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Abstract. In this research, a semi-circular micromachined beam is proposed in order to
reduce the out-of-plane deformation caused by the residual stresses. The side view of the
semi-circular beam is similar to that of a cantilever, whereas the end conditions are similar to
those of the microbridge. Although the micromachined cantilever will not be deformed by
the residual mean stress, it is significantly bent by the residual gradient stress. On the other
hand, the microbridge will not be bent by the gradient residual stress, but is buckled by the
mean compression. Analytical and experimental results demonstrate that the out-of-plane
deformation due to bending and buckling is significantly reduced for the semi-circular
micromachined beam. Thus, the flatness of the micromachined suspensions is improved. The
more traditional technigues in which the out-of-plane deformation is reduced, by lowering the
net residual stresses of thin films, can be supplemented by the use of the semi-circular
micromachined beam.

1. Introduction (@

Silicon micromachining is an advanced technology that
is used to fabricate tiny mechanical structures through
thin-film processes. Due to the mismatch of thermal
expansion coefficients between the materials as well as the
imperfections that accumulate in them, significant residual
stresses normally exist in the thin films. Consequently, thin-
film residual stresses can be categorized as thermal stress
and intrinsic stress [1]. The residual stresses will cause
undesired out-of-plane deformation of the micromachined
structures, such as bending and buckling [2]. Therefore,
the mechanical properties of the micromachined structures, ®
such as stiffness and resonant frequencies, could be directly
affected [3]. In addition, optical properties, such as the mirror

Bc
flatness of a micromachined plate, are indirectly influenced & z
by the residual stresses [4]. Inshort, itisimportant to consider

=X
the residual stress effect while designing micromachined L2
devices.
Due to the restriction in silicon micromachining pro-
cesses, there are a limited number of micromachined struc-
tures available. Presently, the micromachined cantilever

Bb
[5,6] and bridge [7] (microbridge) are the most common B, ¢, D, i
structures used for thermal isolation [8—10] as well as sus- e H
pension [11, 12]. Applications for these devices include the < L2 2l L2 *

chemical sensor [9], fluidic sensor [10], atomic force micro-

scope [11] and accelerometer [6,12]. Since thermal oxide _ o ) ) )

and stoichiometric nitride are often used to fabricate the above Fg;r;es}'(a;_?ﬁesggriri?;trfu‘l’;\’xq?cfrtg't;ggncfll',ﬁg)'r)et?]temn']cié?g'g%?i'lgsgr
structures, the microbeams are subjected to large re&duaﬁnd (c) the microbridge.

stresses. Thus, the microcantilever will be bent by the resid-

ual stress due to its small bending stiffness [13]. In contrast,

the microbridge will be buckled by the residual stress [14]. out-of-plane deformation of the micromachined structures
Currently, two approaches have been proposed to reduce thénduced by the residual stresses [15-17]. First, the thin-film
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Figure 2. The three-dimensional FEM established in this study.

residual stresses are minimized by either optimizing the thin- ®)
film deposition conditions or using heat treatments [15]. Sec-

ond, the net bending momentinduced by the residual stresse§igur%_3- Tr?e Sid?_ view of theffirrn]ite-eleme_nt élmaly_SiS fgsults
is compensated by using multilayer thin films [16, 17]. How- regarding the configurations of the semi-circular microbeam
ever, the thin-film materials available as well as the fabrica- ?:Sf%rlzg?gt?gs(;) the mean residual stress and (b) the gradient
tion processes for these two approaches are limited.

