J. Sens. Sens. Syst., 3, 335-347, 2014
WWW.j-sens-sens-syst.net/3/335/2014/
doi:10.5194/jsss-3-335-2014

© Author(s) 2014. CC Attribution 3.0 License.

9p
9p)
J)

=22-Journal of Sensors
and Sensor Systems ©

Introduction

Encapsulation of implantable integrated MEMS pressure
sensors using polyimide epoxy composite and atomic
layer deposition

P. Gembaczkal, M. Gértz!, Y. Celik!, A. Jupel, M. Stiihimeyer?, A. Goehlich?, H. Vogt!, W. Mokwa?,
and M. Kraft!

LFraunhofer Institute for Microelectronic Circuits and Systems, Duisburg, Germany
2Institute of Materials in Electrical Engineering, RWTH Aachen University, Aachen, Germany

Correspondence to: P. Gembaczka (pierre.gembaczka@ims.fraunhofer.de)

Received: 21 July 2014 — Revised: 21 November 2014 — Accepted: 25 November 2014 — Published: 19 December 2014

Abstract. Implantable MEMS sensors are an enabling technology for diagnostic analysis and therapy in
medicine. The encapsulation of such miniaturized implants remains a largely unsolved problem. Medically ap-
proved encapsulation materials include titanium or ceramics; however, these result in bulky and thick-walled
encapsulations which are not suitable for MEMS sensors. In particular, for MEMS pressure sensors the chip
surface comprising the pressure membranes must be free of rigid encapsulation material and in direct contact
with tissue or body fluids. This work describes a new kind of encapsulation approach for a capacitive pressure
sensor module consisting of two integrated circuits. The micromechanical membrane of the pressure sensor may
be covered only by very thin layers, to ensure high pressure sensitivity. A suitable passivation method for the
high topography of the pressure sensor is atomic layer deposition (ALD) of aluminium oxide (Al,O3) and tan-
talum pentoxide (Ta2Os). It provides a hermetic passivation with a high conformity. Prior to ALD coating, a
high-temperature resistant polyimide—epoxy composite was evaluated as a die attach material and sealing com-
pound for bond wires and the chip surface. This can sustain the ALD deposition temperature of 275°C for
several hours without any measurable decomposition. Tests indicated that the ALD can be deposited on top of
the polyimide—epoxy composite covering the entire sensor module. The encapsulated pressure sensor module
was calibrated and tested in an environmental chamber at accelerated aging conditions. An accelerated life test
at 60 °C indicated a maximum drift of 5% full scale after 1482 h. From accelerated life time testing at 120°C a
maximum stable life time of 3.3 years could be extrapolated.

tanium or ceramics with considerable sidewall thickness in

The development of small MEMS (micro-electro-mechanical
systems) sensors with functional surfaces enables the ability
to perform diagnostic and therapeutic tasks inside the hu-
man body in the form of a long-term implant. Application
examples include continuous pressure monitoring (Mokwa,
2007; Gembaczka et al., 2013), nerve and muscle stimulation
(Eick et al., 2009) and drug delivery systems (Hang Tng et
al., 2012). Usually medically approved micro-electronic im-
plants such as pacemakers (Park and Lakes, 2007), cochlear
implants (Loeb, 1990) or brain stimulators (Rezai et al.,
2002) are encapsulated by non-flexible materials such as ti-

the range of 100 um to 1 mm. Such hermetic encapsulations
do not allow individual regions of the sensor to be in direct
contact with the tissue or body fluids, as required for pres-
sure sensing. Furthermore, in applications like retinal im-
plants, where bendability of the implant is needed, the lim-
its of miniaturization of thick-walled encapsulation materials
are quickly reached. To take full advantage of MEMS sensors
a paradigm shift from voluminous and solid encapsulations
towards miniaturized and flexible encapsulations is required.

The measurement of pressure in different areas of the hu-
man body, such as blood pressure (in large arteries or veins),
intraocular pressure or intracranial pressure is important for
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medical diagnostics and therapy (Mokwa, 2007). The contin-
uous monitoring of the corresponding pressure values with
a permanent implant can be beneficial for the treatment of
medical conditions such as intracranial and arterial hyper-
tension, heart insufficiency and glaucoma.

