. Elastic modulus E and hardness H of PECVD silicon nitride films
deposited at different RF powers, plotted as a function of //d. Fixed temper-
ature and chamber pressure, film thicknesses listed in Table 2. Data points are
means. Solid curves are best fits according to Egs. (1) and (2).

large h/d. Likewise, the asymptotic bounds of the curves at small
hid represent E or H values for the thin films. Note that the E and
H data fall on common curves for each set of deposition condi-
tions, independent of film thickness d. The film properties under
various deposition conditions produced by empirical fitting are
summarized in Table 2.

Distinctive trends are evident from the nanoindentation data.
Fig. 4 reveals substantial reductions in both E and H with
decrease of substrate temperature from 300 to 125°C, for
fixed RF power and chamber pressure. Similarly, Fig. 5 reveals

Table 2

Mechanical properties of PECVD thin films under various deposition conditions

Substrate RF power (W) Chamber Film thickness (nm) Density (Mg/m?) Elastic modulus (GPa) Hardness (GPa)
temperature (°C) pressure (mTorr)

125 120 600 600, 1195 22+02 106.8 £ 2.5 119 £ 0.5
150 120 600 650 234+02 124.8 £ 2.5 135+ 04
200 120 600 605, 1190 26+03 1402 £ 3.4 15.6 £ 0.7
300 120 600 585 28+0.3 198.1 £ 1.8 22.1 £ 0.5
150 40 600 595 20+ 0.2 110.6 £ 2.2 114 £ 0.7
150 200 600 1210 244+ 0.2 130.3 £ 2.1 144 £ 0.6
150 120 200 715 25+03 142.1 £ 1.8 154 £ 0.6
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Fig. 6. Elastic modulus E and hardness H of PECVD silicon nitride films
deposited at different chamber pressures, plotted as a function of A/d. Fixed
RF power and substrate temperature film thicknesses listed in Table 2. Data
points are means. Solid curves are best fits according to Egs. (1) and (2).

decreases in E and H with decreasing RF power, for fixed sub-
strate temperature and chamber pressure. Conversely, Fig. 6
shows an increase in E and H with decreasing chamber pres-
sure, at fixed RF power and substrate temperature.

3.3. Correlation of mechanical properties with density and
composition stoichiometry

Fig. 7 plots E and H obtained from the data fitting in Figs. 4-6
as a function of film density, values of which are included
in Table 2. For comparison, singular data points (open sym-
bols) are included for a much denser, LPCVD silicon nitride
specimen deposited at a considerably higher temperature of
830°C [16]. (For this latter film a density 3 Mg/m?, equiva-
lent to bulk stoichiometric silicon nitride, was assumed [19].)
A correlation between mechanical properties and density is
apparent.

To relate these results to film composition, Fig. 8 plots density
as a function of Si:N ratio from the EDS measurements. Again,
a comparison data point for LPCVD silicon nitride is included,
assuming stoichiometric ratio. A near-linear dependence is evi-
dent in the data.
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Fig. 7. Elastic modulus E and hardness H of PECVD silicon nitride films
deposited under various conditions, plotted as a function of film density. Data
represent best-fit values from Figs. 4—6, solid curve is empirical fit. Open symbol
represents LPCVD silicon nitride.

Density (Mg/m?)

0.4 0.5 0.6 0.7 0.8

1 1

Si:N ratio

Fig. 8. Film density plotted as a function of ratio of silicon to nitrogen in PECVD
silicon nitride films. Open symbol represents LPCVD silicon nitride.
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4. Discussion

In this paper, nanoindentation has been used to quantify
the mechanical properties of PECVD silicon nitride thin films
on silicon substrates. It is well documented that when using
instrumented nanoindentation to determine elastic modulus and
hardness, it may be necessary to allow for residual stresses
[20,21]. In some cases these residual stresses can be substantial,
and can superpose onto the indentation shear stresses driv-
ing the deformation process, thereby modifying the apparent
property values [22,23]. However, the residual stresses in the
low-temperature PECVD films studied here were relatively low,
between 250 MPa over the density range studied [24]. Such
effects of stress are expected to be low as the measured maxi-
mum level of 250 MPa [24] is less than 3% of the lowest hardness
(Table 2). One manifestation of large residual stresses is an
exaggerated material pileup around the indentation, a feature
conspicuously absent in Fig. 1 [22,23].

