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Abstract

Piezoresistive pressure sensors have been in use for decades and are among the most
successful micromachined sensors. From their introduction in the 1960s, they have
experienced a dramatic improvement on performance and stability, as new
microfabrication techniques have been developed. For high-accuracy avionic
applications, there is a strong focus on the long-term stability of the sensor output-
signal. Higher stability makes increased service-intervals possible and open the doors
to new applications areas. This thesis focuses on possible root causes influencing the
stability for piezoresistive pressure sensors. Although the main focus has been on the
SP82-design from MEMSCAP, the results are relevant also for other sensor designs

using similar packaging technologies.

It has been found that even small amounts of excess glass frit material in the die
lamination process may cause a major influence on the sensor zero point and
temperature sensitivity. High residual stress in the excess glass frit volume will also
result in increased risk for mechanical stress release in the form of microcrack
formation. By optimizing the glass frit distribution, the influence from the die
lamination on the sensor output-signal has been reduced and the stability has been

improved.

Another major finding has been that the use of a thermoset polymer as a die-attach
material might result in an unwanted signal drift when the sensors are stored for
weeks under ambient environmental conditions. This was found to be caused by
diffusion of water into the polymer, leading to spatially localized swelling with
resulting mechanical stress changes, combined with physical aging. A new support die

design has been designed and tested, reducing this effect to neglectable levels.

The sensitivity of a sealed sensor structure to changes in the sensor cap pressure has
been modelled and experimentally verified. Examples of resulting influence from
various storage conditions on signal drift as well as characteristic over temperature are

demonstrated, and resulting hermeticity requirements are discussed.
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A new metallization pattern for in situ observation of metal properties in a
piezoresistive pressure sensor has been developed and initial testing has been
performed. By limiting the design change to the metal mask only, this provides a cost
effective approach for characterizing of metal properties where the test structure can

be combined with functional devices on the same wafer.
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1 Introduction

Pressure sensors using piezoresistive elements in silicon as the stress sensitive element
were first introduced in the 1960s, and are among the most successful micromachined
sensors. Since then, a number of new microfabrication techniques have been
introduced, improving the performance of piezoresistive pressure sensors [1]. With
this improved performance, the piezoresistive pressure sensors have been introduced
in @ number of advanced applications with high demands on both precision as well as
stability, such as medical and automotive applications as well as applications for the

avionics market.

For the avionics market, the decreasing atmospheric pressure versus altitude is used
for calculating flight altitude based on pressure measurements. This is done by an
absolute type pressure sensor, where the pressure is measured relative to a vacuum
reference. In addition, the air-speed can be calculated by measuring the difference
between the total incoming air-pressure (stagnation-pressure) and the atmospheric
pressure (static pressure). This is done by a differential type pressure sensor,
measuring the difference between two pressures. The air-speed can be different from
the speed over ground due to strong winds at the flight altitude, but the air-speed
measurement is extremely important for operating the aircraft within safe limits. Too
low airspeed will cause the aircraft to stall, while too high airspeed might result in

structural damage to the aircraft.

There are several different units for pressure used in the industry depending on
application and geographic location. In this thesis, we use the Sl-unit Pascal (P) where
100 kPa =1 bar and 1 hPa = 1 mbar. One standard atmosphere (atm) is a constant that
is used for describing typical atmospheric pressure at sea level on earth. Disregarding
influence from weather systems, the standard atmosphere on earth is defined as
1013.25 hPa at sea level. As we move upwards from sea level, the air pressure will

decrease. At an altitude of 1000 meters, the air pressure has decreased to 0.89 atm or
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901.79 hPa. At a maximum flight altitude of 12500 m, the air pressure has decreased
to 0.18 atm or 178.65 hPa.

1.1 Background

MEMSCAP has long experience in the field of piezoresistive pressure, both for the
highly demanding avionic market as well as for medical devices. This involves design of
basic pressure sensing elements and sensors, as well as complete calibrated sensor
modules, containing pressure sensors with accompanying electronics needed to
deliver digitized and compensated pressure reading for various applications. Extensive
work has been focused on algorithms for compensation of temperature and non-
linearity effects. By implementing and optimizing advanced algorithms for signal
compensation, it has become clear that further improvements are not possible
without a thorough analysis of the basic sensor design, identifying root causes to

observed anomalies and reducing these effects.

The baseline high-precision pressure-sensors contained in this work are named the
SP82 family and are typically used for avionic applications such as air-data computers
and airplane cabin pressure monitoring, providing pressure measurements for
calculating air-speed and altitude for a high number of airplane systems. Figure 1
shows the SP82 pressure sensor and some calibrated sensor module variants. Due to
its high reliability and accuracy, the SP82 sensors are also used for other highly
demanding applications such as the Tunable Laser Spectroscope (TLS) on the Mars
Science Laboratory mission’s Curiosity rover [2] and the Carmat artificial heart

prosthesis [3].

The initial mechanical design concept of the present SP82 configuration, with the die-
stacking and applying pressure through a glass tube to the electrically inactive side of
the sensor die, origins from work at SINTEF during the 1970s. In 1986, the stability was
improved by work at Sensonor, with the design of a new sensor die with buried
piezoresistors. Incremental design improvements further improving the stability has

also been done at MEMSCAP.
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The long-term stability of SP82 is currently specified as 0.02 %FS/year (% of Full
Scale/year). For 1mA DC excitation, typical zero-point is specified as +10mV, Full Scale
Output (FSO) is 125 mV +35%, Temperature Coefficient of Offset (TCO) is £0.07 %FS/°C
and Temperature Coefficient of Sensitivity is 0.01 £0.01%/°C. Both maximum operating

temperature and maximum storage temperature are -55 °C to +125 °C.

When the sensor is calibrated in a sensor module, a total inaccuracy of less than
10.05 %FS is typically obtained for the full pressure range over a temperature range of

-40 °Cto +85 °C.

Figure 1 The SP 82 pressure sensor and calibrated sensor modules

Total accuracy requirements for the most demanding aerospace applications can be
one to two orders of magnitude higher than for industrial and automotive applications.
For these applications, there is also a strong focus on identifying the root cause of
observed deviations from specifications. When abnormal behavior is identified for
commercial applications, a claim can be met by simply giving a customer a
replacement unit without a detailed investigation of the root cause of the abnormal
behavior. This will influence on the manufacturing yield, but no detailed investigation
of the root cause is needed. For avionic applications, the focus is not on the cost of
sending a replacement unit, but rather on the investigation on the fundamental root
cause of the abnormal behavior. A detailed knowledge of possible factors influencing

the performance is therefore needed, and all physical effects influencing the sensor
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performance need to be known in detail. Even though the SP82 sensor family is
regarded as a high-precision sensor design with a significant market share, the market

always strives for even higher accuracies and a better long-term stability.

For the avionic industry, the introduction of the RVSM (Reduced Vertical Separation
Measurements) requirements [4] requires accuracy-performance towards 100 ppm of
full scale (FS). For a pressure sensor with a FS of 100 kPa, 100 ppm of FS corresponds
to 0.1 hPa. When converting atmospheric pressure differences to altitude, this
corresponds to an altitude change of 0.8 m at sea level. However, when an aircraft
cruises at 45000 feet (13716 m), 0.1 hPa corresponds to an altitude difference of
4.0 m.

In 2013, MEMSCAP decided to address this task through a research project supported
by the Norwegian Research Council (NRC). The project was named 4P — Precision
Piezoresistive Pressure-sensor Platform, and this Ph.D. work has been a central part of

this project.

1.2 Research goals and approach

The ultimate goal of this work has been on improving the current state of the art for
piezoresistive pressure sensors to have the markets lowest long-term drift of less than

100 ppm of FS per year including thermal hysteresis effects.

The work has focused on physical properties influencing the stability of piezoresistive

pressure sensors, in particular on high precision sensors for the avionic market.

The output signal of a pressure sensor is ideally a function of the measured test
pressure only. In practical implementations, the output signal is also influenced by a
number of other effects. This includes electrical drift in the piezoresistors and
interconnect system, mechanical stress in the sensor structure, leakage related
phenomena as well as other possible influences. Due to the high number of possible

sources, great care should be taken in order to isolate the various contributions.
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During the project we have therefore designed and built a number of different test
sensors, each focused on a specific failure mode. In addition, the test structures have
been modelled using finite element analysis (FEA) in order to calculate the effect of
various failure modes and process variations. The modelled behavior has been
compared with a large number of measurements on test samples, performed over a

variety of temperatures and humidity levels.

During normal sensor manufacturing at MEMSCAP, a number of measurements are
done and the results are stored in databases. By doing targeted searches in this data
and compare against measurements from test samples, further insight in the

importance of various contributing factors to the final sensor accuracy has been found.

The output signal of a piezoresistive pressure sensors is highly temperature
dependent. In order to achieve the required accuracies, a flexible approach to signal
compensation is needed. We have therefore built a software platform, where
MEMSCAP is able to use a number of different recorded signal sequences as input to a
variety of temperature and pressure compensation algorithms. By studying the
difference signal from the mathematical models, it is thus possible to extract detailed

behavior variations from the recorded signals sequences.

