Design study of a capacitive pressure sensor in non-silicon materials
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Abstract

This paper reports on the design of a capacitive pressure sensor fabricated in non-silicon materials. The sensor
consists of a thin membrane placed parallel to a rigid reference plane. The membrane and the reference plane act as
the two electrodes of a capacitor. Deflection of the membrane due to a pressure difference results in a change in
capacity. These capacity changes are processed to calculate the pressure on the membrane.

The sensor is mounted on a Low Temperature Co-fired Ceramic (LTCC) substrate. Compared to standard
ceramic substrate materials, LTCC allows for the integration of interconnect, actives and passives inside the substrate
thereby creating a compact way of packaging and interconnecting electronic components. Moreover, LTCC exhibits
excellent dielectric properties, has good hermiticity, and it is bio-compatible.

Several thermo-mechanical performance aspects of the sensor are addressed during the design stage. Promising
variants of the sensor are built and subjected to (thermo-) mechanical tests. In addition, use is made of numerical
techniques to assess the performance of certain variants in an early stage.

The application of this combination of physical experiments and numerical simulations is demonstrated for the
selection of a suitable membrane material and membrane dimensions (in terms of induced stresses and lateral
deflection during operation). In addition, this design approach is utilised for the selection of a suitable solder
interconnect material and interconnect dimensions. A critical aspect in the latter case was the creep behaviour of the
solder material, which had to be minimised in order to obtain sufficient long term accuracy of the sensor.

A sensor membrane and interconnect design was finally selected based on the outcome of the design studies. It
proved to meet the functional demands imposed by the targeted application on a laboratory scale. It will be subjected
to reliability and lifetime assessment tests in a next phase.
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The sensor basically consists of a thin circular
membrane placed parallel to a rigid reference plane.
The membrane and the reference plane act as the two
electrodes of a capacitor. Deflection of the membrane
due to a pressure difference results in a change in

1. Introduction

Micromachined pressure sensors are already
commercially available for many years [1,2]. They are
typically fabricated in silicon which warrants their use

only for applications in which they can be manufactured
in large volumes because of the high costs for
production facilities. In order to enable the production of
low- and mid-volume series at reasonable unit prices,
the materials and production costs have to be reduced
considerably. This could possibly be achieved by the
use of other materials and processes that are
commonly applied in micro-electronics.

The principle of the current pressure sensor is
schematically shown in Fig. 1.
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Fig. 1. Pressure sensor consisting of a thin circular
membrane mounted onto a Low-Temperature Co-fired
Ceramic (LTCC) substrate.

capacity. These capacity changes are logged and are
used to calculate the pressure on the membrane.

2. Fabrication of pressure sensor

The sensor concept is based on a LTCC substrate
(DuPont 951 material) with thick film patterns of Ag-Pd
on the outer layer.
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Fig. 2. Example of an laser profile meter scan over
the LTCC sensor pattern. The two large peaks
represent the interconnection ring, the lower section in
the centre represents the middle electrode of the
sensor (both Ag-Pd thick film).



Together with Via Electronic GmbH, design and
fabrication parameters (printing, lamination and firing)
are optimized in order to obtain flat substrates with
accurate and reproducible thick film patterns.

Initially sensor variants with bare copper, Au-Ni
plated stainless steel and LTCC (Ag-Pd) membranes
are assembled using SnPb37 or SnAg3Cu0.5 solder as
interconnection material. The later one is investigated
as a lead-free variant and is expected to exhibit a
higher resistance to creep [3]. The solders are either
applied by screen printing solder paste or by placing
solder performs in combination with a gel flux (ANSI/ J-
STD-004: ROLO). A flip chip bonder is used to align the
membranes and to maintain an off-set in z-direction
during soldering.

3. Membrane material and dimensions selection

For selecting a suitable membrane material and
dimensions (diameter and thickness), a numerical
model is used to calculate the response of the
membrane to pressure loads. Because of the simple
shape of the sensor membrane, a fairly straightforward
analytical model can be applied. A change in pressure
is detected electrically by a change in capacity. The
capacity C for the current configuration is determined
from:

Re
clp)= [ 2
r=0 h(r! p)
where R is the radius of the rigid reference plane, ¢ is
the dielectric constant of the medium between the two
electrodes, p is the pressure on the membrane and his
the distance between the upper and the lower electrode
(see Fig. 3).

dr, (1)
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Fig. 3. Explanation of symbols.

