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Abstract
In order to utilise nanoplasmonic sensing for air quality measurements, the temper-
ature of the sensing layer must be controlled. This is possible through the use of a
microheater localised on the sensor, which trough Joule heating can make it possible
to manage the sensor’s temperature with high accuracy. However, the microheater’s
design can determine both energy efficiency and the sensing properties of the sensor,
hence careful design and characterisation of the micropatterned heater must take
place in order to optimise it. Further more, for multiplexed sensing where several air
pollutants are measured simultaneously, the microheater must be able to maintain
several distinct temperatures on the same sensor.

In this thesis, several sensors with new geometries have been modelled and fab-
ricated, both for the purpose of multiplexing and to yield lower power consumption.
By using thermoresistive measurements on the microheaters, it was determined that
it was possible to decrease the power consumption up to 51% by lowering the sensor
thickness and decreasing the size of the heated region. Through the use of thermal
imaging, it was also confirmed that the temperature uniformity of the heated re-
gion could be increased by introducing a laser cut groove or gap around it. For the
multiplexing sensors, which were designed to be able to sense at least four different
gases, heating one distinct region to 120 ◦C resulted in the remaining sensing areas
to reach temperatures of 30-43 ◦C.

Keywords: Microheater, nanoplasmonic sensing, multiplexing, air quality, Joule
heating, power consumption, temperature, resistance, thermal imaging
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1
Introduction

Today, air pollution is a great environmental challenge in many areas around the
globe, affecting countries with both low and high economic income levels [1]. Ap-
proximately, 91% of the world’s population lives in areas with air containing pollu-
tant concentrations exceeding the safety levels set by the World Health Organisation
(WHO). This leads to health problems such as lung cancer, respiratory diseases,
heart disease and stroke.

In order to start improving air quality, a reliable and efficient tool is needed to
monitor pollutants like e.g. nitrogen oxides (NOx), sulphur dioxide (SO2), carbon
monoxide (CO) and ozone (O3). A possible solution to this is the relatively new
optical technique of nanoplasmonic sensing (NPS) which is based on the theory
of localised surface plasmon resonance (LSPR) [2]. Briefly described, LSPR refers
to the the fact that conductive nanoparticles will absorb light of one or more fre-
quencies much stronger compared to other frequencies of light. These resonance
frequencies are very dependent on the refractive index of the surroundings, which
allows highly sensitive measurements of the surface chemistry on the nanoparticles.
This makes NPS a very promising technique for air quality sensors, as it can read-
ily detect the adsorption or interaction of gas molecules with the nanoparticles, or
a material adjacent to the nanoparticles. However, the effectiveness (kinetics and
specificity) of this interaction, as well as the refractive index of the surroundings, are
also temperature dependent. This establishes a need for some method applicable to
nanoplasmonic sensors, which can be used to control the temperature of the sensor.

Furthermore, an important aspect of NPS sensors for gas sensing is the possibil-
ity of multiplexing, i.e. using the sensor to measure several different variables. In
the case regarding air quality measurement, multiplexing then refers to measuring
the concentration of several different hazardous substances common in polluted air,
simultaneously. In multiplexing applications, the possibility of maintaining different
temperatures on different parts of the sensor is important, as that allows conditions
which are optimal for measuring each substance.

Insplorion, a company working with NPS-technology, currently has a functioning
air quality sensor prototype, InAir, which is able to determine the ambient NO2-
concentration. In order to reach the right temperature for sensing, an electrical
power is applied to a so called microheater, an electrically conducting micropattern,
which is localised on the sensor. When the current goes through the microheater,
heat will be developed as a result of the electrical resistance and the temperature
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1. Introduction

will rise. By controlling the applied power to the device, it is then possible to control
the temperature. However, in order for the sensor to be suitable for commercial use,
it is important that this process is energetically efficient.

1.1 Aim and project outline
The aim of this project is to develop or create the groundwork for an energy effi-
cient microheater which enables multiplexed nanoplasmonic sensing for Insplorion’s
current version of InAir. This will be done by first modelling the currently used mi-
croheater and introduce geometric alterations to this model, which are believed to
yield better sensor properties. Depending on this investigation, several new sensor
designs will be fabricated, characterised and compared to the current sensor. The
remaining part of the project will then focus on developing a sensor design which
supports multiplexing, which means that the sensor must be able to maintain dis-
tinct temperatures on different parts of the sensor. This will also be done by first
investigating some designs through modelling, before deciding which to fabricate
and characterise. The previous results from the fabricated non-multiplexing sensors
will be applied when designing these multiplexing sensors, in order to achieve high
energy efficiency.

2



2
Theoretical background

2.1 Nanoplasmonic sensing
When a metal is exposed to an electromagnetic wave, the free electrons within the
material will collectively oscillate, resulting in the formation of plasmons which are
the quanta of the oscillation [3]. At the interface between a metal and a dielectric
material, surface plasmons will occur, which formally are referred to as surface plas-
mon polaritons.

In nanoplasmonic sensing, so called localised surface plasmons (LSPs) are utilised
[2]. These are surface plasmons contained in nanoparticles where the confinement
size of the plasmon is relative to the wavelength of light, which leads to several inter-
esting effects. The distinct property of LSPs is that electric fields near the surface
of the nanoparticle are greatly enhanced, but decays quickly away from it, making
the enhancement highly localised. Another important trait of LSPs is that the light
extinction (sum of absorption and scattering) is strongest at the resonance frequency
of the LSP [3]. Using Mie theory, i.e. the theory of how spherical particles scatter
and absorb light, the optical extinction cross-section σext can be approximated as

σext = 18πε3/2
m V

λ

ε2(λ)
(ε1(λ) + 2εm)2 + ε2(λ)2

(2.1)

where εm is the dielectric function of the surrounding medium, V is the volume of
the particle, λ is the wavelength of light, ε1 and ε2 are the real and imaginary parts
of the dielectric function of the metal, respectively. Note from equation 2.1 that σext
is maximised when ε1 = 2εm, which gives the condition for the LSPR. This condition
also reveals how very dependent the LSPR-frequency is on the surrounding of the
nanoparticles, i.e on εm, which is the basic principle behind its usefulness in sensing
applications. Though, the properties of the nanoparticles themselves also affect it
strongly, e.g. particle material, size and shape. By combining this resonance condi-
tion together with the classical Drude model, which describes electrical conduction
in metals, it is possible to get an explicit expression for the LSPR-wavelength λmax,

λmax = λp
√

2n2
m + 1, (2.2)

where λp is the plasma wavelength of the metal, and nm is the refractive index of the
surrounding medium (related to the dielectric function of the medium as εm = n2

m).
As seen from equation 2.1, the wavelength peak position is approximately propor-
tional to nm.

3



2. Theoretical background

Note that even though Mie theory is based on spherical nanoparticles, LSPs can
also occur for other shapes. Gans theory expands the results from Mie theory to
also include spheroid nanoparticles of arbitrary aspect ratio. The main consequence
is that the number of plasmon peaks will be equal to the unique dimensions of the
particle, i.e. a nanosphere will have one plasmon peak, while a prolate nanospheroid
will have two plasmon peaks. However, for more complicated shapes, Gans theory
might not hold true. A common particle shape and setup used for NPS is to design
the sensing area as an array of nanodiscs, fabricated using e.g. hole-mask colloidal
lithography (HCL) [4], as this often leads to high refractive index sensitivity [5].

NPS can be either direct or indirect [5]. In the first case, the nanoparticles them-
selves undergo a change which results in a shift in λmax, while in the second case,
it is a change in a material adjacent to the nanoparticles which is responsible for
the peak shift. Such a shift of λmax in the optical extinction can be seen in figure
2.1. Note that, though the peak shift is the most commonly used parameter for
sensing, there can also be a change in the amplitude of the peak and full width half
maximum fwhm, which also could have use in analysis.

In indirect NPS, which is utilised in InAir, temperature is an important param-
eter that can affect the peak position [6]. Although this makes it possible to use
NPS for making nano-thermometers, it can also make it complicated to analyse
signals in which the peak position is simultaneously affected by both a change in
concentration and temperature.

Figure 2.1: A schematic of how the plasmon peak changes due to some process.
The shift in peak position, ∆λmax, is mainly used in sensing applications, but the
change in peak amplitude, ∆Absmax, and full width half maximum, ∆fwhm, can
also be useful.
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2.2 Semiconducting metal oxides and gas kinetics
An alternative to the NPS gas sensor is one that is based on the resistivity proper-
ties of semiconducting metal oxides (SMO) [7]. At temperatures of 200-400 ◦C, these
materials have a drastic change in electrical conductivity when exposed to certain
gases, which can be utilised for sensing. However, they have also been showing
promise for increasing selectivity in high-temperature NPS gas sensing when used
as an adjacent material to the nanoparticles [8, 9]. By choosing the right SMO ma-
terial, composition, morphology and temperature, it is possible to get a sensor that
is highly selective to only one or a few gases. The mechanism that causes this high
selectivity is still relatively unclear, but it is believed to be due to charge exchange
between the SMO and the nanoparticles [8]. When gases interact with the SMO,
they can either oxidise or reduce it, which typically will result in red-shifting or
blue-shifting of the plasmon peak, respectively. Additionally, this process can also
affect the dielectric constant near the nanoparticles, which in turn will affect the
plasmon peak as discussed previously.

