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Chapter 1
Introduction
1.1 Introduction
This thesis is the result of a project sponsored by the Dutch Technology Foundation STW
(Stichting Technologische Wetenschappen [1.1]). The research was carried out at the
Micromechanical Transducers Group from the MESA+ Research Institute [1.2] and was
driven by the need from industry for small, low cost, high performance load cells. Silicon
was proposed as the base material for this kind of load cells, because it offers the possibility
of realising small, light, low cost and high performance mechanical sensors [1.3-1.10]. For
the Micromechanical Transducers Group this was an opportunity to bridge the gap between
silicon micro-machining and industry. From industry, the company Flintec GmbH,
producer of load cells, was involved in the research [1.11].
First, in §1.2 an overview will be given of standard conventional load cells. These load
cells are mostly made from stainless steel or aluminium, have normal dimensions and are
commonly used in industry. In the same section typical specifications for this type of load
cells are given. For most load cells the principle “the smaller the better” applies. Therefore,
in §1.3 conventional miniature metal-based load cells are presented. The sensing principle
is similar to what is used in standard conventional load cells. Finally, in §1.4 the
formulation of the problem and aim of the research project is formulated and in §1.5 an
outline of the thesis is given.

1.2 Standard conventional load cells
Load cells or force sensors are classified as force transducers [1.12] which convert a load or
force into an electrical signal. From now on the words “load” and “force” will be
considered as synonyms and will be mixed, because in load cell industry the term load and
in universities the word “force” is commonly used The heart of a load cell is the strain
gage. A strain gage is a device that changes its resistance when it is stressed. The gages are
load

gage base

strain gauge

Fig. 1.1: Simplified model of a load cell. The load compresses the column. The resulting strain is
measured with strain gages.
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developed from an ultra-thin heat-treated metallic foil with a thickness of about 5 µm. They
are chemically bonded to a carrier that is called the gage base. This is a thin dielectric layer
of, for example, polyimide. It has a typical thickness of about 45 µm [1.13]. The gage base
is then mounted to a spring element by means of an adhesive. The spring element can for
example be a beam, ring or column (see Fig. 1.1 where a column is shown). The precise
positioning of the gage, the mounting procedure, and the materials used all have a
measurable effect on the overall performance of the load cell.
The surface to which the gage is attached becomes strained under loading and the
resistance of the gage changes proportional to the applied load. Mostly, four gages are
attached to the spring element which are connected to create the four legs of a Wheatstonebridge configuration (see Fig. 1.2). When an input voltage is applied to the bridge, the
output voltage changes proportionally to the applied load. This output can be amplified and
processed by conventional electrical instrumentation.
+ input

+ output

- input
- output
shield

Fig. 1.2: Wheatstone bridge configuration.

An entire system can be constructed from basic modules. A complete load cell system
includes:
• one or more load cells;
• cable;
• junction box (summing up the load cell signals to one output) ;
• instrumentation (indicators, signal conditioners, etc);
• peripheral equipment (printers, scoreboards, etc.) .
There are four main types of standard conventional load cells which are produced by many
companies: beam, single point, tension and compression load cells [1.14-1.16]. These load
cells are shown in Fig. 1.3. The typical load capacity and dimensions are displayed in Table
1.1. The beam type load cell is used in platform weighing scales, vessel weighing, hand
pallet trucks, belt scales and dosing scales. To the single-point load cell a platform can be
attached. It is often used in scales for supermarkets. The tension load cell is applied in
construction material scales like tank weighing scales and suspension scales. The
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compression load cell is used for measuring very large loads in for example weighbridges,
truck scales, tank weighing, silo weighing and vessel weighing.
An overview of the market volume and price per piece in Europe in 2000 is given in
Fig. 1.4. It can be seen that the market volume decreases and the cost price per piece
increases for increasing load capacity.

load

load

Single-point

Beam

load

load
Compression

Tension

load

load

Fig. 1.3: Different types of standard conventional load cells (source [1.14]). Onto the single point
load cell a platform is attached. Its output is made independent of the position of the load on this
platform by mechanical or electrical trimming.

Load

Units

Beam

Single point

Tension

Compression

kg

10-10000

3-1000

20-10000

10000-300000

mm

30×30×140

30×40×150

35×(60-

80×80×(100-

120)×(90-

300)

capacity
Dimensions

140)
Table 1.1: Typical load capacities and dimensions of different types of standard conventional load
cells (source [1.11]).
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450

6

cost price per piece [$]

market volume [million pieces]

7

5
4
3

400
350
300
250
200
150

2
100
1

50

0

0

10-200
1

200-2000
2

2000-5000
3

load range [kg]

10000-60000
4

10-200
1

200-2000
2

2000-5000
3

10000-60000
4

load range [kg]

Fig. 1.4: Overview of the market volume and prices per piece in Europe in 1991 (source [1.17,
1.18]).

Specifications
The performance or accuracy of load cells is laid down in certificates. The internationally
accepted certificate is OIML R60, issued by the Organisation Internationale Métrologie
Légale [1.19]. The OIML was established in 1955 in order to promote the global
harmonisation of legal metrology procedures1. Since that time, the OIML has developed a
world-wide technical structure that provides its members with metrological guidelines for
the elaboration of national and regional requirements concerning the manufacture and use
of measuring instruments for legal metrology applications. The OIML Certificate System
for Measuring Instruments was introduced in 1991 to facilitate administrative procedures
and lower costs associated with the international trade of measuring instruments subject to
legal requirements. The System provides the possibility for a manufacturer to obtain an
OIML certificate and a test report indicating that a given instrument complies with the
requirements of relevant OIML international recommendations. Certificates are issued by
OIML member states that have established one or several issuing authorities responsible for
processing applications by manufacturers wishing to have their instrument certified. OIML
certificates are accepted by national metrology services on a voluntary basis, and as the
climate for mutual confidence and recognition of test results develops between OIML
members, the OIML Certificate System serves to simplify the pattern approval process for

1

Metrology is the science of measuring fundamental and derived physical quantities with utmost

precision and accuracy. Its goals are two-fold. On the one hand, the perfection of measurement
techniques and the elimination of systematic errors allow advances in fundamental research: the
history of science is full of examples where a more accurate measurement of a quantity forced a
revision of hitherto accepted theoretical models. On the other hand, metrology is of crucial
importance for the functioning of the modern economic world because it allows the reliable and
reproducible definition and realization of standards in all fields of economy. Otherwise one cannot
expect parts made by one manufacturer to be usable with those made by someone else (screws are a
good example) [1.19].

Introduction

5

manufacturers and metrology authorities by eliminating costly duplication of application
and test procedures.
In Europe the OILM R60 certificate is interpreted by the WELMEC [1.20]. WELMEC
is the European association for legal metrology. Its members are representative national
authorities responsible for legal metrology in Europe. The principal aim of WELMEC is to
establish a harmonised and consistent approach to European legal metrology.
In the United States the approval is granted by the NTEP (National Type Evaluation
Program). The NTEP is the American equivalent of the European OIML [1.21]. It is a
program of Cupertino between the National Institute of Standards and Technology (NIST),
the National Conference on Weights and Measures (NCWM), the states and the private
sector for determining, on a uniform basis, conformance of a type. In general, the NTEP
provides type evaluation which is the examination and/or evaluation of a type by a
participating laboratory.
As an example, an overview of the specifications of a beam type load cell, shown in
Fig. 1.3, is presented in Table 1.2. The numbers listed in this table are typical for standard
conventional load cells. Some of these specifications are explained here:
• The rated output (RO) is the output of the Wheatstone bridge (see Fig. 1.2) at maximum
load per unit input voltage. Very often the rated output is indicated by the full-scale
output (fso). Evidently, it is also a measure for the sensitivity.
• The minimum load cell verification interval is an indication for the resolution, because
it quantifies the minimum load change that can be detected. For example, for a load cell
of the 1134 kg range of class C3, the resolution is 1134 kg/11500=98.6 g which means
that that a resolution of 100 g can be shown on the display. The maximum number of
verification intervals is a parameter which gives information on the performance of a
load cell when a dead load is applied. For example suppose that on the load cell a dead
load of 400 kg is applied. Then, an accuracy of 98.6 g can be obtained in the load range
from 400 kg up to 400+3000*98.6=695.8 kg.
• The combined error is the total error including hysteresis and linearity. It is obtained by
carrying out hysteresis measurements. The hysteresis, or reversibility error, of a load
cell is the difference between its output when a load has been applied by a monotonic
increase from zero to maximum load, and its output at the same load following a
monotonic decrease from the maximum to zero load [1.22]. It is usually (also in Table
1.2) expressed as a percentage of the fso.
• The creep error is the relative change in output signal after loading the load cell with the
maximum load during 30 minutes.
• The temperature effect on the minimum dead load output expresses the temperature
dependence of the offset or “zero” of the sensor, i.e. the unloaded load cell.
• The temperature effect on sensitivity is the same as temperature effect on the rated
output.
• As indicated by the table the excitation voltage or input voltage can be chosen between
5 and 15 volts.
• The output calibration accuracy is defined as the deviation with respect to the rated
output of the rated output divided by the output resistance. This index is important if
more than 1 load cell is used in a weighing scale.
• The zero balance is the relative deviation of the output voltage at zero load with respect
to the full-scale output voltage. I.e., it is the offset error of the bridge.
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From the table it can be seen that standard conventional load cells have a typical accuracy
of about ±0.03 % of the fso.
Maximum capacity (=Emax)
Rated output (=RO)

kg

91,227,454,1134,2268

mV/V

2±0.002

Accuracy class according to

(GP)

C1

C3

n.a.

Emax/5000

Emax/11500

n.a.

1000

3000

OIML R60
Minimum load cell verification
interval (vmin)
Maximum number of
verification intervals (n)
Combined error

%RO

≤±0.040

≤±0.030

≤±0.020

Creep error (30 minutes)

%RO

≤±0.060

≤±0.049

≤±0.025

%RO/°C

≤±0.0040

≤±0.0028

≤±0.0011

%/°C

≤±0.0020

≤±0.0015

≤±0.0010

Temperature effect on minimum
dead load output
Temperature effect on
sensitivity
Excitation voltage

V

5..15

%RO

≤±0.05 (≤±0.005)

%RO

≤±1.0

Input resistance

Ω

1106±5

Output resistance

Ω

1000±1

MΩ

≥5000

Compensated temperature range

°C

-10 to 40

Operating temperature range

°C

-20 to 65

Safe load limit

% Emax

200

Ultimate load

% Emax

300

Safe side load

% Emax

100

Output calibration accuracy
(classified)
Zero balance

Insulation resistance

Load cell material
Sealing potted
Protection according DIN

Stainless steel 17-4 PH (1.4548)
potted
IP67

40.050
Table 1.2: Specifications of a typical standard conventional load cell (source [1.14], beam type).
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1.3 Miniature conventional load cells
Some applications require the use of miniature load cells (see Fig. 1.5). Advantages of
miniature load cells are [1.23, 1.24]:
• compactness reduces the sensitivity to temperature gradients/transients;
• a low profile (small length) reduces the sensitivity to side loads;
• a low profile usually results in a smaller deformation under load;
• finally, compactness has economical aspects, not only by saving material but also by
cutting the costs of the strain-sensing systems usually based on the strain gage. On the
other hand, compacting a given load cell has a detrimental effect on the linearity and
repeatability, at least as a general rule [1.23, 1.25]!
In order to give an impression of the performance of miniature load cells, specifications of
some miniature load cells of four different companies are given in Table 1.3. These load
cells can measure loads up to about 1000 kg. Evidently, there is not much difference in
performance between these load cells. However, with respect to the standard conventional
load cells discussed in §1.2, the accuracy is decreased by about one order of magnitude as it
amounts to about ±0.25 % of the fso.

Fig. 1.5: Examples of miniature conventional load cells (source [1.26, 1.27]).

1.4 Aim of the research and formulation of the problem
The aim of the research presented in this thesis was to improve the characteristics of
conventional load cells by using silicon as the base material. Silicon was used because it
offers the possibility of realising small, light, low cost and high performance mechanical
sensors [1.3-1.10]. The research focuses on the following aspects:
• Reductions of effects such as hysteresis and creep. Silicon has excellent mechanical
characteristics compared to metals. Bethe presented creep recovery experiments on both
metals and non-metals at room temperature [1.30]. He showed that for silicon the strain
after 30 minutes of recovery is only 0.0007 % of the initial strain.
• Compactness. In some cases there is not much space for a load cell. Also, as described
earlier, compact load cells are less sensitive to temperature gradients/temperature
transients. As silicon wafers have a typical thickness of about 0.5 mm, compactness
might be one of the advantages of using silicon.
• Ruggedness. Contrary to metals, silicon is a brittle material which is a disadvantage.
How should we deal with this problem?
• Sensitivity and output signal form. Conventional load cells use metal strain gages whose
resistance has a relatively low sensitivity to strain. Can other strain sensing principles be
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incorporated in silicon to improve the sensitivity? For displaying the weight on an
indicator in conventional load cells, the output voltage of the bridge needs an analogue
to digital conversion. Is it possible to obtain a digital signal directly, and thus improve
the performance of the load cell?
Load cell number

Units

Company

1

2

3

4

Transducer

Interface

Nordisk

Entran SA

Techniques

[1.29]

Transducer

[1.27]

Inc. [1.28]
Model

Teknik [1.26]

LBO-2K

LW1510

CM35

ELA-B2

Load range

kg

908

908

1000

1000

Height

mm

11

13

15

10

Dimensions

mm

26

38 (diameter)

35 (diameter)

32 (diameter)

Stainless Steel

Stainless Steel

Stainless Steel

perpendicular to

(diameter)

load
Material

17-4PH

RO

mV/V

Accuracy

% of

Stainless

(protection

Steel

degree IP65)

2

2

2

±0.5

±0.25

2

RO
Hysteresis

% of

±0.5

±0.25

RO
Non-repeatability

% of

±0.1

±0.1

RO
Temperature

% of

dependence at

RO/°C

±0.018

±0.009

0.0030

0.01

0.0025

0.02

zero load
Temperature
dependence under

% of

±0.036

load/°C

load
Compensated

°C

15 to 72

16 to 71

°C

-42 to 93

-54 to 121

15 to 70

temperature range
Operating

-10 to 40

temperature range
Table 1.3: Specifications of miniature load cells from four different companies.

-50 to 120
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The choice was made to focus on a silicon load cell which can be used for loads up to 1000
kg. The small load range does not seem to be attractive, because the prices in this market
are very low. The problem with very high capacity load cells is that testing cannot be
performed in the MESA+ Research Institute. Possibly, the developed principles can be used
in other load regimes. The accuracy which is aimed at is ±0.03 % of the fso in a
temperature range from –10 °C to 50 °C. This corresponds to the typical accuracy of
standard conventional load cells (see Table 1.2). The performance of the silicon load cell
will also be compared to the performance of miniature conventional load cells which have a
typical accuracy of about ±0.25 % of the fso (see Table 1.3).

1.5 Outline of the thesis
In chapter 2, the basic rules for making silicon load cells are presented. Chapters 3, 4 and 5
are dedicated to applications: in chapter 3 the development of a piezoresistive silicon load
cell will be described. In chapter 4, a capacitive silicon load cell is presented. In both
chapters 3 and 4 the load is directly applied to the silicon chip. In chapter 5 a load cell is
presented in which the load is first transformed into a differential pressure between a fluid
and the surrounding air. The pressure measured by a silicon pressure sensor is a measure
for the applied load. Finally, chapter 6 gives an overview of the results presented earlier in
the thesis and provides an outlook for future research.
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Chapter 2
Basic rules for the production of a silicon load cell
2.1 Introduction
In this chapter some basic rules will be discussed for designing a silicon load cell. First of
all, in §2.2 the fracture strength of silicon is treated, because this information will be used
in subsequent paragraphs. The silicon spring element which is deformed under a load is
described in §2.3. This section includes three principles of how to apply the load to the
silicon. §2.4 treats three different sensing principles that can be used for sensing the
deformation of the silicon spring element: piezoresistive, capacitive and resonant. In §2.5
the test setup is presented. Finally, in §2.6 conclusions are drawn.

2.2 Mechanical strength of silicon
In the literature information can be found on the fracture strength of silicon. The fracture
strength depends on many factors. For example the way in which the silicon crystal is
grown, e.g. float zone (FZ) or Czochralski zone (CZ). Differences between these types are
ascribed to differences in the concentration of oxygen [2.1]. During propagation of cracks
upon fracture, stresses are released by the generation of dislocations. The ability of oxygen
to concentrate around these dislocations and to impede their multiplication is believed to be
the main reason for the difference in strength. Also, the effects of nitrogen on the resistance
to wafer fracture and on the generation and locking of dislocations have been studied.
When a brittle material such as silicon is tested in fracture tests, then, according to Vedde
and Gravesen a large variation is observed of measured strength data owing to the size
distribution of defects present in the material [2.1]. For wafers made of single crystal
silicon it may be assumed that all fracture events will initiate under tensile stress from small
surface defects present on the wafer. Based on the concept of a weakest-link failure
mechanism, the fracture strength will depend on the size of the tested area. This is due to
the fact that the probability of having a severe defect in the part of the wafer surface with
maximum tension increases with the size of the tested area.
Vedde and Gravesen presented a systematic study, where the fracture strength was
measured at room temperature as a function of the following parameters [2.1]:
• float zone (FZ) or Czochralski zone (CZ);
• cutting, lapping or polishing of the crystal surfaces;
• oxygen concentration.
Three types of wafers were subjected to bending tests. The properties of the tested wafers
are given in Table 2.1. For different surface finishing methods the median fracture stress is
shown in Table 2.2. It is defined as the stress at which the probability that a sample will
break is 50 %.
In the same table also the so-called Weibull modulus m is shown. A large value of m
indicates a small scatter of individual data points around the mean fracture stress, which
implies a narrow distribution of defect sizes. From the test results it follows that polished
wafers (with a surface roughness well below 1 nm) have a much higher strength than cut or
lapped wafers. However, they also show a much larger scatter between the individual data
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which indicates that there is a large variation in size of the largest defect. The fracture stress
does not differ much for CZ, FZ-1 and FZ-2 crystals.
The silicon spring elements that will be presented in this thesis are produced from both
single-sided and double-sided polished <100> CZ wafers, with a fracture strength between
0.2 GPa and 1.1 GPa. In order to be on the safe side, in the calculations presented in this
chapter a maximum allowable tensile stress of 0.2 GPa is assumed.
Wafer
identification
CZ
FZ-1
FZ-2

Crystal
type
CZ
FZ
FZ

Oxygen concentration
(1016 cm-3)
72-86
0.36-0.38
12-15

Orientation
<111>
<111>
<111>

Table 2.1: Properties of wafers used in the fracture strength tests (source [2.1]).

Cut
σ 50% [GPa]
CZ
FZ-1
FZ-2

0.18
0.22
0.21

m
6.3
16.2
8.9

Lapped
m
σ 50% [GPa]
0.27
0.30
0.33

14.1
13.7
21.1

Polished
m
σ 50% [GPa]
1.18
1.12
1.01

2.6
3.0
2.6

Table 2.2: Median fracture stress ( σ 50% ) and Weibull modulus ( m ) of wafers made from three
different crystals (source [2.1]).

2.3 Spring element
Conventional load cells all use the principle of force reduction, because the force is not
carried by the strain gages alone. In fact the main part of the load is carried by the steel
spring element (see Fig. 1.3).
One of the problems with this type of load cell is that the sensor also measures
hysteresis and creep of the steel spring element. For silicon it can be expected that this type
of hysteresis and creep is much smaller, because, as was concluded in §1.4, silicon has
excellent mechanical characteristics. Therefore, the first question is:
What kind of silicon spring element is needed to avoid that hysteresis and creep of the load
cell are determined by its metal parts (i.e. the package)?
A second problem can be caused by (even small) changes in the load distribution near
the point on the load cell where the load is applied. According to St.-Venant’s principle, the
local effects of changes in the load distribution near the point of load contact diminish
rapidly with distance from that point [2.2, 2.3]. Robinson states that in the majority of load
cell designs, the strain gages are applied so close to the contact point that changes in load
distribution can significantly affect the load cell output [2.3]. He developed an analytical
model and a finite element model for a compression load cell to predict how the bridge
output for axi-symmetric non-uniform loading deviates from the output in the case of a
uniform load distribution. In Fig. 2.1 the loading situation is shown which was used in the
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homogeneous load

=
rf

r0
axi-symmetric non-homogeneous load
homogeneous load

+
r0

rf

r0
axi-symmetric non-homogeneous load

Fig. 2.1: Model used by Robinson [2.3] for testing the influence of axi-symmetric nonhomogeneous loads with respect to homogeneous loads. The strain gages are located at the
position denoted by z .

analytical and finite element calculations. The radius of the load cell is denoted by r0 and
the radius on which the axi-symmetric non-uniform load applies by r f . z is the distance
from the loaded surface to the location of the strain gages. It is assumed that the cylinder
has an infinite length. Robinson showed that the sensitivity to non-uniform loading rises
rapidly as the aspect ratio z / r0 is reduced below 3.5 which is also known from
requirements of the BS1610 standard [2.4]. For a silicon spring element the z / r0 ratio
would become much lower than 3.5, because the thickness of a wafer is only 0.5 mm. It
means that small changes in loading conditions have a large influence on the output signal,
giving a bad repeatability. This leads to the second question:
What kind of silicon spring element is needed to assure that changes in loading conditions
have an influence on the output signal that stays within the required accuracy?
In the rest of this section these two questions are dealt with for three different types of
silicon spring elements. In §2.3.1 a silicon spring element of the beam type is discussed
(see Fig. 1.3 for conventional beam type load cell). §2.3.2 deals with a silicon spring
element of the compression type (see Fig. 1.3 for conventional load cell of the compression
type). In §2.3.3 a metal spring element is presented in which the load is first transformed
into a fluid pressure. This pressure is measured with a silicon spring element (pressure
sensor) and is a measure for the applied load.

2.3.1 Silicon spring element of the beam type
Conventional load cells of the beam type, shown in Fig. 1.3, are often designed for
measuring loads from 10 kg up to 10000 kg (see Table 1.1). The silicon version could have
the form shown in Fig. 2.2. The load is applied to a steel element that is attached to the
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Ftot
h

sensor element

x

steel element

silicon
Fig. 2.2: Silicon spring element of the beam type.

silicon. A sensing element (for example strain gage or resonator) is placed at position x to
measure the strain in the beam. Ftot is the force that is to be measured and ∆x is the
deviation in the position of the loading point. Based on the principle of St.-Venant it is
supposed that the influence of the Hertz stresses (located at the point of contact) on the
output signal of the sensing element can be neglected. The resulting strain at position x
according to the elasticity theory of beams [2.5] is:
(2-1)
F h ( L − x + t + ∆x )
1
ε ( Ftot , ∆x, x) = tot
;
I = bh 3 ,
2 EI
12
where b is the width of the beam. The relative error in strain due to a change in position of
the loading point amounts to:
(2-2)
ε ( Ftot , ∆x, x) − ε ( Ftot ,0, x)
∆x
Erε =
=
.
ε ( Ftot ,0, x)
L+t −x
As could be expected, for the smallest error the sensor element should be located at x = 0 .
The beam length L is determined by the maximum allowed stress, σ max . This stress also
occurs at x = 0 and is given by:
(2-3)
6F ( L + t )
σ max = Eε ( Ftot , ∆x,0) ≈ Eε ( Ftot ,0,0) = tot 2
.
bh
By using (2-2) and (2-3), the length can be eliminated giving:
(2-4)
6 F ∆x
Erε = 2tot
.
bh σ max
As silicon wafers have a thickness of about 0.5 mm and a typical diameter of 100 mm (4
inches), h and b are set to 0.5 mm and 20 mm respectively. For σ max a value of 0.2 GPa
applies as described earlier in §2.2. According to (2-4) the relative error is a linear function
of the force. For a total force of 10 kN it amounts to 6 % per µm change of the loading
point! By setting t = 0.5 mm , it follows from (2-3) that, in order to keep the stresses below
the maximum stress, a maximum beam length of –483 µm is allowed (negative beam
length). The only solution to this problem is a decrease of Ftot by force reduction. The
reduced force is denoted by Fr . From (2-3) it follows that for forces Fr below 333 N, the
beam length becomes positive which means that the force has to be reduced by a factor of
more than 30. In Fig. 2.3 a graph is drawn of the maximum allowable beam length versus
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L [mm]

Fr [N]
Fig. 2.3: Maximum beam length to stay below the maximum allowable stress.

reduced force. Above this length σ max is exceeded. Even for Fr =25 N the beam length
may not be more than 6.2 mm while the error to changes of the loading point is still 0.015
% per µm. From the preceding calculations it follows that force reductions of more than a
factor 100 are needed in order to give acceptable stresses and beam lengths.
The required force reduction can be achieved by using cantilevers and gears. In these
methods the force reduction factor is assumed to be only a function of the geometrical
parameters and not a function of the material properties (like Young’s modulus). For the
first method, the reduction equals the ratio of the length of the levers. For the second
method the force reduction factor is given by the ratio of the radii of the gears. However,
due to friction and the required large reduction factors it is expected that these two
reduction methods are less suited for repeatable and stable force reduction.
Finally, it has to be noted that the large sensitivity to changes (displacement) of the
loading point can be compensated for by using a second sensor, which of course requires an
extra calibration. Also, a roverval lever mechanism may be used due to which the point of
application of the force on the silicon is fixed [2.6] (see Fig. 2.4). However, the magnitude
of this force is a function of ∆x , so that the output is not independent of the point of
application of the force on the roverval mechanism. For both proposed solutions, the
problem of maximum stress remains. Hence, we conclude that beam type silicon spring
elements are not suitable for application in the load cell.
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Ftot
x

h

roverval mechanism

sensor element
steel element

silicon
Fig. 2.4: Roverval mechanism in combination with a silicon spring element of the beam type.

2.3.2 Silicon spring element of the compression type
High capacity conventional load cells are usually of the compression type (see Table 1.1).
Because the column is compressed, stresses due to bending are prevented. The proposed
schematic design for the silicon spring element of the compression type is shown in Fig.
2.5. Under the external force Ftot the silicon chip is compressed between the pressing
blocks. The arrows in the close-up view indicate the load distribution on the silicon chip.
The close-up view shows that in reality the surfaces of the silicon and pressing blocks do
not exactly match due to curvature and surface roughness. On the chip, sensing elements
are placed to measure the deformation. When two bonded wafers are used, the sensing
elements can also be located beneath the interface of chip and pressing block. Let us
suppose that only one sensor element is used (for example sensor element 1). Then, if the
position of the loading point changes by a distance ∆x , the load distribution on the chip
will change. The load distribution will also change due to creep in the pressing blocks.
These effects result in a deviation in the output signal of sensor element 1, although the
external force is kept constant.
This problem was encountered in the chip shown in Fig. 2.6. A more detailed
description is given in [2.7]. The chip consists of a bearing block that carries the load. To
the top bearing block a lid is attached defined by KOH etching. To the bottom bearing
block, springs are attached connected to a membrane. When a load is applied, the bearing
block is compressed in the z-direction, acting like a stiff spring. This results in a downward
displacement of the lid thereby bending the membrane. Four strain gages on the membrane
measure the resulting strain, which is a direct measure for the applied load. A plot of the
normalised output for a loading cycle is shown in Fig. 2.7. The hysteresis is about 9 % of
the fso, which is far from the desired accuracy of ±0.03 % of the fso. Also, the shape of the
curve in Fig. 2.7 changed after each loading cycle. This leads to the conclusion that for
measuring loads with silicon load cells of the compression type, the load distribution should
be integrated so that the output signal is only a function of the total load. This can be
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achieved by placing sensing elements all over the chip area. The method will be called
distributed sensing.

Ftot
x

x

Ftot
Fig. 2.5: Silicon spring element of the compression type.
load

lid

bearing block
bearing block

strain gages

bearing block
bearing block
membrane

springs
mesa
bearing block

lid

bond pads
metal
tracks

bearing block

strain gages

membrane

z

springs

Fig. 2.6: Layout of silicon chip with four strain gages on a membrane.
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Fig. 2.7: Normalised output of the Wheatstone bridge versus load for the load cell shown in Fig. 2.6.

Opperman [2.8] developed a load cell based on the principle of distributed sensing. It
consists of a resistor made of a zeranin filament (metal) which is deposited on a hardened
steel plate with a diameter of 72 mm. The load is put on top of the resistor and the change
in resistance due to the compression is (in theory) only a function of the total force, because
it is not important exactly where on the resistor the load is applied. The experimental
maximum change in output signal due to different load distributions is within 3 % of the
fso.
Sundin and Jonsson also developed a load cell that is nearly independent of the load
distribution [2.9]. The principle of their load cell is based on the measurement of tangential
strain around the periphery of an axially loaded short and axi-symmetric body. It was
shown that for an appropriate choice of transducer geometry the output is nearly insensitive
to the distribution of the load over the loaded surface. In an experimental investigation, a
prototype of the transducer was subjected to both static and impact loads of different
distributions. The results show only a few percent variation in transducer sensitivity for the
load distributions used.
Still, some questions remain for silicon spring elements using the principle of distributed
sensing:
• How accurately can the force distribution be integrated?
• What is the influence of effects like slip or shear forces between the contacting surface
of the silicon chip and the pressing blocks?
In chapters 3 and 4 this principle will be applied in a distributed piezoresistive and a
distributed capacitive silicon load cell respectively and an answer will be given to these
questions.
In the subsequent section fracture strength tests on silicon spring elements of the
compression type are presented.
Fracture strength experiments on silicon spring elements of the compression type
The fracture strength of the silicon spring element of the compression type was measured
for a series of square chips. On both sides, metal pressing blocks were placed to transfer the
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force excerted by a press (see Fig. 2.8). Under the assumption of a uniform force
distribution on the chip, it follows that the compressive stress is given by:
(2-5)
F
σ = tot2 ,
w
where w is the width of the chip. The compressive stress in (2-5) can be compared to the
fracture strength of silicon. For a force of 10 kN and a critical stress which lies between 0.2
GPa and 1.1 GPa, the critical width is between 3.0 mm and 7.1 mm. Above 7.1 mm no
problems are expected. Based on these results the choice was made to test silicon chips of
10 mm by 10 mm.

Ftot

steel
silicon
steel

Ftot
Fig. 2.8: Loading situation in the press.

The chips were diced from 3-inch single-side polished silicon wafers with a thickness of
about 380 µm. Wafers with different orientations were taken: (100), (110) and (111). The
wafers were of the CZ-type, doped with boron and had a resistivity of 5-10 Ω⋅cm. These
wafers are standard. On both sides steel pressing blocks were applied with dimensions of 10
mm by 10 mm by 10 mm (see Fig. 2.8). Due to the polishing of the blocks, their surfaces
were somewhat curved. Between the centre and the brim of these blocks there was a height
difference of about 1.1±0.1 µm, which means that the chip was compressed most in its
centre. The roughness of the pressing blocks was 150±25 nm. Then, by means of a press, a
load was applied ten times to the pressing blocks. After this it was checked whether the
silicon was broken or not. This test was repeated on 6 to 8 chips of each wafer orientation.
Different loads were applied at intervals of 5 kN. For every orientation it was then checked
which percentage of the samples was broken in the tests. The results are presented in Fig.
2.9. It is concluded that the strength of (110)- and (111)-oriented wafers is somewhat higher
than that of (100)-wafers. None of the samples was broken for loads of 30 kN and less.
Hence, for measuring loads up to 10 kN, a chip surface of 10 mm by 10 mm seems to have
a good safety margin.
In order to test whether higher loads could be measured with silicon chips, 30 mm by 30
mm silicon chips were diced from an (100)-oriented wafer. Similar experiments revealed
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that the fracture strength increased by a factor of about 9, which corresponds with a linear
relation between the maximum load and surface area of the chip. As (100)-wafers are
commonly used in micro-machining, only these wafers were used during processing.
In the subsequent section the package is presented that is needed for the silicon spring
elements of the compression type.
50
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(110), dry
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Fig. 2.9: Fracture strength tests on 10 mm by 10 mm silicon chips with different orientations:
(100), (110) and (111).

Package for silicon load cells of the compression type
The package for the silicon spring element of the compression type is shown in Fig. 2.10.
The force is applied to a stainless steel boss, which is attached to a thin stainless steel
membrane. The boss transmits most of the force to a steel ball that rests on a pressing
block. Two identical spring-metal holders of 0.3 mm thickness, who are put around a
pressing block, keep the pressing block in position. A top view of a holder is shown in Fig.
2.11. The springs prevent lateral movements of the blocks, but pass through the vertical
force. The chip is glued onto another spring metal holder (see Fig. 2.12). The chip is then
placed between the pressing blocks. The balls take care that the position of the force on the
pressing blocks is very well defined. It is expected that in this way a repeatable force
distribution on the chip be created. By using the screws (see Fig. 2.10), the preload on the
chip can be varied. A printed circuit board is placed closely around the silicon chip for
connecting it to the electrical circuit. The cover and base are also made from stainless steel.
For the pressing blocks aluminium oxide was used instead of steel, because it is a nonconducting material. It is also a very hard ceramic, which shows low creep. The height,
curvature and roughness of the blocks determine the uniformity of the load distribution on
the silicon chip. The minimum height necessary for a uniform load distribution is
determined via numerical simulations with the finite element program Ansys 5.5 on the
system that is shown in Fig. 2.13. For aluminium oxide the next material parameters are
taken:
(2-6)
E Al2O3 = 530 GPa (Young’s modulus) and ν Al2O3 = 0.25 (Poisson’s ratio).
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Fig. 2.10: Package of the silicon chip.
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Fig. 2.11: Pressing block holder
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Fig. 2.12: Chip holder
(thickness=0.3 mm).
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Fig. 2.13: Model for finite element calculations.

The stress normal to the surface at a distance h from the applied force is shown in Fig.
2.14a,b for 10 mm and 20 mm high blocks. For a pressing block with a height h = 10 mm ,
the ratio between the maximum and minimum stress equals 1.239. For a height of 20 mm
the ratio is 1.002. In chapter 4, it will be shown for the distributed capacitive silicon load
cell that it is an advantage to have a force distribution which is as uniform as possible. This
means that the mentioned ratio should be close to one. Therefore, the choice was made to
use pressing blocks with a height of 20 mm.
In order to calculate the force Fmem taken up by the membrane during loading, the system
shown in Fig. 2.15 is analysed. It is assumed that the deflection of the boss is composed of:

10 mm

20 mm
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Fig. 2.14a,b: Distribution of stresses (in N/m2) at the surface acting in a direction normal to the
surface for 10 mm and 20 mm aluminium oxide pressing blocks. Due to symmetry only one quarter
is shown.
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• the approach of the upper ball and steel boss which is described by Hertz elasticity
theory on contact problems [2.10].
• the approach of the lower ball and base which is also described by Hertz elasticity
theory on contact problems.
• the approach of both balls and Al2O3 pressing blocks, described by Hertz elasticity
theory.
• the bulk deformation of the Al2O3 pressing blocks.
• the deflection of the membrane.
By adding all effects, the following equation can be derived:
64444444444444deflection
44
474boss
444444444444444
8

[

]

3(1 − ν St2 ) Fmem
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where:

k St =

2
(1 − ν Al
)
(1 − ν St2 )
2 O3
and k Al2O3 =
.
πE St
πE Al2O3

(2-8)

For the derivation of the deflection of the boss reference is made to [2.11]. With the help of
this non-linear equation, Fmem can be determined as a function of the total force Ftot . For
the dimensions shown in Fig. 2.15, the result is plotted for two different membrane
thicknesses in Fig. 2.16. For a membrane thickness of 0.5 mm, and a load of 10 kN, Fmem
is about 35 N, which is 0.35 % of the fso. For a membrane of 0.3 mm thickness, the
maximum of Fmem is only 7 N, which corresponds with 0.07 % of the fso. Due to plastic
deformation at the contact surfaces during loading for the first time, the deflection and
membrane force can be lower afterwards. The choice was made to use the membrane of 0.3
mm thickness, because it passes through more force and it causes the smallest non-linearity.
With respect to the occurrence of creep in the stainless steel membrane, reference is
made to [2.12]. According to that paper creep is a function of both the rate at which the
stress is applied and the final stress. For a stress rate of 22.6 MPa/s and a final stress of 250
MPa, the creep after 17 minutes is about 1.4 %. Therefore, it can be expected that for a
membrane force of only 7 N (which corresponds with a maximum Von Mises stress of 90
MPa) no significant creep is caused by the membrane.
In chapters 3 and 4 the presented package will be used for testing the distributed
piezoresistive and distributed capacitive silicon load cells, respectively.
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Fig. 2.15: Model for calculation of the force taken up in the membrane.
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Fig. 2.16: Membrane force as a function of the input force for two thicknesses of the membrane
( E st =210 Gpa, ν St = 0.3 ).
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2.3.3 Spring element for force-to-fluid pressure transformation:
hydraulic load cell
As argued in §2.3.1, it cannot to be expected that repeatable and stable force reductions can
be achieved by using cantilevers or gears. For the silicon spring element of the compression
type no force reduction was applied. However, the question of how accurately the force
distribution can be integrated remains. Also, the question regarding the influence of higher
order effects such as slip or shear forces between the two surfaces is not yet answered.
Another problem might be caused by stress concentrations at the interface between the
silicon chip and pressing blocks. These problems can be avoided by loading the chip via a
medium, which only passes a uniform perpendicular load and a zero in-plane load. Since a
fluid possesses these properties, we have sought for a method to transform the force into a
fluid pressure. From the literature two kinds of such transformers are known: the pressure
balance and the hydraulic load cell.
Pressure balances are used for the calibration of pressure sensors and also in branches of
science where accurate data on thermodynamic properties of gases, vapours and fluids as a
function of pressure are needed. In these instruments the unknown parameter is the
pressure which is directly related to the force that is applied to a surface of known area
[2.13-2.15]. In practice the pressure-transmitting fluid (or gas) usually acts on the base of a
cylindrical piston, free to move in an accurately matched cylinder (see Fig. 2.17). The
resulting force is balanced by calibrated masses suitably supported by the piston. Between
the jacket and the piston there is fluid leakage. In some designs this leakage is allowed, but
in other designs O-rings are applied to prevent leakage. In general the expression for the
differential pressure P between the fluid and surrounding air is given as [2.14, 2.15]:

Ftot

Pj

Pm
Fig. 2.17: Piston gage, schematic. B gage body, G piston, J jacket, C line of contact between fluid
and piston, Pj jacket pressure, Pm pressure of fluid or gas and Ftot load (source [2.13]).
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P=

Ftot
,
Aeff ( P, T )

(2-9)

where Aeff ( P, T ) is the (effective) area of the piston which is a function of the pressure
( P ) and temperature ( T ).
In the hydraulic load cell not the pressure, but the force is the unknown parameter. The
pressure balance can be used as a hydraulic load cell, but it has some disadvantages. First
of all, it suffers from the drawback of fluid leakage. Using seals minimises the leakage.
However, these seals cause friction between the cylinder and piston in this way introducing
hysteresis and creep. For reduction of the friction force it is necessary to have a rotating
piston. This makes the use of a pressure balance as a hydraulic load cell complicated and
expensive.
In the literature only a few hydraulic load cells are described [2.16, 2.17]. In [2.16] a
hydraulic load cell is presented in which the piston is screwed to the cylinder (see Fig.
2.18). The screws are used to create a non-zero pressure in the fluid even at a zero force. In
this way it is possible to measure both tensile and compressive forces. A Teflon seal and a
proper surface finish of the mating steel parts are needed to enclose the fluid. The effective
area is a function of the bulk modulus of the fluid and the Young’s modulus of the screws.
The pressure-force sensitivity of the described load cell is 720 Pa/N. The load range is from
1400 kg (tensile) to -2700 kg (compressive) with a hysteresis error of 1.8 % of the fso. This
hysteresis is probably caused by the fact that the volume of the fluid can easily change,
because of the relatively flexible seal. This makes the pressure-force relation dependent on
the Young’s modulus (i.e. elastic properties) of the seal. Another cause for hysteresis might
be that the pressure-force relation also depends on the elasticity of the screws.