The development of a miniaturized encapsulation technol-
ogy for MEMS pressure sensors is particularly challenging
as the pressure outside of the housing must be transferred to
a pressure-sensitive membrane. A number of approaches for
the encapsulation of implantable pressure sensors have been
suggested previously (Mokwa, 2007). Silicone is often used
as encapsulation material because it is soft and can transmit
the pressure well (Cleven et al., 2012; Bradford et al., 2010;
Stangel et al., 2001). However, silicones absorb water and
the material properties change over time leading to a drift
of the pressure value measured by the sensor. Precondition-
ing of the material and offset compensation of the sensor can
alleviate the problem (Gréfe et al., 2009). Nevertheless, wa-
ter diffusion remains problematic especially with electrical
components inside the human body. Materials like Parylene-
C were applied to further reduce the water uptake (Schlierf
et al., 2005) or the membrane of the pressure sensor was di-
rectly made of parylene (Ha et al., 2012; Chen et al., 2008).
However, a hermetically sealed encapsulation is not achiev-
able based on polymer alone, therefore novel solutions must
be developed.

The pressure sensor employed in this work is fabricated in
CMOS technology allowing the integration of a capacitive
pressure sensor with the read-out electronics on one chip.
For some applications a second chip is required for signal
processing. A hard and thick passivation would change the
characteristics of the sensitive membranes of the pressure
sensor chip so strongly that no sufficient pressure transmis-
sion would be possible. In previous preliminary work, an en-
capsulation concept for the pressure sensor surface based on
atomic layer deposition (ALD) was successfully tested (Betz,
2011). A passivation layer consisting of 50nm Al,O3 and
50 nm TayOs was deposited by ALD on the pressure sensor
chip only. Figure 1 shows the pressure membranes and part
of the readout electronics after an accelerated life time test in
phosphate-buffered saline (PBS) at 150 °C for 1 h. Although
the test results were encouraging, first indications of corro-
sion were observed at the aluminium bond pads and the saw
edges of the chip. This was attributed to the inhomogeneity
of the sawing process (Betz, 2011).

In a novel encapsulation concept, therefore, the electrical
contacts of the chip, the bond wires and the dicing-edges
have to be protected before ALD passivation. ALD depo-
sition is performed at a temperature of 275°C for several
hours. All components of the system, including the protec-
tive material, have to be resistant to this temperature. In
this study we used the high-temperature resistant polyimide—
epoxy composite Polytec EP P-690 (Polytec PT GmbH,
2011) as a protective casting material, which serves as a die-
attach material, sealing compound for the bond wires and the
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Figure 1. Photo of the pressure sensor chip after 1h in PBS at
150 °C (Betz, 2011).

chip surface. However, there is no commercially available
material optimized for such an application.

Particularly problematic is that polyimide—epoxy signifi-
cantly shrinks during the curing phase. A process had to be
developed to circumvent the shrinkage. For the first time, this
work reports on a biocompatible encapsulation method com-
bining ALD and polymers.

The paper is organized as follows: in Sect. 2 an assembly
of a two-chip pressure sensor module (pressure sensor chip
including read-out electronics and signal processing chip) is
introduced to facilitate the development of novel encapsu-
lation and assembly technique. Section 3 describes the high-
temperature resistant polyimide—epoxy composite and its de-
ployment. In Sect. 4, the ALD layer is discussed and test re-
sults regarding the hermetic seal of the sensor are presented.
Section 5 presents pressure sensor module calibration and
measurement results at various temperatures, and Sect. 6 ac-
celerated life time testing results. Finally, in Sect. 7 some
conclusions are drawn.

2 Components and materials of the pressure sensor
module

The pressure sensor module mainly consists of two
application-specific integrated circuits (ASICs). The first
is the capacitive pressure sensor chip (PS) including the
read-out electronics, the second a signal post-processor chip
(SPP). Both are mounted on a silicon chip carrier with bond
pads and signal tracks. Additionally, some surface mount
components (SMD) are required. The cross-section of the
pressure sensor module is depicted in Fig. 2. In the first step,
the chips were glued on the chip carrier using a polyimide—
epoxy composite and electrically connected to the carrier
with bond wires. The bond wires and the entire module,
except for the pressure sensor membranes, were covered
with the same polyimide—epoxy composite (as described in
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Figure 2. (a) Sketch of the pressure sensor module and encapsu-
lation concept in cross-section. (b) Schematic representation of the
entire sensor assembly with ceramic disc separator and taped pad
structures.