As mentioned, the temperature is a very important parameter for the selectivity,
which is due to its strong effects on the kinetics of the process [10]. For a certain
temperature and gas, there will be a certain surface concentration due to the specific
rate of adsorption and desorption of the gas molecules. When the SMO is exposed
to several gases, as is the case in air, the different gas molecules will compete for
adsorption sites. In regular ambient environment, the SMO surface is covered in
majority by oxygen ions. For oxidising gases, these oxygen ions are simply replaced
by said gas. For reducing gases, this adsorption process is more complicated, as
these will react with adsorbed oxygen ions to form some redox product, e.g. wa-
ter molecules, which needs to escape the surface before more gas can be adsorbed.
Regardless of the exact mechanism, it is possible to maximise the selectivity for
a certain gas by choosing the optimal temperature. However, the quality of this
selectivity is still limited by previously mentioned factors, such as the properties of
the utilised SMO.

2.3 Overview of microheaters
A microheater, or micro-hotplate, is an electrically conducting thin film on top of
a substrate, that is heated through so called Joule heating, i.e. the heat produc-
tion that follows when an electric current flows through a material [11, 12]. Due to
their good high-temperature control and relatively small power consumption, micro-
heaters have applications in several microelectromechanical systems (MEMS), where
the largest area of use is within MEMS gas sensors, such as e.g. SMO gas sensors [11].

There are four main types of microheaters, as seen in figure 2.2a. The microheater
can either be located directly on top of the substrate, on a closed or open membrane,
or on a cantilever. To achieve minimal power consumption, the three latter types are
preferred, as that ensures minimal thermal conduction to the surroundings of the
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microheater. However, the disadvantage of those types is that they have a lower me-
chanical stability compared to simply having the microheater on a substrate. This
is especially a problem at higher temperatures where thermal expansion of the thin
film and membrane is more considerable. Electromigration, the gradual movement
of conductor ions in the metal due to high current density, will also be more promi-
nent for higher temperatures and might cause the wire to break. Subsequently, the
lifetime of a microheater is always lower when it has a higher work temperature.

The materials used in the microheater are also very important. Typically the
conducting layer is made of metal, ceramic or doped polysilicon, where the first
mentioned is the most commonly used. Ideally, the conductor should have low me-
chanical sensitivity to temperature, be inert and have low electrical resistance. The
reason for why the latter is desired is explained by Ohm’s law,

U = RI =
√
RP (2.3)

where U is the voltage, R is the resistance, I is the current and P is the electrical
power. A lower resistance yields a lower voltage for a certain power consumption,
which is a criteria for having the microheater driven by a light-weight battery.

Depending on the thickness of the conductive layer, the material properties might
differ from that of the bulk material, as explained in section 2.6. For the material
of the substrate or membrane below the microheater, it is generally desired for it to
have low thermal conductivity in order to decrease the power consumption of the
device.

Another very important aspect of the microheater is the geometry of the conductive
micropattern. Two examples of such geometries, the double spiral and meander de-
signs, are shown in figure 2.2b. In MEMS gas sensing applications, the microheater
should ideally result in a uniform temperature profile, as the sensing area otherwise
probes the environment differently depending on the spatial position. Hence, the
microheater geometry should be designed to satisfy this criteria, which the dou-
ble spiral geometry seems to be the most suitable for [12]. Alternatively, a thin
layer of material with high thermal conductivity can be implemented underneath or
above the microheater structure. Both geometries shown in figure 2.2b are rectan-
gular, but there are several advantages with utilising a circular geometry instead.
For example, a circular shape leads to more area efficient shape and hence a lower
power consumption. Additionally, since a circular microheater lacks corners, it also
lacks spots which are sensitive to localised mechanical deformation. However, mask
designing for lithography is often more complex for circular shapes compared to
rectangular ones.

Note from figure 2.2b that four probes are used on the microheater. Two of these
are used to supply the electrical power while two are used to measure the electrical
resistance, which often is useful to know for temperature measurement and con-
trol, see section 2.5. The benefit of doing a four-probe measurement, compared to a
two-probe measurement, is that the contact resistance is accounted for in the former
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method, which yields a smaller measurement error and hence is especially important
when measuring smaller resistances.

The so called thermal response time, i.e. the time it takes for the microheater
to reach a constant temperature, is generally desired to be low in order get a quickly
responding heater [13]. The thermal response time t can be found from the expres-
sion

T (t) = Tamb + PRtherm

(
1− e−t/τ

)
(2.4)

where T is the temperature of the microheater, Tamb is the ambient temperature
(assumed to be the minimum temperature), Rtherm is the total thermal resistance
of the heater and τ = RthermC is the thermal time constant, where C is the overall
heat capacity. The simplest way of decreasing thermal response time is to decrease
the overall heat capacity of the heater by lowering its mass, e.g. through scaling
it down. Another benefit of having a low thermal response time is that it allows
for the microheater to be operated in heat-pulse mode, where the electrical power
is applied in pulses rather than in a continuous manner [14]. This can result in a
lower power consumption and longer lifetime of the device.

(a) (b)

Figure 2.2: (a): Four different microheater types, from left to right; microheater
on substrate, open membrane, closed membrane and on cantilever. Blue indicates
substrate, green indicates an insulating layer (the membrane material) and red indi-
cates the microheater. (b): Two different types of common microheater geometries;
double spiral (left) and meander (right). In both geometries, four probes can be
seen, where typically two are used to supply the electrical power and the remaining
pair is used to measure the electrical resistance in the heater. Both images are from
[11], © 2017 IEEE.

2.4 Heat transfer mechanisms
Fundamentally, there are three heat transfer mechanisms; conduction, convection
and radiation [15]. The first mentioned mechanism, conduction, occurs due to in-
teractions between molecules, where the higher energy molecule will lose some of its
kinetic energy to adjacent molecules with lower energy, which will lead to a lowering
of the temperature gradient in the system. In metals or other materials with high
electrical conductivity, heat conduction can also occur through electron transport,
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which explains why metals tend to be good heat conductors. The overall three
dimensional heat conduction rate qcond is given by

qcond
A

= −k∇T (2.5)

where A is the area normal to the heat flow, k is the heat conductivity, ∇T is the
temperature gradient. For microheaters, conduction occur through the substrate
and/or membrane, as well as through the electric contacts and to the surrounding
air, and is often the most important heat loss mechanism [11].

Convection involves the heat transfer between a surface and an adjacent fluid (a
liquid or gas) [15]. When the fluid flows past the surface with a certain velocity,
the convection is referred to as forced, and when the fluid initially is stationary it
is referred to as natural or free. Note that in the latter case with free convection,
the fluid will still move due to circulation. As the fluid near the hot surface gets
warmer, its density will decrease and it will rise, where it eventually will cool of and
circulate back down, and so on. The one-dimensional convective heat transfer qconv
is given by the Newton rate equation,

qconv
A

= h∆T (2.6)

where h is the convective heat transfer coefficient and ∆T is the temperature dif-
ference between the surface and fluid. h is a function of the system geometry, fluid
and flow properties, and ∆T , which often can be found by utilising certain corre-
lations. Comparing forced and free convection, h is usually greater for the former
as it typically involves a higher rate of mass exchange. For microheaters, it is not
entirely established if convection plays a major part or not in the heat loss [11]. Due
to the restricted air flow in small sensors, convection might be neglected in some
cases [12]. On the other hand, mixed convection, i.e. when both free and forced
convection occur simultaneously in a coupled manner, has also been shown to be
relevant for some microsystems [16]. Nonetheless, if the microheater is used in a
vacuum environment, which is the case in certain applications, there will be no heat
transfer by convection as there is no surrounding fluid [12].