1.3 Impact of results

This work has been done in close collaboration with MEMSCAP, which manufactures
high-precision pressure sensors and calibrated pressure modules for the avionics
market. The present high-precision pressure sensor family is named SP82 and possible
improvements to the SP82 pressure sensor family has been focused in this research.
Important sensor improvements based on this research has been presented to key
customers of MEMSCAP during the project duration and some improvements have
already been implemented in the sensor production. Based on this research,
MEMSCAP is now able to manufacture pressure sensors with an improved accuracy
and stability, and performance variations due to the studied phenomena can be

controlled. Deviations from ideal behavior, previously observed by both MEMSCAP and



Sandvand: High-stability piezoresistive pressure sensors

customers, can now be understood and explained. Although many of these effects
might seem minor in magnitude, they cause a limit of the achievable accuracy level for

calibrated pressure sensor modules.

At the application level, the improved performance will result in improved altitude and

air-speed control for the aircraft equipment-installations using this sensor.

1.4 Structure of the Thesis

The thesis is organized in 5 parts, including this introductory section.

Section 2 contains an introduction of the basic device physics for the piezoresistive

pressure sensor used in this work.

Section 3 continues with a detailed description of the various causes that may

influence the long-term stability of piezoresistive pressure sensors.

Section 4 contains an overview of contributions of this work

Section 5 contains some concluding remarks

The publications of this work are attached at the end of the thesis as Article | to

Article V
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2 The piezoresistive pressure-sensor

A traditional silicon pressure-sensor design uses a thin micromachined diaphragm that
is deflected due to an applied pressure. The deflection results in high mechanical stress
along the edges of the diaphragm, and this stress is detected by stress sensitive
piezoresistors placed at positions of maximal mechanical stress. Figure 2 shows a
principal sketch of the mechanical design of the absolute pressure sensor used in this
work, consisting of three bonded silicon dies mounted into a TO-8 package. A TO-8
package (Transistor Outline, Case style 8) is a metal can package that is hermetically

sealed with a welded cap and glass sealed connecting pins.

Figure 2 Cross section sketch of piezoresistive pressure sensor

There are a lot of possible design variants of piezoresistive pressure-sensors. Some
designs use glass instead of silicon for the vacuum reference die and/or the support
die, and the die-bonding technology will vary, but glass frit bonding or anodic bonding

are mostly used. The etching of the thin diaphragm can be done by anisotropic etching
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for a certain time, or by more advanced thickness control such as etch stop at a buried

silicon dioxide layer or at a pn-junction [1].

The central sensor die in Figure 2 contains the diaphragm with piezoresistors and
additional metallization needed to form a complete measurement bridge circuit. An
example is shown in Figure 3, where the resistors (labelled R1 to R4) are configured as
an open Wheatstone bridge. Electrical connections are provided via glass-sealed
connecting pins connected with the sensor die using wire bonding. At the wire-
bonding stage, the bridge can be closed, or it can be left open at one end to provide
for a more flexible electrical compensation approach using external components. In
addition to the four resistors at the diaphragm edge, additional resistors are located
outside the diaphragm area for accurate temperature measurements. Temperature
measurement close to the stress-sensitive piezoresistors is important for accurate

temperature compensation of the signal.

Figure 3 Example of a sensor die layout (top view) with four piezoresistors connected
with metal. Red: P+ implant, Blue: Al metal

The cavity between the vacuum reference die and the sensor die is evacuated during
manufacturing, forming a vacuum reference for absolute pressure measurements. The
support die offers a rigid support of the sensor die and acts as a physical interface to

the test pressure port.
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A differential pressure sensor can be built by omitting the vacuum reference die and

adding a second pressure port to the welded cap.

Figure 4 shows additional details for a 1 bar (100 kPa) sensor die, illustrating typical
dimensions and piezoresistor positions. Other pressure ranges can be realized by

changing the diaphragm thickness and area.

Figure 4 Sensor die with piezoresistor positions

2.1 The sensor die

Silicon has a long tradition as a semiconductor material used for construction of planar
electronic devices with a high number of processes and manufacturing equipment
available. Development of etching technologies during the 1960’s made it possible to
also include diaphragm structures in the same die for construction of micro electro

mechanical systems (MEMS) devices.
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Monocrystalline silicon has near ideal elastic properties and has been extensively used
as the main building material for piezoresistive pressure sensors. The following
sections contain a short introduction to some basic properties and concepts used for

construction of silicon based piezoresistive sensor dies.

2.1.1 Mechanical properties of silicon

Monocrystalline or single-crystal silicon has the silicon atoms ordered in a periodic
structure where each atom is attached to four neighbor atoms in a diamond lattice
crystal structure. This structure has a cubic repeating element and is therefore called a
cubic material. Silicon has anisotropic elastic properties where the Young’s modulus
depends on which crystal direction of the material that is being deformed, and it is

therefore essential to define which crystal direction that is being used.

The various crystal directions are indicated using Miller indexes. The sensor die surface
in this work is aligned with the commonly used (100) plane, with the local x and y-axes
along the <110> directions. The diaphragm as shown in Figure 4 is micromachined
using anisotropic wet-etching, where the etch rate is dependent on the crystal
direction. We therefore get sidewalls with a characteristic slope of 54.7 degrees. By
using other micromachining technologies like deep reactive ion etching (DRIE) it is also
possible to get sidewalls with a 90 degree angle like shown for the support die in

Figure 2.

2.1.2 Electrical properties of silicon

A semiconductor like silicon has an electrical conductivity between insulators and
metals. The electrical conductivity can be altered by adding small quantities of
impurity ions from neighboring elements in the periodic system. This is called doping,
and it can be done by a number of established semiconductor processes like diffusion
and ion implantation. After doping, silicon can be either n-type or p-type. N-type
means that there is surplus of negatively charged electrons and p-type means that

there is a surplus of positively charged holes.

10
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2.1.3 The silicon piezoresistor

A simple form of a silicon piezoresistor can be realized by creating diffused
piezoresistors in a silicon substrate. The resistors are defined by localized doping of the
silicon substrate followed by a high temperature process. This will result in resistor
geometries with unique electrical properties depending on the type and amount of

impurities introduced.

The individual resistors are electrically connected to form a complete circuit using
patterned thin film metallization on top of an insulating oxide. Figure 5 shows an
example of a diffused p-type piezoresistor geometry in a n-type silicon substrate. The
effective resistance is defined by the actual geometry, the semiconductor doping
profile and doping levels, and the resistor is isolated from the substrate by a reverse
biased pn-junction. Ohmic contact between metal and the p-type resistor is made by
p+ diffusion (where p+ means heavily doped p type) in the contact areas, and the top

surface is protected by a silicon dioxide insulating layer.

Figure 5 Piezoresistor layout

For a homogenous block of material of length / and cross section area A, the electrical

resistance R between the end points can be expressed as

11
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pl (1)

where p is the electrical resistivity of the material. For many materials, p can be
considered constant as a function of applied mechanical stress, and the resulting
resistance change due to mechanical strain is mostly due to a change of geometry

affecting the length and cross section area.

In a piezoresistor, the resistivity will change with mechanical stress [5] due to changes
of the mobilities of electrons and holes. This effect, called the piezoresistive effect, is
highly dependent on the crystallographic directions of the semiconductor as well as
the applied stress directions, resulting in a rather complex tensor-notation. Further

details can be found in Ref. [1].

For a p-type piezoresistor aligned with the silicon <110> directions, the resistance
change due to a uniform mechanical stress can be expressed as
AR = M 0] + T 0; 2)
R 101 t0t
where o) is the mechanical stress parallel to the current flow (longitudinal) and ot is the
mechanical stress perpendicular to the current flow (transversal) in the piezoresistor.
mu and 1 are the longitudinal and transversal piezoresistive coefficients. The
longitudinal and transversal piezoresistive coefficients, m and i, can be expressed as

(3)

m=5 (11 + 13 + Tay)

(4)

=g (11 + 12 — T44)
where 11, 12 and s are components of the piezoresistive tensor.

In 1954, Smith [5] fully characterized the piezoresistive coefficient for lightly doped
(10 cm3) bars of silicon. He found m1 = 6.6 x 101! Pa%, 12 = -1.1 x 10! Paland 14 =
138.1 x 10! Pa for the piezoresistance in the <110> crystallographic directions on the

(100) plane of p-type silicon. Later, scientists have reported values for other doping

12
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levels and by using diffused resistors, as well as characterizing the coefficients versus
temperature [1], but the experimental data from Ref. [5] is still generally used for most

introductory examples found in literature.

Based on typically reported values for the piezoresistive coefficients [5], we can use

that m = - i, and (2) can then be expressed in the locally aligned coordinate system as

(5)

AR 1y,
R=2 W
where oy is x-axis normal stress and oy is the y-axis normal stress in the local
coordinate system. Stress induced resistance change for a p-type piezoresistor is thus

proportional to the differential stress (ox - oy) at the piezoresistor positions.

