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ABSTRACT 

This thesis involves a study the fabrication and characterization of photon 
radiation detectors. The focus has been to develop and improve the performance of 
optical measurement systems, but also to reduce their cost. The work is based on 
the study of two types of detectors, the position sensitive detector and the thermal 
detector. 

Infrared detectors are usually subcategorized into photonic detectors and 
thermal detectors. In the thermal detectors, heat generated from the incident 
infrared radiation is converted into an electrical output by some sensitive element. 
The basic structure of these detectors consists of a temperature sensitive element 
connected to a heat sink through a thermally isolating structure. Thin membranes 
of Silicon and Silicon nitride have been commonly used as thermally insulation 
between the heat sink and the sensitive elements. However, these materials suffer 
from relatively high thermal conductivity, which lowers the response of the 
detector. The fabrication of these membranes also requires rather advanced 
processing techniques and equipment. SU-8 is an epoxy based photoresist, which 
has low thermal conductivity and requires only standard photolithography. A new 
application of SU-8 as a self-supported membrane in a thermal detector is 
presented. This application is demonstrated by the fabrication and characterization 
of both an infrared sensitive thermopile and a bolometer detector. The bolometer 
consists of nickel resistances connected in a Wheatstone bridge configuration, 
whereas the thermopile uses serially interconnected Ti/Ni thermocouple junctions. 

The position sensitive detectors include the lateral effect photodiodes and the 
quadrant detectors. Typical applications for these detectors are distance 
measurements and as centering devices. In the quadrant detectors, the active region 
consists of four pn-junctions separated by a narrow gap. The size of the active 
region in these detectors depends on the size of the light spot. In outdoor 
application, this spot size dependence degrades the performance of the four-
quadrant detectors. In this thesis, a modified four-quadrant detector having the pn-
junctions separated by a larger distance has been fabricated and characterized. By 
separating the pn-junctions the horizontal electric filed in the active region is 
removed, making the detector spot size insensitive. 

Linearity of the lateral effect photodiodes depends on the uniformity of the 
resistive layer in the active region. The introduction of mechanical stress in an 
LPSD results in a resistance change mainly due to resistivity changes, and this 
affects the linearity of the detector. Measurements and simulations, where 
mechanical stress is applied to LPSDs are presented, and support this conclusion. 
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SAMMANDRAG 

I denna avhandling presenteras tillverkning och karakterisering av detektorer för 
fotonstrålning. Fokus har varit att utveckla och förbättra prestanda hos optiska 
mätsystem, men också att reducera deras kostnad. Arbete är baserat på studien av 
två typer av detektorer, den positionskänsliga detektorn och den termiska 
detektorn. 

Infraröda detektorer delas vanligtvis upp i undergrupperna, fotoniska detektorer 
och termiska detektorer. Hos de termiska detektorerna omvandlas värmen 
genererad från den infallande strålningen till en elektrisk utsignal av något känsligt 
element. Den grundläggande strukturen hos dessa detektorer består av ett 
temperatur känsligt element, kopplat till kylare via en termiskt isolerande struktur. 
Tunna membran av Kisel eller Kiselnitrid har vanligtvis används som termisk 
isolering mellan kylaren och de känsliga elementen. Dessa material lider emellertid 
av relativt hög termisk ledningsförmåga, vilket sänker responsen hos detektorn. 
Tillverkningen av dessa membraner kräver också tämligen avancerade 
processtekniker och utrustningar. SU-8 är en epoxi baserad fotoresist, som har låg 
termisk ledningsförmåga och kräver endast standard fotolitografi. En ny 
tillämpning av SU-8 som självbärande membran i en termisk detektor presenteras. 
Denna applikation demonstreras genom tillverkning och karakterisering av både en 
infraröd känslig termopelare och en bolometer. Bolometern består av nickel 
resistanser kopplade i en Wheatstone brygga, medan termopelaren använder serie 
kopplade Ti/Ni termokopplare. 

De position känsliga detektorerna inkluderar lateral effekt fotodioder och 
kvadrant detektorer. Typiska tillämpningar för dessa detektorer är 
avståndsmätningar och som centrerings enhet. I kvadrant detektorerna består det 
aktiva området av fyra pn-övengångar separerade med ett smalt gap. Storleken på 
området i dessa detektorer bestäms av storleken på ljuspunkten. I utomhus 
applikationer medför detta storleks beroende en prestanda degradering hos 
fyrkvadrant detektorer. I denna avhandling har en modifierade fyrkvadrant 
detektor, där pn-övergångarna separerats ett större avstånd, tillverkats och 
karakteriserats. Genom att separera pn-övergångarna försvinner det horisontella 
elektriska fältet i det aktiva området, vilket gör detektorn oberoende av 
ljuspunktens storlek. 

Linjäriteten hos lateral effekt positionskänsliga detektorer är beroende av 
likformigheten hos det resistiva lagret i den aktiva regionen. Introduktion av 
mekanisk stress i en LPSD resulterar i resistansförändringar huvudsakligen 
beroende av resistivitetsförändringar, och detta påverkar linjäriteten hos detektorn. 
Mätningar och simuleringar, där mekanisk stress har applicerats på LPSDer 
presenteras, och stöder denna slutsats. 
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1 INTRODUCTION 

In our modern society, the number of applications in which optical 
measurement systems are replacing human beings is constantly increasing. Optical 
measurement techniques have the advantage of being fast, accurate, non-invasive 
and are able to work around the clock. A Machine vision system is a perfect 
example of an optical measurement system working at high-speed. Machine vision 
systems utilize image sensors and image processing to perform specific tasks, and 
industry continuously employs these types of systems for surveillance tasks such as 
monitoring, counting and surface inspections. A common factor for all optical 
measurement systems is that they use a radiation detector in some way to measure 
the electromagnetic radiation. 

The electromagnetic spectrum is a continuous spectrum of all electromagnetic 
waves arranged by their wavelength λ, or frequency f. Measurements of the 
electromagnetic radiation within the wavelength range 10nm to 1mm is known as 
radiometry. The radiation is detected either as separate wavelengths or integrated 
over a broad band. Since no detector could cover the whole spectrum, the detector 
has to be matched to the application. 
 

