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Abstract. Thin square membranes including a deep circular corrugation are
realized and tested for application in a strain-based pressure sensor. Package-
induced stresses are reduced and relief of the residual stress is obtained,
resulting in a larger pressure sensitivity and a reduced temperature sensitivity.
Finite element method simulations were casried out, showing that the pressure-
deflection behaviour of the structure is close to that of a circular membrane with

clamped edge but free radial motion.

1. Introduction

Packaging-induced stress is usually an unwanted
phenomenon in micromechanical devices [1]. Especially
in high sensitivity micromechanical sensors package-
stresses can jam the sensor output. These stresses can be
reduced by the application of a mechanical decoupling
zone [2-4]. In [2] a theoretical model was presented
for the mechanical behaviour of a deep circular V-
groove as the decoupling zone and it was shown that
a very high reduction of stresses is reached for deep,
thin zones. Spiering et al [4] report on the fabrication
of a membrane with an on-chip decoupling zone. In
this paper thin square silicon nitride membranes are
compared with the same membranes including a deep
circular corrugation. The residual stress as well as
thermally induced centre deflections are measured.

Figure 1 shows the structures considered: (a) a
thin square membrane and (b) the same membrane
containing a thin corrugated circular zone. The
grooves (front side) were etched into the bulk silicon
by reactive ion etching with a SFg/O; plasma and
afterwards covered with 1 um low-pressure chemical
vapour deposited (LPCVD) silicon nitride. The backside
etching was done in a KOH solution. Figure 2 shows a
photograph of the resulting structure.

2. Model

For a flat clamped square membrane with thickness
i, length 2a, Young’s modulus E, Poisson’s ratio v
and initial stress oy the relation between the pressure
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Figure 1. 3D view of the structures considered (a) fiat
membrane, () membrane with a deep circular corrugation
for package stress reduction and low residuai stress.

difference P over the membrane and the corresponding
centre deflection y is [5, 6}

- Citog

P = Crf(v)IE 4

2z Y a*(1—v) v (1)

The first term shows the stiffness due to residual stress.
The second term shows a flattening out in y for larger
pressures as a result of stretching of the membrane. For
square membrane C; = 341, C; = 1.98, and f(v) =
1-0.296v [6].

The membranes including the circular zone
were modelled with the finite element method
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Figure 2. Photegraph of a square silicon nitride
membrane containing a 100 xm deep corrugation.
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Figure 3. Definitions of parameters of the corrugated
structure.

(SYSTUS Framatome software) using axisymmetrical
shell elements. Thickness, depth and shape of the
corrugation were varied as well as the length of the
flat part at the outer edge of the zone. Figure 3 shows
the definition of the applied parameters. Note that
y( P) denotes the centre deflection minus the (offset)
deflection gy of the inner edge of the corrugation.
Figure 4 shows the non-linear deflection—pressure
curve y(P) for the corrugated structure as well as for
several circular membranes with radius « under different
edge conditions: clamped edge, clamped with free radial
motion of the edge, simply supported, and the latter
with free radial motion of the edge. All simulations and
calculations were done with a zero initial stress, which
is close to the real situation for a deep corrugation [2].
A Young’s modulus E = 245 GPa, Poisson’s ratio v =
0.3 and standard dimensions: ¢ =1 pm, H = 100 um,
a = 0.35 mm, lo = 50 pm and v = 60° were applied.
The best description of the mechanical behaviour of
the membrane with a corrugated zone is given by the
membrane with clamped edges with free radial motion:
the zone is weak for radial loads but relatively stiff for
the lateral pressure load. Therefore the rotation of the
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Figure 4. rEM results for the centre-edge deflection

as a function of pressure difference for membranes

with different edge conditions: clamped, clamped but
radially free to move, simply supported, simply supported
and radially free 10 move, and the corrugated structure.
Anaytical results for a membrane with clamped ecdige but
free radial mation are plotted as well,

edge at the inner radius of the zone can be ignored.
The analytical description of this circular membrane
with radius a is given by:

_ C3Et3

al(1- v)y

¥+ (2)

ad

with a bending coefficient C3 = 5.85 and the non-linear
coeflicient Cy = 0.598 for v = 0.3 [7]. A non-linear term
is still present, not because of stretching but because
of increased stiffness due to the shell shape. This
model could be further refined by including a rotational
stiffness at the edge, rather than the clamped condition.