Typical values for the SP82 type of sensor die shows a full scale resistance change AR

of 100 Q at a pressure of 100 kPa. This corresponds to 0.1 Q/hPa.

Piezoresistors are also highly temperature dependent, with a temperature coefficient
of resistivity (TCR) in the order of 2200 ppm/°C. For the nominal 5 kQ piezoresistors in
SP82, this corresponds to 11 Q/°C. For measuring a pressure difference of 0.1 hPa, we
thus have to detect a resistance changes of 0.01 Q on a signal that varies with 11 Q/°C
as a function of temperature. To be able to do this, we need to compensate for the

temperature related variation.

2.1.4 Mechanical stress in a square diaphragm

When a pressure is applied from the bottom side of the silicon diaphragm in Figure 4,
the diaphragm will bulge slightly upwards. With the geometry as shown in Figure 4 and
a pressure of 100 kPa (1 bar), the maximum displacement at the center of the
diaphragm will be less than 4 um, with zero displacement at the diaphragm edges. For
piezoresistors, it is not the displacement that is important, but the difference between
mechanical stress in two directions. Figure 6 shows calculated x-axis normal stress (o)
and y-axis normal stress (oy) for the top surface of the geometry in Figure 4 with an

applied test pressure of 100 kPa. At the edges of the diaphragm there is a high

13



Sandvand: High-stability piezoresistive pressure sensors

compressive stress (negative values) and there is also a high tensile (positive values)

stress towards the center of the diaphragm.

Figure 6 Left: x-axis normal stress (ox) and Right: y-axis normal stress (oy) - on the top
surface of the sensor diaphragm die with an applied pressure from bottom of 100 kPa

Figure 7 Differential stress (ox- oy) on top surface of sensor diaphragm die with an
applied pressure from bottom of 100 kPa

Figure 7 shows the calculated differential stress (ox-oy) on the surface. Notice that the

differential stress is zero at the center and maximum at the mid-point of the
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diaphragm edges. Also note that the sign is positive along two of the edges and

negative along the two other edges.

Using the piezoresistor positions from Figure 4 and inserting the differential stress
results from the square membrane of Figure 7 into (5) will result in two resistors with

increasing and two resistors with decreasing resistance with pressure.

2.1.5 The Wheatstone bridge
A common way of connecting four piezoresistors is the closed Wheatstone bridge
configuration as shown in Figure 8. This configuration converts the resistance change

into an output signal voltage.

Figure 8 Typical constant voltage Wheatstone full-bridge configuration (red arrows
indicate resistance change with increasing pressure)

The output signal Vo can be expressed as

&_ R, _ R, (6)
Vex Ry +R, R3+R,

where Vex is the excitation voltage and R to R4 is the resistance of the pressure sensing
piezoresistors. For this configuration, all four resistors will contribute to the resulting

signal if R1 and R4 decrease and Rz and Rs increase as function of pressure.
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Ignoring higher order contributions to TCR, the resistance of the individual

piezoresistors R (where i = 1..4) can be simplified as
_ Ths (7)
R; = Ro;(1+ a; AT + T(Gx,i — 0yi))

where R ; is the resistance at a reference temperature, a; is the temperature
coefficient of resistance (TCR) for the individual resistors, AT is the temperature

change and (gy; — dy,;) is the differential stress at the piezoresistor position.

If the four piezoresistors in (6) share a common nominal resistance Ro and TCR (), the
output signal change due to temperature is effectively cancelled. However, due to
small variations in doping levels and geometry in practical implementations, there will
be small differences between the individual resistors that need to be compensated for
high-accuracy applications. Temperature dependent residual stress from
manufacturing will also give stress-dependent contribution from the stress-sensitive

part of (7), even when external pressure is not applied.

Replacing the voltage source Vex in Figure 8 with a constant current source Igx, will
result in an increasing excitation voltage versus temperature. This can be used as an
initial compensation of the negative temperature coefficient resulting from the

positive TCR.

2.2 Basic properties

An assembled pressure sensor is usually characterized using a fixed excitation voltage

(or current) at specified environmental conditions through its:

e Zero-point offset Output signal at zero pressure (mV). (Often normalized to
the excitation as mV/V for constant voltage excitation or mV/mA for constant
current excitation)

e Full Scale (FS) Output signal at rated maximum pressure (mV)

e Sensitivity  Output signal per unit pressure change (for example mV/bar)

16



Sandvand: High-stability piezoresistive pressure sensors

e Non-Linearity Maximum deviation of output signal versus pressure from linear
behavior (% FS)
e Repeatability A measure of how repeatable the measurements are for the

same input pressure during pressure cycling (% FS)

It is normal to also specify some temperature related effects:

e TCO Temperature coefficient of zero-point offset. Can be
approximated as a linear change for a limited temperature span (uV/°C
or %FS/°C), or a more detailed behavior can be presented using a graph of zero-
point versus temperature.

e TCS Temperature coefficient of sensitivity. Can be approximated as a
linear change for a limited temperature span (%FS/°C), or a more detailed

behavior can be presented using a graph of full-scale signal versus temperature.

2.2.1 Long-term drift

A signal drift is a continuous signal change over time, while a signal shift is a sudden
change of the signal at a specific time. Long-term drift (or long-term stability) is a
measure of how the sensor output signal will change over a long time period, for
example a year. It will often contain both drift and shift-related signal changes, as it is
difficult to distinguish one from the other without continuous monitoring of the signal.
Long-term drift is typically specified as %FS/year or ppm of FS/year. This type of signal
change may be caused by a variety of sources and cannot be easily compensated. A
detailed study is needed to identify the materials and properties causing this effect,

and to minimize these.

If the source of the drift is known, the test-time for testing of long-term stability can be
reduced by performing accelerated testing. The drift is then typically accelerated by an

elevated temperature or by thermal cycling.
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2.2.2 Thermal hysteresis

Thermal hysteresis is the difference observed on the sensor output signal when
subjected to an increasing versus decreasing temperature gradient. It can be caused by
time dependent stress changes in the sensor structure, and is often omitted in the
sensor specifications. Figure 9 shows an example of the output-signal deviation from
reference pressure versus temperature for a calibrated sensor module, where the
thermal hysteresis is represented by the eye-opening in the plot. The cloud of points
includes deviation results for the whole pressure range obtained during a slowly
increasing and decreasing temperature with a rate of change of only 0.2 °C/min. The
complete temperature cycle takes approximately 24 hours, minimizing influence from

short-term viscoelastic effects.

Figure 9 Example of thermal hysteresis for a calibrated sensor module

Compensation of thermal hysteresis effects is not trivial and would require continuous
recording and storage of the sensor temperature and output signal. A better approach

is therefore to search for the root causes and try to minimize these.
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2.2.3 Total error band

For a calibrated sensor module, the total error band consists of the sum of
contributions from the basic properties as well as thermal hysteresis during calibration.
Using modern digital compensation technologies, most of the contributions from the
basic properties can be compensated and the thermal hysteresis will often be the

limiting factor.
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3 Stability of piezoresistive pressure sensors

3.1 Introduction

There are a number of factors that might influence the stability of piezoresistive
pressure sensors. These can be divided into electrical, mechanical and leakage related
phenomena. Each of these will be covered in some details in the following sections,
with references to relevant literature. The focus has not been to cover all details of
each mechanism, but to give an overview of possible contributing phenomena.
Environmental conditions like temperature and humidity have the potential to
influence on both electrical as well as mechanical and leakage related drift

mechanisms, and will be mentioned where appropriate.

3.2 Electrical drift mechanisms

3.2.1 Introduction

To better understand some of the possible electrical drift mechanisms for a
piezoresistor, it might be useful to introduce some concepts from semiconductor
physics. For the interested reader, there are a vast amount of literature available, such

as Ref. [6, 7].

The layered structure of a metal conductor on an oxide-isolated silicon substrate
resembles a Metal Oxide Semiconductor (MOS) capacitor where the charge on the
metal is mirrored by a distributed charge in the silicon surface area. Dependent on the
charge polarity and quantity on the metal as well as the doping type and levels of the

silicon, the silicon surface can be driven into accumulation, depletion or inversion.

For n-type silicon, applying a small positive voltage between the metal and the silicon
will result in an electrical field driving the mobile electrons in the silicon to a thin

accumulation layer at the oxide-silicon interface.
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If the applied voltage is reversed, the electrical field is also reversed, and the mobile
electrons in the n-type silicon will be pushed away from the oxide-silicon interface.
When the electrons are pushed away, a positive space charge region (scr) is created at
the silicon-oxide interface consisting of the fixed donor atoms in the n-type silicon.
Since the scr is depleted for majority carriers, it is often referred to as a depletion
region. Further increasing the negative voltage will increase the depletion region width
(Wg) until a maximum is reached and the surface layer near the oxide inverts its
conduction type from n-type to p-type. This occurs at the threshold voltage (V1). Figure
10 illustrates the charge distribution for an ideal MOS capacitor biased into inversion,
together with the electrical field distribution. The equivalent MOS capacitor consists of
two capacitors in series and performing C-V measurements on this structure can give

valuable information of the amount and type of charge in the silicon dioxide.