The last mechanism of heat transfer is radiation, where the the energy is trans-
ferred by photons being emitted from a surface [15]. The one-dimensional radiant
heat transfer qrad from a surface is given by

qrad
A

= σ

ε
T 4 (2.7)

where σ = 5.676 · 10−8WK4/m2 is the Stefan Boltzmann constant and ε is the
surface emissivity, which is a number between 0 and 1 that indicates how efficient
the surface is at sending out radiation. ε = 1 indicates a black-body, which is the
ideal radiating surface. Note that in reality, ε depends both on wavelength, direction
and in some cases also on the temperature of the surface. For microheaters, radiation
losses are often small, but due to the strong temperature dependence in equation
2.4, it can be very relevant for temperatures above 500 ◦C [11].
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2.5 Temperature characterisation of microheaters
In order to control the temperature in a microheater through e.g. a feedback mecha-
nism, some method must be used to establish the temperature. A common method,
which currently is utilised in InAir, is through a resistance temperature detector
(RTD) [17]. In these thermoresistive sensors, the intrinsic temperature dependence
of the electrical resistance is utilised to measure the temperature of a conductor,
whose electrical resistance is given by

R(T ) = ρ(T )L
wt

(2.8)

where ρ is the electrical resistance, L is the length or the conductor, w is the width
of the conductor and t is the thickness of the conductor [18]. The temperature
dependence of ρ is often assumed to be linear, such that

ρ(T ) = ρ0 (1 + α(T − T0)) (2.9)

where ρ0 is the electrical resistivity at the reference temperature T0 and α is the
temperature coefficient of resistance (TCR). For the RTD, the material should be
chosen such that the temperature dependence is maximal, i.e. α should be large.
It is usually not a problem that α is not known exactly beforehand, since it can
be found through calibration. However, α can change over time due to material
degradation and might also be sensitive to hysteresis effects.

Furthermore, as for microheaters, thermal expansion due to high temperatures might
also be a problem [18]. If the conductor thermally expands, its dimensions changes
and as seen from equation 2.8 this will change the resistance, which incorrectly might
be interpreted as a change in temperature. Another regular problem for RTDs is
self-heating, i.e. the current used in the RTD for the resistance measurement will
increase its temperature which in turn will lead to a measurement error. For a mi-
croheater, the heating wire in the microheater itself can be utilised as an RTD [17].
Alternatively, one can fabricate a separate RTD on the microchip, but then there
will be a temperature drop due to the distance between the microheater and the
RTD.

An alternative non-contact method to investigate the temperature on a microheater
is by using an IR-camera to perform thermal imaging [17]. Even though this charac-
terisation method has no risk of affecting the microheater, the measurement errors
are often more considerable. For example, thermal imaging is very dependent on
the emissivity of the material which must then be known to correctly convert the
measured radiation units into temperature units. Neither is the calibration straight-
forward, due to several factors. For one, the relationship between photon flux and
detector response cannot be assumed to be linear, so two calibration points will not
suffice [19]. Secondly, the response of the camera pixels across the detector is non-
uniform, which requires individual correction factors for the different pixels. Lastly,
there is a temperature drift of the detector and other compartments of the camera
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during use, which might cause the response to vary with time [20]. Regardless, ther-
mal imaging remains a popular approach to visually characterise the temperature
distribution on microheaters [17].

2.6 Thin film effects
Due to the micro- or nano sized thickness of thin films, they often have different
properties compared to their bulk counterpart. For microheaters, one of the most
important properties that is affected is the conductor resistivity [11]. For metal thin
films with thicknesses below 200 nm, the resistivity will be considerably higher than
the corresponding bulk metal. This can be explained by Matthiesen’s rule,

ρ = ρl + ρi (2.10)

in which the metal resistivity is assumed to have two different sources [21]. ρl is
the resistivity caused by the lattice, or rather electrons interacting with phonons
in the material, i.e the quanta of lattice vibration. ρi is the collective resistivity
caused by static defects such as impurities, grain boundaries and film boundaries.
Since a thin film will have a larger relative surface area, the latter term and hence
the resistivity of the material will be larger [22]. Furthermore, ρi is approximately
independent of temperature, while ρl has a strong temperature dependence. Since
the ρi-term is more dominant for thin films, this means that the thin film resistivity
is less temperature dependent compared to the bulk counterpart. In other words,
for a lower film thickness, the TCR will decrease.

For thin films, the thermal properties might also differ from that of bulk materials
[11]. The heat conductivity is often smaller for metal thin films due to increased
phonon scattering on the film surface, analogously to how the electrical resistivity
increased due to increased electron scattering. The surface emissivity will also be
considerably larger for metal thin films with 100 nm thickness or lower, due to in-
creased internal reflection.

It should be noted that thin film properties are not only dependent on the film
thickness, but also rely heavily on the fabrication procedure. This is because dif-
ferent microfabrication methods will lead to thin films with e.g. different grain
size, grain shape, purity and residual stress. Furthermore, thin film properties can
be adjusted after fabrication by certain methods, e.g. by thermal annealing above
the recrystallisation temperature [22]. This will induce grain growth in the metal
thin film and hence reduce the number of grain boundaries in the material, which
consequently will lead to lower resistivity and higher TCR as discussed above.

2.7 The air quality sensor
Insplorion’s current device for air quality sensing, InAir, can be seen in figure 2.3.
Currently, the sensor can measure NO2-content in air down to the ppb-level. The
5mm diameter inlet, seen in the image, allows air to pass through the device with
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a flow velocity of 300ml/min or lower. The majority of the device is occupied with
electronics, but the component that allows for NPS is a 5 x 5 x 1mm sensor, whose
layer structure is schematically shown in figure 2.4. The sensor utilises an array of
gold nanodiscs which is covered by a sensing layer that increases the NO2 selectivity.
It is this side of the sensor that is illuminated by a white light emitting diode (LED),
whose light will interact with the gold nanodiscs and eventually reach a detector
where it can be used for NPS-analysis.

In figure 2.5a, the current platinum (Pt) microheater pattern can be seen, whose
geometry can be identified as a circular double spiral. A couple of electrodes are in
contact with the metal layer at the south edge on each side of the air gap, as shown
in figure 2.5b, which will cause an electric current to flow between them trough
the spiral geometry. Due to the much smaller dimensions of the spiral wire, Joule
heating only occurs in that part of the layer. Since the substrate is covered by metal
outside the spiral area, these electrodes can be applied easily even without high
precision. Additionally, this pattern will ensure that light will only go through the
spiral area (the light going through the non-covered strip below the spiral can be
neglected). Only the sensing area approximately parallel to the double spiral will be
sufficiently heated to be utilised for NO2-sensing, hence this is desired as it blocks
all light from the non-active area that would otherwise perturb the signal. For this
report, the work temperature of the device has been assumed to be 120 ◦C to sense
NO2.

Figure 2.3: Current prototype for the InAir-device. The inlet, shown in the image,
allows air to flow through the device to the outlet, which is localised on the opposite
side of the inlet.
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Figure 2.4: A schematic cross-section view of the 5 x 5 x 1mm sensor. The green
layer is the microheater layer, which is approximately 200 nm thick and is made
of platinum. The blue layer is the 1mm thick glass (fused silica) substrate. In
between the platinum and the substrate, there is a 10 nm chromium (Cr) layer, shown
in orange, which has the function to increase the microheater-substrate adhesion.
Attached to the substrate layer, there is an evenly distributed array of gold nanodiscs
with diameters of 100 nm and heights of 20 nm. Subsequently, there is a layer shown
in red which is the SMO layer, that is several tens of nm thick. Note that the
different layers in the figure are not correctly scaled in comparison to each other.

(a) (b)

Figure 2.5: (a): The sensor utilised in InAir, with the metal layer facing upwards.
(b): The sensor when attached in the device by the electrodes, shown in the bottom
of the image. The detector is below the spiral area, while the LED lamp (which is
not attached in the image) would be above the sensor.
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3.1 Development of model for microheater
Before fabrication and characterisation, COMSOL Multiphysics was used to model
the current microheater, whose geometry can be seen in figure 3.1. In the model,
an electrical power is applied to the the south edge of the platinum layer, left to the
air gap. The electrical current then goes through the spiral to the other south edge
of the platinum layer, which is grounded. Due to Joule heating, the temperature
will rise in the sensor as the heat is accumulated. Eventually a stationary state
will be reached where the applied power will be fully dissipated to the surroundings
through conduction, convection and radiation. It is this stationary state that is of
prime interest, or more precisely, its temperature profile and required energy con-
sumption.

Thereafter, several alterations were done to the geometry in order to investigate
how such alterations might affect power consumption and temperature distribution
of the real sensor:

• Reduction of substrate thickness.
• Scale down of the whole sensor chip.
• Alteration of the spiral geometry which will lead to different length and/or

thickness of the conducting wire in the spiral.
• Centralisation of the spiral area.
• Alteration of the spiral size.
• Introduction of grooves in the sensor chip geometry.
• More complex alteration of the sensor chip geometry, e.g. forming it in specific

shapes.
These modelling results were, together with practical considerations, the motiva-
tion for proceeding with fabricating the sensors discussed in section 4.1.3. Different
design alternatives suitable for multiplexing were also investigated, for which the
primary objective was to design micropatterns that have low heat spread between
the active regions. In table 3.1, the different material parameters of interest are
shown for the solids used in the model, while the used parameters for air can be
seen in table 3.2.

