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ABSTRACT 

The number of applications in which infrared radiation sensors are used is 
increasing. In some applications, the cost of the sensor itself is an issue, and simple 
solutions are thus required. In this thesis, the investigations have related to the use 
of thin polymer membranes in thermal infrared sensors, such as bolometers and 
thermopiles. 

Infrared sensors are usually subcategorized into photonic sensors and thermal 
sensors. For detection of infrared radiation using a photodetector, there is a 
requirement for low band-gap material. The need of cooling makes infrared 
photodetectors rather expensive, and not an alternative for low-cost applications. In 
thermal sensors, the heat generated from the incident infrared radiation is converted 
into an electrical output by means of a heat sensitive element. Thermal sensors 
operate at room temperature, which makes them a low-cost alternative. The basic 
structure of thermal sensors consists of a temperature sensitive element connected 
to a heat sink through a structure with low thermal conductance. It is common to 
use thin membranes of Silicon or Silicon Nitride as thermal insulation between the 
heat sink and the sensitive element. In comparison, polymers have a thermal 
conductance that is lower than in these materials, and this increases the generated 
temperature in the sensitive element. A polymer such as SU-8 has a low thermal 
conductivity and is applied using a spin coater. This reduces the number of 
complex processing steps. This thesis presents a new application of SU-8 as a 
closed membrane in a thermal sensor. 

The concept was initially demonstrated by fabricating a nickel bolometer and 
titanium/nickel thermopile structure with a 5 µm SU-8 / SiO2 membrane. However, 
for the sensor responsivity to be able to compete with commercial thermal sensors 
the structures, some optimization was required. Since the thermopile generates its 
own voltage output and requires no external bias, the optimizations were focused 
on this structure. There exist a number available software tools for thermal 
simulation of components. However, to the author’s best knowledge, there exist no 
tool for design optimization of thermopiles with closed membranes. An 
optimization tool using iterative thermal simulations was developed and evaluated. 
A new thermopile structure, based on the optimization results, was both fabricated 
and characterized. Using an infrared laser with a small spot, the measured 
responsivity of the manufactured thermopile was higher than that of a commercial 
sensor. In the case of a defocused spot and for longer wavelengths, the infrared 
absorption in the absorption layer reduces and degrades the responsivity. 

The thermopile was further evaluated as a sensor in a carbon dioxide meter 
application based on the NDIR principle. An increase in the CO2 concentration 
demonstrated a clear decrease in the thermopile voltage response, as was expected. 
By normalizing the voltage response and comparing it with a commercial sensor, 
this showed that the SU-8 based thermopile is relatively more sensitive to changes 
in the CO2 concentration. 
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SAMMANDRAG 

Antalet applikationer där sensorer för infraröd strålning används ökar. I vissa 
applikationer är kostnaden för själva sensorn ett problem, och det finns därför ett 
behov av enkla lösningar. I denna avhandling har användandet av tunna 
polymermembraner i termiska sensorer, så som bolometer och termopelare, 
undersökts. 

Infraröda sensorer delas vanligtvis upp i undergrupperna, fotoniska sensorer och 
termiska sensorer. För detektering av infraröd strålning med fotodetektorer behövs 
ett material med lågt bandgap. Behovet av kylning gör även sensorn ganska dyr 
och därmed inte att alternativ för lågkostnadsapplikationer. I termiska sensorer, 
konverteras den värme som genereras från den infallande infraröda strålningen till 
en elektrisk utsignal av ett värmekänsligt element. Termiska sensorer opererar 
normalt i rumstemperatur, och detta gör dem till ett lågkostnadsalternativ. 
Fotodetektorer har dock en högre responsivitet och en kortare svarstid. Den 
grundläggande strukturen för termiska sensorer består av ett temperaturkänsligt 
element kopplat till en kylare via en struktur med låg termisk ledningsförmåga. 
Tunna membran av Kisel eller Kiselnitrid används ofta som termisk isolering 
mellan kylaren och det känsliga elementet. I jämförelse med material som dessa, 
har polymerer en lägre termisk ledningsförmåga och detta ökar den generade 
värmeökningen i det värmekänsliga elementet. Den epoxibaserade fotoresisten SU-
8 har låg termisk ledningsförmåga och kräver ingen ytterligare processutrustning. 
Ett nytt tillämpningsområde för SU-8 som membran i en termisk sensor presenteras 
i denna avhandling. 

Konceptet demonstrerades initialt genom att tillverka en nickel bolometer och 
en nickel/titan termopelare med ett 4µm SU-8 membran. Karakteriseringen av 
dessa komponenter visade att SU-8 som membran kommer att fungera, men för att 
kunna jämföra responsiviteten med kommersiella sensorer, behöver strukturerna 
optimeras. Eftersom termopelaren skapar sin egen utspänning och inte kräver 
någon extern förspänning, fokuserades optimering till denna struktur. Det existerar 
ett antal verktyg för termisk simulering av komponenter, men enligt författarens 
vetskap, finns inga verktyg för automatisk optimering av termopelare med tunna 
membran. Ett optimeringsverktyg som använder sig av iterativa termiska 
simuleringar har utvecklats och utvärderats. Baserat på optimeringsresultaten 
tillverkades och utvärderades en ny termopelare. Genom att använda en infraröd 
laser med en liten ljuspunkt, uppmättes en högre responsivitet i den tillverkade 
sensorn jämfört med en kommersiell sensor. Med en defokuserad strålkälla som 
sänder ut längre våglängder minskar den infraröda absorptionen i absorptionslagret 
vilket i sin tur degraderar responsiviteten. 

Vidare utvärderades termopelaren i en koldioxid mätare som baserar sig på 
NDIR principen. En ökning i CO2 koncentrationen visade som väntat en tydlig 
minskning i den uppmätta spänningen. Genom att normerade spänningenssvaret 
och jämföra det med en kommersiell sensor, visade att den SU-8 baserade 
termopelaren är mer känslig för förändringar i CO2 koncentration. 
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1 INTRODUCTION 

In our modern society, the number of sensor applications is increasing very 
rapidly and sensors can, in principal, be found anywhere in the world. Sensor 
systems have the advantage of being fast, accurate and non-invasive and are able to 
work around the clock. The word sensor is derived from the Latin word sentire, 
which means “to sense” something. Sensors, or detectors, are used for measuring 
the absolute value or change of in principal all types of physical quantities, such as 
pH, pressure, flow, temperature, light and many more. Perhaps the most obvious 
type of sensor, which we carry with us all the time, is the human eye. In a human 
eye, the lens focuses the light entering the pupil onto the retina and here the energy 
of the light is converted into nerve signals, which are interpreted by the brain. 
When the eye is compared to a common silicon photodiode used for detecting 
visible light, we can see that the working principal is similar. A light beam hitting a 
photodiode generates an electrical signal, with a magnitude determined by the 
intensity of the light. The electrical signal thus generated is registered and 
interpreted by any additional electronics. The general division of sensors is into 
two different types, namely, active and passive sensors. In the active sensors, the 
sensor itself transmits a signal towards the investigated object. The object reflects 
the signal and this, in turn, is detected by the receiver part of the sensor. Radar is a 
perfect example of an active sensor. Passive sensors, such as the eye or the 
photodiode, only consist of a receiver part, which detects the transmitted signal 
from the investigated object. The choice of sensor is naturally dependent on 
properties such as which physical quantity to measure, frequency, sensitivity and 
application. 

A perfect example of an application in which the use of sensors could increase 
the intelligence of the whole system involves central HVAC-systems (Heating, 
ventilation and air conditioning). Throughout history, these systems have utilized 
simple thermometers for monitoring the temperature.  The norm for the ventilation 
of a building has been a preset curve, regardless of its usage. By continuously 
monitoring the air quality and by performing ventilation based on the usage of the 
building, this creates a better working environment and reduces the running costs. 
In indoor environments, the measurement of the carbon dioxide level in the air is a 
reliable indicator of the air quality. 

One way of detecting carbon dioxide is to use a thermal detector and an infrared 
spectroscopy method. For many years these detectors have been viewed as being 
relatively slow and having a low sensitivity. However, during the last decade the 
development of thermal detectors has resulted in more sensitive, faster and smaller 
detectors. An important factor for these improvements has been the development of 
micromachining techniques, which are compatible with standard silicon 
processing. Figure 1 displays a perfect example of the process possibilities 
associated with these technologies. This figure shows a spider mite of size less than 
1 mm sitting on a MEMS (Micro-Electro-Mechanical Systems) gear chain [1]. In 
the fabrication process of MEMS devices, etching techniques such as bulk 
micromachining, surface micromaching and Deep Reactive ion Etching (DRIE) are 
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commonly used. These processes are also involved in the fabrication of thermal 
radiation detectors in order to create a temperature sensitive element. The use of 
polymers in combinations with classical semiconductor processing materials is 
another solution used within the MEMS field. These materials are relatively 
inexpensive, and appear in a large variety of material characteristics. However, for 
infrared detectors in general and thermal detector such as the bolometer and 
thermopile in particular, the use of polymers is not that common. 
 

 
 
Figure 1: A spider mite of size less than 1 mm sitting on a MEMS gear chain, 

from [1]. 
 

In this thesis, the use of polymers as a thin thermally insulating membrane material 
in thermal detectors has been studied. The motivation behind the work has been to 
develop a low-cost infrared detector, which could be used for the detection of 
carbon dioxide. An advantage of using polymer material is the simple application 
method, which requires a minimum of additional processing equipment. Since 
polymers in general are poor thermal conductors, they are also suitable materials to 
use in a thermal detector. Evaluation, regarding the use of a polymer membrane in 
two different thermal detector types, namely the bolometer and the thermopile, has 
been by means of fabricating of the devices and by conducting measurements. A 
more significant focus has been on the thermopile structure, for which there has 
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been the development of different designs. In order to enhance the sensitivity and 
gain an understanding in relation to how the choice of material and design affects 
the device performance, an automatic design optimization tool using iterative 
thermal device simulation was implemented. 
 
1.1 THESIS OUTLINE 

Chapter 2:  Introduces the subject of infrared radiation detectors 
 
Chapter 3: Describes the physics of semiconductor photodetectors and 

photoconductors for the detection of infrared radiation 
 
Chapter 4: Describes the physics of thermal detectors in general and the function 

of thermal detectors such as thermopiles, bolometers and pyroelectric 
detectors more specifically. The fabrication and characterization 
results from fabricated thermopile and bolometer detectors are 
presented in this chapter. 

 
Chapter 5: A description relating to the design optimization of a thermopile 

infrared detector using an automated design optimization tool is 
provided. 

 
Chapter 6: Describes the use of thermal detectors for detection of carbon dioxide 

in the atmosphere. 
 