Figure 10 (a) Charge and equivalent capacitance (b) electrical field distribution in ideal
MOS capacitor biased into inversion.

The flat-band voltage (Ves) is the applied voltage resulting in zero scr. For the ideal case

with no additional oxide charges we have
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Ve = @ms (8)

where ¢,,s is the metal-semiconductor work function difference. However, a real
oxide-semiconductor will have charges both within the oxide itself and at the oxide-
semiconductor interface (elaborated in section 3.2.3). An expression of Vegincluding
the influence of these oxide charges is given by

Qss 1 [ox x (9)

Veg = e — = - — | X p@)d
FB ¢ms COX COX 0 xox p(x) X

where Q¢ is the charge per unit area from surface states at the oxide-silicon interface,
Cox is the oxide capacitance, x,y is the oxide thickness and p(x)is a distribution
function of charge. The second term of (9) is the influence from surface states at the
oxide-silicon interface, while the third term describes the influence from a distributed

charge across the thickness of the oxide with a given distribution function p(x).

The threshold voltage (V1) of the MOS configuration is the voltage at the metal that is
needed for surface inversion and formation of a conductive channel at the

semiconductor surface. It is expressed as

1 (10)
Vr = Vg + Ve — 2|y _C_\/ZSSinD(2|¢n| + Vg —Ve)

oXx

where I/ is the channel voltage, ¢, is the surface potential of the n-type silicon, &g; is
the dielectric constant of silicon, g is the elementary charge, Ny is the donor-density

and Vg is the bulk (or substrate) voltage.

Formation of conducting channels at the silicon surface will influence the current
distribution in a sensor design, thus influencing the output signal. The geometry of a
surface piezoresistor is also directly influenced by the width of its surrounding
depletion zones, and is thus influenced by the depletion zone near the silicon surface.
Since the surface depletion width is strongly dependent on charge in and on the oxide,

possible charge redistribution should be avoided for obtaining a stable design.
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3.2.2 Drift due to charges on the passivation surface

Already in 1959, Atalla et al. [8] studied instability phenomena in passivated pn-
junctions under high humidity conditions. This was followed up by Shockley et al. [9],
and it was concluded that observed channel formations and changes of device
characteristics was caused by ion motion on the oxide layer. The ion motion was

caused by the fringing field of the junction and strongly accelerated by humidity.

Another source of surface charges is charging from the electrical potential of nearby
surface metal [10]. This effect is influenced by the oxide surface-conductivity and is

also strongly accelerated by humidity and temperature.

Ho et al. [11] characterized the dynamic charging and discharging curves by measuring
the current between two deposited electrodes on the oxide surface. Schlegel et al. [12]
described a useful test structure for characterization of surface ion behavior and
demonstrated the effects of time, humidity, temperature, voltage as well as previous
testing history on the behavior. The observations were made by observing the
electrical resistance between two diffused junctions, where accumulation of surface
charge resulted in inversion of the underlying silicon. Martin et al. [13] used the Kelvin
option of an atomic force microscopy (AFM) to deposit and then measure charge
distribution versus time on silicon dioxide. They also found a strong dependence of the

charge decay time constants on humidity.

These effects can be reduced by covering the oxide by a metal to keep the top surface
of the oxide to a fixed electrical potential, or by adding distance to the charge by using
a thicker oxide layer or a protective gel [14]. It is also important to limit the amount of
ionic contamination to a minimum and hermetically encapsulate the device in a dry
atmosphere. Voorthuyzen et al. [15] found that chemical modification of the oxide
surface by using silanizing agents like HMDS (hexamethyldisilazane), strongly reduced

the adsorption of water on the surface thus reducing the surface conductivity.
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Park et al. [14] studied offset drift due to surface charge for a piezoresistive pressure
sensor. They used a varying substrate bias to control parasitic FET formation and

estimate the amount of surface charge.

Sager et al. [16, 17] studied the influence of humidity as a failure source in
piezoresistive sensors. They found that the formation of condensed water on the
sensor surface caused changes to the sensor offset voltage, caused by complex
physical and chemical mechanisms. The effects are summarized in Figure 11 where (A)
to (C) illustrates influence on the current flow in the piezoresistor area, while (D) to (F)

shows the effect of charges at and in the passivation layers.
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Figure 11 Humidity influence coupled with semiconductor charge effects on planar
resistors. The influences on the current-flow mechanism in the piezoresistor area: (A)
current flow through the piezoresistor; (B) changes of contact resistance between the
metal and the semiconductor; (C) current-flow caused by incomplete insulation of the
p-n junctions. Charges at and in the passivation layers: (D) changes of the conductivity
at the upper side of the resistor; (E) changes of the p-n behavior at the border of the
resistor (changes of the reverse current, channel formation and breakdowns); (F)
current flow at the surface of the passivation layers; (G) current flow in the volume of
passivation layers. (From [16]. Reprinted with permission)
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3.2.3 Drift due to charges in the passivation

During the development of planar MOSFET structures during the 1960’s, charge
migration in the oxide was found to be a limiting factor [18]. There are generally four
types of charges that should be considered (ref Figure 12): interface-trapped charges

(Qit), fixed oxide charge (Qs), oxide-trapped charge (Qot) and mobile ionic charge (Qm).

Any contamination of silicon dioxide with alkali ions such as sodium or potassium
during manufacturing and handling may result in instabilities both due to charge
redistribution on the surface as well as in the silicon dioxide under the influence of

electrical fields.

Figure 12 Charges in a silicon dioxide on silicon layer

Another source of charging is ionizing radiation [10]. Holbert et al. [19] investigated
the radiation hardness of piezoresistive MEMS devices and found that when radiated
with gamma rays, the volume for current flow through the resistors were reduced. This
was attributed to the formation of oxide-trapped and interface-trapped charges,
generating a depletion zone at the silicon surface effectively reducing the thickness of

the piezoresistors.

3.2.4 Parasitic FET

If we consider the two terminals of a piezoresistor as the source and drain in a gateless

MOSFET, and add a charge on the oxide surface between them, a high surface charge
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might result in a channel formation between the two terminals, effectively reducing

the current that flows through the piezoresistor. This is called a parasitic FET.

The threshold voltage for channel formation (10) will be dependent on the doping level
of the bulk silicon (or epitaxial layer for a buried resistor), electrical potentials of the
substrate and resistor terminals, the amount of mobile charges in the oxide, surface

charges and the oxide thickness.

In a study of parasitic MOS formation mechanism in plastic encapsulated MOS devices
[20], it was found that also ions from nearby plastic encapsulation can contribute to

the formation of a parasitic FET.

3.2.5 Buried resistors

A successful approach for removing charge related effects on/in the passivation has
been to use buried resistors [21-23]. This is also used for the SP82 piezoresistor design,
where the piezoresistors are covered by an epitaxial grown n* type silicon as illustrated

in Figure 13.

Figure 13 Buried p-type piezoresistor in a n-type silicon substrate

After manufacturing surface resistors, a thin epitaxial layer of n* type silicon is grown
on the top surface of the wafer. Contact diffusion is done through the epi layer to the

p-type piezoresistor. By careful design of the epi-layer thickness and doping
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concentration, the piezoresistor is effectively shielded from influence of surface charge.
For a buried resistor, the effect of charge on/in the passivation will change the charge
distribution at the top of the epi-layer, but with sufficient thickness and doping levels,
the charge distribution in the piezoresistor is unaffected. Due to the increased pn-
junction area, the resulting leak current is slightly increased. The sensitivity is also

slightly reduced due to the shorter distance to the stress-neutral plane in a diaphragm.

Some simulation results of resistors with a shield layer have been reported in [24].

3.2.6 Leak current in reverse biased pn junctions

Diffused piezoresistors are isolated by reverse biased pn junctions. The reverse bias
will result in a highly temperature dependent reverse current, often called leakage
current. This will limit the high temperature range to approximately 125 to 150 °C for
practical applications. There are three major contributions to the leakage current:
diffusion current (Ip), bulk generation current (lg) and surface generation current (lg,

surface states) [25]. The total leakage current (lieak) can be expressed as

heak = Ip + I + IG,surface states (11)

The diffusion current (Ip) can be subdivided into contributions from the substrate and

from the resistor volume (plus from the epi-region for the buried resistor in 3.2.5)

The bulk generation current (I;) can be subdivided into contributions from the
p+/substrate scr and from the surface depletion scr (plus from the p+/epi-region for

the buried resistor in 3.2.5)

The surface generation current (/g surface dstates) 1S Surface generation current in
surface scr from surface states. These surface states origins from the abrupt
termination of the periodic silicon crystal structure caused by wafer cutting and

surface treatment.

When configured in a Wheatstone bridge, the electrical potential between the

substrate and the piezoresistors (and thus the depletion region widths and threshold
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voltage) will vary along the length of the resistors resulting in different contributions to

leakage current from the upper and lower part of the bridge.