In order to make the model easier to construct and work with, several approxi-
mations have been made (listed in no specific order):

• The sensor was assumed to be suspended in an infinite volume of pure air.
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Consequently, any heat conduction to the contact electrodes was neglected.
• Due to the thin size of the platinum layer, it was assumed to have no temper-

ature gradient in the direction perpendicular to the layer.
• The electrical resistivity of the platinum layer was assumed to be the same as

that of bulk platinum. As an electrical power is used as an input variable (and
not a voltage or current), the total resistance of the microheater will have no
effect on the resulting temperature profile.

• The air flow into the device is 300ml/min. Since the cross-sectional area of the
device is 7.35 cm2, this should result in a flow velocity of 0.0068m/s reaching
the sensor. Due to this low velocity, both natural and forced convection is
added to the model. However, since the inlet diameter is approximately 5mm,
the initial velocity is 0.255m/s and hence the flow velocity that reaches the
the substrate is somewhere between 0.0068-0.255m/s. For simplicity’s sake
the velocity is set to 0.0068m/s regardless.

• The heating effect from the lamp sending light through the sensor was ne-
glected.

• The backside of the substrate was assumed to only be glass, even though it
in reality is covered by a thin sensing layer. Additionally, the chromium layer
between the substrate and platinum layer was neglected.

• When comparing power consumption throughout this report, the applied power
is set such that the maximum temperature of the sensor is 120 ◦C. In reality,
120 ◦C is the average temperature of the spiral area, which likely is a few
degrees below the maximum temperature.

• The ambient temperature was set to 20 ◦C, and the ambient pressure to 1 atm.
• No mechanical effects, such as e.g. film expansion, were accounted for.

Figure 3.1: The current microheater. The blue block represents the 5x5x1mm
glass substrate, while the green layer on top is the 200 nm platinum thin film. The
spiral diameter is set to 2.43mm, the width of the air gap forming the spiral is
110 µm, the approximate width and length of the platinum wire is 72 µm and 21mm,
respectively. The electrical power is applied to the left south corner (highlighted in
red), while the microheater is grounded in the right south corner (highlighted in
yellow).
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Table 3.1: Material properties for the solids used in the models. If no source is
given, the standard value from COMSOL Multiphysics was used. Note that a linear
approximation has been assumed for the platinum resistivity, where the temperature
unit is K.

Material property Platinum Silica glass
Heat capacity [J/(kg ·K)] 133 703
Density [kg/m3] 21 450 2203
Heat conductivity [W/(m ·K)] 71.6 1.38
Electrical resistivty [Ω ·m] 1.06 · 10−7 (1 + 0.00392(T − 300)) [23] 1014

Surface emissivity 0.104 [15] 0.94 [15]

Table 3.2: Material properties for air at 20 ◦C and 120 ◦C, from COMSOL Multi-
physics.

Material property 20 ◦C air 120 ◦C air
Heat capacity [J/(kg ·K)] 1005 1013
Density [kg/m3] 1.204 0.8980
Heat conductivity [W/(m ·K)] 0.0258 0.0332
Dynamic viscosity [m2/s] 1.814·10−5 2.269·410−5

3.2 Sensor fabrication
As described in sections 3.2.1-3.2.2, the sensor fabrication includes both fabrication
of the microheater layer as well as fabrication of the sensing gold nanodisc array.
These steps were performed on a wafer which subsequently was diced into different
sensors. Two of the sensors were also cut by a laser, using a laser machine from the
Epilog Zing Laser series. Note that, while the sensors typically contain a layer of
some thin SMO on the gold nanodiscs as shown in figure 2.4, the sensors tested for
this project did not. However, this was assumed to not affect the sensor properties
characterised for this project.

3.2.1 Fabrication of microheater layer
The first step of the sensor fabrication was to make the micropattern utilised for
Joule heating. The substrate was prepared through a cleaning process where it was
placed in a 130 ◦C 2:1 solution of sulphuric acid and hydrogen peroxide, for 10 min-
utes. To protect the side of the substrate which would not be covered by platinum,
it was spin coated by MMA(8.5)MAA copolymer resist during 1 minute, using a
spinning velocity of 3000 rpm, followed by softbaking at 180 ◦C for 10 minutes. The
other side of the substrate was first covered by hexamethyldisilazane (HMDS) to
promote resist adhesion and subsequently spin coated by LOR-3A using a spinning
velocity of 3000 rpm for 1 minute, followed by softbaking at 180 ◦C for 10 minutes.
A second photoresist, S1805, was then spin coated on the surface, using the same
spinning velocity but instead for 30 seconds, followed by softbaking at 110 ◦C for 3
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minutes.

Subsequently, the double resist layer was laser exposed according to the microheater
pattern, using a Heidelberg Instruments DWL 2000 laser writer. Then the resist
was developed in MF319 for 2 minutes, followed by rinsing in deionised water and
blow drying. The bottom photoresist layer of LOR-3A has a faster developing rate
compared to the upper photoresist layer of S1805, hence there was a gap between
the substrate and upper photoresist layer which ensured improved lift off quality.
The surface was then exposed to an oxygen plasma for 15 seconds, followed by the
evaporation of 10 nm Cr and 100 nm Pt with a Lesker PVD 225 evaporator. Finally,
a lift off procedure was performed where the sample was emerged in the remover
mr-Rem 400 overnight and then rinsed by isopropyl alcohol (IPA) and deionised
water, before being blow dried.

3.2.2 Hole-colloidal lithography
In order to fabricate the array of gold nanodiscs on the sensors, HCL was pre-
formed. First the wafer was cleaned by ultrasonication for 10 minutes respectively
in acetone and IPA, followed by exposure to oxygen plasma for 5 minutes on the
side opposite to the metal layer. Poly(methyl methacrylate) (PMMA) was then
spin coated on the surface, using a spinning velocity of 2000 rpm for 1 minute, fol-
lowed by soft baking at 170 ◦C for 10 minutes. In order to hydrophilise the surface,
the PMMA layer was subsequently oxygen ashed for 5 seconds. Positively charged
poly(diallyldimethylammonium) chloride (PDDA) was then pipetted on the surface
and rinsed off the surface with deionised water after 45 seconds. The same process
was then repeated with a solution of negatively charged polystyrene (PS) beads
having diameters of 120 nm, but the time interval before rinsing was instead 3 min-
utes. Due to the opposite charge of the polymers, the PS beads were attached to
the surface with high adhesion. A 20 nm layer of chromium was then evaporated
on the surface with Lesker nano Cr evaporator, followed by tape stripping of the
Cr-covered PS beads, resulting in a hole mask. The surface was then exposed to
an oxygen plasma for 5 minutes in order to ash through the exposed PMMA layer.
Subsequently, a 20 nm Au layer was evaporated on the surface with a Lesker PVD
225 evaporator, followed by lift off in acetone which resulted in the Cr hole mask
being removed and only Au discs remaining.

3.3 Wire bonding of multiplexing sensors
As the ordinary contact electrodes would be too large to supply electric power to
the different regions on the multiplexing sensors, each multiplexing sensor had to be
wire bonded to a printed circuit board (PCB) designed specifically for said sensor.
This was done by first using an epoxy glue to attach the sensors to the PCB, followed
by the actual wire bonding which connects the microheater regions to metal pads
on the PCB. The PCB:s have circular holes on the positions where the spiral areas
will be positioned, which allows air to reach the sensing areas.
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3.4 Characterisation of the microheaters
To determine the TCR of the microheaters, the device with the sensor inserted, was
put in an oven with a temperature set to 50 ◦C. While the device was heated from
room temperature, the resistance along with the temperature (measured by a sec-
ondary RTD in the device, with a known bulk temperature coefficient) was measured
every second. The resistance ratio was then linearly fit against the temperature as

R

R0
= αT + (1− αT0) (3.1)

in order to obtain the temperature coefficient from the slope of the graph.

To determine the power consumption required to heat the different micropatterned
sensors, the voltage supply to the microheater was set to some different values while
the resistance was simultaneously measured. By using the previously measured
temperature coefficient, as well as Ohm’s law, the power consumption and sensor
temperature was calculated for these measurement points. For some of the multi-
plexing sensors, the resistance was also simultaneously measured in the other active
regions with a multimeter while one of the regions was heated. This allowed an
estimation of the resulting temperatures in the other regions, and hence of the heat
spread on the sensor.

Additionally, the temperature distributions on the sensors were analysed by thermal
imaging, using a Fluke Ti400 IR-camera. The surface emissivity used during the
measurements was chosen to be 0.94, i.e. the same value used in the model for the
glass substrate.
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4
Results and discussion

4.1 Sensors with a single active region
In sections 4.1.1-4.1.2 the modelling results regarding the current microheater de-
signs, as well as the tested modifications to this model, are shown and discussed.
These results, together with practical aspects, were the motivation for the fabricated
microheater designs that are described in section 4.1.3. Note that from now on, the
sensor side with the microheater layer will be referred to as the frontside while the
sensing side will be referred to as the backside.