Chapter 7: Summary of publications. 
 
Chapter 8: Thesis Summary. 
 
Chapter 9: References. 
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2 INFRARED RADIATION 

The electromagnetic spectrum is a continuous spectrum of all electromagnetic 
waves arranged by their wavelengths λ, or frequencies f. Depending on how the 
electromagnetic radiation interacts with matter, the spectrum has been subdivided 
into different types of radiations. In relation to wavelength, these types range from 
cosmic rays with wavelengths of about 10-9 µm to long electrical oscillations at 
about 1012 µm. However, the visible part of the spectrum, which is the part known 
to the majority of people, only covers wavelengths between 400 nm to 700 nm. In 
this wavelength, region photodiodes based on crystalline silicon form the most 
common type of detectors. However around 1000 nm, the responsivity of a typical 
silicon type photodiode decreases rapidly and other materials and detectors are 
therefore required. 

The wavelength region between 700 nm and up to about 1 mm is known as the 
infrared radiation region and was discovered by Sir Fredrick William Herschel in 
1800 [2]. In his experiment, sunlight was directed through a prism, and the 
temperature of each colour measured using glass thermometers. In order to increase 
the heat absorption, the bulbs of the thermometers were blackened. He saw that 
when he placed the thermometer in the region just beyond the red area, now known 
as infrared radiation, he measured the highest temperature. Figure 2 illustrates the 
principle of Herschel’s experiment. The infrared region is usually subcategorized 
into three sub regions, NIR (Near Infrared, 700 nm-1400 nm), MWIR ( Mid 
Wavelength Infrared, 1400 nm-3 µm) and LWIR ( Long Wavelength Infrared, 3 
µm – 1 mm) [3]. However, these boundaries vary in literature, and in astronomy, 
radiation between 700 nm and 1.1 µm are sometimes not even considered as a part 
of the infrared spectrum. 
 

 
Figure 2: Principle of Herschel’s infrared experiment 
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Figure 3: Black body radation curve as function of wavelength. 
 

All objects having a surface temperature above 0 K emit infrared radiation. The 
power and the spectral content of the emitted radiation are determined by the 
temperature of the object. With an increasing object temperature, the peak of the 
emitted radiation shifts towards shorter wavelengths. A normal light bulb emits 
radiation with a colour temperature of about 3000 K, which corresponds to a peak 
wavelength of 970 nm. A black body is an ideal object that absorbs all radiation, 
which is incident on it and the radiation thus emitted is known as black body 
radiation. The emitted radiation is equal to the absorbed radiation for an ideal black 
body. Planck’s law determines the black body radiation, and Figure 3 shows the 
spectral content of this radiation for various surface temperatures. A normal human 
has a body temperature of about 37○ C and a skin temperature of about 34○ C. 
Maximization of the radiation emitted by a human will therefore occur at 
wavelengths of around 10 µm. 

Today, infrared detectors having both civilian and military applications are 
widespread. Infrared detectors are generally classified into two main groups, 
namely photodetectors and thermal detectors. The choice of detector very much 
depends on the intended applications. Some applications require a high response 
speed and high responsivity, whereas others can settle for lower speed and 
responsivity, but at a lower cost. 
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3 PHOTODETECTORS 

Semiconductor based photodetectors are available in several different types, but 
photoconductive detectors and the photodiodes form the most common types. 
Although the detection method for these detectors differs slightly, the fundamental 
property of converting incoming light, or photons, into an electrical signal involves 
the same physics. As briefly mentioned in the previous section, and as shown in 
Figure 4, photodetectors based on silicon are sensitive to light in the wavelength 
region from 300 nm to about 1000 nm. 

 

 
 

Figure 4: Current responsivity for a IR supressed Hamamatsu s1227-BQ 
photodiode with a active area of 10x10mm [4] in comparision to a 
ideal photodiode. 

 
This wavelength dependence is generated by the discrete bandstructure of the 
semiconductor material. A simple representation of the bandstructure of a 
semiconductor, such as silicon is shown in Figure 5. The structure consists of the 
valence band, the conduction band and the bandgap. In an intrinsic semiconductor, 
at 0 K, the valence band is filled with electrons and the conduction band is empty. 
However, when the temperature increases some electrons will gain sufficient 
thermal energy in order to surmount the forbidden bandgap and enter the 
conduction band. The electrons in the valence band can also be excited to the 
conduction band by illuminating the semiconductor with light. In order for the 
electrons to overcome the bandgap, the energy of the incident light has to be higher 
than the bandgap energy. 
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Figure 5: Generation of electron-hole pair in a semiconductor, with bandgap Eg, 
due to incident photon of energy hv. 

 
The energy of the incident light is calculated by the Planck relation given in eq. 1, 
where h = 4.14⋅10-15 eV-s is Planck’s constant and v is the frequency of the incident 
light. For silicon with a bandgap of 1.11 eV, eq. 1 results in a frequency of 
2.68⋅1014 Hz or a wavelength of about 1100 nm. For detection of longer 
wavelengths, a material with a narrower bandgap is therefore required. When 
moving to shorter wavelengths, such as x-rays and gamma rays, the number of 
photons interacting with individual atoms in the silicon crystal decreases and this 
reduces the responsivity. 

 
vhE ⋅=  (eq. 1) 

 
3.1 PHOTOCONDUCTOR 

The detector type known as photoconductive detectors, detects incident light by the 
change of electrical conductivity caused in a semiconductor when it is illuminated. 
Typical applications for these detectors are automatic light switches controlled by 
light in the surrounding environment, light meters in cameras and burglar alarms. 
The change in photoconductivity generated by the incident light is given by eq. 2 
[5]. 

 
( )ppnnopqg μτμτσ +=Δ  (eq. 2) 

 
here, gop is the optical generation rate, τ and μ is the carrier lifetime and mobility 
for electrons and holes. As seen, the carrier lifetime and mobility should be high 
for a maximum change in photoconductivity. By applying a voltage V across a 
semiconductor slab with a rectangular cross W⋅D and length L, the change in 
current ∆i induced by the change in the photoconductivity is given by eq. 3 [6] 

 

V
L

WDi σΔ=Δ  (eq. 3) 
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The sensitive wavelength, is as given by eq. 1, determined by the bandgap of the 
semiconductor material. In the visible wavelength range, semiconductors such as 
Cadmium sulphide (CdS) and Cadmium selenide (CdSe) are commonly used. 
These materials have a high photoconductive gain, which is defined as the ratio 
between the flow of electrons from the device to the rate of generated electron-hole 
pairs (EHPs). The response time, on the other hand, could be in the range of 50 ms 
[6]. For infrared wavelengths, materials such as Lead sulphide (PbS), Indium 
gallium arsenide (InGaAs) and Indium antimonide (InSb) are used. However, due 
to the narrow bandgap of these semiconductors external cooling is required in order 
to reduce the thermal noise. 
 
3.2 PHOTODIODE 

The second type of photodetector described in this thesis, involves the 
photodiode. As is the case for the photoconductive detectors, exciting electrons 
from the valence band to the conduction band generates the EHPs. The creation of 
a basic photodiode is by means of forming a pn-junction in the semiconductor bulk 
material, as seen in Figure 6. This cause the creation of a region depleted of mobile 
charges between the p and n regions. An internal electric field directed from n to p 
is generated over the depletion region. Charge carriers generated in the depletion 
region drift across the region due to the electric field, whereas carriers generated 
within a diffusion length from the depletion region diffuse to the region and then 
drift across. Photodiodes are normally operated with a zero bias or a slightly 
reverse bias. The reverse bias increases the electric field at the junction and the 
width of the depletion region. 

 

 
 

Figure 6: Schematic view of a typical silicon photodiode. 
 



 

 10

For the ideal photodiode, the current in the reverse direction is essentially 
independent of the reverse voltage. It is possible to view this by studying the I-V 
characteristics of an ideal diode in Figure 7. In this case, the current is proportional 
to the optical generation rate, gop. 
 

 
Figure 7: I-V characteristics of an ideal photodiode for different optical 

generation rates. 
 

In the I-V characteristics above, the assumption was that all incident photons 
contributed to the generation of EHPs. In reality, the generation rate depends on the 
absorption coefficient of the material and the reflectance of the semiconductor 
surface. The fraction of incident photons, generating carriers that contribute to the 
photocurrent, is known as the quantum efficiency, η 
 

( )( )d
i eR αηη −−−= 11  (eq. 4) 

 
where R is the reflectivity, α is the absorption coefficient, d is the depletion width 
and ηi is the internal quantum efficiency (usually about 1). The reflectivity is 
dependent on the refractive index of the material. It is then possible to write the 
photocurrent as [7]: 
 

ν
η

h
P

qI opt
ph =  (eq. 5) 

 
h is Planck’s constant, Popt the optical power, q the electron charge and v the 
frequency. At the end of the NIR region and the beginning the MWIR region, 
materials such as Germanium (Ge) and InGaAs grown on Indium phosphide (InP) 
substrates are commonly used. Detectors based on these materials have high 
sensitivity and high bandwidth, but as is the case for all low bandgap materials, 
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they suffer form large leakage currents. For even longer wavelengths, Mercury 
cadmium telluride (HgCdTe) with a bandgap between zero and 1.6 eV, depending 
on the composition, is available [6]. For the best performance, these detectors 
require cooling down to liquid nitrogen at 77 K. They also suffer from low yield 
and production complexity, which prevents their expansion in the civilian market 
[8]. 
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4 THERMAL DETECTORS 

The operation of the second class of infrared detectors, the thermal detectors, 
relies on the principle of converting radiated power into another quantity. Initially 
the infrared radiation is absorbed, which in turn raises the temperature of the 
device. This temperature increase affects some temperature sensitive parameters of 
the device, such as the electrical conductivity. One of the simplest and possibly the 
most obvious thermal detector is the thermometer. In fact, as presented earlier, this 
is what Herschel used when he discovered the infrared radiation spectrum. 

Detectors, which are included within the group of thermal detectors, are 
bolometers, thermoelectric detectors such as thermocouples and thermopiles, 
pyroelectric and Golay detectors. It is generally possible to differentiate between 
these types of detectors by their means of detecting the temperature change. The 
major advantage of thermal detectors as compared to infrared photon detectors is 
that they can operate at room temperature. As previously said, the cooling 
requirement of the photodetectors makes them bulky, heavy, expensive and 
inconvenient to use. However, the response time is longer and the sensitivity is 
lower for the thermal detectors. 

 
4.1 PHYSICS OF THERMAL DETECTORS 

Today, tools for modelling electronic systems are very well developed and 
advanced. Fortunately, in mathematics, it is possible to use the same equations 
used to describe electrical current and voltages in order to describe the behaviour 
of thermal quantities such as heat flow and temperatures. Table 1 shows the 
analogy between electrical and thermal quantities. 
 

