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ABSTRACT

Two-layered aluminium nitride (AIN)/silicon nitride microbridges were fabri-
cated for microbridge tests to evaluate the elastic modulus, residual stress and
tensile strength of the AIN films. The silicon nitride layer was added to increase
the robustness of the structure. In a microbridge test, load was applied to the
centre of a microbridge and was gradually increased by a nano-indenter equipped
with a wedge tip until the sample was broken, while displacement was recorded
coherently. Measurements were performed on single-layered silicon nitride micro-
bridges and two-layered AlN/silicon nitride microbridges respectively. The data
were fitted to a theory to derive the elastic modulus, residual stress and tensile
strength of the silicon nitride films and AIN films. For the AIN films, the three
parameters were determined to be 200, 0.06 and 0.3 GPa, respectively. The values
of elastic modulus obtained were consistent with those measured by conventional
nano-indentation method. The tensile strength value can be used as a reference to
reflect the maximum tolerable tensile stress of AIN films when they are used in
micro-electromechanical devices.

§ 1. INTRODUCTION

Functional ceramic materials have been used in the development of micro-
electromechancial systems (MEMS). In a strategic report assessing the R&D work
on MEMS (Committee on Advanced Materials and Fabrication Methods for
Microelectromechancial Systems 1997), it was pointed out that stress-related failure
of materials used to made MEMS would be a challenging issue in the future devel-
opment of this field. Piezoelectric aluminium nitride (AIN) films find increasing
applications in MEMS, particularly for actuation and sensing of mechanical vibra-
tions. In a thin film bulk acoustic wave resonator (TFBAR), an AIN film is sand-
wiched between two metallic electrodes to give a resonance frequency exceeding
2 GHz and is proposed to be used in new generation mobile communication systems
(L6bl et al. 2001, Dubois and Muralt 2002). AIN films can also be used in high
temperature strain gauges (Gregory et al. 1996), force sensors, accelerometers and
acoustic emission detectors (Zheng et al. 1993). All these devices are required to
work in a vibrating environment. Moreover, to enhance the sensing and/or actuation
performance of a device, AIN film is preferred to be deposited on some compliant
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parts, such as a membrane or a cantilever. An AIN film in a device would therefore
face a risk of fracture, since AIN is a ceramic material and so would exhibit some
degree of brittleness (Furuta and Uchino 1993, Lee and White 1998, Kusaka et al.
2002). Some methods are thus required for determining the film-only mechanical
properties of a ceramic film. The fracture properties of a film are crucially important
to reflect the conditions at which the film, and hence the whole device, will fail. To
date, most experiments for measuring the fracture properties of thin films are con-
ducted with the films adhered on substrates. The data from such measurements
contain the contributions from both the film and substrate, while the film-only
fracture properties are difficult to separate. Some experiments were designed to
directly measure the properties of substrate-free film samples. For example, a uni-
axial tensile test was carried out on a free-standing ceramic film to produce a stress—
strain curve (Cardinale and Tustison 1992). A bulge test was performed by applying
a fluid pressure on a ceramic membrane to induce deformation, from which a stress—
strain curve of the film material can be derived (Vlassak and Nix 1992). However,
handling of a fragile substrate-free ceramic film is not an easy task. The microbridge
test is yet another distinctive method developed recently (Zhang et al. 2000, Su et al.
2002) to obtain the mechanical properties of a film. In this method a film material
is made in the shape of a microbridge and gradually increasing load is applied to
its centre to generate a load-displacement curve. By fitting the data to a theory,
the tensile strength, internal stress and elastic modulus of the film material can be
determined.

In this paper, we report the results of the measurements of the elastic modulus,
internal stress and tensile strength of magnetron sputtered AIN films by using micro-
bridge tests. The measurements were done in two steps, namely on a single-layered
silicon nitride microbridge first and then on an AIN/silicon nitride double-layered
microbridge. The elastic modulus, internal stress and tensile strength of the silicon
nitride films were derived first, which were then substituted into the formulation for
a double-layered specimen. The corresponding three parameters of the AIN
layer were then derived. Moreover, the values of the elastic modulus of the two
substances were measured by conventional nano-indentation method and compared
with those obtained from the microbridge tests in order to give further justification
of the validity of the microbridge method. The fracture toughness of the two film
materials was estimated and discussed.

§ 2. EXPERIMENTAL METHODS

Two groups of microbridges were prepared, i.e. single-layered silicon micro-
bridges and double-layered AIN/silicon nitride microbridges. Silicon nitride films
were deposited on a two-side polished (100) silicon wafer by using low-pressure
chemical vapour deposition (LPCVD) at 840°C and 170 mTorr. The reactant gas
was an admixture of SiCl,H, and NHj, with their flow rates in the ratio of 6: 1. The
films were post-annealed at 1100°C in an N, ambient for 2h. The film thickness
determined by a scanning electron microscope (SEM) was found to be about 0.4 pm.
Photolithography/dry etching processes were carried out to open windows on one
side of the wafer. The exposed silicon wafer was etched using KOH solution at 80°C,
such that only silicon nitride membranes were left behind. The membrane was dry
etched to produce an array of silicon nitride microbridges with different dimensions
(86—89 um long, 14-21 um wide). The design of the processes and the nature of (100)
Si single-crystal wafer result in an angle of 54.74° between the wall of the underlying
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Figure 1. (a) Configuration of a single-layered silicon nitride microbridge and a schematic
diagram showing the deformation of a microbridge subjected to a load. (b)) Moments
and forces acting on a segment.

silicon substrate and the film surface as depicted in figure 1. In addition, the micro-
bridges were made to extend slightly into the supporting silicon substrate so as
to prevent undercutting of the substrate.

