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Abstract

The paramagnetic properties of oxygen can be used in sensors to measure the oxygen
percentage. MEMS technology could improve conventional paramagnetic oxygen sensors
in miniaturisation and fabrication costs. In this thesis assignment, two concepts based
on the deflection of flow and magnetic wind have been fabricated in the cleanroom and
tested. To this end, a theoretical basis is made for paramagnetic FEM simulations and flow
sensor design. Testing of both sensors strongly indicates an oxygen responsivity. There is,
however, signal pollution by flow rate sensitivity and yet to be identified sources. Further
understanding of the sensor and adjustments to the sensor design are required to accurately
measure the oxygen concentration.
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Chapter 1

Introduction
1.1 Background

The oxygen concentration is critical for many processes and applications, from internal
combustion engines, where the right ratio of fuel to oxygen is needed, to life sciences,
where oxygen sensors are used in medical fields or to track fermentation processes [1]. To
monitor these processes, oxygen sensors are used, of which a wide variety exists. The
sensors can be grouped into a few working principles: electrochemical, solid-state, optical,
and paramagnetic.

Electrochemical sensors, such as Galvanic sensors, generate an electrical current by a
chemical reaction proportional to the oxygen concentration. Due to their simplicity, cost-
effectiveness, and linear response, these sensors are widely used in medical devices and
portable gas detectors. However, they face limited response times and a relatively short
lifespan of 1 to 2 years [2].

Solid-state sensors, represented by zirconia (ZrO2) and titanium oxide (TiO2) sen-
sors, leverage the unique properties of certain ceramics at high temperatures. Zirconia
sensors, in particular, have found widespread use in automotive exhaust systems and in-
dustrial furnaces, as they are robust in harsh environments. While these sensors excel in
high-temperature applications, they require heating and are generally more complex and
expensive than their electrochemical counterparts [2].

Optical oxygen sensors represent a more recent innovation in the field. These sensors
use the principle of luminescence quenching by oxygen to provide fast, non-consumptive
measurements. Their ability to be miniaturized and their immunity to interference from
other gases make them ideal for medical diagnostics, food packaging, and biotechnology
applications. However, they can be sensitive to environmental factors such as light and
temperature, requiring careful calibration and control [1][3].

Electrochemical fuel cell sensors offer a long-term solution for oxygen sensing, partic-
ularly in industrial safety and environmental monitoring applications. While more expen-
sive, these sensors provide stable output over extended periods [2].

Paramagnetic oxygen sensors

Paramagnetic oxygen sensors also play a role in the oxygen sensor market. These sensors
work based on the paramagnetic material property that is mainly specific to oxygen, making
them highly selective in normal air. By manipulating oxygen with magnetic fields, they
can accurately measure oxygen concentration.
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1.1. BACKGROUND CHAPTER 1. INTRODUCTION

(a) (b)

(c) (d)

Figure 1.1: (a) Schematic of the dumbbell sensor concept [4]. (b) Schematic of the XMO2 sensor
showing the principle of magnetic wind [5]. (c) Magnetic wind sensor [6]. (d) Fluidic bridge based
MEMS paramagnetic oxygen sensor that works based on air deflection proportional to the oxygen
concentration [7].

Examples include the dumbbell as shown in Figure 1.1a, where a dumbbell structure is
pivoted in the middle. The dumbbell balls, neutrally buoyant in air, are in the range of a
magnetic field. Once oxygen gets attracted to the magnets, air density will slightly change.
Being neutrally buoyant, the balls move due to the change in pressure, proportional to the
oxygen concentration. This movement is read out by deflecting a light beam from the
pivoting point of the dumbbell [4][8].

Another example is the XMO2 from General Electric, which uses the thermal magnetic
wind phenomenon depicted in Figure 1.1b. Because the magnetic property of oxygen
decreases with temperature, convection can be created by one side pulling in the air with
a magnet and letting it go by heating the other side [5].

However, commercially available paramagnetic oxygen sensors are generally fragile and
expensive, and their manufacturing elaborate [4]. This is where MEMS-based sensors can
provide a solution; sensor fabrication can be scaled using MEMS fabrication technology,
allowing for robust and small sensors.

A few of these paramagnetic sensors have an existing counterpart in MEMS. The dumb-
bell principle has been demonstrated in MEMS technology [8]. Based on the same principle
of the XMO2, a concept of a miniaturized oxygen sensor has been worked out in [6]. As
shown in Figure 1.1c, the sensor has a gas flow split into two channels from the top to the
bottom. Cold air gets pulled in by a magnetic field from the left and can leave the tube
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1.2. RESEARCH GOALS CHAPTER 1. INTRODUCTION

via the warmed-up side by a coil, which is then read out by a Wheatstone bridge. There
is no publication yet on a fabricated MEMS device of this type.

Some original ideas could only work on the MEMS scale, such as the paramagnetic
deflection sensor, where the amount of deflected gas by a magnet from a primary gas
stream is proportional to the oxygen concentration shown in Figure 1.1d [7]. However,
none of the experimental MEMS paramagnetic oxygen sensors are commercially available
yet [4].

1.2 Research goals

This thesis aims to contribute towards the development of MEMS-based paramagnetic
oxygen sensors by providing a proof of concept that leverages existing sensor principles.
This will be done for the deflection sensor (Figure 1.1d), where oxygen causes a deflection
of flow, and for the magnetic wind phenomenon (Figure 1.1c).