Sect. 3) used for die attachment to minimize thermal expan-
sion stress.

We choose here the approach to encapsulate the chips by
polyimide—epoxy first, and then by an ALD layer to achieve
a hermetically sealed passivation. Considering the opposite
approach, application of a polymer potting layer on top of
the ALD layer is not a viable solution, as the bond wires me-
chanically deform die to shrinkage of the polyimide—epoxy
in the curing process, which, in turn, would lead to minia-
ture fractures of the ALD layer. Another disadvantage is the
water uptake of the polyimide—epoxy which leads to changes
of the material properties of the polymer over time. The wa-
ter uptake of polymer is very low but the pressure sensor is
highly sensitive to any kind of mechanical stress and, in gen-
eral, any change of the material properties leads to drift of
the measured pressure value. Here, it was therefore chosen
to apply first a layer of polyimide—epoxy followed by ALD
deposition to create a water impermeable, hermetic encapsu-
lation.

A ceramic disc with an opening for the chip carrier was
placed next to the ASICs and fixed with the same polymer.
The disc serves as a separation between the ASICs that are
exposed to the medium on one side and the discrete circuit
components on the other side; this is depicted in Fig. 2b. The
overall assembly of the separation disc and the discrete com-
ponents is not the subject of this paper and therefore shall
not be described in further detail. The final step (described
in more detail in Sect. 4) is the passivation of the entire as-
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Figure 4. Photograph of the capacitive pressure sensor chip before
encapsulation (Betz, 2011).

sembly in an ALD tool with aluminium oxide (Al,O3) and
tantalum pentoxide (Ta2Os).

Only the hermetically sealed area located left of the ce-
ramic disc is later exposed to the liquid medium.

2.1 Silicon chip carrier

The carrier for the entire sensor module is made of a silicon
chip with aluminium tracks (for the discrete components),
pads and space for the pressure sensor chip and the SPP, as
shown in Fig. 3. The chip carriers are processed at wafer level
and diced into separate chips.

Silicon as a carrier material was selected because it has the
same thermal expansion coefficient as the ASICs. The ther-
mal expansion of different materials is critical in this passi-
vation method, as thermal stress can lead to fractures.

2.2 Capacitive pressure sensor chip

The pressure sensor chip has been fabricated in a CMOS
technology allowing the integration of capacitive pressure
sensor membranes with the readout electronics in a surface
micromachining process. The chip size is 1.8 x 1.8 mm? and
is shown in Fig. 4.

The bottom electrode of the pressure sensor is made of
nt doped silicon, whereas the upper electrode is made of a
flexible polysilicon membrane, as shown in Fig. 5. By ap-
plying pressure to this assembly, the distance between the
two electrodes is changed resulting in change of the capac-
ity Csens. The pressure sensor has already been described in
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Figure 5. Section through a pressure sensor membrane (Trieu,
2011).

more detail in Dudaicevs et al. (1994), Mintjes et al. (2010),
Trieu (2011) and Gembaczka et al. (2013).

In order to achieve a sufficiently large change of the capac-
itance, 20 identical pressure sensor membranes are combined
into an array. The pressure sensor chip is not only sensitive to
the applied pressure, but due to its micro-mechanical struc-
ture, also to mechanical stress induced, for example, by the
different thermal expansion coefficients of the chip and the
adhesive materials. Consequently, a soft silicone is typically
used as adhesive to mechanically decouple the chip. How-
ever, due to the ALD deposition temperatures of 275 °C any
silicone will exhibit considerable thermal change. Further-
more, the difficult topography of the pressure sensor chip re-
stricts the choice of a suitable passivation material. Figure 6
shows the cross-section of an area of the pressure sensor de-
picting this issue clearly.

2.3 Signal-post-processing chip

To get a functional pressure sensor module a second ASIC is
required to digitize the analogue pressure sensor signals. The
SPP chip shown in Fig. 7 was fabricated in a 0.35 pm CMOS
technology with a size of approximately 1.8 x 5 mm?.