4.1.1 Modelling of the current microheater design
For the model of the current microheater, the needed electrical power to achieve a
maximum temperature of 120 ◦C on the sensor is approximately 0.145W. The result-
ing temperature profile on the front and back of the microheater, when applying this
power, can be seen in figure 4.1a. As seen in the figure, the temperature profile on
the backside of the spiral area is relatively uniform, but approximately 15 ◦C lower
than that of the front of the spiral area. In figure 4.1b, the maximum temperature
on both the front- and backside of the modelled microheater can be seen as a func-
tion of the applied power. As noticeable from the figure, the difference between the
maximum temperatures of the front- and backside increases with increasing power.
In other words, even though the temperature difference is negligible for NPS for
the current heater temperature of 120 ◦C, this is probably not the case if a higher
temperature would be needed. In that case, the front side of the microheater would
need to be heated unnecessarily high in order to compensate for the temperature
drop on the backside, which would be energy inefficient. Hence, a goal for the new
microheater designs is that the temperature difference between the two sides should
remain small, even at high temperatures.
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(a)

(b)

Figure 4.1: (a): The temperature profile of the front- and backside of the modelled
current microheater, when the applied power is 0.145W. (b): Maximum tempera-
ture on the front- and backside, as a function of applied power.

4.1.2 General modifications for energy optimisation
In order to find potential ways to decrease the energy consumption of the device,
several alterations have been made to the model for the current microheater, as seen
below. For a summary of the given modifications to the microheater and how much
they decrease the energy consumption, see table 4.4.

4.1.2.1 Reduced substrate thickness

In figure 4.2, the maximum temperature on the front- and backside of the sensor can
be seen as a function of applied power, for some different substrate thicknesses. It is
apparent from the graph that a thinner substrate yields two benefits, both that the
overall power consumption is reduced, but also that the temperature drop between
the front- and backside is reduced. This is expected, since a lower substrate thick-
ness means both a smaller mass to heat up and a shorter heat conduction distance
between the front- and backside. To specifically reach a maximum temperature of
120 ◦C on the frontside, 0.115W is required with a 0.5mm substrate and 0.081W
with a 0.2mm substrate. This corresponds to a decrease in power consumption of
about 21% and 44%, respectively.
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Figure 4.2: Maximum temperature on the front- and backside as a function of
applied power, when the substrate thickness is 1mm (current sensor), 0.5mm and
0.2mm.

4.1.2.2 Scale down of sensor chip

A further step than just reducing the substrate thickness is to scale down the entire
sensor chip, which is presented in figure 4.3 where the power consumption change due
to a scale down of 50% and 80% are compared to the current sensor. In comparison
to just reducing the substrate thickness, as seen in figure 4.2, doing a full scale
down has a much larger effect on the power consumption. However, reducing the
dimensions of the sensor also leads to more complicated handling of the chip and will
make it impossible to use the present electrodes in the device. Additionally, a scale
down means that less light will reach the detector since the spiral area is decreased,
which could have consequences. To reach a maximum temperature of 120 ◦C on the
frontside of the sensor, approximately 0.054W is needed when the sensor is scaled
down by 50%, and 0.0153W for a 80% scale down. This corresponds to a relative
decrease in energy consumption of about 63% and 90%, which is a much greater
change compared to just altering the substrate thickness, as expected.
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Figure 4.3: Maximum temperature on the front- and backside as a function
of applied power, when the sensor is scaled down by 0% (current sensor), 50%
(2.5 x 2.5 x 0.5mm sensor) and 80% (1 x 1 x 0.2mm sensor).

4.1.2.3 Spiral geometry

In figure 4.4, the temperature profile of the microheater can be seen when altering
the number of turns in the spiral or the the air gap width. In the case with fewer
turns or wider air gap, the needed power to achieve a maximal temperature is de-
creased slightly, which might be due to a small difference in the temperature profile.
However, these changes are in principle negligible. Rather, the factor of interest that
is affected more considerable is the electrical resistance of the microheater, which is
expected from equation 2.5, since the wire width and/or length is affected in the four
cases. The resistance changes and spiral geometry parameters are presented in table
4.1. As noticeable from the table, the changes in the spiral length-width ratio L/w,
corresponds very well to the change in the modelled resistance, between the different
cases. Since a smaller electrical resistance is desired to lower the voltage over the
microheater according to Ohm’s law, it might be relevant to have fewer spiral turns
and/or a smaller air gap in the microheater. It is also possible to achieve a lower
resistance by increasing the metal layer thickness, according to equation ??, but this
is limited by the metal-substrate adhesion. Note that alternative geometries to the
circular double spiral have been briefly investigated in appendix A.1.

22



4. Results and discussion

(a)

(b)

Figure 4.4: (a): Temperature profile for the microheater with less (left) and more
(right) spiral turns compared to the original heater geometry. In the case with less
turns, 0.140W is applied, while 0.145W is applied in the case with more turns. (b):
Temperature profile for the microheater with 50% reduced (left) and 50% increased
(right) air gap width. In the case with a thinner air gap, 0.145W is applied, while
0.136W is applied in the case with wider air gap.

Table 4.1: The spiral geometry parameters, as well as the modelled resistance, for
the four different spiral geometries displayed in figure 4.4.

Case Wire
width w
[µm]

Wire
length L
[mm]

L/w Modelled
resis-
tance
[Ω]

Current geometry 72 21 292 203
Decreased number of spi-
ral turns

162 14 86 59

Increased number of spiral
turns

26 28 1077 744

Air gap width reduced by
50 %

127 23 181 122

Air gap width increased
by 50 %

17 19 1117 816

4.1.2.4 Spiral position

In the current sensor, the spiral area is located near the chip border, and it might
therefore be useful to see if and how the temperature profile and power consumption
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is affected by centralising the spiral, which can be seen in figure 4.5. In order to
reach a maximum temperature of 120 ◦C, the required power is 0.150W, which is
slightly higher than the current power consumption of 0.145W. This small increase
is likely due to the spiral area being further from the chip border, where the heat
conduction instead occurs to air, which has a much lower heat conductivity than
glass and platinum. However, this relative increase is so low (approximately 3%)
that it overall is negligible.

Figure 4.5: Temperature profile on the front and back of the microheater when
the spiral area has been centralised and the applied power is set to 0.150W.

4.1.2.5 Spiral size

Another interesting alteration is to change the size of the spiral area. In figure 4.6a
the temperature profile of the front- and backside can be seen of a sensor with 50%
lower spiral diameter and air gap width, when 0.111W is applied. Reversely, in
figure 4.6b, the front- and backside temperature profile can be seen when 0.175W is
applied to a sensor with 50% increased spiral radius and air gap width, which also
is centralised in order for it to fit on the chip. These two cases then, respectively,
corresponds to a decrease of 23% and increase of 21% to the power consumption.
Furthermore, in figure 4.6c the maximum temperature on the front- and backside
can seen on both these modelled sensor types as a function of applied power. As
noticeable from the figures, while a smaller spiral area leads to a smaller power con-
sumption to reach a certain sensor maximum temperature, the relative temperature
difference between the front- and backside also increases drastically. This means
that it would be impossible to have 50% spiral radius with the current sensor di-
mensions, but it could potentially show promise in case the substrate thickness is
decreased simultaneously. For an increased spiral radius, the temperature drop to
the backside of the sensor is decreased, but the overall power consumption is in-
creased. As discussed previously, one must also consider the practical consequences
of altering the size of the sensor’s active region.
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(a)

(b)

(c)

Figure 4.6: (a): The temperature profile of the front- and backside of the modelled
microheater with a 50% reduced spiral radius, when the applied power is 0.111W.
(b): The temperature profile of the front- and backside of the modelled microheater
with a 50% increased spiral radius, when the applied power is 0.175W. (c): Maxi-
mum temperature on the front- and backside, as a function of applied power, when
the spiral radius is altered.