Ultimately, the sensor designs will be fabricated in the cleanroom. To this end, FEM
simulations and theoretical analyses of the MEMS sensor designs will be conducted. Sim-
ulations will be used to predict sensor behaviour and optimize design parameters. The
analysis will contribute towards refining the design.

After the design, prototype MEMS paramagnetic oxygen sensors will be fabricated
based on the optimized designs to test their performance using oxygen percentages between
0 vol.% and 20 vol.%. Prototypes will be fabricated using standard MEMS processing
techniques. Ultimately, a sensor with a sensitivity and response time comparable to the
commercially available sensors is targeted. This means an accuracy of 0.1 vol.% oxygen
and a response time from 0 vol.% to 20 vol.% of below 1 second.

1.3 Thesis outline

Beginning with theory, Chapter 2 will cover paramagnetic forces on oxygen and the flow
sensor based on hot wires. Based on the theory two sensor concepts are proposed in Chapter
3: a deflection and a magnetic wind based sensor. The realisation and fabrication of these
sensors in MEMS technology is covered in Chapter 4. Chapter 5 and Chapter 6 cover
the testing methods and materials and the subsequent results and discussion, respectively.
Lastly, a conclusion is formed in Chapter 7 with recommendations for further research.
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Chapter 2

Theory
This chapter covers the fundamental theory to gain insight into the sensor's behaviour.
The theory and models are subsequently used for the sensor's design and simulations. The
theory is divided into two sections: the interaction of a paramagnetic gas with a magnetic
�eld and heaters and the theory and model for hot-wire �ow sensing.

2.1 Paramagnetism of oxygen

The magnetic properties of materials originate from the magnetic moments of their con-
stituent atoms [9][10]. These magnetic moments arise from the spin angular momentum
of electrons, where each electron can be thought of as a tiny loop of current creating a
magnetic �eld. The arrangement of electron spins is governed by quantum mechanical
principles, particularly Hund's rule, which provides guidelines for determining the ground
state con�guration of multi-electron atoms. Electrons occupy orbitals to maximize the
total spin quantum number. For a given orbital, the con�guration with the largest total
orbital angular momentum in one direction is preferred. Figure 2.1 shows the electron or-
bital �lling for oxygen atoms and molecules [4]. The two unpaired spins contribute towards
a net magnetic moment in the oxygen molecule, indicating its magnetic properties. How-
ever, the net magnetic �eld of oxygen gas remains zero as their alignment is randomized
due to thermal �uctuation.

Figure 2.1: Simpli�ed schematic of the electron spin occupation of the individual oxygen atoms
and the oxygen molecule.
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2.1. PARAMAGNETISM OF OXYGEN CHAPTER 2. THEORY

Magnetic susceptibility

Magnetic materials distinguish themselves by reacting to an external magnetic �eldH
by creating their own magnetic �eld, referred to as the magnetizationM , the magnetic
moment per unit volume. The ratio between H and M is a unitless material property
susceptibility M = � H . This �eld is opposite to the external �eld for diamagnetics ( � < 0).
Paramagnetic and ferromagnetic materials have a �eld that adds to the total applied �eld
(� > 0).

The susceptibility is proportional to the number of unpaired electron spins

� =
N� 2

B

3kT
; (2.1)

with the number of particles per volume N , the Bohr magneton � B , Boltzmann constant
k, and the temperature T [10]. Building upon Curie's law C = �=T , it shows how �
is inversely proportional to the temperature. This results from an increased di�culty in
aligning the molecules with increased thermal energy. On the other hand, a higher pressure
increases susceptibility as the density of magnetic dipoles per volume becomes larger [9].
The dependencies on temperature and pressure have been modelled using

� = � 0
PT2

0

P0T2 y (2.2)

where the � 0 is the susceptibility under the temperature and pressure ofT0; P0, and y the
volume fraction of oxygen [11].

In Table 2.1 various susceptibility values for commonly found gasses in ambient air are
shown. Oxygen is the only common gas in the air with a signi�cantly positive susceptibility
value. This property is used to monitor oxygen levels selectively. Apart from oxygen, nitric
oxide (NO) and nitrogen dioxide (NO2) also have a relatively high susceptibility, but their
presence in normal air is negligible.

Table 2.1: Susceptibility values of various gasses [4].

Gas N2 O2 Ar CO 2 NO NO2

Susceptibility � [10� 10] � 42:28 6880 � 97:07 � 116:2 5510 864.9

Paramagnetic volume force

Aligning the magnetic dipoles requires work. When no external �eld is applied, the net
magnetic moment is 0 due to thermal �uctuations. IncreasingH starts to align the dipoles,
and the subsequently risingM stores potential energy in the alignment of the magnetic
dipoles [9]. The change in potential energy can be expressed as

dW = � � 0H � dM (2.3)

with the magnetic permeability � 0. The energy can be found by integrating work over the
change in magnetization. For linear, isotropic, and homogeneous (LIH) magnetic materials,
M increases proportionally toH with susceptibility � or M = � H [9]. This results in

6



2.1. PARAMAGNETISM OF OXYGEN CHAPTER 2. THEORY

W = � � 0

Z M

0
H � dM = � � 0

Z M

0

1
�

M � dM = �
1
2

� 0H � M : (2.4)