The distance between the lower electrode and the
membrane is the sum of the initial distance at zero
pressure (ho) and the deflection of the membrane due
to the applied pressure. For a clamped circular plate
loaded by a uniform pressure, the deflection w is given
by [4]:

2 2
W(r)zﬂRm_—fi, (2)

64D
with Ry, the radius of the membrane and D the flexural
rigidity:
3
p-—=
12(1-v*)

where E is the Young’s modulus, v is the Poisson’s
ratio, and t is the plate thickness.

Using Egs. (1) to (3), the membrane deflection and

capacity changes can be calculated for different
configurations. The results are summarized in Table 1.
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Table 1. Maximal deflection and capacity change due to
an applied pressure of 5 bar for several configurations.
Initial gap distance hg is 40 um and lower electrode
radius Re is 1.5 mm for all configurations.

Configuration Maximal

Capacity  deflection

t Rm change of centre
Material [um]  [mm] [pF] [um]
Cu 200 2.5 0.10 3.5
Cu 100 25 1.57 27.7
Fe-Cr-x 100 25 0.64 16.6
LTCC 270 25 0.05 1.7
LTCC 270 3.5 0.24 6.5
LTCC 135 2.5 0.48 13.6
Kovar 250 2.5 0.04 1.5

The lowest sensitivity is calculated for the Kovar
membrane. In addition, the thick copper membrane
(200 pm) and the thick LTCC membrane (270um) with
the same diameter have a relatively low sensitivity as
well. The other configurations have significantly higher
sensitivities.

4. Measured response of the membrane

Fig. 4 shows the results of an actual experiment using
an LTCC membrane. In this experiment an LTCC
membrane (thickness 270 uym, radius 2.5 mm) is
subjected to a constant pressure for nearly 3 days. The
sensor membrane is attached to the substrate by an
SnAg3Cu0.5 solder alloy. The electrical capacity is
measured with a 0.001 pF resolution.

For the unloaded membrane, the capacity is
approximately 2.015 pF. From Eq. (1), the initial
electrode distance h, is estimated at 31 ym. Using this
estimate, the calculated capacity at 5 bar pressure is
2.09 pF, whereas the measured value is slightly less
than 2.06 pF.

The sensor shows some capacity drift over the 3
day period (approximately 0.005 pF). This drift may
possibly be attributed to time dependent behaviour of
the solder material. After removal of the pressure, the
membrane does not fully recover to its original
deflection. This also indicates the presence of one or
more irreversible mechanisms.
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Fig. 4. Measured capacity of a 270 uym thick LTCC
membrane (radius R,=2.5 mm) during testing. At
t=0 hours, 5 bar pressure is applied, held constant for
nearly 66 hours and removed again.

5. Prediction of creep in solder interconnect

In order to gain some insight into the origins of the
observed drift in the response of the sensor, an axi-



symmetric model is implemented in a finite element
package. This model comprises of the sensor
membrane and a ring of solder material placed at the
periphery of the membrane. Characteristics of the mesh
of this model are shown in Fig. 5. The width of the
solder ring is 400 ym and its heightis 40 um. The outer
radius of the membrane is 2.9 mm.
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Fig. 5. Finite element mesh used for the axi-symmetric
model consisting of the sensor membrane and a solder
ring.

The membrane is assumed to behave linear
elastistically whereas a creep law is adopted for the
solder material. Simulations are carried out for both
SnAgCu solder and eutectic SnPb solder. For the
SnAgCu solder, the following creep law is used:

Eact

= Cy[sinh(C,0)’ exp(ﬁj (4)

degr

where R is the universal gas constant, ¢, the creep
strain, o the stress, and T the temperature. The
parameters in Eq. (4) are taken from literature [3] and
summarised in Table 2.

Table 2. Parameters used in the creep equation (4)
applied for the SnAgCu solder alloy.

Parameter Value
C, 7.925-10%°
C, 0.0356 MPa"
ot 6.7910™ J/mol
6

For describing the creep behaviour of the eutectic
SnPb solder the following creep law is applied [5]:

Ger _ Cg{sinh(agﬂ exp(ﬁ} , (5)
dt T G kT

where G is the shear modulus and k is Bolzmann’s
constant. The other parameters are taken from
literature [6] and summarised in Table 3.

Table 3. Parameters in the creep equation (5) applied
for the eutectic SnPb solder.

Parameter Value
C 16.534 Kmm®/Ns
A 751
Q 8.78:10%°J
N 3.3

The plastic behaviour of the solder material is

neglected in the current simulations. The other
parameters required for the model are summarised in
Table 4.