Detailed investigation of linear FEM results (P =
1 Pa) shows that the flat rim outside the corrugation with
length lo results in an increasing offset displacement
yp for increasing Io. This is caused by changes of the
deflection and the rotation at the outer radius of the
zone. However, the values of deflections and rotations
of the actual membrane are not affected. Moreover the
effect can be suppressed by choosing lo. as small as
possible: for o, — O the offset displacement yp — O.
Also for corrugation depths above 25 pm and zone-
angles above 30° the deformation of the membrane is
not affected by the actual dimensions of the corrugation,
see figure S. The increase of the deflections and
rotations for a zone depth H = 10 um, is explained
by the fact that the membrane now approaches the
structure of the (larger) square membrane.

3. Experimental results

To test the reduction of stresses, samples were mounted
on a steel backplate with a pressure inlet, which was
placed on a Peltier element to control the temperature,
see figure 6. The temperature was measured with a
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Figure 5. Displacements and rotations of the structure
as a function of (a) zone depth H (y = 60°), and (b)
zone angle (H = 100 pm). Y zone denotes the vertical
displacement between inner and outer edge of the zone.
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Figure 6. Experimental set-up.

thermocouple located close to the membrane. The
pressure was adjusted and measured by a pressure
regulator and deflections were recorded by a DEKTAK
mechanical profile scanner.
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Figure 7. (a) Pressure—deflection measurements and least
squares fit to modsl both membrane structures at room
temperature, and (b) the relative change of deflection at
constant pressure (30 kPa) as a function of temperature
elevation for the membrane structures.

Figure 7(a) shows the pressure-deflection measure-
ments of a 1x1 mm silicon-nitride membrane with
thickness of 1 zm as well as a membrane with the same
dimensions containing a zone with dimensions as given
in table 1. The bi-axial elasticity modulus E/(1 — v)
differed a little between the samples and an initial stress
oo = 8 MPa was found for the flat membrane. Due to
the very low initial stress the pressure-deflection curve
of the membrane with zone has a very small linear
part over the pressure range considered. Although this
makes a reliable fitting of the measured curve difficult,
it can be concluded that the residual stress oy was at
least reduced to 10 MPa.

Table 1. Experimental results for {1) a flat membrane and membranes with a corrugation of (2) 25 gm

and (3) 100 um.

Sample Zone Zone Zone E/(1-—v) Initial stress o5 d((Yer/Ye1,) — 1)/dT do/dT
inner radius depth width
(pm) (m)  (um) (GPa) (MPa) (1074/°C) (MPa/°C)
1O - - - 350 85 -100 55
2 386 25 75  375° < 10 — 338 < 0.05
3 355 100 150 375° <10 - 253 < 0.05

® Measured from a square membrane on the same wafer,
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Heating the sample with a Peltier element results
in an additional thermal (package) stress. The centre
deflection y was monitored at constant pressure as
a function of the temperature, sce figure 7(b). The
deflections ypr were normalized with respect to the
deflection ypT, at room temperature. For the flat
membrane a thermal sensitivity of the total residual
stress do /dT = 5.5 MPaC was determined, using
the pressure-deflection test. The measurements on
membranes containing a decoupling zone show a large
reduction of the thermal influence. The results are
summatized in table 1.

4. Conclusions

Thin membranes including a deep single circular
corrugation have been realized and characterized by
means of their pressure—deflection behaviour. Package-
induced and thermal stresses are reduced while a
relief of the residual stress is obtained in the inner
circular membrane. FEM simulations showed that the
deformation of the inner membrane is hardly affected
by the actual dimensions of the corrugation. A good
estimate of this deformation is given by a circular
membrane with clamped edge but free motion in the
radial direction.

The increasing pressure sensitivity and the decreas-
ing temperature sensitivity make the membranes includ-
ing the circular corrugation very aitractive for applica-
tion in strain based pressure sensors.
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