Double-layered AIN/silicon microbridges were then produced by directly depos-
iting AIN film onto the silicon nitride microbridges by using radio-frequency (RF)
magnetron sputtering. The reactant gas was an admixture of argon and N, in a
molar ratio of 1:1. The substrate temperature, ambient pressure and RF power
during sputtering were 600°C, 5SmTorr and 180 W, respectively. A deposition run
lasted for 3 hours. The lengths and widths of the double-layered microbridges varied
in the ranges of 65-68 um and 14-21 um, respectively. The thickness of the AIN layer
determined by SEM images was about 0.94 pm.

The microbridge tests were done using a nano-indenter (Nano Instruments Inc.,
Model 1Is) equipped with a diamond wedge tip. The edge of the tip (30 um) was
wider than all the microbridge samples, and was aligned perpendicular to the length
direction. Load was applied at the centre of a microbridge and was gradually
increased. Displacement was recorded coherently until the sample was broken.
In particular, the load was added in a constant-speed mode, where the wedge tip
was controlled to proceed with a constant speed of 50nms~' for a single-layered
microbridge, and 20nm s~ for a double-layered microbridge. This configuration of
experiments allowed a one-dimensional model to be used in the analysis, in which
stresses were assumed to be unidirectional and along the length direction, while no
lateral force was generated.
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§ 3. THEORY

3.1. Single-layered silicon nitride microbridges
The theory of bending of a single-layered microbridge is presented in this section.
Figure 1(a) shows a single-layered silicon nitride microbridge, with the x-axis (z =0)
coincident with the centre of the microbridge in the length direction, where /g, /
and b are, respectively, the thickness, length and width of the microbridge. When a
load per unit width Q was applied at the centre position, x =1//2, the corresponding
vertical displacement was (Appendix A) (Zhang et al. 2000, Su et al. 2002):

_ Qtanh(kl/2) QI MO[ 1 }

2 = _— 7_1
w(l/2) INK 4N, N, | cosh(ki/2)

+ Son (N — M) + Sor = oM, (n

In the equation, k = ,/12N, /ESiNhgiN, where Egjy is the elastic modulus of silicon
nitride, and N, the total force per unit width acting along the length. M, is the
bending moment per unit width acting on the cross-section at x=0. Ngj is the
residual force per unit width acting on a cross-section.

Two simultaneous equations were established to correlate M, and N, (Appendix
A). They are:

SunNx(Nx — Nsin) + (SmpQNx)/2 + (Q)/2[(1/ cosh(kl/2)) — 1]

Mo = Sym N, + k tanh(ki/2) @)
T [ Ny — Nri
SnN(Ny — Nsin) + SNP%_ SnuM, =© — ﬁ 3)
The definition of ® in equation (3) is:
0= é[()(2 + & + 20kl + 8(x — &) sinh(kl/2) + 2x&kl cosh(kl)
+ (X2 + 2x& — Ez + 8&¢) sinh(kl) + Ez sinh(2k/)] 4)
where
_ Osinh(kl/2) + M,k )
= N, sinh (kl)
Mk
§= N_sinh (k]) ©
_ 0
{=3 N, (7

In these equations, the terms containing Sj; (i, j =N, P and M) have arisen from the
deformability of the silicon substrate. With the values of Sj; as given in Appendix A,
the elastic modulus and internal stress were evaluated by the following procedures.
For a given load Q;, trial values were assigned to Egjn and Ng;n. They were sub-
stituted into equations (2) and (3), and the equations were solved numerically
to obtain the solutions N,; and M;. These values were then put into equation (1)
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at corresponding load per unit width Q;, so as to calculate the displacement
w(Q;, Esin, Ngin). This calculation process was repeated at all the values of Q; within
the experimental range of load, to theoretically obtain the load-displacement curve.
The deviation between the experimental we.,(Q;) and theoretical curve was denoted
by a quantity:

Error = Z [Wexp(Q1) — W(Qi, Esin N§1N)]2 ®)

1

Different trial values of Egn and Ng;y were set to minimise the value of “Error”. The
settings resulting in the best fit were denoted as Egyn+ and Ngjn=, which served
as reasonable estimates to the elastic modulus and residual force per unit width of
the film. The residual stress og;n- was then calculated as Ngin-/hsin.

The largest tensile stress, in a microbridge being bent, was experienced at the
centre of its lower surface. The tensile stress at this position before fracture should be
equal to the tensile strength of the silicon nitride layer, and was denoted as oaa>"en
The SEM image taken after fracture of a microbridge sample also supported this
suggestion, since cracking was usually found to occur at a region near its centre.
Hence the tensile strength of the single-layered silicon nitride film could be expressed
as (Appendix A):

2
Tenstren _ Nx  Esinfisin d”w

OSiN = - —
h: 2 dx?
SiN x=1/2

©)

3.2. Double-layered AIN/silicon nitride microbridges

In this section, the formulation describing the bending of a double-layered micro-
bridge is presented. Referring to figure 2, the x-axis (z=0) lies along the central
line in the length direction. With this co-ordinate system, the surfaces of the AIN
layer and the silicon nitride layer were at z= —z, = —(han + hsin)/2, and z=1z,,
respectively, where han was the thickness of the AIN layer. The interface between
the two layers was at z=1z;=(hain—/isin)/2. When a load per unit width Q
was applied to the centre of the microbridge (x=1//2), the vertical displacement
was (Appendix B) expressed as (Su ez al. 2002):