For a long time, thermometers have been used in indoor climate control systems 
to continuously monitor the air temperature. However, in the present day advanced 
climate control systems, not only is the air temperature measured but also the 
carbon dioxide level. This can be achieved by using the infrared absorption 
capability of most gases consisting of two different atoms, known as the NDIR 
technique. In these systems, infrared light is directed through a gas volume, where 
the gas molecules absorb the radiation and becomes excited. The energy transferred 
from the radiation into the gas, causes the gas volume to heat up. By giving up 
energy, the intensity of light that passes through the gas volume is reduced. The 
intensity reduction is proportional to the gas concentration, which could be 
determined by measuring the intensity reduction using an infrared detector. The 
radiation wavelength, which excites the gas molecule, is specific for each gas. In 
the case of CO2, it has a strong absorption peak at the specific wavelength of 4.26 
µm. Other molecules such as CO have a strong absorbance at around 4.6 µm. 
Figure 1 shows the principle of an NDIR system. 

 
Figure 1: Gas detection using NDIR technique. 
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By using a bandpass filter with maximum transmission at the wavelength of 
interest, the detector could have a rather flat and wavelength independent response. 
This lowers production costs, since the same detector could be used with different 
types of filters. Filters are often integrated directly onto a capsule, which makes the 
detector rather compact. In the visible range, photodetectors based on crystalline 
silicon substrates dominate the market. Silicon processes are reliable and well 
developed, which further lowers the production costs. In the infrared wavelength 
region, silicon photodetectors are not an option since the responsivity of silicon in 
the infrared region is very low. However, even if other materials and techniques are 
used, the use of standard silicon processing steps always results in lower 
fabrication costs. 
 

Although a silicon photodetector cannot be used in climate control systems for 
detecting carbon dioxide content, a large number of applications still exist in which 
these types of detectors are used. One type of silicon photodetectors that is used in 
the visible spectrum is the PSD. These detect the position of an incoming light 
beam, by converting light into an electrical signal. Common applications include 
non-contact distance measurements, vibrations measurements and as parts of the 
auto focusing mechanism in cameras. PSDs are available in various sizes ranging 
from small detectors up to detectors with active areas as large as 60 mm. When 
used as a distance meter, a laser is projected towards a target. A beam reflected at 
(A) will be focused at position (a) on the PSD, see Figure 2. If the position of the 
target is moved to (B), the focus of the reflected beam will move to (b). The 
distance between (A) and (B) could then be determined from the distance between 
(a) and (b). 

 
Figure 2: Distance measurements using a Position Sensitive Detector. 
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1.1 THESIS OUTLINE 

The focus of this thesis is on the fabrication and characterization of photon 
radiation detectors. The main object has been to develop and improve the 
performance of optical measurement systems such as those described in the 
previous section. Two different types of detectors have been studied namely 
position sensitive detectors and infrared detectors, or more specifically thermal 
detectors. The contribution of this thesis to the thermal detector area is presented in 
chapter 2 together with a brief introduction to the area. Chapter 3 describes the 
position sensitive detectors such as the lateral effect – and quadrant position 
sensitive detectors. In this section, the influence of mechanical stress on PSD 
linearity is discussed. In addition, this chapter also introduces a new modified four-
quadrant position sensitive detector. The papers, upon which this thesis is based, 
are presented in the appendix and they are summarized in chapter 4. Chapter 5 
summarizes and concludes the contributions of the thesis. 
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2 THERMAL RADIATION DETECTORS 

Today there is a wide spread use of infrared detectors within both civilian and 
military applications. Infrared detectors are often classified into two main groups, 
photonic detectors and thermal detectors. In the photon detectors, the radiation is 
absorbed within the material by interaction with electrons, which are bound either 
to the lattice, impurities atoms or by interaction with free electrons. Infrared photon 
detectors usually use narrow bandgap semiconductors such as InGaAs and InSb. 
Schottky barrier contacts formed from PtSi/ silicon are however also available as 
infrared detectors. The sensitivity and response times of these types of detectors are 
often relatively high, but due to the narrow bandgap, the thermal noise usually has 
to be reduced by cooling the device. 

 
The operation of the second class of infrared detectors, the thermal detectors, 

relies on the principle of converting radiated power into some other 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, when 
Sir Fredrick William Herschel discovered infrared radiation, he used a regular 
thermometer as a thermal detector. In his experiment, sunlight was directed 
through a prism, and the temperature of each color was measured using glass 
thermometers. 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. In Figure 3 the principle of Herschel’s experiment is illustrated. 

 
Figure 3: Principle of Herschel’s infrared experiment 
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Detectors, which are included within the group of thermal detectors, are 
bolometers, thermoelectric detectors such as thermocouples and thermopiles, 
pyroelectric and Golay detectors. These types of detectors are mainly differentiated 
by their means of detecting the temperature change. The major advantage of 
thermal detectors compared to infrared photon detectors is that they can operate at 
room temperature. The cooling requirements of the photon detectors make them 
bulky, heavy, expensive and inconvenient to use. However, the response time is 
longer and the sensitivity is lower for the thermal detectors. 
 

2.1 THERMAL DETECTOR STRUCTURE 

In a thermal detector, there are three main parts all playing an important role in 
the device performance: 
 

 Temperature sensitive element 
 Thermal link 
 Heat Sink 
 

The temperature sensitive element should have high temperature sensitivity and the 
thermal link to the heat sink, held at constant temperature, should have low thermal 
conductivity. For increased infrared absorption, an infrared absorber is normally 
applied on top of the temperature sensitive elements. Figure 4 presents a simple 
representation of a thermal detector, where link Gth is the thermal link, the 
supporting substrate is the heat sink and the detector is the temperature sensitive 
element. 