Fig. 2.18: Schematic drawing of the hydrostatic load cell presented in [2.16].
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In this thesis a new hydraulic load cell will be presented which has the following
improvements with respect to the existing pressure balances and hydraulic load cells:
• It does not suffer from fluid leakage.
• The effective area Aeff is independent of the elastic properties of the applied materials,
which means that hysteresis and creep are strongly reduced.
• For the elimination of the friction force, it is no longer necessary to have a rotating
piston.
The layout of the new sensor is shown in Fig. 2.19. The load cell is axi-symmetric. It
consists of a steel carrier in which a fluid layer is trapped and sealed by a steel boss and
membrane. A copper sealing ring, firmly screwed between the metal parts of the housing, is
used to prevent leakage. The force Ftot is applied to the boss. Due to this (positive) force
the boss is displaced downwards and the fluid pressure increases. The pressure difference
between the fluid and surrounding air is measured with a silicon pressure sensor. The
tuning screw is used for adjusting the offset pressure in the fluid. By screwing it into the
carrier the offset pressure is increased. For positive offset pressures, the load cell can also
be applied for measuring tension forces.
membrane
differential (silicon)
pressure sensor

Ftot

boss

screws

h

r2

r1

d

copper sealing ring

fluid

P

Pfluid

Pair

screw for tuning the
offset pressure

carrier
Fig. 2.19: Layout of the hydraulic load cell. The force presses the boss downwards. This causes a
pressure increase in the fluid. A copper ring seals the fluid.

In chapter 5 it will be derived that the relation between the differential pressure of the fluid
and air and the force depends on the geometrical parameters r1 and r2 :
(2-10)
Ftot
.
P = Pfluid − Pair =
Aeff (r1 , r2 )
Since the pressure-force relation now has become independent of the material parameters, it
can be expected that the force-to-pressure transformation has a low sensitivity to hysteresis
and creep in the membrane. In the same chapter also the influence of a change in the
position of the loading point will be treated.
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2.4 Sensing principles
For measurement of the deformation of the spring element sensing elements are needed
which transform the deformation into an output signal. Tabib-Azar and Garcia-Valenzuela
presented a comparative study of the merits of piezoresistive, electrostatic, piezoelectric,
magnetic and optical displacement sensors [2.18]. Their research focuses on the sensitivity
( S ) and the minimum detectable signal ( MDS ) levels of these principles. We apply the
same theory to our silicon load cell. In addition, information on the relative noise level,
temperature dependency, long-term stability, possibility of distributed sensing and costs is
gathered. Three principles are discussed which are considered useful for application in a
silicon load cell:
• piezoresistive;
• capacitive;
• resonant.
The main reason for not considering the piezoelectric principle is its limited low-frequency
response [2.19]. In the limiting case of static deformations, in practice only the change in
deformation can be measured accurately. Optical techniques have been used to measure the
bending of diaphragms. Optical transducers have the advantage of being non-electrical and
are, therefore, free from electrical interference [2.19]. Optical fibre transducers such as
Mach-Zender interferometers have some promise, but long-term stability and interference
problems need to be improved. As there are many uncertainties about this technique, the
choice was made not to investigate this principle.
Definitions
The output signal ( U s ) of a sensing element depends on the mechanical stress ( σ ),
temperature ( T ) and time ( t ):
(2-11)
U s = U s (σ , T , t ) .
The parameter time is used for describing (long-term) drift.
The sensitivity ( S ) is defined as the sensitivity of the output signal to the change in the
mechanical stress that is present at the location of the sensing element in the load cell:
(2-12)
dU s (σ , T0 ,0)
1
S=
,
U s (0, T0 ,0)
dσ
where T0 is the reference (room) temperature.
The minimum detectable signal ( MDS ) of a system is defined as the root mean square
(rms) value of the noise in the output signal:
(2-13)
MDS = rms[noise in U s (σ , T ,0)] .
It is assumed that all systematic errors such as offset and non-linearity have been cancelled
so that noise is the limiting factor in the measurement. The value also ignores sources of
long-term drift. Doing so implies that the resulting MDS is a measure of a sensor’s
resolution, not its long-term accuracy.
More important than the MDS is the relative noise level ( RNL ), because this is a
measure for the resolution with respect to the full-scale output. RNL is defined by the ratio
of minimum detectable signal change and the change in output signal of the sensing
element between zero and full load:
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RNL =

MDS
MDS
=
.
[U s (σ max , T0 ,0) − U s (0, T0 ,0)] Sσ maxU s (0, T0 ,0)

(2-14)

σ max is the mechanical stress in the sensing element at full load. For optimal sensitivity
σ max must approach the fracture strength. As mentioned earlier σ max is set to 0.2 GPa.
For the temperature dependence, two coefficients are considered. First of all, the
temperature coefficient of the offset or “zero” which is defined by:
(2-15)
dU s (0, T ,0)
1
α0 =
.
U s (0, T0 ,0)
dT
T =T0
The temperature coefficient of the sensitivity is defined as:
1 dS
α1 =
.
S dT T =T0

(2-16)

2.4.1 Piezoresistive
In the literature a variety of sensors is described in which piezoresistive strain gages are
applied to measure deformation [2.20-2.22]. Polysilicon and monocrystalline silicon strain
gages also show the piezoresistance effect. The relative change in resistance of a resistor in
which the stress σ and current are parallel is given by [2.23, 2.24]:
(2-17)
∆R 1 ∆R
=
σ = Slσ = π lσ ,
R
R σ
where S l = π l is the longitudinal piezoresistance stress gauge factor (or longitudinal
sensitivity as defined in (2-12)). When the angle between current and stress is 90°, the
sensitivity is given by:
(2-18)
∆R 1 ∆R
=
σ = Stσ = π tσ ,
R
R σ
where S t = π t is the transversal piezoresistance stress gauge factor (or transversal
sensitivity). Typical values of π l and π t for monocrystalline silicon with p-type or n-type
doping are shown in Table 2.3. The absolute value of S l varies between 70 ⋅ 10 −11 m 2 /N
and 105 ⋅ 10 −11 m 2 /N . The absolute value of S t lies between between 50 ⋅ 10 −11 m 2 /N and

70 ⋅10 −11 m 2 /N . For polysilicon strain gages both sensitivities are a factor 2 to 10 less as
will be shown in chapter 3.
Sensitivity parameters

P-type
magnitude
direction

N-type
magnitude
direction

π l ⋅10 −11 (m 2 N -1 )

71.8

<110>

-102.2

<100>

π t ⋅10 −11 (m 2 N -1 )

-66.3

<110>

53.4

<100>

Table 2.3: Maximum values of the longitudinal and transversal piezoresistive stress gauge factors in
the (100) plane of monocrystalline silicon. (source [2.25, 2.26]).
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The resistors in piezoresistive sensors are applied in a Wheatstone bridge configuration.
Assuming that the resistance values are large, we can take the Johnson noise to be dominant
[2.18]. Then, under the assumption of a single-pole low-pass filter response of the
measuring circuit, the minimum detectable signal is given as:
(2-19)
MDS = 2πkTRB ,
w

where k is the Boltzmann constant, T the absolute temperature, R the nominal resistance
and B w the bandwidth. Then, the relative noise level is given by:
(2-20)
2πkTRB w
2πkTRB w
RNL =
=
.
∆R
Sσ max R
A reasonable value for the nominal resistance is 50 kΩ. As it is desired to have about 1 to 5
measurements per second a bandwidth of 100 Hz is taken. Then for
S = S t = 50 ⋅ 10 −11 m 2 /N the noise level equals 7 ⋅ 10 −9 %. This theoretical value is very
low so that noise is not expected to be a limiting factor for the accuracy.
When considering the temperature dependence it is assumed that the resistors of the
Wheatstone bridge configuration have the same temperature dependence. This means that
for the unloaded situation the temperature coefficient of the offset cancels, or in other
words, α 0 = 0 °C -1 (see equation (2-15) for the definition of α 0 ). The temperature
coefficient of the sensitivity coefficients S l and S t are according to (2-16)-(2-18) the same
as the temperature coefficients of the gauge factors (TCG’s) of π l and π t . In Table 3.2
values of TCG are shown as a function of doping concentration and doping type. For
monocrystalline silicon the absolute value of α 1 usually varies between 1200 ppm/°C and
2700 ppm/°C. For polysilicon it varies between 110 ppm/°C and 2000 ppm/°C.
Predicting drift is not easy, because many aspects play a role like doping type, doping
concentration, electrical passivation of the resistors, temperature, touching, flow sensitivity
and last but not least packaging [2.19, 2.27, 2.28]. In general one can say that the drift
characteristic of the piezoresistive principle is not as good as that of the capacitive principle
[2.18, 2.19]. Reference is also made to [2.29] where a SOI (silicon-on-insulator) high
temperature pressure sensor is presented. Experimental results show a drift of less than 0.01
% of the fso per day at 150 °C.
The piezoresistive principle is especially suited for distributed sensing, because a meander
shaped gage can be put on the surface of a chip. Then, upon application of the load, the
gage is compressed and the total change in resistance of the gage is a measure for the total
load [2.8]. The distributed silicon load cell with piezoresistive strain gages will be
presented in chapter 3.

2.4.2 Capacitive
The capacitive sensors described in the literature are mainly used for the measurement of
pressures. [2.19, 2.30, 2.31]. In general they consist of a membrane on which an electrode
is deposited. A second electrode is placed at a small distance from the membrane. Under
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pressure the membrane and electrode move to the second electrode. The change in
capacitance between the two electrodes is a measure for the pressure. Jornod and Rudolf
presented a high-precision capacitive absolute pressure sensor [2.30]. Its oscillatory circuit
shows a resolution better than 0.01 % of the fso. The hysteresis is well below 0.1 % of the
fso. The temperature coefficient of the capacitor is only 100 ppm/°C. Long-term drift was
measured for 22 months. The capacitance value appeared to stay within 0.08 % of its initial
value.
Capacitive force sensors are seldom reported in the literature. Only some papers deal
with low capacity force sensors [2.32, 2.33]. The differential capacitive force sensor
described in [2.32] is made from a (110)-oriented highly conductive silicon wafer. Two
electrodes are part of a rigid boss which is connected to silicon springs. Under action of a
force these electrodes move to and from the opposite electrodes thereby forming two
capacitances. The sensor can be adjusted to measure forces in the range from 0.01 N to 10
N.
There are several ways of measuring the induced change in capacitance. The capacitance
can for example be measured with an impedance bridge, charge measurement circuit or a
capacitor-controlled oscillator circuit. Toth developed a so-called Modified Martin
oscillator circuit for accurate measurement of capacitances [2.34, 2.35]. The frequency of
the circuit is inversely proportional to the capacitance. Additive and multiplicative errors
are eliminated by taking up a reference and an offset capacitor in the circuit. The oscillator
described in [2.35] can measure capacitances down to 2 pF, with an accuracy better than
0.01 % with respect to a reference capacitor. The resolution amounts to 50 aF with a total
measurement time of 300 ms. This value can be considered as the MDS value. It will be
shown that in our capacitive load cell capacitances of about 10 pF can be expected.
Suppose that this means that the minimum resolution becomes 250 aF. Then, for a
capacitance change of 3 pF the relative noise level becomes 0.008 % which is more than
sufficient for the load cell.
A possible design of a capacitive silicon load cell for measuring high loads is shown in Fig.
2.20. The load bearing poles are loaded in compression by the stress (or force per unit area)
called σ . As a result the capacitor pole is displaced over a distance ∆d , thus reducing the
electrode distance from its initial value d to d − ∆d . This principle has been patented
twice, but only for special values of the parameters. In both patents a grid of capacitors
measures the load [2.36, 2.37]. In the first patent [2.36] the model drawn in Fig. 2.20
applies when, for each capacitor, l (length of silicon load-bearing pole) is equal to d (gap
value of capacitor for zero load), and for air present between the two electrodes. In the
second patent [2.37] l is also equal to d [2.37]. However, the dielectric material and the
material that is compressed are the same. The principle presented in the present thesis is
denoted as mechanical amplification, because as will be shown, the sensitivity is increased
by choosing l larger than d . By assuming that the deflection of the capacitor pole is equal
to the compression of the load-bearing poles, it follows that the sensor capacitance C s is
given by:
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d

capacitor
pole

l

d

load-bearing
pole

d

electrodes

Fig. 2.20: Proposed design for the capacitive load cell.

(2-21)
ε 0 Acap
,
σl
d − ∆d
d−
E
where ε 0 is the permittivity in air, Acap the surface area of the capacitance and E Young’s
modulus of the load-bearing pole. As ∆d may not exceed d , the next inequality can be
derived from (2-21) for the maximum stress σ max :
(2-22)
dE
σ max <
.
l
The capacitance is taken up in the Modified Martin oscillator circuit [2.34, 2.35]. The
frequency, which is retrieved from this circuit, is related to the capacitance by:
(2-23)
1
fs =
,
KC s
where K is some constant. Therefore, it follows from (2-21) to (2-23) that the sensitivity
S is given by:
(2-24)
∂f s
1
l
1
S=
=−
<
.
f s (σ = 0) ∂σ
dE σ max
The maximum stress on the chip is limited to 0.2 Gpa, thus the sensitivity can never exceed
500 ⋅ 10 −11 m2/N. Clearly the sensitivity will be higher than for the designs described in
both patents [2.36, 2.37], because l can be larger than d . Also, the sensitivity can be an
order of magnitude higher than for the piezoresistive type. This finding agrees with the
results presented by Tabib-Azar and Garcia-Valenzuela [2.18].
For (100)-oriented silicon wafers E = 130 GPa . The pole length, which can never
exceed the thickness of a wafer (smaller than 500 µm), is taken equal to l = 200 µm . For

Cs =

ε 0 Acap

=

air ε 0 = 8.84 ⋅ 10 −12 F/m . For a maximum stress σ max of 0.2 GPa, it follows that
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∆d = 0.308 µm . When we take for d a value of 1 µm, it follows from (2-24) that the
sensitivity equals S = 154 ⋅ 10 −11 m 2 / N . For a capacitor with a surface area of 1 mm2 the
capacitance at zero load equals 8.8 pF.
The dependence on ε 0 is eliminated and the temperature dependence is reduced by the
use of a reference capacitor ( C ref ). It is assumed that this capacitor is also made in silicon
and that it is identical to the sensor capacitance under zero load. Then, its value equals:
(2-25)
ε 0 Acap
C ref =
.
d
The ratio of the two capacitances is derived from (2-21) and (2-25):
(2-26)
C ref
σl
= 1−
,
Cs
Ed
From this equation it follows that the temperature coefficient of the offset is zero
( α 0 = 0 °C -1 , see equation (2-15) for the definition of α 0 ). For calculating α 1 the
following linear relations are applied:
(2-27)
l = l (1 + α ∆T ) ; d = d (1 + α ∆T ) ; E = E (1 + α ∆T ) and ∆T = T − T .
0

Si

0

Si

0

E

0

∆T is the temperature change between the current temperature T and the reference (room)
temperature T0 . For silicon the following numerical values apply [2.25]:
(2-28)
α = 2.3 ppm/°C and α = −94 ppm/°C.
Si

E

From (2-12), (2-26)-(2-28) it follows that a temperature coefficient of sensitivity of 94
ppm/°C can be expected which is in general much less than for the piezoresistive principle.
Distributed sensing seems to be possible for the capacitive principle, because an array of
capacitors (one capacitor was shown in Fig. 2.20) covering the area of the chip can be
realised by using two bonded wafers. By connecting all capacitors in parallel, one
measurement is needed for the determination of the mean compression of the chip.
Distributed sensing was also proposed by Wolffenbuttel and Regtien [2.38], but for a
silicon capacitive tactile cell. In their paper each capacitor consists of an electrode on a
membrane which moves to the opposite electrode. The distributed capacitive silicon load
cell will be presented in chapter 4.

2.4.3 Resonant
In mechanical resonating structures (resonators) the resonant frequency is a function of the
stress or strain in the structure. Resonators have many advantages over conventional
(piezoresistive and capacitive) sensors in that their output is measured directly in terms of
frequency. They have high reliability, low error rates, low susceptibility to degradation of
transmitted signals by electrical interference, and low dependence on change in electrical
characteristics with time [2.39, 2.40].
In [2.39] a double-ended tuning fork (DETF) force sensor is described. It is made of
stainless steel and has the following characteristics:
Loading capacity
20000 N
Stability at zero load
0.013 % of the fso
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Maximum hysteresis

0.53 % of the fso

Another DETF is described in [2.41]. It is made of elinvar alloy and has the following
characteristics:
Loading capacity
8N
Stability at zero load
0.0005 % of the fso (measuring 1000 hours at
50 °C)
Maximum hysteresis
0.001 % of the fso
Linearity
0.001 % of the fso (force has a third order
polynomial dependence on frequency)
Resolution (relative noise level)
0.0002 % of the fso
Tilmans and Elwenspoek proposed a design for a silicon load cell with built-in resonant
strain gages [2.42]. Its load capacity is only 0.6 N, but it is shown that in theory a resolution
of better than 0.001 % of the fso (relative noise level) is feasible.
Ikeda et al. developed one of the first silicon resonators for commercial application in a
pressure sensor [2.43, 2.44]. Two silicon resonators are placed on a silicon membrane. Due
to the applied pressure the strain in the membrane changes which is detected by both
resonators. The long-term stability of the resonator is within 0.01 % of the fso per year at
room temperature. The oscillation stability is better than 1 ppm of the oscillation frequency
which varies around 40 KHz. For full loading the frequency changes by 8 KHz. From these
results it follows that the relative noise level as defined in (2-14) equals 0.0005 % which is
more than sufficient for application in the load cell.
Tilmans presented the following relation between some strain ε in the resonator beam and
the first eigenfrequency [2.45, 2.46]:
(2-29)
2

E
h 
2  l 
f (ε ) = 1.028
1 + 0.295ε (1 − ν )   ,
ρ (1 − ν 2 ) l 2 
 h  
where l is the length of the beam, h the thickness, E Young’s modulus, ν Poisson’s
ratio and ρ the density. Mostly, due to the fabrication process, the resonator has a residual
strain ε 0 . Therefore, the sensitivity of the resonator has to be calculated at ε 0 . From (2-29)
it then follows that:
2


2  l 
 0.295(1 − ν ) 

∂f (ε )
1 ∂f (ε )
1
1 
h
 ; σ = Eε .
S=
=
=
2 
2E 
f (ε 0 ) ∂σ ε =ε
Ef (ε 0 ) ∂ε ε =ε
0
0
1 + 0.295ε 0 (1 − ν 2 ) l  

 h  
(2-30)
Suppose that the resonator is oriented in the <110> direction of monocrystalline silicon. For
this material the next parameter values are valid: E = 169 Gpa and ν = 0.06 . Then, for
different residual strains and l / h ratios, the sensitivity is plotted in Fig. 2.21. From this
figure, it follows that the sensitivity can range between 800·10-11 m2/N and 11000·10-11
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m2/N for residual strains lower than 0.1·10-3. It is noted that these values are very high if
compared to the piezoresistive and capacitive principles.

S ⋅10

−11

[m 2 /N]

l/h
l/h

400

200
l / h 100

0

Fig. 2.21: Resonator sensitivity as a function of residual strain for different length-to-

height ratios.
The temperature coefficient of sensitivity ( α 1 ) is derived from (2-30) and equals minus the
temperature coefficient of the elastic constant: −α E = 94 ppm/°C.
The temperature coefficient of the offset is derived with the help of (2-29). By assuming
linear relations between the geometrical parameters and material properties, the following
expression for the frequency is obtained:

f (ε , T ) = 1.028


l
E0 (1 + α E ∆T )
h0
1 + 0.295ε (1 − ν 2 ) 0
2
2
ρ 0 (1 − 3α Si ∆T )(1 − ν ) l (1 + α Si ∆T ) 
 h0






2


.


(2-31)
The index “0” indicates values at the reference temperature. From (2-15) and (2-31) it
follows that:
(2-32)
df (ε 0 , T )
1
1
α0 =
= (α E + α Si ) .
f (ε 0 , T0 )
dT
2
T =T0
By using (2-28) it follows that α 0 = −46 ppm/ °C which is in agreement with the
experiments of Ikeda who measured a value of –40 ppm/°C [2.42]. These values are low,
but higher than the theoretical values for the piezoresistive and capacitive principles: 0
ppm/°C.
Distributed sensing appears not to be feasible, because it is not possible to make a series
or parallel connection of resonators that gives an output signal which is a function of the
total load. Therefore, it is concluded that the resonating principle can only be applied in
load cells where the load is transducted in a uniform fluid pressure (see §2.3.3 where the
hydraulic load cell is treated). In chapter 5 the realisation of this type of load cell will be
described. The pressure will be measured with a silicon pressure in which resonators are
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incorporated. It is noted that the piezoresistive and capacitive principles can also be used in
pressure sensors.

2.4.4 Conclusions on transduction principles
A summary of the most important characteristics of the three transduction principles is
given in Table 2.4. The piezoresistive principle has the smallest and the resonant principle
has the largest sensitivity.
By considering the relative noise level, with all three principles the required accuracy of
±0.03 % of the fso can be obtained.
The temperature coefficient of the offset equals zero for the piezoresistive and capacitive
principles, which is an advantage. However, its value is not high for the resonating
principle.
The temperature coefficient of sensitivity is high for monocrystalline silicon
Piezoresistive
Longitudinal:
70-105 for mono-Si
Transversal:
50-70 for mono-Si
For poly-Si the
sensitivity is a
factor 2 to 10 lower.

Capacitive
Always smaller than
500, but typically
between 150 and
300.

Resonant
Between 800 and
11000 depending on
the ratio of the
length and thickness
of the beam. For
residual strains
above 0.1·10-3 the
sensitivity drops.

Relative noise level
( RNL [% of the fso)

7·10-9

0.008

0.0005

Temperature coefficient of
the offset ( α 0 [ppm/°C] )

0

0

-46

Temperature coefficient of
the sensitivity
( α 1 [ppm/ °C] )

Mono-Si
(longitudinal and
transversal):
1200-2700
Poly-Si
(longitudinal and
transversal):
110-2000

94

94

Long-term stability

Neutral:
<0.01 % after one
day [2.29]
Yes

Good:
<0.08 % after 22
months [2.30]
Yes

Very good:
<0.01 % after 12
months [2.43, 2.44]
No

Sensitivity
( S ⋅ 10 −11 [m 2 /N ] )

Possibility for distributed
sensing

Costs
Low
Medium
High
Table 2.4: Summary of the merits of three transduction principles: sensitivity, relative noise level,
temperature dependence of the offset and sensitivity, long-term stability, possibility for distributed
sensing and costs.
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strain gages. This might cause problems for the required accuracy. For polysilicon strain
gages it is lower. For the capacitive and resonating principles it is the same.
The resonating principle has the best long-term stability. For the capacitive principle it
is slightly higher than the required accuracy. For the piezoresistive principle, the long-term
stability could cause problems for attaining the required accuracy. However, the stability is
also influenced by the package and it is a challenge to reduce the errors.
Both the piezoresistive and capacitive principles can be used in distributed sensing. For
the resonating principle this is not possible.
As far as costs and accuracy are concerned, it is concluded that the piezoresistive
principle is a relatively cheap and good solution when medium accuracies are required. For
very high accuracies the resonating principle is preferred. However, the production process
of resonators is complex and therefore expensive [2.43, 2.44, 2.46]. The capacitive
principle forms a balanced solution in-between the piezoresistive and resonating principles.

2.5 Test setup
A test setup was realised to apply weights up to 1000 kg in 20 steps of about 50 kg (see Fig.
2.22). The load cell is put on a heater which can be used for measuring the temperature
dependence of the load cell.

arm of the
test setup

position of
load cell
ring-ring
connection

heater

stack of 20 weights
of each 50 kg
jacket

Fig. 2.22: Test setup with 20 stacked weights of 50 kg each. Not shown in this figure is the
insulation that is put around the load cell to avoid the transfer of heat during temperature
measurements.
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The arm of the test setup is located on top of the load cell. The arm is connected to the
weights via the ring-ring connection. A jacket can move the weights up and down thereby
changing the applied load to the load cell. The difference between the 20 weights is within
±0.6 kg. However, not the exact mass of each weight is important for the setup, but
repeatability in applying the weight is. Exact calibration of load cells has to be done in
institutes that are certified for this.
Not drawn in this figure is the insulation that is put around the package to avoid the
transfer of heat during temperature measurements. The temperature is measured with a
Pt100-resistance element which is put inside the package. This sensor can measure
temperatures from -70 °C to +600 °C. It temperature coefficient equals 0.385·10-2 ºC-1. By
soldering a copper wire from the chip holder (see Fig. 2.12) to the Pt100-element, it is
expected that the temperature of the Pt100-element is equal to the temperature of the chip.
In the interval from 0 °C to 100 °C the stability of the element is ±0.05 %. This means that
for the required accuracy of ±0.03 % of the fso the temperature coefficient of the output
signal of the load cell must at least be smaller than 0.03/(0.05/0.385·10-2) = 2310 ppm/ºC.

2.6 Conclusions
The conclusions to be drawn from the present investigation can be summarised as follows:
• The fracture strength of silicon varies between 0.2 GPa and 1.1 GPa, depending on the
surface finishing method.
• The change of the position of the loading point on a conventional load cell is an
important aspect, because it can strongly reduce the accuracy. In a silicon load cell it is
even more important, because of the thin dimensions of wafers. Integration of the force
distribution is needed to eliminate this effect. This principle is called distributed
sensing.
• A spring element of the beam type is not suitable for measuring loads up to 10 kN.
Larger loads have to be measured with a spring element of the compression type or by a
hydraulic load cell. From fracture experiments it followed that a square silicon chip of
10 mm by 10 mm is suitable for measuring loads up to 10 kN.
• A package was designed that transfers vertical loads to the chip and eliminates side
forces. Calculations show that the steel membrane of the package will not cause
significant hysteresis and creep.
• Three transduction principles have been compared: piezoresistive, capacitive and
resonant. The following aspects of each principle were considered: sensitivity, relative
noise level, temperature dependence of the offset and sensitivity, long-term stability,
possibility for distributed sensing and costs. It is shown that the resonating principle is
not suitable for distributed sensing. It means that this principle can only be used in a
pressure sensor. As far as costs and accuracy are concerned, it is concluded that the
piezoresistive principle is the cheapest solution with a medium accuracy. The resonating
principle has the highest accuracy but the costs are also highest. The capacitive principle
forms a balanced solution in-between the piezoresistive and capacitive principles.
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Chapter 3
Distributed load cell with polycrystalline and monocrystalline
silicon strain gages
3.1 Introduction
Piezoresistive strain gages are widely used in sensors for MEMS. They are applied in
pressure sensors [3.1-3.3] and force sensors for forces less than 150 N [3.4-3.7].
Monocrystalline and polycrystalline silicon is both used as strain gage material. In general,
strain gages are strained in such a way that the maximum strain and current are in the same
direction, in order to obtain maximum sensitivity (longitudinal piezoresistive effect). Much
less information can be found on sensors in which a transverse deformation of gages is
applied, i.e. strain and current are perpendicular to each other (transversal piezoresistive
effect). However, Sondergard and Gravesen [3.8] developed a pressure sensor in which the
monocrystalline strain gages are compressed by a boss that is attached to a membrane. The
membrane and boss deflect under the applied pressure. Opperman [3.9] presented a metal
force sensor in which a zeranin (88 Cu, 7 Mn, 1 Ge) strain gage is placed on a hardened
steel plate. A second plate on which the maximum force of 500 kN is applied compresses
this gage. Within a margin of 3 %, the experimental change in resistance of the gage is
independent of the force distribution. Hysteresis stays within 0.1 % of the full-scale output
(fso), non-linearity within 0.2 % of the fso and creep after 30 minutes within 0.17 % of the
fso.
In this chapter three types of sensors are presented which also use the principle of
transversal piezoresistive effect. A new feature of the designs is the application of silicon,
and compensation for the temperature coefficient of resistivity, the in-plane stretching and
bending stresses in the chip and for same changes in zero load resistor values. Furthermore,
the load distribution on the chip can be measured. A thorough analytical analysis is
performed to describe the behaviour of the sensor. Also, a finite element model is built to
accurately predict its sensitivity. The following three types of piezoresistive silicon load
cells are presented:
• Load cell with two polycrystalline silicon strain gages (§3.3).
• Sensor with two monocrystalline silicon strain gages made from a silicon-on-insulator
(SOI) wafer. A wafer is bonded on top of one strain gage (§3.4).
• Sensor with two monocrystalline silicon strain gages diffused in a silicon substrate. On
top of one strain gage a wafer is bonded (§3.5).
Measurements on the first and second load cells are performed to validate the theory.
In §3.2 the properties of polycrystalline and monocrystalline strain gages are discussed
from which the optimum gages and process parameters can be chosen. Then in §3.3 to §3.5
the three types of sensors are presented. Finally, in §3.6 conclusions are drawn.

3.2 Properties of polycrystalline and monocrystalline silicon strain
gages
In monocrystalline silicon the piezoresistive effect is based to a large extent on the variation
of the band gap between the conduction and valence bands [3.10]. If the monocrystal is
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exposed to a given strain, the energy levels for a particular crystal orientation will be
altered: the resistance becomes anisotropic.
In polycrystalline silicon, besides the monocrystalline grains, also the grain boundaries
determine the physical properties of polysilicon. The grain boundaries constitute potential
barriers which must be overcome by the charge carriers. This is a thermally activated
process.
Both monocrystalline and polycrystalline silicon can be doped with acceptor ions (ptype) or donor ions (n-type). In the following part of this paragraph the next aspects are
discussed for the types of strain gages described:
• gauge factor;
• temperature coefficient of the gauge factor;
• temperature coefficient of resistivity;
• temperature operating range;
• residual strain;
• stability and uniformity and
• facilities required for the production and costs.
At the end of this paragraph a selection is made of the strain gage materials that will be
used for the piezoresistive silicon load cells.
Gauge factor
The strain/stress gauge factor relates the relative change in resistance of a strain gage to the
strain and stress in the gage. Two longitudinal gauge factors can be distinguished: the
longitudinal strain gauge factor Gl and the longitudinal stress gauge factor π l . These are
defined as:
(3-1)
∆R / R = G l ε l and ∆R / R = π l σ l ,
where ∆R / R is the relative change in resistance, ε l the strain parallel to the current and

σ l the stress parallel to the current. In addition two transversal gauge factors can be
distinguished: the transversal strain gauge factor Gt and the transversal stress gauge factor
π t . These are defined as:
(3-2)
∆R / R = Gt ε t and ∆R / R = π t σ t ,
where ε t is the strain perpendicular to the current and σ t the stress perpendicular to the
current.
For monocrystalline silicon (mono-Si), crystal orientation, type of doping and doping level
are important parameters which determine the gauge factors [3.11, 3.12-3.14].
For both p-type (doped with acceptor ions) and n-type (doped with donor ions) mono-Si
the longitudinal and transversal gauge factors are shown in Fig. 3.1 for a resistor which is
placed in the (100) plane. According to [3.12] and [3.15] it follows that these results were
obtained for the following resistivities/dopant densities:
p-type: 7.8-22.7 Ω·cm → doping concentration ≈ 5·1015 cm-3 and
n-type: 11.7-18.6 Ω·cm → doping concentration ≈ 5·1014 cm-3.
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Fig. 3.1: Longitudinal ( π l ) and transversal ( π t ) stress gauge factors in p-type and n-type silicon in
the (001) plane (10-11 m2/N). Source [3.12].

The upper part of the graphs in Fig. 3.1 show positive values of the piezoresistance
coefficients, saying that the resistivities increase with tensile stresses. The lower halves of
the figures show negative values of the piezoresistance coefficients, i.e. the resistivities
decrease with tensile stresses. Evidently, for p-type silicon strain gages the longitudinal and
transversal stress gauge factors have a minimum in <100> directions and a maximum in
<110> directions. For n-type silicon there are minima in <110> directions and maxima in
<100> directions. The numerical values of the maximum stress and strain gauge factors
collected in Table 3.1, show that p-type silicon is a factor 1.6 more sensitive for transverse
strains than n-type silicon. In this respect p-type resistors seem to be a better choice for use
in the silicon load cell.
Sensitivity
parameters

Units

P-type

N-type

magnitude

direction

magnitude

direction

πl

10 −11 (m 2 ⋅ N -1 )

71.8

<110>

-102.2

<100>

πt

10 −11 (m 2 ⋅ N -1 )

-66.3

<110>

53.4

<100>

Gl

122.4

<110>

-131.3

<100>

Gt

-110.9

<110>

71.1

<100>

Table 3.1: Extrema in longitudinal and transversal gauge factors in the (100) plane
(source [3.12, 3.15]).

However, the gauge factors are also a function of the applied doping level. For p-type
mono-Si the longitudinal and transversal gauge factors are plotted as a function of the

46 Micro-machined high capacity silicon load cells
doping level in Fig. 3.2. Clearly, the transversal gauge factor increases for decreasing
doping concentrations.

Fig. 3.2: Longitudinal ( Gl ) and transversal ( Gt ) strain gauge factors for p-doped mono-Si (solid
lines) and poly-Si (dotted lines) as a function of the doping concentration at room temperature
(source [3.11]).

The gauge factors for polycrystalline silicon (poly-Si) strongly depend on process
parameters such as doping concentration, temperature during deposition, annealing
procedure and type of doping [3.11, 3.16-3.22].
For poly-Si the longitudinal and transversal gauge factors are shown as a function of the
doping concentration and type of doping in Fig. 3.3. The poly-Si was deposited at 560 ºC

Fig. 3.3: Gauge factors against doping concentration for boron and phosphorus doped poly-Si.
Theoretical predictions (boron doped — and phosphorus doped ---) are compared to experimental
points ( • and + for boron and phosphorus doped samples, respectively). Source [3.23].
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and annealed at 1000 ºC for 30 minutes in dry ambient N2. Clearly, the longitudinal and
transversal gauge factors for p-type doping are larger than those for n-type doping.
The temperature during poly-Si deposition also influences the gauge factor of poly-Si.
The resulting change in grain size and trap density strongly affects the value of the gauge
factor [3.19, 3.20, 3.22, 3.23]. At deposition temperatures between 560 ºC and 602 ºC the
poly-Si has an amorphous structure. Between 608 ºC and 620 ºC the structure is
polycrystalline. Between 602 ºC and 608 ºC there is a transition region. By passing this
region all gauge factors for p-type and n-type doping decrease by about 20-30 % (see Fig.
3.4).

Fig. 3.4: Gauge factor against deposition temperature for boron and phosphorus doped poly-Si.
Theoretical predictions (boron doped — and phosphorus doped ---) are compared to experimental
data ( • and + for boron and phosphorus doped samples, respectively). Source [3.23].

Furthermore, the gauge factor in polysilicon depends on the anneal temperature. By
changing this temperature from 800 ºC to 1100 ºC all gauge factors for p-type and n-type
doping can be increased by about 30 % [3.23]. In the case of laser annealing after doping of
poly-Si, the magnitude of the piezoresistive effect in poly-Si can reach 60-70 % of that in
mono-Si with the same impurity concentration [3.16, 3.22]. During laser annealing the
material under the beam is melted. Due to this a preferential grain growth is observed in the
scanning direction giving a typical grain size of 1 µm × 20 µm. Perpendicular or parallel
scanning with respect to the resistor strongly influences the gauge factors [3.16].
Temperature coefficient of the gauge factor
The strain and stress gauge factors also depend on temperature, characterised by the socalled temperature coefficient of the gauge factor (TCG).
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For mono-Si Kanda [3.12] developed a theory where the piezoresistive stress gauge factor
Π ( N , T ) is expressed as:
Π ( N , T ) = Π (300 K) P( N , T ) ,
(3-3)
where Π (300 K) is the stress gauge factor at 300 K. P( N , T ) is the piezoresistance factor
which is a function of the impurity concentration ( N ) and temperature ( T ). An impression
of the behaviour of P( N , T ) for p-type and n-type doping is given in Fig. 3.5. Clearly, for

Fig. 3.5: Piezoresistance parameter P( N , T ) as a function of doping type, doping level ( N ) and
temperature ( T ). Source [3.12].
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high doping levels the TCG is greatly reduced. As the value of P( N , T ) is about the same
for p-type and n-type doping, the TCG of p-type mono-Si will not differ considerably from
that of n-type mono-Si. Numerical values of TCG for mono-Si are given in Table 3.2,
showing that the TCG always has a negative sign.
In poly-Si the TCG only slightly depends on the anneal temperature for temperatures
between 800 and 1100 ºC [3.3]. Another parameter is the deposition temperature. Typical
results for a doping concentration of 2.5·1019 cm-3 are given in Fig. 3.6 and reveal that for
both p-type and n-type doping the TCG is only a weak function of the deposition
temperature.
Finally, we consider the influence of doping concentration. For poly-Si deposited at a
temperature of 560 ºC and annealed at 1000 ºC for 30 minutes in dry ambient N2, TCG
values are collected in Table 3.2. From this table it follows that for both p-type and n-type
doping the TCG is reduced as the doping level is increased.