 
Table 1: Thermal and Electrical parameter analogy. 

 
It is possible to divide the physical design of all thermal detectors into three 

main parts, all of which play a central role for the device performance. These parts 
are: 

 
 Temperature sensitive element 
 Thermal link 
 Heat Sink 
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For a maximum response, the temperature sensitive element, with heat capacitance 
C should have high temperature sensitivity. The thermal link connecting the heat 
sink, held at constant temperature, should have a low thermal conductivity in order 
to maximize the temperature increase of the sensitive element. It is normal to apply 
an additional infrared absorption layer on top of the sensitive element for increased 
infrared absorption. Figure 8 presents a simple representation of a thermal detector. 
In this figure, the heat sink is termed the supporting substrate and the link Gth is the 
thermal link between the heat sink and the temperature-sensing element. 
 

 
 

Figure 8: A simple representation of a thermal detector structure  
 
When considering the simple model shown in Figure 8, and assuming that the heat 
is transported from the temperature sensing element only by conduction through 
the thermal link. The temperature increase of the sensing element caused by the 
incident thermal radiation could then be derived by setting up and solving the heat 
balance equation, which is given by eq. 6 [9]. 
 

Φ=Δ+ εTG
dt
dTC  (eq. 6) 

 
where C is, as given by Table 1, the thermal capacitance, ∆T is the temperature 
increase with respect to the heat sink, G is the thermal conductance, ε is the 
emissivity of the active area, and Φ the incident infrared radiation. To extend eq. 6 
even further, heat transport through thermal radiation and convection should also 
be included. 

Assuming an incident thermal signal with a time dependence of the form 
( )ftπ2cos0Φ=Φ . In complex form, we can then write the temperature increase 

caused by thermal signal as [9][10]: 
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In eq. 7, ω = 2πf is the angular frequency. As can be seen, by reducing the values 
of the thermal conductance G and the thermal capacitance C, this increases the 
temperature difference ∆T and therefore also the detector sensitivity. In practical 
terms, this means that the detectors should have a small thermal mass, which in 
principal means a small interaction area and thin connection beams to the heat sink. 
However, in order to achieve a detector, which possesses a rapid response, requires 
high thermal conductance and low thermal capacitance, see eq. 8. This results in a 
trade-off situation between sensitivity and thermal response time for thermal 
detectors. As is the case for electrical signals, the thermal time constant is 
measured at the position where the signal level has reached 63 % of its final value 
on the rising edge, and reduced to 37 % on the falling edge. 
 

G
C

=τ  (eq. 8) 

 
A common means of reducing the thermal conductivity between the supporting 
substrate, used as heat sink, and the sensitive element is by either creating a closed 
membrane, a floating membrane or a cantilever beam structure. The physical 
thickness of these structures must be thin and the thermal conductivity of the used 
material must be low in order to reduce the overall thermal conductance. 
 
4.1.1 Floating membranes 

The floating membrane structure is the thermal structure, which has the lowest 
thermal conductance to the supporting substrate. Fabrication of the floating 
membrane structure is usually done on silicon substrates, using techniques 
involving either bulk micromachining or surface-bulk micromachining. Initiation 
of the process for the bulk micromachining case is usually by means of depositing 
a thin membrane material on the front side of the silicon wafer. A common 
membrane material, deposited using chemical vapour deposition (CVD) 
techniques, is silicon nitride (Si3N4). The subsequent steps involve a reduction of 
the physical thickness of the silicon bulk underneath the Si3N4 layer. A silicon wet 
etch is the most common method by which this is conducted. The etchants 
generally used are, Tetramethylammonium Hydroxide (TMAH) [11] or Potassium 
Hydroxide (KOH) [12]. These solutions are so-called anisotropical etchants, which 
means that the etch rate is different for different directions of the crystal planes. In 
the case of TMAH and KOH, as can be seen in the illustration shown in Figure 9 
for a (100) silicon wafer, the etch rate is lowest in the <111> direction and highest 
for the <110> and <100> directions. In a (100) wafer, the (111) planes is located at 
an angle of 54.74○ to the wafer surface, and this will result in a V-shaped etch 
groove with a rectangular opening. Performing the etch from the reverse side of a 
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wafer with a normal thickness of 525 µm, sets a limit of the minimum chip area to 
about 750 x 750 µm. For concentrated TMAH, heated to about 80○ C, the etch rate 
in the <100> direction is about 23 µm/h. For the same concentration and 
temperature, the etch rate of Silicon nitride is 7 Å/h [11], which results in a 
considerable etch selectivity. This is one of the main advantages associated with 
the use of Si3N4 as the membrane material. However, it is also possible for Silicon 
to be used as a membrane material by p-doping the front side of the silicon surface. 
This p-doped region is known as an etch stop, and will reduce the <100> etching 
rate in the surface region [13]. 
 

 
Figure 9: Principal of anisotropic etching using TMAH or KOH on a silicon 

(100) substrate 
 
When the desired membrane thickness is reached, the anisotropic etching is 
aborted. In order to form the floating membrane, the Silicon Nitride layer is etched 
using buffered Hydrofluoric acid (BHF) or concentrated HF, which results in a 
membrane suspended only at a few points. Figure 10 shows a SEM image of a 
fabricated bolometer thermal detector with a floating membrane structure. 

Surface-bulk micromachining is, as mentioned earlier, an alternative to bulk 
micromachining. Using this technique, a cavity is created underneath the Silicon 
Nitride membrane by etching the silicon substrate through etch openings on the 
front side. An advantage of this technique is the reduction in etch time. In the case 
of normal bulk micromachining and 525 µm thick wafers, this time could be more 
than 20 h, using concentrated TMAH. An example of such a detector is presented 
in [14], where a 3 µm silicon dioxide/nitride membrane is suspended over a 
surface-bulk micromachined cavity. 
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Figure 10: SEM image of a micromachined bolometer fabricated on a floating 
membrane structure, from [15]. 

 
A disadvantage associated with floating membranes created by either of the 
presented micromachining methods is that the suspension of the membrane in only 
a few places makes these devices rather fragile. 
 
4.1.2 Beams and bridges 

A slightly less fragile construction, which still has a low thermal conductance to 
the heat sink, is the cantilever beam or bridge structure. Creation of this structure is 
initially by etching a closed membrane and then released on all but one of the sides 
from the heat sink. Assuming a cantilever beam structure of width W and length L 
over which the temperature difference is generated. The thermal resistance in 
vacuum for the beam is then calculated by eq. 9 [7][16]. 
 

W
LRR stth =  (eq. 9) 

 
The thermal sheet resistance Rst is calculated from eq. 10, where D and κ are the 
thickness and a thermal conductivity of the cantilever beam. 
 

D
Rst κ

1
=  (eq. 10) 

 
If a thermopile structure is integrated on the surface of the beam, the area beyond 
the length of the thermopile is regarded as the radiation interaction area, or the 
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“hot” region. In theory, this area could be infinite in order to increase the 
sensitivity [17], but in practice, the mechanical stability of the structure limits the 
length of the beam. 

 
4.1.3 Closed membrane 

Of the considered structures, the closed membrane has the highest mechanical 
stability and therefore this structure allows for the fabrication of rather large 
membranes. An increased membrane area results in the possibility for increasing 
the infrared interaction area of the detector. As described in previous sections, 
floating membranes and cantilever beams are in principal always created from a 
closed membrane. This reduces the process complexity of the closed membrane 
compared to the other structures, which could increase the processing yield. The 
thermal conductance of the closed membrane is, however, the highest of the three 
considered structures as all the edges of the membrane are connected to the heat 
sink. On the other hand, as described by eq. 8, this reduces the thermal time 
constant. The increased thermal conductance of the closed membrane therefore sets 
higher demands on the membrane material in terms of thermal conductivity. 

Assuming a closed membrane structure, as shown in Figure 11, with a 
membrane of thermal conductance G connected to a heat sink held at ambient 
temperature Text. 
 

 
 

Figure 11: Schematic model of thermal detector with a closed membrane, used 
for determine the heat transfer from the detector. 

 
Considering that, the heat transfer is by means of conduction through the 
membrane and by radiation and convection from the surface to the surrounding 
atmosphere. The temperature distribution in the membrane is found by setting up 
the heat diffusion equation, as seen in eq. 11 [18][19]. Here, the heat transfer by 
means of radiation and convection is treated as merely being conductances 
connected in parallel with the thermal conductance of the membrane. The constant 
ρ is the material density, Φ is the incident radiation and hcomb = hconv + hrad is the 
combined heat transfer coefficient that includes effects from both convection and 
radiation from the surface to the surrounding atmosphere [20]. If the surrounding 
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gas is not in motion, the heat transfer between the surface and the gas will be 
through pure conduction [20]. For ΔT<<T, the heat transfer coefficients are given 
by eq. 12 [18][19]. 

 

( ) Φ=−−∇−
∂
∂

extcomb TThT
t
TC 2κρ  (eq. 11) 
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In eq. 12, the constants d1 and d2 are the distances to the surfaces at ambient 
temperature above and below the detector and κamb is the thermal conductivity of 
the ambient gas. The mean free path is defined as the average distance travelled by 
a gas molecule before it collides with another molecule, and is expressed as l0p0/p, 
where p is the pressure. The parameter a, describes the energy transmission 
efficiency between gas molecules. The emissivity of the upper and lower detector 
surfaces is given by ε1 and ε2, σ is Stefan-Boltzmann’s constant and Text is the 
ambient temperature. 

For a thermal detector with a closed membrane of circular shape, the thermal 
resistance for the heat flow in the radial direction could be found by calculating the 
thermal resistance in a cylindrical shaped tube [16][21]. The thermal resistance in 
the radial direction for a tube of height D, inner radius rinner and outer radius router, 
is given by eq. 13. Assuming a thermopile with thermocouple junctions positioned 
around a circular shaped closed membrane, rinner is the distance from the centre of 
the membrane to the tip of the “hot” thermocouple junctions and router is from the 
centre to the “cold” junction outside of the membrane. 