 
Figure 4: A simple repesentation of a thermal detector, from [1]. 
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2.1.1 The Thermal Link 
The temperature increase in the detector caused by the incoming thermal 

radiation could be derived by solving the heat balance equation, given by: 
 

φ+=Δ+ PTG
dt
dTC  (eq.1) 

 
Where C is the thermal capacitance, ΔT is the temperature increase with respect to 
the heat sink, G is the thermal conductance, P is the self-heating power caused by 
current driven in the circuit and φ is the incident infrared radiation. Assuming the 
radiation input signal to be a periodic signal, the temperature increase in any 
thermal detector due to the incident radiative flux could be written as[1][2]: 

 

222 CG
T

ω

εφ

+
=Δ  (eq. 2) 

 
In eq. 2, ω is the angular frequency and ε is the emissivity of the active area. As 
can be seen by keeping the thermal conductance G and thermal capacitance as 
small as possible, this increases ΔT and the sensitivity of the detector. This means a 
detector with a small thermal mass and thin connection wires to the heat sink. 
However, in order to achieve a detector with a rapid response, high thermal 
conductance and low thermal capacitance is required, see eq. 3. This results in a 
trade-off situation between sensitivity and thermal response time for thermal 
detectors.  
 

G
C

=τ  (eq. 3) 

 
The thermal insulation between the temperature sensitive element and the heat sink 
is commonly accomplished by fabricating a thin self-supported membrane 
structure. Thermal insulation is achieved by placing the temperature sensitive 
elements on the membrane. As described by eq. 2, for high sensitivity the 
membrane should also have low thermal conductivity. 
 

In most cases, silicon wafers are used as the substrate material for thermal 
detectors with a self-supported membrane. The fabrication process is normally 
initiated by oxidizing the silicon wafer. This is followed by forming the 
temperature sensitive elements, such as bolometer resistance and thermocouples on 
the front of the silicon substrate. The processing is finalized by a micromaching 
step, where substrate material is etched from the back of the wafer to form a thin 
membrane. Etching is usually carried out using wet etching chemicals such as 
TMAH or with KOH. Alternatively, a dry etching method such as DRIE is also a 
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possibility. Using DRIE, almost vertical walls are possible, but at a much higher 
etching cost as compared to wet etching. In Figure 5 a schematic view of a thermal 
detector with a self-supported membrane is shown. 

 
Figure 5: Themal detector with insulating membrane structure 
 
Si [3] and Si3N4 [4] have been effectively used as membrane materials in many 
existing thermal detectors. In the case of an Si3N4 membrane, a layer of silicon 
nitride is usually deposited just after the oxidation step, using some type of CVD 
process. Materials such as Si and Si3N4 have the advantage of being compatible 
with standard silicon process technologies, including high temperature steps at 
least up to 700○. However, the thermal conductivity of these materials is relatively 
high and as mentioned 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 
micromaching applications, is SU-8. 

SU-8 is an epoxy type negative UV photoresist, initially developed by IBM. 
SU-8 is applied using only standard photolithographic processing steps, and this 
could mean lower production costs as compared to for instance Si3N4, which 
requires PECVD or LPCVD equipment. A thermal conductivity as low as 0.3 
W/mK has been reported [5]. This could be compared with Si (bulk) and Silicon 
nitride having thermal conductivities 150 W/mK [6] and 3.2-10 W/mK [7][8], 
respectively. 

Thermal simulations performed using the simulation software Femlab, 
comparing self-supported SU-8 membranes with Si and Si3N4 membranes, are able 
to verify that SU-8 is a suitable thermally insulating material. Figure 6 shows the 
resulting increase in membrane temperature due to an incident thermal radiation 
with a power of 2.6 W/m2. In the simulation, the thicknesses of the membranes 
were set to 4µm for the SU-8 and 1µm for the Si and Si3N4 membranes. As can be 
seen, the temperature increase is twice as high for the SU-8 membrane as compared 
to the Si3N4. When it is compared with the Si membrane, with bulk thermal 
properties, the difference is more than 20 times higher. However, according to 
expectations thermal saturation occurs faster for the Si and Si3N4 due to higher 
thermal conductivity and lower specific heat capacitance. 
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Figure 6: Simulated temperature rise in the membrane due to incomming 

radiation. 
 
2.1.2 Infrared absorber 

Ideal thermal detectors are generally said to 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 
itself is not 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. 

In thermal detectors such as bolometers and thermopiles, an absorbing element 
is required. For these detectors the absorbing element is usually a black coating on 
the sensitive element. Detectors such as the pyroelectric detector are often used in 
the wavelength region where the pyroelectric crystal detects the radiation directly 
rather than at its surface. However, this narrows the possible wavelength range, and 
in order to extend the range some absorbing coating must be applied on these 
detectors as well. 
The absorptions of any opaque surface is determined by eq. 4, where α is the 
absorptance and ρ is the reflectance. 

 
ρα −=1  (eq. 4) 

 
The thermal capacitance and thermal resistance of the coating should be as low 

as possible, so that the absorbed power is transferred rapidly to the sensing 
element. Metal blacks formed from metals such as platinum, nickel and aluminum 
all meet these conditions and have all been used as radiation absorbers [9]. Paint 
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containing carbon particles is also widely used as black infrared absorbing coating. 
It is also valuable if the coating could be applied by well-established techniques, 
such as evaporation, plating or spraying. InkJet printing and screen-printing of 
absorber materials are other application methods which are not particular well 
established within this application field, but have shown excellent results in other 
areas [10]. In Figure 7 a reflectance measurement of a black paint containing 
carbon is shown. As can be seen, this paint works well as an absorber over a large 
wavelength range. 

 
Figure 7: Reflectance measurement of a 3M black paint used as infrared coating, 

from [9]. 
 

2.2 THERMOPILE DETECTORS 

Temperature sensors such as the thermocouple consist of a serial 
interconnection of two dissimilar metals. By placing the circuit in a thermal 
potential difference, this produces a voltage between the open ends. This voltage is 
called the Seebeck voltage after its inventor Tomas Johann Seebeck. For an ideal 
thermocouple, the Seebeck voltage is proportional to the temperature between the 
junctions and described as follows [11]. 

 
( ) TTSV AB Δ⋅=Δ  (eq. 5) 

 
where BAAB SSS −=  are the relative Seebeck coefficients, expressed in µV/K. 
The Seebeck coefficient is both temperature and material dependent, and a large 
difference in coefficients results in a higher generated output voltage. 
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Figure 8: Principle of thermoelectric effect. A temperature difference over a 

thermocouple consisting of two different conductor generates an 
electrical voltages. 