Doping concentration [cm-3]

P-type
mono-Si
TCR
TCG
[%/K]
[%/K]

N-type
Mono-Si
TCR
TCG
[%/K]
[%/K]

P-type
poly-Si
TCR
TCG
[%/K]
[%/K]

0.01
[3.15]

-0.8
[3.23]
-0.32
[3.23]

2·1018
5·1018

0.0
[3.15]

-0.27
[3.15]

-0.28
[3.15]

-0.21
[3.23]
-0.21
[3.23]

7·1018
1·1019

0.01
[3.15]

-0.27
[3.15]

0.05
[3.15]

-0.27
[3.15]

-0.11
[3.23]

-0.25
[3.23]

-0.41
[3.23]
-0.33
[3.23]

-0.19
[3.23]
-0.20
[3.23]

-0.18
[3.23]

-0.11
[3.23]
-0.04
[3.23]

-0.20
[3.23]
-0.19
[3.23]

-0.13
[3.23]

0.05
[3.23]
0.12
[3.23]

-0.16
[3.23]
-0.10
[3.23]

2·1019
3·1019

0.06
[3.15]

-0.18
[3.15]

0.09
[3.15]

-0.19
[3.15]

0.05
[3.23]

6·1019
1·1020
2·1020

0.17
[3.15]

-0.16
[3.15]

0.19
[3.15]

-0.12
[3.15]

0.11
[3.23]

N-type
poly-Si
TCR
TCG
[%/K]
[%/K]

0.17
-0.06
[3.23]
[3.23]
-0.011
1·1021
0.17
-0.16
0.19
-0.12
0.11
[3.17]
[3.15]
[3.15]
[3.15]
[3.15]
[3.17]
(*)
(*)
Table 3.2: Temperature coefficients of resistance (TCR) and temperature coefficients of gauge
factors (TCG) as a function of doping concentration (source [3.17, 3.15, 3.23]). (*)=after laserrecrystallisation.
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Fig. 3.6: Relationship between the temperature coefficients of resistance (TCR) and gauge factor
(TCG) and deposition temperature for boron (—) and phosphorus (---) doped poly-Si annealed at
1000 °C for 30 min in dry N2. Doping concentration equals 2.5·1019 cm-3.

Temperature coefficient of resistivity
The temperature characteristics of mono-Si and poly-Si differ considerably due to grain
boundary effects [3.10]. In the monocrystal the effect of rising temperature on the lattice
vibrations leads to an increase in scattering centres for the carriers: the resistance is
increased. On the other hand, as mentioned earlier, the grain boundaries build potential
barriers that must be overcome by the charge carriers. This is a thermally activated process
which leads to a negative contribution to the temperature coefficient of resistance (TCR). In
poly-Si, these two conflicting processes allow the TCR to be influenced.
For mono-Si, TCR values are collected in Table 3.2 for different doping concentrations.
Evidently, there is not much difference between p-type and n-type mono-Si. For low doping
concentrations, the TCR has a very low value.
For poly-Si with a doping concentration of 2.5·1019 cm-3, the TCR is plotted as a function of
the deposition temperature in Fig. 3.6. For deposition temperatures between 560 ºC and 602
ºC the TCR is almost constant. For deposition temperatures between 608 ºC and 620 ºC the
TCR deteriorates.
The influence of doping concentration on the TCR in poly-Si is shown in Table 3.2.
This poly-Si was deposited at a temperature of 560 ºC and annealed at a temperature of
1000 ºC for 30 minutes in dry ambient N2. It follows that for both p-type and n-type doping
the TCR changes its sign.
Laser annealing is a powerful means for changing the TCR. When poly-Si with n-type
doping is used, then depending on a parallel or perpendicular laser scanning direction, the
TCR can be made positive or negative [3.16].
Finally, it is mentioned that the TCR is compensated for by taking up resistances in a
Wheatstone bridge configuration.
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Temperature operating range
One way of making mono-Si strain gages is by diffusion or implantation of p-type or n-type
ions in an n-type or p-type substrate, respectively. Then, the resulting pn-junctions (diodes)
provide the insulation. Due to high-temperature leakage currents, the maximum
temperature range of pn-junctions is limited to 120 °C [3.10]. However, these problems can
be overcome by placing mono-Si on an insulator, which is the so-called silicon-on-insulator
(SOI) technology.
It is quite common to isolate poly-Si gages from the substrate by a non-conducting material
such as silicon oxide. Poly-Si is suitable for use in a wide temperature range. In [3.18] a
pressure sensor is presented which operates in a temperature range between –50 °C to
+200 °C. This range can even be increased up to +300 °C [3.1].
Residual and thermal strain
The advantage of poly-Si is that it can be deposited relatively easily and on a wide range of
insulator coated substrates. However, deposition on substrates with different thermal
expansion coefficients can induce residual strain. This strain can result in rupture and drift
[3.23]. The same applies for mono-Si in SOI technology where intrinsic strain appears after
bonding of the wafer that will become the thin mono-Si layer. Another problem in working
with different materials is the occurrence of thermal stresses during operation of the sensor
which are caused by the mismatch in thermal expansion coefficients.
Stability and uniformity
The resistors have to be made electrically active by adding some dopant by implantation or
diffusion. In poly-Si, boron is preferred, since n-type doping substances such as arsenic and
phosphorus lead to segregation effects at the grain boundaries [3.22, 3.24], in this way
reducing the stability. For boron no segregation is observed [3.24]. Mosser et al. [3.22]
reported that highly boron doped poly-Si layers may show a very low drift. The stability is
due to the very high free-carrier concentration and to the high temperature treatment of the
poly-Si film, which results in a stable crystallographic structure for the resistors.
Experiments confirm that the resistance change of a poly-Si resistor at 200 ºC is only
0.00015 %/day.
In [3.1] it is reported that with poly-Si resistors at least an equivalent level of long-term
stability can be realised as may be expected from resistors in monocrystalline silicon, since
surface effects only play a secondary role in the device characteristics. Results with nonpassivated resistors show that at a temperature of 125 ºC over a time period of 1000 hours,
a drift of less than 0.5 % is obtained. The same paper concludes that passivation with
plasma-deposited Si3N4 will result in an improvement in drift characteristics. In [3.16]
passivation of the resistors is done with both SiO2 and Si3N4. Additional advantages are that
these layers also serve as an anti-reflection coating and encapsulation during the
recrystallisation process.
Except for very high dopant concentrations, doping by diffusion does not guarantee an
adequate uniformity and repeatability in poly-Si films [3.22]. Uniformity of the doping
concentration on a chip is important for a constant gauge factor across a chip, because the
output signal of the load cell must be independent of the load distribution.
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Facilities required for the production and costs
Deposition of poly-Si is a well-established process in the clean room and 20 wafers can be
deposited with poly-Si in one run. Deposition of mono-Si is not possible in the MESA+
clean room. However, different companies sell silicon-on-insulator (SOI) wafers. SOI
wafers are relatively expensive if compared to the deposition of poly-Si on an oxidised
substrate.
In the MESA+ clean room it is possible to perform a boron diffusion process. This
process is described in [3.25] and it gives a high doping level of about 1020 cm-3. In one run
20 wafers can be treated. For ion implantation, only one wafer can be processed in a run
which makes it expensive.
Selection of strain gage material
The results of the preceding investigation are collected in Table 3.3. The choice between
the use of mono-Si and poly-Si gages is difficult to make. On one hand it is expected that a
design with mono-Si gages has a higher accuracy due to a higher transversal gauge factor.
However, at the same time the costs will be higher for mono-Si gages. Besides, the
temperature coefficient of the gauge factor is higher for mono-Si than for poly-Si, in this
way making the temperature dependence larger. Therefore, two designs were developed,
the first with poly-Si (treated in §3.3) and the second with mono-Si strain gages (treated in
§3.3).
For the design with poly-Si strain gages, the choice was made to use a boron diffusion
process, mainly because the stability is good and because the process is easy to be carried
out. Another advantage is that the costs are relatively low, because 20 wafers can be
diffused at once. The poly-Si is deposited at 560 °C giving the highest transversal gauge
factor if compared to a deposition temperature above 608 °C. For the drive-in of the boron
ions the poly-Si layer is annealed at 1100 °C for 3 hours. It is expected that due to this
anneal step the transversal gauge factor is increased.
For the design with mono-Si strain gages the choice was made to buy SOI wafers with a
boron doped (p-type) <100> oriented silicon layer. There were three reasons for this choice.
First of all, commercially available SOI wafers mostly have mono-Si layers which are
<100> oriented. Therefore, they can be bought at relatively low costs. Secondly, the highest
transversal gauge factors are for both p-type and n-type mono-Si found in the <100> plane.
Thirdly, it is desired that the ratio between transversal and longitudinal gauge factors be as
large as possible, because the load is acting perpendicular to the strain gages and because
we want to eliminated effects which are perpendicular to the force. For both p-type and ntype doping the ratio π t / π l is calculated from Table 3.1:
p-type: 0.92 and
n-type: 0.54.
Therefore, it is concluded that the layer should be of the p-type.
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P-type
mono-Si

N-type
mono-Si

N-type
poly-Si

N-type
poly-Si

Transversal
gauge factor
Temperature
coefficient
gauge factor
(*1)

++

++

+

+

-

-

-

- (for low doping
levels)
+/- (for high
doping levels)

Temperature
coefficient
resistivity

++ only for low
doping levels,
- for higher
doping levels
- (if diffused in
substrate)
++ (for SOI)

++ only for low
doping levels,
- for higher
doping levels
- (if diffused in
substrate)
++ (for SOI)

- for all doping
levels (*2)

- for all doping
levels (*2)

++

++

Intrinsic and
thermal strain

+/- for SOI
++ for doping in
the substrate

+/- for SOI
++ for doping in
the substrate

Stability

++ (for SOI)
+/- (for gages in a
substrate due to
pn-junctions)

++ (for SOI)
+/- (for gages in a
substrate due to
pn-junctions)

+/- is always
present, because
an insulator is
needed
++ (especially for
high doping
levels)

+/- is always
present, because
an insulator is
needed
- (due to
segregation
effects at the
grain boundaries)

Temperature
operating
range

+ (implantation
+ (implantation
+ (implantation
machine is
machine is
machine is
present)
present)
present)
++ (boron doping -- (doping by
-- (doping by
diffusion is not
by diffusion is
diffusion is not
possible)
possible)
possible)
- (in case of
- (in case of
- (in case of
Costs (*4)
implantation)
implantation)
implantation)
-- (doping by
++ (in case of
-- (doping by
diffusion is not
boron diffusion)
diffusion is not
possible)
possible)
Table 3.3: Evaluation of different aspects of poly-Si and mono-Si gages.
++ = very good; + = good; +/- = neutral; - = bad; -- = very bad;
*1 the temperature coefficient of the gauge factor or sensitivity is bad if compared to a capacitive
sensor.
*2 Conventional annealing and laser annealing can strongly influence the temperature coefficient of
resistivity. Therefore, it is difficult to predict the temperature coefficient of resistivity.
*3 Boron doping by diffusion is an easy process that can be carried out yourself. Implantation has to
be performed by a skilled operator.
*4 By doing implantation only one wafer can be treated at once. In the case of boron diffusion 20
wafers can be processed at once.
Facilities (*3)

+ (implantation
machine is
present)
++ (boron doping
by diffusion is
possible)
- (in case of
implantation)
++ (in case of
boron diffusion)
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3.3 Load cell with polysilicon strain gages
In Fig. 3.7 a top and cross-sectional view of the silicon chip with polysilicon strain gages is
shown. Two poly-Si strain gages are deposited on the chip. Gage 1 is placed on top of the
chip and is directly loaded/compressed by a pressing block of the package (see Fig. 2.10 for
the location of chip in the package). The force distribution along gage 1 does not need to be
uniform as is sketched in Fig. 3.8. Gage 2 is situated in grooves in the substrate, next to
gage 1, and is not directly loaded. Gage 2 serves as a compensation resistance.

top-view chip:
SiO2

10 mm
12 mm

16 mm

gage 1, loaded
with force
gage 2, unloaded

10 mm

A

probe lines

A
x2
x1

bond pads

A-A: cross-sectional view:
gage 1, loaded
with force

gage 2, unloaded
probe lines
l1

x3

l1

l3

h2

l3

l2

10 um
h3

x
x22

h1

SiO2

Fig. 3.7: Schematic layout of the chip with polysilicon strain gages.

Both resistances (denoted as R1 and R2 ) are connected in series. Each resistance is divided
into 16 parts, so that the resistance change can be measured at 16 different places on the
chip (see Fig. 3.9). In this way the load distribution on the chip can be determined. For both
R1 and R2 the following equations are valid:
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R1 =

16

∑R

1, p

; R2 =

p =1

16

∑R

2, p

(3-4)

Vs
.
R1 + R2

; I=

p =1

Vs is the supply voltage and I the current going through both resistances.

x3
gage 1, loaded
with force
Fig. 3.8: Force distribution along strain gage 1. y is the coordinate along gage 1, x3 the
coordinate perpendicular to the chip (see also Fig. 3.7).
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R2,8
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Vs
boundary of chip
Fig. 3.9: Electrical analogy of the sensor structure.

3.3.1 Analytical model
It is supposed that in the directions x1 , x2 and x 3 (shown in Fig. 3.7) both strain gages are
mainly subjected to three normal stresses and their corresponding strains. Although poly-Si
shows a shear piezoresistance effect [3.26], shear strains are not considered here. This is
justified because, as will be shown with finite element simulations, the shear strains are
small compared to the normal strains. It is noted that for p-type doping levels between
5⋅1018 cm-3 and 1⋅10 20 cm-3 the shear gauge factor varies between 9 and 13.
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The normal strain ε 33 is acting in the direction of the force ( x3 -direction). ε 11 and ε 22 are
in-plane normal strains which are perpendicular to the force and act in the directions x1 and

x2 respectively. The relative changes in resistance of both gages are given by [3.18]:

(

)

(

)

dR1 ( y )
= Gl (T ( y ))ε 11,1 ( y ) + Gt (T ( y )) ε 22,1 ( y ) + ε 33,1 ( y ) + βT ( y ) ;
R1 ( y )
dR2 ( y )
= Gl (T ( y ))ε 11, 2 ( y ) + Gt (T ( y )) ε 22, 2 ( y ) + ε 33, 2 ( y ) + βT ( y ) .
R2 ( y )

(3-5)

Gl (T ( y )) and Gt (T ( y )) are the longitudinal and transversal piezoresistive strain gauge
factors, which depend on the temperature T ( y ) [3.3, 3.18]. The parameter y represents the
coordinate along both strain gages (see Fig. 3.8). At the entrance of a gage y equals 0, at
the end y = L where L is the total length of a gage. β is the temperature coefficient of
resistance. ε jj ,1 ( y ) and ε jj , 2 ( y ) ( j =1,2,3) are the normal strains at position y in gages 1
and 2 respectively.
At this stage it is more convenient to use stresses instead of strains. Therefore, (3-5) is
rewritten as:

(

)

(

)

dR1 ( y )
= π l (T ( y ))σ 11,1 ( y ) + π t (T ( y )) σ 22,1 ( y ) + σ 33,1 ( y ) + βT ( y ) ;
R1 ( y )
dR2 ( y )
= π l (T ( y ))σ 11, 2 ( y ) + π t (T ( y )) σ 22, 2 ( y ) + σ 33, 2 ( y ) + βT ( y ) .
R2 ( y )

(3-6)

π l (T ( y )) and π t (T ( y )) are the longitudinal and transversal piezoresistive stress gauge
factors. σ

jj ,1

( y ) and σ

jj , 2

( y ) ( j =1,2,3) are the normal stresses in gages 1 and 2,

respectively. In case one grain is considered which has an anisotropic homogeneous
structure, then π l and π t are related to Gl and Gt by the compliance coefficients S ij
[3.27]:

Gl = 1 −

6

S1 j

∑S
j =1

(1 − δ 1 j ) +

11

πl
;
S 11

Gt = 1 −

6

S2 j

∑S
j =1

22

(1 − δ 2 j ) +

πt
.
S 22

(3-7)

S ij can be calculated for an arbitrary direction with the help of the following equations:

1
S44 )(li2l 2j + mi2 m 2j + ni2 n 2j ) for i ≠ j ;
2
S ii = S11 + ( S 44 + 2 S12 − 2S11 )(l i2 mi2 + l i2 mi2 + mi2 ni2 ) .
l i , mi and ni are the direction cosines with respect to the principal <100> axes.
Sij = S12 + ( S11 − S12 −

(3-8)

In (3-6) σ 22,i ( y ) and σ 33,i ( y ) ( i =1,2) consist of different contributions. First of all
stresses due to bending and stretching of the chip. These stresses are present, because the
surfaces of the silicon chip and pressing blocks which transfer the load do not exactly fit in
the unloaded situation. Then, upon loading the chip bends (see Fig. 3.10). The figure shows
that both bending and stretching stresses are the same in both gages at places situated next
to each other.
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aluminium oxide pressing block
silicon chip before
deformation

stresses due
to stretching

stresses due
to bending
deformed silicon chip

aluminium oxide pressing block

Fig. 3.10: Stresses caused by stretching and bending of the silicon chip.

Secondly, stresses caused by local deformation of the chip due to compression of gage 1 in
the neighbourhood of that location. According to St.-Venant’s principle the effects of these
stresses diminish rapidly with distance from that end [3.28, 3.29].
Then, by subtracting the relative changes of resistance of both strain gages, the stresses
due to bending and stretching of the chip can be eliminated:
dR1 ( y ) dR2 ( y )
(3-9)
nbs
−
= π l (T )σ 11nbs ( y ) + π t (T )(σ 22
( y ) + σ 33,1 ( y ) − σ 33, 2 ( y ) ) ,
R1 ( y )

R2 ( y)

where
nbs
σ 11nbs ( y ) = σ 11,1 ( y ) − σ 11,2 ( y ) , σ 22
( y ) = σ 22,1 ( y ) − σ 22, 2 ( y ) .

(3-10)

The index nbs indicates no stresses due to bending and stretching of the chip. It is noted
that the temperature dependence on βT ( y ) is eliminated as well.
As the resistance of a gage is given by:
(3-11)
specific resistance * length
resistance =
,
width * height
(3-9) can be rewritten as:
(3-12)
dρ 1 ( y )dy dρ 2 ( y ) dy

(

l1 h 2
l1 h 2
nbs
−
= π l (T ( y ))σ 11nbs ( y ) + π t (T ( y )) σ 22
( y ) + σ 33,1 ( y ) − σ 33, 2 ( y )
ρ 1 ( y )dy
ρ 2 ( y ) dy
l1 h 2
l1 h 2

)

ρ 1 ( y ) and ρ 2 ( y ) are the specific resistances in gages 1 and 2 respectively at position y .
l1 and h2 denote the width and thickness of a gage, respectively (see Fig. 3.7). Integration
of (3-12) gives:
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 dρ 1 ( y )dy dρ 2 ( y )dy 
 lh

l1 h 2
1 2
=
L 
−
ρ 2 ( y) L 
 ρ1 ( y) L
y =0
 lh

l1 h 2
1 2


L

∫

=

1
l1

∫ [π
L

l

)]

(

nbs
(T ( y ))σ 11nbs ( y ) + π t (T ( y )) σ 22
( y ) + σ 33,1 ( y ) − σ 33, 2 ( y ) l1 dy.

(3-13)

y =0

For small changes in ρ 1 ( y ) and ρ 2 ( y ) , these parameters can be considered as being
constant, thus:
(3-14)
ρ 1 ( y ) ≈ ρ 1,0 , ρ 2 ( y ) ≈ ρ 2,0 .
Furthermore, it is assumed that the temperature is constant on the chip, implying that:
(3-15)
π l (T ( y )) ≈ π l (T ) and π t (T ( y )) ≈ π t (T ) .
Then, with (3-14) and (3-15), (3-13) can be reduced to:
L
(3-16)
∆R1 ∆R 2 Ftot π t (T ) 1
nbs
−
=
+
π l (T )σ 11nbs ( y ) + π t (T ) σ 22
( y ) − σ 33, 2 ( y ) l1 dy ,
R1, 0

R 2,0

l1 L

l1 L

∫[

)]

(

y =0

where:
L

Ftot =

∫

L

σ 33,1 ( y )l1dy ; ∆R1 =

y =0

dρ1 ( y )
dy ; ∆R2 =
l1h2
y =0

∫

ρ 2, 0 L
ρ L
dρ 2 ( y )
.
dy ; R1,0 = 1,0 ; R 2, 0 =
l1h2
l1 h 2
l1h2
y =0
L

∫

(3-17)
In (3-16) and (3-17) the total force Ftot is introduced, because integration of the mechanical
stress along gage 1 yields the total force. As the gages are located next to each other it can
be stated that R1, 0 ≈ R 2, 0 so that (3-16) reduces to:

(R

2, 0

+ ∆R1 ) − (R2,0 + ∆R2 )
R2 ,0

=

Ftot π t (T )
1
+
l1 L
l1 L

∫ [π (T )σ
L

l

nbs
11

≈

R1 − R2
=
R2

)]

(

nbs
( y ) + π t (T ) σ 22
( y ) − σ 33, 2 ( y ) l1 dy .

(3-18)

y =0

As a next step, it is assumed that the influence of the edge of the chip can be neglected.
This assumption seems reasonable, because the gages are much smaller than the chip size.
Also, as stresses due to bending and stretching were already eliminated, it means that the
chip can be considered as an unbent and unstretched medium with infinite in-plane
dimensions (in-plane means perpendicular to the force). Therefore, the influence of a point
force F ( y i ) at position y = y i on the change in resistance of the gages is independent of
its position on the chip. In addition the silicon shows linear material behaviour. From these
considerations it follows that the total resistance changes of R1 and R2 are independent of
the positions of the point forces on the chip and their magnitude. Therefore, the integral
term in (3-18) can be written as:
1
l1 L

∫ [π (T )σ
L

l

y =0

nbs
11

(

)]

nbs
( y ) + π t (T ) σ 22
( y) − σ 33, 2 ( y ) l1 dy =
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=

n

∑

k (T ) F ( yi ) = k (T )

i =1

n

∑ F ( y ) = k (T )F
i

tot

(3-19)

,

i =1

where k (T ) is some constant that depends on the temperature and n is the total number of
point forces. Combination of (3-18) and (3-19) gives:
(3-20)

 R   π (T )
R1 − R 2
+ k (T ) Ftot = K (T ) Ftot = K 1 (1 + α 1 (T − T0 ) )Ftot .
= ∆ 1  =  t
 R2 

R2

 l1 L



K (T ) is the sensitivity coefficient at temperature T and K 1 is the sensitivity coefficient at
the reference (room) temperature T0 . α 1 is the temperature coefficient of sensitivity. It is

noted that both K (T ) and K 1 are a function of the longitudinal and transversal gauge
factors. Equation (3-20) shows that the change in ratio of both resistances is only a function
of the total force. This makes the output of the load cell independent of the actual force
distribution. Besides, it can be learned from expression (3-20) that it is also compensated
for common changes in zero load resistances of both gages.
The force acting on one of the 16 areas on the chip, denoted as Ftots , is calculated as:

Ftots

 R1, s 

∆
R 
2
,
s


=
16
 R1, p
∆

p =1  R 2, p

∑






Ftot

 R1, s 

∆
R 
2
,
s


=
16
 R1, p
∆

p =1  R 2, p

∑

R 
∆ 1 
 R2 
,
 K (T )




(3-21)

(

)

where equation (3-20) is used for elimination of the total force. ∆ R1, s / R2, s is the change
in resistance ratio at area s on the chip (see Fig. 3.9 for the location on the chip). By
summation of all 16 forces Ftots the total force is obtained again:

16

∑
s =1

Ftots =

16

∑
s =1


R 
 ∆ 1, s 
R 

 2, s 

16
 R1, p

∆

 p =1  R 2, p

∑






 R 
∆ 1  
 R2  
=
K (T ) 



R 
∆ 1 
 R2 
= Ftot .
K (T )

(3-22)

3.3.2 Finite element model
In order to obtain a prediction of the constant K 1 in (3-20), a two-dimensional finite
element model of the chip was built in the finite element program Ansys (see Fig. 3.11).
The dimensions shown in this figure corresponds with those in Fig. 3.7. Plane42 elements
were used with a plane stress restriction. The elastic constants correspond to a coordinate
system in which <100> is the normal direction and in which the in-plane axes are oriented
in <110> directions [3.30]. The mean pressure p is applied on top of gage 1. This pressure
is given by:
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Fig. 3.11: Two dimensional finite element model of chip. Parameter values are collected in Table
3.4.

p=

Ftot gm tot
=
,
l1 L
l1 L

(3-23)

where m tot is the total mass which is applied to the chip and g the gravitational constant
(=9.81 m/s2). For two choices of length L , the parameters are shown in Table 3.4,
respectively denoted by design 1 and design 2. A plot of the compression of the chip and
stresses σ 22 and σ 33 around gage 1 and 2 for both designs are depicted in Fig. 3.12 and
Fig. 3.13, respectively. Except for a small region near the edge of the chip, the stress
distribution is the same in all gages. The numerical values of the stresses and strains in the
center of a gage are also listed in Table 3.4. With these values, the change in ratio R1 / R2
follows from:
(3-24)
R 
∆ 1  = Gl (T0 ) ε 11,1 − ε 11, 2 + Gt (T0 ) ε 22,1 − ε 22, 2 + ε 33,1 − ε 33, 2 = K 1 Ftot ,
 R2 

(

)

(

)

where equations (3-5) and (3-20) have been combined. The individual, relative changes of
resistance are also determined in order to be compared with experiments. For the two gages
they are given by:

(

)

(

)

∆R1
= Gl (T0 )ε 11,1 + Gt (T0 ) ε 22,1 + ε 33,1 = K 1,1 Ftot ;
R1, 0
∆R2
= Gl (T0 )ε11, 2 + Gt (T0 ) ε 22, 2 + ε 33, 2 = K1, 2 Ftot .
R2 ,0

(3-25)
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Spiering [3.31] experimentally determined gauge factors for heavily doped boron diffused
poly-Si resistors. The production of our chip, which will be described in §3.3.4, took place
with the same process and in the same clean room. Therefore, it seems justified to adopt in
the present calculations the gauge factors presented in [3.31]:
(3-26)
Gl (T0 ) = 25 and Gt (T0 ) = −6 .
Parameter

Units

Design
2
380

Parame
ter

Units

µm

Design
1
380

MPa

Design
1
0

Design
2
0

h1

σ 11, 2

h2

µm

1.28

1.28

σ 22, 2

MPa

105.0

97.4

h3

µm

3.58

3.58

σ 33, 2

MPa

-0.0052

-0.021

l1

µm

91

91

σ 13, 2

MPa

-0.050

-0.22

30

ε 11,1

10

-3

l2

µm

30

0.500

0.847

l3

µm

30

205

ε 22,1

10-3

-0.551

-0.013

L

mm

417.0

254.1

ε 33,1

10-3

-1.592

-0.246

mtot

kg

1000

1000

ε 13,1

10-6

-0.232

-0.096

p

MPa

259

424

ε 11,2

10-3

-0.039

-0.036

ε 22, 2

10

-3

0.621

0.576

-3

-0.226

-0.210

σ 11,1

MPa

0

0

σ 22,1

MPa

-187.5

-379.8

ε 33, 2

10

σ 33,1

MPa

-259.4

-426.0

ε 13, 2

10-6

-0.632

-0.028

σ 13,1

MPa

-0.018

-0.0076

K1

10-5 N-1

0.2925

0.4793

σ VM

MPa

360

550

K1,1 (T )

10-5 N-1

0.2583

0.4477

µm

0.42

0.52

K1, 2 (T )

10-5 N-1

-0.0341

-0.0317

maximum
compression

Table 3.4: Input parameters and results of finite element simulations.

The calculated maximum compression in the chip, maximum Von Mises stress σ VM and
sensitivity parameters K 1 , K 1,1 and K 1, 2 are presented in Table 3.4. It appears that, due to
compression of the chip, the pressing blocks will not touch gage 2, because h3 − h2 is
larger than the maximum compression of the protuberances. The maximum value of the
Von Mises stress is 0.36 GPa and 0.55 GPa for designs 1 and 2 respectively, which is
somewhat larger than the maximum allowable stress of 0.2 GPa derived in §2.2.
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Fig. 3.12: Chip with long gages. From top to bottom: vertical displacement, σ 22 and σ 33 .
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Fig. 3.13 Chip with short gages. From top to bottom: vertical displacement, σ 22 and σ 33 .
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3.3.3 Electronics
Both gages consist of 16 elements and in order to determine the force distribution on the
chip the resistance of each element has to be determined (see Fig. 3.9 for electrical
analogy). Also, for the measurement of the total force the total resistance values of the
gages are needed, which means that in total 34 measurements must be performed. For this
purpose the electrical circuit shown in Fig. 3.14 was realised. The four 16-channel analogue
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Fig. 3.14: Electrical circuit for determination of 34 resistances on the chip including the resistances
of gages 1 and 2.
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multiplexers/demultiplexers are driven by the channels {SA0..SA3,SB0..SB3,SC0..SC3,
SD0..SD3} from the microcontroller. For example, for selecting resistances R1,8 and R2,8
the channels {A7,B7} and {C8,D8} have to be selected. For the total resistances R1 and R2
channels {A0,B15} and {C0,D15} are selected. The ratio of two resistances is equal to the
ratio between the voltages across these resistances:
(3-27)
R1, p
IR1, p V1, p VZB − VZA
=
=
=
; p = 0..17 .
R2, p IR2, p V2, p VZD − VZC

{V1, p , V 2, p } are the voltages across part p of gage 1 and 2 respectively. For p = 17 the
total resistances are selected. { V ZA , VZB , VZC , VZD } are the voltages that are transferred by
the multiplexers. The ratio is independent of current I . For the bridge, resistance values
below 100 kΩ are required.

3.3.4 Realisation chip with poly-Si gages
In §3.2 the choice for doping of the polysilicon in a boron diffusion process was motivated.
Both designs 1 and 2 were realised on one 3-inch silicon <100> wafer. Nine chips were
produced from one wafer. In this section a brief description of the process scheme as shown
in Fig. 3.15 is given. For a more detailed description, reference is made to appendix A.1.
First, in step 1 resist is patterned to define the grooves in which gage 2 is to be
deposited. Hence, in step 2, 2.3 µm deep grooves are made by reactive ion etching (RIE)
with a gas mixture of O2, CHF3 and SF6. Hereafter, in step 3, a 0.7 µm thick layer of
thermal silicon oxide is grown at 1150 °C. The amount of silicon consumed during this
process is 44 % of the thermal oxide thickness [3.32]. Next, in step 4 a 1.28 µm thick polySi layer is grown. This process is directly followed by a boron diffusion process with boron
nitride wafers to make the poly-Si electrically active [3.25]. After this step, a specific
resistance of the poly-Si of about 0.0023 Ω·cm was obtained. Then, by using the total
length, width and thickness of a gage (see Table 3.4), it follows that for the two designs the
resistances are about 82 kΩ and 50 kΩ respectively. These values remain well below the
maximum allowable resistance of 100 kΩ. Furthermore, the doping level is high enough for
ohmic contacts between the poly-Si bond pads and the bond wires. In step 5 resist is
deposited to define the poly-Si strain gages. The poly-Si is etched by reactive ion etching
using SF6 gas (step 6). In step 7, a 0.7 µm thick PECVD silicon oxide layer is deposited for
passivation of the resistors. Contrary to the first oxidation step, this step does not consume
poly-Si. Hence, stress concentrations at the surface between the first SiO2 layer and the
poly-Si are prevented. In step 8 resist is patterned to define the openings in the PECVD
SiO2 at the bond pads. Finally in step 9, this oxide is etched in BHF. At this stage, the
wafers are ready for dicing which is also shown in step 9. Photographs of the strain gages
of the realised designs 1 and 2 are shown in Fig. 3.16. The production process is robust and
under normal process conditions all chips will work properly.
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Fig. 3.15: Process scheme chip with polysilicon strain gages.
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Fig. 3.16: Pictures of strain gages, design 1 (left) and design 2 (right).

3.3.5 Measurements on chip with poly-Si gages
The edge of the chip was glued with Araldit on a steel spring that was shown in Fig. 2.12.
Then, the spring was mounted in the package (see Fig. 2.10). The pressing blocks are made
out of aluminium oxide. Due to the polishing of these blocks, the surface has become
somewhat curved. Between the centre and the rim of these blocks a height difference exists
of about 900±100 nm. This means that gage 1 will be compressed most in the centre of the
chip. The roughness of the pressing blocks is 225±25 nm.
On the spring, next to the chip, a platinum-sensing resistor (Pt100-element) is attached
for the measurement of the temperature. The sensor can measure temperatures from –70 °C
to +600 °C. In the interval from 0 to 100 °C the stability is ±0.05 %. By soldering a copper
wire from the spring to the Pt100-element, it is expected that the temperature of the Pt100element is equal to the temperature of the chip. The membrane that is attached to the cover
takes care of the lateral forces and puts a small preload on the chip (about 50 to 100 N). The
test setup for applying the weights was treated in §2.5.
The hysteresis was tested at room temperature which, by using the Pt100-element, was
estimated to be 24.55±0.01 °C. However, it is not the exact temperature, but repeatability in
resistance of the Pt100-element, that is important here. The resistance ratio R1 / R2 as a
function of the applied mass is shown in Fig. 3.17. For zero loads R1 / R2 is not exactly
equal to 1. There are three reasons for this. Firstly, both resistances are not exactly equal.
Secondly, the steel membrane of the package puts some preload on the chip. Thirdly, the
arm of the test setup that applies the load to the package has a non-zero mass.
Hysteresis experiments were also performed at temperatures above room temperature.
The results of all hysteresis experiments are shown as dots in Fig. 3.18. Interpolation of
these results was carried out by considering the theoretical relation between R1 / R2 and the
total mass m tot , equation (3-20). By also including temperature effects at zero load and the
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Fig. 3.18: Hysteresis measurements at different temperatures. The measurements include forward
and backward loading.

difference in zero load resistance values for R1 and R2 , it follows that this relation in
theory is given by:
R1
(3-28)
= K 0 (1 + α 0 (T − T0 ) ) + K 1 (1 + α 1 (T − T0 ) )gm tot ,
R2

where K 0 is the offset constant at zero load, K 1 the sensitivity coefficient, α 0 the
temperature coefficient of the offset constant and α 1 the temperature coefficient of the
sensitivity constant. Interpolation of the measurements and constants K 0 , K 1 , α 0 and α1
was carried out by using the program Statgraphics Plus 3.0. For T0 = 24.5 °C the following
results were obtained:
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K 0 = 1.0071 ; α 0 = −3.487 ppm/ °C ; K 1 = 0.3025 ⋅ 10 −5 N -1 ; α 1 = −832.4 ppm/ °C .
(3-29)
By using these constants the interpolation error is within ±8.47 kg (bandwidth of 16.94 kg).
It is remarkable that the sensitivity coefficient K 1 only deviates by 3.4 % from the
theoretical value ( K 1 ) obtained with the finite element model (see Table 3.4). The
temperature coefficient of sensitivity α 1 corresponds to the temperature coefficient of the
gauge factor given in Table 3.2: -1300 ppm/ºC (longitudinal strain, p-type carrier
concentration 1020 cm-3). However, it is noted that α 1 is a function of the temperature
coefficient of both the longitudinal and transversal gauge factors so that comparison is a
little difficult. Nevertheless, this value is much larger than for metal strain gages. For
example, the temperature coefficient of the gauge factor of constantan is more than 7 times
less: 115 ppm/ºC.
In order to obtain a better fit of the experimental results other interpolation formulas were
tried. The best results were obtained with the following expression:
(3-30)
R1
2
.
= K 0 (1 + α 0 (T − T0 ) ) + K1 (1 + α 1 (T − T0 ) )gmtot + K 2 mtot
R2

It is noted that the values of the constants K 0 , K1 , α 0 and α 1 differ from those in
equation (3-28). With these values (3-30) is drawn in Fig. 3.18, together with the data from
the measurements. The interpolation error was obtained by inserting the measured
temperature and ratio R1 / R2 in the interpolation polynomial (3-30). The resulting mass

m tot was subtracted from the actual mass. The result is shown in Fig. 3.19 and shows that
the interpolation error stays within ±2.25 kg (bandwidth of 4.50 kg). The figure also shows
that probably there is a systematic error in the weights which is due to the fact that the 200
kg weights are not exactly a multiple of 200 kg.
The hysteresis error is obtained by subtracting the results of the forward and backward
measurements in Fig. 3.19, in this way eliminating the interpolation error. The result is
shown in Fig. 3.20. According to this figure the hysteresis error stays within ±1.38 kg
(±0.138 % of the fso). Probably, most of this error is caused by slip of the pressing block on
gage 1. In order to reduce the influence of this slip a top wafer has to be bonded on top of
gage 1. Attempts were made to bond wafers on top of oxidised boron doped poly-Si layers
which were, before oxidation, chemically and mechanically polished [3.33]. However, the
bonding was not successful. There are probably two reasons for this. Firstly, oxidation of
the grain boundaries resulted in too much roughening so that bonding became impossible.
Secondly, the diffusion equipment did not give uniform doping profiles, because the boron
nitride wafers and the silicon wafers were not placed absolutely parallel to each other. In
§3.4 it will be shown that SOI wafers with a boron doped monocrystalline silicon layer can
be bonded much better to another wafer.
In the next step, the occurrence of creep was tested at 1000 kg. By using interpolation
formula (3-30), the mass was determined as a function of time for 30 minutes. At 1000 kg,
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Fig. 3.20: Hysteresis error (exclusive interpolation error) as a function of mass.

five creep experiments were performed to test repeatability. At the same time the
temperature was measured. Both results are shown in Fig. 3.21. It shows that creep is
smaller than 0.1 kg (0.01 % of the fso) and is not influenced by the temperature. However,
there is some non-repeatability in the measured mass.
Non-repeatability is determined by considering the hysteresis and creep measurements at
room temperature. Then, from Fig. 3.19 and Fig. 3.21 the non-repeatability exclusive
interpolation error is determined to be within ±0.4 kg (±0.04 % of the fso). Again, it is
believed that non-repeatability is mainly caused by slip.
The change in voltage across gages 1 and 2 at room temperature as a function of the applied
load is shown in Fig. 3.22. From these results the sensitivity coefficients as defined in (325) can be calculated:
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K1,1, experimental ≈
K1, 2,experimental ≈

V1 (mtot = 1000 kg)
− 1 = 0.1475 ⋅10−5 N -1 ;
V1 ( mtot = 0 kg)

V2 (mtot = 1000 kg)
− 1 = −0.1500 ⋅10 −5 N -1 .
V2 (mtot = 0 kg)

(3-31)
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Fig. 3.21: Measured creep and temperature for a mass of 1000 kg. Load cell is loaded five times.