The width of the ASIC is identical to the width of the
pressure sensor chip. The ASIC has a temperature sensor
integrated based on a bipolar transistor with the necessary
read-out circuits. The temperature measurement is used to
compensate the temperature dependence of the pressure sen-
sor. In addition to an analogue-to-digital converter the SPP
includes a voltage regulator, a local oscillator and an EEP-
ROM for permanent storage of calibration and identification
data (Gembaczka et al., 2013). With a two-wire connection
cable, the digitized sensor data is transmitted to a data reader.
The connection is used both for data transmission and power

supply.
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Figure 6. Cross-section SEM image of an area of the pressure sen-
sor illustrating the difficult topography for encapsulation.

3 Encapsulation with high-temperature
polyimide—epoxy composite

3.1 Choice of material

For the first encapsulation layer of the pressure sensor mod-
ule a polymer had to be found satisfying all requirements.
The same material should be used for the die-attach and the
potting of the pressure sensor module including the bond
wires. This has the advantage that thermal expansion coef-
ficients are identical avoiding tension and thus cracks in the
assembly.

Ideally, the material should satisfy the following require-
ments:

long-term temperature stability up to 275°c

high glass transition temperature

low thermal expansion

thermally conductive

electrically insulating

good adhesive properties

smooth surface without pores
— dispensable

— thixotropic

— CMOS compatible.

The desired properties, in particular the temperature stabil-
ity, drastically reduce the list of candidates of possible poly-
mers. With regard to the processability and adhesion, an
epoxy is a good choice for potting. Epoxy resins with dif-
ferent modifiers are available to improve material proper-
ties, for example rubber additives for flexibility (Boyle et al.,
2001). One disadvantage is the decomposition and deforma-
tion of polymers (Beyler and Hirschler, 2001; Cheng et al.,
2009). Some electrically insulating high-temperature epoxy
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Figure 7. Photograph of the SPP-chip.

composites already exist that allow operating temperatures
up to about 260°C, for example the Duralco 4461 (Poly-
tec PT GmbH, 2010) has a maximal operating temperature
of 260 °C but the deformation temperature is about 210°C
hence it is not suitable for the envisaged application. To ob-
tain a homogeneous and defect-free ALD passivation layer
the polymer must not deform during heating or cooling pro-
Cesses.

Alternatively, polyimides are materials satisfying nearly
all requirements and are well established for applications in
microsystem technology (Walewyns et al., 2013). However,
processing of polyimide is challenging due to the evaporation
of the solvent (for example N,N’-Dimethylformamid, N,N-
Dimethylacetamid or N-Methylpyrrolidon) (Calderén, 2005)
and water during the curing process (or imidization) leading
to a significant shrinkage of the material which is especially
problematic for the encapsulation of the bond wires. Another
critical point is the adhesion of pure polyimide which is typi-
cally rather poor (Gaw and Kakimoto, 1999). The bonding of
two objects is difficult because of the evaporation of the sol-
vent creating pore-like structures during the curing process.
The pores are also problematic for a hermetic ALD passi-
vation layer; therefore pure polyimides are also not suitable
for the pressure sensor module encapsulation. In particular
synthesized polyimides with additives allow improving some
material properties; examples include U-Varnish-S (UBE) or
PI12611 (HD Microsystems) which exhibit lower water ab-
sorption than basic polyimides (Rubehn and Stieglitz, 2010)
and were used for neural implants (Hassler et al., 2011).

In particular, polyimide—epoxy composite was identified
as a suitable material; here a small amount of epoxy (typi-
cally 10-15 %) is added to the polyimide partially replacing
the solvent (Gaw and Kakimoto, 1999). This increases ad-
hesive strength, shape stability and reduces the formation of
pores.

For the encapsulation of the pressure sensor module we
used Polytec EP P-690 (Polytec PT GmbH, 2011). The
shrinkage during curing was still significant as well as the
formation of pore-like structures, but less than in pure poly-
imides. To address the remaining problems, we developed a
curing process to minimize these issues
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Figure 8. Casting of the entire sensor module before the ALD pas-
sivation. (b) Detailed image of the pressure sensor chip after the
casting.

3.2 Polyimide—epoxy composite deposition

The potting of the chips and the bond wires with a
polyimide—epoxy composite is cumbersome due to the lack
of dimensional stability during the application process. The
polyimide—epoxy composite flows over the chip surface de-
pending on the material and topography making it difficult to
control and predict area coverage. The pressure sensor mem-
branes need to remain free of the polyimide—epoxy com-
posite. Pre-heating of the chip carrier allows application of
the polyimide—epoxy composite in certain areas only. The
polyimide—epoxy composite was applied manually using a
dispenser. For this reason the edge of the polyimide—epoxy
composite around the area of the membranes is irregular.