The equation shows that aligning the magnetization with the externally applied �eld mini-
mizes the system's energy state. The volume force can be found by looking at the gradient
of the potential energy

F = �r W = r
�

1
2

� 0H � M
�

(2.5)

where the force is in the direction of minimizing energy. SubstitutingM = � H into
eq. (2.5) and rearranging all constants results in

F =
1
2

� 0� r H 2: (2.6)

Rewriting equation 2.6 in B can be done assuming

B = � 0(H + M ) = � 0H (1 + � ) � � 0H : (2.7)

This holds as paramagnetic susceptibility is very small (� � 1), in the range of 10� 5 � 10� 3

[9]. Substituting eq. (2.7) into eq. (2.6) then yields

FV =
�

2� 0
r B 2: (2.8)

This states that the force points towards an increasing magnetic �eld, where the steeper
gradient in the �eld creates a larger force independent of polarity.

Gas Dynamics of Oxygen in Air Under Magnetic Force

Due to gas dynamics at the molecular level, the air mixture tends to move when only the
oxygen fraction in air experiences a volume force. In typical atmospheric conditions, gas
molecules undergo frequent collisions. For air at room temperature, the collision frequency
is 7:9 � 109 collisions per second with a mean free path of68 nm.

When magnetic forces accelerate paramagnetic oxygen molecules, they collide with
other air components, primarily nitrogen. These collisions result in energy and momentum
transfer. The time scale of this energy transfer is much shorter than the time scale of
macroscopic gas movement. It should, therefore, be reasonable to approximate the air
mixture as a whole with a volume force proportional to the volume fraction of oxygen
present as has been done in [4].
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2.2. HOT WIRE CHAPTER 2. THEORY

2.2 Hot wire

Hot wires will be used as a sensor to measure the �ow of gasses due to their paramagnetic
interactions with oxygen. To better understand the mechanics of these wires, the temper-
ature of the wire and the temperature �ow dependance will be examined.

Figure 2.2: Schematic cross-section showing the hexagonal channel with two wires crossing.

The temperature of the wire is the result of a heat or energy balance. Figure 2.2
shows a schematic of the wire. The input energy is provided by joule heating using a
direct current over a resistance. Heat losses can occur via various mechanisms. A large
fraction of the losses will be in the form of conduction, either to the surrounding �uid or
at the attachment points of the wire. Another form of heat loss is via convection, where a
moving �uid mass carries heat away from the wire. Radiative losses in conventional MEMS
for similar structures will be negligible compared to other losses and, therefore, omitted
[12][13].

Following the derivation by Bruun [13] of a comprehensive hot wire model, the heat
balance for a segmentdy along the beam can be expressed as

� kwAw
@2Tw

@y2
+ �dhT o =

I 2Rw

Aw
(2.9)

with the beam thermal conductivity kw , beam crossectional areaAw , the wire overheat
temperature To, the di�erence between the ambient and the heated temperature at position
y along the wire, characteristic width of the beamd, heat transfer coe�cient h, wire current
I , and wire resistance at �uid temperature Ra. The �rst term represents the conductive
changes in the beam's temperature, resulting in sidewall losses. The second term models
the heat transfer to outside the wire, and the third term is the joule heat generation.

As the wire's resistivity Rw is also temperature dependent withRw = Ra(1 + �T o) it
can be substituted and reordered as

� kwAw
@2Tw

@y2
+ �dhT o =

I 2

Aw
Ra(1 + �T o); (2.10a)

� kwAw
@2Tw

@y2
+

�
I 2Ra�

Aw
+ �dh

�
To =

I 2Ra

Aw
: (2.10b)

8



2.2. HOT WIRE CHAPTER 2. THEORY

The energy balance of the wire can be written as the homogenous second-order di�er-
ential equation

d2To

dy2 + K 1To + K 2 = 0 : (2.11a)

with

K 1 =
I 2� a�
kwA2

w
�

�dh
kwAw

; (2.11b)

K 2 =
I 2� a

kwA2
w

: (2.11c)

A solution to this di�erential equation is found in the form

To =
K 2

jK 1j

2

41 �
cosh

� p
jK 1jx

�

cosh
� p

jK 1j l
2

�

3

5 : (2.12)

The average temperature of the wire can be found integrating eq. (2.10b), which yields

To;m =
K 2

jK 1j

2

41 �
tanh

� p
jK 1j l

2

�

p
jK 1j l

2

3

5 : (2.13)

Figure 2.3 shows the changing temperature pro�le for increasing width over length
ratios. As the width relative to the length of the wire increases, the heat conduction to
the substrate becomes more signi�cant, decreasing the average temperature.

Figure 2.3: The temperature pro�le along a heated wire for increasing wire width over length
ratios. Temperature curves are normalised to their peak temperature.
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2.3. HOT WIRE WITH CROSS FLOW CHAPTER 2. THEORY

2.3 Hot wire with cross �ow

Placing a wire across the channel as depicted in Figure 2.2 allows for anemometric opera-
tion; the �ow carries heat away from the wire, leading to a temperature drop of the wire
and an increase in the temperature of the gas downrange. How well the heat is carried
away by the �uid depends on its behaviour.