Comparing these results to the theoretical results shown in Table 3.4, it follows that
K1, 2, experimental is 4.4 times larger than K1, 2, theoretical . This can be attributed to the fact that in the
finite element calculations bending and stretching of the chip is not included, resulting in a
relatively small strain in gage 2. Therefore, it seems justified to conclude that stresses due
to bending and stretching of the chip have a significant contribution to the individual
resistance changes in the gages. This means that it is important to use gage 2 for the
elimination of these stresses.
Finally, the force distribution was determined using equation (3-21). The result at 1000
kg, given in Fig. 3.23, shows that the mean pressure in the centre is 3 times higher than at
the rim of the chip. The difference is caused by the curvature of the pressing blocks.
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Fig. 3.22: Voltages across R1 and R2 as a function of mass (room temperature).
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Fig. 3.23: Force distribution on the chip at 1000 kg (measured at 16 places).

3.4 Load cell with monocrystalline silicon strain gages made from a SOI
wafer
In order to reduce the influence of slip between the pressing block and strain gage 1, a
design is proposed in which another wafer is bonded on top of strain gage 1. The layout of
this sensor is shown in Fig. 3.24. The bottom part is made from a silicon-on-insulator (SOI)
wafer. SOI technology is well established and it is one of the key technologies for advanced
micro-electronic devices [3.34]. The monocrystalline strain gages are doped with boron, the
reason of which was given in §3.2. A thin oxide layer is grown to seal the gages.
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Fig. 3.24: Schematic layout chip with SOI bottom wafer.

As seen in Fig. 3.1 the meandering resistance pattern has to be oriented in the <110>
direction for maximum transversal sensitivity. The mono-Si layer has a thickness of 9±0.5
µm. From measurements a specific resistivity of 0.014 Ω·cm was obtained corresponding to
a doping level between 1021 and 1022 cm-3. From these numbers and the total length of the
gage given in Table 3.4, it follows that for the two designs, the resistances will be about 71
kΩ and 43 kΩ. Although this high doping level gives relatively low gauge factors (see Fig.
3.2), the choice was made to use a highly conductive layer because it was desired to have
good ohmic contacts between the mono-Si and the bond wires. Besides, the resistances
should remain below the maximum allowable resistance of 100 kΩ.

3.4.1 Realisation chip with mono-Si gages
Again, two designs were produced from one wafer. The strain gage patterns of the designs
are equal to the designs for the chip with poly-Si strain gages. Both designs 1 and 2 were
realised on a 4-inch wafer. Nine chips were produced from one wafer. A short description
of the process scheme is shown in Fig. 3.25. For a more detailed description reference is
made to appendix A.2.
For the bottom wafer, in step b1) resist is deposited to define the mono-Si strain gages.
Then, in step b2) the 9 µm thick mono-Si layer is etched by deep reactive ion etching
(DRIE) using SF6 gas. In step b3), a 0.5 µm thick layer of thermal silicon oxide is grown at
1150 °C. The layer has to be thin in order to minimise stresses in the corner where the two
oxide layers and the strain gages meet. In b4) resist is spinned to define the openings in de
SiO2 at the bond pads. As the gages have a thickness of about 9 µm, the spinning speed has
to be low for a good step coverage. Foil is applied on the backside to protect the SiO2. No
foil on the backside causes bending of the bottom wafer after the next step in which the
SiO2 is etched. Too much bending may make bonding impossible.
For the top wafer in step t1) resist is deposited on the rough backside to define the
grooves. These grooves are needed for aligning purposes in the bonding step. On the
polished frontside resist is deposited to protect the bond surface. Then, in step t2), 8 µm
deep grooves are made by reactive ion etching (RIE) with a gas mixture of O2, CHF3 and
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Fig. 3.25: Process scheme chip with monocrystalline silicon strain gages made from a SOI wafer.

SF6. The depth is chosen on the large side because for unpolished surfaces it is more
difficult to see the alignment marks during aligned wafer bonding. In step t3) resist is
deposited on the frontside to define the grooves. These grooves must prevent the top wafer
from touching gage 2 during loading. Then, in step t4), 4.5 µm deep grooves are etched
with the same parameters as used in step t2).
After processing of the bottom and top wafers, the two wafers are prepared for silicon
fusion bonding in a piranha mixture (H2O2:H2SO4=1:3) at 100 °C. Then, in step bt1) the
wafers are put together using aligned wafer bonding. After inspection of the prebond, the
wafer pair is annealed at 1000 °C for 2 hours, resulting in a monolithic bond. Finally, in
step bt2), the wafer pair is diced. The load cells are released and the silicon above the bond
pads is removed by breaking the silicon. At this stage the load cell is ready for mounting
into the package.

76 Micro-machined high capacity silicon load cells

3.4.2 Measurements on chip with mono-Si gages
Packaging and testing of the chip was carried out in the same way as for the chip with polySi strain gages (see§3.3.5). First, hysteresis was tested at room temperature, which is at
26.16±0.04 °C. The resistance ratio R1 / R2 as a function of the applied mass is shown in
Fig. 3.26.
Hysteresis experiments were also performed at temperatures higher than the room
temperature. The results of all the hysteresis experiments are shown as dots in Fig. 3.27.
The results were interpolated by considering the theoretical relation between R1 / R2 and
the total mass m tot , equation (3-20). By also including temperature effects at zero load and
the difference in zero load resistance for R1 and R2 , it follows that this relation in theory is
again given by:
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Fig. 3.26: Hysteresis at room temperature.
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Fig. 3.27: Hysteresis measurements at different temperatures. The measurements include forward
and backward loading.
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R1
= K 0 (1 + α 0 (T − T0 ) ) + K 1 (1 + α 1 (T − T0 ) )gm tot .
R2

(3-32)

where K 0 is the offset constant at zero load, K1 the sensitivity coefficient, α 0 the
temperature coefficient of the offset constant and α1 the temperature coefficient of the
sensitivity constant. Interpolation of the measurements and the determination of the
constants K 0 , K1 , α 0 and α1 was performed by the program Statgraphics Plus 3.0. For

T0 = 24.5 °C the next results were obtained:
K 0 = 1.0027 , α 0 = −0.01611 ppm/ °C , K 1 = 0.3255 ⋅ 10 −5 N -1 , α 1 = −2380 ppm/ °C .
(3-33)
With these constants the interpolation error remains within ±9.11 kg (bandwidth of 18.22
kg). The sensitivity coefficient K1 is only a factor 1.08 higher than for the chip with polySi gages. This is due to the relatively high doping level of the mono-Si layer which leads to
relatively low gauge factors (see Fig. 3.2). By extrapolation of this graph it follows that the
gauge factors will not be much higher than those of poly-Si given in (3-26). The
temperature coefficient of sensitivity α1 corresponds to the temperature coefficient of the
gauge factor given in Table 3.2: -1700 ppm/ºC (longitudinal strain, p-type carrier
concentration 1021 cm-3). Again, it is remarked that α1 is a function of the temperature
coefficient of both the longitudinal and transversal gauge factors so that comparison is a
little difficult. If compared to the chip with poly-Si it is a disadvantage that α1 is a factor
2.86 higher.
In order to obtain a better fit of the experimental results other interpolation formulas were
tried as well. The best results were obtained with the expression:
(3-34)
R1
1
.
=
2
R2 K 0 (1 + α 0 (T − T0 ) ) + K1 (1 + α 1 (T − T0 ) )gmtot + K 2 mtot
The hysteresis error including interpolation error is obtained by inserting the measured
temperature and ratio R1 / R2 in the interpolation polynomial (3-34). The resulting mass

mtot was subtracted from the actual mass. The result is shown in Fig. 3.28. The profile of
this figure is similar to the result obtained for the chip with poly-Si gages (see Fig. 3.19).
Therefore, it is concluded that the error is systematic which is due to the fact that the
weights are not exactly a multiple of 200 kg. With expression (3-34), the interpolation error
is between ±2.62 kg (±0.262 % of the fso). The prediction according to (3-34) is shown in
Fig. 3.27, together with the experimental data.
The hysteresis error (exclusive interpolation error) is obtained by subtracting the
forward and backward measurements. The result is shown in Fig. 3.29. The figure shows
that the hysteresis error is within ±0.58 kg (±0.058 % of the fso). Clearly, the error is
reduced by a factor 2.4 in comparison to the chip with poly-Si gages. It is believed that this
is due to the reduced influence of slip between the pressing block and strain gage 1.
As a next step, creep tests were performed under a loading of 1000 kg. With interpolation
formula (3-34), the mass was determined as a function of time for 30 minutes. Five creep
experiments were performed to get an impression of the repeatability of the experiments. At
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Fig. 3.28: Interpolation error as a function of mass.
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Fig. 3.29: Hysteresis error (exclusive interpolation error) as a function of mass.

the same time the temperature was measured. Both results are shown in Fig. 3.30. It appears
that for the first and second loading considerable creep (1.6 kg=0.16 % of the fso) occurs.
However, for the fourth and fifth loading cycle creep is much less (<0.2 kg or <0.02 % of
the fso). By comparing the results given in Fig. 3.30 to those in Fig. 3.21, it follows that for
the chip with poly-Si strain gages this effect is not present. Probably, this can be attributed
to the fact that the temperature sensitivity coefficient α 1 (given in (3-29) and (3-33) for
both chips) is a factor 2.86 higher for the chip with mono-Si gages. What happens is that
upon loading at 1000 kg, there is a good thermal contact between the chip and the package
and/or the package and the test setup. Due to this the temperature of the chip and Pt100element may have come more close to each other for the last loading cycles. Therefore, it
may be concluded that the difference between the temperature of the chip and the
temperature of the Pt100-element cannot be neglected. In order to measure the on-chip
temperature, it is proposed to add a temperature sensor to the chip itself. This can be
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achieved by measuring the change in resistance of an unloaded gage which is located at the
edge of the chip.
It should also be mentioned that the accuracy or stability of the Pt100-element might be
a problem, because the temperature coefficient of sensitivity (-2380 ppm/ºC) was larger
than the maximum allowable value of -2310 ppm/ºC (see also §2.5).
Non-repeatability is determined by considering the hysteresis and creep measurements at
room temperature. Then, from Fig. 3.28 and Fig. 3.30 the non-repeatability exclusive
interpolation error is determined to be within ±1.0 kg (±0.10 % of the fso).
application of 1000 kg
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1002.5

fifth loading

1002.0

fourth loading
third loading

1001.5
1001.0

second loading
1000.5

first loading
1000.0
999.5
999.0
0

5

10

15

20

25

30

time [min]
26.2
26.1

first loading

T [ C] 26.0

second loading

25.9
25.8

third loading

25.7
25.6

fourth loading
fifth loading

25.5
0

5

10

15

20

25

30

time [min]

Fig. 3.30: Measured creep and temperature for a mass of 1000 kg. Load cell is loaded five times.

3.5 Load cell with monocrystalline silicon strain gages insulated by pnjunctions from the substrate
Since SOI wafers are relatively expensive, another design is proposed in which the gages
are implanted or diffused directly into the substrate (see Fig. 3.31). The gages are isolated
from the substrate by pn-junctions (diodes). This process is relatively simple and
inexpensive wafers can be used. Another advantage of this design is that it can be expected
that intrinsic and thermal stresses are smaller, because there is no insulating SiO2 layer
under the strain gages. The bottom <100> wafer is n-type in which p-type strain gages are
realised by boron diffusion. Thermal oxide is grown to prevent large leakage currents at the
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edge of the pn-junctions. As was shown in §3.2, for maximum sensitivity to transversal
stresses the strain gages have to be oriented in a <110> direction.

3.5.1 Depletion layer calculation
In this paragraph the effects of the pn-junctions are considered. In Fig. 3.32, a strain gage is
shown which is formed by diffusion of boron ions in the substrate. It has been assumed that
the impurity distribution of donors and acceptors ( N D =donor concentration, N A =acceptor
top-view chip:
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16 mm
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A
A
A
A
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Fig. 3.31: Schematic layout of chip with monocrystalline silicon strain gages isolated with pnjunctions from the substrate.
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Fig. 3.32: Schematic representation of depletion layer.

concentration) is constant in both p-type and n-type regions. Besides, the junction is
assumed to be abrupt. The voltage Vsg ( y ) at some position y on a strain gage varies
between 0 volt and the supply voltage Vs . The substrate is given a voltage Vsub in such a
way that the diode is in reverse bias. Due to this a depleted region is present in the substrate
and gage. This region occurs near a pn-junction where the mobile carrier density is zero.
Therefore, in this region no current will flow which means that the effective thickness of
the gage becomes smaller and therefore it becomes a function of the y -coordinate. As a
consequence the sensitivity varies along the length of a gage, implying that the output
R1 / R2 is no longer independent of the load distribution.
The width of the region depends on the reverse bias voltage, which is given by [3.32]:
(3-35)
V R ( y ) = V sub − Vsg ( y ) .
For the width of the depleted region in the strain gage it can be derived that [3.32]:
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(3-36)
 N A + ND 
kT  N A N D 


(Vbi + VR ( y ) ) ; Vbi =
ln
.
q  ni2 
 NAND 
Vbi is called the built-in potential being the total electrostatic potential difference between
the p-side and the n-side neutral regions at thermal equilibrium. ni is the intrinsic carrier

x p ( y) =

ND
NA + ND

2ε s
q

density which equals 1.45 ⋅1010 cm -3 for silicon at room temperature, ε s = 0.10536 ⋅10 −11
F/m the permittivity of silicon, q = 1.6 ⋅10 −19 C is the charge of one electron, T the
temperature in K, k = 1.38 ⋅10 −23 J/K Boltzmann constant, N A = 3⋅10 20 cm -3 the number of
boron acceptor ions [3.33]. For a resistivity of 4 Ω·cm the donor concentration for n-type
silicon equals N D = 1015 cm -3 . The depleted layer thickness, x p ( y ) , is shown in Fig. 3.33
as a function of VR ( y ) for different temperatures. Even for a reverse bias voltage of 10, the
depleted layer is only 1.3 nm whereas the diffusion depth is about 2.5 µm [3.33]. This
means that the change in effective thickness due to depletion can be neglected, so that
R1 / R2 effectively remains independent of the force distribution.

x p ( y ) [nm]

50 C

20 C

10 C

VR ( y ) [Volt]

Fig. 3.33: Depleted layer thickness in a strain gages as a function of the reverse bias voltage at
different temperatures.

3.5.2 Temperature measurement
The temperature can be measured using a Pt100-element in a similar way as was done for
the other two designs. However, the disadvantage is that the temperature of the chip is not
determined on-chip. Therefore, another sensing method is proposed, by which the
temperature can be measured on the chip. For this purpose a so-called PTAT (proportional
to absolute temperature) circuit can be used [3.35, 3.36]. The circuit is shown in Fig. 3.34.
Two diodes with different surface areas are needed. These diodes are made simultaneously
with both gages. In Fig. 3.31 their positions on the chip can be found. For the circuit it can
be derived that:
(3-37)
2 R a kT  Ab 
,
V a − Vb =
ln

Rb q  Aa 
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where Aa and Ab are the areas of the two diodes. Clearly, this voltage difference is a linear
function of the temperature. To give an idea, for R a / Rb = 10 and Ab / Aa = 4 the
sensitivity is 2.4 mV/ºC.

Rb
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3+

7
6

Rc
diode b

2

-

1

Va

4

Vb

C1
diode a

C2

0V
Fig. 3.34: PTAT circuit with amplifier.

3.5.3 Process outline
In this paragraph a short description of the process as shown in Fig. 3.35 is given.
First, in step b1) the n-type wafer with a resistivity of 2-5 Ω·cm is heavily doped with
boron ions in a diffusion process. This process was also applied to the chip with poly-Si
strain gages (see §3.3.4). Due to doping the surface becomes rough and not bondable.
Therefore, the wafer surface is polished using chemical mechanical polishing (CMP)
[3.33]. Then, in step b2) resist is deposited to define the strain gages. In step b3), the silicon
is etched to a depth that is more than the boron diffusion depth of about 2.5 µm. In step b4)
thermal oxide is grown to seal the gages. Furthermore, the oxide prevents large leakage
currents from flowing across the edge of the pn-junctions. In step b5), resist is deposited to
define the bond pads. In step 6, the oxide at the bond pads is etched in BHF.
For the top wafer the same process is used as for the chip with gages made from a SOI
wafer (see §3.4.1). The same applies for the bonding and dicing steps.

3.5.4 Preliminary experiments
In this paragraph the results of some preliminary experiments on the diode characteristics
and the CMP step are discussed. An n-type silicon wafer (<100> orientation, phosphorus
doped, single-side polished, resistivity of 2-5 Ω·cm) was taken as the base material. After
doping, the square resistivity for the boron doped layer was about 8 Ω/square. Diodes were
formed with an area of 1 cm2. The current-voltage characteristic is shown in Fig. 3.36. The
maximum leakage current for a reverse biased diode is within I leakage,1 cm 2 =20 nA. For a
gage this would mean a maximum leakage current equal to:
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Fig. 3.35: Process scheme chip with monocrystalline silicon strain gages isolated with pn-junctions
from the substrate.

I leakage, gage = I leakage,1 cm 2

lL

1
−4

2

,

(3-38)

10 m
where L is the total length and l1 the width of a gage. For both designs 1 and 2 this means
that the leakage currents stay within 7.6 nA and 4.6 nA, respectively. These currents have
to be compared to the current going through a gage. From resistivity measurements it
followed that for the dimensions of designs 1 and 2, shown in Table 3.4, one gage has a
resistance of 37 kΩ and 22 kΩ, respectively. For a gage voltage of about 2.5 Volt, the
currents will be 68 µA and 112 µA. Therefore, for both designs, the leakage currents are
0.01 % and 0.004 % of the currents going through the gages and thus they can be ignored.
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Preliminary results for testing the bondability were obtained by CMP of the boron doped
wafer, followed by a thermal oxidation step (thickness=0.7 µm). It was demonstrated that
bonding succeeds provided that the diffusion is performed uniformly across the wafer. At
present the yield after bonding amounts to about 60 %.
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0
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-100

0
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Fig. 3.36: Measured current-voltage characteristic of a 1 cm2 diode (indicated by squares). Solid
line represents interpolation of measurements.

3.6 Conclusions
The conclusions to be drawn from the present investigation can be summarised as follows:
• After consideration of the properties of polycrystalline and monocrystalline silicon
strain gages three types of piezoresistive silicon load cells were designed:
A- Sensor with two polycrystalline silicon strain gages (§3.3).
B- Sensor with two monocrystalline silicon strain gages made from a silicon-oninsulator (SOI) wafer. On top of the strain gage that is compressed, a wafer is
bonded to reduce the influence of slip between the pressing block and this strain
gage (§3.4).
C- Sensor with two monocrystalline silicon strain gages diffused in a silicon
substrate. On top of the upper strain gage a wafer is bonded to reduce the
influence of slip between the pressing blocks and the chip (§3.5).
A new feature is the application of silicon, and the compensation for the temperature
coefficient of resistivity, in-plane stresses due to stretching and bending of the chip and
for changes in zero load resistor values. It was theoretically shown that the output is
independent of the load distribution.
The load cells A and B were manufactured in the MESA+ clean room.
• It was shown that a finite element model can accurately predict the sensitivity of the
chip with poly-Si strain gages, so that the model can be used for optimisation of the
chip.
• For load cells A and B hysteresis experiments were performed at four temperatures
between 20 °C and 50 °C. For load cell A the maximum hysteresis error was within
±1.38 kg (±0.138 % of the fso). For B it was within ±0.58 kg (±0.058 % of the fso).
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This reduction is believed to be due to the reduced influence of slip between the
pressing block and the upper strain gage.
• Load cells A and B were loaded five times for 30 minutes to explore the presence of
creep. For load cell A creep was within 0.1 kg (0.01 % of the fso) and it was well
compensated for temperature changes. The non-repeatability was within ±0.4 kg (±0.4
% of the fso) which is believed to be caused mainly by slip between the pressing block
and the strain gage that is compressed. For load cell B creep was within 0.2 kg-1.6 kg
(0.02 %-0.16 % of the fso). The non-repeatability was within ±1.0 kg (±0.10 % of the
fso). These errors are larger than for load cell A. It is believed to be due to the relatively
large temperature coefficient of sensitivity of load cell B which is a factor 2.86 higher
than for cell A. Hence, a difference in temperature between the chip and Pt100-element
introduces larger errors for load cell B. This problem might be solved by direct
measurement of the temperature of the chip.
• For load cell C the diode characteristic was good. The yield for bonding a wafer onto a
boron-diffused and oxidised wafer was 60 %. Calculations show that the depletion layer
and leakage currents will have a negligible influence on the behaviour of the sensor.
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Chapter 4
Distributed capacitive load cell
4.1 Introduction
In this chapter the design and realisation of a distributed capacitive silicon load cell is
presented. The capacitive silicon sensors described in the literature mostly concern
sensors/devices for measuring pressures [4.1, 4.2]. They generally consist of a membrane
on which an electrode is deposited. A second electrode is placed at a small distance from
the membrane. Under pressure the membrane and electrode move in the direction of the
second electrode. The corresponding change in capacitance between the two electrodes is a
measure for the pressure.
To the author’s knowledge capacitive silicon load cells for measuring high forces are
not described in the literature. Only a few papers deal with low force load cells [4.3, 4.4,
4.5]. The differential capacitive force sensor developed by Despont et al. [4.3] is made from
a (110)-oriented highly conductive silicon wafer. Two electrodes are part of a rigid boss
that is connected to silicon springs. Under action of a force these electrodes move to and
from two opposite electrodes thus forming two capacitances. The sensor can be adapted to
measure forces in the range 0.01 N to 10 N. Wolffenbuttel and Regtien [4.4] proposed a
silicon capacitive tactile sensor which can measure forces up to 0.01 mN. One cell of the
sensor consists of a boss that is attached to a membrane. The force is applied to the boss
giving a deflection of the membrane which results in a change in capacitance.
In §4.2 a basic design for a capacitive load cell is presented. It is shown that its
sensitivity is too low for accurate force measurement. Therefore, in §4.3 a new design is
proposed which makes use of what is called mechanical amplification. The electronics for
this design is analysed in §4.4. §4.5 treats the realisation of the design with mechanical
amplification. Then, in §4.6 measurements are presented. Finally, conclusions are drawn in
§4.7.

4.2 Basic capacitive design
A basic design for a capacitive load cell is shown in Fig. 4.1. Metal is deposited on both
sides of the dielectric which acts at the same time as a spring element. On the top sides
grooves are etched or sawn to define the sensor and reference capacitors. If the dielectric
shows linear material behaviour, it follows that the mean compression of the pressing area
is independent of the load distribution, because the contribution of all point forces can be
superimposed. For small deformation of the dielectric, the change in capacitance is a linear
function of the compression. As a result the change in capacitance is independent of the
load distribution, so that the principle of distributed sensing applies (see §2.3.2 for the
explanation of the principle). Thus the calculations can be performed under the assumption
of a uniform load. Under loading the capacitance changes according to:
(4-1)
ε r ε 0 Acap
,
CS =
F d
d 0 − tot 0
EAcap
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Fig. 4.1: Basic design capacitive load cell.

where ε 0 = 8.854 pF/m is the permittivity of vacuum, ε r the relative permittivity of the
dielectric, Acap the surface of the sensor capacitor, d 0 the thickness of the dielectric, E the
Young’s modulus and Ftot the total force acting on the sensor capacitor. For a 3-inch high
resistance silicon wafer with an electrical resistivity of ρ el =2.3·105 Ω·cm the following
values apply: ε r = 11.7 , d 0 = 380 µm , E = 130 GPa, Acap = 1 cm2. For these values the
capacitance changes from 27.261 pF to 27.282 pF, that is a change of 0.021 pF=21000 aF.
As shown in §2.4.2 accurate measurement of a capacitance can be performed in the
Modified Martin oscillator circuit developed by Toth [4.6, 4.7]. He reported that a
capacitance of about 2 pF can be measured with an accuracy of about 0.01 % with respect
to a reference capacitor. This corresponds to an accuracy of 200 aF. Its resolution amounts
to 50 aF. On the basis of these numbers for the presented chip an accuracy of about
(27.3/2)*(200/21000)*100=13 % of the full-scale output (fso) can be expected. The
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sensitivity is very low because the functions of the dielectric and spring element are
combined. For the present design there are no possibilities for a spectacular increase of the
sensitivity.
Another aspect that should be considered is the relatively low resistance of the
dielectric. Its resistance is given by:
(4-2)
ρ d
R = el 0 ,
Acap
where ρ el is the electrical resistivity of the dielectric. For a zero total force, the corner
frequency is given by:
(4-3)
1
1
=
= 668 KHz .
f =
2πRC s 2πρ el ε r ε 0
The oscillator in which the capacitance is to be measured should oscillate at a much higher
frequency than this corner frequency for neglecting the resistance. It is noted that if the
silicon is replaced by an insulator (like the ceramic aluminium oxide), the resistance can be
considered to be infinite, so that there is no minimum limit for the frequency of the
oscillator.
In the next paragraph a new design is presented for which the sensitivity is much larger
than that of the basic design.

4.3 Capacitive design with mechanical amplification
In order to increase the sensitivity, a new working principle, called mechanical
amplification, was developed. Fig. 4.2 shows a schematic drawing of a load cell of this
type. The design consists of two bonded silicon wafers. The top wafer contains poles that
carry the load. The bottom wafer contains an array of electrodes which, in combination
with the highly conductive top wafer, form a pattern of capacitors. Under load conditions
the poles are compressed and the distance between the metal electrodes and the top wafer at
the position of the capacitors decreases thus increasing the capacitance. Due to the large
aspect ratio of the pole length and capacitor gap ( l pole / d 0 ) large capacitance changes can
be obtained under loading, resulting in a large sensitivity. The capacitance of each of the
n 2 capacitors in the array is denoted by C i , j , k . In the example sketched in Fig. 4.2 n
equals 6. The capacitors are connected in parallel in m 2 groups. The index k = 1..m 2
denotes which of the 1..m 2 capacitor groups the capacitor C i , j , k belongs to. In Fig. 4.2 m
equals 3. Within one capacitor group the indices i = 1..n / m and j = 1..n / m denote the
position of the capacitor in the group.
In the next section it is investigated when the principle of distributed sensing applies.
Distributed sensing
Upon assuming that the load distribution is homogeneous on the surface of a single pole,
the change in height ∆l of each pole due to the applied force (also referred to as load) can
be expressed as:
(4-4)
l pole
∆l =
F pole ,
EA pole
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Fig. 4.2: Layout capacitive load cell with mechanical amplifier.

where l pole and A pole are the height and surface area of a pole respectively, E the Young’s
modulus and F pole the force acting on a pole. For each capacitor, the capacitance is given
by:
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C i, j ,k =

ε air Acap
d 0 + ∆d i , j , k

(4-5)
,

where ε air is the dielectric constant, Acap is the surface area of each capacitor, d 0 is the
distance between the capacitor plates with no load applied and ∆d i , j , k is the change in
distance as a result of the applied load. Approximating the change in distance ∆d i , j , k in (45) by the average change in height of the surrounding poles given by (4-4), (4-5) can be
written as:
ε air Acap
ε air Acap
.
=
C i , j ,k =
1
1 −−
d 0 − ∆li−, −j ,k + ∆li+, −j ,k + ∆li−, +j ,k + ∆li+, +j , k
Fi , j ,k + Fi ,+j−, k + Fi ,−j+, k + Fi ,+j+,k l pole
4
d0 − 4
EA pole

(

)

(

)

(4-6)
Fi ,−j−, k , Fi ,+j−, k , Fi ,−j+, k , Fi ,+j+, k are the forces on the four poles surrounding capacitor (i, j , k ) and

∆l i−, −j , k , ∆l i+, −j , k , ∆l i−, +j , k , ∆l i+, +j , k are the compressions.
In the ideal situation there are m 2 = n 2 capacitor groups. This means that each group
consists of only one capacitor C i , j , k . By summation of the reciprocal values of all these
capacitors it follows from (4-6) that:
n2

Sum1 =

1

1

∑∑∑ C
k =1 i =1

j =1

1
i, j ,k

≈

l pole
n2d0
−
Ftot ,
ε air Acap
Eε air Acap A pole

(4-7)

where
n2

Ftot ≈

∑∑∑ (
1

k =1 i =1

1

j =1

)

1 −−
Fi , j ,k + Fi ,+j−,k + Fi ,−j+,k + Fi ,+j+,k .
4

(4-8)

The approximation is due to the capacitors at the border of the pressing area, because the
compression of these poles is only used twice in the calculation of Sum1 . This problem can
be avoided by placing capacitors along the border instead of poles. However, by doing this,
there is the risk that the capacitor poles of these capacitors will bend towards the electrodes
on the bottom wafer, thereby causing electrical shortcuts. Clearly, from (4-7) it follows that
the summation of the reciprocal values of all capacitors is a linear function of the total force
and is independent of the force distribution.
However, it is not possible to measure Sum1 , being the series capacitance of all
capacitors, accurately in one single measurement. First of all, the series capacitance is very
low. Furthermore, for the layout of the chip, this requires the addition of n 2 electrodes on
the top wafer which implies extra process steps. Also, the parasitic capacitances to the top
and bottom wafer cannot be eliminated in this case. The only remaining solution is to
determine the capacitance of each capacitor individually, which means that m 2 = n 2
measurements must be performed. However, in practice such electronics can be realised at
low costs only for values of m 2 of up to about 25. Furthermore, the measurement time is a
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linear function of m 2 . Large measurement times can reduce the accuracy, because creep is
a time dependent process. For this reason another sum is evaluated which corresponds to
the series capacitance of the m 2 capacitor groups:
4 m2
n/m n/m
(4-9)
1
n
;
C s, k =
C i, j ,k .
Sum 2 =  
 m  k =1 C s , k
i =1 j =1

∑∑

∑

Accurate measurement of Sum 2 requires m 2 measurements of C s , k . Therefore, for each
measurement n 2 / m 2 capacitors are connected in parallel. As will be shown below,
parasitic capacitances do not affect the accuracy of the measurement of C s , k .
Supposing that the load distribution is uniform, all capacitors have the same
compression so that Sum 2 reduces to:

Sum

uniform
2

n
= 
m

4 m2

∑n
k =1

1
2

m2

C1,1, k

n2
=
=
C1,1,k

Ftot l pole


2
d − (n + 1)
0

EA pole



n 2 Ftot

=

n2

n2
ε air Acap

=

1

1

∑∑∑ C
k =1 i =1 j =1

1

=

i, j ,k








l pole

(4-10)

n d0
(n + 1)
−
.
ε air Acap Eε air Acap A pole
2

2

This expression contains no approximation concerning boundary effects as was done in (48), because the force on each pole is exactly known. For large n , the term n 2 /(n + 1) 2
approaches 1 so that Sum2uniform is approximately given by:

Sum 2uniform ≈

Ftot l pole
n2d0
.
−
ε air Acap Eε air Acap A pole

(4-11)

From a comparison between expressions (4-11) and equation (4-7), it can be learned that in
the case of a uniform force distribution Sum2uniform equals Sum1 :
(4-12)
Sum2uniform = Sum1 .
Thus, it is obvious that determining Sum 2 is a good way to measure the total force.
The next step is to determine how much Sum 2 deviates from Sum2uniform and Sum1 when a
non-uniform force distribution is applied on the chip. For this two non-homogeneous force
distributions are considered for which the total force equals 10 kN (see Fig. 4.3). The force
distribution is inserted in (4-9), where C i , j , k is calculated by using (4-6). Then, the apparent
measured force Ftot is calculated by equating (4-9) and (4-10):

Sum2uniform = Sum2 .

(4-13)
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Three designs of which the various values of the parameters are shown in Table 4.1 were
analysed. Design 1, 2 and 3 have 16, 10000 and 1600 capacitors respectively. The results
for different values of m and different force distributions are compared in Fig. 4.4.
In design 1 the difference in measured force for a spherically distributed load and a
uniformly distributed load is substantial, even if all capacitors are measured individually,
that is m = n . The reason is that the pressing area near the border has a relatively large
influence: 12 of the 16 capacitors are located at the border. Apparently the border has a
much larger influence on the error than not summing the reciprocal values of all n 2
capacitors. For oblique distributed loads the error becomes zero when all capacitors are
measured individually, that is m = n . This can be explained by splitting up the load into a
uniform load distribution and an anti-symmetric load distribution (see Fig. 4.5). The antisymmetric load distribution has no contribution to Sum 2 in (4-9) when m = n , so that only
the uniform load distribution remains. Now equation (4-12) applies giving a zero error.

uniform

spherical
h1

oblique

h2

Fig. 4.3: Uniform, spherical and oblique load distributions.

Parameter
w
m
n
a
b
c
l pole

Units
mm

C ref
Cs

µm
µm
µm
µm

Design 1
10
4
4
1900
100
-100
200

Design 2
10
5
100
90
10
-10
50

Design 3
10
5
40
160
20
44
180

Acap

mm2

0.5041

0.002113

0.01477

Apole

2

mm

2.835

0.006362

0.02011

d0

µm

1

1

1

E

GPa

130
0.783

130
0.941

130
0.590

( Ftot = 10 kN)
uniform

Table 4.1: Values used in the simulations for determining the influence of different load
distributions on the output.
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Design 1:
sphericalh2/h1=1.5
: h2 / h1 1.5
design 1 spherical:

uniform
load
uniform
load
sphericalh2/h1=2
: h2 / h1
spherical:

obliquealpha=10
: α = 10 degrees
oblique:
o

2

oblique
:α = 20degrees
oblique:
alpha=20
o

10040
10030

Ftot [N]
10020
10010
10000
1

2

3

4

Design 2:
spherical:
sphericalh2/h1=1.5
: h2 / h1 1.5

uniform
load
uniform
load
spherical:
sphericalh2/h1=2
: h2 / h1

oblique:
obliquealpha=10
: α = 10odegrees

2

oblique
: α = 20degrees
oblique:
alpha=20
o

10008
10006

Ftot [N]
10004
10002
10000
1

2

3

4

5

6

7

8

9

10

Design 3:
sphericalh2/h1=1.5
: h2 / h1 1.5
spherical:

uniform
uniform
load
load
spherical:
sphericalh2/h1=2
: h2 / h1

oblique:
obliquealpha=10
:α = 10odegrees

2

oblique
: α = 20degrees
oblique:
alpha=20
o

10018

Ftot [N]
10012
10006
10000
1

2

3

4

5

6

7

8

9

10

Fig. 4.4: Apparent measured force for uniform, spherical and oblique load distributions.
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oblique

uniform

antisymmetric

=

+

Fig. 4.5: Oblique load, consisting of a uniform and anti-symmetric load distribution.