4.1.2.6 Sensor with grooves

By some process, e.g. dicing, etching or cutting by laser, it is possible to make a
groove in the sensor. In figure 4.7, two different cases with grooves are compared.
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In the first case, there are three straight grooves on the backside with a depth of
0.8mm and a width of 0.22mm. In the second case, the spiral area is enclosed by a
ring-shaped groove on the backside, which also has a depth of 0.8mm and width of
0.22mm. To reach the temperature profiles shown in figures 4.7a,b , 0.120W and
0.118W need to be applied, respectively. This corresponds to a power decrease of
17% and 19%. In other words, both sensor geometries consume almost the same
power, which also can be deduced from figure 4.7c. Compared to the current sensor,
both the power consumption and relative temperature difference between the front-
and backside of the microheater, are decreased. Additionally, the temperature profile
uniformity of the active region seems to be somewhat improved. Note that in reality,
the grooves would likely not be as perfect as they are depicted in these images, but
that is assumed to overall have a low implication on these factors. Furthermore,
as seen in tables 4.2 and 4.3, increasing groove depth and/or width will lower the
power consumption in both cases.
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(a)

(b)

(c)

Figure 4.7: (a): The temperature profile of the front- and backside of the modelled
microheater with three straight grooves on the backside, when the applied power is
0.120W. (b): The temperature profile of the front- and backside of the modelled
microheater with a ring-shaped groove on the backside, when the applied power is
0.118W. (c): Maximum temperature on the front- and backside, as a function of
applied power.
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Table 4.2: Maximum temperature (in ◦C) on the sensor with a ring shaped groove,
when 0.118W is applied and the groove width and/or depth is varied.

depth
width 0.11 mm 0.22 mm 0.33 mm 0.44 mm

0.2 mm 103.9 104.5 104.9 105.3
0.4 mm 105.6 106.7 107.4 108.9
0.6 mm 108.8 111.0 112.2 113.5
0.8 mm 116.3 120.3 123.2 125.9

Table 4.3: Maximum temperature (in ◦C) on the sensor with straight grooves,
when 0.120W is applied and the groove width and/or depth is varied.

depth
width 0.11 mm 0.22 mm 0.33 mm 0.44 mm

0.2 mm 105.8 106.5 107.1 107.5
0.4 mm 107.5 108.6 109.4 110.2
0.6 mm 110.5 112.1 113.6 114.8
0.8 mm 116.8 119.7 122.0 124.1

4.1.2.7 Laser cut designs

If the substrate is sufficiently thin, e.g. 0.2mm or below, it is possible to use a laser
to cut the sensor in specific shapes. Examples of such shapes can be seen in figure
4.8a, where the temperature profile of the frontside can be seen for four different laser
cut designs. The temperature profile on the backside are not shown for these cases,
due to it being almost identical to the one on the frontside, which can be understood
from figure 4.8b. It is interesting here to note that, according to figure 4.8b, the
temperature of design 1 and design 2 have almost the same power dependence (it is
impossible to separate them from the graph alone), and design 4 has only a slightly
higher power consumption. This indicates that one of the determining parameters
for power consumption of these designs, is how well connected the spiral area is to the
remaining substrate, i.e. the shared width between these, which is approximately
the same for design 1 and 2, and slightly larger for design 4. If conduction is
the determining heat transfer mechanism, this is not surprising, since this factor
determines how well the heat can conduct from the spiral to the remaining area.
The limited heat conduction also leads to improved temperature uniformity along
the active region.
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(a)

(b)

Figure 4.8: (a): The frontside temperature profile of a 0.2mm thick sensor, when
it is cut into four different designs by e.g. a laser. From design 1 to 4, the applied
powers are 0.057W, 0.058W, 0.067W and 0.061W. (b): Maximum temperature on
the front- and backside, for these four different designs. The measurement points
for design 2 are behind the measurement points for design 1. Note that they are
compared to a 5 x 5 x 0.2mm sensor and not the 1mm thick sensor geometry.
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4.1.2.8 Summary

In table 4.4, the energy consumption of the microheater in the different cases in-
vestigated in section 4.1.2 can be seen, as well as their relative change in power
consumption compared to the current microheater. Simply comparing the relative
change in power consumption, scaling down the sensor is the most promising alter-
ation. However, as mentioned earlier, this has practical complications.

Table 4.4: The different modifications done to the model of the current microheater
and how the power consumption to reach a maximum temperature of 120 ◦C is
altered as a result.

Modelled case Power consumption
[W]

Relative change
[%]

Current microheater 0.145 0
Substrate thickness reduced by 50 % 0.115 -21
Substrate thickness reduced by 80 % 0.081 -44
50 % scale down of sensor 0.054 -63
80 % scale down of sensor 0.015 -90
Decreased number of spiral turns 0.140 -3
Increased number of spiral turns 0.145 0
Air gap width reduced by 50 % 0.145 0
Air gap width increased by 50 % 0.136 -6
Spiral centralised 0.150 +3
Spiral radius reduced by 50 % 0.111 -23
Spiral area centralised and spiral radius increased by 50 % 0.175 +21
Straight grooves (0.22 mm width, 0.8 mm depth) 0.120 -17
Circular groove (0.22 mm width, 0.8 mm depth) 0.118 -19
Laser cut design 1 0.057 -61
Laser cut design 2 0.058 -60
Laser cut design 3 0.067 -54
Laser cut design 4 0.061 -58

4.1.3 Fabricated sensors with a single active region
For sensors with a single active region, five new designs were fabricated, investigated
and compared to the former design, which from now on is referred to as design (a),
while the new designs are referred to as designs (b)-(f). Design (b) utilised the same
dimensions as design (a), but it also had a circular laser cut groove on the backside,
with an approximate depth and width of 0.5mm and 0.2mm. Design (c), as well
as designs (d)-(f), had a reduced substrate thickness of 0.175mm. Design (d) also
utilised an active region with approximately half the spiral diameter, i.e 1.2mm.
Design (e) had the original spiral diameter, but the spiral wire was both wider and
shorter. Design (f) had the same dimensions as design (c), but it also had a laser
cut gap which was approximately 0.1mm wide. The new sensors, along with the
previous sensor, can be seen in figure 4.9. The measured power and voltage require-
ment to reach 120 ◦C, the resistance at 120 ◦C, as well as the TCR obtained from
calibration for each sensor, can be seen in table 4.5. The calibration graphs to find
the TCR:s, as well the graphs showing the relationship between power consumption
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and temperature for the different sensors, can be found in appendix A.2.

There are several things of interest to note from table 4.5. First off, the TCR value
vary surprisingly much between the different sensors, despite the platinum layer be-
ing fabricated through the same method and having roughly the same thickness. It
remains unclear if this is due to some of the sensors being fabricated in different
batches, or if it can be explained by an inaccurate calibration method. Note that if
these TCR values would be incorrect, it would also lead to an incorrect relationship
between microheater power consumption and resulting temperature.

Regarding the power consumption, design (d) show the greatest improvement with a
power decrease of roughly 51%. However, the power consumption change for design
(d), as well as for the other designs (except for design (b)), was excepted to be larger.
For design (f), one explanation might be that it is incorrect to model the air in the
gap as normal air. Due to the gap being as thin as roughly 0.1mm wide, the air
flow might be so constrained that it in principal is completely stagnant, which would
yield a higher thermal conductivity and hence a higher required power consumption.
This could possibly be resolved by instead modelling the air as a solid instead of a
gas, in this gap region. For the other designs, it is however unknown what could
be the cause for the large deviance between the actual and modelled values. For
design (a), the indicated power consumption by modelling was 0.145W as reported
in section 4.1.1, which is 34% lower than the measured value. This error is likely
due to the approximations described in section 3.1. If this error is not constant and
instead varies between the different designs, it could also explain the discrepancy
between actual and modelled power consumption, when comparing design (a) with
the remaining ones.

It should also be noted that only the temperatures on the frontsides of the sen-
sors have been investigated, as it is that temperature that is obtained from the
thermoresistive measurements. As indicated by the simulations, the temperature is
likely lower on the backside of the sensor, even though this likely is improved by
utilising a thinner substrate. Hence, this is a benefit of designs (c)-(f) that is not
properly accounted for in table 4.5.
For design (e), the intended outcome was to significantly lower the resistance, which
has been achieved as it is measured to be 74-80% lower than that of the other
sensors, and as also seen from table 4.5, design (e) could almost be driven by a
3V battery. The power consumption was still expected to be the same or very
close, for design (c) and (e), as only the spiral geometry differ between these. Yet,
they do differ with 6 percentage points. This probably indicates that there are dif-
ferences in the temperature distribution which cause the latter to have a slightly
higher power consumption. Regarding the resistance for the other designs, they are
quite similar. Design (a) and (f) do, however, show a higher resistance compared
to design (b)-(d), which might indicate that these designs have different film thick-
ness and/or film quality, which could also explain why the TCR differ between these.

Thermal images of the front- and backsides of the different sensors, when the max-
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imum temperature is approximately 120 ◦C, can be seen in figure 4.10 and 4.11,
respectively. As noticeable from figure 4.11, the centre of the active region is ap-
proximately 15-25 ◦C higher than at the periphery, for all sensors. Design (b) and
(f) show, as expected, a great increase in temperature uniformity on the backside of
the sensors. The other thin sensors, i.e. design (c)-(e), also show a more localised
high temperature region, compared to design (a). This is likely due to the fact that
it is harder for the heat to spread laterally if the conduction distance between the
front- and backside is decreased. Figure 4.11 also shows that the contact electrodes
has a significant effect on the temperature profile, and hence also likely on power
consumption, for the different sensors. This is most easily seen in design (a)-(b),
where the temperature gradient seem to be evidently increased downward towards
the contacts.