_Qanh(Kl/2) QI MO[ 1 }

- cosh (K//2) !

w(l/2) = IN.K 4N N

+SPN(Nx_Nr)+SPP%_SPM[M0 - M,] (10)

}

2y

haN AIN

0
z1=(hai - hsin)/2 —
i=(an - hsin) hsin Silicon nitride

20=(hainthsin)/2

zZ

Figure 2. Double-layered AlN/silicon nitride microbridge.
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In this equation, N, is the total force per unit width in the length direction
acting on a cross-section [figure 1(b)]. M, is the bending moment per unit width
acting on the cross-section at x =0. We use the symbols oy and Expn to represent
the residual stress and elastic modulus, respectively, of the AIN layer. Some of the
quantities in equation (10) were defined as follows (Appendix B):

B—A%/D

A = hsinhan(Esine — Ean)/2

B = [Egin-hsin(hSin + 3MAn) + EainiiainGhsin + ham)l/12

D = Egin-hsin + Ean/IAN
M, = residual moment per width = Agin/iaN(OSine — OAIN)/2
N, = residual force per width = ogin+figin + TAINAAIN
M,=M,—(N,—N)A4/D - M,

Two simultaneous equations relating M, and N, can be set up:

(M, —M,)[SymNx + Ktanh(K//2)]

SypON. KA(N, — N i
= SunN(N, —N,) + MPZQ x4 (1X) r)tanh(KZ/2)+%|:m—l]
(11)
SN, — N+ L s, - My
(12)
L A[OCosh(Kl) =) | K LN, =N
_“+D[ IN_cosh(k12) T Moy tanh(Kl/ 2)] 2D

In equation (12), E is defined as:

0 (A* + W + ) K1+ 4(A — W)sinh(K1/2) + 2A WK cosh(K1)

=T 8KV

+(A? + 2AW — U + 4W) sinh(K7) + ¥ sinh(2K/)

_ sinh(Kl/2) MK
"~ sinh(K/)  Qsinh(K))

v M K
"~ Qsinh(K/)

The presence of the terms containing Sj; (i, j=P, M and N), i.e. the compliances of
silicon, in the above equations were due to the deformability of the silicon substrate.

At a particular load per width @;, the analysis was started by assigning trial
values to the elastic modulus Ean and internal stress oy, such that equations
(11) and (12) could be solved numerically to give the solutions of M, and N,. The
values of M, and N,, as well as @Q;, were used in equation (10) to calculate the
displacement w(Q;, Eain, oaN)- By varying Q; to cover the experimental range of
load, a theoretical load-displacement curve was obtained and was compared with the
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experimental data we,,. The difference between the theoretically derived results and
the experimental data was denoted by:

Error = ) " [We (@) — w(QuEa-oan) (13)

1
The value of “Error” was then minimized by assigning different trail values of Ean
and o N. The optimized settings corresponding to the best fit were referred as Eane
and oa;n+, Which respectively gave reasonable estimates for the elastic modulus and
internal stress of the AIN film. Furthermore, the internal stresses at any points in the
AIN and silicon nitride layers were:

A *w N —N
OAIN(X, 2) = EpNe |:(D - Z> 2 +)<Dr] +oan (z=-zand z)) (14

A *w N,—N,
osin(x, 2) = Egine |:(5 - Z> 2t T:| +ogine (2 =12 and 2,) (15)

§4. RESULTS AND DISCUSSION

4.1. Single-layered silicon nitride

We first present the results of the tests on single-layered silicon nitride micro-
bridges, which will be used in the next section for the analysis of the double-layered
specimens. The upper curve of figure 3 (a) illustrates the typical load-displacement
curve of a single-layered silicon nitride microbridge, and the best theoretical fitting
(dotted line) to the data. The fracture point was indicated by an arrow, where a
sudden drop in load accompanied by a drastic rise in the displacement was observed
(not shown). The curve in the low-load range was magnified in figure 3 (b), showing
that the fitting was quite acceptable. The results of the elastic modulus, internal stress
and tensile strength of the silicon nitride film derived according to the theory of
Section 3.1 for the microbridges of different widths are plotted in Figure 4 (a) to (¢).
The averages of the three groups of data were denoted respectively by (Egin+), (osin+)
and (o485 representing the final evaluation of the elastic modulus, internal stress
and tensile strength of the silicon nitride film. Their numerical values are tabulated in
table 1.