In this research, a semi-circular micromachined beam
(microbeam) is proposed to reduce the out-of-plane
deformation caused by the residual stresses. The flatnes
of the micromachined beams are improved without changing
the thin-film materials or the fabrication processes. As shown
in figures 1(a) and 1(b), the side view of the semi-circular
microbeam is similar to that of the microcantilever, while
the end conditions are similar to that of the microbridge,
as shown in figures 1(a) and 1(c). A finite-element model
(FEM) was established to predict the effect of the residual
stresses on the semi-circular beam. In addition, an array o

stresses are comprised of a mean compomgnand a
Sqradient componens;. Therefore, the buckling of the
microbridge is induced by the mean compressive residual
stress, and the bending of the microcantilever is caused by
the gradient residual stress. In this section, the out-of-plane
deformation led by the mean stress and gradient stress on
the semi-circular microbeam is studied. The deformation
configuration of the semi-circular microbeams is predicted
by a FEM. In addition, the deformation amplitudes of the
fmicrocantilever, microbridge and semi-circular microbeam
are also discussed. The microcantilever has a maximum

semi-circular microbeams with various thicknesses, widths fecti be tio ofthe b h he microbrid q
and radii were fabricated and characterized. As demonstrateode ecﬂo_n ?tt et|p9 the beam, whereas t_ € microbr ge an
the semi-circular microbeam have a maximum deflection at

through the analytical and experimental results, the flatness

of the micromachined beams is remarkably improved by the the middie of the beam. The lengths of the beams, discussed
semi-circular design. in this study, are,./2, L, and L., for the microcantilever,

the microbridge and the semi-circular microbeam, shown
. ) respectively in figure 1. The equivalent length of the
2. Theoretical analysis beam isL, = 7 R/2.
A three-dimensional FEM shown in figure 2 was
established to simulate the semi-circular microbeam and
its boundaries.  This model includes a semi-circular

For the first approximation, the residual stresses of a thin film
can be regarded as [2]

2y microbeam and its underlying silicon substrate. Semi-
Otoral ~ 00 T 01 (7) (1) circular microbeams with thicknedgs= 1 um, widthw =
5 um and varying radii o = 25— 95um) were analyzed.
wherer is the thickness of the thin film ang: (—4/2, h/2) The silicon substrate used in the experiment was h060

is the coordinate across the thickness, with its origin at thick. The thicknes4., of the substrate modeled in figure 2
the mid-plane of the film. From equation (1), the residual would not influence the results of the finite-element analysis
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Figure 4. (a) The deformation configurations and (b) the variation
of the deflection amplitude against beam length, of the
microbridge and semi-circular microbeam.

if L, exceeds 10@um. Thus, the thicknesk, in the FEM
was only 100um instead of 50Qum in order to save the
computational time. Similarly, the wall thicknesses and
Lz were modeled to be 1Q0m instead of several millimeters.
The material applied in the FEM was thermal gi@® allow
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Figure 5. (a) The deformation configurations and (b) the variation
of the deflection amplitude with beam length, of the microbridge,
microcantilever and semi-circular microbeam.

has an angular deflection due to its deformed boundary.
According to the FEM results, a typical side view of the semi-
circular microbeam under mean residual str@ss shown
in figure 3(a). Likewise, the semi-circular microbeam has an
angular deflection due to the boundary effect.

As to the domain effect, the microbridge shown in

for comparison with the experimental results. The residual figure 1(c) will be buckled when applied by a certain residual
stresses of the thin films were determined using the techniquecompressions,.  However, the semi-circular microbeam,

presented in [2]. The elastic modulus of Siénd Si were

which has the same cross-section and length as those of

respectively taken to be 73 GPa and 190 GPa [18], and thethe microbridge, subjected to the same leaddoes not
Poisson’s ratios of SiQand Si were assumed to be 0.17 and buckle. The typical analytical results of the out-of-plane

0.27, respectively.

2.1. Mean residual stress effects

The mean residual stresg has two effects on the semi-

deformation configurations for a microbridge and a semi-
circular microbeam are presented in figure 4(a). The
horizontal axis represents the normalized coordinate,
along the beam length. From the FEM result, the deflection
profile of a Rp = 95 um semi-circular beam along its

circular microbeam: the boundary effect and the domain circumference is given by the dashed curve in figure 4(a).
effect. As to the boundary effect, the boundary conditions The full curve in figure 4(a) indicates the deflection profile
of a micromachined beam are different from those of the of the microbridge which has an equivalent lengith= = R.