 

Dr
r

R
r
r

R
inner

outer
st

inner

outer
radth κππ

1ln
2
1ln

2
1

, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=  (eq. 13) 

 
Herwaarden states in [16][17], that the thermal resistance Rth,rad for closed 
membrane structures is in practice limited to 0.5 times the thermal sheet resistance 
Rst. Therefore, in order to increase the thermal resistance, the thermal sheet 
resistance is important. As given by eq. 10, the sheet resistance is dependent on the 
thickness and the thermal conductivity of the membrane material. As mentioned 
previously, Si [22] and Si3N4 [23] have been effectively used as membrane 
materials in many existing thermal detectors. Materials such as Si and Si3N4 have 
the advantage of being compatible with standard silicon process technologies, 
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including high temperature steps at least up to 700○ C. However, the thermal 
conductivity of these materials is relatively high and as stated previously, this 
lowers the sensitivity. Viewed from this standpoint, polymer materials appear 
attractive because of their very low thermal conductivities. A drawback associated 
with these materials is that they are usually not compatible with standard 
processing and are mechanically instable. A relatively new polymer material, 
which has become widely used in various MEMS applications, is SU-8 [24]. 

SU-8 is a negative epoxy based photoresist, initially developed by IBM. SU-8 is 
applied using only standard photolithographic processing steps, such as spin-
coating and UV lithography, which are available in most cleanroom facilities. 
Compared to deposition of materials such as Si3N4, which requires advanced and 
expensive PECVD or LPCVD equipments, the use of SU-8 as membrane material 
eliminates the need for additional processing equipments. The CVD process is also 
a rather complex process, which involves the handling of hazardous gases. The SU-
8 film thickness is controlled by the spin speed of the spin-coater, and layer 
thicknesses ranging from 0.5 µm up to 2 mm are possible. The chemical 
composition of epoxy resins contains one or several epoxy groups. The SU-8 
molecule, as shown in Figure 12, consists of eight such groups [25]. By 
illuminating the SU-8 fluid with UV light at a wavelength near 365 nm, the SU-8 is 
cured or cross-linked. In its cross-linked state, the material is chemically and 
thermally stable and show little outgassing in vacuum [26]. A thermal conductivity 
as low as 0.3 W/mK has been reported [27]. This could be compared to Si (bulk) 
and silicon nitride having thermal conductivities 150 W/mK [18] and 2.3-30 W/mK 
[28][7], respectively. 
 

 
 

Figure 12: The basic SU-8 molecule consisting of eight epoxy groups, from [25]. 
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Table 2: Material Parameters used in thermal simulation performed in 
COMSOL MULTIPHYSICS. 

 
In order to compare SU-8 with Si3N4 as a membrane material, thermal 

simulations were performed for a structure as shown in Figure 11, using the 
simulation software COMSOL MULTIPHYSICS. Since the device was 
symmetrical, it was sufficient to simulate only half of the detector area. 
Simulations were performed in 2-D, using cylindrical coordinates. By using 
cylindrical coordinates, 3-D effects were included while the number of mesh points 
was maintained at a minimum level, which increases the simulation speed. The 
membrane was connected to a 525 µm thick silicon bulk with a 1.1 µm thick 
silicon dioxide layer on top. The radius of the membrane was set to 0.9 mm, and 
revolving the structure around the centre point in the simulation therefore results in 
a circular membrane of a diameter of 1.8 mm. In a real thermal detector such as a 
thermopile, the generated heat will be conducted both through the membrane, but 
also through the thermocouple array. However, in this simulation, no metal layers 
were added to the membrane in order to merely compare the membrane materials. 
A layer of alkyd based black paint was added on top of the membrane for infrared 
absorption. From eq. 12, the thermal conduction to the surrounding atmosphere 
was calculated, by assuming a nitrogen atmosphere and the distance to cooling 
surfaces to be d1 = 3 mm and d2 = 0.5 mm. This resulted in a heat transfer 
coefficient of 8.7 for the front side and 52 for the reverse side. A summary of the 
material parameters used in the simulations is given in Table 2. A heat flux of 2.6 
W/mm2 was added to the absorbing layer, which had an assumed absorption 
coefficient of 1. Figure 13 shows the generated simulation results. As can be seen 
even for a SU-8 layer with a thickness of 4 µm, the maximum membrane 
temperature is about 12 % higher than for a 1 µm Si3N4 membrane. The increased 
thickness of the SU-8 membrane also makes it less fragile and more mechanically 
stable. Since the total thermal conductance also depends on the thickness of the 
SiO2 layer, reducing the thickness of the SU-8 layer to 2 µm only marginally 
increases the temperature. As stated previously, in thermal detectors such as the 
thermopile, the thermal conductivity of the used thermocouple materials will also 
contribute to the total thermal conductance. In order to achieve the maximum 
detector performance these parameters must be controlled in the design process. 
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Figure 13: Simulated temperature increase in closed membrane type thermopile, 
for different membrane materials and thicknesses. 

 
4.1.4 Infrared Absorption layer 

It is generally stated that ideal thermal detectors have a spectral response that is 
independent of the incident wavelength. Instead, the signal from a thermal detector 
depends on the power of the incident radiation. In practice, the absorption layer 
cannot, itself, be considered to be wavelength independent. The incident radiation 
also often passes through a protective window in the capsule, which has its own 
characteristic absorption. Applying a suitable infrared absorbing layer could 
provide the detector with a “flat” spectral response over a considerable wavelength 
range. It is possible to describe the optical absorption in any absorbing material by 
eq. 14 [34], where Ropt and Topt are the wavelength dependent reflectance and 
transmittance, respectively. 

 
optopt TRA −−=1  (eq. 14) 

 
For maximum detector responsivity, the absorption layer should have high 
absorption efficiency in the wavelength region of interest. Additionally, the thermal 
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mass of the absorption layer should be low, so that it is possible for a rapid transfer 
of the absorbed power to the sensing element. From this point of view, metallic 
films would be suitable because of their low thermal capacity. Metal films are, on 
the other hand, often seen as being good mirror coatings due to their high 
reflectance values rather than as being radiation absorbers. However, depending on 
the metal layer thickness, material properties and optical wavelength, metal films 
could also function as radiation absorbers. In the NIR region, metals such as 
Titanium have a low optical reflectivity of about 60 % [35]. From eq. 14 it can be 
seen that in the case of low optical reflectivity, absorption could be achieved by 
decreasing the optical transmission by increasing the titanium thickness. Figure 14 
presents a simulated 1.56 µm infrared radiation absorption in a titanium film 
sandwiched between two 2 µm SU-8 layers as a function of the Ti layer thickness. 
As can be seen, it is possible, at a layer thickness of about 200 Å, to achieve a 
maximum absorption of about 46 %. For thicker titanium layers, the absorption 
decreases to a level of 42 % caused by saturation in the reflectance at 58 %, while 
the transmittance continues to decrease towards zero. 
 

 
 

Figure 14: Calculated 1.56 µm infrared radiation absorption, transmission and 
reflection in a layer stack consisiting of 2 µm SU-8/Ti/2 µm SU-8/1.1 
µm SiO2 as function of titanium layer thickness. 

 
In general, for thermal detectors, the most common means of achieving infrared 
absorption is usually by applying a black coating to the sensitive elements. A black 
coating, which is widely used as infrared absorbing layer is a matte black paint. 
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Infrared absorption between 60-70 % has been reported for such paints in the 
wavelength region of 3 - 20 µm [36]. However, it is possible that to increase the 
absorption to about 80-90% for electrical conductive paints containing graphite 
[36]. Examples of other types of black absorption layers used in thermal detectors 
include the metal blacks [37]. The metal blacks are formed from metals such as 
gold, platinum, aluminium and nickel. The major advantage of the metal-blacks 
over the black paint absorbers is their low thermal mass, which as was explained 
previously is desired in thermal detectors. 

The application of the metal blacks is usually performed by electroplating or by 
evaporation at low pressure in a hydrogen or nitrogen atmosphere. The patterning 
of the metal blacks is generally conducted by means of standard lithography 
processes. The black paints are often simply applied by spraying and patterned is 
achieved using a shadow mask. Although this is a simple and low cost process, the 
layer thickness is difficult to control. In order to provide better control of the layer 
thickness, other application methods such as Inkjet printing or screen-printing 
could perhaps be utilized. These application methods are not particular well 
established within this application field, but have shown excellent results in other 
areas [38]. 

 
4.2 PYROELECTRIC DETECTORS 

A thermal detector type, commonly used in intruder alarms and lights switches 
activated by thermal energy, is the pyroelectric detectors. In the presence of a 
temperature change, these detectors exhibit a polarization in the material, which 
results in a current proportional to the temperature change. This effect is known as 
the pyroelectric effect, and is closely related to the piezoelectric effect, which 
produces an electrical potential in the presence of mechanical stress. In contrast to 
other thermal detectors, such as the thermocouple, the pyroelectric detectors are 
sensitive to change in temperature rather than the temperature itself. Therefore, 
pyroelectric detectors require infrared radiation with a modulation frequency faster 
than the thermal settling time of the detector. For applications where a fast 
response is required, this is an advantage. However, in battery powered 
applications, a fast switching frequency results in high power consumption. 
Another drawback associated with the pyroelectric detectors is that they have high 
impedance. An impedance converting amplifier is therefore necessary to convert 
the detector impedance to common detector output resistances. The current 
generated in a pyroelectric detector caused by a change in the temperature is given 
by eq. 15 [39]. 

 

dt
dTpI =  (eq. 15) 

 
here, dT/dt is the rate of change in temperature and p is the pyroelectric coefficient 
given by dPs/dT. The parameter dPs is the change in polarization determined by the 
pyroelectric material. 
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The design of the pyroelectric detectors is very similar to a normal plate 
capacitor, with two electrodes positioned on each side of the thin layer of 
pyroelectric material. An infrared absorption layer is often applied to the front side 
electrode in order to expand the sensitive wavelength range. The most common 
pyroelectric materials are TGS (triglycine sulphate), LiTaO3 (lithium tantalite), 
PST (lead scandium tantalate) and BST (barium strontium titanate). The choice of 
material depends on the required sensitivity, frequency and maximum temperature. 

 
4.3 THERMOCOUPLES AND THERMOPILES 

 

 
 

Figure 15: Principal of thermoelectric effect. A temperature difference over a 
thermocouple consisiting of two different conductors generate an 
electrical voltage. 

 
One of the oldest thermal radiation sensors is the thermopile detectors. The 

operational principal of the thermopile detector is based on the Seebeck effect. The 
most well known temperature sensor that utilizes the Seebeck effect is the 
thermocouple, which consists of a serial interconnection of two dissimilar metals. 
By positioning the thermocouple circuit in a thermal potential difference, this 
produces a voltage between the open ends, as shown in Figure 15. The voltage thus 
produced is known as the Seebeck voltage after its inventor Tomas Johann 
Seebeck. For an ideal thermocouple, the Seebeck voltage is proportional to the 
temperature difference between the metal junctions and is described as follows 
[40]. 