Sun et al. [26] modelled the reverse current and its effects on the thermal drift of the
offset voltage for piezoresistive pressure sensors. They found that both the reverse
current as well as differences in TCR between the four piezoresistors had a great
influence on the thermal drift of the output voltage, especially for temperatures above

~50 °C

3.2.7 Substrate bias effect
For a design with p-type piezoresistors on a n-type substrate, the substrate potential
should be maintained at the highest potential used during operation to maintain a low

leak current and proper isolation between the circuit elements.

The reverse bias will influence the scr width of the reverse biased pn-junction and
modulate the physical size of the piezoresistor [6]. As the reverse bias is increased, the
effective dimensions of the piezoresistor will decrease and the resulting resistance will
increase. As mentioned in section 3.2.6, an increase of the scr will also result in an
increased leak current. For stability, the reverse bias should therefore be kept at well-

defined levels.

3.2.8 Electrostatic forces
Separation of charge will result in an electrostatic force possibly influencing the
mechanical stress at the piezoresistor positions. It should therefore be considered as a

possible drift-mechanism.

Electrostatic potentials between the reference die surface and the sensor diaphragm
surface is one possibility, but there will also be electrostatic forces at other locations,
such as across the silicon oxide layer and across the depletion regions in the

semiconductor.

Is it possible that the electrostatic force between separated charges in a piezoresistor

design can result in stress changes that are detectable on the sensor output signal?
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The electrostatic force from charging of a dielectric surface has been identified as a
root cause for tilting angle drift in MEMS micromirrors [27], where the charge
distribution is a function of the surface resistance of the dielectric film. Bouwstra et al.
[28] used the electrostatic force in a dielectric layer between two electrodes to
mechanically excite a vibrating cantilever. Ransley et al. [29] has demonstrated that
the electrostatic force across the depletion layer of a pn-junction can be used for

designing an actuator.

3.2.9 Driftin the series resistance of the interconnect

The series resistance consists of the sum of the resistance of the doped interconnect,
the contact diffusion, contact resistance between the diffusion and metal, the metal
interconnect line, the wire bond and the contact resistance between the wirebond and
wire at both ends. Any change of this series resistance might affect the sensor output
signal. If the piezoresistors are configured in a perfectly symmetric Wheatstone bridge,
small distributed variations in the interconnect resistance will be cancelled with a
neglectable influence on the sensor zero point. It is therefore important to have a
symmetric metallization design with equal length and contact hole areas to minimize

the effect of possible drift in the series resistance on the sensor output signal.

Andrei et al. [30] found that extended exposure at 150 °C caused a systematic
decrease of AITi/TiW metal-line resistance as well as a significant contact-resistance
increase. Lloyd et al. [31] found a resistance decay in Al thin-film conductors after high
current density stressing, where the decay rate was suggested to origin from

mechanical stress relaxation.

The growth of Au-Al intermetallic compounds at wirebond interfaces has been studied
by several authors [32-34] due to the possibility of reliability issues. Zin et al. [34]
found that electromigration could also result in wirebond failure related to an
increased growth of Au-Al intermetallic compounds. The failure rate was found to be
much faster for electron flow from Au to Al than in the opposite direction. Prior to

complete failure, the contact resistance increased and became unstable.
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3.3 Mechanical drift mechanisms

3.3.1 Mechanical stress in thin-film metal and surface materials

As opposed to single-crystal silicon, mechanical stress in thin-film aluminum used for
the interconnect may contain large plastic, visco-plastic and visco-elastic effects [35-
40]. The large difference in coefficient of thermal expansion (CTE) between the silicon
and the deposited metal will result in significant time-dependent thermo-mechanical

stress.

The effect on the output signal can be reduced by a careful geometric design
minimizing the amount of metal and maximizing the distance between the
piezoresistors and the metal [41]. The distance from the stress sensitive piezoresistors
to metal can also be increased by using highly doped silicon as buried leads [42]. In
Article V, we describe an approach for in situ observation of metal properties in a

piezoresistive pressure sensor.

Thermally grown silicon dioxide is often used for passivation of the silicon die surface.
Blech et al. [43] studied the effects of humidity on the mechanical stress in 1 um thick
silicon dioxide films. They found no influence on thermally grown silicon oxide, but for
chemical vapor deposited (CVD) silicon dioxide they found a clear influence from
humidity. The stress in CVD films increased when exposed to dry ambient, and thermal
cycling showed a clear hysteresis effect. This was attributed to the open and porous
structure and absorption and desorption of water. The use of CVD silicon dioxide (or
other porous materials) should therefore be omitted in order to minimize humidity

influence on the residual stress.

Aluminum will form a thin layer (approximately 5 nm) of aluminum oxide (Al>O3) when
exposed to air at room temperature. With a high molar volume, it offers a natural
sealant against further influence from the environment and thus contributes to the
corrosion resistance of aluminum. However, the mechanical properties of aluminum

oxide differ from aluminum. Saif et al. [44] studied the effect from native aluminum

31



Sandvand: High-stability piezoresistive pressure sensors

oxide on the elastic response of thin aluminum films. They found a much lower
influence than expected, which were attributed to the surface roughness resulting in a

wavy structure of the native oxide layer.

3.3.2 Stress changes in a bonded die-stack

The physical bonding of the various dies constituting the inner part of a MEMS
pressure sensor will introduce mechanical stress in the structure. Any changes in this

stress might affect the sensor output-signal.

As long as this stress is constant or shows a repeatable and perfect elastic change over
temperature and applied pressure, it will contribute to the observed sensor behavior,

and can be removed at subsequent characterization and correction steps.

Three common die bonding technologies are glass-frit bonding, anodic bonding and
direct wafer bonding. As they all contain brittle materials at the bonding interface, an
important stress relaxation mechanism to consider is the possibility of microcrack

formation.

3.3.2.1 Glass frit bonding

Glass frit bonding is based on a low melting point seal glass material as the
intermediate bonding layer. The seal glass is normally purchased as a viscous glass frit
paste, where the various glass forming components have been milled into a powder
with small grain sizes and mixed with an inorganic filler, organic binder and solvents to
form a printable glass paste. After deposition, normally done by a screen printing
technology, a drying process is performed to drive out organic components and form a
coherent patterned glass layer. The actual sealing process is done by aligning the die
(or wafer) containing the seal glass with a second die (or wafer) and then applying a
small force at an elevated temperature of approximately 400-450°C for a given time.
The resulting bonding layer consist of a thin glass layer of approximately 10 to 20 um
[45]. One of the main advantages of glass frit bonding is the possibility to bond rough

processed surfaces. A scanning electron microscope image of a cross section of a
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bonded glass layer is shown in Figure 14. As seen, the glass consists of a glass matrix
modified by larger filler particles. The filler particles (often made of the mineral
cordierite) are used to adapt the coefficient of thermal expansion of the bond to the

materials being bonded.

silicon

silicon
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Figure 14 Cross section (SEM) of a bonded glass frit layer (From[45]. Reprinted with
permission)

Glass frit is a brittle material where fracture is mainly experienced under tensile stress
combined with small defects in the material. Having a typical glass transition
temperature of 330 °C and a CTE of 6 ppm/K, cooling a silicon/glass-frit laminate to
20 °C will result in a biaxial stress of the order of 89 to 147 MPa depending on the
exact material characteristics. Variations in the amount and distribution of the glass frit
material can also results in regions of even higher mechanical stress, as discussed in
Article | and Article Ill. These regions will be more prone to stress relaxation through
the development of microcracks. Several studies have been performed on the
mechanical properties, reliability and crack growth mechanisms in glass frit bonded
samples [45-48]. Sub-critical crack growth (described in section 3.3.2.4) will alter the
stress distribution and might be detectable as signal-drift in a stress sensitive pressure

sensor.
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As shown in Figure 14, glass frit is not a homogenous material, and large mechanical
stress between the various components might cause local stress relaxation through
the development of microcracks. Petzold et al. [46] observed that significant crack
branching could occur at the crack tip of long-term loaded (3 months) glass-frit
laminates during crack growth measurements. This was attributed to the filler particles

and the adhesion between filler and glass-matrix.

Several authors have reported on the possibility of lead precipitation at the silicon-
glass interface. [49-52]. Glien [49] described the lead precipitation as a metallic lead
forming redox reaction at the bonding interface to silicon during high bonding

temperatures. The main reaction is:

2 PbO + Si -> 2 Pb + SiO> (12)

Boettge et al. [50] studied the interface reactions between silicon and glass frit
material and found that lead precipitation formed at the interface reduce the tensile
strength of the bonding interface, forming a risk for both bonding quality and
reliability. The precipitates can act as initial defects and stress concentrators enhancing

crack initiations.

The deposition of silicon oxide or metallic intermediate layers reduces the probability
of lead precipitation, acting as a diffusion barrier. Annealing of the samples with lead
precipitation in [50] showed that aging for 7 days at 400 °C could result in growth of
the precipitate diameters from initially 0.15 um to 1.43 um. It was also found that the

growth of the precipitations saturated at a size of approximately 1.2 um.