Figure 4.9: The different tested sensors with a single active region. (a): Previous
sensor design. (b): 5mm thick sensor with a 0.5mm deep and 0.2mm wide laser
cut groove on the backside. Note that the backside of the sensor is upwards in the
image to show the groove. (c): 0.175mm thick sensor. (d): 0.175mm thick sensor
with half the spiral diameter. (e): 0.175mm thick sensor with an alternative spiral
geometry where the spiral wire is both wider and longer. (f): 0.175mm thick sensor
with a 0.1mm wide laser cut gap.
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Table 4.5: Tested properties of the different sensors. The design numbering refers
to the one shown in figure 4.9. *Note that for the modelled power consumption
change, models for each of the designs were made, except for design (e) due to its
exact spiral geometry being complicated to model. Instead design (e) was assumed
to have the same power consumption as design (c), since they had the same substrate
thickness and roughly the same spiral size. However, as their temperature profile
might differ due to having different spiral geometries, the actual power consumption
might differ slightly, which is observed in the experimental results.

Sensor TCR
[K−1]

R(120 ◦C)
[Ω]

U(120 ◦C)
[V]

P(120 ◦C)
[W]

Relative con-
sumption
change [%]

Modelled
consumption
change [%]

Design (a) 0.0024 259.95 7.55 0.219 0 0
Design (b) 0.0027 202.72 6.43 0.204 -7 -6
Design (c) 0.0028 205.17 5.72 0.159 -27 -47
Design (d) 0.0027 203.00 4.66 0.107 -51 -60
Design (e) 0.0026 53.10 3.02 0.172 -21 -47*
Design (f) 0.0023 259.37 6.17 0.147 -33 -60

Figure 4.10: Thermal images of the frontsides of the different sensors when the
voltage is adjusted such that the maximum temperature on the sensor is approxi-
mately 120 ◦C, where the temperature scale is in ◦C. The design numbering is the
same as in figure 4.9. Note that the metal layer temperature is not according to the
scale, due to having a much lower surface emissivity than the glass.
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Figure 4.11: Thermal images of the backsides of the different sensors shown in
figure 4.10, where the temperature scale is in ◦C. Note that the voltage is adjusted
such that the shown maximum temperature is roughly 120 ◦C, i.e. a different voltage
and power is applied than in figure 4.10.

4.2 Multiplexing
For multiplexing, two options were considered. In the first option, each gas would be
sensed using an individual chip with a specific SMO coating and held temperature,
chosen to sense a specific gas. It could then be assumed that the sensors would not
affect each other, i.e. the power consumption of each individual sensor would be the
similar to those studied in section 4.1. The second option, which has been studied
more explicitly, is that the different sensing regions would be on the same chip.
Though this is a more space efficient alternative, this also requires a sensor design
which is able to maintain distinct temperature regions. Note also that depositing
several different SMO:s on the same sensor, on different regions, will require a more
complex fabrication process.

In section 4.2.1, three different multiplexing designs are modelled, which later were
fabricated and characterised, as shown in section 4.2.2. For the sake of this project,
it has been assumed that there will be four different sensing regions on the multi-
plexing chips.

4.2.1 Modelled alternatives for multiplexing
In figure 4.12, three different multiplexing designs can be seen which respectively are
referred to as multiplexing design (1), (2) and (3). All these designs have a chosen
substrate thickness of 0.175mm and spiral diameters of 1.22mm, in order to obtain
the low energy consumption which was exhibited by design (d) in section 4.1.3. For
multiplexing design (1) and (2), each active region has its own electric source and
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ground, while multiplexing design (3) has an unified ground for all four active re-
gions. Regardless, for all three designs it is then possible to individually control the
current supply to each region and hence to some degree also individually control
the resulting temperatures. However, by heating one region the temperatures of the
remaining ones will likely be affected. This has been investigated further in figures
4.13-4.15, where two cases have been modelled for each design. In the first case,
power is applied to one of the regions such that its maximum temperature is 120 ◦C.
In the second case, a "worst case" scenario was investigated, in which the same
power is applied to three different regions, such that the maximum temperature of
the sensor is 300 ◦C. Additionally, figures 4.13-4.15 also show two graphs each which
generalises both cases, as they show the modelled temperature in each region when
either one or three of the regions are heated with a certain power. Note that it is not
currently known what the optimal temperatures would be to measure other gases
than NO2, which means that different regional temperatures on the same sensor
could be required to vary from below 120 ◦C to above 300 ◦C.

Comparing multiplexing design (1) and (2), design (2) has a lower heat spread
between the different active regions due to a larger distance between the spiral re-
gions. However, multiplexing design (2) is consequently less power efficient than
multiplexing design (1), since it has more excess mass which can conduct heat. In
other words, by increasing the sensor area there is a trade-off between temperature
localisation and energy efficiency. Furthermore, a larger sensor is less space efficient
and might be more prone to breaking when handling.

For multiplexing design (3), the geometry has a high aspect ratio in contrast to
the previous designs. Subsequently, the distance between two neighbouring regions
is shorter than in multiplexing design (1), while at the same time the distance be-
tween the two edge regions exceeds the distance between two opposite regions in
multiplexing design (2). Hence, when comparing the "worst case scenario" between
the three designs, only multiplexing designs (2) and (3) manage to keep the mini-
mum temperature below 120 ◦C. According to the graphs in figures 4.14c and 4.15c,
the three heated regions has to reach temperatures near 500 ◦C before the non-
heated region reach 120 ◦C, both in design (2) and (3), which seems very promising.
However, multiplexing design (3) still has more prominent heat spread between two
neighbouring regions, compared to multiplexing design (2). This means that multi-
plexing design (3) might be less suitable if there are several regions that require a
low temperature, instead of only one.
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Figure 4.12: Three different multiplexing designs, where the electric sources are
highlighted in red and the grounded edges are highlighted in yellow. For all de-
signs, the spiral areas have diameters of 1.22mm. (a): Multiplexing design (1), a
5 x 5 x 0.175mm sensor. The distances between the spiral regions are; 2.60mm and
3.73mm. (b): Multiplexing design (2), a 7.5 x 7.5 x 0.175mm sensor. The distances
between the spiral regions are; 4.37mm and 6.23mm. (c): Multiplexing design (3),
a 10 x 2.5 x 0.175mm sensor. The distances between the spiral regions are; 2.5mm,
5mm and 7.5mm.
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(a)

(b)

(c)

Figure 4.13: (a): Temperature profile (left) and isothermal contours (right) for
multiplexing design (1), when 0.049W is applied to the left microheater region,
resulting in a maximum temperature of 120 ◦C on the chip. (b): Temperature profile
(left) and isothermal contours (right) for multiplexing design (1), when 0.111W
is applied to each microheater region except the one to the right, resulting in a
maximum temperature of 300 ◦C on the chip. (c): Modelled temperature in the
different regions when one (left) or three (right) of the regions are heated with a
certain power.
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(a)

(b)

(c)

Figure 4.14: (a): Temperature profile (left) and isothermal contours (right) for
multiplexing design (2), when 0.051W is applied to the left microheater region,
resulting in a maximum temperature of 120 ◦C on the chip. (b): Temperature profile
(left) and isothermal contours (right) for multiplexing design (2), when 0.136W
is applied to each microheater region except the one to the right, resulting in a
maximum temperature of 300 ◦C on the chip. (c): Modelled temperature in the
different regions when one (left) or three (right) of the regions are heated with a
certain power.
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(a)

(b)

(c)

Figure 4.15: (a): Temperature profile (left) and isothermal contours (right) for
multiplexing design (3), when 0.049W is applied to the bottom microheater region,
resulting in a maximum temperature of 120 ◦C on the chip. (b): Temperature profile
(left) and isothermal contours (right) for multiplexing design (3), when 0.123W is
applied to each microheater region except the one in the top, resulting in a maximum
temperature of 300 ◦C on the chip. (c): Modelled temperature in the different
regions when one (left) or three (right) of the regions are heated with a certain
power.

4.2.2 Fabricated multiplexing sensors
The three multiplexing designs that were modelled in section 4.2.1 have been fabri-
cated and can be seen in figure 4.16, both when they are and are not wire bonded
to the PCB:s. In table 4.6, the power consumption and voltage required to heat one

39



4. Results and discussion

of the regions to 120 ◦C are stated, along with the electrical resistance. Moreover,
in figure 4.17, measurements of power consumption and resulting temperature can
be seen for the different multiplexing sensors, when one of the regions is heated. For
multiplexing design (1)-(2), the estimated temperature in the other regions can also
be seen. Calibration was not preformed for these sensors and instead an intermedi-
ate value of 0.0026K−1 was chosen as the TCR.