In design 2, n is increased to 100, in this way reducing the influence of the border. Indeed,
the error is reduced to within 4 N (0.04 % of the fso).
In design 3, n = 40 and the error for oblique loads stays within 3 N for m ≥ 5 . For
spherical loads the error is rather constant and remains within 10 N.
It is noted that for all designs it applies that some part of the error is reproducible,
because it is expected that the load distributions will not change dramatically. Therefore, a
maximum error of 10 N seems to be good enough for the load cell where an accuracy better
than ±0.03 % of the fso (±3 N) is required.
In all the designs a reference electrode is used to reduce the temperature dependence and to
compensate for changes in the dielectric constant of air. This constant depends on the
temperature, the pressure of the moist air, the pressure of saturated water vapour at the
operating temperature and the relative humidity [4.6, 4.7]. For standard air at room
temperature the sensitivity of permittivity to temperature changes is –2.56 ppm/°C and to
humidity changes 2.06 ppm/%. Compensation is achieved by multiplying Sum 2 in (4-9)
by:
(4-14)
m2
m 2  n 2 ε air Acap  1 ε air Acap
=
C ref ,1 = 4  2
.
4
2
d 0  n
d0
n
n m
The resulting outcome is defined as C ref / C s :

C ref
Cs

4
m2
1 ε air Acap  n 
= Sum 2 4 C ref ,1 = 2
 
d0  m 
n
n

m2

∑
k =1

(4-15)

1

.

n/m n/m

∑∑ C
i =1

i, j ,k

j =1

With the help of (4-6), expression (4-15) can be written as:
m2
C ref
1
n2
.
= 4
n/m n/m
Cs
m k =1
d0
1 −−
i =1 j =1
Fi , j ,k + Fi ,+j−,k + Fi ,−j+,k + Fi ,+j+,k l pole
4
d0 −
EA pole

∑

∑∑

(

(4-16)

)

Clearly, this equation has been compensated for ε air and Acap . In the case of homogeneous
load distributions Sum2uniform given in (4-10) can be used in (4-15), resulting in:

C ref
Cs

= Sum2
uniform

Ftot l pole
m2
.
C ref ,1 = 1 −
4
n
(n + 1)2 EA pole d 0

(4-17)
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Plots of C ref / C s for the 3 designs and for different load distributions are shown in Fig.
4.6. For m the values given Table 4.1 have been used. Evidently, design 3 has the largest
sensitivity. The errors between non-uniform and uniform loads follow from:
(4-18)
C ref
C ref
−
(Ftot = 10 kN )
(Ftot = 10 kN )
Cs
Cs
non −uniform
uniform
error =
*100% .
C ref
C ref
−
(Ftot = 0 kN )
(Ftot = 10 kN )
Cs
Cs
uniform
uniform

These errors are shown in the legend of Fig. 4.6. For design 1 there is a relatively large
error (or non-linearity) for spherical load distributions. For design 2, the error is smallest
and stays within 0.032 %.
design
design1,1,uniform
uniform
loadload, error=0 %

design1,1,spherical
spherical
load, error=-0.39 %
design
load
design1,1,oblique
oblique
design
loadload, error=0 %
design2,2,uniform
uniform
design
loadload, error=0 %
design2,2,spherical
spherical
design
loadload, error=-0.032 %
design2,2,oblique
oblique
design
loadload, error=-0.0028 %
design
loadload, error=0 %
design3,3,uniform
uniform

design3,3,spherical
spherical
design
loadload, error=-0.077 %
design3,3,oblique
oblique
design
loadload, error=-0.029 %
1
design 2
0.9

Cref

0.8

Cs

0.7

design 3

0.6

design 1

0.5
0

2000

4000

6000

8000

10000

Ftot [N]
Fig. 4.6: C ref / C s ratios and errors at 10000 N for designs 1, 2 and 3 at different load distributions
( h2 / h1 = 2 , α = 20 o ).

Finally, temperature effects are considered. As it was shown that for all kinds of load
, the expression given
distributions C ref / C s is very well approximated by C ref / C s
uniform

in (4-17) is used for the analysis. After including temperature T , (4-17) becomes:
C ref
Ftot l pole (1 + α SiT )
(T )
= 1−
≈
2
Cs
(n + 1) E (1 + α E T )Apole (1 + 2α SiT )d 0 (1 + α SiT )
uniform

≈ 1−

Ftot l pole (1 − (α E + 2α Si )T )

(n + 1)

2

EA pole d 0

(4-19)
,
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where α E = −94 ppm/°C is the temperature coefficient of the Young’s modulus of silicon
and α Si = 2.3 ppm/°C the linear thermal expansion coefficient of silicon. l pole , E , A pole
and d 0 are the parameter values at the reference temperature ( T = 0 ). The temperature
dependence equals 89.4 ppm/°C, a value which is much lower than the experimental value
of –832 ppm/°C measured for the piezoresistive load cell with poly-Si strain gages (see
§3.3.5).

4.4 Electronics
4.4.1 Introduction
Two techniques are commonly used to measure changes in capacitance [4.8]:
• Just like the measurements of resistances, capacitance changes can be measured by
connecting the capacitance in a bridge configuration.
• The capacitance change can be used to control the oscillation frequency of a sinusoidal
or relaxation oscillator.
The choice was made to use the second option for the load cell, because data processing is
easier for digital signals (frequencies). For the oscillator circuit, a so-called Modified
Martin oscillator circuit developed by Toth was used [4.6, 4.7]. In this circuit parasitic
capacitances are eliminated, and multiplicative and additive errors are compensated for.

4.4.2 Modified Martin oscillator circuit
The capacitances, connected in the Modified Martin oscillator circuit, are shown in Fig. 4.7.
Multiplexers are used to select one of the capacitors C s , k ( k = 1..25) and C ref ,1 . C p ,top is
the parasitic capacitance between the top wafer and the bottom wafer. Its dielectric consists
of the SiO2 layer between the two wafers (see Fig. 4.2). C p , k ( k = 1..25) and C p , ref are the
parasitic capacitances from the electrodes on the bottom wafer to the bottom wafer itself.
Their dielectric consists of the SiO2 layer. R p , k is the (parasitic) resistance in the line from
the metal electrodes to the bond pads. R p ,top is the (parasitic) resistance between the bottom
of the top wafer (top electrode) and the input of op-amp 1.
First, the circuit is analysed for the case in which all parasitic elements are set to zero,
that is:
(4-20)
C p ,top = C p ,k = C p ,ref ,1 = R p ,top = R p ,k = R p ,ref ,1 = 0 .
Let us suppose that capacitor C s , k is included in the circuit and that V A > V s / 2 , where Vs
is the supply voltage of the circuit. In this situation op-amp 2 is clipping, such that V B = 0 .
The outputs of inverters 1 and 2 will be VC = V s and V D = 0 respectively. A current equal

1
V s / R will flow through resistance R and charge capacitor C f . This means that
2
voltage V A will decrease. When V A = V s / 2 , the voltages will change according to
to

V B = V s , VC = 0 and V D = V s . This means that the voltage across C off and C s , k is
reversed. The electrical charge Q coming from these capacitors flows into C f . Q is given
by:
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R p ,ref ,1
C p ,ref ,1

load cell chip
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Fig. 4.7: Modified Martin oscillator circuit.

(

)

Q = C off + C s , k V s .

(4-21)

Therefore, the voltage at V A changes from V s / 2 to:

VA =

(

)

C off + C s , k
Vs
−
Vs ,
2
Cf

(4-22)

which means that V A < V s / 2 . In order to prevent clipping of voltage V A , the following
condition must be satisfied:
(4-23)
C off + C s , k
V
V s < s → C f > 2 C off + C s , k .
Cf
2

(

)

(

)

Now that V A < V s / 2 the currents through R and C f have reversed. As a result V A will
increase. After t1 seconds again V A = V s / 2 . At this point, all voltages are changed and the
process is repeated. The time history of the voltages in the circuit is illustrated in Fig. 4.8.

Distributed capacitive load cell 101

Vs
VA

t1

time

t1

time

t1

time
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time

Vs
VB

Vs
VC
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VD

Fig. 4.8: Voltages in the ideal circuit (no electrical parasitic elements).

t1 is derived by equating the change in charge at capacitor C f and the charge that has gone
through R :

Q=

Vs
t1 .
2R

(4-24)

From (4-21) and (4-24) it follows that:
t1 = 2 R C off + C s , k .

(

)

(4-25)

Therefore, the frequency f C s , k of the oscillator circuit is given by:

f Cs , k =

(4-26)

1
1
.
=
2t1 4 R C off + C s , k

(

)

In order to obtain the ratio of C ref ,1 and C s , k , three frequencies are determined by each

(

) (

)

time connecting the capacitors C off , C s ,k , C off , C ref ,1 and C off in the circuit:

f Cs , k =

1
;
4 R C off + C s , k

(

)

f Cref ,1 =

1
;
4 R C off + C ref ,1

(

)

f Coff =

1
.
4 RC off

(4-27)

By using these frequencies, the ratio of the reference and a sensor capacitor can be
calculated:
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C ref ,1
C s ,k

=

(C
(C

ref ,1
s,k

)
)− C

1

+ C off − C off
+ C off

=

f C ref ,1
1

off

f Cs , k

−
−

(4-28)

1
f C off
1

.

f Coff

From this equation it follows that all additive and multiplicative errors have been
eliminated and only non-linearity and random errors remain [4.7]. From (4-9), (4-15) and
(4-28) it follows that the measurement of C ref / C s in (4-15) is done by calculating:
(4-29)
1 
 1
−


C ref
C ref ,1
 f C ref ,1 f C off 
1
1
== 2
= 2
.

1 
Cs
m k =1 C s , k
m k =1  1
−
 fC
f Coff 
 s ,k

It is noted that between two measurements of C s , k and C s , k +1 , f C ref ,1 and f Coff are also
m2

m2

∑

∑

measured each time.

4.4.3 Influence of parasitic elements
In this section the influence of parasitic capacitances and resistances is analysed. It is
supposed that one of the sensor capacitors C s , k is selected by the multiplexer. Then, the
circuit of Fig. 4.7 can be simplified to the one shown in Fig. 4.9. In this figure the
Heaviside step function H (t ) is introduced. This function represents switching of the
voltages at the op-amps and inverters at time t = 0 of the oscillator circuit. H (t ) = 0 for

Vs
2R

Coff

Cf

IC f
VA

VD

1

2

1

VB

2

VC

I C s ,k
R p ,top

I R p ,top

I C p ,top

V2

V1

Cs ,k
C p ,top

R p ,k

I C p ,k I R p ,kU (t )

H (t )Vs

C p ,k

Fig. 4.9: Analysis of electrical parasitic elements in the Modified Martin oscillator circuit.
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time t < 0 and H (t ) = 1 for t > 0 . In the following, use is made of the Laplacian
transformation which is defined as:
∞
(4-30)
F ( s ) = f (t ) s − st dt .

∫

t =0

For the circuit, the following 7 equations already subjected to Laplace transformations can
be derived:
V
I R p , top = 1 ,
R p ,top

I C p , top + I R p ,top = I C s , k ,
I C p , top = sC p ,top V1 ,
I Cs , k + I C p , k = I R p, k

I C s , k = sC s , k (V2 − V1 ) ,
I C p , k = sC p , k V 2
(4-31)
Vs
− V2 = I R p , k R p ,k .
s
By solving (4-31) and performing the inverse Laplace transformation to the time domain,
the solution for I R p , top (t ) is obtained. By using this current, the voltage V A (t ) is

U ( s) − V 2 = I R p , k R p ,k

→

determined:
t = t1

V A (t ) =

V s C off
Cf

+

∫

t =0

IR

p , top

dt

Cf

(4-32)

Vs
t1
− 2R ,
Cf

where t1 is the half-time period of the oscillation frequency, i.e.:
(4-33)

1
.
2f
The general expression for V A (t ) is given by:
t1 =

V A (t ) =

(C

off

+ C s,k
Cf

)

Vs −

(

)

C s, k
Vs t
+
V s ( K 1 − 1)e − a1t − K 1 e − a2t ,
2 RC f
Cf

(4-34)

no parasitics
with parasitics
a1 and a 2 are coefficients which are a very complicated function of R p ,top , R p , k , C p ,top ,

C p , k and C s , k . Note that a1 and a 2 are positive. The time period t1 of the circuit is
derived by solving:

V A (t1 ) = 0 .

(4-35)
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A typical plot of V A (t ) is shown in Fig. 4.10. Due to the parasitic elements not all the
charge is transferred from C off and C s , k to C f upon switching. Some charge leaks into the
parasitic capacitors.
without influence of parasitic elements

VA [Volt]
with influence of
parasitic elements

t1

t [sec]
Fig. 4.10: Typical plot indicating the influence of electrical parasitic elements in the Modified
Martin oscillator circuit.

Then, simulations can be performed to calculate the error due to parasitic elements in
measured sensor capacitance with respect to the ideal capacitance:
(4-36)
2R
− C s , k + C off
∆C s , k
t1, measured
100% =
100% .
error =
C s, k
C s ,k

(

)

From (4-34)-(4-36) it follows that error depends on the following parameters:
R p ,top , R p , k , C p ,top , C p , k , C s , k , C off and R .

(4-37)

In order to calculate error we first need a representative estimate of the parameters
involved. As the pressing area of 100 mm2 is divided into 25 capacitor groups C s , k , and as
the distance between the electrodes is about 1 µm, it can be expected that C s , k will be
about 2-20 pF (permittivity air=8.84 pF/m). Therefore, for both C s , k and C ref ,1 a value of
10 pF is chosen. For R , a value of 3.125 MΩ is taken, which corresponds to an oscillator
frequency of about 4 KHz. The op-amps, logical ports and the counter can easily operate at
this frequency. In order to estimate C p , k it is assumed that the SiO2 layer has a thickness of
1 µm. As the relative permittivity of SiO2 is about 4.3 times higher than for air, C p , k is
given a value equal to 4.3C s , k .
For C p ,top it is assumed that the bonded area can vary between 30 % and 200 % of the
pressing area which equals 100 mm2. With a SiO2 layer thickness of 1 µm C p ,top can vary
between 1 nF and 15 nF. For the electrodes the metals aluminium (Al) or platinum (Pt) can
be taken. Their resistivities are 27·10-9 Ω·m and 106·10-9 Ω·m, respectively. For a layer
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thickness of 500 nm, their square resistivities are 0.054 Ω/square and 0.212 Ω/square.
Another option is to use highly boron doped polysilicon with a thickness of 5000 nm as the
electrode material. During some preliminary experiments a square resistivity of 20
Ω/square was obtained. Now suppose that the line to a capacitor has a maximum length of 7
mm and a width of 20 µm. Then, the resistances for the three described materials are:
aluminium 18.9 Ω, platinum 74.2 Ω and highly boron doped polysilicon 7000 Ω. Hence, in
the simulations R p , k will be varied between 0 and 10000 Ω.
In order to estimate R p ,top , it is assumed that this is the parallel resistance of the
capacitor poles of one capacitor group. For a sensor capacitance C s , k of about 10 pF, an
electrode distance of 1 µm and with air as the dielectric medium, it can be calculated that
the area of C s , k equals about 1.13 mm2. Each pole has a maximum length of 200 µm. The
resistivity of highly doped wafers is 0.02 Ω·cm, so that R p ,top is estimated to be 0.035 Ω. If
standard wafers (with a resistivity of 40 Ω·cm) are used for the top wafer, R p ,top will be
equal to 2000 Ω. Hence, in the simulations R p ,top was varied between 0 and 2000 Ω. For

C off a value was chosen that did not deviate much from the capacitances to be measured.
Hence, C off was varied between 1 and 10 times C s , k .
In Fig. 4.11a,b the results of simulations are shown. The parameter values are given in these
figures and the caption. From Fig. 4.11a it follows that deviations become considerable
(larger than 0.03 %) for C p ,top > 10 nF and R p ,top > 1000 Ω . It is noted that the error
divided by the relative change in capacitance at full load is the real value that should be
compared to the desired accuracy of 0.03 %. However, this would also require information
on the sensitivity of the sensor. From Fig. 4.11b it follows that a larger offset capacitance
reduces the error. The reason is that the oscillation behaviour is mainly determined by C off .
However, by making C off large compared to C s , k and C ref ,1 , inaccuracies may appear
when C off changes during the measurements of C s ,k + C off , C ref ,1 + C off and C off .
Furthermore, the frequency changes will be smaller, thus reducing the accuracy of the
frequency measurement. Other simulations were performed to reveal the effect of R p , k , that
is the resistance to a bottom electrode. For this the following parameters were chosen:

R p ,top = 5 Ω ; C p ,top = 15 nF ; C s , k = 10 pF ; C p , k = 4.3C s , k ;
C off = C s , k ; Vs = 5 V ; R = 3.125 MΩ .

(4-38)

Then, even for resistances up to R p ,k = 100 kΩ , the error remains within 0.00002 %, thus
we can conclude that the influence of R p ,k can be neglected.
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Fig. 4.11a,b: Errors in sensor capacitances due to parasitic elements in the Modified Martin
oscillator circuit ( C s , k = 10 pF , C p , k = 4.3C s , k , V s = 5 V and R = 3.125 MΩ ).

4.5 Realisation
4.5.1 Introduction
For the realisation some particular aspects must be taken into account, first, the bonding
technique. In addition a choice has to be made concerning the type of electrode material to
be used. These aspects are treated in §4.5.2 and §4.5.3, respectively. From these
investigations a process scheme can be made for the capacitive load cell. For design 3 this
scheme is presented in §4.5.4.

4.5.2 Wafer bonding
Wafer bonding refers to the mechanical fixation of two or more wafers to each other. This
technology is indispensable for micro-machining and for the capacitive silicon load cell.
There are many methods for bonding. Three of them that may be important for the load cell
are discussed here: field-assisted thermal bonding (anodic bonding), eutectic bonding and
silicon fusion bonding. A brief introduction to these methods will be given in the next part
of this section. In [4.9] elaborate descriptions of these techniques can be found.
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Field-assisted thermal bonding
Field-assisted thermal bonding, also known as anodic bonding or electrostatic bonding, is
commonly used for joining glass to silicon, but it is also used for bonding glass to metals
[4.9]. The main advantage is that the bonding is performed at a relatively low process
temperature. In the case of silicon, Pyrex is most commonly used. Bonding can be
accomplished on a hotplate in atmosphere or in vacuum at temperatures between 180 °C
and 500 °C. Typical voltages, depending on the thickness of the glass and the temperature,
range from 200 to 1000 volts. In Fig. 4.12 a diagram of the anodic bonding process is
shown. The advantages of anodic bonding are: low process temperature, low residual stress,
and a less stringent surface criterion than for other bonding techniques. However, a problem
with Pyrex is that it is a soft glass material that may induce relatively high creep and
hysteresis. Also, the difference between the thermal expansion coefficients of Pyrex and
silicon cause thermal stresses. On the basis of these considerations, the anodic bonding
technique was rejected.

Fig. 4.12: Schematic representation of field-assisted thermal bonding (source [4.9]).

Eutectic bonding
For eutectic bonding an intermediate layer of metal between the two wafers is needed.
There are good reasons to select the Au/Si eutectic, but also other material combinations are
possible [4.9]. The Au/Si eutectic bonding takes place at a temperature of only 363 °C
which is well below the critical temperature for Al metallised components. There are
however considerable disadvantages associated with Au/Si eutectic bonding. It is difficult
to obtain complete bonding over large areas, and even native oxides prevent the bonding
from taking place. Eutectic preforms like Au/Sn are reported to introduce substantial builtin stress, causing long-term drift in sensors. Also, soft metals are susceptible to relatively
large hysteresis and creep and are therefore not suitable for use in the load cell.
Silicon Fusion Bonding
Silicon fusion bonding (SFB) is the technique where two silicon wafers are bonded on top
of each other without intermediate layers [4.9, 4.10]. This direct bonding of silicon to
silicon (monolithic bond) is based on a chemical reaction between OH-groups present at the
surface of the native or grown oxides covering the wafers, as is shown in Fig. 4.13. These
OH-groups are formed before SFB by hydrating the wafers. This is usually achieved by
soaking the wafers in an H2SO4:H2O2=3:1 mixture at 100 °C which is called “piranha”.
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Next, a hydrophilic top layer, consisting of OH-bonds, is formed on the native oxide layer.
After this, the wafers are dried and contacted, thereby making a spontaneous bond which is
called the prebond. This bond is stable and strong enough so that the wafer pair can be
handled without any danger of breaking the bond. The bond strength is increased by
annealing the wafer pair at a temperature between 300 °C and 1000 °C for 2 hours. At 1000
°C the bond strength reaches the fracture strength of silicon. For increasing the bond
strength at lower temperatures, long time annealing can be performed [4.10]. In the latter
reference experiments on hydrophilic wafers are presented for which the bond strength was
increased by a factor 8 via post-annealing at a temperature of 300 °C for 14 hours. For a
good quality bond the wafers must be extremely flat from a macroscopic point of view (see
Fig. 4.14). But also from a microscopic point of view the surface waviness must be
minimal, to improve the contact between the wafers. For SFB a micro roughness of less
than 4 nm is required compared to 1 µm in anodic bonding.
The processes involved in making these monolithic bonds are simpler than the other
bonding techniques, the yield is higher, the costs are lower, and the mechanical sensors
built according to this principle exhibit an improved performance. A disadvantage of SFB
is that a piranha mixture has to be used to clean the surfaces just before bonding. The
materials that have been deposited onto the wafers must hence be inert to this chemical.
Another disadvantage of SFB is the high temperature anneal step which also excludes the
use of some materials to be deposited on the wafer. However, long-time annealing at a
relative low temperature can be performed to solve this problem.
Conclusions on wafer bonding techniques
By comparing the three bonding techniques just described, it is concluded that SFB is the
best choice for bonding of the two wafers, provided that the metal survives the piranha
cleaning step and the anneal step.

Fig. 4.13: The proposed mechanism for Silicon Fusion Bonding (source [4.9]). Van der Waals
forces keep together both wafers. When the wafers are annealed, dehydration occurs, in this way
tightening the bond, resulting in the siloxane network.
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Fig. 4.14: The SFB process, macroscopically and microscopically (source [4.9]). From a
macroscopic view, the wafer must be very flat. From a microscopic view the surface waviness
must be minimal, to improve the contact between both wafers.

4.5.3 Electrode material
In this section the choice for the electrode material will be motivated. From the preceding
paragraphs it can be extracted that the electrode must fulfil the following criteria:
• The electrode layer needs to have a low resistivity, because otherwise the sensor output
is influenced by electrical parasitic elements as discussed in §4.4.3.
• The layer must survive the piranha hydration step.
• During annealing of the bond, the layer must not melt or agglomerate.
• The electrode material must not oxidise during annealing thereby increasing the
resistivity to an unacceptable level or making ohmic connections to the PCB impossible.
• For the layer, low hillock heights are required. These are small outgrowths/spikes on a
film surface that are formed when compressive stresses in films are relaxed at an
elevated temperature [4.11]. These spikes can cause electrical short circuits with the top
electrode. The growth of a hillock involves a transport of atoms along grain boundaries
and, possibly, along the film surface as well as the interface between film and substrate.
Also, dust particles between the electrodes must be prevented, as these can cause
electrical short circuits or decrease the sensitivity. In general the chance on the
occurrence of dust particles is reduced by working very neatly in the clean room.
• The layer needs good adhesion properties and may not suffer from too high intrinsic
stresses. High stress in the film may cause cracks which can damage the electrical
connections. The combination of bad adhesion and compressive stresses may cause
buckling of the metal, in this way causing electrical short circuits to the opposite
electrode.
• A uniform thickness of the electrode material is desirable, because otherwise the
sensitivity of the load cell depends on its position on the pressing area so that the output
of the load cell is no longer independent of the force distribution.
• An electrode layer is required which has good pattern transfer properties. It means that
it must be possible to make a pattern in the film by using lift-off or etching techniques.
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• The layer must be produced in the MESA+ clean room.
Four possible electrode layers are considered in the following part of this section.
Aluminium
The electrical leads described in the literature are often made of aluminium. This material
has a very low resistivity (27·10-9 Ω·m) which offers the possibility to use small structures.
It also has good pattern transfer possibilities. Because of the melting temperature, it is only
possible to perform an annealing step up to 450 °C. Designs 1 and 2 were made using
aluminium electrodes of 0.5 µm thickness (design 1:[4.12],design 2:[4.13]). These
electrodes were annealed in N2 at 450 °C for 2 hours. For the wafers this resulted in a bond
that was strong enough to survive the dicing step. However, the annealing procedure
resulted in hillock forming (see Fig. 4.15), probably leading to a lot of electrical short
circuits observed in design 2. From this figure it can be concluded that hillocks up to 300
nm can be expected. This is in agreement with [4.14] where hillock heights of up to 218 nm
were measured. These measurements were performed on 0.4 µm thick aluminium films DC
magnetron sputtered onto 40 nm SiO2 and annealed at 450 °C during 25 minutes in argon.
The results also agree with a theoretical model presented in [4.15] which describes the
formation of a hillock at a travelling grain boundary due to stress and capillary driving
forces. The hillock height can be reduced by decreasing the film thickness [4.11]. Another
method is to increase the substrate temperature during deposition so that compressive
stresses are reduced [4.16]. In [4.16] Al is sputtered on 300 nm plasma-enhanced silicon
oxide prepared from a tetra-ethylorthosilicate (TEOS) precursor. For the substrate

Fig. 4.15: AFM picture of hillocks in a 0.5 µm thick aluminium layer after 2 hours annealing at
450 °C in N2.
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temperature two values were taken: 350 °C and 450 °C. The films were annealed for 20
minutes at 450 °C. For 350 °C deposition, 1 % of the total hillock population was equal to
or greater than 500 nm. For the deposition at 450 °C, virtually all hillocks were less than
100 nm in height. Due to the addition of Cu (1.5 % weight percentage) to pure Al, hillocks
were no longer observed.
As aluminium is etched in piranha, it was not possible to hydrate the bottom wafer prior
to silicon fusion bonding (see §4.5.2). Nevertheless, for this case a process was developed
in which the bottom wafer was cleaned in acetone and in oxygen plasma. The top wafer
was cleaned in piranha so that OH-groups could make a prebond. The method was
presented in [4.17] and was applied to designs 1 and 2.
Tungsten
Tungsten (W) is a well known metal that is used in heaters and furnaces because of its
extremely high melting point (3680 K). A general advantage of tungsten is its low
resistivity (55·10-9 Ω·m) which is only twice that of aluminium. However, tungsten oxidises
quite easily resulting in a complete conversion of W to WO3. This was reported in [4.18]
where a conventional furnace was used, resulting in a 20 % O2 concentration at the boat
loading-in step. The oxygen content must be less than 1-1.5 ppm in order to avoid oxidation
during annealing. The MESA+ clean room is only equipped with convential furnaces with
which these small concentrations cannot be achieved. Another problem of using W is that it
is etched in H2O2, so that hydration in piranha seems to be impossible. However, this
problem might be avoided by protecting the W with another layer.
Boron doped polysilicon
Heavily boron doped poly-Si is formed by first depositing a pure poly-Si layer by CVD,
utilising the thermal decomposition of silane (SiH4) to form silicon and hydrogen. In the
MESA+ clean room poly-Si is deposited in a LPCVD reactor. The boron is brought into the
poly-Si by using a boron diffusion process [4.19]. The resulting layer has a much higher
resistivity than metals (20 Ω/square for a layer with a thickness of 5000 nm). However, it
was shown in §4.4.3 that for this resistance value parasitic effects are within the
specifications. Besides, the advantage of this layer is that it can easily withstand the piranha
cleaning step and high annealing temperatures (up to 1000 °C).
Concerning the uniformity of the poly-Si layer thickness, it can from [4.20] be
concluded that the maximum variation across the wafer diameter will be 2 %. Between
deposition runs, the variation will be around 5 %. After boron doping, intrinsic stress is
incorporated in the poly-Si layer. As the thickness and area of the layer are small compared
to the chip size it is expected that its influence can be neglected.
Conventional etching techniques can be used for patterning of the layer. However, the
layer must be removed/etched at places were the wafers are to be bonded. The problem here
is that any remaining resist particles on the bond surface will result in a bump on the bond
surface equal to the thickness of the poly-Si layer. The radius R of the unbonded part due
to a particle with radius h is given by [4.10]:
1/ 4
(4-39)
 2 Et 3 

R = h 
,
2 
 3γ (1 − ν ) 
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where E = 150 GPa is the Young’s modulus, ν = 0.29 Poisson’s ratio and t = 540 µm the
thickness of a silicon wafer. γ = 1 J/m 2 is the surface energy required for breaking the
bonded silicon wafers. Then, for a particle of 1.5 µm , it follows that the diameter of the
unbonded area already equals 3.5 mm. Because this value is so high, the operator should be
very careful with the lithography.
Another problem is that at the end of etching of the poly-Si layer, the SiO2 layer is
reached (see Fig. 4.2). If reactive ion etching or KOH etching is used to etch the poly-Si,
the SiO2 layer becomes rough thereby making bonding impossible. The latter problem will
not be present if electrodes are made on both wafers. In this case, after etching of the polysilicon, the rough SiO2 layer can be etched away. Now the bond is made between the
remaining silicon surfaces of both wafers.
Platinum
Platinum is a promising electrode material, because it has a high chemical stability and a
high melting point. Its resistivity is a factor 4 higher than for aluminium (106⋅10-9 Ω⋅m), but
low enough for application in the load cell. However, its adhesion to SiO2 is very bad.
Therefore an adhesion layer is needed. From [4.21] it follows that neither ZrO2 nor TiO2 is
as effective as Ti in promoting Pt adhesion. Also in [4.22] it is reported on the good
adhesion properties of Ti. The multilayer is formed during a sputtering process. The best
adhesion is achieved when both films are sputtered sequentially, without breaking the
vacuum. Ti/Pt layers are for example used in ferro-electric memory cells where it forms the
connection between the Si or SiO2 and the PZT layer [4.23].
For patterning of the layer a lift-off technique can be used, because in this way the bond
surface is protected by the resist. However, after standard lift-off metal ears may remain at
the edges of the electrodes, thereby possibly causing electrical short circuits to the top
electrode. In Fig. 4.16, an ear is shown after deposition of a Ti(40 nm)/Pt(270 nm) layer.
The ear has a height of about 500 nm. This problem of ear formation is avoided by using a
modified lift-off process which is presented in [4.24]. The process is illustrated in Fig. 4.17.
It follows that ear forming is prevented, because the “bridge” between the metal deposited
on the resist and that deposited on the SiO2 is easily broken in acetone (ultrasonic bath). A

ear

Fig. 4.16: Ti/Pt ear after standard lift-off.
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Fig. 4.17: Schematic representation of the modified lift-off process.

SEM picture showing the result after lift-off of a Ti(40 nm)/Pt(270 nm) layer is shown in
Fig. 4.18. Clearly, ear forming is prevented using the modified lift-off technique.
For cleaning just before bonding, both wafers are put in a piranha mixture
(H2SO4:H2O2=3:1) at 100 °C for 20 minutes. Tests with Ti/Pt layers showed that these
layers survive this step.
Attention should be paid to hillock formation of Ti/Pt films. In [4.23] it is reported that
hillocks may be avoided by the use of relatively thin layers (Ti<10 nm, Pt<80 nm) or by
deposition at elevated temperatures (200-600 °C). However, these thin layers may lead to
pinholes in the Ti [4.23], which means that there is locally a bad adhesion of the Pt to the
SiO2. This might result in electrical short circuits. In [4.25] it is reported on the appearance
of hillocks in thicker Ti/Pt bilayers deposited on oxidised silicon wafers. Platinum films of
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Fig. 4.18: Ti(40 nm)/Pt(270 nm) layer after the modified lift-off process.

maximum hillock height [nm]

250 nm to 300 nm were deposited on a 70 nm Ti film by ion beam sputtering at
temperatures of 25 °C and 300 °C. The wafers were then heated in flowing argon to
600 °C, held 1 hour at 600 °C and cooled down to room temperature while the wafer
curvature (and hence the film stress) was measured with a laser beam deflection technique.
At 600 °C, compressive stresses of 0.1 to 0.4 GPa developed in the metal films, due to
thermal expansion mismatch. The platinum surface, initially flat, showed strong hillocking
after the anneal. Cross-sectional TEM revealed that severe Ti/Pt interdiffusion had
occurred, in one case leading to a Ti layer on the top surface.
In order to reveal the influence of the Ti layer thickness and annealing temperature,
several experiments were performed where AFM was used to measure the maximum
hillock heights. The results for 2 hours of annealing are shown in Fig. 4.19. From this
figure it is concluded that independently of the Ti thickness, the hillock height is smaller
than 100 nm for annealing temperatures below 600 °C. This is sufficient
for the load cell where the electrode distance is 1 µm. The Ti(40 nm)/Pt(300 nm) layer
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Fig. 4.19: Maximum hillock height for different Ti/Pt layers annealed for 2 hours at different
temperatures.
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appears to have the lowest hillocks. At the same time the square resistivities of the layers
were measured. These results are shown in Fig. 4.20. A transition region is observed
between 650 °C and 700 °C where the resistivity drops.
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Fig. 4.20: Square resistivity for different Ti/Pt layers after 2 hours annealing at different
temperatures.

As was shown in §4.5.2 long-time annealing can be performed after the pre-anneal step to
increase the bond strength. From this information the choice was made to carry out postannealing at a temperature of 350 °C for 14 hours. The influence of the post-anneal step on
the hillock height of a Ti(40 nm)/Pt(300 nm) layer is shown in Fig. 4.21. It follows that
post-annealing reduces the hillock height. For the other Ti/Pt layers also a decrease in
hillock height was observed which amounted to about 15 %. The influence of postannealing on the resistivity of a Ti(40 nm)/Pt(300 nm) layer is shown in Fig. 4.22. It can be
seen that the resistivity drops after post-annealing.
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Fig. 4.21: Influence of 14 hours post-annealing at 350 °C on the maximum hillock height of a
Ti(40 nm)/Pt(300 nm) layer. The temperature indicates the pre-anneal temperature.
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Fig. 4.22: Influence of 14 hours post-annealing at 350 °C on the square resistivity of a Ti(40
nm)/Pt(300 nm) layer. The temperature indicates the pre-anneal temperature.

Conclusions on electrode material
By using aluminium, care should be taken with hillock formation. In design 2 this was
probably the cause of electrical short circuits with the top electrode. For this reason
aluminium was not selected as the electrode material in design 3. Tungsten does not seem
to be a serious candidate, because it oxidises quite easily. Besides, it is etched in the piranha
mixture which is needed prior to bonding. Heavily boron doped poly-Si seems an attractive
option, but it can only be used if poly-Si electrodes are deposited on both wafers.
Platinum electrodes seem to be the best solution to overcome these problems. Hillocks
are smaller than 100 nm for anneal temperatures below 600 °C. Furthermore, the layer
survives the piranha hydration step. As use is made of a lift-off technique, the bond surface
remains protected. Therefore, the chance of particles remaining on this surface is much
smaller than when poly-Si is used. In addition, if any particle remains on the bond surface,
then the unbonded area will be smaller than with poly-Si since the layer thickness is
smaller.

4.5.4 Process scheme design 3
In both designs 1 and 2 aluminium was used as the electrode material. The process schemes
are published in [4.12] and [4.13] respectively and are not repeated here. Design 3 has
platinum electrodes, which is the best choice as was concluded in §4.5.3. Its process
scheme is shown in 4.23. For a more detailed description the reader is referred to appendix
B. Use is made of highly boron-doped single-side polished 4-inch wafers with a resistivity
of 0.008-0.02 Ω·cm and a thickness of about 540 µm.
For the bottom wafer, in step b1) 1 µm thermal SiO2 is grown. In step b2) resist is applied
to the frontside to define the cavities for the capacitors. Sawing foil is applied to the
backside to protect the SiO2 from etching in the next step. In step b3) 0.5 µm cavities are
etched in the SiO2 layer with BHF. Then, in step b4) a Ti(40 nm)/Pt(270 nm) layer is
sputtered. The top of this layer is located beneath the SiO2 surface (see also Fig. 4.17). In
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Fig. 4.23: Process scheme of design 3.
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step b5) the result of lift-off in acetone is shown. In step b6), first resist is applied to the
frontside to protect the metal layer. Then, resist is applied to the backside to define the load
bearing poles and sawing lines. In step b7) the SiO2 layer is etched in BHF.
For the top wafer, in step t1) 0.5 µm thermal SiO2 is grown. In step t2) resist is applied to
the frontside to define the cavities for the capacitors. Sawing foil is applied to the backside
to protect the SiO2 from being etched in the next step. In step t3) SiO2 is etched in BHF.
The remaining SiO2 serves as a mask for the silicon etching step in t4). Next, in step t4) a
mixture of HF(49%):HNO3(69%)=1:100 is used to etch the cavities. The uniformity of this
etching step was determined by measuring the cavity depth at 2 different load cells on the
wafer (see Fig. 4.24). Within one load cell the cavity depth was measured at 5 different
spots. The peak-to-peak value was measured only in the centre of a load cell. From the
results given in Table 4.2 it can be concluded that the uniformity across the wafer stays
within 11 %. Within the load cell it is within 5 % for a cell on the brim and within 8 % for a
cell in the centre. In step t5) resist is patterned to define the trenches. These trenches are
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Fig. 4.24: Positions of load cells on a 4-inch wafer.

Load cell 1

1a [nm]/
deviation
[%]
898/1.9

1b [nm]/
deviation
[%]
913/3.6

1c [nm]/
deviation
[%]
876/-0.6

1d [nm]/
deviation
[%]
877/-0.5

1e [nm]/
deviation
[%]
843/-4.4

Load cell 7

708/-3.0

736/0.9

676/7.3

740/1.4

788/8

Mean [nm]
Load cell 1

881

Peak to peak
[nm]
13

Load cell 7

730

25

Table 4.2: Result of uniformity measurements on cavity depths after etching in
HF(49%):HNO3(69%)=1:99. The deviations were calculated with respect to the mean.

Distributed capacitive load cell 119

etched in t6) to a depth of 180 µm by using reactive ion etching. In t7) resist is patterned on
the backside to define the cavities of 8 µm on the backside. The SiO2 is etched in step t8).
The same mask was used for etching the silicon in step t9). This step is only for aligning
purposes and to define the sawing lines. A depth of 8 µm is needed, because otherwise the
alignment marks cannot be seen during aligning in the bonding step. After etching, the
wafer is cleaned and the SiO2 is removed by first etching most of the SiO2 in BHF. The
remaining SiO2 is etched in HF (1%), because BHF damages the bond surface.
After processing of the top and bottom wafers, the two wafers can be prepared for bonding
in a piranha mixture (H2O2:H2SO4=1:3) at 100 °C. Another option is to put only the top
wafer in piranha. As mentioned in §4.5.3, the bottom wafer is then cleaned in acetone and
in oxygen plasma [4.17]. The measurement results presented in this thesis were from a chip
which was realised by using the latter method.
Then, in step bt1) both wafers are put together using aligned wafer bonding. After
inspection of the bond, the wafer pair is annealed at 600 °C for 2 hours followed by a postannealing step at 350 °C for 14 hours. Finally, in step bt2), the wafer pair is diced. The load
cells are released and the silicon above the bond pads is removed by breaking the silicon.
At this stage the load cell is ready for mounting into the package. The load cell chip glued
onto a spring holder is shown in Fig. 4.25. This holder is then placed inside the package
(see Fig. 2.10).

edges with bond pads
two reference
capacitors

area containing poles
and sensor capacitors

chip holder
Fig. 4.25: Load cell chip glued onto a chip holder (see Fig. 2.12 for the chip holder).