(Egin+) Was determined to be 270 20 GPa. This value was compared with the
result of elastic modulus of silicon nitride film measured using conventional nano-
indentation tests with a 3-sided Berkovich diamond tip, in the presence of the sub-

indent

strate, as denoted by Egiy" . In this method, the slope S of the unloading curve at the
point of maximum load was extracted. The value of ElS™ was assumed to be equal
to (2(1 —1?)/S)/A(h.)/n, where A(h.) is the contact area at a contact depth of /.
corresponding to the maximum load and v is the Poisson’s ratio of the specimen, and
was assumed to be 0.25 (Oliver and Pharr 1992). The data of EDdnt are plotted
against indentation depths in figure 5. A gradual drop of EI&™ is observed when A,
exceeds ~50 nm, because the indentation depths are larger than 1/10 of the thickness
of the single-layered silicon nitride film (=0.4 um), so the deformation of the sub-
strate is seriously enough to effect the measurements. The average of the data points
(denoted as <E§‘;§°“‘>) taken at h. around 45nm (i.e. 20-55nm) was used as

an estimate of EZS™ where the influence from the substrate was assumed to be
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Figure 3. (a) Typical load-displacement curve of a single-layered silicon nitride microbridge
(A) and a double-layered AIN/silicon nitride microbridge (0). Theoretical fittings to
the data are also shown. (b) Exaggerated load-displacement curves at low load range.

negligibly small, though the data around this region are found to be more scattering.
The value of (E'S‘ilﬂf‘m> is 250 +25 GPa, as shown in table 1. One immediately sees that
(Egin+) and (EISY are fairly close, indicating that the results of the two methods are
quite consistent. Moreover, (Eg;n+) was close to the elastic modulus of bulk stoichio-
metric Si3Ny4 (=249 GPa), further supporting the validity of the microbridge method
(Teter 1998).

All the data of ogn« were positive [figure 4 ()], indicating that the silicon nitride
film was under tensile stress. The average of all the data, denoted as{ogin+), iS
0.2540.05 GPa (table 1), which was an estimate of the internal stress in the film.
Referring to the published data of the internal stress of silicon nitride films reported
by different authors, one finds that the results are rather sensitive to the deposition
techniques. For silicon nitride films prepared by LPCVD method, the internal stress
is generally found to be tensile (0.29-1 GPa) (Adam 1985, Zhang et al. 2000). Our
result of {ogn+) is quite acceptable, since it just lies slightly below this range.

The average value of the tensile strength [figure 4 (¢)] determined from equation
(9) was (oas5eny — 4.9 + (.5 GPa. Published data for the tensile strength of silicon
nitride are scattered within a broad range. For example, Cardinale and Tustison
(1992) reported that the fracture strength of PECVD silicon nitride films was in the
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Figure 4. (a) Elastic modulus, (b) residual stress and (c) tensile strength of the silicon nitride

films measured by microbridge tests on specimens of different widths (14 to 21 um).
hSiN =04 pm.

Table 1. Mechanical properties of silicon nitride and AIN films determined by
microbridge and nano-indentation tests.

Silicon nitride film AIN film
(Egine) =270 £20 GPa (Exnvt) =200 4 60 GPa
(Edenty — 250 +25 GPa (Endenty — 240 +25GPa
(05ne) = 0.25+0.05GPa (0hun) = 0.0640.05GPa
(oaeusteny — 4. 94+0.5GPa (ohenstreny — 0.3 4+0.06 GPa
Kesin=1.7MNm—? Kean=0.16 MNm~*?

range of 0.39-0.42 GPa according to the results of bulge tests. Budinski and Budinski
(1999) quoted a flexural strength of 0.8 GPa for bulk silicon nitride. Yang and Paul
(2002) reported a higher range of 10.8-11.7 GPa for LPCVD silicon nitride films
based on bulge tests. Zhang et al. (2000) reported an even higher bending strength of
12.26 GPa for their LPCVD silicon nitride films by using microbridge tests. The
measured value of the tensile strength (oa35"") of our silicon nitride film is con-

sistent with the above-mentioned ranges. In addition, according to an ab initio
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Figure 5. Elastic modulus of the silicon nitride films measured by nano-indentation
tests using a 3-sided Berkovich diamond tip, with the films on substrates.

calculation, the strength of ideal beta-silicon nitride structure can reach the levels of
72.2 and 75 GPa, depending on whether the uni-axial tensile stress is applied along
the [100] direction or [001] direction (Ogata et al. 2001). However, most of the values
of the maximum tolerable tensile stress of silicon nitride measured experimentally are
lower than the theoretically predicted values. This is because a ceramic material
like silicon nitride would contain some microcracks, so that when it is under
tensile stress, stresses would concentrate at the tips of microcracks, rendering the
maximum tolerable tensile stress to be lower than the ideal levels (Cardinale and
Tustison 1992).

4.2. Double-layered AIN/silicon nitride

After determining the mechanical properties of the silicon nitride film, we are
ready to derive the mechanical properties of the AIN film. Figure 3 (¢) shows the
typical load-displacement curve of a double-layered AIN/silicon nitride microbridge.
A solid curve passing through the data points in the low load range is the theoretical
best fit. A kink was observed in the curve, which should be due to an initial cracking
of the sample. More evidence (to be presented) showed that the cracking occurred
at the surface of the AIN layer at x=0. Meanwhile, the underlying silicon nitride
layer was not damaged. Further increase in load eventually led to the fracture of
the silicon nitride layer. This event can be identified by a sudden increase of
displacement and rapid relaxation of load (not shown).