 
( ) TTSV ab Δ⋅=Δ  (eq. 16) 

 
where Sab(T) = |Sa – Sb| is the relative Seebeck coefficient expressed in µV/K and 
∆T is the temperature difference between the hot and cold junctions. The 
parameters Sa and Sb are the absolute Seebeck coefficients for materials a and b. 
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The absolute Seebeck coefficients have a specific value for each material, which 
could be either positive or negative. The Seebeck coefficients are both temperature 
and material dependent, and a large difference in absolute coefficients results in a 
higher generated output voltage. 

In a thermopile detector, several thermocouple pairs are connected in series, 
forming a thermocouple array. This configuration increases the generated output 
voltage of the thermopile by a factor N, which is equal to the number of 
thermocouple pairs included in the thermopile. The Seebeck voltage is then 
calculated from eq. 17 [40][41]. 

 
( ) NTTSV ab ⋅Δ⋅=Δ  (eq. 17) 

 
A more detailed expression for the Seebeck voltage is given in eq. 18, where eq. 16 
is combined with eq. 7, which describes the temperature increase in a thermal 
detector generated by an incident radiation. 
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A majority of the available thermopile detectors on the market use a structure 

with a thin closed membrane connected to a heat sink, as has previously been 
described. In order to create a temperature gradient over the thermocouple 
junctions, the “hot” junctions are placed on the thin membrane and the “cold” 
junctions on the heat sink, which is held at a constant temperature. The “hot” 
junctions should be covered by an infrared absorbing material in order to increase 
the radiation absorption and, in addition, to increase the temperature difference. As 
thermocouple materials antimony (Sb) and bismuth (Bi) have often been used due 
to their large Seebeck coefficients of 32 µV/K and -72.8 µV/K, respectively [42]. 
A drawback associated with these materials is their relatively high electrical 
resistivity compared to other metals and this increases the serial resistance. Nickel, 
which is also a common thermocouple material, has a lower electrical resistivity 
but also has a lower Seebeck coefficient as compared to Sb and Bi. Among the 
materials with the highest Seebeck coefficients are n and p type poly Silicon, 
having values of -400 µV/K and 400 µV/K, respectively [42]. Figure 16 shows a 
typical thermopile structure with a closed membrane. 

Since the choice of thermocouple material can have a rather significant 
influence on the output voltage of the thermopile, a figure of merit called Z is often 
used to compare various materials. It connects the thermal conductivity, electrical 
resistivity and Seebeck coefficients of the thermocouple materials and should be 
maximized over a desired temperature range. The parameter Z is calculated from 
eq. 19, where S is the Seebeck coefficient for materials a and b, ρa and ρb are the 
electrical resistivities and κa and κb are the thermal conductivities [16]. For high Z 
values, the difference in Seebeck coefficients should be large and the thermal 
conductivity and electrical resistivity should be low. 



 

 27

 
 

Figure 16: Cross-section of thermopile sturcture with closed membrane, from. 
 
However, according to the Wiedemann-Franz law, in all metals, the ratio between 
the thermal and the electrical conductivity is proportional to the temperature and 
high electrical conductivity is combined with high thermal conductivity [32][43]. 
Therefore, the parameter Z for metals is in principal determined by the value of the 
Seebeck coefficients. 
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 (eq. 19) 

 
4.3.1 Responsivity and noise 

The ultimate sensitivity of all detector systems is always limited by various 
noise sources, which affect the signal to be detected. Examples of these noise 
sources are temperature fluctuations in the surrounding atmosphere, 
electromagnetic radiation and noise from additional electronic circuits. In the case 
of thermopile detectors, two types of noise sources are of typical interest. These are 
the temperature noise and the thermal noise [44]. The upper sensitivity limit is set 
by the temperature noise, which is caused by the actual temperature fluctuations in 
the surrounding. The second noise source to be considered, and which is also the 
dominant noise source for thermopiles, is the thermal noise or the Johnson noise. 
This is an electrical noise source caused by the random motion of electrical charges 
in the material [45]. The Johnson noise is determined by eq. 20, where kB is 
Boltzmann’s constant, Text external, Re the electrical serial resistance and ∆f is the 
frequency bandwidth. As can be seen, the serial resistance of the thermopile 
influences the Johnson noise, and should thus be maintained at as low a value as 
possible in order to lower the noise. 
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fRTku eextBnoise Δ⋅⋅⋅⋅= 4  (eq. 20) 
 
The detector performance is usually characterized using the responsivity. For 

photodetectors, this is calculated from the ratio between the generated photocurrent 
and the incident radiation power. The unit for the responsivity is, in this case, is 
given in amperes per watt. For thermal detectors such as the thermopile, the output 
signal is a voltage and the responsivity is therefore given in volts per watt. In this 
case, the responsivity is calculated from eq. 21, where Vout is the generated Seebeck 
voltage and Prad is the radiation power. 

 

rad

out

P
V

R =  (eq. 21) 

 
A performance measure that is often used to compare different detector 
technologies and sizes is the specific detectivity D*. As given in eq. 22, the specific 
detectivity is calculated by dividing the responsivity R by the noise voltage unoise. 
Specific detector properties such as frequency bandwidth Δf and active detector 
area AD are also removed by multiplying by the square root of the area times the 
bandwidth [40]. The noise voltage divided by the responsivity is also known as the 
noise equivalent power (NEP), and it is the minimum detectable power. 
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4.3.2 Thermopile detector with closed SU-8 membrane 

The use of the spin-on epoxy photoresist SU-8 2002 in a thermal detector 
application was evaluated by fabricating a thermopile detector with a thin closed 
SU-8 membrane. As has been described previously, the use of SU-8 as a membrane 
material eliminates any requirements of additional processing equipment used to 
create the membrane. In addition, as shown in the simulations presented in Figure 
13, even with a rather thick membrane the low thermal conductivity of SU-8 
increases the temperature gradient from the membrane centre to the heat sink. A 
photolithography mask-set was developed and used in the fabrication of the 
thermopile detectors. In the initial design, the focus was on a simple production, 
both in the mask design stage and processing stage, rather than on a maximum 
detector performance. The fabricated detector was therefore viewed more as a 
proof of concept for the use of SU-8 as a possible membrane material. Nickel and 
titanium were selected as the thermoelectric materials. The choice to use nickel 
was based on its relatively large Seebeck coefficient of about -19.5 µV/K [40] and 
its low electrical resistivity. Titanium has a lower Seebeck coefficient of 7.19 
µV/K [46], but it is known to have high adhesive ability. Even though the 
combination of these two metals is not optimum, from a thermoelectric viewpoint, 
the Seebeck coefficients were seen high enough in an initial evaluation stage. 
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4.3.2.1 Fabrication and Characterization 
A schematic representation of the complete fabrications process is shown in 

Figure 17. As bulk material, we used a 525 µm thick double polished <100> n-type 
silicon wafer, which was initially thermally oxidized to form a 1.1 µm SiO2 layer 
on both sides of the wafer, as seen in Figure 17a. The process was continued by 
forming etch openings in the oxide layer on the reverse side. In order to create the 
first thermocouple leg, a 1000 Å thin titanium layer was evaporated on the front. 
This layer was patterned and aligned towards the reverse side etch openings. The 
second thermocouple leg was formed using 1000 Å nickel. In Figure 17b, the 
device is shown after the formation of the Ni/Ti thermocouples. Using a photoresist 
spinner rotating at 3000 rpm, a 2 µm SU-8 2002 [27] layer was added on top of the 
thermocouples. Contact pad openings were then formed in the SU-8 2002 layer 
and, as an initial IR absorption layer, a 250 Å thin titanium layer was then 
evaporated on top of the SU-8, see Figure 17c-d. A 2 µm top SU-8 2002 layer, 
which encapsulated the thin titanium layer, was then deposited. The process 
continued by performing silicon etching using a single sided wet etch chuck and 
concentrated tetramethylammonium hydroxide (TMAH) heated to 80 ºC. During 
etching, a layer of Apiezon black wax also covered the front side. However, this 
layer was dissolved after forming the membrane structure. Figure 17e-g shows the 
final processing steps leading up the finished component consisting of a 1.8 x 1.8 
mm SiO2/SU-8 2002 membrane of a total thickness of about 5 µm. A total number 
of 196 Ni/Ti series connected thermocouples, with a total series resistance of 270 
kΩ, were encapsulated under the SU-8 2002. In Figure 18, a microscope image of 
the fabricated detector is displayed. For additional infrared absorption, a layer of 
regular matte black spray paint was added to the active area of the detector. This 
layer was added manually, resulting in uncertainties in the surface area and 
thickness. 
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Figure 17: Schematic diagram of the fabrication process: (a) Thermal oxidation 
of double polished Si wafer, (b) Forming of thermocouples and 
contact pad on front side and backside etch openings, (c) Deposition 
of first SU-8 2002 layer, (d) Aluminum and titanium evaporation, (e) 
Deposition of second SU-8 2002 layer, (f) Application of protective 
black wax layer on front side, (g) TMAH etching of silicon substrate. 
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Figure 18: Top view image of fabricated Ni/Ti thermopile on a 5 µm thin self-
supported SU-8 2002 / SiO2 membrane. In the depiced detector, the 
250 Å titanium layer was not applied. 

 
For the characterization of the manufactured detector in the infrared region, a 

fibre coupled infrared laser diode with a wavelength of 1.56 µm and a power of 3.5 
mW was used. The radiation was directed towards the centre of the membrane and 
the produced voltage was registered using a National Instruments DAQ. Figure 19 
shows the measured voltage response from the Ni/Ti thermopile, both with and 
without the additional black absorption layer. Using eq. 21, a responsivity of 7.5 
V/W was calculated. The thermal time constant was estimated at 225 ms with only 
the titanium absorption layer and at 620 ms with the added black paint. When the 
Johnson noise is considered as being the dominant noise source and for an active 
area equal to the membrane area, the manufactured thermopile has a specific 
detectivity equal to 2.0·107 cm·√Hz/W. Compared to a commercial detector, such 
as the HMS J21 from Heimann Sensors GmbH [47], the sensitivity and the 
detectivity of the manufactured detector are about 3.5 and 4.5 times lower, 
respectively. 
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Figure 19: Measured voltage response from infrared laser diode with a power of 
3.5 mW. The dashed line is the response measured with only the 
titanium absorber and the solid line the response with both titanium 
and black paint absorber. 

 
Using a monochromator setup, the spectral response in the wavelength region 
between 900-2200 nm was characterized. Within this region, it was considered that 
the spectral response was rather flat. Measurements performed in a vacuum 
pumped environment also showed that the sensitivity could be increased by a factor 
of more than 3 by mounting the detector in a vacuum pumped capsule. 
 