4.6 Measurements
Design 1 was tested up to 1000 kg. The change in ratio C ref / C s presented in equation (415) was 0.210 at a load of 1000 kg. This value agrees very well with the analytical result
obtained for a homogeneous load with equation (4-17): 0.217 (see also Table 4.1).
Hysteresis was within ±0.2 % of the fso. The sensitivity of the sensor was higher for lower
loads than for higher loads. This non-linearity is believed to be due to bending of the
capacitor poles, because their dimensions are large compared to the wafer thickness (380
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µm for a 3-inch wafer). Creep could not be distinguished in the measurements, because at
the time of testing there was considerable noise in the electronics.
Design 2 was also realised on a 3-inch wafer and was tested up to 1000 kg. The
experimental change in ratio C ref / C s at 1000 kg was 0.098. The predicted change was
0.059 (see also Table 4.1). The output was more linear, probably due to the fact that the
load-bearing poles were more closely spaced so that the bending of the capacitor poles was
reduced. Hysteresis was within ±0.04 % of the fso. Creep after 30 minutes was equal to
0.07 % of the fso.
In design 3 at 600 kg short-circuits appeared between some electrodes and the top
wafer. Hence, loading was stopped at 500 kg. The result is shown in Fig. 4.26, giving a
change in C ref / C s ratio at 500 kg of 0.328 against a predicted value of 0.205 (see also
Table 4.1). The sensitivity of the sensor was less for lower loads than for higher loads,
resulting in non-linear behaviour. Probably, this is due to the fact that some of electrodes
came very close together resulting in a very large capacitance. The hysteresis plotted in Fig.
4.27 was within ±0.014 % of the fso and thus within the specified value of ±0.03 % of the
fso. The measured creep after 30 minutes, shown in Fig. 4.28, leads to the conclusion that
creep is practically absent (within 0.01 % of the fso). These results are very promising.
However, the electronics must be improved as instability occurred in several cases, and an
explanation must be found why short circuits occurred at loads larger than 500 kg.

forward loading

backward loading

1

Cref 0.9
Cs 0.8
0.7
0.6
0.5
0

100

200

300

400

mass [kg]

Fig. 4.26: Measured output for a hysteresis loop.
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hysteresis error
[% of full-scale output]

0.025
0.02
0.015
0.01
0.005
0
0

100
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-0.005
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Fig. 4.27: Hysteresis error.
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Fig. 4.28: Creep during 30 minutes.

4.7 Conclusions
The conclusions to be drawn from the present investigation can be summarised as follows:
• A capacitive load cell in which the dielectric and the spring element are
combined in one element has a low sensitivity, and the desired accuracy of
±0.03 % of the fso is not attainable. Hence, a mechanical amplifier is required.
• A new type of capacitive silicon load cell for high loads (up to 1000 kg) was
designed. It uses the principle of mechanical amplification.
• The influence of different load distributions on the output was investigated. It was
shown that the output of the different types of sensors has a small dependence on these
distributions. Therefore, it is concluded that distributed sensing is successful.
• For the determination of the capacitances, a Modified Martin oscillator circuit was used.
It is shown that the influence of parasitic capacitances and resistances remains within
the desired accuracy.
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• Hillock forming in metals is a serious problem, because it can cause short circuits to the
top electrode. It is shown that hillock heights are smaller for Ti/Pt films than for Al
films. Ti/Pt films can be used in electrode gaps of 1 µm.
• Measurements show a hysteresis error within ±0.014% of fso. Hardly any creep was
observed after 30 minutes (within 0.01% of the fso). These results demonstrate that
capacitive silicon load cells can compete in performance with conventional load cells.
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Chapter 5
Hydraulic load cell
5.1 Introduction
In order to achieve force reduction and avoid the problem of stress concentrations on the
chip, the force can be transformed into a fluid pressure which is then a measure for the
applied force. This principle is applied in hydraulic load cells as was shown in §2.3.3. This
chapter describes the characterisation and realisation of a new hydraulic load cell. The axisymmetric design was shown earlier in Fig. 2.19. We recall here that the new load cell has
the following advantages:
• It does not suffer from fluid leakage.
• The difference between the pressure in the fluid and the pressure of the surrounding air
amounts to:
(5-1)
Ftot
.
P = Pfluid − Pair =
Aeff (r1 , r2 )
Thus, the effective area Aeff is independent of the elastic properties of the applied
material, which means that hysteresis and creep are strongly reduced.
• For the elimination of the friction force, it is no longer necessary to have a rotating
piston.
In §5.2 the assembly of the load cell is treated. Then, in §5.3 an analytical model of the
design is presented. Expressions will be derived for the pressure-force relation, mechanical
stresses and the temperature dependence. These relations will be validated with the results
of finite element calculations in §5.4. The measurements are described in §5.5. Based on
the outcome of these measurements an improved design is proposed which is presented in
§5.6. The dynamic behaviour of the hydraulic load cell is investigated in §5.7. Finally, in
§5.8 the conclusions are summarised.

5.2 Assembly
In order to obtain an accurate measurement, it is important to have as little air bubbles as
possible in the fluid. This requires a special filling procedure, as is shown in Fig. 5.1. In
step 1 the carrier (including pressure sensor) and copper sealing ring are submerged in the
fluid. The bubbles on these parts are removed by brushing. Next, in step 2 the part
containing the membrane and boss is placed in the fluid. Again, air bubbles are removed by
brushing this part. By fastening the screws, the copper ring is plastically deformed, giving a
hermetic seal. This technique is also used in vacuum technology. In step 3 the fluid cavity
is closed by the tuning screw resulting in a pressure increase of the fluid (positive offset
pressure). A pressure decrease can be obtained by first pushing the membrane with some
force before closing the cavity by the tuning screw. Gas tape is used to prevent leakage.
Two prototypes, respectively called design 1 and 2, were investigated and realised in
order to validate the theory. Their characteristics are shown in Table 5.1. It is noted that the
dimensions are large in comparison to the load cells described in chapter 3 and 4. However,
the advantage of these larger dimensions is that the maximum pressure can be kept low, in
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this way reducing effects that may appear at high pressures such as the possibility of fluid
leakage across the seal.
bucket
fluid
1)

bucket
fluid
2)

bucket
fluid
3)

Fig. 5.1: Filling procedure.

1

Parameter
r1, 0 [mm]

Design 1
100

Design 2
100

2

r2, 0 [mm]

62.1

75.0

3

h0 [mm]

0.5

0.6

4

d 0 [mm]

1

2

5

V0 [mm ]

31.4

500

6

a [mm]

25

19

7
8

∆V
E0 [GPa]

0
210

0
210

9
10

ν
K 0 [GPa]

0.3
2.24

0.3
2.24

11

α E [ppm/ °C]

-375

-375

3
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12

α h [ppm/ °C]

12

12

13

α K [ppm/ °C]

2860

2860

14

α f [ppm/°C]

207

207

47.9216

41.4050

47.9212

41.3769

-0.0007

-0.005

45-47
( V0 = πr02 d 0 , d 0 = 1 mm )

41.38±0.01
( V0 = πr02 d 0 , d 0 = 2 mm )

47.890±0.002
( V0 = πr02 d 0 , d 0 = 10 mm )

41.3913±0.0001
( V0 = πr02 d 0 , d 0 = 10 mm )

15

16

dP
dFtot

[Pa/N]
incomp

dP
dFtot

[Pa/N]
comp

17

E

18

dP
dFtot

dP
dFtot

[%]

[Pa/N]
comp

(FEM)
19

dP
dFtot

[Pa/N]
comp

(FEM)
20

w(r2 ) comp [mm]

0.537

0.0348

21

w(r2 ) comp [mm]

2
0 0

0.574
( V0 = πr d , d 0 = 1 mm )

0.0337
( V0 = πr d , d 0 = 2 mm )

11.6/116.4
( V0 = πr d , d 0 = 1 mm /

111.4/556.9/886.7
V0 = πr02 d 0 , d 0 = 2 mm /

(FEM)
22

dPoff ,1
dT

[Pa/°C]
comp

2
0 0

V 0 = πr 02 d 0 , d 0 = 10 mm )

2
0 0

V0 = πr02 d 0 , d 0 = 10 mm /,
V0 = 500 mm 3

23

dPoff ,1
dT

[Pa/°C]
comp

16-28
( V0 = πr d , d 0 = 1 mm )

104-107
( V0 = πr02 d 0 , d 0 = 1 mm )

112.14±0.06
( V0 = πr02 d 0 , d 0 = 10 mm )

517.95±0.05
( V0 = πr02 d 0 , d 0 = 10 mm )

0.00634

0.0303

1.50

0.36

2
0 0

(FEM)
24

dPoff ,1
dT

[Pa/°C]
comp

(FEM)
25

dPoff , 2
d∆V

26

[bar/mm 3 ]
comp

σ VM , max [GPa]

Table 5.1: Input parameters and results of analytical and finite element simulations.
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5.3 Analytical model
An analytical model is presented in order to obtain simple design formulas for the hydraulic
load cell.

5.3.1 General model
In Fig. 5.2 the deformation profile of the membrane and the deflection of the boss under a
load Ftot is shown. w(r ) is the deflection of the membrane at position r and T (r ) the
shear force per unit length at position r . The pressure difference P between the fluid
pressure Pfluid and the air pressure Pair acts both on the membrane and the boss. From a
balance of forces it follows that:
2πrT (r ) = Ftot − Pπr 2 ,

P = Pfluid − Pair .

(5-2)

For the membrane it is assumed that the membrane is only subjected to pure bending. This
approach will be validated by means of finite element calculations in §5.4. The differential
equation for the deflection of the membrane is derived by using classical linear elasticity
theory for plates [5.1]:
(5-3)
d  1 d  dw(r )  T (r )
,
r
 =

dr  r dr  dr 
D
where D is the flexural rigidity of the plate:
(5-4)
Eh3
.
D=
2
12(1 −ν )
In this equation E represents Young’s modulus, ν Poisson’s ratio and h the thickness of
the membrane. The general solution of equations (5-2) and (5-3) yields:
(5-5)
Pr 4 Ftot r 2 ln(r )
w(r ) = −
+
+ C1 + C2 r 2 + C3 ln(r ) .
64 D
8πD
The constants C1 , C2 and C3 are determined by applying the following boundary
conditions:

Ftot

T (r )
w(r )
r2
Fig. 5.2: Deformation of the steel membrane.

P

Pfluid

Pair

r1
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w(r1 ) = 0 ;

dw
(r1 ) = 0 ;
dr

dw
(r2 ) = 0 .
dr

(5-6)

The result is:
(5-7)
Ftot
P
g1 (r, r1, r2 ) + g2 (r, r1, r2 ) ,
D
D
where g1 and g 2 are functions of r , r1 and r2 . The relation between the force and
pressure is derived by equating the change in volume underneath the membrane and boss to
the volume change of the fluid:
r1
(5-8)
πr22 w(r2 ) + 2πrw(r )dr = decrease in volume of the fluid .

w(r ) =

∫

r = r2

It is noted that the parameters can be a function of the temperature T that is defined by:
(5-9)
T = T + ∆T ,
0

where T0 is the room temperature and ∆T the change in temperature with respect to the
room temperature. The temperature dependence of the parameters is indicated in Table 5.2.
There are three effects that cause a change in volume:
• By turning the tuning screw into the carrier a volume change is obtained which is
defined by ∆V .
• Due to the difference between the thermal expansion coefficient of the fluid and that of
the housing, the pressure in the fluid changes. The net volume change for a temperature
change ∆T is given by:
3(α f − α h ) ∆TV0 .
(5-10)
See Table 5.2 for the temperature dependence of the parameters.
• In general the bulk compressibility modulus for fluids is much lower than for steel. For
water it equals K = 2.24 GPa . For linear isotropic materials the following relation
applies [5.2]:
E
(5-11)
K linear isotropic =
.
3(1 − 2ν )
For steel E = 210 GPa and ν = 0.3 . This means that for steel K = K linear isotropic = 175
GPa, a value that is about 80 times higher than the value for water. Based on these
numbers it was decided to consider only the compressibility of the fluid. The
corresponding decrease in volume of the fluid is given by [5.3]:
P
(5-12)
.
1 + 3(α f − α h )∆T V0
K 0 (1 + α K ∆T )
After introduction of these three effects, (5-8) can be written as:

(

)

r1

πr22 w(r2 ) +

∫ 2πrw(r )dr = −∆V − 3(α

r = r2

f

(

)

− α h )∆TV0 + 1 + 3(α f − α h )∆T V0

P
.
K 0 (1 + α K ∆T )
(5-13)
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Value at room
temperature

Value for temperature
change ∆T

Outer radius of membrane

r1, 0

r1 = r1, 0 (1 + α h ∆T )

Inner radius of membrane or radius
of boss

r2, 0

r2 = r2, 0 (1 + α h ∆T )

Thickness membrane

h0

h = h0 (1 + α h ∆T )

Volume height

d0

d = d 0 (1 + α f ∆T )

Volume of the fluid

V0

V = V0 (1 + 3α f ∆T )

Young’s modulus of the membrane

E0

E = E0 (1 + α E ∆T )

Poisson’s ratio of the membrane

ν

ν

Bulk compressibility modulus of
the fluid

K0

K = K 0 (1 + α K ∆T )

Linear thermal expansion
coefficient of the housing

αh

αh

Linear thermal expansion
coefficient of the fluid

αf

αf

Temperature coefficient of the
Young’s modulus of the membrane

αE

αE

Temperature coefficient of the bulk
compressibility modulus of the
fluid

αK

αK

Table 5.2: Explanation of symbols and their temperature dependence.

Pressure-force relation
By substitution of w(r ) , given in (5-7), in (5-13) and after some rearranging the following
relation between the pressure and force is obtained:
3K 0 Ds 2 A1V0 ∆T 3K 0 Ds 2 A2 ∆V
3K 0 s 2 A3 Ftot
F
F
P=
+
+
= Poff ,1 + Poff , 2 + tot = Poff + tot ;
A4 K 0 + A5 DV0 A4 K 0 + A5 DV0 A4 K 0 + A5 DV0
Aeff
Aeff
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s=

r1 r1, 0
.
=
r2 r2, 0

(5-14)

A1 , A2 , A3 , A4 and A5 are constants that depend on the parameters α h , α f , α E , α K ,

∆T , r1, 0 , h0 , E0 and s which are explained in Table 5.2. The complete expressions for
the constants are collected in equation (C-1) of Appendix C. Poff and Aeff are defined as
the offset pressure and the effective area, respectively. Evidently, the expression for the
offset pressure consists of a term representing the temperature effect and a term that relates
the change in pressure due to the change in volume ∆V . Clearly, the pressure is a linear
function of the force so that 1 / Aeff can be defined as the pressure-force sensitivity constant:

dP
dFtot

=
comp

(5-15)

1
.
Aeff

The index comp indicates that compressibility of the fluid is included. For a zero
temperature change ( ∆T = 0 ) the pressure-force sensitivity for design 1 equals 47.92 Pa/N
and for design 2 41.38 Pa/N, respectively. These values are also shown in Table 5.1. For a
full load of 10 kN the pressure increases are 4.79 bar and 4.14 bar, respectively.
If the fluid can be considered as incompressible ( K 0 = ∞ ), it follows from (5-14) and
(5-15) that the pressure-force sensitivity becomes independent of the material parameter D
(flexural rigidity constant) and that it is only a function of the geometrical parameters r1
and r2 . Due to this it can be expected that hysteresis and creep be strongly reduced. In
§5.3.2 it will be discussed for which values of the parameters the fluid can be considered as
incompressible.
Deflection of membrane and boss
The deflection of the boss is calculated with the aid of (5-7). For a force of 10 kN the
deflections of the membranes of designs 1 and 2 are shown in Fig. 5.3. The deflections of
the bosses are 0.537 mm and 0.0348 mm, respectively (see also Table 5.1).
w(r ) [mm]

design 1:

w(r ) [mm]

r [mm]

Fig. 5.3: Deflections of the membranes of designs 1 and 2.

design 2:

r [mm]
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Stresses
As the membrane is a critical part of the device, it must be assured that the stresses remain
within acceptable limits. In the membrane three stresses can be distinguished: radial and
tangential stresses and a shear stress which acts in the direction of the force ( σ r (r ) , σ t (r )
and τ (r ) respectively). The first two stresses have a maximum near the top and bottom
surfaces of the membrane. They follow from the radial and tangential moments called M r
and M t [5.1]:

 d 2 w(r ) ν dw(r ) 
 1 dw(r )
d 2 w(r ) 
 ; M t ( r ) = − D
;
M r (r ) = − D
+
+ν
2


r dr 
dr 2 
 dr
 r dr
6M t (r )
6M r (r )
σ r (r ) =
and σ t (r ) =
.
h2
h2

(5-16)

τ (r ) is calculated by using (5-2):
(5-17)
T (r )
F
Pr
.
= tot −
h
2πhr 2h
Then, by using the expressions in (5-7) and (5-14), the three stresses can be expressed in
terms of the total force Ftot . The Von Mises stress criterion is used to determine the
maximum allowable stress. It is given by [5.4]:
(5-18)
1
σ V (r ) =
(σ r (r ) − σ t (r ) )2 + σ r (r )2 + σ t (r )2 + 6τ (r )2 .
2
Plots of the stresses at a load of 10 kN are shown in Fig. 5.4 for both designs. The
maximum Von Mises stresses are 1.50 GPa and 0.36 GPa for designs 1 and 2, respectively.
As the yield stress of stainless steel equals about 0.7 GPa, it is expected that, for design 1 at
first loading plastic deformation will occur.

τ (r ) =

[

]

design 1:

stress [GPa]

design 2:

stress [GPa]

V

V

r

t

r [mm]

r

t

r [mm]

Fig. 5.4: Radial, tangential, shear and Von Mises stresses in the membranes of designs 1 and 2 at a
load of 10 kN.
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5.3.2 Simplified model for incompressible fluids
The equations are greatly simplified when the fluid can be considered as incompressible,
i.e. K 0 = ∞ .
Pressure-force sensitivity
For K 0 = ∞ the pressure-force sensitivity can be derived from (5-14):

dP
dFtot

=
incomp

3s 2 A3
.
A4

(5-19)

From (5-14), (5-15) and (5-19) it follows that the deviation in pressure-force sensitivity (the
so-called error function) with respect to the incompressible case is given by:
(5-20)
dP
dP
−
dFtot comp dFtot incomp
− A5 DV0
=
.
E dP =
A
K
dP
4 0 + A5 DV0
dFtot
dFtot incomp
It is first assumed that the initial volume V0 of the sensor equals the volume under the
membrane and boss:
(5-21)
V0 = πr12, 0 d 0 (see Fig. 2.19).
In addition, the temperature change ∆T is set equal to 0. Then from (5-4), (5-20), (5-21)
and (C-1) it follows that:
(5-22)
48 p5 ( s ) E0 h03
−
2
(1 −ν )
.
E dP = 4
r
K
p
(
s
)
48 p5 ( s ) E0 h03
1, 0 0 4
dFtot
+
d0
(1 −ν 2 )
The polynomials p4 ( s ) and p5 ( s ) are given in (C-1) and are shown graphically in Fig.
C.1. Clearly, it follows that the error function has a strong dependence on r1, 0 , h0 and s . In
Fig. 5.5 graphs are shown of the error function as given in (5-22). From these results it can
be concluded that for most values of the parameters the fluid can be treated as being
incompressible. For both designs 1 and 2 the errors are respectively -0.0007 % and -0.005
%. Note that for design 1, the volume used was not the initial volume of the fluid given by
expression (5-21), but also the dead volume of the pressure sensor was included. Therefore,
V0 was set to 500 mm3 (see Table 5.1).
The full expression for the pressure-force sensitivity for incompressible fluids, is derived
from (5-19) and (C-1):
(5-23)
3s 2 A3
(1 + 4α h ∆T ) 3s 2 p3 ( s ) (1 − 2α h ∆T ) 3s 2 p3 ( s )
dP
.
=
≈ 2
≈
2
dFtot incomp
A4
p4 ( s)
πr1,0 (1 + 6α h ∆T ) p4 ( s)
πr1,0
In this equation the following approximations have been made, because the maximum
temperature change allowed for the load cell is 30 °C:
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Fig. 5.5: Difference in pressure-force sensitivity between compressible and incompressible fluids
for different values of s , r1, 0 and h0 . For the fluid and membrane the material parameters of
water and steel are taken. The fluid height d 0 is 2 mm. The initial volume V0 amounts

V0 = πr12, 0 d 0 .
(5-24)
1
≈ 1 − nα h ∆T .
1 + n α h ∆T
Equation (5-23) shows that the effective area only depends on the geometrical dimensions
and not on the material properties of the membrane. Therefore, it can be expected that the
force-to-pressure transformation is not very sensitive to hysteresis and creep in the
membrane. The graph of 3s 2 p3 ( s ) / p4 ( s ) in (5-23) is illustrated in Fig. 5.6. This graph
shows that for some value of r1 the sensitivity is increased by increasing the value of s .

(1 + α h ∆T ) n ≈ 1 + nα h ∆T ;

This is equivalent with making r2 smaller. In Fig. 5.6, also plots of Aeff / r22 and Aeff / r12
are shown. From these plots it can be concluded that the effective area lies somewhere
between the area of the boss and the area of the bucket, because πr22 < Aeff < πr12 . This
means that the shear force acting by the membrane on the boss is always oriented
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πr12
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Fig. 5.6: Effective area divided by the area of the cavity and effective area divided by the area of
the boss as a function of the ratio of both radii.

oppositely to the total force. For a ratio s approaching one, the effective area approaches

πr22 . From (5-2) and (5-23) it then follows that:
(5-25)
F
F
Ftot − tot πr22 Ftot − tot2 πr22
2
Aeff
F − Pπr
πr2
lim r → r2 T (r ) = tot
=
=
=0.
2πr
2πr2
2πr2
In this equation it has been assumed that the offset pressure equals zero. Evidently, (5-25)
shows that the shear force exerted by the membrane on the boss becomes zero when the
ratio of the two radii approaches 1. In this case the force is completely carried by the fluid.
It is expected that in this case hysteresis and creep will be smallest. However, by making s
small there is less freedom in choosing the parameters r1, 0 and h0 in such a way that the
fluid can be considered as incompressible (see Fig. 5.5). Furthermore, variations in s have
consequences for the offset pressure, temperature dependence and stresses. In the following
sections of this paragraph these aspects will be discussed in more detail.
From (5-23) the temperature coefficient of the pressure-force sensitivity is calculated.
For both designs 1 and 2 this coefficient equals −2α h = –24 ppm/°C which is for both
designs a deviation of only 0.04 % with respect to the real compressible situation at T = T0
(room temperature).
Offset pressure
Now that it is justified to treat the fluid as mainly incompressible (i.e. K 0 = ∞ ), simple
design formulas can be derived for the offset pressure. Equation (5-14) reduces to:
(5-26)
3Ds 2 A1V0 ∆T 3Ds 2 A2 ∆V
Poff
=
+
= Poff ,1
+ Poff , 2
.
incomp
incomp
incomp
A4
A4
First Poff ,1

incomp

is treated. From (5-4), (5-14), (5-26) and (C-1) it follows that:

Poff ,1

incomp

=

3
3Ds 2 A1V0 ∆T 48E0 h0V0 (α f − α h )∆Tp6 ( s )
≈
.
A4
(1 − ν 2 )πr16, 0

(5-27)
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The polynomial relation p6 ( s ) is given in (C-1), and is illustrated in Fig. C.1. The
sensitivity to temperature variations is derived from (5-27):
(5-28)
dPoff ,1
48E0 h03V0 (α f − α h ) p6 ( s )
.
=
2
6
d∆T incomp
(1 −ν )πr1,0
In this equation the approximations given in (5-24) have been used. For designs 1 and 2 this
sensitivity coefficient equals 11.6 Pa/°C and 886.7 Pa/°C, respectively. These values only
deviate by 0.0009 % and 0.07 % from the real compressible situation. From the behaviour
of p6 ( s ) , shown in Fig. C.1, it is concluded that for small values of s the temperature
dependence of the offset pressure is greatly increased.
Secondly, Poff , 2

Poff , 2

incomp

incomp

is treated. From (5-4), (5-14), (5-26) and (C-1) it follows that:

=

3Ds 2 A2 ∆V 16 E0 h03 (1 + (α E − 3α h )∆T )∆Vp6 ( s )
.
≈
A4
(1 −ν 2 )πr16, 0

(5-29)

In this equation the approximations given in (5-24) have been used. The sensitivity to
volume changes ∆V is derived from (5-29) and equals:
(5-30)
dPoff , 2
16 E0 h03 (1 + (α E − 3α h )∆T ) p6 ( s )
.
=
2
6
d∆V incomp
(1 −ν )πr1,0
Because of the behaviour of p6 ( s ) , it is concluded that for small values of s the sensitivity
to volume change ∆V is greatly increased. For design 1 and 2 this sensitivity coefficient
equals 0.00634 bar/mm3 and 0.0303 bar/mm3, respectively. These values only deviate by
0.0009 % and 0.009 % from the compressible case. The temperature dependence of Poff , 2 is
calculated from (5-29):
dPoff , 2

d∆T

=
incomp

16 E0 h03 (α E − 3α h )∆Vp6 ( s )
.
(1 −ν 2 )πr16,0

(5-31)

The temperature dependence of the offset pressure can be eliminated by adding (5-28) and
(5-31) and setting it equal to zero:
(5-32)
3(α f − α h )
dPoff , 2
dPoff ,1
+
=0
→
∆V =
V0 .
d∆T incomp d∆T incomp
(3α h − α E )
Because in general:

(5-33)
α f > 0 , αh > 0 , αE < 0 , α f > αh ,
it can be concluded that ∆V should be given a positive value which means that the offset
pressure is positive. The physical interpretation is that a positive offset pressure gives an
upward bending of the membrane and boss. Then, if the temperature is increased, the
stiffness (or Young’s modulus) of the membrane decreases giving a larger bending. The
expanding fluid occupies the extra volume while the offset pressure remains constant. For
both designs 1 and 2 the fluid is water and the membrane is made of steel. By using the
parameters of Table 5.1, equation (5-32) is given by:
(5-34)
∆V = 1.42V .
0
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However, as the volume change can never be greater than the initial volume of the water,
equation (5-34) can never be satisfied for designs 1 and 2. Still, it could be useful for
special fluid-housing material combinations.
Stresses
The expressions for the stresses can be greatly simplified for incompressible fluids. Then,
by also assuming zero temperature changes ∆T , the radial, tangential and shear stresses at
r = r2 and r = r1 can be calculated by using (5-7), (5-14), (5-16), (5-17) and (C-1):



12 E0 h03 ∆V
p8 ( s ) ; σ t (r = r2 ) incomp = ν σ r (r = r2 ) incomp ;
 p7 ( s ) Ftot −
2
4
(1 − ν )r1,0



σ r (r = r2 ) incomp =

1
πh02

σ r (r = r1 ) incomp =


1 
12 E0 h03∆V
p
s
F
p8 ( s ) ; σ t (r = r1 ) incomp = ν σ r (r = r1 ) incomp ;
(
)
+

tot
9
2
4
2
πh0 
(1 − ν )r1,0


τ (r = r2 ) incomp =



8E0 h03 ∆V
p11 ( s ) ;
 p10 ( s ) Ftot −
2
4
πr1,0 h0 
(1 −ν )r1, 0

1

(5-35)


8 E0 h03∆V
p
s
.
(
)
− p12 ( s ) Ftot −

13
πr1,0 h0 
(1 −ν 2 )r14,0

The expressions for pi (s ) ( i = 7..13) are collected in equation (C-2) of Appendix C and
are plotted in Fig. C.2a,b. It appears that for zero volume changes ∆V the radial, tangential
and shear stresses are greatest at r = r2 . Besides, as r1, 0 is much larger than h0 , it can be

τ (r = r1 ) incomp =

1

concluded that the shear stress can be neglected if compared to the radial and tangential
stresses. If Ftot = 0 and ∆V ≠ 0 , it follows from Fig. C.2b and expression (5-35) that the
stresses due to volume change can become very large for s approaching 1. The Von Mises
stress that was calculated for the general case in (5-18) and shown in Fig. 5.4 can also be
calculated for the incompressible case. For designs 1 and 2 the maximum differences are
only 0.00008 GPa and 0.0026 GPa, respectively.

5.4 Finite element model
In order to validate the analytical expressions, which are very useful for design purposes,
the load cell is analysed with the finite element program Ansys 5.5. The axi-symmetric
element mesh is shown in Fig. 5.7. For the (compressible) fluid, FLUID79 elements are
taken and for the housing PLANE 42 elements. The force is applied in the centre of the
boss. For design 1 the deflection profile of the membrane and the Von Mises stress are
shown in Fig. 5.8 and Fig. 5.9, respectively. These results agree quite well with the
analytical results shown in Fig. 5.3 and Fig. 5.4. The numerical values of the deflections of
the bosses are shown in Table 5.1.
For design 1, the numerical value of the pressure-force sensitivity in all elements varies
between 45 and 47 Pa/N. For design 2 this value is 41.38±0.01 Pa/N. The spread in values
occurs because the elements deform too much as a result of the small height of the fluid
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Fig. 5.7: Axial symmetric finite element mesh of design 1 with a fluid height of 10 mm.
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Fig. 5.8: FEM calculation of the deflection of the membrane of design 1 at a load of 10 kN.
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Fig. 5.9: FEM calculation of the Von Mises stress in the membrane of design 1 at a load of 10 kN.

layer. When the fluid height is increased to d 0 = 10 mm , the calculated pressure-force
sensitivity for design 1 equals 47.890±0.002 Pa/N and for design 2 41.3913±0.0001. These
values agree very well with the analytical results: 47.921 Pa/N and 41.377 Pa/N,
respectively.
In order to demonstrate that the assumption of linearity applies the computations with
Ansys have been repeated. This time large deformation effects were taken into account so
that the calculations become non-linear. For designs 1 and 2 at a load of 10 kN, Ansys
calculates a pressure of 4.698 bar and 4.141 bar, respectively. These values only deviate by
1.9 % and 0.045 % from the linear calculations.
The effect of temperature on the offset pressure for ∆V = 0 was discussed in §5.3. This
parameter was defined by dPoff ,1 / d∆T . For the two designs Ansys calculates a sensitivity
of 16-28 Pa/°C and 104-107 Pa /°C. These should be compared to the analytical calculated
values: 11.6 Pa /°C and 111.4 Pa /°C. Again, the spread in values occurs because the
elements deform too much as a result of the small height of the fluid. However, by
changing the fluid height to 10 mm these numbers change to:
Ansys: 112.14±0.06 ppm/°C (design 1), 517.95±0.05 ppm/°C (design 2);
Analytical: 116.4 ppm/°C (design 1), 556.9 ppm/°C (design 2).
Again, the agreement between the analytical and numerical results is good.
From the results of the numerical calculations it is concluded that the behaviour of the load
cell is accurately predicted by the analytical formulas. Evidently, these formulas are reliable
“tools” in the design process of the hydraulic load cell.
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5.5 Measurements
Design 1
In order to validate the theory, tests were performed on a load cell, manufactured according
to design 1. The results were presented in [5.5]. The characteristics are given in Table 5.1.
The housing is made of steel and sealing is done with a rubber ring (VitonTM) instead of
copper. The pressure was measured with a commercially available silicon pressure sensor,
model Honeywell 24PCF. This pressure sensor measured 10×10×10 mm3. Repeatability
and hysteresis of this sensor were within ±0.15 % and its linearity within ±1.0 % of the full
scale-output (fso). From the hysteresis experiment at room temperature it was concluded
that the load cell behaved linearly. The pressure-force sensitivity was determined by
loading the load cell with a 10 kg weight giving a value of 48.1 Pa/N. This is in close
agreement with the analytical and numerical result: 49.7 Pa/N (deviation of 3.2 %). From
this result it is concluded that the experimental pressure-force sensitivity can well be
predicted. Due to the limited accuracy and the relatively large temperature dependence of
the pressure sensor it was not possible to determine the accuracy of the force-to-pressure
transformation. It was also not certain whether the VitonTM seal could fully prevent fluid
leakage.
Design 2
In order to be sure that no leakage occurred, a second design was made in which the
VitonTM seal was replaced by a copper ring (see Fig. 2.19 for a cross-sectional drawing).
Also, the radius of the boss was increased in order to decrease the shear force excerted by
the membrane on the boss. A highly accurate differential pressure sensor from the company
Yokogawa (type EJA430A) replaced the Honeywell 24PCF pressure sensor. Its range is 0
to 5 bar.
The housing and pressure sensor are illustrated in Fig. 5.10. The core of the pressure sensor
consists of two silicon resonators that are placed on a silicon membrane. Due to the
pressure, the membrane deflects which results in a change of the resonant frequencies of the
resonators. Both frequencies and the temperature are used to generate a current ( I ) that is a
linear function of the pressure. If the pressure changes from 0 to 5 bar the current changes
from 4 mA to 20 mA. The accuracy is at least ±0.075 % of the range which corresponds to
a pressure of 375 Pa. The pressure is shown in three digits on the display. The sensor can
operate in a temperature range from -30 °C to 80 °C. The ambient temperature effects are
within ±0.186 % of the fso per 28 °C. The stability amounts to ±0.6 % per 60 months.
However, these limits are very safe and in practice the accuracy of the sensor is better than
±0.01 % of the range. The current is measured with a HP3458A multimeter. The total dead
volume V0 consists of the dead volume of the housing of the pressure sensor and of the
dead volume under the membrane and boss. It equals about 500 mm3.
Filling of the housing and pressure sensor was carried out following the procedure shown in
Fig. 5.1. In order to reduce the chance of air bubbles remaining in the fluid chamber,
draining screws 1 and 2 of the pressure sensor were opened during filling (see Fig. 5.10).
However, it was not possible to see whether air bubbles remained in the chamber of the
housing of the pressure sensor.
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Fig. 5.10: Photograph of the housing and pressure sensor in the test setup.

In the first measurement the offset pressure was given a relatively large positive value
resulting in an upward deflection of the membrane and boss after filling (see Fig. 5.11a).
Hence, when the load cell was loaded buckling of the membrane occurred (see Fig. 5.11b).
This buckling mode is relatively easy encountered, because the net change in volume of the
water is zero. Then, the buckled shape was pushed back after which tests were performed
which are presented in this thesis. Now, the offset pressure was taken equal to 0 bar.
For measurement of the temperature a platinum-sensing resistor (Pt100-element) was used
which was connected to the housing of the load cell (see Fig. 5.10). The sensor can measure
temperatures from –70 °C to +600 °C. In the interval from 0 to 100 °C the stability of the
platinum resistor is ±0.05 % (see also §2.5).
First, the hysteresis was tested at room temperature which, by using the Pt100-element, was
estimated to be 23.676±0.052 °C. However, it is not the exact temperature, but repeatability
in resistance of the Pt100-element, that is important here. The current ( I ) and differential
pressure ( P ) are shown as a function of the applied mass in Fig. 5.12 and Fig. 5.13. From
Fig. 5.12 it follows that the current varies between 4 mA and 17 mA. These values should
be compared to errors of the HP3458A multimeter (see Table 5.3). From this table it
follows that during 90 days a maximum error of 1.01 µA can be expected at a current above
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Fig. 5.11a,b: Buckling of the membrane for a positive offset pressure.
forw ard loading

I [mA]

forw ard loading

backw ard loading

18

4

16

3.5

backw ard loading

3

14

P [bar]

2.5

12
2

10

1.5

8

1

6

0.5
0

4
0

200

400

600

800

0

1000

Fig. 5.12: Hysteresis at room temperature for
design 2 (current measurement).
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Fig. 5.13: Hysteresis at room temperature for
design 2 (pressure taken from display).

Measurements
within 24 hours
accuracy [ppm
accuracy at full
of reading +
reading [µA]
ppm of range]
10 + 3
0.13 (10 mA
reading)
25 + 3
0.725 (17 mA
reading)

Table 5.3: Accuracy of the HP3458A multimeter.

200

mass [kg]

mass [kg]

Measurements
within 90 days
accuracy [ppm
accuracy at full
of reading +
reading [µA]
ppm of range]
15 + 5
0.20 (10 mA
reading)
30 + 5
1.01 (17 mA
reading)
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10 mA. This error is 0.008 % of the change in current between zero load and maximum
load. Therefore, it is concluded that the HP3458A multimeter is not the limiting factor for
attaining an accuracy of ±0.03 % of the fso. From Fig. 5.13 it follows that for zero loads P
is not equal to 0 which is due to the weight of the arm of the test setup. From the same
figure a pressure-force sensitivity is calculated of 38.6 Pa/N where a sensitivity of 41.4
Pa/N is expected from the theory (deviation of 6.8 %). This deviation is a factor 2 more
than for design 1. There are possibly two reasons for this. First of all, there may still be
some air in the fluid chamber of the pressure sensor which is such that the fluid no longer
can be considered as incompressible. Hence, the boss has a relative large downward
deflection so that the membrane takes up more force. This results in reduced pressure-force
sensitivity. Secondly, as mentioned before the measurements were performed after buckling
of the membrane had occurred. Although the membrane was pushed back to its original
position, it remained somewhat corrugated. This may have effected the behaviour of the
membrane.
Hysteresis experiments were also performed at temperatures above room temperature. The
results are shown as dots in Fig. 5.14. The results are approximated with the analytical
relation between the pressure P and the mass mtot , equation (5-14). As the pressure is a
linear function of the current, the following interpolation polynomial for the current applies:
(5-36)
I = I 0 (1 + α 0 (T − T0 ) ) + K1 (1 + α1 (T − T0 ) )gmtot ,
where I 0 is the offset current at zero load, K1 the sensitivity coefficient, α 0 the
temperature coefficient of the offset constant, α1 the temperature coefficient of the
sensitivity constant and g the gravitational constant.
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0 kg interpolation
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1000 kg interpolation

18
16

I [mA]

14
12
10
8
6
4
20

25

30

35

40

45

50

temperature [ C]
hysteresis at T

23.676 0.052 C

hysteresis at T

40.635 0.010 C
hysteresis at T

hysteresis at T

47.854 0.080 C

34.374 0.008 C

Fig. 5.14: Hysteresis measurements at different temperatures for design 2. The measurements
include forward and backward loading.
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The determination of the constants I 0 , K1 , α 0 and α1 was performed using the program
Statgraphics Plus 3.0. For T0 = 24.5 °C the following results were obtained:

α 0 = 977.3 ppm/ °C ;

K1 = 0.1227 ⋅10−5 A/N ;

α1 = −23.76 ppm/ °C .
(5-37)
With these values (5-36) is drawn in Fig. 5.14, together with the data from the
measurements. The interpolation error was obtained by inserting the measured temperature
T and current I into the interpolation polynomial (5-36). The resulting mass m tot was
subtracted from the actual mass. The result is shown in Fig. 5.15 and shows that the
interpolation error stays within ±2.16 kg (bandwidth of 4.32 kg). The profile of this figure
is similar to the result obtained for the chip with poly-Si and mono-Si gages (see Fig. 3.19
and Fig. 3.28). Again, it is concluded that the error is systematic which is due to the fact
that the weights are not exactly a multiple of 200 kg.
I 0 = 0.004154 A ;
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Fig. 5.15: Interpolation error as a function of mass.