A further critical point is the shrinkage of the material due
to the evaporation of the solvent during curing. Preliminary
tests showed that the 25 um AISi bond wires were deformed
by volume reduction of the polyimide—epoxy composite. In
some samples, the deformation was so strong that the bond
wires were pressed onto the chip edge resulting in electrical
short circuits.

To avoid this problem, a high degree of imidization was
achieved by heating the pressure sensor module up to 290°C
for 1 h. This temperature was selected to prepare the setup for
the ALD deposition at a maximum temperature of 275°C. In
this way, no measurable shrinkage of the polyimide—epoxy
was observed during the ALD deposition. The result of the
polyimide—epoxy application after curing is shown in Fig. 8.
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Figure 9. Photograph of a test chip (left) and SEM image of the
transition region at a 45° angle (right).

4 ALD passivation

4.1 Material selection and layer thickness

The requirements for the ALD passivation material are as
follows:

— good adhesion to all materials (silicon, silicon nitride,
polyimide—epoxy composite)

must not alter the mechanical characteristic and proper-
ties of the pressure membranes

conformal deposition of high surface topography

biocompatible

electrically insulating

impermeable to water vapour

corrosion resistant

deposition at moderate temperatures to preserve the un-
derlying potting material and CMQOS circuitry.

Based on a previous study (Betz, 2011) aluminium ox-
ide (Al,03) and tantalum pentoxide (Ta;Os) were chosen as
ALD layers. Al,O3 ensures good adhesion and conformity
whereas the final Ta,Os layer ensures excellent chemical re-
sistance (Harkdnen et al., 2011). It has also been demon-
strated that NaCl solution has no measurable influence on
TayOs (Betz, 2011), ensuring biocompatibility.

It should be noted that the pressure sensor membrane de-
flection with 100 nm TaOs has been already examined by
Betz (2011) with an optical interferometer. It was observed
that the pressure-dependent deflection of a membrane was
decreased by 19 % compared to the unpassivated membrane.
A reduction in pressure sensitivity of this magnitude can be
easily compensated by the gain setting of the integrated read-
out circuit of the pressure sensor. Furthermore, the pressure
sensor is designed so that the membrane touches the underly-
ing substrate at a pressure of approximately 1.6 bar; therefore
the maximum pressure survivability is rather high (~ 5 bar),
definitely much higher than the maximum pressure experi-
enced in an implant.
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Figure 10. Schematic representation of the test setup for the am-
perometric defect investigation.

Figure 11. Intact probe after an amperometric defect test (left) and
a sample having a defect in the ALD passivation (right). The sacri-
ficial AISi layer is completely decomposed.

Table 1 summarizes the process parameters for the depo-
sition of the ALD layers.

4.2 Investigation of the ALD passivation

4.2.1 Amperometric defect investigation of the ALD
passivation layer on a test structure

The interface between the chip surface and the polyimide is
a critical area which had to be examined in more detail since
fractures due to stress caused by the cooling process may
damage the ALD passivation layers. Another failure mech-
anism is particle contamination. In order to locate defects
in the passivation a destructive amperometric measurement
test was carried out. For this purpose a silicon test wafer was
fabricated with the following layers: 10nm Ti, 40nm TiN,
900 nm AISi deposited by sputtering.

The wafer was diced with a wafer-saw into individual
chips with a size of 25 x 25mm?. Then, in a circular area
of approximately 5 mm diameter polyimide—epoxy compos-
ite was applied manually with a dispenser and cured with the
same parameters used for the pressure sensor module. This
entire structure was coated with the ALD passivation layers.
A first inspection by SEM, as shown in Fig. 9, revealed that
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Figure 12. Current flow at a defective passivation at 3 V.

in the transition region between the silicon sample and the
polyimide no cracks were visible.

For the amperometric defect investigation, the test chips
were prepared by gluing a plastic tube with silicone in the
middle of the encapsulated region thus creating a container
for PBS. The AISi layer directly underneath the passivation
test layers was used as the anode. The cathode and the refer-
ence electrodes were placed in the PBS. Figure 10 shows the
measurement setup.