4.4 BOLOMETER 

Samuel Pierpont Langley initially invented the bolometer in 1878. The principal of 
operation for the bolometer differs from the thermopile in the way that the output 
signal is produced. As was described in section 2.2, the thermopile produces its 
own output voltage by using the Seebeck effect. The bolometer however requires 
an external bias in order to produce an output. A simple bolometer is in principal a 
resistance that changes its resistance value with temperature. The variable 
resistance is connected in series with a load resistance and a supply voltage, as can 
be seen in Figure 20. 
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Figure 20: Bolometer circuit with one variable resistance element 
 
As resistive materials, metal or semiconductors may be used. One drawback 
associated with metals as compared to semiconductors is that they suffer from 
relatively low TCR. The flicker noise, or 1/f noise, in metal resistances is on the 
other hand lower [48]. 
 

For many years, these thermal imaging systems were only of use in critical 
military applications. Because of the slow response times of thermal detectors, 
these systems were limited to using a photodetector, and the cooling requirement of 
an infrared photodetector made them very expensive. However, in recent years, 
developments within the field of microbolometer arrays have decreased their 
response times allowing them to be used as detectors in uncooled thermal imaging 
systems. Room temperature and chopper less operations of these detectors reduce 
the cost of the system and increase the reliability [10]. The usual construction of a 
microbolometer involves a microbridge or a floating membrane structure in order 
to reduce the thermal conductance to heat sink. Honeywell has presented a 
microbolometer that uses the floating membrane structure. Figure 21 shows a 
schematic representation of this bolometer. In contrast to previously discussed 
floating membranes, the creation of this membrane involves the use of a sacrificial 
layer and front side micromachining. Vanadium dioxide (VO2) was used as the 
resistance material. This is a popular thermistor material due to its high 
temperature sensitivity. However, the preparation of vanadium dioxide is rather 
difficult [10]. 
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Figure 21: Schematical image of Honeywell microbolometer structure, from [10]. 
 
4.4.1 General theory 

In Figure 20 the voltage change ΔvRL across the load resistor RL is caused by a 
resistance change in the variable resistor from R to R-ΔR, which is given by eq. 23 
for ΔR<<R [49]. For pulsed radiation and d.c. bias, ΔvRL only represents the voltage 
change generated by the incident radiation signal. 
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where i is the current through the bolometer. By introducing a factor 
F = RL/(R+RL), this equation is normally simplified as given by eq. 24. 
 

RFivRL Δ=Δ  (eq. 24) 
 

The resistance change ΔR due to a small temperature change ΔT is expressed as: 
 

TRR Δ=Δ α  (eq. 25) 
 
The quantity α is the temperature coefficient of resistance (TCR), which is 
tabulated for a large number of materials. The change in temperature is again 
determined by setting up the heat balance equation. However, due to the current 
driven through the bolometer circuit, there is a generation of heat and this 
contribution should be included in the equation. 
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where C and G are as before, the thermal capacitance and the thermal conductance 
when the bolometer is at temperature T, Φh=RI2 is the Joule heating and dΦh/dT is 
the rate of change of heating power with the temperature. The power absorbed 
from the radiation source is ΔΦ. For a metal bolometer where α decreases with 
temperature, the temperature change ΔT is given by solving eq. 26 [49]: 
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ε is the emissivity, Ge is the effective thermal conductance defined in eq. 28 [50]. 
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Returning to eq. 24, the voltage change across the load resistance RL due to a 
temperature increase caused by incident radiation is 
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To limit the effect of self-heating due to the current driven through the circuit, a.c. 
biasing with a short duty cycle is preferred. If the bolometer is connected in a 
balanced Wheatstone bridge configuration, the signal on the output will only be 
due to the chopped radiation. However, if the bolometer is set up as a simple 
voltage divider the small signal generated from the radiation will be superimposed 
on the rather large a.c. bias signal, which makes it more difficult to detect. 
 
4.4.2 Fabrication of a infrared bolometer with a thin epoxy membrane 
A bolometer with a thin SU-8 2002 membrane was fabricated using a 525 µm thick 
double polished <100> n-type Si wafer as the starting material. The detector 
consisted of a 4 µm thin SU-8 2002 membrane connected to the silicon bulk held at 
ambient temperature. Resistances were manufactured from evaporated nickel, and 
were connected in a Wheatstone bridge configuration. For increased sensitivity, 
two variable resistance elements were introduced; see Figure 22 for a photo of the 
manufactured bolometer. In Figure 23 a thermal image of the bolometer structure is 
shown. The image was taken using a FLIR T200 uncooled microbolometer thermal 
image camera with a temperature resolution of 100 mK. The image was taken 
when a 10 V d.c. bridge voltage was applied. It clearly shows the increased 
temperature in the centre of the membrane due to the Joule heated resistance. The 
resistance on the silicon bulk has a much lower temperature due to the high thermal 
conductance. 
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Figure 22: Top view image of IR sensivitve resistances on the self-supported SU-
8 2002 membrane. 

 

 
 
Figure 23: Thermal image of Joule heated SU-8 bolometer. 

 
As was the case for the SU-8 thermopile detector, the manufactured bolometer 

was characterized using an infrared diode laser with a wavelength 1.56 µm and a 
power of 3.5 mW. The bridge was biased by means of a square wave of 2.5V at 10 
Hz and a 50% duty cycle. Figure 24 shows the response of the manufactured 
bolometer when radiated with the laser. A sensitivity of 9.3 V/W was achieved. 
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Figure 24: Bridge output generated from infrared radiation incident on the 

detector.

IR response 
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5 DESIGN OPTIMIZATION 

The use of simulations and device optimization in order to predict and improve 
the performance of advanced components has existed for many years. Optimization 
of devices, which consist of a large number of co-dependent design parameters, is 
usually a complex and time-consuming task and manual parameter tuning is 
usually inefficient. For components such as the Field Effect Transistor, the use of 
device simulation is well established, and the tools for this are rather well 
developed. In the case of thermal detectors a number of thermal simulations tools 
are available. However, to the author’s best knowledge, there exist no tools 
connecting thermal simulations with automated design optimization. In order to 
enhance the performance of detectors such as thermopiles, these tools would be 
helpful. Changing a parameter such as the number of thermocouples in a 
thermopile will affect both the electrical and thermal properties of the detector and 
a trade-off between these provides the optimal performance. Other parameters such 
as the size of the infrared absorber and the material choice will affect the optical 
aspects. Tuning these parameters individually by hand would probably have a 
positive effect on thermopile responsivity. However, by considering electrical, 
thermal and optical aspects simultaneously the possibility of achieving the 
optimum solution is at its highest. Solving this rather complex situation by hand 
would involve extensive calculations due to the number of involved parameters. 

 
5.1 THERMAL SIMULATION AND DESIGN OPTIMIZATION TOOL 

Paper IV included in this thesis discusses the development of a thermal 
simulation and design optimization tool for thermopile detectors with a closed 
membrane structure. For implementation of both the thermal simulation and the 
optimization parts, MATLAB and functions available in the partial differential 
equation (PDE) toolbox were utilized. Noise from an amplifier circuit connected to 
the detector was also included in the tool. This configuration allowed for the 
optimization of both a single detector and also for the optimization of the detector 
towards a complete system including detector and readout electronics. 

The optimization procedure is based on two different optimization algorithms, 
the Adaptive Simulated Annealing (ASA) [51][52] and the Simplex algorithm [53]. 
The ASA algorithm is a global optimization algorithm, which is an improvement of 
the well-known Simulated Annealing (SA) algorithm. The Simplex method is a so-
called linear programming algorithm, using the gradient of the goal function to 
locate the extreme points. A problem associated with optimization algorithms using 
the gradient, is that in the presence of a local minimum they can be trapped, 
resulting in a failure to find the global optimum. Therefore, as was described in 
[54], it is important that the initial guess will result in a solution close to the global 
optimum. In the ASA and SA algorithms, these problems are avoided by 
sometimes accepting solutions, which are not actually optimum. The probability 
that such a solution is accepted is controlled by a temperature parameter. Over 
time, the temperature decreases and therefore also the probability. However, the 
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work involved in choosing the correct initial temperature could sometimes prove to 
be rather difficult. The flow chart illustrated in Figure 25 shows the working 
principal of the implemented optimization tool. In order to avoid trapping the 
Simplex algorithm at a local minimum, the optimization is initiated by running the 
ASA. It is then possible to use the solution found by the ASA as an initial value for 
the Simplex method by choosing the continue mode. By choosing this method of 
performing the optimization, the probability of finding a solution close to global 
optimum is increased. 

 

 
 

Figure 25: Flow chart describing the working principle of the optimization tool. 
 

 
Figure 26: Improved detector dector degsign. 
 

The optimization tool was utilized in order to optimize the design of the 
previously fabricated SU-8 2002 based thermopile detector. In the initial detector, 
the thermocouples were simply spread along the edge of the membrane. Since the 
thermal radiation is absorbed in the middle of the membrane, it was speculated in 
papers III and IV that by spreading the thermocouples more evenly over the 
membrane this would increase the responsivity, as shown in Figure 26. This 
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concept was implemented in the optimization tool, and by allowing the tool to 
optimize variables such as, number of thermocouples, metal thickness and width, 
thermocouple separation and absorption area, an optimized design was developed. 
Simulation results showed that by merely spreading the thermocouples more 
evenly over the membrane surface this increased the responsivity by about 40 %. 
Figure 27 shows the simulated temperature distribution for a quarter of SU-8 
thermopile. By allowing the optimization tool to adjust the optimization parameters 

 
Figure 27: Simulated temperature distribution in the redesigned thermopile with 

SU-8 2002 / SiO2 membrane. 
 

 
 

Table 3: Optimized design parameter values. Optimization boundarires are 
given within the paranthesises in column 1. 
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rather freely, the results showed that the detector responsivity could be increased 
by another 30%. However, this kind of optimization could easily result in detector 
designs, which are demanding and expensive to manufacture. As an example, the 
design could require very high resolution in the photolithography steps and 
generate material thicknesses, which are unrealistic to fabricate. By limiting the 
optimization freedom by introducing a number of optimization boundaries, such as 
maximum metal thickness and minimum separation for the thermocouples, it is 
possible to avoid such a scenario. These optimization boundaries resulted in the 
design parameters given in Table 3, for two different thermocouple metal 
combinations. The simulation results also showed that the design parameters 
differed slightly depending on whether the thermopile was optimized as a single 
detector or was connected to an operational amplifier with a specific known noise. 
 