The temperature coefficient of sensitivity α1 obtained in this way agrees very well with the
theoretical value of the temperature coefficient of the pressure-force sensitivity coefficient
according to (5-23): -24 ppm/°C. The product α 0 I 0 corresponds to the temperature
sensitivity of the offset pressure (see equation (5-28)). The experimental value equals 126
Pa/°C against a predicted value of 886.7 Pa/°C. This large difference might be caused by a
wrong estimation of the fluid volume V0 . Also the possible presence of air bubbles, by
which the compressibility is reduced, may cause a reduced temperature sensitivity of the
offset pressure.
The hysteresis error is obtained by subtracting the results of the forward and backward
measurements in Fig. 5.15, in this way eliminating the interpolation error. The result is
shown in Fig. 5.16. According to this figure the hysteresis error stays within ±0.16 kg
(±0.016 % of the fso) which is well within the required accuracy of ±0.3 kg (±0.03 % of the
fso).
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Fig. 5.16: Hysteresis error (exclusive interpolation error) as a function of mass.

In the next step, creep was tested at 200, 400, 600, 800 and 1000 kg. By using interpolation
formula (5-36), the mass was determined as a function of time for 30 minutes. At each
weight five creep experiments were performed to test repeatability of creep. At the same
time, the temperature was measured. Between each set of five measurements, the load cell
was unloaded for 1 hour in order to allow creep recovery. The results are shown in Fig.
5.17-Fig. 5.21.
For the 200 kg measurements creep stayed within 0.1 kg (0.01 % of the fso). The nonrepeatability in the five experiments at which creep started was about ±0.15 kg (±0.015 %
of the fso). By also including the hysteresis measurement at room temperature shown in
Fig. 5.15, the non-repeatability is determined to be within ±1.0 kg (±0.10 % of the fso)!
The results for all the loads are shown in Table 5.4. It appears that the non-repeatability
error is relatively large if compared to the hysteresis error which is smaller than ±0.16 kg
(see Fig. 5.16). This difference might be caused by the following effect.
Each creep experiment is finished by lifting the jacket off the test setup thereby
unloading the load cell (see Fig. 5.22a). Unloading is accomplished when the ring-ring
connection is broken. As the mass is always somewhat rotated with respect to the
horizontal, it is displaced to the right. Then, when the load is applied again, the loading
point on the load cell has changed its position and the mass may even have rotated in the
opposite direction (see Fig. 5.22b). In the subsequent creep experiment the mass will move
in the opposite direction. Due to the change of the loading point the boss has a changing
rotation, giving small changes in pressure. In the hysteresis experiments the ring-ring
connection is not broken, because each time a mass is added for forward loading and
removed for backward loading. Due to this there is less displacement of the mass. In order
to reduce the influence of rotation, it is proposed to add a second membrane. The improved
design is shown in Fig. 5.23 and is discussed in the next paragraph.
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Fig. 5.17: Creep at 200 kg for five loading
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Fig. 5.21: Creep at 1000 kg for five loading cycles (100 mA range of the HP3458A multimeter is
used).

Applied mass

200 kg
400 kg
600 kg
800 kg
1000 kg

Non-repeatability in creep
experiments
±0.15 kg
±0.5 kg
±0.3 kg
±0.2 kg
±1.1 kg

Total non-repeatability
including hysteresis and creep
measurements
±1.0 kg
±0.9 kg
±0.3 kg
±0.4 kg
±1.8 kg

Table 5.4: Measured non-repeatability in five creep experiments and total non-repeatability which
also includes hysteresis measurements.
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arm

arm
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thermal
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change of the loading point
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jacket
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Fig. 5.22a,b: Drawings showing how the loading point on the boss changes after the jacket has been
lifted to unload the load cell.

5.6 Improved design
In the improved design (Fig. 5.23) a second membrane is incorporated to reduce the effects
of rotation. The deformations of both membranes are determined with the help of equation
(5-7) and the balance of forces for the system shown in Fig. 5.24:
membrane (b) membrane (a)

boss
Ftot

differential (silicon)
pressure sensor

screws

hb

r2b

r1b

r2 a
ha

copper sealing ring

d

fluid

r1a

P

Pfluid

Pair

screw for tuning the
offset pressure

carrier

Fig. 5.23: Layout of the improved design of the hydraulic load cell. The use of two membranes
reduces rotation of the boss.
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Pfluid

Pair
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Fig. 5.24: Deformation of both steel membranes of the improved design.

(5-38)
Q
P
F −Q
g1 (ra , r1a , r2a ) +
g2 (ra , r1a , r2a ) and wb (rb ) = tot
g1 (rb , r1b , r2b ) .
Da
Da
Db
As the deflections of both bosses are the same, the following condition must be satisfied:
(5-39)
w (r = r ) = w (r = r ) .

wa (ra ) =

a

a

2a

b

b

2b

From both (5-38) and (5-39) Q can be eliminated. Then, the relation between the pressure
and force is derived by using (5-13):
r1a

πr w(r2 a ) +
2
2a

∫ 2πr w(r )dr
a

a

a

(

)

= −∆V − 3(α f − α h )∆TV0 + 1 + 3(α f − α h )∆T V0

ra = r2 a

P
.
K 0 (1 + α K ∆T )

(5-40)
Although both membranes may have different radii, it is from now on supposed that these
be equal:
(5-41)
r1a = r1b and r2 a = r2b .
The pressure-force relation is obtained from (5-40) and (5-41):
12 K 0 Da ( Da + Db ) s 2 (B1V0 ∆T + B2 ∆V )
12 K 0 Da s 2 B3 Ftot
F
P=
+
= Poff + tot ,
B4 K 0 + B5 Da ( Da + Db )V0
B4 K 0 + B5 Da ( Da + Db )V0
Aeff

s=

r1a r1b
=
.
r2 a r2b
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(5-42)
B1 , B2 , B3 , B4 and B5 are constants which depend on α h , α f , α E , α K , ∆T , r1a , 0 , ha , 0 ,

E0 and s . Their complete expressions are collected in equation (C-3) of Appendix C.
If the fluid can be considered as incompressible, again it applies that the effective area is
only a function of the geometrical parameters, that is r1a , r2 a , ha and hb . The formula for
the pressure-force relation is simplified when the thicknesses of the two membranes is the
same:
(5-43)
ha = hb .
From (5-42) and (5-43) the expression for the effective area is derived:
Aeff =

[

(

) (

) (

) (
)

)

]

πr12a 5s10 + − 37 − 32 ln(s) 2 + 24 ln(s) s 8 + − 24 ln(s) + 86 + 48 ln(s) 2 s 6 + − 48 ln(s) 2 − 86 − 24 ln(s) s 4 + 37 + 32 ln(s) 2 + 24 ln(s) s 2 − 5
12s 2 s 8 + − 4 ln(s) − 4 ln(s) 2 − 2 s 6 + 16 ln(s) 3 + 8 ln(s) s 4 + 4 ln(s) 2 − 4 ln(s) + 2 s 2 − 1

[ (

) (

) (

]

(5-44)
The effective area is again only a function of the parameters s and r1a = r1b . This effective
area can be compared to the total area of the bucket (=area boss + area membrane) and to
the area of the boss (see Fig. 5.25). In the figure also the results of the basic design are
shown. It can be concluded that there is not much difference between the effective areas of
the basic and improved designs. The improved design has lost some of its sensitivity which
for design 1 equals 47.23 Pa/N and for design 2 41.18 Pa/N (incompressible fluid). For the
two basic designs the sensitivities are 47.92 Pa/N and 41.41 Pa/N, respectively.

Aeff (improved design)
πr2a2
Aeff (basic design)
πr22
Aeff
πr1a2
s=

r1 r1a r1b
=
=
r2 r2 a r2b

(improved design)

Aeff
πr12

(basic design)

Fig. 5.25: Effective area divided by the area of the bucket and effective area divided by the area of
the boss as a function of the ratio of both radii. Graphs for both the basic and improved designs are
shown.
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5.7 Dynamic behaviour
5.7.1 Introduction
It is expected that the eigenfrequencies of the hydraulic load cell described in this chapter
be much lower than the frequencies for the load cells discussed in chapters 3 and 4. In these
load cells the eigenfrequencies are determined by the dimensions and elastic properties of
the pressing blocks of the package which transfer the load to the chip (see Fig. 2.10). The
dynamic behaviour of the hydraulic load cell is determined by the acousto-elastic coupling
behaviour of the membrane and boss and the fluid cavity. In the fluid of the load cell sound
waves are generated in the direction of the radius and in the circumferential direction. For a
thin layer this can lead to significant boundary layer effects, in which viscosity becomes
relevant. Furthermore, thermal effects can play an important role [5.6-5.10].
In the literature a seemingly wide variety of models is presented for the mathematical
description of viscothermal wave propagation. However, the basic equations governing the
propagation of sound waves are the linearised Navier-Stokes equations, the equation of
continuity, the equation of state (only for gases) and the energy equation. An overview of
viscothermal models for the propagation of sound in tubes was presented by Tijdeman
[5.7]. These models include viscous and thermal effects. He showed that two main
parameters govern the propagation of sound waves in fluids/gases. These are the shear
wave number s w that is a measure for the ratio between inertial forces and the viscous
effects in the fluid/gas and the reduced frequency k r which represent the ratio between the
length scale and the acoustic wave length. Beltman applied these models to rectangular and
circular plate geometries above thin layers [5.8, 5.9]. In this case the shear wave and
reduced frequency numbers are given by:
(5-45)
ρ f 2πf
2πfd
and k r =
,
sw = d
c0
µ
where d is the thickness of the fluid/gas layer and f the frequency. ρ f , µ and c0 are
the density, viscosity and sound of speed for the fluid/gas, respectively. For the load cell,
water is used for which the next parameter values are valid:
(5-46)
ρ f = 998.2 kg/m 3 ; µ = 1⋅10−3 kg/m 2 /s ;
c0 = 1484 m/s ;
d = 2 mm .
For these parameter the shear wave number equals:

sw = 5.01 f .

(5-47)

It will be shown that the lowest eigenfrequency is larger than 750 Hz, so that it can be
concluded that inertia forces are much larger than viscous effects. Therefore, it seems
justified to neglect the viscosity. In Ansys it is possible to model the acousto-elastic
coupling between an inviscid fluid/gas and a structure.

5.7.2 Finite element calculations
Both the basic and improved load cells of design 2 were modelled in the finite element
program Ansys. The axi-symmetric finite element model of the improved design is shown
in Fig. 5.26. For the membranes SHELL51 elements were used. For the fluid FLUID29
elements were taken. The FLUID29 element is also used for providing the coupling to the
membrane. The boss consists of PLANE42 elements.
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For the two designs the first two eigenfrequencies are listed in Table 5.5. In the same table
also the two lowest uncoupled eigenfrequencies are shown. These are frequencies
belonging to structural modes of the membrane and boss, because the first acoustic
eigenfrequency of the fluid is at a higher frequency. The deflection profile of the membrane
and boss and the pressure in the fluid are shown in Fig. 5.27 and Fig. 5.28 respectively. For
the two designs the differences in eigenfrequencies are small. The first eigenfrequency
(about 754 Hz for both designs) is much higher than the first uncoupled eigenfrequency
(173 Hz and 125 Hz for both designs, respectively). It means that the influence of the
increased stiffness due to the water is higher than the added mass that is caused by pumping
of the fluid.
1
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Fig. 5.26: Finite element model for improved design.

Coupled
Design 2

Basic design
Improved design

first

second

753.7
753.5

5078.2
4995.7

Uncoupled
first
second
(membrane
(membrane
and boss)
and boss)
173.1
5179.8
124.7
5181.1

Table 5.5: Eigenfrequencies for the basic and improved design (design 2). Results are obtained with
the finite element program Ansys.

The calculations show that relatively low frequencies can appear in the hydraulic load cell.
One method to reduce its influence on the static measurement is by placing the pressure
sensor in the fluid at the position where the dynamic pressure equals zero (see Fig. 5.28). A
second method is to increase the fluid height. However, calculations show that for a height
of 4 mm, the lowest eigenfrequency increases to 956 Hz. Therefore, it is concluded that this
method is not very effective. Thirdly, one can try to reduce the pumping effect so that the
added mass is decreased. This can be realised by placing obstacles in the fluid, so that the
fluid has less freedom to move backwards and forwards in the radial direction. Finally, it is
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noted that the eigenfrequencies are a function of the applied load, because loading changes
the fluid height.
1

DEFLECTI

Radius [m]

Fig. 5.27: Deflection profile of the membrane and boss for the first eigenmode.
1

PRESSURE

Radius [m]

Fig. 5.28: Pressure in the fluid at the first eigenfrequency.

5.8 Conclusions
The conclusions to be drawn from the present investigation can be summarised as follows:
• A hydraulic load cell was designed in which the force is transformed into a fluid
pressure. The load cell does not suffer from the drawback of fluid leakage. Furthermore,
for elimination of the friction force the rotating piston is no longer required.
• It is proved that for most values of the parameters the fluid can be considered as
incompressible. In this case the pressure-force sensitivity has become independent of
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the material properties of the membrane and only depends on the geometrical
parameters of the load cell. Due to this the force-to-fluid pressure transformation can
have a low sensitivity to hysteresis and creep.
• Analytical calculations, finite element calculations and measurements are in good
agreement, so that it can be concluded that the analytical formulas are reliable and can
be used for designing purposes.
• Design 2 was extensively tested. The measurements show that the hysteresis error is
within ±0.16 kg (±0.016 % of the fso). Creep is within 0.1 kg (0.01 % of the fso).
However, non-repeatability is relatively large: within ±1.8 kg (±0.18 % of the fso). This
is probably caused by non-repeatable rotation of the boss due to small changes of the
position of the loading point. An improved design is proposed in which this rotation is
suppressed.
• Finite element calculations were performed to describe the acousto-elastic coupling
behaviour of the membrane and boss and the fluid. The calculations show that for both
the basic design and improved designs (parameters of design 2) the lowest
eigenfrequency is 754 Hz.
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Chapter 6
Conclusions and outlook
6.1 Overview
In this paragraph an overview of the research is given. However, the results of the
measurements are treated in §6.2, because there the performance of the realised load cells
will be compared to each other and to standard conventional load cells.
Chapter 1: Introduction
Silicon was proposed as the base material for use in a silicon load cell, because it offers the
possibility of realising small, light, low cost and high performance mechanical sensors. The
choice was made to focus on a silicon load cell which can be used for loads up to 1000 kg.
The small load range does not seem to be attractive, because the prices in this market are
very low. The problem with very high capacity load cells was that testing could not be
performed in the MESA+ Research Institute. The accuracy that was aimed at is within
±0.03 % of the full-scale output (fso).
Chapter 2: Basic rules for the production of a silicon load cell
Micro-machined high capacity silicon load cells have not been published before in the
literature. Therefore, basic rules were developed to which a designer should obey.
An important aspect in developing silicon load cells for high load capacities is the
mechanical strength of silicon, because it is a brittle material. It was shown that a maximum
allowable stress of 0.2 GPa is a safe limit for not breaking the silicon. It was shown that the
silicon spring element should be compressed instead of being bent for not exceeding this
stress.
The change of the loading point on a conventional load cell is an important aspect,
because it can strongly reduce the accuracy. In a silicon load cell this is even more
important, because of the thin dimensions of wafers. Integration of the load distribution is
needed to compensate for this effect. This principle is called distributed sensing. The
necessity for integration of the force distribution can be avoided by transforming the load
into a uniform fluid pressure. This principle is applied in a hydraulic load cell.
A package was designed for chips on which the load is directly applied. The package
compensates for side forces.
Three sensing principles were explored that can measure the deformation of the silicon
spring element: piezoresistive, capacitive and resonant. The following aspects of each
principle were considered: sensitivity, relative noise level, temperature dependence of the
offset and sensitivity, long-term stability, possibility for distributed sensing and costs. It
was shown that the resonating principle is not suitable for distributed sensing. It means that
the principle can only be applied in a pressure sensor (or a hydraulic load cell) where no
integration of the load distribution is needed. As far as costs and accuracy are concerned, it
is concluded that the piezoresistive principle is a relatively cheap solution when medium
accuracies are required. For very high accuracies the resonating principle is preferred.
However, the production process of resonators is complex and therefore expensive. The
capacitive principle forms a balanced solution in-between the piezoresistive and resonating
principles.
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Chapter 3: Distributed load cell with polycrystalline and monocrystalline silicon
strain gages
The properties of polycrystalline and monocrystalline silicon strain gages were
investigated. For poly-Si gages the stability is best for highly boron doped layers.
Both gage types were applied in piezoresistive silicon load cells. The principle of these
cells is based on the compression of a strain gage. Next to this gage, a second gage is
placed. A new feature is the application of silicon, and the compensation for the
temperature coefficient of resistivity, for the in-plane stresses due to stretching and bending
of the chip and for common-mode changes in zero load resistor values. It was theoretically
shown that the ratio of the resistances of the two gages is independent of the load
distribution and is a linear function of the total load.
Three types of piezoresistive silicon load cells were designed:
• Sensor with polycrystalline silicon strain gages (§3.3).
• Sensor with monocrystalline silicon strain gages made from a silicon-on-insulator (SOI)
wafer. A wafer is bonded on top of the strain gage to be compressed, in this way
reducing the influence of slip between the pressing block of the package and the chip
(§3.4).
• Sensor with monocrystalline silicon strain gages diffused in a silicon substrate. A wafer
is bonded on top of the strain gage to be compressed, in this way reducing the influence
of slip between the pressing block of the package and the chip (§3.5).
The first two load cells were realised and tested. Due to the agreement between
measurements and finite element calculations, it is concluded that the finite element model
can be used for designing purposes.
Chapter 4: Distributed capacitive load cell
The principle of the capacitive silicon load cell is based on measuring the change in
capacitance of an array of capacitors. A new feature is that mechanical amplification is
incorporated to increase the sensitivity. The influence of different load distributions was
theoretically investigated. It was shown that the output is nearly independent of these
distributions.
For the determination of the capacitances, a Modified Martin oscillator circuit was used.
It was shown that the influence of parasitic capacitances and resistances remains within the
desired accuracy.
Hillock formation in the metal forming the electrodes of the capacitors is a serious
problem, because it can cause electrical short-circuits to the opposite electrode. It was
shown that the maximum hillock heights in Ti/Pt films are smaller than in Al films. Ti/Pt
films can be used in electrode gaps as small as 1 µm. The Ti/Pt layer can also be used in
combination with silicon fusion bonding.
Chapter 5: Hydraulic load cell
The principle of a hydraulic load cell is based on the transduction of the force into a
differential pressure between a fluid and the surrounding air. This pressure is then measured
with a (silicon) pressure sensor.
A new feature of the hydraulic load cell presented in this thesis is the combination of a
steel boss and membrane that enclose a cavity filled with fluid. When the load is applied to
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the boss, the fluid pressure increases. This load cell does not suffer from the drawback of
fluid leakage. Besides, for elimination of the friction force no rotating piston is needed.
It was theoretically shown that the pressure is a linear function of the force. For most
values of the parameters the fluid can be considered as incompressible. In this case the
pressure-force sensitivity is independent of the material properties of the membrane and
depends only on the geometrical parameters of the load cell. Due to this, the force-topressure transformation can have a low sensitivity to hysteresis and creep.
Analytical and finite element calculations and measurements were in good agreement,
so that it can be concluded that the analytical formulas are reliable and can be used for
designing purposes.
From the measurements, it was concluded that the accuracy of the load cell is possibly
limited by non-repeatable rotations of the boss under loading. Therefore an improved
design with two membranes was proposed to reduce this rotation.
The dynamic behaviour of the load cell is determined by the acousto-elastic coupling
behaviour of the membrane, boss and fluid. This was analysed by finite element
calculations. They show that, for both the basic and improved designs, the lowest
eigenfrequency is 754 Hz (design 2).

6.2 Summary of the performance and comparison
Four load cells using different principles were realised. The performance of the different
types of realised load cells is summarised in Table 6.1. The table also shows the
specifications of a standard conventional load cell of accuracy class C1 (see Table 1.2 for
these specifications). The capacitive load cell could only be tested up to 500 kg, because for
higher loads short-circuits between the electrodes appeared. Also, due to stability problems
with the Modified Martin oscillator the capacitive load cell was not tested at different
temperatures.
The sensitivity of the piezoresistive load cells is about 15 times higher than for
conventional load cells. For the capacitive load cell this factor is more than 300.
Comparison with the hydraulic load cell is difficult, because the output of the pressure
sensor is a current and not a dimensionless quantity.
The temperature coefficients of the offset are very low for the piezoresistive and capacitive
load cells. Also for conventional load cells it is low. For the hydraulic load cell it is much
higher. This is caused by the relatively large dead volume of the pressure sensor. However,
it was shown theoretically that for a zero dead volume of the pressure sensor it could be
reduced to 111.4 ppm/°C.
The temperature coefficient of the sensitivity constant is relatively high for the
piezoresistive load cells. For the piezoresistive load cell with mono-Si gages this might be a
limit for the accuracy. For the capacitive, hydraulic and conventional load cells this
coefficient is much lower.
Both capacitive and hydraulic load cells have a hysteresis error, which is lower than for the
conventional load cell. For the piezoresistive load cells it is higher.
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The piezoresistive load cell with poly-Si strain gages has the largest hysteresis error, which
is probably caused by slip of the pressing block across the gage that is loaded. The
hysteresis error is reduced by a factor 2.4 in the load cell with monocrystalline silicon strain
gages. It is likely that this is due to the reduced influence of slip.
A
(piezoresistive
load cell with
poly-Si gages)

B
(piezoresistive
load cell with
mono-Si gages)

C (capacitive
load cell)

D (hydraulic
load cell)

Standard
conventional
load cell
(accuracy class
C1)
Output voltage
divided by input
voltage

R1 / R2

R1 / R2

Cref / Cs

I

(ratio of
resistance of
sensor and
reference gage)

(ratio of
resistance of
sensor and
reference gage)

(ratio of
reference and
sensor
capacitance)

(current which
is linear
function of
pressure
between the
fluid and air

Maximum
load capacity

1000 kg

1000 kg

500 kg

1000 kg

1000 kg

Tested
temperature
range

20 °C to 50 °C

20 °C to 50 °C

room
temperature
(due to
problems with
stability Martin
oscillator)

20 °C to 50 °C

-10 °C to 50 °C

0.30 ⋅ 10 −5 N -1

0.33 ⋅ 10 −5 N -1

6.69 ⋅ 10 −5 N -1

0.12 ⋅ 10 −5 A ⋅ N -1

0.020 ⋅ 10 −5 N -1

Temperature
coefficient
offset

-3.5 ppm/°C

-0.016 ppm/°C

not measured,
0 ppm/°C
(theoretically)

977 ppm/°C
(measurement);
111.4 ppm/°C
for zero dead
volume of
pressure sensor
(theoretically)

Temperature
coefficient
sensitivity

-832 ppm/°C

-2380 ppm/°C

not measured,
89 ppm/°C
(theoretically)

23.8 ppm/°C

±1.38 kg;
±0.138 % of fso

±0.58 kg;
0.058 % of fso

±0.14 kg;
±0.014 % of fso

±0.16 kg;
±0.016 % of fso

<0.1 kg;
<0.01 % of fso

0.2 kg-1.6 kg;
0.02 %-0.16 %
of fso;

<0.1 kg;
<0.01 % of fso

<0.1 kg;
<0.01 % of fso

Measured
quantity

Sensitivity

Hysteresis

Creep

≤ 28 ppm/°C

≤ 15 ppm/°C
≤ ±0.30 kg;
±0.03 % of fso
(combined
error)

≤ ±0.49 kg ;
±0.049 % of fso
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Creep seems to
be influenced
by temperature
changes
Nonrepeatability
at 1000 kg

±0.4 kg;
±0.04 % of fso

±1.0 kg;
±0.10 % of fso

not measured

±1.8 kg;
±0.18 % of fso

See hysteresis

Robustness
or
Ruggedness

medium

medium

medium

high

high

low

medium

medium

high

low-medium

Costs

Table 6.1: Summary of the performance of the realised load cells and comparison to standard
conventional load cells.

Creep appears to be very low for the piezoresistive load cell with poly-Si strain gages, the
capacitive load cell and the hydraulic load cell (<0.1 kg, <0.01 % of the fso). For the
standard conventional load cell it amounts ±0.49 kg (±0.049 % of the fso). For the
piezoresisitive load cell with mono-Si strain gages creep is relatively large. However, it was
concluded that it is very likely that most of this creep is caused by its high temperature
coefficient of sensitivity.
Non-repeatability at 1000 kg was lowest for the standard conventional load cell (±0.30 kg,
±0.03 % of the fso). Despite the friction between the pressing block and the gages, the
second best was the piezoresistive load cell with poly-Si strain gages (±0.40 kg, ±0.04 % of
the fso). With monocrystalline strain gages, again, the high temperature dependence seems
to be a problem. For the hydraulic load cell it was concluded that the relatively large nonrepeatability was due to non-repeatable rotation of the boss which is caused by small
changes in the position of the loading point. An improved design was proposed in which
this rotation is suppressed.
The robustness for the standard conventional load cell is high, because stainless steel is not
a brittle metal. For the hydraulic load cell it is also expected that the robustness be high,
because the silicon part is loaded with a uniform pressure so that there are no high stress
concentrations. Only a pressure wave with a very large amplitude could damage the silicon
pressure sensor. For the other load cells the robustness is less, because high stress
concentrations may appear at the interface of the silicon chip and the pressing blocks.
Concerning costs, it is remarked that only the production costs are considered. Although the
calibration costs for conventional load cells are about 40 % of the total costs [6.1], these
costs could not be taken into account, because we did not have the equipment for testing
linearity of the load and linearity of the temperature dependence.
Standard conventional load cells are produced one by one. However, the fabrication
techniques are standard and are well understood so that the costs are low to medium.
The advantage of silicon is that more chips can be produced at the same time on one
wafer. However, it should be noted that the costs of maintaining a clean room are high. For
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the piezoresistive load cell with poly-Si strain gages the production process is simple and
robust. Besides, no bonding procedure is needed so that the costs can be kept low. By using
monocrystalline silicon strain gages, SOI wafers are needed which are quite expensive.
Furthermore, a bonding procedure is needed. However, the advantage is that only very few
process steps are required so that it can be concluded that the costs will be medium. For the
capacitive load cell, the process of the top wafer requires a deep etching step which is the
most expensive process step. Also, a bonding procedure is needed. However, the wafers are
inexpensive so we can conclude that the costs be medium. For the hydraulic load cell costs
are expected to be high. First of all, the housing is quite complicated. Furthermore, the
assembly procedure appears to be complicated. If resonators are used to measure the
deformation of the silicon spring element, a complicated process is needed to produce these
resonators. However, it is noted that a capacitive silicon pressure sensor may be an
alternative for reducing the costs of making the chips.
From the comparison it can be concluded that silicon load cells are a suitable alternative to
standard conventional load cells, because accuracies of ±0.03 % of the fso are feasible. This
conclusion is certainly true if the realised silicon load cells are compared to miniature
conventional load cells with a typical accuracy of about ±0.25 % of the fso.

6.3 Outlook
In order to reduce the temperature dependence of the piezoresistive silicon load cells, it is
proposed that the temperature be measured on-chip. This can be accomplished by
measuring the resistance change of a third gage which is located at the border (unloaded
part) of the chip. Another option is to glue the Pt100-element (temperature sensor) with
conductive glue directly onto the chip.
For the capacitive load cell, new electronics has to be realised, in order to eliminate the
instability problems.
In order to reduce the dimensions of the hydraulic load cell, it is recommended to make
a load cell with a smaller outer radius. It is noted that this will result in increased pressureforce sensitivity so that other problems like fluid leakage may appear. This load cell should
have two membranes in order to reduce non-repeatability due to rotation of the boss.
Standard tests should be performed to classify the different types of load cells.

6.4 References
6.1

K. Bethe, Dynamometrical sensors: (many) problems, (some) solutions, Sensors and
Actuators, A25-27:285-293, 1991.
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Appendix A
Process schemes of silicon load cells with polysilicon strain
gages and with monocrystalline silicon strain gages
A.1 Process scheme silicon load cell with polysilicon strain gages
A.1.1 Introduction
The fabrication process of the chip with polysilicon strain gages is described as discussed in
§3.3.4. Graphically, the essential steps are illustrated after which a list with process settings
is given.

A.1.2 Design description
The chip with two polysilicon strain gages is a design which can be made at relatively low
costs. Three masks are needed to complete the design. The load that is to be measured
compresses Gage 1. Gage 2 is located in grooves of the substrate next to gage 1 and is
unloaded. Gage 2 is used for compensation of the temperature coefficient of resistivity, the
in-plane stresses due to stretching and bending of the chip and for common changes in zero
load resistor values. Each resistance is divided into 16 resistances so that it is possible to
measure the force distribution on the chip.

A.1.3 Explanation of typical process steps

• Reactive ion etching of the substrate is not a critical process step. The depth has to be so
deep that the pressing blocks will not touch gage 2 which is deposited in the grooves.
• The first oxidation step is needed just for electrical insulation. The thickness of this
layer is not critical.
• The thickness of the polysilicon is not critical. It is chosen such that the resistance of
one gage is lower than 100 kΩ. Boron diffusion of a polysilicon layer with a thickness
of 1.28 µm gives a resistivity of about 0.0023 Ω·cm. On the wafer two designs are
made. Both designs have a gage length of 416984 µm and 254076 µm.
• The second oxide layer (PECVD SiO2) is used for insulating and sealing of the boron
doped polysilicon strain gages. Sealing prevents the boron atoms from reacting with
atoms from the surrounding air, thereby changing its properties. PECVD SiO2 is used,
because this oxide does not consume polysilicon. Through this oxide holes are etched
for opening the bond pads. The thickness of this layer is not critical.
• Aligning in step b12 has to be done within an accuracy of 10 µm, because otherwise
gage 1 is located in the grooves.
• Spinning of resist in steps b11 and b15 is done at a lower speed, because at normal
speed the step coverage is not good.

A.1.4 Mask description
For the design 3 masks are needed which are described in Table A.1. The orientation of the
masks is shown in Fig. A.1 and Fig. A.2.
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Mask name
“pressure area”
“strain gages”
“contacts”

Description
structuring grooves in substrate
definition of strain gages
openings at bond pads through oxide

Inside
black
black
white

Table A.1: Mask description with names and development type for masks (inside white or black).

contacts
strain gages
pressure area
x2

Fig. A.1: Side view of the masks.

pressure area

contacts

Fig. A.2: Top view of the masks.

strain gages
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A.1.5 Process outline
In Table A.2 the process outline for the wafer is presented.
Step
b02

Process description
Lithography “pressure area”

b03

Reactive ion etching (RIE)
of Si (2.3 µm)

x2

Wet thermal oxidation (0.7
µm)

x2

b05

b07
+
b08

LPCVD of poly-Si (1.28
µm) and solid source
diffusion with boron

b11

Lithography “strain gages”

Cross-section after processing

x2

x2

b12

b14

b15

Reactive ion etching (RIE)
of boron doped poly-Si (1.28
µm)
PECVD deposition of SiO2
(0.6 µm)

x2

x2

Lithography “contacts”
x2

b16

BHF etching of PECVD
SiO2

x2
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b18

Dicing
x2

Table A.2: Process outline of the wafer.

A.1.6 Process parameters
In Table A.3 and Table A.4 the process parameters for the wafer are presented.
Step
p01

Process
Select wafers

p02

Scribe ID-code on
wafers
Ultra-sonic
cleaning

p03

Process parameters
Silicon wafers:
-orientation <100>
-p-type, conductivity 5-10 Ω·cm
-diameter 3 inch
-thickness ~380 µm
-single side polished
-number wafers

Remarks

-time 20 min

Table A.3: Wafer preparation steps.

Step
b01

Process
Introduction
cleaning

b02

Lithography
Olin907/17
frontside
processing

Process parameters
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling 70 % nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 4000 rpm, 20 sec
-resist: Olin 907/17, 4000 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters:
4”
20 µm
3 mm
30 µm
3’’
top
100/10 N
0.4/0.6 mm
7 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection

Remarks
-removal of light
organic particles
and metals

-mask “pressure
area”
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b03

Plasma etching of
Si

b04

Online cleaning

b05

Wet Thermal
Oxidation S&A-3

-postbake: hotplate 120 °C, 20 min
-Elektrotech PF 310/340 (Etske)
-clean chamber
-styros electrode
-showerhead
-electrode temp.: 10 °C
-SF6 flow 30 sccm
-CHF3 flow 25 sccm
-O2 flow 20 sccm
-pressure 75 mTorr
-power 75 Watt etch rate =723 nm/min
-profile: anisotropic
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Tempress Omega Junior III
-gasses H2O+N2
-temperature 1150 °C

-time 3 min 11
sec
-depth 2.3 µm

-removal of light
organic particles
and metals

-time 60 min
-thickness 0.7 µm
(check chart)

 (thickness − 300) 
- time = 
 min or
51.1


2

 (thickness − 300) 
time = 
 min
65.9


-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Tempress LPCVD Furnace
-program N4
-SiH4 flow: 50 sccm
-temperature: 590 °C
-pressure: 200 mTorr
-deposition rate: 4.267 nm/min
2

b06

Online cleaning

b07

LPCVD Poly Si590-S&A

b08

Boron doping by
solid source
diffusion

-apply program ACTIVAT1 to activate
dotation wafers (10.5 hours)
{-prepare silicon wafers}
{-online wafer cleaning}
{-native oxide strip}

-removal of light
organic particles
and metals

-time 300 min
-thickness 1.28
µm
-start boron solid
source diffusion
activation one day
earlier
-Apply this
process directly
after b07. In this
case, the step
between brackets
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-load wafers
-run program SSDROB
-Parameters:
oxidation
gas N2: 3.80 SLM
gas O2: 0.20 SLM
anneal: 3 hr, 1100°C.
program SSDROB takes 5.5 hours.
-unload wafer
-shutdown run standby program
-check dotation by resistivity
measurement
-ρ poly-silicon: 0.0023 Ω·cm

b09

Online cleaning

b10

BHF etching of
B2O5

b11

Lithography
Olin907/17
frontside
processing

b12

Plasma etching of
silicon

-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-standard S&A BHF (1:7)
-80 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
-resist: Olin 907/17, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
4”
20 µm
3 mm
30 µm
3’’
top
100/10 N
0.4/0.6 mm
20 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-Elektrotech PF 310/340 (Etske)
-clean chamber
-styros electrode
-electrode temperature 10 °C

{} are not
necessary.
-Take care that Si
wafers and boron
wafers do not
touch each other,
but Si and boron
wafers have to be
put as close as
possible to each
other. Wafers
must be diffused
on front and
backside to
prevent bending.
-removal of light
organic particles
and metals

-mask “strain
gages”
-Spinning speed is
lower for good
step coverage.
Therefore,
exposure time is
higher

-time 6 min, gives
overetching

Appendix A 167

b13

Online cleaning

b14

PECVD of SiO2

b15

Lithography
Olin907/17
frontside
processing

b16

BHF etching of
SiO2

b17

Online cleaning

-SF6 flow 50 sccm
-pressure 75 mTorr
-power 75 W
-etchrate 0.750 µm/min
-etchrate Olin resist 95 nm/min
-profile: isotropic
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Elektrotech PF 310/340 (Etske)
-PECVD chamber
-electrode temp. 300 °C
-SiH4 flow 200 sccm
-N20 flow 710 sccm
-pressure 650 mTorr
-power 60 W LF
-deposition rate 20 nm/min
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
-resist: Olin 907/17, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
4”
20 µm
3 mm
30 µm
3’’
top
100/10 N
0.4/0.6 mm
20 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-etchrate 125 nm/min
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min

-removal of light
organic particles
and metals

-time 30 min
-thickness 0.6 µm

-mask “contacts”
-Spinning speed is
lower for good
step coverage.
Therefore,
exposure time is
higher.

-time 10 min,
gives overetching

-removal of light
organic particles
and metals

168 Micro-machined high capacity silicon load cells

b18

Dicing

-quick dump rinse, DI, <0.1 µS
-spin drying
-dicing machine

-Alignment marks
on wafer: see
mask “pressure
area” for
dimensions

Table A.4: Silicon wafer processing steps.

A.2 Process scheme silicon load cell with monocrystalline silicon strain
gages
A.2.1 Introduction
The fabrication process of the chip with strain gages made from a SOI wafer is described as
discussed in §3.4.1. Graphically, the essential steps are illustrated after which a list with
process settings is given.

A.2.2 Design description
The design is similar to the design of the silicon load cell with poly-Si strain gages. The
main difference is that another wafer is bonded on top of gage 1.