For the measurements an impedance analyser (Autolab
HAUTOLABII/FRA2) was used. An applied voltage between
the electrodes resulted in no measurable current flow in the
case of intact passivation. Contrarily, in the case of a defect
in the ALD passivation layer, the AISi layer began to de-
compose due to the contact with the electrolyte resulting in
a measurable current flow of about 1 yA which slowly in-
creased. The AISi layer directly below the passivation thus
formed a sacrificial layer. To get an electrical contact to the
AISi layer the passivation was destroyed with a needle in the
edge region. Figure 11 shows an optically intact sample (left)
and a sample with a severe defect (right) after the ampero-
metric test.

With the test samples the following amperometric mea-
surements were carried out at room temperature: increasing
the voltage from 1to 5V in 1V steps for 5 minutes each and
continuous measurement for 25 h at 5 V. A voltage of 5V was
selected since many medical implants operate at this voltage.

The graph in Fig. 12 shows the current versus time for a
sample with a defect. For the measurement using an increas-
ing voltage the sample showed a first measurable current flow
at a voltage of 3V which continuously increased with time.
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Figure 13. SEM image of boundary between polyimide—epoxy
composite and chip surface with an ALD layer (not visible) over
the entire area.

Table 1. Process parameters for the deposition of the passivation
layers.

Thickness  Temperature Growth rate per
Material [nm] [°C] Cycles cycles [A]
Al,03 50 270 500 1
TapOsg 50 275 1300 0.4

A sample without defect showed no measurable current
flow, even after 25h at 5V.

The preliminary tests showed that the adhesion of the
polyimide—epoxy composites was sufficient despite the high-
temperature stress it was exposed to. Dust particles were
identified as the main source for defects; this is attributed to
the fact that the test chips were not coated at wafer level. We
tested four samples which were cleaned only with a stream
of nitrogen before ALD. All of these samples showed de-
fects. Four further samples were cleaned first with acetone,
isopropanol and finally with DI-water; these showed no de-
fects. The experiments indicated that the cleaning of the sur-
face and full processing in clean-room conditions are impor-
tant for a defect-free coating.

4.2.2 Optical investigation of the sensor module

The amperometric defect investigation showed that the tran-
sition region between silicon and polyimide—epoxy compos-
ite exhibited sufficient adhesion and that ALD passivation of
polyimide—epoxy composite without fractures is in principle
possible. Therefore, the pressure sensor modules were coated
in the ALD tool. After the coating, a sample was analysed in
the SEM. Figure 13 shows a close-up of the transition region
between the chip surface and the polyimide—epoxy compos-
ite at an angle of 45°. It confirms that the transitional area
could be coated despite the high topography of the ASICs
without cracking or fractures.

Figure 14 shows the encapsulation of the entire pressure
sensor chip as a SEM picture. The brightness is due to charg-
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Figure 14. SEM image of a defect-free passivation.

Figure 15. Cross-section SEM image of the ALD passivation lay-
ers.

ing of the tantalum pentoxide layer in the SEM, which has
the benefit that defects can be detected easily.

Additionally, wafer pieces of pressure sensor chips were
coated in the same ALD process step to control the layer
thickness and conformity. Figure 15 shows an area of the
pressure sensor after the ALD coating. The bright tantalum
pentoxide layer on the surface is clearly visible and indicates
excellent conformal coverage.

5 Test and characterization of the sensor module
after encapsulation

Test measurements to evaluate and characterize the pressure
sensor module after encapsulation were carried out. Prior to
the measurement the sensor modules were calibrated allow-
ing the temperature dependency of the pressure sensor to be
compensated. The calibration took place in a pressure range
from 800 to 1400 hPa and a temperature range of 24 to 40 °C.
The calibration parameters were controlled with a pressure
calibrator DP1-520 and a PT-100 temperature sensor.
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Figure 16. Photo of the housing with the transparent tube for hold-
ing the test fluid and creating a well-defined pressure.

5.1 Housing for the sensor module

To apply a defined pressure in a test fluid the pressure sen-
sor module needed a suitable housing. The housing for the
sensor module was made of polyether ether ketone (PEEK)
which offers excellent chemical resistance and good temper-
ature stability. The housing is designed in a modular way to
facilitate different types of measurements. Figure 16 shows
the calibration setup consisting of the PEEK housing and a
transparent tube screwed onto the housing. Test liquid could
then be dispensed into the tube creating a well-defined pres-
sure.