Figure 3 (b) shows the exaggeration of the load-displacement curve of the AIN/
silicon nitride double-layered specimen in the low load range. The data of elastic
modulus derived from this method for microbridges of different widths are plotted in
figure 6 (a). The average of all the data, denoted as (En+), was calculated to be
200 + 60 GPa as listed in table 1. Figure 7 shows a plot of elastic modulus data
against indentation depths measured using nano-indentation tests. The thickness
of the AIN film was about 0.94um. It is expected that for indentation depths
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calculated by microbridge tests on specimens having different widths (14 to 21 pm).
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below 220 nm as shown in figure 7, the influence due to substrate deformation is very
little. The data points are seen to distribute round the same level, despite the presence
of some scattering. The average of all the data measured at contact depths in the
range of 25-100 nm was calculated to be (EXMy =240 +25 GPa (table 1), which is
consistent with the (E,;n:) data. The validity of the microbridge method in deter-
mining the elastic modulus of the top layer of a doubled-layered microbridge struc-
ture is further verified. Ab initio calculations show that the elastic constant of
hexagonal AIN crystal along the c-axis is 415GPa (Ogata and Kitagawa 1999)
and 373 GPa (Wright 1997). However, these high predicted values have not yet
been observed experimentally. In fact, microcracks would exist in a polycrystalline
ceramics, so that when the material is subjected to tensile forces, stresses would
concentrate at the tips of microcracks. This effect lowers the maximum tolerable
stress of a polycrystalline AIN film compared with the theoretically predicted value
of an ideal AIN lattice.

The data of residual stresses for the AIN film obtained from the fitting are
plotted in figure 6 (b). The values were positive, implying a tensile stress. The average
of the data was (o n+) =0.06 £0.05 GPa (table 1), giving an estimate of the internal
stress in the AIN film. The reported values of the internal stress of AIN films pre-
pared by magnetron sputtering are very sensitive to the ambient pressure during
deposition. According to Kusaka et al. (2002) the internal stress in AIN films can
change from compressive (—0.8 GPa) to tensile (0.7 GPa) when the ambient pressure
is increased from 1 to 100 mTorr, where the lowest stress value appears at around
10mTorr. The ambient pressure of SmTorr was employed in this study, and so the
observation of a moderate internal stress is well understood.

Before discussing the results of the tensile strength of the AIN film, we need to
interpret the kink as seen in the load-displacement curve of the double-layered
microbridge as shown in figure 3 (a). Figure 8 shows the theoretical distributions
of stresses along the length direction on the AIN surface, silicon nitride surface
and the AIN/silicon nitride interface of a double-layered microbridge at the load
of the kink. The stress on the AIN surface was calculated from equation (14) with
z=—z,. It shows a maximum tensile stress at x//=0, and then decreases with
increasing x. The stress changes from being tensile to compressive at x//~0.25.
The data in the range of 1/2<x//<1 were symmetric and not shown. On the
other hand, the stress on the silicon nitride surface was obtained from equation
(15) by setting z=1z,. The other two curves in figure § are the stresses as functions
of x/I, generated on the AIN side and the silicon nitride side, respectively, at the AIN/
SiN interface. They were calculated from equations (14) and (15), respectively, by
setting z=z;. One immediately finds from the figure that the tensile stresses in the
silicon nitride layer do not exceed the tensile strength of the single-layered silicon
nitride film (o4375"°") = 4.9 GPa. Therefore, the occurrence of the kink could be
attributed to the initial cracking of the upper surface of the AIN layer at x=0,
where the AIN layer experienced a maximum tensile stress. This theoretical predic-
tion was confirmed by SEM images (inset, figure 8), which showed that specimens
usually broke at one end of a microbridge. At the load of the kink as seen in figure
3 (a), the silicon nitride layer was not broken, until the load was increased to a level
where a rapid rise in displacement and a sudden drop in load occurred. With this
understanding, the tensile strength of the AIN layer was evaluated to be oan(0, —22),
namely the stress on the upper surface of AIN film at the end of the microbridge,
calculated at the load of the first kink observed in the load-displacement curve.
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Figure 8. The calculated stress values at different positions along the length of an AIN/silicon
nitride microbridge on the silicon nitride surface, AIN surface, and on the silicon
nitride side and AIN side around the AIN/silicon nitride interface at a load where
the AIN layer fractures. The inset is an SEM image of a fractured double-layered
microbridge.

The tensile stresses of the AIN films of different widths extracted from individual
calculations are plotted in figure 6(c). The average of all the data was
(oAsmSteny — 0.3 4+ 0.06 GPa (table 1), which was believed to be a reasonable estimate
of the tensile strength of the AIN film.

From the SEM images of the microbridges, it was seen that all the samples
had regular geometric shape. The silicon nitride and AIN microbridges had widths
in the range of 14-21 um, and the lengths of the double-layered films were in the
range of 65-69 um. In particular, the variation in their width was typically of about
0.3%. Such a small variation in dimension is not expected to cause significant error
to the measured mechanical properties. Figure 9 shows the maximum tensile stress
values calculated in double-layered microbridges, of different lengths, under the load
at the fracture point of the AIN layer. The data points represented by “0”” show the
tensile stress on the surface of the AIN film at x=0, and the data points
represented by “ /A’ show the tensile stress on the lower surface of the silicon nitride
film at x=1//2. From the scattering of the stress values in the figure we see that the
measured mechanical properties of the films were not very sensitive to the length
of the samples.