Flow regimes

Gas �ows can behave di�erently depending on the velocity. A factor in determining the
�ow behaviour is the ratio of viscous forces to inertial forces within the �uid. Viscosity
stabilizes, causing the �uid to �ow in smooth, parallel layers�a phenomenon known as
laminar �ow. However, the �ow becomes turbulent when inertial forces overcome this
viscous damping. These distinct �ow regimes can be di�erentiated using the Reynolds
number (Re), a dimensionless quantity de�ned as

Re =
vDh

�
(2.14)

with the �uid velocity v in m s� 1, the hydraulic diameter Dh in m, and the kinematic
viscosity of the �uid � in m2 s� 1.

At the boundary between a �uid and a solid wall, friction causes the �uid velocity
to drop to zero, creating a thin boundary layer. The bulk �uid follows the path of least
resistance, automatically diverting and increasing its �ow away from walls. However, for
submicrometer dimensions, this boundary layer decreases as friction decreases. More �uid
moves closer to the surface.

The Knudsen number (Kn) can identify the boundary layer regimes. the ratio of the
molecular mean free path to the characteristic �ow dimension. It de�nes di�erent �ow
regimes going from a continuum of �ow (Kn < 0.001), where the collisions between gas
particles are frequent, �owing cohesively, to molecular �ow (Kn > 10), where interactions
are scarce.

For most MEMS applications, the Reynolds number will be low enough for laminar �ow.
The Knudsen number is normally high enough to assume stationary velocity boundary
conditions. Flow velocities are also low enough to approximate gas as a non-compressable
�uid, as the �uid will redistribute fast enough.

Heat transfer

Heat is primarily lost through conduction and convection. Convective heat transfer de-
pends on the amount of heat carried away by the �ow and the amount that the heat can
di�use through the �uid [14]. In the case of no �ow, heat will be conducted via the sub-
strate at the wire's endpoints. Ideally, these losses are minimized as they do not contribute
to the sensing of the �uid �ow. Convective losses are mainly due to the moving �uid car-
rying away heat or forced convection. In the macroscale hot wires, free convection and air
circulation also play a role due to the buoyancy of increased temperature. However, due
to the relatively large viscous forces at the microscale, the �uid mainly remains stationary
[12].

In the model of Bruun (eq. (2.12)), the �ow dependence of the temperature of the wire
depends on the heat transfer coe�cienth. According to Newton's law of cooling,h relates
the heat loss as a �ux over the wire's surface area_Q with the temperature di�erence � T
of the wire to the �uid as
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2.3. HOT WIRE WITH CROSS FLOW CHAPTER 2. THEORY

h =
_Q

� T
: (2.15)

The coe�cient h itself is also a function of the �uid velocity. Commonly, this has been
modelled using the King's law approach [12] [15]

h = A + Bv
1
n (2.16)

with the conductive losses represented byA, the convective losses byB and the shape
factor n, which is usually found to be around 2 [16]. The values ofA and B depend on
wire geometry [17]. Nominal values found for hot wire anemometry with gasses range from
5 to 25 W m � 2 K for free convection and 20 to 300W m � 2 K for forced convection [14].

Temperature distribution along the channel

The temperature distribution along the channel has been modelled by Lammerink [18]. A
qualitative adaptation of this model has been made by van Bree [16]. The derivation of
the wire's temperature looks similar to that of van Bruun, assuming no heating losses to
the substrate and no changes in wire resistance. Lammerink's model estimates the heat
transfer coe�cient h using an analytical formula, while van Bree uses King's Law with A
and B as �tting parameters.

Looking along the x direction in Figure 2.2, the di�erential equation for the temperature
along the channel according to [18] becomes

D
@2To

@x2
� v

@To
@x

� gDTo = 0 (2.17)

with the thermal di�usivity of the �uid D = kf =�cp, the geometric factorg = 1=L2
z, and T0

the mean wire temperature. The solution of the second-order di�erential equation yields

To(x) = T0
oexp(x
 1;2) (2.18)


 1;2 =
1

2D

h
v �

p
v2 + 4gD2

i
(2.19)

where 
 1 and 
 2 are for up and downstream the wire, respectively.

Calorimetric �ow sensor

The calorimetric �ow meter works based on the temperature di�erence between the two
wires. Reading the �ow out di�erentially cancels out noise, like temperature drift, that
would otherwise be measured on a single wire.

The temperature distribution of two wires can be found by the superposition of the
single wire distributions. Figure 2.4a shows the addition of temperature pro�les of two
wires. Figure 2.4 shows the changing temperature pro�le along the channel due to increas-
ing �ow, where the di�erence in temperature over �ow velocity is plotted in Figure 2.4c.
In the �rst region (I), the di�erence in temperature increases reasonably linearly initially
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2.4. CONCLUSION CHAPTER 2. THEORY

(a) (b) (c)

Figure 2.4: (a) Moddeled temperature distribution along the channel of two heated wires and,
in red, the summation. (b) Changing temperature pro�le for increasing �ow velocities. (c) The
temperature di�erence between the two wires over a �ow velocity range.

due to the downstream heating by the upstream wire's heat plume. The linearity takes o�
when the �ow velocity increases further in (II). When the �ow becomes too big (III), the
heat boundary layer shrinks, the downstream heating decreases, and both wires start to
cool down. Nominal operation of the �ow sensor takes place in the �rst region.

The temperature di�erence over velocity can be modelled by the superposition of
eq. (2.18) separated apart. The di�erence can be found as

� T = T0 [exp(
 1(x � L )) � exp(
 1(� x + L))] (2.20)

with L being the separation distance between the wires.