 
In a thermopile, several thermocouple junctions are connected in series to 

increase the responsivity of the detector. The Seebeck voltage is then calculated 
from eq. 6, where n is the number of serially interconnected thermocouples. 

 
( ) nTTSV AB ⋅Δ⋅=Δ  (eq. 6) 

 
Combining eq. 6 with eq. 2 we obtain the following: 
 

( )
22

ABSV
thth HG

nT

ω

φε

+

⋅⋅⋅
=Δ  (eq. 7) 

 
A majority of the available thermopile detectors on the market use a structure 

with a thin thermal insulating membrane connected to a heat sink, as has been 
previously described. The hot junctions are then placed on the thin membrane and 
the cold junctions on the heat sink. Hot junctions are covered with the absorbing 
coating and absorb the incident radiation. The heat generated from the radiation 
creates a temperature difference. Materials such as Sb and Bi have often been used 
as thermoelements due to their large Seebeck coefficients, but nickel is also a 
common material. Among the materials with the highest Seebeck coefficients are 
n- and p-poly Si, having values of -400 µV/K and 400 µV/K, respectively [12]. 
Figure 9 shows a typical thermopile structure. 
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Figure 9: Cross-section of thermopile structure with a thin membrane, from [13]. 

 
The noise signal in a thermopile arises from many different noise sources. A 

fundamental noise signal is caused by the actual temperature fluctuations in the 
surrounding environment. This noise sets the theoretical limit for the sensitivity of 
any thermal detector. However, for thermopiles in general, the white noise or 
Johnson noise will be the dominant noise source. Johnson noise is an electrical 
noise source, caused by the random motion of electrical charges in the material. 
Equation 8 describes the noise equivalent voltage, where kB is Boltzmann’s 
constant, Text external temperature and Re the electrical serial resistance. To 
become independent of the measurement method, noise voltage is normalized by 
the square root of the bandwidth and the unit is given in V/Hz1/2. As can be seen 
the serial resistance has a rather large influence on the Johnson noise, and should 
be as low as possible. 

 

eextBJohnson RTku 4=  (eq. 8) 
 

2.2.1 Thermopile detector with SU-8 membrane 
Due to the promising results from simulations of SU-8 as membrane material, 

shown above, a thermopile with a thermally insulating membrane consisting of SU-
8 2002 was fabricated. 

 
2.2.1.1 Fabrication 

The SU-8 was deposited on a double polished 525 µm thick Si substrate, which 
was wet etched to create a self-supported SU-8 membrane in the middle, with a 
total thickness of about 4 µm. Silicon etching was performed by using a single 
sided wafer etch chuck. The etch chuck consisted of a plate and a ring both made 
of stainless steel. The silicon wafer was positioned in between the plate and the 
ring, with the protected side towards the plate. A silicon rubber sealing ring was 
also placed on top of the wafer. For extra protection of the front side of the wafer, a 
thin layer of Apiezon black wax was applied to the protected side of the wafer. 
Finally the wafer chuck was tightened with screws and lowered in the etchant 
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solution. The solution consisted of concentrated TMAH heated to 80○C. In Figure 
10 a schematic view of the silicon etching setup is shown. 

 

 
Figure 10: Single sided silicon etch setup 

 
Nickel and titanium were used as thermocouple materials. For protection, the  
thermocouples were encapsulated in the SU-8 membrane. A topview image of the 
fabricated thermopile is shown in Figure 11. 
 
2.2.1.2 Characterization 
The detector was characterized using a laser diode with a wavelength of 1.56 µm 
and a power of 4.5 mW. In order to detect infrared radiation, a black coating was 
applied to the membrane. Measurement results are shown in Figure 12 and the 
fabricated detector has a sensitivity of about 5.6 V/W.  
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Figure 11: Top view image of fabricated Ti/Ni thermopile on a 4 µm self-

supported SU-8 membrane. 
 

 
Figure 12: Measured detector response from a 1.56 µm laser diode with a power 

of 4.5 mW 
 
2.2.2 Thermopile sensors fabricated by ion track lithography 

Researchers at Uppsala University have presented a different type of thermopile 
structure, which uses regular plastic films as the starting point. Initially the film is 
bombarded with heavy ions accelerated in a particle accelerator. The heavy ions 
weaken the plastic film, which makes it possible to etch nano-sized holes in the 
film. Using pattering and electroplating the thermocouple junctions are formed, and 
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by holding one side of the film at a constant temperature, a temperature gradient is 
created over the junctions. Using this technique, fabrication of a low cost 
thermopile detector might be possible. 
 

2.3 BOLOMETER 

The bolometer differs from the thermopile in the way that the output signal from 
the detector 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 13. 

 
Figure 13: Bolometer circuit with one variable resistance element 
 
As resistive materials, metal or semiconductors may be used. One drawback 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 [14]. 
 
2.3.1 General theory 

In Figure 13 the voltages change ΔvRL across the load resistor RL when the 
resistance of the variable resistor changes from R to R-ΔR, and this is given by eq. 
9, if ΔR<<R [15]. Using pulsed radiation and dc bias, ΔvRL represents only that due 
to the radiation signal. 

 

( ) L

L

L

L
RL RR

RiR
RR

RVRv
+
Δ

=
+
Δ

=Δ 2  (eq. 9) 
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where i is the current through the bolometer. This equation is often simplified by 
introducing the bridge factor F = RL/(R+RL): 
 

RFivRL Δ=Δ  (eq. 10) 
 

The resistance change ΔR due to a small temperature change ΔT is expressed as: 
TRR Δ=Δ α  (eq. 11) 

 
The quantity α is the temperature coefficient of resistance, which is tabulated for a 
large number of materials. The change in temperature is determined by setting up 
the heat balance equation. 
 