It was not easy to find published data for the tensile strength of AIN in thin film
form to compare with our result. However, some data of the fracture strength of
bulk AIN were available. The processing conditions will have an influence on the
failure strength of AIN films. In a more recent study (Leung and Ong, in print), we
showed that the structure of the magnetron sputtered AIN films could be either
highly disordered, polycrystalline, textured, or epitaxial depending on the substrate
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Figure 9. The calculated stress values on the AIN surface (0) at x=0, and on the silicon
nitride surface (A) at x=1//2 in double-layered microbridges of different lengths at
the loads where fracture of the AIN layers occurred.

temperature, power of the radio-frequency (RF) radiation and the use of substrate
materials. The features of defects, if any, were expected to be altered with the change
in microstructure, which may lead to corresponding changes in the mechanical prop-
erties of the films. In the present study, the preparation conditions pertain to the
production of polycrystalline AIN films. Hence the measured mechanical properties
were due to the polycrystalline structure. In particular, the measured ultimate toler-
able stresses would depend on the specific shape and distribution of the defects
contained in the films and it might not be the same if the preparation conditions
were changed. We further noted that Subhash and Ravichandran (1998) reported a
flexural strength of 0.295GPa for hot-pressed high purity AIN powder (Dow
Chemical Co., MI) using four-point bending tests. Terao et al. (2002) claimed that
AIN ceramics shows bending strengths of 0.353, 0.407 and 0.455 GPa after being
doped with 5 mass% Y,03, 5 mass% La,03, and 5 mass% Sm,O3, respectively. The
(oA208teny value obtained in this study for AIN films is consistent with these values
for bulk samples, and provides for the first time a reference value to reflect the
maximum tolerable tensile stress of AIN in thin film form. The value is useful
when using AIN film in MEMS device as it reflects the fracture properties which
may affect the reliability of the device. Finally, compared with silicon nitride film,
namely a widely used structural substance in devices, the maximum tolerable tensile
stress of AIN film is 16 times weaker.

4.3. Critical stress intensity factor
It is known that the value of maximum tolerable tensile stress of a ceramic
material is greatly affected by the presence of cracks, because stress concentration
occurs at the tips of cracks. Irwin (Benham and Crawford 1987) defined a stress
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intensify factor K = o(na)'’? to describe the elastic stress distribution near the crack
tip, where o is the externally applied stress and « is half the length of a crack. When o
reaches the maximum tolerable value, K is the critical stress intensity factor or
fracture toughness (denoted as K.). K. depends on the elastic modulus and surface
energy per unit area of a material, and so is related more closely to the fundamental
properties of the material.

In the present study, we tried to use the measured (oas>"™") and (o A"} values
to replace o, in order to estimate the critical stress intensity factors (or fracture
toughness, equal to the K value at the stress causing fracture) of the silicon nitride
films and AIN films. They are denoted as K. gin and K, an- If the films were assumed
to contain cracks with a size of 1/5 of the corresponding film thickness (i.e. 0.4 and
0.94 um), which were aligned approximately along the thickness direction, K sin and
K. an were estimated to be 1.4 and 0.16 MN m 2, respectively (table 1). We notice
that the former lies below the lower bound of the critical stress intensity factors of
hot-pressed SizN, (3-10 MNm %) (Barsoum 1997).

§5. CONCLUSION

In this study we carried out microbridge tests on single-layered silicon nitride and
double-layered AIN/silicon nitride microbridges to determine the mechanical proper-
ties, i.e. the elastic modulus, internal stresses and tensile strength, of substrate-free
thin films. The most important goal was to determine the tensile strength of the AIN
film, which was expected to be of great importance when utilising the film in the
fabrication of devices.

In summary, the elastic modulus, internal stress and tensile strength of the silicon
nitride film were determined to be 270 +20, 0.25+0.05 and 4.9 + 0.5 GPa, respec-
tively. The result of the elastic modulus was consistent with that determined by using
nano indentation tests (250 £25 GPa). The corresponding parameters of the AIN
film were determined to be 200 460, 0.06 +0.05 and 0.3 +0.06 GPa, respectively.
The value of the elastic modulus thus measured by microbridge tests was consistent
with the value determined by nano indentation tests (240 £25GPa). The critical
stress intensity factors of the two film materials were estimated to be K. gin=1.7
and K. ain=0.16 MN m~2, by assuming that the films contained some microcracks
with lengths of about 1/5 of the film thicknesses. By the present microbridge tests it
was observed that the cracking of the structure as a result of applying a load was
initiated on the upper surface of the AIN film on one end of the microbridge. The
tensile strength of AIN film determined from this study was comparable to those
reported for bulk AIN. Most importantly, our result for the first time provides a
reference for the maximum tolerable tensile stress of an AIN film, the value of which
must not be exceeded when the film material is used as the functional element in
micro-sized devices.

ACKNOWLEDGEMENTS
This work was supported by the Centre for Smart Materials of the Hong Kong
Polytechnic University (Code: 1.A.310), an internal grant of the Hong Kong
Polytechnic University (Code: G-T594), a Hong Kong ITF fund (Code:
K.11.2A.ZP07), and Chinese National Project no. 1999033103.



08: 01 27 February 2011

[ CAS Chi nese Acadeny of Sciences] At:

Downl oaded By:

3368 D. G. Zong et al.

APPENDIX A

Deformation of single-layered microbridges
The mission of this appendix is to establish the key equations (1)—(3) in the text
for the analysis of the bending of a single-layered microbridge.
With the aid of figure 10, the displacement of a point at (x,z) along
the x-direction ugin(x,z) is deduced from the theory of elastic deformation
(Zhang et al. 2000, Su et al. 2002):

6_w
Ox

Referring to figure 11, the elongation of a line is A/=1[—1,, where / and /, are
expressed as (Zhang et al. 2000, Su et al. 2002):

[ = Ax + uSiN(x + AX,Z + AZ) — uSiN(x, Z)