As stated in table 4.6, the power decrease compared to design (a) is 46-53%, which is
comparable to design (d). This is expected as the spiral regions in the multiplexing
sensors are of roughly the same size as the one in design (d). However, according
to the simulation results demonstrated in section 4.2.1, the required power to reach
120 ◦C should be 53-57% lower than those measured. As the multiplexing sensors are
wire bonded with thin electrodes, this error is likely not due to heat conduction to
the electrodes which was a possible explanation for the modelling errors for designs
(a)-(f). Rather, heat conduction to the PCB seems like a more plausible explanation.

The temperature distributions on the multiplexing sensors were also investigated
with thermal imaging as seen in figure 4.18, where one of the regions are heated to
approximately 120 ◦C. For multiplexing designs (1)-(2), the temperatures measured
in the non-heated regions with the IR-camera seem to be in accordance with the
thermoresistive measurements shown in figure 4.17. Additionally, the temperature
profiles show similar behaviour as those predicted in section 4.2.1, even though the
temperatures do differ slightly. Overall, when one of the regions is heated, it seems
as if multiplexing design (2) has the lowest heat transfer to the remaining regions,
while multiplexing design (1) has the highest. Multiplexing design (3) seem to be
intermediate between the two other designs, but as displayed previously by the sim-
ulations, there is a relatively large temperature difference among the non-heated
regions.

As previously mentioned, it does indeed seem like there is a prevalent heat con-
duction to the PCB, as a rather large area of plastic surrounding the heated region
has an elevated temperature, according to figure 4.18. This could potentially be pre-
vented or decreased by increasing the diameter of the holes below the sensing regions.

Furthermore, thermal images were taken of the multiplexing designs when two of
the regions were heated by the same power, which can be seen in figure 4.19. As
noticeable, the temperature of the remaining regions vary depending on where the
two heated regions are positioned on the sensor. This is also true for the heated
regions, since not both of them reach 120 ◦C. Generally it seems as if the two heated
regions should be close to each other in order for the average temperature of the
remaining regions to be minimal.
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Figure 4.16: The different fabricated multiplexing sensors, both when they are
and are not wire bonded to a PCB. (a): Multiplexing design (1). (b): Multiplexing
design (2). (c): Multiplexing design (3). (d)-(f): The multiplexing sensors, when
they are wire bonded to PCB:s.

Table 4.6: Tested properties of the three different multiplexing sensors. For all
three sensors, the TCR has been assumed to be 0.0026K−1. For the modelled
consumption change, the models displayed in section 4.2.1 are used.

Sensor R(120 ◦C)
[Ω]

U(120 ◦C)
[V]

P(120 ◦C)
[W]

Relative con-
sumption change
compared to
design (a) [%]

Modelled
consumption
change [%]

Design (1) 182.60 4.36 0.104 -53 -66
Design (2) 189.89 4.72 0.118 -46 -65
Design (3) 187.08 4.56 0.111 -49 -66
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Figure 4.17: Graphs showing the relationship between power consumption and
resulting temperature of the heated region, for multiplexing sensors (1)-(3). For
multiplexing sensors (1) and (2), the temperatures of the other spiral regions are
also shown. Neighbouring region refers to the two regions closest to the heated
region, which are assumed to have approximately the same temperature due to
symmetry, while opposite region refers to the region furthest away from the heated
region. For multiplexing design (3), the temperature of the non-heated regions could
not be determined, due to the contact layout on the PCB.

Figure 4.18: Thermal images of the multiplexing sensors, when one of the regions
is heated to approximately 120 ◦C. The temperature scale is in ◦C.
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4. Results and discussion

Figure 4.19: Thermal images of the multiplexing designs when the same power is
applied to two of the regions, such that the maximum temperature of the sensor is
approximately 120 ◦C. (a)-(b): Multiplexing design 1. (c)-(d): Multiplexing design
2. (e)-(h): Multiplexing design 3.
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5
Conclusions

In this project, several NPS sensors with micropatterned heaters have been modelled
and fabricated for the purpose of yielding higher power efficiency and better ther-
mal properties, both when utilised and not utilised for multiplexing. For decreasing
the power consumption, the most promising alteration was to decrease the size of
the active region utilised for sensing, in combination with decreasing the substrate
thickness. This yielded a power decrease of approximately 51% when compared to
the currently used sensor design in InAir. Furthermore, by altering the microheater
geometry it was possible to get a distinct decrease in electrical resistance, which
could make it possible to power the heater with a low voltage battery and hence
allow portable use. Through thermal imaging it was also established that a higher
temperature uniformity of the heated region can be achieved by introducing either
a groove or gap around the region, where the latter had the most prominent effect.
Moreover, the IR-images also showed a relatively high temperature gradient towards
the contact electrodes. This indicates that it might not be valid to neglect the heat
transfer to the electrodes, which might explain why the modelled power consump-
tion of the microheaters was lower than the actual.

Specifically for multiplexing, three different designs were modelled and fabricated,
each with four different regions for the purpose of being able to maintain four differ-
ent temperatures on the same sensor. Due to the multiplexing sensors having both
a thin substrate and small size of the active regions, the power consumption to heat
one of the regions was 46-53% lower compared to the currently used sensor. For
these fabricated multiplexing sensors, heating one of the regions to approximately
120 ◦C causes the other regions to reach temperatures of 30-43 ◦C, according to IR-
images. Thermal imaging also revealed that there is a large heat transfer from the
heated region to the PCB, which might explain why the actual power consumption
of the multiplexing sensors greatly exceeded those predicted by the simulations.

5.1 Future work
The most pivotal aspect of the sensors is of course their sensing properties, hence
a logical next step is to study how the NPS-analysis might differ among the fabri-
cated sensors. For example, it should be properly investigated how sensitive the air
quality measurement is to small temperature changes, in order to determine how
important temperature uniformity is on the active region. As previously mentioned
in section 2.3, temperature uniformity is important for signal quality in traditional
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MEMS gas sensors. Since the plasmon peak is shifted with temperature in NPS,
a low temperature uniformity should "smear" out the peak and hence decrease sig-
nal quality, but it remains to be studied exactly how strong this effect is for NPS
gas sensing. As the plasmon peak’s temperature dependence is strongly affected by
the gas-SMO kinetics, the importance of temperature uniformity will also likely be
somewhat different for different gases. Additionally, just as the temperature shift
between the front- and backside of the sensors increased with increasing tempera-
ture, the temperature uniformity will likely be worse with increasing temperature,
which might cause problems when sensing gases that require high temperatures.
Furthermore, it should be investigated if the NPS properties are affected negatively
when the size of the sensing regions is decreased, as this otherwise should be done
to optimise the power consumption of the microheater.

For the sake of multiplexing, it is also of interest to establish exactly which tem-
peratures that are required to sense different gases, as that will clarify whether the
fabricated multiplexing sensors have good enough thermal properties to be able to
individually maintain these temperatures.
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A
Appendix

A.1 Alternative heater geometries
Some alternative geometries, shown in figure A.1 have been modelled. When ap-
plying 0.145W to each one these, the resulting temperature profiles are shown in
figure A.2. A noticeable problem with designs (E), (F) and (J) (and to some de-
gree design (K) ) is that they suffer from highly localised heating centres in the
connection points of the geometries, which could result in low mechanical stability
in these structures. For design (A), (G) and (H), the heated area is more crescent
than spherical in shape. This effect occurs due to these geometries being connected
to the remaining metal film with several connection points. Since the source and
ground are connected in the south edges of the film, more current will then travel in
the lower part of the geometry to minimise the resistance, hence the crescent-shaped
area of heating. This could be avoided by changing the arrangement of the electrode
contacts such that they are more symmetrical in regards to the micropattern. For
designs (I) and (K), due to the wire not covering a sufficient fraction of the sensor’s
active region, the temperature profile is not very uniform. Conclusively, designs (B)-
(D) or (L) could potentially be an alternative to the circular double spiral. Though,
as previously mentioned, rectangular shapes suffers from lower mechanical stability
compared to circular ones. Design (L) is not a conventional design and hence not
much is known about its properties in practice from previous studies.

A.2 Measurements on sensors with a single region
In figure A.3, the resistance change of the sensors can be seen as a function of
temperature. According to equation 3.4, the TCR of the sensor is equal to the
slope of the graph. In figure A.4, graphs showing the relationship between power
consumption and microheater temperature can be seen for each sensor, where it can
be seen that there is a good linear fit.
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A. Appendix

Figure A.1: Alternative heater geometries to the circular double spiral, that have
been tested. (A) straight lines, (B) meander pattern, (C) meander pattern with
curved corners, (D) rectangular double spiral, (E)-(F) jagged patterns with two
connection points, (G) grid pattern, (H) sieve pattern, (I)-(L) different circular
patterns.

Figure A.2: Temperature profiles of the patterns shown in figure A.1, when
0.145W is applied.
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Figure A.3: Calibration curves for sensors (a)-(f), where the slope of the curve is
the TCR for said sensor.

Figure A.4: Graphs showing the relationship between the power consumption and
resulting temperature, for sensors (a)-(f).
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