WT
dT

dW
TG

dt
TdC h Δ+Δ=Δ+

Δ
 (eq. 12) 

 
where C is the thermal capacitance, G is the thermal conductance when the 
bolometer is at temperature T, Wh is the Joule heating and ΔW is the absorbed 
power from a radiation source. For a metal bolometer where α decreases with 
temperature, the temperature change ΔT is given by solving eq. 12 [15]: 
 

[ ] 2/1221 τω

ε

+

Δ
=Δ

eG
WT  (eq. 13) 

ε is the emissivity, Ge is the effective thermal conductance defined as 
 

( )
RR
RR

TTGGG
L

L
e +

−
−−= 00α  (eq. 14) 

 
G0(T-T0) is the heat flow from the membrane due to conduction and radiation. G0 is 
therefore the average thermal conductance. Returning to eq. 10 the voltage change 
across the load resistance RL due to a temperature increase caused by incident 
radiation is 
 

[ ] 2/1221 τω

αεα
+

Δ
=Δ=Δ=Δ

e

RL
G

WiRFTFiRRFiv  (eq. 15) 

 
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. 
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2.3.2 Fabrication of a infrared bolometer with a thin epoxy membrane 

A bolometer with a thin SU-8 photo-epoxy 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 they were connected in a Wheatstone bridge configuration. For 
increased sensitivity, two resistance elements were made to be variable; see Figure 
14 for a photo of the manufactured bolometer. 

 

 
Figure 14: Top view image of IR sensivitve resistances on the self-supported SU-

8 2002 membrane. 
 
As 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 4.5 mW. The bridge was biased with a square wave of 2.5V @ 10 Hz and a 50% 
duty cycle. Figure 15 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 15: Bridge output generated from infrared radiation incident on the 

detector. 

IR response 
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3 POSITION SENSITIVE DETECTORS 

Various detector types are available for detecting the position of an incoming 
light beam, such as a laser, including CCDs sensors and PSDs. In contrast to the 
CCD, which consists of small discrete detector arrays or matrices, the PSD is a 
monolithic detector with no discrete elements, providing continuous data. 

 
A PSD can simply be described as a photodiode, which converts light into an 

electrical current. The generated current is divided between the separate pn-
junctions and the position in each direction can be obtained using a simple formula. 
Two basic groups of PSDs exist, LEPs (also known as LPSD) and four quadrant 
detectors. Both one and two-dimensional PSDs are available, and a position 
resolution down to a few nm is possible. For common applications, PSDs with a 
resolution of 1/2000 - 1/4000 of the active length of the detectors are often used 
[17]. One of the major advantages for the PSD as compared to the CCD is the 
higher sampling frequency, which allows sampling even up to 10 Mhz depending 
of the size of the detector. 

 
3.1 CHARGE COUPLED DEVICES 

Boyle and Smith at the AT&T laboratory invented the CCD in the 1970s. The 
structure of the CCD consists of closely spaced MOS capacitors. Three MOS 
capacitors are required to form one pixel, and in Figure 16a the basic three-phase 
CCD is shown. If a positive voltage is applied to 2φ  compared to 1φ and 3φ , a deep 
potential well will be formed under 2φ , where charge can be stored. By adjusting 
the voltage levels at the gates in an appropriate time sequence, the charge can be 
shifted through the semiconductor towards the output, see Figure 16b. Because of 
this, the CCD is often likened to an analog shift register. Since CCDs are used in a 
wide range of image applications, the term “CCD” is today often used as a 
synonym for image sensors or video cameras. Throughout the rest of this thesis, the 
word CCD will refer to image sensor. 

 
Figure 16: (left) The basic three-phase CCD (right) Charge shift in a CCD, from 

[16]. 
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In a position sensitive CCD a separate photodiode is added to each pixel. The 
incoming light is converted by the photodiode and the created charged is stored in 
the MOS capacitor. By clocking the capacitors, the charge is moved towards the 
output stage, where it is converted to a voltage. The resolution of a CCD sensor is 
set by its pixel size. A sensor with a pixel size of 7x7 µm, thus has a resolution of 7 
µm. This resolution could be increased by recording the intensity of light and by 
calculating the “centre of gravity” incoming light. 

 
3.2 PHOTODIODES - A BRIEF INDTRODUCTION 

As was pointed out previously, the PSD is basically a photodiode that converts 
light into an electrical current, see Figure 17. Based on this fact, a brief 
introduction to semiconductor photodiodes will be given in the following section. 

 
Figure 17: Typical silicon pn photodiode structure, from [16]. 

 
When a pn-junction is formed in a semiconductor material such as Si, a region 

between the n and p material, which is depleted of mobile charges, is created. Over 
the depletion region, an internal electric field direct from n to p is generated. If 
photons with energy higher than the bandgap energy of the semiconductor are 
incident on the pn-junction, EHPs are generated. The EHPs are generated by 
exciting electrons in the valence band, which then moves to the conductions band 
as shown in Figure 18. 

 
Figure 18: Generation of electron-hole pair in a semiconductor, with bandgap 

energy Eg,, due to a incident photon of energy hv. 
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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 
generally operated with a reverse bias, known as the photoconductive mode. With 
reverse bias, the electric field at the junction and the width of the depletion region 
is increased. 

For the ideal photodiode, the current in the reverse direction is essentially 
independent of the reverse voltage. This can be seen by looking at the I-V 
characteristics of an ideal diode in Figure 19. In this case, the current is 
proportional to the optical generation rate, gop. 

 
Figure 19: I-V characteristics of ideal photodiode for different optical generation 

rates. 
 
In the I-V characteristics above, it was assumed 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 that generate carriers contributing to the 
photocurrent is known as the quantum efficiency, η 
 

( )( )d
i eR αηη −−−= 11  (eq. 16) 

 
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. 
 

gop 
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The photocurrent could then be written as [16]: 
 

ν
η

h
P

qI opt
ph =  (eq.17) 

 
h is Planck’s constant, Popt the optical power, q the electron charge and v the 
frequency. For wavelengths λ >Eg/hc, where c is the speed of light in vacuum, the 
material becomes transparent. 
 

3.3 LATERAL EFFECT PSDS 

The 1D LEP consists of a uniform p-type resistivity layer formed on top of an 
n-type highly resistive silicon substrate. In order to extract the generated current, a 
pair of electrodes has been placed at both ends of the resistive layer. The resistive 
area between the electrodes is also called the active area. This area forms a pn-
junction with the lightly n-doped substrate. On the back of the silicon substrate, n+ 
doping of the substrate forms an ohmic contact and to which a common electrode is 
connected. Figure 20 shows the basic design of a 1D LEP. By forming an active 
layer on the reverse side of the detector and placing a pair of electrodes aligned 90º 
to the front electrodes, positions could be determined in both x- and y-direction. 