Although the formation of lead precipitates is only found under certain combinations
of processing conditions, this phenomenon should be kept in mind when adjusting
process parameters. Metallic lead will have very different thermo-mechanical
properties from the bulk glass frit material and this could result in change of stress

distribution in the bonded devices.
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3.3.2.2 Anodic bonding

Anodic bonding is a well-established bonding method for bonding silicon to glass
structures or bonding of two silicon wafers using a thin intermediate glass film [53].
The bonding is performed at a relative low temperature (300 — 450 °C) and can thus be
done on metallized structures. It requires the use of alkali-containing (typically Na*
ions) glass that can be polarized when a high DC voltage is applied. When the Na* ions
are displaced from the bonding interface, the electrical field across the depleted region
results in a strong electrostatic force bringing two surfaces into intimate contact. This

results in formation of a thin silicon dioxide bonding layer.

One possible disadvantage of anodic bonding is potential surface contamination
caused by sodium (Na) from the glass. This will influence on electrical performance as
discussed in Section 3.2. Foreign particles in the glass or other stress concentrations
can also act as crack initiating points for the formation of microcracks at the interface.
As discussed in Section 3.3.2.1, sub-critical crack growth might alter the stress
distribution and might be detectable as signal-drift in a stress sensitive pressure

sensor.

3.3.2.3 Direct Wafer Bonding (Fusion bonding)

Hydrophilic direct wafer bonding (DWB) or fusion bonding is a well-established process
for joining silicon wafers [53]. Silicon On Insulator (SOI) is a typical application utilizing

DWB.

The initial bond process starts at room temperature when two hydrophilic silicon
wafers are brought into contact and the chemisorbed water molecules at opposing
surfaces forms hydrogen bonds. The bond strength depends on the number of
hydrogen bonds and therefore on the number of silanol groups (Si-OH) and water
molecules. In order to control the propagation of the bond wave and to avoid voids
caused by trapped gas, a mechanical fixture with spacers can be used for applying a
small mechanical force firstly at the center of the wafers. A subsequent annealing is

then performed to increase the bonding strength. The high annealing temperature
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results in increased viscous flow of the materials which leads to greater surface contact
between the wafers and increased bond strength. During annealing, the water
molecules diffuse out along the interface or through the native oxide to the bulk
silicon. Increasing temperatures results in opposing silanol groups reacting with each
other forming strong covalent siloxane (Si-O-Si) bonds according to the following

reaction:

Si-OH + Si-OH - Si-O-Si + H20 (13)

Typical annealing temperatures used are > 800 °C, and hydrophilic direct wafer
bonding is thus unsuitable for metallized structures. Thin geometries containing
vacuum cavities might also be problematic if annealed under atmospheric pressure,

due to plastic deformation at the high annealing temperatures.

3.3.2.4 Stress corrosion cracking

Central to the stability of bonded structures where glass is used as the bonding
material is brittle fracture mechanics and the concept of environmentally enhanced
subcritical crack growth or stress-corrosion cracking [54, 55]. Other terms used in the
glass literature are static fatigue or delayed failure [56]. As both the glass-frit glass
composition as well as the borosilicate glass normally used for anodic bonding contains
a large proportion of silicon oxide, the mechanism of stress corrosion cracking is a

probable source for stress relaxation also for these bonding processes.

The susceptibility of siloxane bonds (Si-O-Si) to stress corrosion effects has been
extensively investigated for silica glasses (glass based on silicate or SiO3), and an review

of this can be found in [55].

The present theory for explaining the glass behavior in the stress-corrosion regime (
often called region 1) relies on water chemical attack of stressed siloxane bonds [54].
The applied stress will modify the siloxane bond by modifying the Si-O-Si bond angle

such that the water molecule can be absorbed and the siloxane bond can be broken
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into two silanol bonds as shown in Figure 15. This reaction is the reverse of (13) and

can be written as

Si-0-Si + H20 = Si-OH + HO-Si (14)

Since one water molecule is needed to break each siloxane bond, this reaction is

accelerated by increasing level of humidity.

SV I
1IN N

Figure 15 Basic process of stress-corrosion reaction (from [55]. © IOP Publishing.
Reproduced with permission. All rights reserved)
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Some glasses will exhibit a stress threshold behavior below which the fracture velocity
falls to undetectable levels [55]. The kinetics of crack propagation is also strongly

influenced by stress loading distribution [57] and material homogeneity.

Akisanya et al. [57] studied brittle fracture paths as function of mechanical loading

mode mix for adhesive joints.

Bagdahn et al. [58] studied fatigue of hydrophilic direct wafer-bonded silicon under
static and cyclic loading. They found that fatigue was related to the siloxane bonds in

the bonded surface between the silicon wafers.

Masteika et al. [59] performed a series of tests on DWB wafers under various levels of
relative humidity. They found that stress corrosion of DWB samples was similar to
stress corrosion described for silica, and that the Wiederhorn equation (often used in
stress corrosion studies of glass) could be used for modelling the crack propagation
speed. This was further elaborated in a recent study by Fournel et al. [60], where also

the role of trapped water during the bonding process was described.

Kern [61] studied the stability of glass frit bonding. An initial lowering of the critical
energy release rate Gc when exposed to high humidity levels (85% RH at 85 °C for 1
hour) was followed by a stabilizing effect and increase of G¢ when returned to

laboratory conditions (30 % RH at 25 °C).

3.3.3 Stress change in die attach materials

The laminated die-stack has to be mechanically attached to the electronic package
with a suitable pressure inlet tube. This can be done by soldering of metallized surfaces
or by application of epoxy adhesive. Barometric sensors where the sensor die stack is
exposed to the test pressure can also be attached by using a soft Room Temperature

Vulcanization (RTV) silicone [62].

The mechanical stress influence from the selected die-attach material should be

decoupled from the stress-sensing die by implementing a suitable stress-isolating
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structure between the die-attach area and the piezoresistors. An example of this is

reported in Article IV.

The use of thermosetting epoxies as die attach material might introduce sensor
output-signal drift with temperature change [63-65]. The effect can be especially large
during the first thermal cycle after physical aging (or storage) at temperatures below
the glass transition temperature (Tg) [66]. This type of aging can be rejuvenated (de-

aged) by heating the epoxy above T [67].

The mechanical stress in polymers can also be influenced by humidity. The water
concentration in the polymer will vary due to diffusion of water in or out of the
polymer, depending on the environment. This will result in localized swelling and a

time varying mechanical stress depending on the mechanical constraints [68].

3.3.4 Stress change in molded die-stacks

Some sensor designs use molding compounds as a means of protecting the sensor die-
stack from the environment, such as silicone [69] or epoxy mold [65, 70, 71]. Due to
the high influence on mechanical stress from the packaging materials on the chip-stack,
these solutions are generally not suitable for high-stability designs. The stress from the
molding compounds will generally be influenced by humidity through hygroscopic

swelling [72], as well as physical aging of the polymers.

3.3.5 Stress change due to self-heating

When applying power to a pressure sensor, self-heating will occur in the piezoresistors
and it will take some time to accomplish an even temperature distribution across the
various materials in the sensor. Local temperature differences will result in a varying
mechanical stress, observed at the sensor output-signal. This effect could be significant
if the sensor design consists of materials with low thermal conductivity and large
differences in the coefficient of thermal expansion (CTE). Silicon has a relatively high
thermal conductivity (148 W/m K) as opposed to silicon dioxide (1.4 W/m K) or other

ceramics. Polymers normally have a very low thermal conductivity and a high CTE,
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resulting in a relative long period of stress change following a temperature change.
Polymers are therefore often mixed with other materials to increase the thermal

conductivity, when used as adhesives.

Zarnik et al. [73] studied warm-up and offset stability of a low-pressure piezoresistive

ceramic pressure sensor.

3.4 Pressure change in sealed cavities

3.4.1 Sensor package hermeticity level

A piezoresistive MEMS pressure sensor is typically mounted in a hermetic package in
order to protect the internal structure from influence from the environment. The
hermeticity levels used by relevant test standards for these packages, such as MIL-STD-
883 Test Method (TM) 1014 [74] are motivated by the need to avoid moisture and
prevent corrosion during the device lifetime. Leak testing at the package-level is
typically done by measuring the rate of helium escape from a sensor package that has

been pressurized with helium.

The output signal of a sealed absolute type pressure sensor might also be influenced
by the sensor package pressure. The package pressure will result in a mechanical stress
in the sensor structure, and any change of the package pressure due to leakage might
be observable on the sensor output signal. This might necessitate additional

requirements on the sensor package hermeticity levels as discussed in Article II.

3.4.2 Vacuum reference hermeticity level

Several methods of sealing a vacuum reference for a pressure sensor structure has
been developed such as glass frit bonding [75], anodic bonding, direct wafer bonding,

eutectic bonding, or out-diffusion of hydrogen [76].

Any change of pressure in the vacuum reference cavity of an absolute sensor will be
observed as a change in the sensor output signal. The pressure stability of the vacuum
reference is therefore extremely important. Due to the normally small volume of

vacuum reference cavities and the extremely low leak rates allowed, test methods
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used for larger volume methods for leak testing are unsuitable for these cavities [77,
78]. One method that can be used is to observe the stability on the sensor output-
signal during a prolonged time using a high over-pressure. Maximum allowed output-
signal change during this accelerated test can be calculated from the sensor long-term

drift specification using the equations for molecular flow into a sealed cavity [79].