5.2 CHARACTERIZATION OF A DESIGN OPTIMIZED THERMOPILE DETECTOR 

The fabrication scheme of the optimized SU-8 2002 based thermopile detector 
in principal follows the scheme of the original design presented in Figure 17. 
However, in addition to introducing the new thermopile design shown in Figure 26 
and the optimized parameters values, the thickness of the front side SiO2 layer was 
also reduced to about 1000 Å. In paper III a buckling of the SU-8 / SiO2 membrane 
was seen after TMAH etching. It was thought that this was caused by stress 
induced by the thermally grown SiO2 [55]. In order to release the stress, the thin 
membrane bends and this causes it to wrinkle [56]. In Figure 28, an optical  

 

 
 

Figure 28: Photography shows a top view of a fabricated Al/Bi thermopile with a 
4 µm SiO2/SU-8 2002 membrane. The central part of the image has 
been magnified in order to highlight the thermocouple junctions. 
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microscope image of a fabricated thermopile detector is presented. The membrane 
on the redesigned thermopile showed minimum signs of wrinkling or buckling, 
which is consistent with the theory that this was caused by the thick SiO2 layer. 

The voltage response of the fabricated thermopiles was evaluated using the 
same infrared laser as was previously used, but in addition also involved the use of 
a small incandescent lamp. The laser source delivers a small spot in a narrow 
wavelength region, whereas the lamp is wide both in the wavelength and in the 
physical size of the spot. The measured voltage response using the laser is 
presented in Figure 29 and Figure 30, whereas results shown in Figure 31 were 
measured using the incandescent lamp. In Figure 29, the redesigned Ni/Ti 
thermopile is compared to the initial Ni/Ti thermopile version. As seen, the 
redesigned version has a voltage response that is almost 3 times higher than the 
original version. Also without the black absorption layer, the performance of the 
redesigned thermopile is higher. Another clearly visible improvement is the 
response time of the detector. A switch of black absorption layer from regular 
matte black paint to electrically conductive graphite black paint could partially 
explain this improvement. However, it is also thought that the new design 
contributes to the reduced time constant. In Figure 30, an Al/Bi version of the 
redesigned thermopile is compared with that of a commercial HMS J21 thermopile 
detector from Heimann Sensor GmbH. The HMS J21 is delivered with a filter 
mounted in the top of the TO-can, and to compare this detector with the fabricated 
detector, the filter was removed on some of the detectors (called HMS J21(no 
filter) in Figure 30 and Figure 31). As can clearly be seen in Figure 30, using the 
laser source directed towards the centre of the thermopile, the voltage response of 
Al/Bi thermopile outperforms the HMS J21. The calculated responsivity of the 
Al/Bi thermopile resulted in a value of 60 V/W with graphite black layer applied. 
The HMS J21 had a measured time constant of 13 ms, which was faster in 
comparison to the Al/Bi thermopile, which was about 70 ms. The difference in the 
time constants is caused by the higher thermal mass of the Al/Bi thermopile, which 
in principal is generated by the low thermal conductivity of the SU-8 2002 
membrane. Characterizing the thermopiles using the lamp source shows that the 
measured voltage response is still higher in the Al/Bi thermopiles, as seen in Figure 
31. The membrane area of the Al/Bi thermopile measures 1.8x1.8 mm2 compared 
to 1.2x1.2 mm2 for the HMS J21. Since the light spot is larger than the membrane 
area, the Al/Bi thermopile will receive a higher incident radiation. The radiation 
flux of the lamp was calculated at 0.45 mW/mm2, resulting in a responsivity of 
16.6 V/W for the Al/Bi without the graphite black layer. This is lower than the 
responsivity measured with the laser source, which was calculated at 52 V/W. A 
possible explanation for this could be that the radiation absorption of the thin 
titanium layer decreases for longer wavelengths and parts of the incident radiation 
is not absorbed. 
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Figure 29: Measured voltage response generated from diode laser for the 
redesigned and the initial Ni/Ti thermopiles. 

 

 
Figure 30: Measured voltatage response for Al/Bi thermopile compared to a 

commerecial HMS J21 detector from Heimann Sensor GmbH. 
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Figure 31: Measured voltage response using a pulsed visible-to-IR light source. 

 
The serial resistance of the Al/Bi thermopile was measured to 283 kΩ, which 

results in a noise equivalent power (NEP) of 1.14 nV / Hz1/2 and 3.26 nV / Hz1/2 for 
the laser and lamp source respectively. Assuming an sensitive area equal to the 
membrane area, results in a specific detectivity of 1.58 · 108 cm Hz1/2 / W for the 
case of laser source and the black absorption layer. With incandescent lamp, the 
detectivity reduces to a value of 0.55 · 108 cm Hz1/2 / W because of the reduction in 
responsivity. 
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6 INFRARED GAS SENSING 

During the previous couple of years, the number of debates and discussions 
regarding the effect of greenhouse gases on the world’s climate has been growing 
rapidly. The most common greenhouse gases on our planet are methane, nitrous 
oxide water vapour, carbon dioxide and ozone. Perhaps carbon dioxide (CO2) is the 
gas, which most people today associate with the greenhouse effect. However, the 
use of carbon dioxide measurements is important from several other aspects. One 
important aspect is that CO2 is toxic in high concentrations, and exposure to 
concentrations above 5 % could lead to unconsciousness and sudden death 
[57][58]. Since the exhaled breath of humans contains rather high concentrations of 
carbon dioxide, an interesting application for CO2 sensors is in ventilation systems. 
By using the CO2 level as an input parameter for the ventilations system, it is 
possible to achieve a high air quality in an efficient manner. It has been shown that 
by improving the air quality in office buildings and public schools and thus 
reducing the CO2 levels, that this increases the productivity and therefore saves 
money [59]. Detection of CO2 is in principal performed using three different 
methods, semiconductor sensors, electrolytes and non-dispersive infrared 
technology (NDIR). 

 
6.1 NON-DISPERSIVE INFRARED TECHNOLOGY 

 
 

Figure 32: Illustration of fundamental (normal) vibrational modes of a CO2 
molecules. The characteriztic vibratinoal frequency is indicated by the 
numbers. 

 
Absorption of electromagnetic radiation is a property possessed by all atoms or 

molecules. However, depending on the energy of the radiation, this absorption 
generates different effects in specific atoms or molecules. In the visible and 
ultraviolet region, certain energies may excite electrons from the ground state to 
higher energy states. High-energy radiation in the ultraviolet to x-ray region may 
even cause the electrons to be ejected from the molecule, which is known as 
ionization. In the infrared region, the energy is very low, and absorption of these 
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wavelengths generates vibrations in the molecule. The number of possible 
vibrational modes for a molecule is determined by its composition and linearity. 
For a linear molecule, such as CO2, the number of fundamental modes is equal to 
3n-5 [60]. The variable n is the total numbers of atoms in the molecule, which 
therefore results in four vibrational modes for CO2. Figure 30 shows all the 
fundamental vibration modes for the carbon dioxide molecule. Each of the 
fundamental modes corresponds to a specific infrared wavelength, but for infrared 
absorption to occur there must be a change in the dipole moment. This is the case 
for the asymmetrical stretching and bending modes, which result in infrared 
absorption at 4.26 µm and 15 µm, respectively. 

The NDIR technique is basically an infrared spectroscopy method, which 
utilizes this infrared absorption property of gases such as CO2, CO and NO2. In the 
case of CO2 the asymmetrical mode at 2349 cm-1, or 4.26 µm, is usually used. This 
is a wavelength, which could be detected by a common thermal detector. Figure 33 
shows a schematical drawing of a typical NDIR system. The system consists of a 
sample chamber, with a gas inlet and an outlet. A light source and an infrared 
detector are positioned at opposite ends of the chamber. The used light source is 
usually a small incandescent lamp emitting wavelengths from visible to infrared. 
Since thermal detectors such as a thermopile detect infrared radiation in a wide 
wavelength range, a narrow optical bandpass filter is inserted in front of the 
detector. For measurements of carbon dioxide this filter should have a maximum 
transmission at 4.26 µm, where carbon dioxide has an absorption peak. By 
measuring the intensity seen by the thermopile detector and by using the Beer-
Lambert law given in eq. 30 [61], the concentration of the sample gas can be 
calculated. 

 
( ) ( )clkeIcI ⋅⋅−⋅= 0  (eq. 30) 

 
here I0 is the intensity of the lamp, I(c) is the intensity measured by the thermal 
detector, k is the absorption index of the sample gas at the wavelength of interest, l 
is the length of the absorption path and c is the gas concentration in ppm. 
 

 
 
Figure 33: Schematic drawing of typical NDIR measurement system. 
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6.2 CHARACTERIZATION OF CO2 RESPONSE  

 
 
Figure 34: Measurement setup used for characteraztion of CO2 sensitivity. 
 
The CO2 sensitivity of the fabricated SU-8 based Al/Bi thermopile was 
characterized using the measurement setup shown in Figure 34. The sample 
chamber consists of a hollow aluminium tube of length of 11 cm and a cross-
sectional area of about 6x6 mm2. In a manner equal to the illustrated system in 
Figure 33, the light source and the thermopile detector with optical the bandpass 
filter were positioned at opposite ends of the chamber. Since the radiation flux 
transmitted through the filter is rather low and the light spot has a relatively large 
diameter, a detector with large sensitive area is advantageous. The generated output 
from the thermopile detector was connected to a K30 sensor platform developed by 
SenseAir [62]. Measurements were performed using five different carbon dioxide 
concentrations ranging from 400 ppm up to 7500 ppm. Pure nitrogen was used to 
determine the zero CO2 concentration level for the detector. The carbon dioxide 
was added to the gas inlet of the sample chamber by using a continuous flow of 0.5 
litre/min. In order to detect any hysteresis effects at the zero level, the 
concentration was increased from zero to 7500 ppm and then down to zero again in 
discrete steps. Figure 35 and Figure 36 show the measured voltage response as a 
function of the CO2 level, both in absolute and relative numbers. Since the Beer-
Lambert law has exponential dependence, the solid and dashed line shows an 
exponential fit to the measured data for both the Al/Bi thermopile and the HMS 
J21. As can be seen, both detectors follow the exponential fit rather well. In 
accordance with the results presented in paper V, the Heimann thermopile has a 
higher responsivity at wavelengths of 4.26 µm, and this is naturally reflected in the 
absolute values. However, comparing the relative values, the voltage response of 
the Al/Bi thermopile decreases at a faster rate than for the HMS J21 with 
increasing CO2 concentration. At a concentration of 7500 ppm, the measured 
response has decreased by 60 % for the Al/Bi thermopile, whereas the Heimann 
detector has a decrease of about 50 %. This implies that the Al/Bi 
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Figure 35: Absoulte voltage response vs. CO2 concentration. 