 

 
Figure 20: Schematic view of a basic one dimensional LEP. 

 
This type of detector always operates with reverse bias, to obtain a depletion 

region, which is as deep as possible. Photons striking the active area of the PSD 
create EHPs, which will be separated by the internal electric field. Electrons will be 
pulled towards the n+- region, while holes will be pulled towards the p+- region. 
The resistive layer at the top will function as a current divider and hence current 
received at each electrode will be dependent upon the distance between the impact 
point of light and the electrode. 

 
The position of incident light is calculated using eq. 18[18], where the 

difference in photocurrent received at the output electrodes is divided by the sum 
of the currents. 
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=  (eq. 18) 

 
where I1 and I2 are the output from electrode 1 and 2, respectively. The constant 
kLEP scales the position to the size of the active area of the PSD. In the case in 
which the zero position is in the middle of the detector, then kLEP = L / 2, where L 
is the length of the active area. For a 2D PSD the y-coordinate could be calculated 
by re-writing eq. 19 as follows: 

 

43
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II
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−

=  (eq. 19) 

 
Assuming a uniform sheet resistivity, the above equations could be derived from 
the current at each contact, which is described by eq. 20[19]. 
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=  (eq. 20) 

 
where I0 is the total photoinduced current, S is the distance from the center of 
gravity of the light spot and α is the Lucovsky fall off parameter [20]: 
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where Jsat is the reverse saturation current for the pn-junction, pp/Wp the sheet 
resistivity of the p-layer, φ  is the voltage across the junction (including reverse 
bias), k is Boltzmann’s constant, q is the elementary charge and T the temperature 
in degrees Kelvin. 

The main source of position detection errors in LEPs is non-linearity in the 
current distribution. To obtain a linear current distribution, α has to be reduced to 
zero and from eq. 21 this can be achieved by applying a reverse voltage, which 
minimizes α. If α is close to zero the current distribution in eq. 20 becomes linear: 
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SII 101  (eq. 22) 

 
A similar equation could be derived for the second contact. By rearranging eq. 22 
and combining it for both channels, this results in eq. 18. 
 
One of the major advantages of a PSD, such as the LEP is that it provides accurate 
position information independently of the size of the light spot. This will make 
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detectors of this kind less sensitive to fluctuations in spot size, which could occur 
in outdoor applications. A disadvantage is, however, the low interelectrode 
resistance caused by the resistive connection between the contacts. Low 
interelectrode resistance lowers the SNR, which decreases the resolution for the 
lateral effect position sensitive detector [17][18][21][22]. 
 
3.3.1 Position detection error 

In the previous section, the theory for calculating the position of the incident 
light was given. However, due to uncertainties in the extracted currents, the 
calculated position usually varies slightly from the actual position of the incident 
light spot. The difference between these two positions is known as the position 
detection error. Naturally, noise in the detector is a major contributor to position 
detection error, but uneven doping in the active region will also influence this 
error. There are two major noise sources in a PSD, namely Johnson noise and shot 
noise. The Johnson noise is generated from the interelectrode resistance and 
dominates at low current levels. At high current levels, the shot noise generated 
from the photocurrent will dominate. The position detection error is given by: 
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where xa is the actual spot position. The error is often given as a percentage of the 
active length, and is calculated within 80 % of the active area. The reason why only 
80% is used is that when the light spot reaches the edge of the detector, parts of the 
spot will strike outside the detector. This shifts the calculated position towards the 
center of the detector and the position becomes unreliable. 
 
3.3.2 The effect of mechanical stress on LEP characteristics 

As was described in section 3.3 the main source of position detection errors in 
LEPs is the non-linear current distribution. Since the resistive layer divides the 
current generated in the detector among the electrodes, the homogeneity of the 
resistive layer plays an important role. Variations of the resistivity over the active 
area of the PSD will result in an uneven distribution of photogenerated current, and 
hence result in a position detection error. Having a high quality manufacturing 
process with sufficient accuracy is the most obvious step to achieve a detector with 
high resolution. Perhaps less obvious, but not of lesser important is the mounting of 
the detector. Usually, the bare detector chip is mounted in a capsule that is 
mechanically stable, and with a thermal expansion coefficient close to that of 
silicon. However, the desire to reduce the size of measurement systems has 
increased interest in mounting chips directly on PCB boards. When mounting a 
silicon chip onto a PCB boards or other plastic, having a thermal expansion 
coefficient different to that of silicon, could induce mechanical stress in the 
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detector. The effect of mechanical stress on the performance has previously been 
investigated for components such as transistors and diodes [23]. 

 
The introduction of mechanical stress results in a resistance change due to both 

resistivity and dimensional changes. This resistance change is characterized by the 
gauge factor, or strain sensitivity, where strain is defined as the deformation per 
unit length when a force is applied. In eq. 24 the term 1+2v, where v is the 
Poisson’s ratio, describes the resistance change due to length and area changes 
caused by the applied stress. The last factor models the resistance change due to the 
piezoresistance effect [24][25]. R and ρ are the unstressed resistance and resistivity, 
respectively. 
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/
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/
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++==  (eq. 24) 

For PSDs with a silicon substrate, the resistance change due to dimensional 
changes could be considered small as compared to the resistivity change and is 
often ignored. For uniaxial stress in the same direction as the current simplifies eq. 
24: 
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Δ

= σσ
ρ
ρ

 (eq. 25) 

where σl,t are the longitudinal and transverse stresses respectively, and Πl,t the 
piezoresistance coefficients in the longitudinal and transverse directions. The 
magnitude of the piezoresistance coefficients depend on material, temperature and 
crystal orientation. For a PSD, which has both the current and electric field in the 
same direction as the applied mechanical stress, the longitudinal piezoresistance 
coefficients is used. 