In addition to traditional leak paths through the sealing material or between the
sealing material and the silicon/glass dies, gas permeation through either the cavity
wall material or the bonding materials [79] might also result in an observable pressure

change.

Sparks [80] observed ingress of helium at 23 to 100 °C both for reflowed glass bonded,
as well as direct silicon bonded cavities, suggesting diffusion of helium through silicon
to be the main cause. Similar effects were not observed for hydrogen, argon or air.
Permeation will limit the choice of useable gases for accelerated testing, and also put

restrictions on the sensors operating environment.

3.4.3 Outgassing and adsorption

Even with a perfect hermetic seal of the vacuum reference cavity, a small rest-gas
pressure might be present after the sealing process. The resulting gas pressure might
change over time and temperature due to adsorption and outgassing of gas molecules

to/from the materials contained in the cavity.

Residual gas analysis (RGA) done on four samples after a glass-frit sealing process
during this work showed a rest-gas pressure of 0.8 to 2.4 hPa in the reference vacuum
cavity. The main component was carbon containing gases, probably originating from
the organic components of the glass frit material. Knechtel [81] found that a vacuum
level of 1-5 hPa can be obtained using glass-frit bonding, while Lorenz et al. [82]
obtained a rest-gas pressure of 5 hPa using localized laser glass-frit sealing process.
Also when using silicon-glass anodic bonding, some oxygen will be released from the
glass, resulting in a rest-gas pressure [83]. Schuessler et al. [84] has also observed

outgassing of hydrogen from plated metal parts.
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The effect of a rest-gas pressure on a sensor signal will depend on the
outgassing/adsorption time constants. If there is no outgassing/adsorption, the effect
is repeatable and included in the overall sensor characteristics during calibration.
Outgassing/adsorption with long time-constant will be observed as drift on the output-
signal. If the time-constants are of the same order as the thermal cycling period, it will

be observed as thermal hysteresis on the output-signal.

One method to reduce the amount of outgassing is to do a proper bake out of the
components to be sealed [85]. This consist of keeping the package at an elevated
temperature in an ultra-high vacuum for an extended period of time prior to the

sealing process.

A method to prevent further outgassing after sealing and maintain a constant low gas
pressure is to use a non-evaporable getter (NEG) material for adsorption of the rest-
gas [86, 87]. The getter material can be deposited during manufacturing of the cavity
structure, and consist of a porous mixture of a Ti and Zr based alloy. The getter
material is activated at the bonding temperature and will adsorb most of the
remaining active gases in the cavity through oxide and hydride formation as well as

simple surface adsorption.

Sparks et al. [88] found improved performance for resonators in a glass frit sealed

structure when utilizing getter for reduced rest-gas pressure.
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4 Contributions of this work

Due to the variety of physical phenomena that can possibly influence the stability of
piezoresistive pressure sensors, this study has covered several fields such as
semiconductor physics, structural mechanics, fracture mechanics, die/wafer bonding,
materials science, environmental influence, low voltage measurements and data
analysis. As discussed in section 3, instability of the sensor output-signal can be caused
by both electrical, mechanical and leakage related phenomena, and a number of
relevant sources should therefore be considered when optimizing a sensor design for

high-stability.

4.1 Mechanical stress from die bonding

The sensor structures in this thesis have generally been configured as a die-stack
consisting of two or three laminated silicon-dies. The dies were bonded using a glass-
frit laminating process, where a non-crystallizing lead silicate glass with a relative low

melting point of 330°C was used.

Application of glass frit material can be done either by manual or automatic dispensing
or by screen printing. The final resolution and thickness of the deposited glass frit

material will be strongly dependent on the deposition process used.

The bonding process will introduce thermal stress, affecting the mechanical stress
distribution in the sensor. The studied glass frit material contains a large proportion of
lead oxide, and we found that the use of X-ray Computed Tomography (CT) was highly
efficient for characterization of glass frit distribution in fabricated samples. An example
of observed glass-frit distribution is shown in Figure 16 where the silicon material has
been removed in software and the shape of the upper and lower glass frit bonds are
identified. A reconstructed cross section is shown in Figure 17 identifying two

anomalies termed excess material and recessed edge which were studied in detail.
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Based on these and similar observations from a number of samples, a simulation study
was initiated to study potential effects of packaging-induced stress on the sensor
performance. Typically observed variations of 50 um was used for excess material, and
145 um was used for the recessed edge variation. It was demonstrated that a model
based on observed variations of glass frit material distribution in fabricated samples

give rise to offset variations that were consistent with observed offset values. Initial

results were published in Article I.

Upper bond

Lower bond

Figure 16 X-ray CT example showing glass frit material only in a laminated die-stack.
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Recessed edge Excess material

Figure 17 X-ray Computed Tomography (CT) cross section of glass frit laminated die-
stack showing recessed edge and excess material anomalies (from Article |)

White region: glass frit. Gray region: silicon. Black region: air/vacuum.

Following the initial modelling for Article |, the study was extended to also include
analysis of TCO changes in addition to the zero-point. A major part of TCO was shown
to be caused by thermo-mechanical stress in the excess glass frit. Using a new
technology for optimized glass frit screen-printing, we were able to verify the
modelling by measurements. Significant reductions in mechanical stress from the glass
frit material was obtained, resulting in a reduction of the influence on both the sensor
zero-point as well as on the TCO. The reduced TCO results in lower temperature

sensitivity and also a reduced thermal hysteresis.

At the core of this work, detailed finite element models for analysis of the mechanical
stress distribution were built using COMSOL Multiphysics simulation software. Figure
18 shows an example of the modelled x-axis normal stress (ox) distribution through a
cross section for an absolute sensor model with minimum excess glass frit material.
Figure 19 is a similar plot, but for a sensor with maximum excess glass frit and an
recessed edge. By probing both ox and oy, at the piezoresistor positions, we used the

differential stress (ox — oy) for calculation of the resulting zero-point change.
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{0, = -0.66 MPa |
{o,=-1.72 MPa |

Figure 18 x-axis normal stress (ox) distribution for model with minimum excess
material (color range: + 5 MPa) (From Article Ill)

10x = 3.29 MPa
1oy=-0.79 MPa |

Figure 19 x-axis normal stress (ox) distribution for model with maximum excess
material and recessed edge (color range: + 5 MPa) (From Article Ill)

The results of optimizing the glass frit material distribution is illustrated in Figure 20
showing measurement results for both zero-point and TCO for three sensor variants.
The original absolute sensor design with excess glass frit (labeled ABS) experienced a
large negative zero-point and high TCO due to mechanical stress from the bonding
material. This effect was significantly reduced for the absolute sensor with the

optimized glass frit distribution (labeled ABS opt.). For reference, Figure 20 also show
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results for a two-die differential sensor (labeled DIFF) where no reference die is

present and both zero-point and TCO have a distribution around zero.
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Figure 20 Zero-point and TCO from manufacturing measurements of three sensor
versions: absolute sensor with large excess glass frit (ABS, 124 samples), absolute
sensor with optimized glass frit (ABS opt, 84 samples) and a differential sensor (DIFF,
41 samples) (From Article IIl)

Glass-frit regions with high tensile stress-levels could be subjectable to stress
relaxation in the form of microcrack formation. We therefore performed a series of
thermal cycling experiments, optical micrograph observations as well as additional
modelling focusing on the development of microcracks in the glass frit material as a

root cause for observed anomalies. The results were published in Article IIl.

This optimized glass frit printing process has been implemented in manufacturing of
new sensors during the project. Production measurements from several thousand
sensors confirm the modelled change in stress distribution. We also observe an

increased stability, attributed to a reduced occurrence of microcracks.

The glass frit bonding process is currently done on die level. Significant cost reduction
is possible if we are able to do the bonding on wafer level. We have therefore also
studied alternative bonding processes in the 4P-project, such as thin-film anodic

bonding. Results from this is not part of this thesis, but mechanical stability of the
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die/wafer bond will continue to be a central subject in defining the reliability and

stability of a bonded sensor assembly.

4.2 Leak related mechanical stress

Monocrystalline silicon is regarded as a perfectly elastic material and is therefore used
as a diaphragm in MEMS pressure sensors. A differential pressure across the
diaphragm results in slight bending with resulting mechanical stress at the
piezoresistor regions. Any changes of the gas pressure surrounding die-stack might
also influence the mechanical stress at the piezoresistor positions. Figure 21 shows a
principle cross section of an absolute pressure sensor consisting of a triple stack of
glass frit bonded silicon dies mounted in a sealed TO-8 can. The cap pressure P_cap is
constant for a constant temperature, but any temperature change will also change
P_cap, following the ideal gas law. With zero leakage between P _cap and the
surrounding ambient pressure P_ambient or the test pressure P_test, any changes in
P_cap due to temperature changes are repeatable, and any influence on the measured
signal will then also be repeatable. It can then easily be accommodated for during

sensor calibration.