The resulting liquid column provided a sufficient fluid
reservoir. It also allowed connecting an air hose to apply a
defined external pressure required for the calibration. The en-
tire setup is placed in a climatic chamber to set the desired
temperature.

5.2 Measurement setup

With the presented measuring system it is possible to mea-
sure not only pressure but also temperature. The measur-
ing system consisted of the housed pressure sensor module
placed in a climate chamber and connected with a hose to
the pressure calibrator. The pressure sensor module transmits
the measured values through a two-wire cable to a data reader
device outside of the climatic chamber. The data reader con-
tains the interface and energy controller (IEC) and a micro-
controller. The IEC represents the link between the pressure
sensor module and the microcontroller to control the com-
munication and power supply. The data reader transmits the
data via USB to a PC running a purpose programmed Lab-
View software. The software visualizes and saves the mea-
sured values. The software also controls the pressure calibra-
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Figure 17. Overview of the pressure measurement system.

tor, measures the temperature in the climatic chamber with a
PT-100 and programmes the climatic chamber to adjust the
temperature. Figure 17 shows the main components of the
measurement setup.

5.3 Adjustment and calibration

The digital output of the pressure sensor module is in a form
of values between 0 and 8191. The calibration of the pressure
sensor module associates the digital values with the real pres-
sure measured by a reference pressure sensor (DPI1-520). To
create a pressure calibration curve equidistant measurement
points were selected. With two parameters it was possible to
set the offset and the gain of the pressure sensor module and
optimize the curve within certain limits. These parameters
were introduced for compensating manufacturing tolerances
and encapsulation influences.

The pressure curves used for calibration were recorded
at various temperatures in 0.9 % saline solution. Figure 18
shows an example of a calibration measurement against the
reference pressure sensor. The pressure curves were recorded
in a range of 800 to 1400 hPa in a temperature range be-
tween 24 and 40°C. In this resolution, the pressure curves
almost overlap, indicating that the temperature coefficient of
the pressure sensor module is very low.

With the measurement output values for the pressure (zp)
and the temperature (z7) the real pressure is approximated
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Figure 18. Pressure value of an encapsulated sensor module at var-
ious temperatures in saline solution.

2.5

o0

»> |-
201

15 &

P

X oW
San
»

calibration error + 1 Sigma [hPa]

0.5

800 1000 1200 1400
reference pressure [hPa]

@ calibration error@24°C m calibration error@28°C
calibration error@32°C x calibration error@36°C
x calibration error@40°C
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Figure 20. Temperature value of an encapsulated sensor module at
various temperatures in saline solution.

with a multivariable regression polynomial Py :

4 2
Px = Z |:(Zp)i Zai,j(ZT)j] . (1)

i=0 j=0

The variable (g;, ;) are the calibration coefficients of the poly-
nomial witch are determined by the method of least squares.

For low temperature coefficients of the pressure sensor
module (as for the measurement result shown in Fig. 18)
calibration with the polynomial is possible. In Fig. 19 the
calibration error of the pressure sensor module is shown,
which is below 2 hPa (including 1-sigma noise). Based on
the measurement range this corresponds to a total error of
about 0.34 % full scale span.

Figure 20 shows the temperature sensor values at different
pressures between 24 and 40 °C. The data points for the dif-
ferent pressures are very close together which demonstrates
the good stability and reproducibility. As temperature refer-
ence a PT-100 was used. The calibration error of the temper-
ature sensor shown in Fig. 21 is less than 0.2 °C (including
the 1-sigma noise)

6 Accelerated life testing

To estimate the long-term stability accelerated life tests of
the pressure sensor modules were carried out. Several cali-
brated pressure sensor modules were placed in a sealed hous-
ing filled with 0.9% saline solution. The housed pressure
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Figure 21. Temperature—calibration error (including 1-sigma
noise) at different temperatures.
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Figure 23. Error of the pressure curves after a different accelerated
life test time at 60 °C in saline solution (the measurements were
recorded at 36 °C).

sensor modules were stored in an oven at a temperature of
60 °C. This temperature was selected because the commu-
nication with the housed pressure sensor module was still
functional at this temperature. The pressure sensor module
was continuously electrically powered-up and read-out dur-
ing the test. Higher temperatures would disturb the commu-
nication. To detect drift caused by environmental effects, the
aging test was interrupted after certain time intervals and a
control measurement was done to compare the results with
the measurement before the start of the aging test. Control
measurements were carried out at different temperatures and
pressures. To illustrate the drift of the sensor module, pres-
sure curves at 36 °C of the control measurements at different
time intervals of the aging test are shown in Fig. 22. After the
control measurements, the sensor modules were placed back
in the environmental chamber.