 
The upper part in Figure 21 displays a FEMLAB simulation where a PSD is 

subjected to mechanical stress. The simulation shows that the stress in the active 
layer decreases linearly, as the distance from the applied force increases. The lower 
part of Figure 21 shows the theoretical position detection error of the PSD when 
force is applied in three different positions. In the simulation, the piezoresistance 
was assumed to change linearly with the applied stress. As can be seen the error in 
the detected position moves along with the applied force. This can be explained by 
the fact the resistance change due to stress displaces the calculated position relative 
to the correct position. 
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Figure 21: (a) Simulation set up (b) Theoretical position detection error. 
 

3.4 FOUR QUADRANT DETECTORS 

The second type of PSD, called four quadrant position sensitive detectors or 
segmented detectors, has a design that differs from the LEP. 4Q-PSDs consist of 
four p+-regions separated by a narrow slit. The p+- regions are symmetrically 
positioned around the center of the detector, see Figure 22. 

(a) 

(b) 
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Figure 22: Schematic view of a 4Q-PSD. Upper part shows a top view and the 

lower part is the cross-sectional view. 
 

The size of the measurement area of the 4Q-PSD is determined by the size of 
the light spot. This means that position information is only provided up to the point 
where the light spot falls completely within one of the p-regions. In measurement 
applications where a large measurement span is required, defocusing of the light 
spots is therefore often used. The response of the QD detector from the movement 
of a circular light spot is non-linear. This is caused by the fact that the spot’s 
movement in not proportional to the percentage of the area which shifts between 
the adjacent quadrants. Due to this fact, QD-PSD are often used in nulling and 
centering devices in applications such as CD-ROMs rather than as linear PSDs 
[26][27]. 

As for the LEP, the generated holes and electrons will be collected at the top 
contacts and the bulk contact, respectively. Position calculations are performed 
using eq. 26, which is similar to eqs. 1 and 2 for the lateral effect position sensitive 
detector. Since the transfer characteristic for a QD is non-linear, the slope factor k0 
is dependent on the position of the spot. If the light spot is circular, k0= πds/8 in the 
center position, and ds equals the spot diameter. A similar equation can be derived 
for positions in the y-direction. 
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By separating the p+-regions the interelectrode resistance is increased, which 

reduces the noise level in the detector. As a result, a higher sensitivity is achieved 
for the quadrant detectors as compared to the LEPs. However, since the 
measurement span of the QD-PSD is spot size dependent, changes to the size and 
distribution of the spot affects the sensitivity. In outdoor applications where the 
background illumination is high and the light spot is disturbed by atmospheric 
turbulence, the performance of LEPs is better [28]. Figure 23 show a simulation of 
the spot size dependency of a 4Q-PSD. In the gap between the p+-regions a 
horizontal field forces the generated EHPs towards the nearest contact. For a 
focused spot, the electric field generates a sharp transition, but for a defocused 
spot, surrounding contacts will contribute to a greater extent, thus generating a 
softer transition. This means that in a measurement system calibrated for a focused 
light spot, eq. 26 will result in position errors if the spot size is suddenly increased. 

 
Figure 23: Simulation of spot size dependency in a 4Q-PSD, from [21] 

 
3.5 MODIFIED FOUR QUADRANT DETECTOR 

A modified 4Q-PSD, is as the name suggests a modified version of a standard 
4Q-PSD. The high interelectrode resistance of the 4Q-PSD is maintained in the 
modified version, and at the same time, insensitivity of beam size fluctuations is 
achieved. The detector is designed as a 4Q-PSD, but the electrodes are separated 
by a larger distance. By separating the electrodes, the electric horizontal electric 
field in the active region is removed, and a beam-size independent detector is 
achieved since charge spreading will not be disturbed. In the active region, carrier 
transport will instead depend on diffusion and this will be a limiting factor for the 
maximum size of such a detector. Simulations have shown that for an active length 
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shorter than 1 mm a high collection efficiency could be achieved [21]. A 
disadvantage of separating the p+n-junctions is that there will be no vertical field 
separating the generated electrons and holes. The schematic layout of the modified 
4Q-PSD is shown in Figure 24. The figure shows the separated p+n-junctions, 
electrodes and the active regions with an antireflective coating applied. 

 

 
Figure 24: Schematic layout of the modified 4Q-PSD 
 
3.5.1 Manufacturing and Characterization of modified 4Q-PSD 

The modified four quadrant position sensitive detector was fabricated from 4˝ 
silicon n-type floating zone wafers with resistivity of 160-200 Ωcm and a minority 
carrier lifetime exceeding 2 ms. An n+ ohmic contact was formed on the reverse 
side by phosphorus diffusion at 900 ºC for 1 hour with 1 µm SiO2 covering the 
front side. The front side p+-contacts were created with boron diffusion at 950 ºC 
for 1 hour using a 1 µm SiO2 mask. In the detector window, an 1100 Å thick dry 
oxidized silicon dioxide was applied as an antireflective coating to increase the 
responsitivity for wavelengths of approximatley 630 nm. Openings are created in 
the oxide layer by etching in the buffered HF. The reverse side contacts are formed 
as a 5000 Å thick layer of aluminum, deposited using an electron beam evaporator. 
On the front side a 5000 Å thick layer of aluminum was evaporated on top of the 
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photo-resist. A self-aligned lift-off process forms the front-side contacts by 
dissolving the resist in acetone assisted by ultrasonic vibrations. Figure 25 shows 
the top view photography of the fabricated modified 4Q-PSD detector. 

 

 
Figure 25: Top view photography of a fabricated modified 4Q-PSD 

 
In Figure 26, the calculated xy-positions are shown when a red laser diode is 

stepped over the detector in an equidistant point raster. As can be seen, the detector 
is rather non-linear. For detectors with smaller active areas the linearity is expected 
to be higher. 

 

 
Figure 26: Calculated xy-positions 

 
If such a detector is to be useful the accuracy must be improved, which can be 

most simply achieved by introducing a power to the positioning expression, as 
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shown in eq. 27. The power β should be chosen to cancel the non-linearity most 
efficiently. 
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 (eq. 27) 

 
With this simple linearization method, the standard deviation of the position 

error was reduced to 1.5% of the measurement area, which could be compared to 
2.2% for the non-corrected, see Figure 27. 