2.4 Conclusion

In conclusion, this chapter has provided an overview of the fundamental theory of both
sensors, focusing on the interactions between paramagnetic gases and magnetic �elds, as
well as the principles of hot-wire �ow sensing.

The interactions of paramagnetic gasses with magnetic �elds showed a dependency on
temperature and magnetic �eld gradient. Using the volume force formulas, a model can
be made using FEM simulation.

The analysis of heat transfer mechanisms in hot wires, including the impact of �uid
�ow on temperature distribution, has shown the sensor's dependencies on geometry and
�ow rate. This will form the theoretical basis for designing, modelling, and optimising the
sensor system in the subsequent chapter.
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Chapter 3

Design
The paramagnetic e�ects of oxygen can be measured in several ways. The two phenomena
mentioned in Chapter 1 that will be worked out further are the de�ection of a gas stream
due to the presence of a magnet and thermal-magnetic wind or convection of air. First, a
general description of the mechanics of the sensors is discussed. Simulations of the designs
will follow this, performed using FEM models of the sensor in COMSOL Multiphysics®

6.2. From the simulations and models, the dimensions extracted are discussed. Lastly,
common details shared among the sensors will be covered, including the magnetic �eld
source, sensing wire geometry, and material properties. The design layout masks can be
found in Appendix B.

3.1 De�ection sensors

Figure 3.1: (a) Schematic of the bottom half of the de�ection sensor with a 3D representation
of the sensor with a5 mm magnet for scale. (b) The layout schematic for the de�ection sensor
bottom half with dimension parameters. The grey area indicates the channel, and the black area
indicates metal. The white arrows indicate the gas �ow, and the white dot is the inlet position. (c)
The layout schematic of the top half of the de�ection sensor. The crossed black area indicates an
etch from the other side of the wafer.

The novel con�guration concept of the de�ection sensor has been worked out in [7]. The
addition of this work is a new and straightforward fabrication method. Instead of bonding
a glass wafer to the silicon substrate, two silicon chips will be glued to form channels. The
two halves of the channel will be formed using KOH etching, forming a hexagonal duct
where the walls will have a slope of54:74� .

The de�ection sensor that is shown in Figure 3.1 works based on diverting part of a
gas �ow. The sensor consists of an inlet on the bottom, which forks into one middle and
side channel, two for symmetry. In the case of no oxygen, the gas stream will mainly �ow
through the middle. If the gas contains oxygen, part of the middle stream will be attracted
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3.1. DEFLECTION SENSORS CHAPTER 3. DESIGN

towards the magnet, increasing �ow in the side channel. Using a �ow sensor, the amount
of de�ection, which is proportional to the oxygen concentration, can be measured.

FEM simulation

Veri�cation of the working of the sensor concept was done using FEM simulation. The
channel geometry was recreated in a 2D simulation. TheLaminar Flow interface was used
to model the gas �ow. A fully developed �ow rate of 10 mL min� 1 was set at the inlet,
and an atmospheric pressure boundary condition was applied to the outlets at each fork
ending. The paramagnetic volume force was modelled using the volume force module with
eq. (2.8) with a volume fraction of 21%.

The magnetic B �eld was modelled using theMagnetic Fields, No Current physics
interface. The directional components of the magnetic �ux density B over the sensor's
geometry were fed into the volume force module. The assumption was made that changes
created by the magnetisation �eld of the paramagnetic oxygen are negligible. The remanent
�ux density of the 5 mm square magnet was set to1:3 T.

FEM results in Figure 3.2 show similar �ow velocities, �ow pro�les, and �ow de�ections
as were found by Vonderschmidt [7]. Di�erences could be explained by the exact magnet
placement, magnet strength, or the susceptibility value used for oxygen.

Figure 3.2: FEM simulation results showing the (A) pressure gradient over the channel, (B) vol-
ume force and directional white cones on a logarithmic scale, and (C) the �ow velocity distribution
and direction with normalised white cones.

Geometry

The �uid channel geometry has been based on the work done in [7]. The dimensions of
the parameters shown in Figure 3.1b can be found in Table 3.1.

The channel width and length for the measurement channel, main channel, and de�ec-
tion area are chosen based on the optimisation done in the work of [7]. The inlet will form
a hole through the chip at the bottom of the fork. The etching will make the narrowest
point of the hole roughly a 1 mm square. The channel height has been doubled compared
to the sensor by Vonderschmidt to600µm. This is taken as an estimated maximum height
for two 525µm wafers that make up the channel to ensure the structural integrity of the
channel top and bottom walls and maximize the channel height to reduce the channel �ow
resistance. The wall width separating the three channelsWwall is based on a rough esti-
mation of the expected alignment precision when glueing the two chip halves. Assuming a
precision of � 100µm this leaves a230µm overlap.
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Table 3.1: Dimension parameters of the de�ection sensor.

Parameter Symbol Value Unit

Channel height Lchannel 4.5 mm
Channel width Wchannel 2 mm
Channel height Hchannel 600 µm
De�ection area height Lde�ection 2.5 mm
Inlet area height Linlet 2 mm
Inlet dimension dinlet 1.5 mm
Channel separation walls Wwall 330 µm
Compensation square width Wcomp. 375 µm
Cleave width Wcleave 210 µm

Compensation structures

The channels will be formed using anisotropic KOH etching to make structures with
straight walls. However, under-etching occurs for convex corners in the mask, as the
<110> direction is exposed in the corner. Compensation structures were used to counter
this by anticipating the under-etching speed.