Values for elastic modulus E and hardness H have been deter-
mined, making use of simple empirical formulae to deconvolute
data for the film/substrate bilayers in Figs. 4-6. These figures
are normalized along the indentation penetration coordinate / so
that data for films of different thicknesses d fall onto a common
curve for any given set of deposition conditions. The E and H
curves tend asymptotically to values for silicon at large h/d and
for the film at small 4/d. The results confirm that E and H for the
PECVD silicon nitride films vary significantly with changes in
substrate temperature, RF power and chamber pressure. Accord-
ingly, nanoindentation presents itself as a simple and convenient
probe technique for following variations in mechanical proper-
ties of thin films.

The variations in £ and H with deposition conditions appear
to correlate with changes in film density. These variations can be
substantial, for instance up to a factor of 3 in Fig. 7. It follows that
nanoindentation can be used as a density probe, once basic data
for any given PECVD silicon nitride system are obtained. This is
auseful conclusion, because density determinations of thin films
can be difficult and time consuming. The question then arises as
to the origin of such density changes. Two possibilities are: (i)
an increase in porosity, or (ii) a change in chemical composition.
Our failure to detect any porosity from SEM and TEM exami-
nations (Section 3.1) would appear to rule out the first of these
hypotheses. On the other hand, the correlation between density
and Si:N ratio in Fig. 8 leaves open the second hypothesis. The
only issue that remains is the manner in which deposition con-
ditions affect the chemical composition of the films, and thence
the Si:N stoichiometry.

To resolve this last issue, consider the chemistry of the silicon
nitride film deposition. The synthesis in this study used a silane
(SiH4) and ammonia (NH3) gas mixture as the source of Si and
N. Under the condition of 10:1 NH3:SiHy ratio (Table 1), a two-
stage reaction [5] may occur

l, S a
SiHy + 4NH;'—> Si(NHa), + 4H, (3a)
. heat .
3Si(NH,),—> Si3Ny + 8NH; (3b)

(while dilutant nitrogen was also present in the precursor gases,
the deposition rate due to reaction between SiH4 and dissoci-
ated Ny for the PECVD conditions in the present experiments
was negligible). With regard to Eq. (3a), RF power and chamber
pressure are the main variables that affect aminosilane formation
density and ion movement in the plasma, and subsequently influ-
ence aminosilane interaction with the film growth surface: higher
RF power enhances aminosilane formation in the plasma; and in
combination with lower chamber pressure, enhances ion bom-
bardment on the substrate. The enhancement of ion bombard-
ment in turn increases the packing density of the aminosilane
on the substrate, leading to an increase in film density. Eq. (3b)
implies the effect of substrate temperature on the stoichiometry
of the silicon nitride formed. It is well known that stoichiometric
SizNy4 can be formed at high enough substrate temperature, but
that this stoichiometry is compromised at the lower temperatures
used here [5,6]. The lower-temperature films are also believed
to contain a greater fraction of hydrogen, from incomplete dis-
sociation of Si(NHj3)4 in Eq. (3b), in which case it may be more
appropriate to describe the product as SiN,H,, [5,6]. Under such
conditions the Si:N ratio would be expected to diminish, as evi-
denced by the EDS results in Fig. 8, reducing the film density
still further.

5. Concluding remarks

The results shown in this paper clearly indicate that the elas-
tic modulus, hardness, film density and chemical composition
of low-temperature PECVD SiN, films are significantly influ-
enced by deposition conditions. Therefore, characterization of
such properties is important for MEMS design and performance
analysis. Modulus, hardness, film density and Si:N ratio are
found to increase with increase in substrate temperature, and
with increase in plasma power and decrease in chamber pres-
sure. Strong correlations between the mechanical properties and
the density of the films and between the density and the Si:N ratio
are demonstrated.

The low temperature PECVD SiN, would appear to be a
viable structural material for MEMS fabrication. Even though
film density does diminish with deposition temperature down to
125 °C, there is no indication of porosity or other potentially
degrading microstructural defects. Perhaps most importantly,
the basic mechanical properties of films for MEMS can be
tailored to specification via judicious choice of deposition con-
ditions.
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