 

 
Figure 27: Histogram of position detection error after simple linearization 

method. 
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4 SUMMARY OF PUBLICATIONS 

The first two papers concerning fabrications and characterization of a 
thermopile and bolometer detector on a SU-8 2002 relate to chapter 2 in the thesis. 
Paper III and Paper IV relate to chapter 3 and concern issues such as the influence 
of mechanical stress in PSDs and the fabrication of a modified four-quadrant PSD. 

 
4.1 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. 

 
4.2 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 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 with 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 
more than 4 times at a pressure of 0.03 torr. 

 
4.3 PAPER III 

The type of position sensitive detectors which are called QDs are mainly used 
for centering applications. The size of their measurement span is determined by the 
size of the light spot, and therefore a defocused spot is often used. In outdoor 
applications, there is a reduction in the performance due to spot size fluctuations. 
The third paper presents the design and fabrication of a modified four-quadrant 
position. By separating the p+-regions by a larger distance, the detector response is 
made spot size independent. However, by doing this, the charge transport becomes 
diffusion dependent and this limits the performance. 
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4.4 PAPER IV 

Bare PSD chips are usually mounted in a capsule, which is mechanically stable, 
and which has a thermal expansion coefficient close to silicon. If the detector is, for 
instance, mounted directly onto a PCB board, this will not be the case and 
mechanical stress will be induced in the detector. The effect of mechanical stress  
has previously been investigated on devices such as transistors and diodes [23]. 
The effect of mechanical stress on the position linearity in a lateral effect position 
sensitive detector has never previously been investigated. In this article it is 
suggested that mechanical stress results in an uneven resistivity in the active region 
of the detector, which also affects the position detection. Simulations and 
measurements support the results and conclusions. 
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5 THESIS SUMMARY AND CONCLUSSIONS 

This thesis has contributed to the area of fabrication and characterization of 
photon radiation detectors in general, and to the area of thermal detectors and 
position sensitive detectors in particular. In chapter 2 both theory and design issues 
for thermal detectors are discussed. Chapter 3 deals with the characterization of 
lateral position sensitive detectors. This primarily concerns the influence of 
mechanical stress on the linearity of the detector. The fabrication of a modified 
four-quadrant position sensitive detector is also presented. 

 
5.1 THERMAL DETECTORS 

The infrared detectors are usually divided into two different types of detectors, 
namely photon detectors and thermal detectors. Included within in the group of 
thermal detectors are thermopiles and bolometers. 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 low thermal conductivity. A thin membrane is often 
formed to create this thermal conductance. Si and Si3N4 have been effectively used 
as membrane materials, but they suffer from relatively large thermal conductivity. 
The epoxy based photoresist SU-8, which has a thermal conductivity as low as 0.3 
W/mK is presented as an alternative membrane material. The application of SU-8 
is exemplified by the fabrication of both a thermopile and metal bolometer with a 
4µm SU-8 membrane. 

 
5.2 LATERAL EFFECT POSITION SENSITIVE DETECTORS 

A typical 1D LEP PSD consists of a uniform p-type resistivity layer formed on 
top of an n-type high resistive silicon substrate. In order to extract the generated 
current, electrodes are placed at both ends of the resistive layer. On the reverse side 
a common electrode is formed. Using an n-type substrate, generated holes and 
electrons will be extracted top and bottom contact, respectively. By forming an 
active layer on the reverse side and adding a set of electrodes perpendicular to the 
front contacts, 2D positioning is possible. The introduction of mechanical stress in 
a lateral effect position sensitive detector will affect the resistivity of the active 
layer and reduce the performance of the detector. 

 
5.3 SEGMENTED DETECTORS 

The four-quadrant detectors, or segmented detectors, are a second type of PSDs. 
They consist of four separated p+-regions separated by a narrow slit. The p+-regions 
are positioned around the center of the detector. As for the LEPs, holes are 
collected at the front and electrons at the back electrode. The response of the 4Q-
PSD from a circular spot is non-linear and the measurement span is determined by 
the size of the light spot. To increase the measurement span, defocusing of the light 
spot is therefore common. This spot size dependence increases the position 
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detection error in outdoor applications, where light spots can fluctuate due to 
atmospheric disturbance [28]. By separating the p+-regions sufficiently the spot 
size dependence can be avoided. This however makes the efficiency and charge 
transport dependent on the carrier diffusion length. 

 
5.4 FUTURE WORK 

In the near future, the manufactured thermopile and bolometer detectors will be 
evaluated as detectors in a real application. By attaching an optical bandpass filter 
on top of the detectors, they can be tested as detectors in a carbon dioxide meter. 
This will hopefully provide a real input with regards to the present position in 
terms of performance. 

 
However, for the manufactured SU-8 thermopile and bolometer to really 

compete with commercially available detectors, the sensitivity must be increased. 
In the following section, ideas for increasing the sensitivity, but also the reliability 
are listed. 
 

 During the work with the present detectors, a rather small part of time was 
spent on the design and choice of sensitive material. In order to increase 
the detector sensitivity this should be further investigated. 

 As thermocouple materials, metals such as bismuth and antimony might be 
possible candidates instead of nickel and titanium, which are used at 
present. Changes in the layout of the thermopile detector might also 
increase the sensitivity. With the present design, thermocouple junctions 
are placed around the edge of the membrane, but by spreading the 
thermocouple junctions over the whole membrane, the generated heat will 
hopefully spread more rapidly and more uniformly and increase the overall 
output. 

 By connecting the bolometer as a simple voltage divider, only one variable 
element is required. Using this configuration the size of the SU-8 
membrane could be reduced, which increases the stability of the 
membrane. In addition, the thermal response time could be increased by 
decreasing the membrane size. 

 Another idea is to form the self-supported membrane by etching a cavity 
underneath the membrane, instead of etching through the whole wafer. 
This would decrease the etch time and reduce the stress on the membrane. 
An illustration of this type of structure is shown in Figure 28. 
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Figure 28: Thermal detector structure with etched cavity. 
 

 A key component to increase the sensitivity is the infrared absorbing 
coating. Experiments with metal blacks or a metal layer beneath the black 
paint layer will be tested on the present detectors 
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