A straightforward square structure, as shown in Figure 3.3a, is used as described by
Puers in [19]. The compensation structure dimensions are determined with the empirical
formula from the paper

d = 5 :7 + 3:72ed (3.1)

with d the relative dimension as indicated in Figure 3.3a, and the etch depthed, both
dimensions in µm. From d, the side of the compensation square, centred at the convex
corner, c can be calculated using

c =
d � tan(� )
tan(� ) + 1

(3.2)

where � is approximately 26:6� , the angle between the<110> and <130> directions. This
yields a compensation structure widthc of roughly 370µm.

Cleave structures

The chips are separated using cleaving, where the wafer is broken along prede�ned lines.
These lines correspond to crystallographic planes in the silicon crystal lattice, which allows
the silicon to cleave cleanly. V-grooves are used as starting points for the break to initiate
the cleaving process. The v-groove structures are made on both sides of the wafer as shown
in Figure 3.3b. The top part needs to be the same depth as the channel depth. At the
intersection of v-groove lines a marginWstop was placed to avoid convex corners that can
underetch. A test run showed that a remaining cleave thicknessTcleave is thick enough to
be handled during fabrication while still breakable using slight pressure by hand.
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(a) (b)

Figure 3.3: (a) Rectangular compensation structure on an exposed convex corner. (b) Geometric
parameters of the cleave structure on both sides of the waver. The bottom side has an identical
smaller v-groove pattern.

Table 3.2: Dimension parameters cleave structure.

Parameter Symbol Value [µm]

Cleave width top mask Wcleave1 420
Cleave width bottom mask Wcleave2 70
Remaining cleave thickness Tcleave 175
Cleave cross margin Wstop 100
Wafer height Hwafer 525

3.2 Magnetic Wind Sensor

The magnetic wind sensor works based on the temperature dependency of the susceptibility
of oxygen (eq. (2.1)). Air is fed into the sensor from the bottom, as indicated by the white
circle in Figure 3.4, which symmetrically connects the two side channels. Cool oxygen
will be attracted to the magnet from both side channels. Under the right side of the
magnet in the channel, a heater will increase the temperature of the gas, decreasing its
susceptibility. The asymmetry in temperature causes a net force towards the right, referred
to as thermomagnetic convection or wind, which a �ow sensor can measure. As both side
channels receive an equal �ow rate, the pressure di�erence across the sensing channel
through the middle of the sensor should not experience any �ow if no heat or oxygen is
present.

FEM simulation

A 3D COMSOL model is made using the sameLaminar Flow and Magnetic Fields, No
Current interface settings as for the 2D de�ection sensor model. Additionally, theHeat
Transfer in Solids and Fluids interface is used to model the temperature distribution
around the heater. The heater in the middle of the plane is modelled as a 2D surface.
The temperature distribution is then fed to the volume force to approximate the total
susceptibility as described in eq. (2.2).

The �ow inlet is set as a fully developed �ow rate boundary condition at 10 mL min� 1.
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3.2. MAGNETIC WIND SENSOR CHAPTER 3. DESIGN

Figure 3.4: (a) Schematic of the magnetic wind sensor with the magnet as a transparent cube
above the top half of the chip, which is not illustrated. The yellow and orange surfaces across the
channel indicate the sensor and heater, respectively. (b) The layout schematic of the magnetic
wind sensor. The grey area indicates the channel formation, and the black area indicates the metal
layer. The white arrows indicate the �ow direction, and the white dot indicates the inlet point. (c)
The layout of the top half of the magnetic wind sensor where the crossed black area indicates the
etch from the other side of the wafer. The top part of the chip will be cleaved o�.

Table 3.3: Dimension parameters magnetic wind sensor.

Parameter Symbol Value [mm]

Width measurement channel Wmeas. 1
Length measurement channel Lmeas. 8
Distance sensor from the side dsensor 1.55
Distance heater from the side dheater 3
Width heater W heater 3
Width side channel Wside 2
Length side channel Lside 5.5
Inlet dimension dinlet 1.5

The sensor's side channels are connected to a larger air volume, and on the other side, an
atmospheric pressure boundary condition is set. A temperature boundary condition is set
on the outside of the 2D sensor at20� C and on the heater at 120� C. For the magnetic
�eld, a 3 mm magnet is used with a 1.3 remanent �ux density.

Figure 3.5 shows the resulting temperature and velocity plots for the magnetic wind
sensor. A 1D view from the middle along the measurement channel is shown in Figure 3.6b
for two magnet positions. The black line shows the volume force along the measurement
channel distance in the case of no heater, the red line shows the volume force with heater,
and the grey line shows the temperature along the channel. In the case when the magnet
is left of the heater, indicated by the solid red and black lines, the volume force under the
heater is lower compared to no heater. The same, but in the opposite direction, is visible
for the dotted lines when the magnet is on the right side of the heater.