conventional beam [2].
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For instance, the microcantilever The microbridge is buckled in this manner, yet the semi-
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Figure 6. The predicted deflection configurations of six different length semi-circular microbeams along their circumference. These
microbeams are under both the mean and the gradient residual stresses.

circular microbeam is not buckled. Consequently, the out-of- 2.2. Gradient residual stress effect

plane deformation amplitude of the microbridge is 56 times
greater than that of the semi-circular microbeam. In other
words, the proposed semi-circular microbeam can be used t

According to equation (1), the micromachined beams are

Oalso under a bending moment which arises from the gradient
residual stress. As predicted by the FEM, the side view of

prevent the micromachined structures from being buckled by

. a semi-circular beam after being deformed by a gradient
the mean residual stress.

) i ) ) residual stress is shown in figure 3(b). In this manner,
The deflection amplitude of the microbridge and the the typical analytical results of the out-of-plane deformation
semi-circular beam for various equivalent beam lendths  configurations of a microbridge, a semi-circular microbeam
were also analyzed in this study. Figure 4(b) shows the and a microcantilever, respectively, are shown in figure 5(a).
variation of the deflection amplitude with the equivalent The curves shown in figure 5(a) are the deflection profiles
beam lengthL, for semi-circular beam and the microbridge. between the points B and C indicated in figure 1. The dashed
It is clear that the deflection amplitude of the microbridge curve represents the deformation configuration of a semi-
changes remarkably witll,. On the other hand, the circular microbeam along its circumference®@ whose
deflection amplitude of the semi-circular microbeam stays radiusRy = 95 um. The deflection amplitude of the semi-
fairly constant for different,. circular beam at point Cis 0.18 um. In addition, the full

37



C Tsou and W Fang

8312081

28.9kY

mun
=
.2
= 1001
E
S 1A B, D, A
] o
Cs
100/
— : jum

Coordinate along circular AA
(b)

Figure 8. (a) The optical microscope photograph of thé im
thick SiO, semi-circular microbeam to be measured and (b) the
measured deflection profile of the beam shown in (a) along the
pathA— B; — C, — D, — A.

curve indicates the deformation configuration of a straight
microbridge along BC,. The deflection amplitude of the
microbridge at point €is only 0.05 um. The dotted curve
depicts the deformation configuration of a microcantilever
along B.C.. The deflection amplitude of the microcantilever
atpoint G is 0.8 um. Thus, the out-of-plane deflection of the
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Figure 9. The measured deflection amplitudes of th@&1m thick
SiO, semi-circular microbeams, microcantilevers and
microbridges against beam length.

microcantilever. According to the analysis, the semi-circular

microbeam significantly reduces the out-of-plane deflection

induced by the gradient residual stress. It is concluded that
the design of the semi-circular microbeam can also be used
to prevent micromachined structures from being bent by the
gradient residual stress.

The deflection amplitude of the microcantilever and the
semi-circular beam for various, were also analyzed. As
illustrated in figure 1, the length of the microcantilever is
L./2 and the length of the semi-circular beamlis The
variation of the bending amplitude with, for the semi-
circular beam and the microbridge is shown in figure 5(b). In
comparison with the semi-circular microbeam, the deflection
amplitude of the microcantilever changes remarkably with
the variation ofL,. Thus, the semi-circular microbeam can
significantly reduce the out-of-plane deformation induced by
either mean or gradient residual stresses.

2.3. Net effect

The net deformation of semi-circular microbeams caused by
the residual stresses is obtained by superposing the effects
of the mean residual stress and the gradient residual stress.
According to the result from the FEM analysis, the net
deformation profiles of the semi-circular microbeams with
six different radii are shown in figure 6. These deflection
profiles were measured along the circumferende,B®f the
semi-circular microbeam shown in figure 1(a). As indicated
in figure 6(a), the semi-circular microbeam tilts downward
when Ry is equal to 25um. Hence, the deformation of the
shorter beam is dominated by the boundary effect induced
by the mean residual stress. According to the bending effect
led by the gradient residual stress, the middle region of
the beam became flat wheRy was equal to 35um, as
shown in figure 6(b). The middle region of the semi-circular
microbeam gradually deflected upward whegincreased
from 45,m to 954m, as shown in figures 6(c)—6(f). In other
words, the deformation of the longer beam is dominated by

semi-circular microbeam is 4.5 times smaller than that of the the bending effect induced by the gradient residual stress.
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Figure 10. The measured deflection configurations of six different length semi-circular microbeams along their circumference. These
microbeams are under both the mean and the gradient residual stresses.