(A

usin(X, z) = ugin(x,0) — z

1 (ow)
L= (A" + Aw)? ~ Ax + = MY Ax
2\ 0x

Xx-axis

> usin(x, 0)

Z-axis

Figure 10. Displacement of a point at (x, z) due to the deformation of a single
layered silicon nitride film. See equation (A 1).

x-axis

usin(x, 7) <3 usin(x+Ax, z+Az)

Z-axis

Figure 11. Strain along the x-direction due to the deformation of a single layered
silicon nitride film. See equation (A 2).
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The strain along the x-direction is thus derived to be:

dugin(x,0) 1 /dw\> & w
N=Al)] =22 T () -z — A2
EsiN /A, ox 2 \ox 2 ox2 (A2)
For simplicity, the symbol ug;y is used to replace ugyn(x, 0) hereafter. The expression
of stress og;n 1S written as:

Oug; 1 /ow\> Ow .
SiN <a) —Z—2i| + ogiN (A 3)

T
osin = Eginésin + osin = Esl'N|: ox

Ox +§
The bending moment per unit width (M), and the force per unit width in the
x-direction (N,) acting on a cross-section (Figure 1 (b)) are expressed as:

M= J’S‘N/z _ EsintiinO'w

oginzdz =

—1s5in/2 12 6x2 (A 4)

Isin/2 dusin 1 ow 2
Ny = Jtsm/ZUSiNdZ = Esin a_);hsiN + EESiN (a) hsin + Ngin (A5)
A segment of a microbridge as shown in figure 1 (b) is in mechanical equilibrium, so
that the total torque about a point P is zero:
Y _
—(w— wy)Ny + Mojx —-M=0

By using the expression of M as shown in equation (A4), the above equation
becomes:

Esinhdin
SiN SlN—W—NX(W—WO)"‘%x"f‘MOZO’ 0=<x<l1/2)

12 ox?
Defining k = \/ Ny/(Esinhdn/12), this equation is rewritten as:

N, O*w

F@—Nx(w—wo)—i—%)ml—MO:O 0=<x<1)2) (A6)
The general solution of a differential equation of this type is:

Ox Mo\ v (0<x<1)2)

w(x,0) = A cosh(kx) + B’ sinh(kx) SN TN

From the boundary conditions w(0,Q)=w,, and 6w/6x|xz[ /2=O, the two
constants are derived as 4" = —M_ /N, and B’ = —(Q/kN,)(sinh(kl/2)/(sinh(kl))—
((M,/Ny)(1 — cosh(kl)/ sinh(kl))), respectively. The solution of w is:

O sinh(kl/2) o M, (sinh(kx)—l—sinh[k(l—x)]_ 1) .

inh(k x—
KN, sinh(kl) SRR+ = 0 sinh(k/)

w(x, Q) =—
(A7)

Because of the deformability of the silicon substrate, the x- and z-direction dis-
placements of the silicon substrate at x=0 are not zero, and are denoted as ug; ,
and wg; . The angular deflection is 6s;,. They are related to the horizontal force
per unit length N, — Ng;, the vertical force per unit length Q/2, and the torque per
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unit length —M,, through the compliances Sj; (i, j=N, P, M) of the silicon substrate
[figure 1 (b)]:

Usi o S\ Sxe Snm || Ny — N U
Wsio | =| Sex Spp Spm 0/2 =] Wo (A8)
Osi o SN Smp Smm -M, N

In the equation, u,, w, and 6, are the x- and z-direction displacements, and angular
deflection of the microbridge at its end (x =0), and should be coherent with those of
the silicon substrate. From finite element analysis (Su et al. 2002):

Snn = 0.0545 um> mN~!, Spp = 0.1373 um’ mN ™",
Sym = 0.4173mN"", Sxp = Spny = 0.0537 pm® mN~!,
SN = Sy = 0.0113pmmN~", Spyy = Syp = 0.0367 ummN~!
The second row of equation (A8) is w,=ws, = Spn(Ny — Nsin) +
Spp(Q/2) — SpmM,. By substituting w, in equation (A7) and setting x=1//2, we
get equation (1).
Equation (2) is obtained by differentiating equation (A 7):

ow
ox

. Olcosh(kl/2) — 1] = Mk
%= N cosnkiz) T, b/ (A9)

and utilizing 6, = 05;, = Sun(Nx — Nsin) + SmpQ/2 — SumM,, according to the
third row of equation (A 8).
To derive Equation (3), we start from integrating equation (A 5):

12 N — NI 12 duee 1 /ow\ 2

J X SIN 7y :J UsiN 4o (l) dx

0 ESiNhSiN 0 Ox 2\ 0x
Due to symmetry, us;n(x=1/2) is zero. From the above equation, the horizontal
displacement of the microbridge at x=0 is:

u zlf/z Sl 2dx—iiNX — Nsin
7 2), \ox 2 Eginhsin

Replacing u, by San(Ny— Ngin) + SnpQ/2 — SsmM, according to the first row
of equation (A 8), one obtains:

0 IJ’/z ow\’ I Ny — Ngin
S N. — Nr. Swp = — S M. =— — ) dx—z——"— A 10
NN(Vx = Nsin) + Swp = — SnmuMo =5 o \ox) T 2 Egnhsn 10

The expression of Ow/0x is obtained from equation (A 7), such that the integration
(1/2)fé 2((’tiw/(tix)2dx can be carried out. This step will lead to equation (3).
Meanwhile, the expressions of ® and other related quantities defined by equations
(4)~(7) appear naturally. Finally, the expression of oa335"" in equation (10) is easily
derived from equation (A 3) for ogin.
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APPENDIX B