The resulting �ow from the asymmetric volume force is shown in Figure 3.6b. The
positive �ow direction is from left to right in the sensor's top-down view. A positive
magnet position relative to the heater is towards the left of the heater. The simulation
shows a change in �ow direction when the centre of the magnet crosses the centre of the
heater. An optimum velocity in the positive direction can be seen for a relative position of
1:5 mm or half a magnet width. The �ow in the measurement channel with and without a
heater seems to have an o�set. In the case of no heater, a fairly consistent �ow independent
of magnet position is observed around1:8 m s� 1. In the case with a heater, a similar o�set
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Figure 3.5: (a) 2D plot of the temperature distribution, with the white outlines indicating the
channel shape, and the green cones showing the volume force direction and magnitude scaled lin-
early. (b) A 2D velocity magnitude pro�le with the white cones indicates the �ow direction.

(a) (b)

Figure 3.6: (a) The volume force at the centre of the measurement channel for, in red, with
heater, and in black, without heater. The two positions are indicated by the solid line, 0.5 mm
downstream, and the dotted line, 2.5 mm, with respect to the centre of the heater. The grey line
shows the temperature distribution. (b) The average �ow velocity in the channel for a range of
magnet positions.

for an interpolation between the two points is shown where the relative magnet position is
0. This could be the result of a meshing issue, causing slight asymmetries in �ow leading
to a �ow in the measurement channel.

Geometry

The dimensions of the magnetic wind sensor are listed in Table 3.3. Making the mea-
surement channel narrow helps to reduce the in�ux of air passing from the side channels.
However, the �ow sensor's length to cross-sectional area ratio worsens for a narrower chan-
nel, leaking relatively more heat to the substrate. The middle ground was chosen roughly
at 1 mm. The length of the measurement channel needs to �t a magnet and heater. A
magnet of 3 mm is chosen based on its reach and volume force for a channel height of
600µm, which is further explained in Section 3.2. To create the largest asymmetry in
volume force, the heater is only placed from the middle towards the right of the magnet.
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The wider the heater, the larger the range over which the volume force will be reduced.
Therefore, a conservative width of3 mm was chosen for the heater. The length of the
measurement channel was set at8 mm to make room for both the �ow sensor and heater.

3.3 Magnetic �eld source

For these sensors to have the most e�ect, both the volume force magnitude and the range
of in�uence should be optimized. Neodymium permanent magnets are chosen for their
large magnetic �eld of around 1 to 1.3 T. This �eld magnitude does not increase with
volume but is a material property of ferromagnetic materials, which is the magnetization
alignment retained after exposure to an external magnetic �eld.

Magnetic �elds induced by coils are generally weaker than those produced by permanent
magnets. For the purposes of these MEMS sensors, achieving a �eld strength comparable
to neodymium magnets would require large currents through small coils. This approach
would introduce signi�cant heating issues, making it less practical.

The volume of neodymium magnets in�uences the shape of the �eld lines, a�ecting the
volume force magnitude. This force is proportional to the gradient of the squared magnetic
�eld. A larger magnet volume produces �eld lines that extend further but with a decreased
gradient, potentially reducing the volume force at certain distances.

Figure 3.7: Volume force magnitudes over distance for various common cubic magnet sizes for a
remanent �ux density of 1 T. Also the distribution is shown for additional stacked magnets.

Figure 3.7 shows a FEM simulation of various magnet sizes and their corresponding
volume force distributions. The optimal magnet size is chosen based on the required MEMS
sensor reach, aiming to maximize the volume force within the sensor's operational range.
For the de�ection sensor, a5 mm cubic magnet is chosen to have a roughly1 mm distance
reach to de�ect the gas stream from the inlet. A 3 mm magnet is used for the magnetic
wind sensor to ensure enough range centralised over the heater. The minimal distance over
which the magnet needs to exert a volume force is determined by the thickness of the wall
between the magnet and the channel. This is set to200µm.
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3.4 Flow sensors

Changes in �ow will be measured with the calorimetric sensor as described in Chapter 2.
The up and downstream resistors will be part of the bottom half of a Wheatstone bridge
con�guration, allowing for the di�erential change in resistance to be read out.

The geometry of the calorimetric �ow sensor determines the sensitivity and the oper-
ational �ow range. The FEM simulations for the de�ection sensor show a range from 0
to 0.1 m s� 1, whilst the magnetic wind sensor shows a range of 0 to 1mm s� 1. The opti-
mal geometry was found using Lammerink's model and sweeping over the wire separation
distance, the channel width Ly , and half the channel height Lz.

(a) (b) (c)

Figure 3.8: (a) Temperature di�erence against �ow velocity or air for a range of wire separation
distances for a channel width of1 mm and the markers showing the velocity range. (b) Velocity
range and sensitivity over wire separation distances. (c) sensitivity over velocity range curves for
a range of wire separation distances and combinations of channel widths Ly and heights Lz.

Figure 3.8a shows the temperature di�erence between the calorimetric wires� T for
increasing �ow velocity curves for a span of wire separation distances. The �ow range,
indicated by the markers, is the linear operating range of the sensor. The upper operating
point is taken at the maximum of the � T velocity curve's second derivative. Figure 3.8b
shows an inverted trend for the range and sensitivity, where the sensitivity is taken as
the maximum value of the �rst derivative of the � T over velocity curve. Figure 3.8c
plots the sensitivity over velocity range for a range of wire separations and various channel
geometries. It shows similar loops for sweeping over wire separations. A wider and higher
channel increases the sensitivity. A higher channel also reduces the velocity range.