If there is a leak path from the cap cavity to either the ambient or the test pressure

cavity, P_cap will change over time, possibly influencing the sensor output-signal.

Established industrial hermeticity requirements for electronic devices with internal
cavities, such as MIL-STD-883 Test Method 1014, are typically motivated by the need
to avoid moisture in sealed devices. However, the output signal of a sealed pressure-
sensor structure will also be influenced by the sensor cap pressure, putting additional
requirements on the sensor package hermeticity in order to guarantee a stable

operation under variable conditions.
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Figure 21 Principle cross section through an absolute pressure sensor mounted in a TO-
8 can (from Article Il)

A detailed modelling of the sensor structure and associated pressures in Figure 21 was
performed, with a resulting sensitivity of the output signal to a varying cap pressure of
Scap = -0.25 %FS/bar. This was also confirmed by experimental verification. When this
behavior is known, it will put additional requirement on the package hermeticity level
to keep the sensor design within the drift specification under varying environmental

conditions.

It was found that hermeticity levels typically used to avoid moisture in electronic
packages can be insufficient when targeting control of long-term drift related
mechanisms. We also showed that the presence of a condensing gas, such as water
vapor will change the temperature characteristics of the sensor output-signal. The
added water vapor will increase the dew point in the sensor cap. At temperatures
above the dew point, all water present is in gaseous form, and the partial pressure can
be calculated by the ideal gas law. At temperatures below the dew point, parts of the
water will condense and the partial pressure of the remaining water vapor will be
strongly temperature dependent following the curve for saturated vapor pressure

versus temperature as stated in [89].
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The results can be used for failure analysis for detection of small cap leak related

phenomena and were published in Article Il

4.3 Mechanical stress from die attach materials

It is common practice to characterize pressure sensors and other electronic
components versus temperature by using a thermal chamber. Even when studying
packaging related stress [70, 71], the humidity levels during thermal cycling is seldom

mentioned.

By observing the relative humidity levels in thermal chambers during thermal cycling,
we have found that the humidity will experience significant variation during one
thermal cycle, and there are large variations between different chamber models.
Figure 22 shows measured relative humidity versus temperature during three identical

thermal cycles for two different thermal chambers.
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Figure 22 Relative humidity versus temperature during three identical thermal cycles
for two different thermal chambers

While the leftmost plot shows a decreasing relative humidity level versus temperature,
the rightmost plot shows a fairly constant relative humidity level versus temperature.
Note that a constant relative humidity over temperature means that the absolute

partial pressure of the water vapor is increasing with temperature, while a decreasing
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relative humidity means that the absolute partial water pressure has less variation

with temperature.

The exact humidity levels will be dependent on the environmental conditions, type of
thermal chamber, dry gas flow, temperature ramping speed etc. If a design is sensitive
to humidity, the effect of this inherent humidity-cycling will affect the measurements

and might be misinterpreted as thermal hysteresis.

Some pressure sensors will show an increase of the zero-point when stored for weeks
at ambient conditions. When thermally cycled, they show a first-cycle effect, where
the deviation from calibrated signal output is reduced to normal levels during the first

heating to elevated temperatures.

In addition, we have observed that some sensors experienced an unexpected
temperature and time dependent signal-change when subjected to a change of
relative humidity, as illustrated in Figure 23 for one specific sensor variant at 30, 40

and 50 °C after a humidity step from 15 %RH to 60 %RH.
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Figure 23 Example of measured signal change for a P203 sensor after humidity step
from 15 %RH to 60 %RH for 30, 40 and 50 °C (From Article 1V)
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This behavior was studied in the work published as Article IV in this thesis, where we
found that physical aging combined with diffusion of water in the epoxy die attach
material could explain the observed behavior. Since the epoxy die attach material in
the sensor is constrained by the sensor structure, diffusion of water will result in
localized swelling that is coupled to mechanical stress at the piezoresistor positions.
Influence from moisture will be stabilized when a new water concentration has been
established throughout the epoxy material, but the exact behavior is complicated by

physical aging as well as moisture dependent material parameters.

Instead of the term ‘thermal hysteresis’, we therefore introduced the term ‘hygro-
thermal hysteresis’ for describing the observed behavior. By the use of finite element
analysis, we modelled water diffusion in the epoxy material coupled with localized
swelling. The calculated stress was converted to zero-point influence for three sensor
geometries containing different support die designs. One of these was the stress-
isolating support die as shown in Figure 24, designed and fabricated during the project
period. Experiments and modelling verified that with the new stress-isolating support

die, mechanical stress from the epoxy material could be reduced to neglectable levels.

Fabrication of this support die proved to be challenging as it required a 700 um deep
reactive ion etching (DRIE) from both sides of the support wafer, but we got enough

samples to demonstrate the stress-isolating performance.

Figure 24 Cross section view of stress-isolating support die model

4.4 Mechanical stress from metallization

Thermo-mechanical stress from thin-film metallization can cause thermal hysteresis in

a sensor output signal [41]. The large difference in CTE of silicon and aluminum thin
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film metallization will result in significant thermo-mechanical stress, and there is a

possibility that this can also affect the stress at the piezoresistor positions.

In this project, an existing sensor wafer-design was modified. All production steps of
the original sensor wafers were kept, except for the last two mask layers: contact hole
definition and metallization. With these limitations, a number of test-sensor variants
and structures were designed, including variants for metal layout optimizations as well

as for studying possible influence from surface charge on sensor behavior.

One of the test-structures, named M3, contained 4 strips of metal, located on the
oxide directly above two of the piezoresistors for maximizing the influence from
metallization. By maximizing the influence from metallization, it is possible to compare
mechanical properties of different metal alloys and deposition parameters, as well as
the effect of annealing conditions. Details from this experiment are included as

Article V.

4.5 Measurement setup

In the measurement setup used for parts of this work, up to 20 pressure-sensors were
mounted on test-cards and placed in a computer controlled environmental test-
chamber. They were connected through cable assemblies to an interfacing electronics
module located outside the test-chamber. This module provided excitation current to
the sensors and interfacing to a combined multiplexer/DMM module. Temperature
and humidity sensors were added for accurate measurement of environmental
conditions, and a computer controlled pressure controller was used for pressure

control.

A flexible software platform was used for accurate control of temperature, humidity

and pressure, and all measurements were stored in a SQL database for further analysis.

100 ppm of full scale (FS) with a FS of 115 mV is 11.5 pV. Accurate measurement of
signal changes of the order of uV during thermal and humidity cycling can be

challenging, with several possible error sources also from the measurement setup.
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Measurement cable assemblies can be sensitive to both temperature and humidity,
resulting in large variations of impedance. Especially when providing excitation
voltages thru the same cable, or when the measured signal contains a common mode
component (as in a Wheatstone bridge), small leakage currents between the individual
conductors in the cable might cause anomalies. It is therefore important to use quality

cables with known performance for the test-environment used.

Thermoelectric voltages or thermoelectric EMF (Electro-Motive Force) are a common
source of errors for low-voltage measurements [90]. It results from a temperature
difference at junctions between two dissimilar materials with a magnitude determined
by the relative Seebeck coefficient (Qag). The temperature difference can for example
be caused by thermal flow from the hot environment in the thermal chamber through
the cable assembly connecting the sensors to the measurement equipment located at
room temperature. While a crimped Cu-Cu connection may have Qag < 0.2 uV/°C, the
Seebeck coefficient is increased to 1-3 uV/°C for Cu-Pb/Sn (soldered connection) and it
can be as high as 1000 puV/°C for Cu-CuO (oxidiced connection) [91]. Keeping the

connectors free of contamination and oxidation is therefore extremely important.

By replacing the sensors with fixed resistors and characterizing the zero-signal of the
measurement setup over temperature, first without and then with an excitation
voltage present, possible thermoelectric EMF contribution as well as contributions

from leak currents can be quantified.
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5 Concluding remarks

In this work, we have studied small variations in sensor performance that are normally
treated as normal process variations and uncertainty. We have been able to isolate
and explain these variations through experimental work and modelling, and

demonstrated corrective changes to reduce these effects.

We have modelled and experimentally verified the relation between glass frit material
distribution, the sensor zero-point and the TCO. Stress relaxation in the form of
microcrack-induced signal changes has also been studied in detail. An optimized

material distribution has been modelled and experimentally verified.

Hygro-thermo-mechanical stress from a thermoset die-attach material has been
identified as a source for both a first-cycle effect after storage as well as hygro-thermal
hysteresis. A stress-isolating support die has been designed and manufactured,

reducing the influence from the die-attach material to neglectable levels.

In addition, studies have been performed on both leak related mechanical stress

effects as well as stress from metallization.

Based on this research, MEMSCAP is now able to manufacture pressure sensors with
an improved accuracy and stability, and observed anomalies can be understood and
explained. Some of the suggested improvements from this work have already been
implemented in the sensor manufacturing, while others are planned for future design

changes.

Focusing on physical properties possibly influencing the stability of piezoresistive
sensors through the project period, has resulted in valuable insight into the various

contributing factors.

Although the published articles are specific to pressure sensors, we expect that the

content will be of interest also for researchers working with other types of sensors.
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