A.2.3 Explanation of typical process steps

• Reactive ion etching of the mono-Si layer is not a critical process step. The depth has to
be so deep that there are no short circuits between gages 1 and 2.
• The second SiO2 layer is needed for insulating and sealing of the gages. This layer has
to be as thin as possible in order to minimize stresses in the corner where both oxide
layers and a strain gage meet.
• Both designs have a gage length of 416984 µm and 254076 µm.
• Spinning of resist in steps b06 is done twice, because otherwise the step coverage is not
good. The resulting thick resist layer has to be illuminated for a relative long time,
because otherwise the development is not good.
• For successful bonding of both wafers it is required to work very neatly and to check
after every processing step if there are undesired particles on the bond surface. These
particles may make bonding impossible.

A.2.4 Mask description
For the design 3 masks are needed which are described Table A.5. The orientation of the
masks is shown in Fig. A.3 and Fig. A.4.
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Mask name
Description
“pressure area”
structuring grooves in substrate
“strain gages”
definition of strain gages
“contacts”
openings at bond pads through oxide
Table A.5: Mask description with names and development type for
black).

Inside
black
black
white
masks (inside white or

Top wafer:
pressure area

pressure area
Bottom wafer:
contacts
strain gages

Fig. A.3: Side view of the masks.
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pressure area

strain gages

contacts

Fig. A.4: Top view of the masks.

A.2.5 Process outline
In Table A.6-Table A.8 the process outline for the chip is presented.
Step
b02

Process description
Lithography “strain gages”

b03

RIE of mono-Si (9 µm)

Cross-section after processing
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b05

Wet thermal oxidation (0.5
µm)

b06

Lithography “contacts”
frontside + foil on backside

b07

BHF etching of SiO2

Table A.6: Process outline of the bottom wafer.

Step
t02

Process description
Lithography “pressure area”
backside and resist frontside

t03

RIE of Si (8 µm)

t05

Lithography “pressure area”
frontside

t06

RIE of Si (4.5 µm)

Cross-section after processing

Table A.7: Process outline of the top wafer.

Step
bt03

Process description
Aligned wafer bonding

Cross-section after processing
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bt07

Dicing

bt08

Breaking away silicon above
the bond pads

Table A.8: Process outline for bonding and dicing.

A.2.6 Process parameters
In Table A.9-Table A.12 the process parameters for the chip are presented.
Step
p01

Process
Select wafers

p02

Scribe ID-code on
wafers
Ultra-sonic
cleaning

p03

Process parameters
Bottom wafer:
-orientation mono layer and substrate
<100>
-conductivity boron doped mono layer
0.08-0.002 Ω·cm
-diameter 4 inch
-thickness ~470 µm
-single side polished
Top wafer:
-orientation <100>
-conductivity 1-10 Ω·cm
-diameter 4 inch
-thickness ~540 µm
-single side polished
-number wafers
-time 20 min

Table A.9: Wafer preparation steps.

Remarks
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Step
b01

Process
Introduction
cleaning

b02

Lithography
Olin907/12
frontside
processing

b03

Plasma etching of
silicon

b04

Online cleaning

b05

Wet Thermal
Oxidation S&A-3

Process parameters
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling 70 % nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 4000 rpm, 20 sec
-resist: Olin 907/12, 4000 rpm, 20 sec
-prebake: hotplate 95 °C, 60 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
7 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 60 min
-post postbake: furnace 150 °C, 15 min
-Oxford Plasma lab 100 ICP (Katharina)
-temperature: -110 °C
-SF6 flow 90 sccm
-O2 flow 0 sccm
-pressure 10 mTorr
-ICP power 600 W
Cleaning step:
-RIE-power 100 W (1 min)
-Vdc -12 V
Si etching:
-RIE-power 40 W
-Vdc -12 V
-profile: anisotropic
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Tempress Omega Junior III
-gasses H2O+N2

Remarks
-removal of light
organic particles
and metals

-mask “pressure
area”

-reservation
necessary
-time 3 min 30
sec

-removal of light
organic particles
and metals

-time 15 min
-thickness 0.5 µm
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-temperature 1150 °C

(check chart)

 (thickness − 300) 
- time = 
 min or
51.1


2

 (thickness − 300) 
time = 
 min
65.9


-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
(frontside)
-resist: Olin 907/35, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 120 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
30 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-apply foil on backside
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-remove foil
-etchrate 83 nm/min
2

b06

Lithography
Olin907/35
(frontside) +
apply foil
(backside)

b07

BHF etching of
SiO2

-spin resist twice
for good step
coverage
-mask “contacts”
-foil is also used
for dicing

-time 15 min,
gives overetching

Table A.10: Silicon bottom wafer processing steps.

Step
t01

Process
Introduction
cleaning

t02

Lithography
Olin907/17
frontside and
backside
processing

Process parameters
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling 70 % nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 4000 rpm, 20 sec
(backside)
-resist: Olin 907/17, 4000 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm

Remarks
-removal of light
organic particles
and metals

-mask “pressure
area”
-resist is
deposited on both
sides

Appendix A 175

t03

Plasma etching of
Si

t04

Online cleaning

t05

Lithography
Olin907/17
frontside
processing

3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
7 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-primer: HDMS, 4000 rpm, 20 sec
(frontside)
-resist: Olin 907/17, 4000 rpm, 20 sec
-postbake: hotplate 120 °C, 20 min
-Elektrotech PF 310/340 (Etske)
-clean chamber
-styros electrode
-showerhead
-electrode temp.: 10 °C
-SF6 flow 30 sccm
-CHF3 flow 25 sccm
-O2 flow 20 sccm
-pressure 75 mTorr
-power 75 Watt etch rate =533 nm/min
-profile: anisotropic
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 4000 rpm, 20 sec
-resist: Olin 907/17, 4000 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
7 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection

-time 15 min
-depth 8 µm

-removal of light
organic particles
and metals

-mask “pressure
area”
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-postbake: hotplate 120 °C, 20 min
t06

Plasma etching of
Si

-Elektrotech PF 310/340 (Etske)
-clean chamber
-styros electrode
-showerhead
-electrode temp.: 10 °C
-SF6 flow 30 sccm
-CHF3 flow 25 sccm
-O2 flow 20 sccm
-pressure 75 mTorr
-power 75 Watt etch rate =750 nm/min
-profile: anisotropic

-time 6 min
-depth 4.5 µm

Table A.11: Silicon top wafer processing steps.

Step
bt01

Process
Online cleaning

bt02

Cleaning
“piranha” bonding
top and bottom
wafer

bt03

Aligning & prebonding
4” wafers

Process parameters
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-60 sec HF(1%)-dip
-quick dump rinse, DI, <0.1 µS
-spin drying
-add H2O2 to H2SO4, 1:3
-exothermic process
-wait till temp. 100 °C, switch on heater
-time 20 min
-quick dump rinse, DI, <0.1 µS
-store and transport wafers under water
-spin dry just before bonding in nearest
bench
-spin parameters: time 1.5 min, max
speed
Maskaligner: Electronic Visions AL-6,
parameters:
-mask 0.6 mm
-substrate 0.6 mm
-wedge error eq. 8
-separation 60 µm
-contact vacuum, bottom bond
-N2 purge 5
-contact force 150/10 [10]
-manual correction 0 µm
-align alignment marks of top wafer to

Remarks
-direct before
bonding step
-check if wafers
are hydrophobic

-removal of
organics for
fusion bonding,
direct before
bonding step

-bottom wafer
must be put in
first
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bt04

IR-inspection

bt05

Annealing

bt06

IR-inspection

crosshairs
-adjust N2 pressure for centre bending
top
wafer (~1.5 bar)
-NO seal rise and NO purging prebonding
-use IR setup to check the pre-bond
-use tweezers for additional pressure to
promote bonding of not bonded spots
-furnace 4 (ICE)
-temperature 1000 °C
-N2 ambient
-time 120 min
-use IR setup to check final bond

bt07

Dicing

-dicing machine

bt08

Breaking away
silicon above
bond pads

-use a sharp knife

Table A.12: Bonding and dicing processing steps.

-alignment marks
on wafer: see
mask “pressure
area”
-for halfway
dicing in the top
wafer, 100 µm
silicon should
remain
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Appendix B
Process scheme of distributed capacitive load cell
B.1 Introduction
The fabrication process of the chip is described and discussed in §4.5.4. In this appendix a
detailed description of the process is given.

B.2 Design description
The chip consists of 1600 capacitors. The electrodes on the bottom wafer are deposited on a
silicon oxide layer and are made from Ti/Pt. The top wafer consists of an equal amount of
so-called load-bearing poles and capacitors poles. The former poles bear the load and the
latter form the counter-electrodes of the Ti/Pt electrodes. Under loading the load-bearing
poles are compressed and the capacitances of the capacitors increase, in this way providing
a measure for the load.

B.3 Explanation of typical process steps

• The Ti/Pt layer must be situated beneath the SiO2 layer to prevent electrical shortcircuiting at overloading.
• The plasma etching step in step t11 needs a depth of at least 8 µm, otherwise the
alignment marks cannot be seen during bonding. If double side polished wafers are
used, then a depth of 2 µm is sufficient.
• For bonding of two wafers it is required to work very neatly and to check after every
processing step if there are undesired particles on the bond surface.
• Long-time annealing in step bt06 is performed to increase the bond strength.

B.4 Mask description
For the design 3 masks are needed which are described in Table B.1. The orientation of the
masks is shown in Fig. B.1 and Fig. B.2.
Mask name
“botmetal”
“botcavity”
“deepetch”

Description
Structuring bottom electrodes (lift-off
technique)
structuring cavities and load bearing poles
structuring capacitors poles

Inside
white
black
black

Table B.1: Mask description with names and development type for masks (inside white or black).

Bottom wafer:

Fig. B.1: Side view of the masks.

Top wafer:
botmetal

botcavity

botcavity

botcavity
deepetch
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botmetal

botcavity

deepetch
Fig. B.2: Top view of the masks.

B.5 Process outline
In Table B.2-Table B.4 the process outline for the chip is presented.
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Step
b02

Process description
Wet thermal oxidation
(1 µm)

b03

Lithography “botmetal”
frontside + foil on backside

b04

BHF etching of SiO2 (500
nm)

b05

Deposition of
Ti(40 nm)/Pt(270 nm)
metal layer

b06

Lift-off of metal layer

b07

Resist frontside +
lithography “botcavity”
backside

b08

BHF etching of SiO2

Cross-section after processing

Table B.2: Process outline of the bottom wafer.
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Step
t02

Process description
Wet thermal oxidation
(0.5 µm)

t03

Lithography “botcavity”
frontside + foil on backside

t04

BHF etching of SiO2

t05

Isotropic etching of Si
(0.8 µm)

t07

Lithography “deep-etch”

t08

Deep reactive ion etching
(DRIE) of Si (185 µm)

t09

Lithography “botcavity”

t10

BHF etching of SiO2

t11+
t13

Plasma etching of Si (8 µm)
+
BHF and HF etching of SiO2

Table B.3: Process outline of the top wafer.

Cross-section after processing
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Step
bt03

Process description
Aligned wafer bonding

bt08

Dicing

bt09

Breaking away silicon above
the bond pads

Cross-section after processing

Table B.4: Process outline for bonding and dicing.

B.6 Process parameters
In Table B.5-Table B.8 the process parameters for the chip are presented.
Step
p01

Process
Select wafers

p02

Scribe ID-code on
wafers
Ultra-sonic
cleaning

p03

Process parameters
Silicon wafers:
-orientation <100>
-p-type, conductivity 0.008-0.02 Ω·cm
-diameter 4 inch
-thickness ~540 µm
-single side polished
-number wafers
-time 20 min

Table B.5: Wafer preparation steps.

Remarks

184 Micro-machined high capacity silicon load cells
Step
b01

Process
Introduction
cleaning

b02

Wet Thermal
Oxidation S&A-3

Process parameters
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling 70 % nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Tempress Omega Junior III
-gasses H2O+N2
-temperature 1150 °C

Remarks
-removal of light
organic particles
and metals

-time 3 hours
-thickness 1 µm
(check chart)

 (thickness − 300) 
- time = 
 min or
51.1


2

 (thickness − 300) 
time = 
 min
65.9


-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 4000 rpm, 20 sec
-resist: Olin 907/17, 4000 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
10 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-apply foil on backside
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-remove foil
-quick dump rinse, DI, <0.1 µS
-spin drying
-etch rate 83 nm/min
-home-built equipment “Sputterke”
-Ti and Pt target
-gas/flow: Ar/ 45 sccm
-temperature: water-cooled electrode
-base pressure 1.0e-6 mbar
-pressure before sputtering 4.2e-7 mbar
2

b03

Lithography
Olin907/17
processing
(frontside) +
apply foil
(backside)

b04

BHF etching of
SiO2

b05

Sputtering of
Ti(40 nm)/Pt(270
nm)

-mask “botmetal”

-time 6 min, gives
depth of 500 nm

- Sputter time for
Ti 5 min
- Sputter time for
Pt 15 min
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b06

b07

Lift-off by
ultrasonic
cleaning in
acetone
Lithography
Olin907/35
frontside and
backside
processing

b08

BHF etching of
SiO2

b09

Ultrasonic
cleaning in
acetone

-sputter pressure Ti: 7.8e-3 mbar
-sputter pressure Pt: 7.8e-3 mbar
-power 200 W
-deposition rate Ti: 8 nm/min
-deposition rate Pt: 18 nm/min
-acetone in a beaker
-quick dump rinse, DI, <0.1µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
(backside)
-resist: Olin 907/17, 3500 rpm, 20 sec
(backside)
-prebake: hotplate 95 °C, 120 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top/bot
100/10 N
0.4/0.6 mm
20 sec
2
-primer: HDMS, 3500 rpm, 20 sec
(frontside)
-resist: Olin 907/17, 3500 rpm, 20 sec
(frontside)
-prebake: hotplate 95 °C, 120 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-etchrate 60 nm/min
-acetone in a beaker
-quick dump rinse, DI, <0.1µS
-spin drying

Table B.6: Silicon bottom wafer processing steps.

-time 20 minutes

-mask “botcavity”
-spinning speed is
lower, because the
backside is rough.

-time 20 min,
gives overetching

-time 15 minutes
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Step
t01

Process
Introduction
cleaning

t02

Wet Thermal
Oxidation S&A-3

Process parameters
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling 70 % nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-Tempress Omega Junior III
-gasses H2O+N2
-temperature 1150 °C

Remarks
-removal of light
organic particles
and metals

-time 15 min
-thickness 0.5 µm
(check chart)

 (thickness − 300) 
- time = 
 min or
51.1


2

 (thickness − 300) 
time = 
 min
65.9


-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
-resist: Olin 907/17, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
10 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 20 min
-apply foil on backside
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-etchrate 60 nm/min
-HF(49%):HNO3(69%)=1:100
-quick dump rinse, DI, <0.1 µS
-spin drying
-etch rate=6.85 nm/min
2

t03

Lithography
Olin907/17
(frontside) +
apply foil
(backside)

t04

BHF etching of
SiO2

t05

Isotropic wet
chemical etching
of Si

t06

Online cleaning

-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min

-mask “botcavity”
-foil is also used
for dicing

-time 15 min,
gives overetching

-use a stirrer for
uniform etch rate
- time 130 sec,
giving a depth of
about 890 nm
-removal of light
organic particles
and metals
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t07

Lithography
Olin907/17
frontside
processing

t08

Plasma etching of
silicon

t09

Lithography
Olin907/17
backside
processing

-quick dump rinse, DI, <0.1 µS
-spin drying
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
-resist: Olin 907/12, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
10 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS
-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 30 min
-post postbake: furnace 150 °C, 30 min
-Oxford Plasma lab 100 ICP (Katharina)
-temperature: -110 °C
-SF6 flow 120 sccm
-O2 flow 0 sccm
-pressure 10 mTorr
-ICP power 600 W
Cleaning step:
-RIE-power 10 W (1 min)
-Vdc -40 V
Si etching:
-RIE-power 3 W
-Vdc -16 V
-profile: anisotropic
-S&A track/ ElectronicVisions Al-6
-primer: HDMS, 3500 rpm, 20 sec
-resist: Olin 907/17, 3500 rpm, 20 sec
-prebake: hotplate 95 °C, 90 sec
-Exposure parameters
5”
20 µm
3 mm
30 µm
4’’
top
100/10 N
0.4/0.6 mm
20 sec
2
-after exposure bake: 120 °C, 60 sec
-development: OPD 4262, 45-60 sec
-quick dump rinse, DI, <0.1 µS

-mask “deepetch”

-reservation
necessary
-time 83 min
giving a depth of
185 µm

-mask “botcavity”
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t10

BHF etching of
SiO2

t11

Plasma etching of
Si

t12

Online cleaning

t13

BHF + HF (1%)
etching of SiO2

-spin drying
-visual microscopic inspection
-postbake: hotplate 120 °C, 30 min
-standard S&A BHF (1:7)
-quick dump rinse, DI, <0.1 µS
-spin drying
-etchrate 60 nm/min
-Elektrotech PF 310/340 (Etske)
-clean chamber
-styros electrode
-showerhead
-electrode temp.: 10 °C
-SF6 flow 30 sccm
-CHF3 flow 25 sccm
-O2 flow 20 sccm
-pressure 75 mTorr
-power 75 Watt etch rate =533 nm/min
-profile: anisotropic
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-self made fresh BHF (1:7), 6 min
-quick dump rinse, DI, <0.1 µS
-self made fresh HF (1%), 5 min
-quick dump rinse, DI, <0.1 µS
-spin drying
-etch rate BHF (1:7) 60 nm/min
-etch rate HF (1%) 20 nm/min

-time 15 min,
gives overetching

-time 15 min
-depth 8 µm

-removal of light
organic particles
and metals

-After etching in
BHF still some
SiO2 must remain,
because BHF
(1:7) damages the
bond surface, HF
(1%) does not.

Table B.7: Silicon top wafer processing steps.

Step
bt01

Process
Online cleaning
top wafer

Process parameters
-fuming nitric acid (I), 5 min
-fuming nitric acid (II), 5 min
-quick dump rinse, DI, <0.1 µS
-boiling nitric acid (95 °C), 15 min
-quick dump rinse, DI, <0.1 µS
-60 sec HF (1%)-dip
-quick dump rinse, DI, <0.1 µS
-spin drying

Remarks
-directly before
bonding step
-check if wafer is
hydrophobic
-bottom wafer is
cleaned in acetone
(see b09)),
because Ti is
dissolved in HF.
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bt02

Cleaning
“piranha” bonding
top and bottom
wafer

bt02

Another option is
Oxygen Plasma
Clean

bt03

Aligning & prebonding
4” wafers

bt04

IR-inspection

bt05

Annealing

bt06

Post-annealing

-add H2O2 to H2SO4, 1:3
-exothermic process
-wait till temp. 100 °C, switch on heater
-time 20 min
-quick dump rinse, DI, <0.1 µS
-store and transport wafers under water
-spin dry just before bonding in nearest
bench
-spin parameters: time 1.5 min, max
speed
Nanotech Plasmaprep 100
-O2 flow 55 sccm
-power 120 W
-electrode temperature 150 °C
-pressure 2.00 mbar
-time 20 min

-removal of
organics for
fusion bonding,
directly before
bonding step

mask aligner: Electronic Visions AL-6,
parameters:
-mask 0.6 mm
-substrate 0.6 mm
-wedge error eq. 8
-separation 60 µm
-contact vacuum, bottom bond
-N2 purge 5
-contact force 150/10 [10]
-manual correction 0 µm
-align alignment marks of top wafer to
cross hairs
-adjust N2 pressure for centre bending
top
wafer (~1.5 bar)
-NO seal rise and NO purging prebonding
-use IR setup to check the pre-bond
-use tweezers for additional pressure to
promote bonding of not bonded spots
-Furnace 4 (ICE)
-temperature 600 °C
-N2 ambient
-time 120 min
-Furnace 4 (ICE)
-Temperature 350 °C
-N2 ambient
-time 14 hours

-bottom wafer
must be put in
first
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bt07

IR-inspection

-use IR setup to check final bond

bt08

Dicing

-dicing machine

bt09

Breaking away
silicon above
bond pads

-Use a sharp knife

Table B.8: Bonding and dicing processing steps.

-alignment marks
on wafer: see
mask “botcavity”
-for halfway
dicing in the top
wafer, 100 µm
silicon should
remain
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Appendix C
Equations for the hydraulic load cell
In equation (5-14):

A1 = 192(1 + α K ∆T )(α f − α h ) p1 ( s ) ;

A2 = 64(1 + α K ∆T ) p1 ( s ) ;
A3 = r14, 0 (1 + α h ∆T ) 4 (1 + α K ∆T ) p3 ( s ) ;
A4 = πr16, 0 (1 + α h ∆T ) 6 (1 + α K ∆T ) p4 ( s ) ;

(

)

A5 = 192 1 + 3(α f − α h )∆T p5 ( s ) ;

p1 ( s) = s − s ;
6

4

p3 ( s) = s 6 − (4 ln(s) + 1)s 4 + (4 ln(s ) − 1)s 2 + 1 ;
p4 ( s) = s 8 − 4s 6 + 6 s 4 − 4 s 2 + 1 ;
p5 ( s ) = s 8 − s 6 ;
s6
;
s 6 − 3s 4 + 3s 2 − 1
E (1 + α E ∆T )h03 (1 + α h ∆T ) 3 E0 h03 (1 + (α E + 3α h )∆T )
D= 0
≈
.
12(1 − ν 2 )
12(1 − ν 2 )
p6 ( s ) =

In equation (5-35):

p7 ( s ) =

[

]

3 (4 ln( s ) − 5) s 4 + (4 + 8 ln( s )) s 2 + 1
;
4( s 2 − 1) 2
p9 ( s ) =

p10 ( s ) =
p12 ( s ) =

[2s

[

[

In equation (5-42):

]

s4
;
( s 2 − 1) 2

3 s 4 + (4 − 8 ln( s )) s 2 − 4 ln( s ) − 5
;
4( s 2 − 1) 2

]

s s 6 − 6s 4 + (3 + 12 ln( s ) )s 2 + 2
;
2 s 6 − 3s 4 + 3s 2 − 1
6

p8 ( s ) =

(C-1)

(

+ (3 − 12 ln( s ))s − 6s
2( s 6 − 3s 4 + 3s 2 − 1)
4

2

)
+ 1]
;

p11 ( s ) =

p13 ( s ) =

s5
;
( s − 3s + 3s 2 − 1)
6

4

s6
;
( s − 3s + 3s 2 − 1)
6

B1 = 192(1 + α K ∆T )(α f − α h ) p14 ( s ) ;

B2 = 64(1 + α K ∆T ) p14 ( s ) ;
B3 = r14, 0 (1 + α h ∆T ) 4 (1 + α K ∆T ) p15 ( s ) ;
B4 = πr16, 0 (1 + α h ∆T ) 6 (1 + α K ∆T ) p16 ( s ) ;
B5 = 768(1 + 3(α f − α h )∆T ) p17 ( s ) ;

p14 (s ) = s 8 − (4 ln(s ) 2 + 2) s 6 + s 4 ;

4

(C-2)
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(

)

(

)

(

)

p15 ( s ) = s 8 − 2 2 ln(s ) 2 + 2 ln(s ) + 1 s 6 + 8 ln(s ) + 2 ln(s ) 3 s 4 + 2 2 ln(s) 2 − 2 ln(s) + 1 s 2 − 1 ;

[

[

]

p16 ( s ) = (4 Da + Db ) s − 16( Da + Db ) ln(s ) − 24 Db ln(s ) + 20 Da + 17 Db s +
10

2

]

[

8

]

2 24Da ln(s) − 12Db ln(s) + 20Da + 23Db s − 2 24Da ln(s) + 12Db ln(s) + 20Da + 23Db s 4 +
2

[

6

2

]

+ 16( Da + Db ) ln(s ) + 24 Db ln(s ) + 20 Da + 17 Db s − 4 Da − Db ;
2

[

]

2

p17 ( s) = s10 − 4 ln(s) 2 + 2 s 8 + s 6 ;
s=
Da =

r1a , 0 (1 + α h ∆T ) r1b , 0 (1 + α h ∆T )
r1a
r
;
=
= 1b =
r2 a r2b r2 a , 0 (1 + α h ∆T ) r2b , 0 (1 + α h ∆T )

E0 (1 + α E ∆T )ha3, 0 (1 + α h ∆T ) 3
12(1 −ν 2 )

;

Db =

E0 (1 + α E ∆T )hb3, 0 (1 + α h ∆T ) 3
12(1 − ν 2 )

;

p5 ( s ) p4 ( s )

p6 ( s )

p1 ( s )

p3 ( s )

s=

r1
r2

Fig. C.1: Graph of polynoms pi (s ) ( i = 1,3,4,5,6 ) as a function of the ratio of both radii.

(C-3)
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p10 ( s )
p12 ( s )

p7 ( s )
p9 ( s )

s=

r1
r2

Fig. C.2a: Graph of polynomials pi (s ) ( i = 7,9,10,12) as a function of the ratio of the radii.

p11 ( s )

p13 ( s )

p8 ( s )
s=

r1
r2

Fig. C.2b: Graph of polynomials pi (s ) ( i = 8,11,13) as a function of the ratio of the radii.
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Summary
The aim of the research presented in this thesis is to improve the performance of high
capacity conventional load cells or force sensors by using silicon as the base material.
Silicon is used because it offers the possibility of realising small, light, low cost and high
performance mechanical sensors. The goal is to measure loads up to 1000 kg with an
accuracy of about ±0.03 % of the full-scale output (fso).
From an analysis it appears that high capacity silicon load cells need a spring element
which is compressed, because otherwise the chip will break under loading. In order to
eliminate for the effect of changes of the position of the loading point on the chip, the
choice is made to make a sensing system which integrates the force distribution on the chip
(distributed sensing). For these kind of chips a package is designed in which the influence
of side forces are eliminated.
Three different sensing principles are investigated: piezoresistive, capacitive and
resonating. Of these principles the following aspects are discussed: sensitivity, noise level,
temperature coefficient of the offset, temperature coefficient of the sensitivity, long-term
stability, possibility for distributed sensing and costs. It is shown that the resonating
principle is not suitable for distributed sensing. As far as costs and accuracy are concerned,
it is concluded that the piezoresistive principle is a low-cost solution. The accuracies which
can be achieved are medium. For very high accuracies the resonating principle is preferred.
However, the production process of resonators is complex and therefore expensive. The
capacitive principle forms a balanced solution in-between the piezoresistive and resonating
principles.
A silicon load cell with two poly-Si strain gages is realised from one wafer. One gage is
compressed by the applied load. The other is used for the compensation of the temperature
coefficient of resistivity, the in-plane stresses due to stretching and bending of the chip and
for same changes in zero load resistor values. It is theoretically shown that the ratio of
resistances of both gages is a linear function of the total force and is independent of the
force distribution on the chip. A finite element model is made which is able to accurately
predict the sensitivity of the sensor. Hysteresis is tested at four temperatures between 20 ºC
and 50 ºC. The measurements show a hysteresis error within ±0.138 % of the fso. Creep at
1000 kg is smaller than 0.01 % of the fso. Repeatability at 1000 kg is within ±0.04 % of the
fso.
In addition to the chip with poly-Si gages a same type of load cell is developed the only
difference being that the gages consist of monocrystalline silicon. Now, on top of the
compressed gage a wafer is bonded to reduce the influence of slip between the chip and the
package. From hysteresis measurements at four temperatures between 20 ºC and 50 ºC an
error within ±0.058 % of the fso is obtained. Creep at 1000 kg amounts to 0.02 %-0.16 %
of the fso. Repeatability at 1000 kg is within ±0.10 % of the fso. Probably, the relatively
high values of the creep and repeatability errors are due to the high temperature coefficient
of the sensitivity.
Furthermore, a capacitive silicon load cell is realised. The chip consists of 1600 poles
which carry the load. In between the poles 1600 capacitors are formed to measure the
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deformation of the chip under loading. It can be shown that sum of the reciprocal values of
these capacitors is independent of the force distribution on the chip and is a linear function
of the total applied force. However, in practice it is impossible to measure 1600 capacitors
individually. Therefore, these are clustered into 25 groups, each group consisting of 64
capacitors connected in parallel. It is shown that for this case the sum of the 25 reciprocal
values of the capacitors is almost independent of the force distribution. This can be no
obstacle for achieving the accuracy of ±0.03 % of the fso.
The chip consists of two bonded wafers. On the bottom wafer, the electrodes of the
capacitors are placed which are made of a titanum/platinum layer. The highly conductive
top wafer forms the common electrode for all capacitors. It is shown that hillocks (spikes)
in the metal are smaller than 100 nm so that for an electrode distance of 1 µm electrical
short-circuits are not expected.
The capacitances are determined with the help of a Modified Martin oscillator circuit.
The influence of parasitic capacitances and resistances in the circuit is investigated
analytically.
The capacitive load cell can only be tested up to 500 kg. For higher loads short-circuits
between the electrodes appear. At room temperature a hysteresis error within ±0.014 % of
the fso appears. Creep is smaller than 0.01 % of the fso. The temperature dependence and
repeatability cannot be tested due to stability problems with the Modified Martin oscillator.
As silicon is a brittle material, a design is realised in which the force is first transformed
into a fluid pressure. The axi-symmetric design consists of a steel boss that is attached to a
membrane. Both parts enclose a thin fluid layer of about 2 mm. The force is applied to the
centre of the boss. It is shown that the differential pressure between the fluid and
surrounding air is a linear function of the force. Besides, it appears that the relation between
pressure and force is independent of the elastic properties of the membrane and is only a
function of the radii of the boss and the membrane. Due to this it can be expected that the
transformation has a small dependence on hysteresis and creep. The results of the analytical
analysis are in agreement with the results of the finite element calculations.
The pressure is determined with a commercial high precision silicon pressure sensor in
which resonators measure the deformation. It is shown that there is good agreement
between the calculations and measurements. The hysteresis is within ±0.016 % of the fso.
Creep is smaller than 0.01 % of the fso. The repeatability error is largest at 1000 kg and
amounts ±0.18 % of the fso.
It can be concluded that silicon load cells are a suitable alternative to standard conventional
load cells, because accuracies of ±0.03 % of the fso are feasible. This conclusion is
certainly true if the realised silicon load cells are compared to miniature conventional load
cells with a typical accuracy of ±0.25 % of the fso.
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Samenvatting
Het doel van het onderzoek beschreven in dit proefschrift is het verbeteren van de prestaties
van conventionele load cellen of krachtsensoren uit de hoge gewichtscategorie door gebruik
te maken van silicium als basismateriaal. Silicium is gebruikt omdat het de mogelijkheid
biedt om kleine, lichte, goedkope en nauwkeurige mechanische sensoren te maken. Het
doel is om gewichten tot 1000 kg te meten met een nauwkeurigheid van ongeveer ±0.03 %
van de volle schaal uitslag (vsu).
Uit de analyse blijkt dat silicium load cellen uit de hoge gewichtscategorie een veerelement nodig hebben dat samengedrukt wordt, omdat anders de chip zal breken onder last.
Om veranderingen in de positie van het aangrijpingspunt van de kracht te elimineren, is de
keuze gemaakt om een meetsysteem te maken dat de krachtsverdeling op de chip integreert
(gedistribueerd meten). Voor dit type chips is een behuizing gemaakt waarmee de invloed
van zijwaartse krachten wordt geëlimineerd.
Drie verschillende meetprincipes zijn onderzocht: piezoresistief, capacitief en
resonerend. Van deze principes zijn de volgende aspecten besproken: gevoeligheid, ruis
niveau, temperatuurs coëfficient in onbelaste toestand, temperatuurs coëfficient van de
gevoeligheid, lange termijn stabiliteit, mogelijkheid voor gedistribueerd meten en kosten.
Wat de kosten en nauwkeurigheid betreft, geldt dat het piezoresistieve principe een
goedkope oplossing is. De nauwkeurigheden die gehaald kunnen worden zijn gemiddeld.
Voor hele hoge nauwkeurigheden heeft het resonerende principe de voorkeur. Echter, het
produktie proces van resonatoren is complex en daarom duur. Het capacitieve principe
vormt een uitgebalanceerde oplossing tussen het piezoresistieve en resonerende principe.
Het is aangetoond dat het resonerende principe niet geschikt is voor gedistribueerd
meten, maar dat het alleen kan worden toegepast in een druksensor. In dit proefschrift zijn
alle principes opgenomen in een silicium load cell.
Een silicium load cell met twee poly-silicium rekstrookjes is gemaakt uit een wafer. Eén
rekstrook wordt samengedrukt door de aangebrachte kracht. De andere wordt gebruikt voor
de compensatie van de temperatuurs coëfficient van de weerstand, de mechanische
spanningen veroorzaakt door buigen en rekken van de chip en voor gelijke veranderingen
van de rekstroken in onbelaste toestand. Het is theoretisch aangetoond dat de ratio van de
weerstanden van beide rekstroken een lineaire functie is van de totale kracht en
onafhankelijk is van de krachtsverdeling op de chip. Een eindig elementen model is
gemaakt waarmee nauwkeurig de gevoeligheid van de sensor kan worden voorspeld.
Hysterese is getest bij vier temperaturen tussen 20 ºC and 50 ºC. De metingen tonen aan dat
de hysterese fout binnen ±0.138 % van de vsu ligt. Kruip bij 1000 kg is kleiner dan 0.01 %
van de vsu. Reproduceerbaarheid bij 1000 kg is binnen ±0.04 % van de vsu.
Naast de chip met poly-silicium rekstroken is een zelfde type load cell ontwikkeld. Het
enige verschil is dat de rekstroken van monocrystallijn silicium gemaakt zijn. Bovenop de
rekstrook die samengedrukt wordt, is nu een wafer gebond waarmee de invloed van slip
tussen de chip en de behuizing gereduceerd wordt. Uit hysterese metingen die gedaan zijn
bij vier temperaturen tussen 20 ºC and 50 ºC wordt een hysterese fout verkregen die binnen
±0.058 % van de vsu ligt. Kruip bij 1000 kg bedraagt 0.02 %-0.16 % van de vsu.
Repeteerbaarheid bij 1000 kg is binnen ±0.10 % van de vsu. Waarschijnlijk zijn de relatief
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grote fouten bij kruip en repeteerbaarheid veroorzaakt door de hoge temperatuurs
coëfficient van de gevoeligheid.
Ook is er een capacitieve load cell gerealiseerd. De chip bestaat uit 1600 palen die de kracht
dragen. Tussen de palen zijn 1600 capaciteiten gemaakt om de deformatie van de chip
onder last te meten. Aangetoond kan worden dat de som van de reciproke waardes van deze
capaciteiten onafhankelijk is van de krachtsverdeling op de chip en een lineaire functie is
van de totaal aangebrachte kracht. Echter, in de praktijk is het onmogelijk om 1600
capaciteiten individueel te meten. Daarom worden deze capaciteiten geclusterd in 25
groepen waarbij elke groep bestaat uit 64 parallel geschakelde capaciteiten. Er is
aangetoond dat in dit geval de som van de 25 reciproke waardes van deze capaciteiten bijna
onafhankelijk is van de krachtsverdeling. Dit kan geen belemmering zijn voor de vereiste
nauwkeurigheid van ±0.03 % van de vsu.
De chip bestaat uit twee gebonde wafers. Op de onderste wafer zijn de electrodes van de
capaciteiten geplaatst die gemaakt zijn van een titaan/platina laag. De hoog geleidende
bovenste wafer vormt de gemeenschappelijke electrode voor alle capaciteiten. Er is
aangetoond dat de heuveltjes (uitstulpingen) in het metaal kleiner zijn dan 100 nm, zodat
voor een electrode afstand van 1 µm geen kortsluitingen verwacht worden.
De capaciteiten zijn bepaald m.b.v. een Modified Martin oscillator circuit. De invloed
van parasitaire capaciteiten en weerstanden in het circuit is analytisch onderzocht.
De capacitieve load cell kan tot 500 kg belast worden. Voor hogere belastingen treden
er kortsluitingen tussen de electrodes op. Bij kamer temperatuur wordt een hysterese fout
binnen ±0.014 % van de vsu gemeten. Kruip is kleiner dan 0.01 % van de vsu. De
temperatuursafhankelijkheid en repeteerbaarheid kunnen niet worden getest vanwege
stabiliteitsproblemen van de Modified Martin oscillator.
Daar silicium een bros materiaal is, is een design gerealiseerd waarin de kracht eerst in een
vloeistofdruk omgezet wordt. Het axiaal-symmetrische ontwerp bestaat uit een stalen blok
dat vastgemaakt is aan een membraan. Beide delen sluiten een dunne vloeistof film van 2
mm af. De kracht grijpt aan in het centrum van het blok. Er wordt aangetoond dat de
verschildruk tussen de vloeistof en de omgevingslucht een lineaire functie van de kracht is.
Ook blijkt dat de relatie tussen druk en kracht onafhankelijk is van de elastische
eigenschappen van het membraan en slechts een functie is van de radii van het blok en het
membraan. Hierdoor kan verwacht worden dat de transformatie weinig afhankelijk is van
hysterese en kruip. De resultaten van de analytische analyse zijn in overeenstemming met
de eindige elementen berekeningen. De druk wordt gemeten met een commerciële hoge
precisie silicium druksensor waarin resonatoren de deformatie meten. Er wordt aangetoond
dat er goede overeenstemming is tussen de berekeningen en metingen. De hysterese is
binnen ±0.016 % van de vsu. Kruip is kleiner dan 0.01 % van de vsu. De
repeteerbaarheidsfout is het grootst bij 1000 kg en bedraagt ±0.18 % van de vsu.
Er kan geconcludeerd worden dat silicium load cellen een geschikt alternatief zijn voor
standaard conventionele load cellen, omdat nauwkeurigheden van ±0.03 % van de vsu
haalbaar zijn. Deze conclusie is zeker waar wanneer de gerealiseerde silicium load cellen
worden vergeleken met miniatuur conventionele load cellen met een typische
nauwkeurigheid ±0.25 % van de vsu.
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