The increasing sensitivity for narrow channels results from increasing wire temperature
due to less conduction through the �uid to the channel walls. This will be limited as
the increasing width-length ratio increases the signi�cance of the heat leakage to the sub-
strate. Expanding the channel height increases the downstream heat from the upstream
wire, e�ectively increasing the wire temperature but reducing the range for the same wire
separation.

The channel widths of the sensors are approximately set by observing the �ow behaviour
with FEM simulations. The height is maximised to lower the channel resistance and to
have a shorter distance from the magnet. The separation was chosen based on the highest
sensitivity for the required range and channel dimensions. This yields a wire separation of
270µm and 150µm for the de�ection and magnetic wind sensor, respectively. A few extra
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sensors were made for calorimetric sensor characterisation using deviating wire separations
of 80µm and 300µm for the magnetic wind sensor, and160µm for the de�ection sensor.

Geometry and materials

The signal the wires produce as a change in resistance is proportional to the temperature as
� R = Ra� � T . A larger resistance at ambient temperatureRa would increase the changes
in resistance measured for the same temperature di�erence. Increasing the wire's resistance
can be done by increasing the length to crossectional area ratio. Whilst decreasing the
crossectional area increases the resistance, it decreases the current that can be applied due
to electron migration. This sets a maximum on the current density that has been found
to be around 1010 A=m2 for platinum [12] [20].

Platinum is chosen for the wire for its relatively high-temperature coe�cient � , high
mean time to failure (MTTF) for electron migration [20], and high melting point. Ad-
ditionally, platinum is fabricated easily in thin layers and resistant to KOH etching. An
100 nm �lm thickness is chosen with a width of 1µm; limited by the litography resolution.

Bridging the channels, a silicon-rich silicon nitride (SiRN) �lm is chosen as it is resistant
to the etching steps. The stresses in the �lm layer are reduced due to the increased silicon
concentration compared to stoichiometric silicon nitride, improving the stability of the
wires. A thickness of500 nm has been chosen as a �lm thickness for reliable fabrication
whilst keeping the heat losses to the substrate low. As platinum does not adhere directly
to untreated SiRN, an adhesion layer of10 nm chromium is used. Even though studies
have shown chromium being etched by KOH, tests have shown that it still holds as an
adhesion layer between platinum and SiRN [21].

For de�ection and magnetic wind sensors, wires cross a channel and arrive at a dis-
connected island, requiring them to loop back. The wire loop is designed to be narrow
compared to the length and separation of the calorimetric wires. The structure is then
approximated as a single wire over the channel with an e�ective doubled resistance. A
problem that can occur by placing narrow free-hanging wires close to each other is that
capillary forces during wet steps in the process can cause them to tangle up or break. Fig-
ure 3.9 shows the devised mesh-like structure in the SiRN layer as a carrier for the wires
to have a mechanical connection. To avoid the wire mesh obstructing the KOH etching
of the channel, diagonal lines are used so that the under etch will meet under the bridge.
This prevents the etching from coming to a halt due to the<111>plane.

Figure 3.9: Diagram of the wire structure with in white the SiRN �lm, black the metal layers,
and grey the channel underneath.

The SiRN mesh dimension restrictions for the geometry shown in Figure 3.9 can be
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calculated using the under-etching speed with

1
2

A � a > d (3.3)

where A is the mesh element size,a is the hole size, andd is the under-etching distance
parallel to the <100>plane in the <110>direction.

The same mesh structure forms the heater for the magnetic wind sensor. For the
sensing wires and heater,A was set to20µm with an a=A ratio of 0.5. A test run of the
mesh geometry dimensions is included in Figure B.3. For the heaterWwire was set to7µm.

3.5 Macro connections

Figure 3.10: Two variations on the 3D printed mounts on the breakout PCB with (a) the de�ection
sensor and (b) magnetic wind sensor designs.

Electrical connections to the chip are made with aluminium wire bonds to a breakout
PCB. To align the sensor to the PCB, a mount was designed that also serves as a gas
adapter, as shown in Figure 3.10. Two pins guide the gas adapter to align with the
through chip inlet hole on the sensor and provide support by de�ecting mechanical stresses
via the mount to the PCB rather than directly on the chip. The printed threads allow a
connection with a 1/4-28 standard �at-bottom port plug. Both mounts have a slot to hold
the magnet while allowing for adjustments in the horizontal position.

3.6 Conclusion

This chapter has presented the design and simulation of two oxygen sensors based on
the paramagnetic properties of oxygen: a de�ection sensor and a magnetic wind sensor.
Both sensors utilize the interaction between oxygen and magnetic �elds to detect and
measure oxygen concentration in gas streams. The designs have been analyzed using FEM
simulations in COMSOL Multiphysics, verifying the working principles.

The fabrication method proposed for these sensors involves an approach of gluing two
silicon chips to form channels, with KOH etching used to create the channel structures. The
geometry of the sensors, including channel dimensions, compensation structures for etching,
and cleaving structures for chip separation, have been covered. The magnetic �eld source
for both sensors with neodymium permanent magnets was selected based on the volume
force and reach. Flow measurement in both sensors is achieved through calorimetric �ow
sensors, which have been designed and optimized for each speci�c application. Material
selection is also a critical aspect of the design, with platinum wires on a silicon-rich nitride
�lm chosen for their suitable properties and compatibility with the fabrication process.
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