An upward shift of the pressure curves can be observed
with increasing aging time. The calibration polynomial of
the first measurement before the aging period was used to
calculate the pressure value error. The measurement total cal-
ibration error in hPa is shown in Fig. 23. It should be noted
that the housed pressure sensor module had to be removed
from the oven and the housing opened before every control
measurement to allow mounting the transparent tube for the
pressure calibrator. This process is likely to cause mechani-
cal stress on the housing and thus influence the sensor out-
put. The error after 524 h and after 744 h of aging was about
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Figure 24. Photo of the sensor module with the wider silicon chip
carrier.

17 hPa. This corresponds to a total error of about 2.8 % full
scale. Between the measurement curves at 744 and 1482 h the
complete pressure sensor module housing was opened for a
visual investigation. The last measurement curve after 1482 h
indicates that the system changed after the inspection as the
error increased up to 30 hPa.

The sensor modules failed in continuous operation after a
total of 1500 h at 60 °C in saline solution. The reason for the
failure is probably the saw line of the chip carrier which was
not completely potted with the polyimide—epoxy composite
in this design. Figure 24 shows a new design of a wider chip
carrier, so that the polyimide does not extend to the saw lines
of the chip carrier; this is likely to solve the problem.

The interpretation of the measurement data with respect
to a prediction of long-term stability is not straightforward.
Further accelerated aging tests at 100 % humidity and a tem-
perature of 120 °C were carried out. The longest aging time
here was 116 h. We used an Arrhenius approach to calculate
the operating life time at 37 °C (Betz, 2011). We choose the
activation-energy of 0.7 eV to calculate operating life time as
it is used for the aging of semiconductors in CMOS technol-
ogy (White et al., 2013; Bayle and Mettas, 2010). Here, the
influence of the liquid is not taken into account. The calcu-
lated life time at 37 °C based on these tests was 3.3 years. An
incorrect assumption on the value of the activation energy
can lead to an incorrect deduction, which is the weakness
of the acceleration model (Bayle and Mettas, 2010). If we
use an activation-energy of 0.6 eV, the calculated life time at
37°C is 1.5 years and with an activation-energy of 0.8 eV the
calculated life time at 37 °C is 7.5 years. For an unambiguous
prediction of the life time a greater number of sensor mod-
ules have to be tested.

7 Conclusion

An encapsulation process has been developed to use a high-
temperature resistant polyimide—epoxy composite as a die-
attach material and sealing compound for the bond wire and
parts of the chip surface excluding the MEMS pressure mem-
branes. The process prepares the pressure-sensor module for
ALD passivation. It could be shown that a conformal ALD of
Al>03 and Ta2Os5 on a polyimide—epoxy composite is possi-
ble, including the transition regions to the chip surface.
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Moreover, it has been shown that a complete pressure sen-
sor assembly can be encapsulated and hermetically sealed.
The passivated pressure sensor was calibrated and tested in a
0.9 % saline solution showing excellent results.

An accelerated life test at 60 °C with permanent electric
read-out indicated a maximum error of 5% full scale after
1482h. In a second accelerated life test at 120 °C the pas-
sivated pressure sensor system reached an operation time of
116 hours until it fails. Using an Arrhenius approach with ac-
tivation energy of 0.7 eV the calculated life time at 37°C is
3.3 years. In order to get a better assessment of the life time,
a greater number of sensor modules have to be tested.

Further optimization and automation of the fabrication
process may allow a new kind of hermetic encapsulation for
human implants based on MEMS sensors. As a next step, it
is intended to test the pressure sensor module in blood and in
an animal model in the near future. However, similar results
are expected at least for the TapOs layer, as has already been
found to be more corrosion resistant in blood compared to
bare Ti (Sun et al., 2013).
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