 
 

Figure 36: Normalized voltage response vs. CO2 concentration. 
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thermopile is more sensitive to changes in carbon dioxide concentration. For the 
moment, this difference in CO2 sensitivity is not fully understood, and a conclusion 
for its cause cannot be drawn. One possible reason for the observed difference 
could be that the proportionality to the incident power is different for the two 
thermopiles. However, measurements performed using the diode laser show that at 
least at 1.56 µm the linearity for both detectors is very similar. Another possible 
reason could be that the temperature of the optical filter is slightly increased by the 
light source. The filter will then act as a black body radiation source peaking at 
wavelengths of around 10 µm. Assuming that the HMS J21 has a higher absorption 
coefficient for longer wavelengths than the Al/Bi thermopile. The measured 
voltage response will then be a sum of the CO2 response and the voltage generated 
by the heated filter. For increasing carbon dioxide concentrations, the voltage 
generated by the 4.26 µm signal will decrease, whereas the heated filter will be 
rather constant. 
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7 SUMMARY OF PUBLICATIONS 

 
7.1 PAPER I 

In this paper, the use of the epoxy based photoresist SU-8 2002 as a thermally 
insulating membrane is discussed. SU-8 has a low thermal conductivity and 
thermal simulations performed in FEMLAB, verify SU-8 as being a suitable 
thermally insulating material. This application of SU-8 is demonstrated by the 
fabrication of a thermopile detector with a self-supported membrane. The use of 
SU-8 as a self-supported thermally insulating membrane in a thermopile detector 
has never been previously presented. Nickel and titanium are used as thermocouple 
materials. The detector is characterized using an IR laser diode and shows a 
sensitivity of 5.6 V/W. 

 
7.2 PAPER II 

The second paper continues the approach of the first paper, which showed a 
new application for SU-8 as a key part in a thermal detector structure. However, in 
paper II a metal bolometer is constructed. Metal bolometers are known to have low 
1/f noise compared to semiconductor-based bolometers. The fabrication of the 
bolometer resistances is a single mask step, which simplifies the lithography 
process. Resistances are formed from the evaporated nickel and are connected in a 
Wheatstone bridge configuration. Two variable elements positioned on the self-
supported SU-8 2002 membrane are used. The detector is biased using an a.c. 
voltage of 2.5V and a frequency of 10Hz (50% duty cycle). As in paper I, an IR 
laser diode with constant illumination is used as the radiation source. The 
sensitivity of the bolometer is determined as being 9.3 V/W. It is concluded that by 
using a vacuum sealed packaged the sensitivity of the detector could be increased 
by more than a factor of 4 at a pressure of 0.03 torr. 

 
7.3 PAPER III 

In paper III, the fabrication process of Ni/Ti thermopile with 4 µm SU-8 2002 
membrane presented in paper I was updated. In paper I, the starting material for the 
fabrication was a silicon wafer with about 6000 Å thermal grown SiO2 on both 
sides of the wafer. In this fabrication process, the front side of the wafer was 
initially covered with a 2 µm layer of SU-8 2002. The process then continued by 
forming the thermocouples on top of this SU-8 layer. However, due a poor surface 
adhesion of nickel on the SU-8 membrane the process order was changed in paper 
III, and instead the thermocouples were formed directly on the SiO2 surface. Paper 
III also discusses the used of a thin titanium film as infrared absorber. 
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7.4 PAPER IV 

This paper discussed the use of design optimization in order to increase the 
responsivity of the previously presented thermopile detector. An automated thermal 
simulation and design optimization tool developed in a Matlab environment was 
presented and evaluated. 

 
7.5 PAPER V 

In this paper, fabrication and characterization results from a design optimized 
SU-8 2002 based thermopile were presented. The optimization of the detector is 
based on the results presented in paper IV. Results from both a Ni/Ti thermopile 
and an Al/Bi thermopile were evaluated and compared with a commercial 
thermopile detector from Heimann Sensor GmbH. The results showed that for a 
wavelength of 1.56 µm, the responsivity of the Al/Bi thermopile compared to the 
commercial detector was almost twice as high for the Al/Bi thermopile. However, 
at 4.26 µm, the commercial detector has a higher responsivity. It was speculated 
that this depends on the infrared absorption layer used in the Al/Bi thermopile. 

 
7.6 PAPER VI 

The final paper included in this thesis deals with the detection of carbon dioxide 
in the atmosphere. Non-dispersive infrared Technology (NDIR) is an infrared 
spectroscopic method used for the detection of carbon dioxide. This method uses 
the property of infrared absorption in many gases, such as carbon dioxide. In the 
case of CO2, the infrared absorption is very strong at a narrow band around 4.26 
µm. By using a small lamp and a thermal detector with a narrow optical bandpass 
filter in front of it, the measured infrared intensity can be used to calculate the CO2 
concentration. The paper presents the results from the characterization of the 
optimized Al/Bi thermopile in an NDIR setup. The results show that the fabricated 
thermopile is able to detect the CO2 very well. In comparison with the commercial 
Heimann detector, results once again show that the absolute sensitivity at 4.26 µm 
is lower in the Al/Bi thermopile. However, results also show that by studying the 
relative voltage response, the Al/Bi thermopile is more sensitive to changes in the 
CO2 concentration. 



 

 55

7.7 AUTHOR’S CONTRIBUTIONS 

The author of this thesis has made essential contributions to all the papers 
included in this thesis. The exact contribution of each author is specified in the 
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8 THESIS SUMMARY AND CONCLUSIONS 

The infrared detectors are usually divided into two different types, namely 
photon detectors and thermal detectors. Included within the group of thermal 
detectors are the thermopiles and bolometers. In principal, the general structure of 
all thermal detectors consists of a heat sink, a thermal link and a temperature 
sensitive element. The thermal link, which connects the temperature sensitive 
elements with the heat sink, should have a low thermal conductivity. A common 
way of constructing a thermal link with low thermal conductance is to form a thin 
closed membrane. Materials such as Si and Si3N4 have been used effectively as 
membrane materials, but they suffer from relatively large thermal conductivities. In 
this thesis, the use of the epoxy based photoresist SU-8 as a membrane material is 
investigated. SU-8 has a thermal conductivity of 0.3 W/mK and is processed using 
only standard photolithography equipment, which eliminates the requirement for 
any additional processing equipment and the handling of hazardous gases. 

Initially the use of SU-8 as membrane material was investigated by developing 
two types of detector structure, namely a bolometer and a thermopile. The 
bolometer was constructed from thin metal film resistors formed by evaporation 
and wet etching of nickel. The resistors were connected in a Wheatstone bridge 
configuration, with two resistors positioned on the thin SU-8 membrane with a 
thickness of about 4 µm. The detector was evaluated using a 1.56 µm infrared laser 
diode and the sensitivity of the bolometer was determined to be about 9 V/W. In 
the case of the thermopile design, nickel was used once again. Nickel has a rather 
high Seebeck coefficient, which increases the generated Seebeck voltage. As a 
complementary thermoelectric metal, titanium was used. This metal choice was 
simply made based on its adhesive properties, which are known to be excellent. 
Using the same infrared laser source as for the bolometer circuit, a sensitivity of 
about 7.5 V/W was measured. From the two devices initially fabricated, it was 
concluded that the use of SU-8 as membrane material would work. However, in 
order to increase the sensitivity, a design improvement was necessary. The 
conclusion was also made that the observed membrane buckling was created by 
stress generated by the thick silicon dioxide layer deposited on the wafer. By 
reducing this layer and by forming the thermopile structure directly on top of the 
SiO2, it was possible to achieve a better yield. 

The first step in increasing the thermopile sensitivity involved implementing an 
optimization tool based on iterative devices simulations. The use of device 
optimization is common in relation to other types of electrical components, but for 
thermal detectors, few tools exist. The tool was implemented in MATLAB and 
uses the Adaptive Simulated Annealing (ASA) and Simplex optimization 
algorithms to optimize the thermopile design. Results achieved from the 
simulations and optimization showed that the sensitivity could be increased by 
more than 70 %. In addition, it was possible to substantially reduce the serial 
resistance in comparison to the original thermopile version. 

A new version of the SU-8 based thermopile was developed based on the results 
achieved by optimizations, and for the Ni/Ti thermopile, a responsivity of about 
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16.9 V/W was measured using the infrared diode laser. An Al/Bi version was also 
fabricated and for this thermopile, a responsivity of 60 V/W was measured, which 
is higher than that achieved using a commercial HMS J21 thermopile from 
Heimann Sensor GmbH. The specific detectivity was further calculated to be 1.58 · 
108 cm Hz1/2 / W. In comparison with other Micromachined thermopiles presented 
in [40], the calculated detectivity is in the same order of magnitude. Using the 
optimization, it was also possible to reduce the thermal time constant to a rather 
low value of 70 ms. For longer wavelengths and defocused light source, the 
responsivity is higher for the HMS J21. The speculation was that this might depend 
on the infrared absorption layer used in the Al/Bi thermopile. 

An interesting application for thermal detector, such as thermopiles, is the 
detection of carbon dioxide in the air. It is possible to detect the concentration of 
carbon dioxide in the atmosphere by using the property of infrared absorption seen 
in many gases. Since the radiation flux incident on the detector is rather low, it is 
advantageous to have a detector with relatively large sensitive area. The work 
presented in this thesis has proven that sensitive areas at least up to 3.2 mm2 could 
easily be produced using the concept of SU-8 photoresist membranes. The 
fabricated Al/Bi thermopile was evaluated as a detector in a commercial CO2 meter 
setup. Using a simple sample chamber, the thermopile response at different CO2 
concentrations was measured. The measured voltage response showed a clear 
dependence on the concentration. Results also showed that in relative terms the 
Al/Bi thermopile is more sensitive to CO2 than the commercial HMS J21. Since 
thermopiles in general are proportional to the incident optical power, this result is 
not yet fully understood. 

 
8.1 SUGGESTIONS OF FUTURE WORK 

Throughout the work with the present detector, a rather limited amount of time 
was spent on the investigation of different infrared absorption materials and 
methods. Since the infrared absorption layer is a key component to the increase in 
the responsivity over a large wavelength region, this is an interesting field. For low 
cost applications, the use of a rather simple and standard application method is also 
important. In the current work the use of a thin titanium film was evaluated and 
showed rather good results for shorter infrared wavelengths. However, for a higher 
absorption coefficient for a wider wavelength region, it might be interesting to 
evaluate other metal absorbers. In the case of a paint based infrared absorber, the 
application method must be improved. As discussed previously, printing 
techniques, such as Inkjet and screen-printing, are possible candidates that might 
work. 

Other membrane structures such as those illustrated in Figure 37, where a 
floating membrane is formed by etching a cavity underneath the membrane, might 
prove of interest. This would reduce both the etch time and the induced stress on 
the SU-8 membrane. 
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Figure 37: Thermal detector structure with etched cavity. 
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