Table 4. Parameters used for the elastic part of the
models.

Material Young’s Poisson’s
modulus [GPa]  ratio [-]
Solder (SnAgCu) 38 0.40
Solder (SnPb) 30 0.37
LTCC (membrane) 100 0.30

Fig. 6 shows the lateral deflection of the center of
the membrane as a function of time for the two solder
alloys. For the SnAgCu solder, the deflection increases
by 0.11 ym over 3 days due to creep. From the
experiments, the drift was estimated at 0.1 um. Given
the relatively large scatter on LTCC substrate
thickness, the unknown thickness h,, and the relatively
crude approximation of the creep behaviour (only
second level creep included), the numerical value
compares well to the experimental one. For the eutectic
SnPb solder alloy, the creep over the 3 day period is
much higher: about 0.88 pym.

The calculated stresses in the solder material
remained well below the yield stress, indicating that the
inclusion of plastic behaviour in the model for the solder
is unnecessary.
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Fig. 6. Deflection of the centre of the membrane during
application of a uniform pressure (5 bar).
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Fig. 7. Accumulated creep strain in the SnAgCu solder
interconnect after 3 days under a constant pressure
load of 5 bar on the membrane surface.

Fig. 7 shows a part of the SnAgCu solder material



in the region where the accumulated equivalent creep
strain attains the highest values after 3 days. It can be
seen that the maximal creep strain is concentrated in a
corner-point (singular point). The peak values should
thus be treated with care since they are mesh
dependent. The strains somewhat further away are
approximately 1%.

From the experimental and numerical
investigations, it can be concluded that drift leads to an
unacceptable  disturbance of the  pressure
measurements. After 3 days, the drift on the lateral
displacement of the membrane is already 5% for the
SnAgCu material whereas a drift of less than 1% is
acceptable for the current application. The simulations
support the hypothesis that the drift is caused by creep
in the solder interconnect.

6. AuSn solder interconnect

In order to improve the long term stability of the sensor
response, the replacement of the current solder
material by a more creep resistant material is
considered. The AuSn20 solder alloy is known to have
good creep properties. Unfortunately, the creep
behaviour of this material is not as thoroughly
investigated as that for the more commonly used
SnPb37 and SnAgCu alloys. Due to the lack of
appropriate creep models for this material, it was not
possible to assess its performance by numerical
simulations and therefore physical prototypes
incorporating this solder material were built and tested.

By changing to AuSn20 solder, also the membrane
material has to be changed. Due to the higher solidus
temperature of AuSn20 (T, =278 °C), higher stresses
are induced during cooling down in case of a CTE
mismatch between the substrate and the membrane.
For the LTCC / stainless steel configuration (& 5.8 mm)
this frequently resulted in a slightly warped membrane.
In order to overcome this problem a Kovar (FeNiCo)
membrane with a CTE of 5.5 ppm/°C is selected
(CTE_ ;. = 6 ppm/°C). To improve the solderability of
the Kovar membranes a Ni barrier and Au wetting layer
is applied.

Soldering with AuSn20 on Ag-Pd is not a common
practice. The first experiments showed poor wetting
with de-wetting areas and excessive voiding at the
interface. Acceptable results are obtained by changing
from a flux with a low activity (LO) to a flux with a
moderate activity (M0) and by keeping the time above
the liquidus temperature during the soldering operation
as short as 5 s. In addition to this, also the amount of
flux needs to be controlled carefully due to an increase
of the void-rate at higher flux amounts.

Fig. 8. Cross section of AuSn20 solder interconnection
between Ni-Au plated Kovar membrane and Ag-Pd
thick film on LTCC substrate.

The stability of the AuSn20 interconnection has proven

to be better than 6% full scale when exposed to 5 bar
(the maximum pressure) over a period of 2 weeks. The
sensitivity obtained from experimental results and an
analytical analysis are shown in Fig. 9.
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Fig. 9. Sensitivity of a pressure sensor with a stainless
steel membrane (J 5 mm) and AuSn20 solder
interconnection (diamonds: experimental data, line:
numerical analysis).

7. Conclusions and future work

The initial development of a pressure sensor has been
described. Based on a combination of experiments and
simulations a sensor has been designed that fulfills the
required demands during laboratory tests.

The study has result in a LTCC / Kovar
configuration with a high melting temperature AuSn20
solder interconnection. In applications this configuration
allows reflow soldering of additional components
without re-melting the sensor interconnection.

Future work includes the testing of prototypes
during operation both on their long term stability and
their (thermo-mechanical) reliability.
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