3. Experiment and results To determine the influence of residual stresses on
the semi-circular microbeams, the out-of-plane deformation
In this experiment, the SiOsemi-circular microbeams with  configurations of the semi-circular beams were measured by
nine different radiiRo between 15:m and 95um were fabri-  the interferometric profilometry. A typical measured result
cated by bulk micromachining. Three different beam widths is shown in figure 8. The optical microscope photograph
(5, 10 and 15um) were used for each beam radius. the shown in figure 8(a) is the top view of the region measured
(100) single crystal silicon is the substrate material in the by the profilometry. The region at the left side of[B is
experiment. The single crystal silicon was placed in the fur- still bonded to the substrate. On the other hand, the semi-
nace to grow a Jum thick thermal oxide layer at 105C. circular beam at the right side of,B, is suspended above
After the substrate was etched anisotropicly by KOH, the mi- a cavity. The surface profile measured along the circular
cromachined beams were suspended. The scanning electropath A - B, - C, — D, — A indicated by the dashed
microscope (SEM) photograph of typical semi-circular mi- line in figure 8(a) is shown in figure 8(b). The out-of-plane
crobeams is shown in figure 7. In the experiment, the micro- deformation configuration of the semi-circular microbeam
machined beams were deformed by the residual stresses of thgs indicated by the dip marked by,B,D; in figure 8(b).
thermal oxide. In order to compare the deflection among dif- |n addition, the deflection amplitude at the point ®as
ferent micromachined beams, the microbridges with lengths determined. In the same manner, the deflection amplitude

of 20-120um, and microcantilevers with lengths from in of the cantilever and the microbridge at the pointsa@d G,
to 110um were also fabricated. were also determined.
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The measured out-of-plane deformation amplitudes of The deflection profile of the semi-circular microbeam
the SiQ microbeams at the points;CC. and G, are measured in the experiment supports the FEM established
shown in figure 9. The length of microbridge ranges from in this study. The FEM in this manner can be applied to the
30 um to 120m, and the buckling amplitude caused by prediction of the deflection amplitude as well as the deflection
the mean stress is fromB8.um to 39 um. As the beam  profile for semi-circular beams of different lengths. Semi-
length increases, the buckling amplitude at i@creases,  circular microbeams with specified out-of-plane geometries
while the increment of the deformation amplitude gradually can be designed, provided that their deflection profiles can
decreases. In addition, the length of the microcantilever be predicted from the model.
ranges from 35:m to 110um, and the bending amplitude
caused by the gradient stress is fre0.037 um to 19 um.
However, the increment of the deformation amplitude at
C, drastically increases with increasing beam length. The This paper was originally published in the ASME Pro-
length of the semi-circular microbeam ranges from; 38 ceedings of the 1999 International Mechanical Engineering
to 145,m, and the out-of-plane deformation caused by the Congress and Exhibition (IMECE), Nashville, TN. This ma-
residual stressesis frorD.14mto 0.15,.m. Experimental  terial is based (in part) upon work supported by the Na-
results show that the out-of-plane deformation of the semi- tional Science Council (Taiwan) under Grant NSC 88-2218-
circular microbeam is approximately one to two orders of E007-004. The author would like to express his appreciation
magnitude smaller than that of the microcantilevers and to the Electrical Engineering Department of National Tsing
microbridges. Hua University (Taiwan), Semiconductor Center of National

In order to make a comparison with the analytical results, Chiao Tung University (Taiwan) and National Nano Device
the measured deformation configurations of the semi-circular Laboratories (Taiwan) in providing fabrication facilities.
microbeams for six different radii are shown in figure 10.
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