Deformation of double-layered microbridges
The objective of this appendix is to show the steps for deriving the three
key equations (10)—(12) for the study of a double-layered microbridge.
Analogous to (A 1), the displacements of a point in an AIN layer and a point in
a silicon nitride layer of a double-layered structure along the x-direction are:

0
up N (x, 2) = u(x, 0) — 222 (—z, < z < z,, inside AIN)

Ox

ow (B1)
usin(x,z) = u(x,0) — Zox (z1 < z < z,, inside silicon nitride)

Analogous to equation (A 2), it is proved that the strains in the x-direction are:

du(x,0) 1 <6w>2 w
+ —

SAIN.x = 5~ 5 ax Z@ (—z2<z=<z) ®2)
_ Ou(x,0) 1 (0w 2 ow (1 <z<2)
%iN.x = "4 2\ 0x o f1=2=5

Replacing u(x, 0) by the symbol u for simplicity, the stresses are written as (notice
the similarity with equation (A 3)):

ou 1 [ow\> Ow
oain = Eaingain + 0ain = EaiN [& + 3 (&) _ZW:| +oan (—n<z=<1z)

. ou 1 [ow\> w .
osin = Egin-gsiny + osine = Egine axTalax) o | T oS (z1 <2< 12)
(B3)

The bending moment per unit width and force per unit width acting on a cross-
section of a microbridge are:

Z2

M—le d +J odz—a|S L (O ’ —Baz—w+M (B4)
= _ZZO-AINZ A O-SINZ zZ = ax 2 ax axz r

21

N —J - dz+r» gz=p| LN @y s
V=) oA svE=Platila ) r

Considering the mechanical equilibrium of a segment of a microbridge, the total
torque about a point (like P in figure 1 (b)) is zero:

—(w—wo)NX—i—MO—i—%x—M:O (Bo6)

Combining equation (B4) and (B5) to eliminate the term Ou/0x + 1 /2(6w/6x)2,
one obtains:

A A° *w
M:B(NX—Nr)—i— (i—B)ﬁ—l—Mr
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Putting this into equation (B 6) to remove M, a differential equation is derived:

A%\ &*w 0 A
(B_D)a)cz_NX(w_WO)+2x+ [MO_D(NX_NT)_MI’] =0

. A . . .
Defining M, =M, — B(NX — N,) — M, this equation is rewritten as:

A\ & —
BN N )+ LM, =0 or
D | ox? 2
(B7)
N &w
K? 0x?
This equation has the same structure as that of equation (A 6), so that they have
the solution like equation (A 7):

Qsinh(K1/2)
N, K sinh(K))

0 M, [sinh(K x) + sinh[K(/ — x)]
AN TN, [ sinh(K7)

Nx(w—wo)—i-%x—i—ﬁozo

w(x) = sinh(Kx)

+

_1]+w0 O<x<1/2) (BS)

Since the silicon substrate is deformable, the x- and z-direction displacements, and
the angular deflection 0g;, of the silicon of the substrate at x =0 are related to the
horizontal force per unit width N, — IV,, vertical force per unit width Q/2 and torque
per unit width —(M,— M,) through the compliances of the silicon substrate Sj;
(i, j=P, M, N):

Usi o Snn Sne Saw Ny — N, u,
Wsio | = | Spn Spp Spm Q/2 = | w, (B9)
Osi o Sun Smp Swm | | —(M, — M) 0,

The second equality states that the movement of the silicon substrate at x =0 is the
same as that of the microbridge at the same point. According to finite element
analysis (Su et al. 2002), the values of Sj; are suggested to be:

San = 0.0545 um? mN~!,| Spp = 0.106 pm> mN~!,

Sym = 0.0351 mN"!| Sxp = Spy = 0.0361 pm?mN~",

SMn = S = 0.00495 ummN~!, Spy = Syp = 0.0211 pmmN~!
Next, w, in equation (B8) is replaced by the second row of equation (B9), i.e.

Spn(Vy — Ny + Spp(Q/2) — Spm(M, — M,). This leads to equation (10) in the text.
Equation (11) can be derived by differentiating equation (B 8) to give:
Olcosh (KI/2)—1] M,K

- % = 2N cosh(K[/2) T N, tanh(K1/2) (B 10)

al
ox

followed by a substitution 6, by the third row of equation (B9).
To derive equation (12), we start from integrating expression (B 5):

J’”ud _ J”z u 1 (aw\* Adw],
0 D T o |0x  2\0x D ox? ~
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Since u(x=1/2)=0, and 6w/6x| = 0, this expression becomes:

x=I[/2
1 (72 (ow\? A I(N, —N;,)
uO:EL (§> dx 50, = == (B11)

u, is then replaced by the first row of equation (B9), i.e. ug; ,=SNn(Nx—N)+
SnpQ/2 — Ssm(M, — M), In addition, the expression of Ow/0Ox is derived from
equation (B8) and put into equation (B11). On carrying out the integration
(1 /2)[10/ 2(aw/ax)zdx, equation (12) is obtained. The expressions of E, A and W follow
naturally.

Finally, equations (14) and (15) for the internal stresses of the AIN and SiN
layers are obtained by eliminating the term Ou/0x + (1 /2)(8w/8x)2 from equations
(B 3), with the aid of equation (B5).
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