
 

 

LOW-COST MICROBOLOMETER INFRARED DETECTORS  
UTILIZING CMOS RESISTIVE LAYERS 

 
 
 
 
 
 
 
 

A THESIS SUBMITTED TO 
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 
MIDDLE EAST TECHNICAL UNIVERSITY 

 
 
 

BY 
 
 
 

HANDE ÖZTÜRK 
 
 
 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR 

THE DEGREE OF MASTER OF SCIENCE 
IN 

ELECTRICAL AND ELECTRONICS ENGINEERING 
 
 
 
 
 
 
 
 
 

JUNE 2017 



 

 

  



 

 

Approval of the thesis: 
 

LOW-COST MICROBOLOMETER INFRARED DETECTORS UTILIZING  
CMOS RESISTIVE LAYERS 

 
Submitted by HANDE ÖZTÜRK  in partial fulfillment of the requirements for the 
degree of Master of Science in Electrical and Electronics Engineering, Middle 
East Technical University by, 
 
 
 
Prof. Dr. Gülbin Dural Ünver 
Dean, Graduate School of Natural and Applied Sciences 
 

___________________ 

Prof. Dr. Tolga Çiloğlu 
Head of Department, Electrical and Electronics Eng. Dept. 
 

___________________ 

Prof. Dr. Tayfun Akın 
Supervisor, Electrical and Electronics Eng. Dept., METU 
 

___________________ 

 
 
 
Examining Committee Members 
 
Prof. Dr. Haluk Külah 
Electrical and Electronics Eng. Dept., METU 
 

___________________ 

Prof. Dr. Tayfun Akın 
Electrical and Electronics Eng. Dept., METU 
 

___________________ 

Assoc. Prof. Dr. Barış Bayram 
Electrical and Electronics Eng. Dept., METU 
 

___________________ 

Assist. Prof. Dr. Serdar Kocaman 
Electrical and Electronics Eng. Dept., METU 
 

___________________ 

Assist. Prof. M. Yusuf Tanrıkulu 
Electrical and Electronics Eng. Dept., Adana BTÜ 

                          

___________________ 
 

      
 

          Date:                              16.06.2017



iv 

 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I hereby declare that all information in this document has been obtained and 
presented in accordance with academic rules and ethical conduct.  I also declare 
that, as required by these rules and conduct, I have fully cited and referenced 
all material and results that are not original to this work.  
 
 
 
 
 

Name, Last name: Hande ÖZTÜRK 
 
 
Signature: 

 
  



v 

ABSTRACT 

LOW-COST MICROBOLOMETER INFRARED DETECTORS  

UTILIZING CMOS RESISTIVE LAYERS 

 

 

 

Öztürk, Hande 

M. Sc., Department of Electrical and Electronics Engineering 

Supervisor:  Prof. Dr. Tayfun Akın 

 

 

June 2017, 81 pages 

 

This thesis presents the efforts to develop low-cost microbolometer type uncooled 

infrared detector architectures that utilize standard CMOS layers and components. 

Various resistance structures of different CMOS technologies are investigated and 

possible resistors are determined as the active material. In order to figure out 

potential microbolometer structure, all possible layers in the CMOS technologies are 

analyzed in terms of mechanical and thermal parameters. Mathematical modeling 

and computer simulations are realized. In order to obtain experimental data about the 

CMOS components, two different multi-project wafer CMOS chips are completed 

that contain various resistances and microbolometer structures. These designs are 

fabricated in a 0.35 µm and 0.18 µm CMOS processes and characterized in terms of 

electrical resistivity, temperature coefficient of resistance, thermal conductance, and 

noise. The characterization results are used to employ two different microbolometer 

infrared sensors focal plane arrays (FPAs), one with the 40x40 array size and 60 µm 

pixel size and the other one with the 80x80 array size with 35 µm pixel size. The 
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developed and fabricated sensors are characterized in terms of the detector 

performance successfully.  

The outcome of this thesis can be summarized in three items. First of all, it is proven 

that the CMOS resistive layers can be used as the microbolometer active material, 

thanks to their very low flicker noise and very high uniformity across the FPA. 

Secondly, the microbolometer architecture designed in the scope of this thesis 

formed the fundamentals of the CMOS Infrared (CIR) Technology concept, which 

enables the fabrication of the infrared sensors in almost any CMOS/MEMS foundries 

in the world. Thirdly, two different infrared pixel structures developed in the scope 

of this thesis are employed to develop two different microbolometer FPAs with a 

team effort of Mikrosens Inc. The 40x40 FPA with 60 µm pixel pitch provides an 

237 mK NETD value at 30 fps, in a dewar vacuum conditions with f/1 optics, while 

the 80x80 FPA with 35 µm pixel pitch provides 150 mK and 68 mK NETD values at 

17 fps and 4 fps, respectively, in a dewar vacuum conditions with f/1 optics. 

Keywords: Low-cost microbolometer uncooled infrared detectors, CMOS resistive 

microbolometers, CMOS Infrared (CIR) detectors, thermal conductance, pixel pitch, 

TCR, flicker noise, MEMS, focal plane array.  
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ÖZ 

CMOS DİRENÇ KATMANLARI KULLANAN DÜ ŞÜK MAL İYETL İ 

MİKROBOLOMETRE KIZILÖTES İ DEDEKTÖRLER  

 

 

 

Öztürk, Hande 

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü 

Tez Yöneticisi:  Prof. Dr. Tayfun Akın 

 

 

Haziran 2017, 81 sayfa 

 

Bu tez, CMOS katmanlarını ve bileşenlerini kullanan düşük maliyetli 

mikrobolometre tipi soğutmasız kızılötesi detektör mimarisi geliştirme çalışmalarını 

özetlemektedir. Bu tezde, farklı CMOS teknolojilerine ait çeşitli direnç yapıları 

incelenmiş ve mikrobolometre aktif malzemesi olarak kullanılması olası direnç 

yapıları belirlenmiştir. CMOS teknolojisine ait bütün katmanların mekanik ve termal 

özellikleri potansiyel mikrobolometre yapısını belirleyebilmek adına incelenmiştir. 

Matematiksel modelleme ve bilgisayar benzetimleri yapılmıştır. CMOS bileşenleri 

hakkında deneysel veri toplayabilmek için çeşitli direnç ve mikrobolometre yapıları 

içeren iki farklı deneme çoklu proje CMOS tasarımı tamamlanmıştır. Bu tasarımlar 

0.35 µm ve 0.18 µm CMOS süreçleriyle üretilmiştir; direnç ve mikrobolometre 

yapıları elektriksel özdirenç, direnç sıcaklık katsayısı, termal iletkenlik ve elektriksel 

gürültü açılarından karakterize edilmiştir. Bunların sonucunda, biri 60 µm pikselden 

oluşan 40x40 formatta diğeri 35 µm pikselden oluşan 80x80 formatta iki farklı 

mikrobolometre kızılötesi sensörün odak düzem dizisi olarak tasarlanmıştır. 
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Geliştirilmi ş ve üretilmiş sensörlerin performansı başarılı bir şekilde karakterize 

edilmiştir. 

Bu tezin sonuçları üç başlıkta özetlenebilir. İlk olarak, CMOS direnç katmanı 

oldukça küçük düşük frekans gürültüsü ve odak düzlem dizisi boyunca yüksek 

yeknesaklıkla mikrobolometre aktif malzemesi olarak kullanılabilirliği 

kanıtlanmıştır. İkinci olarak, bu tez kapsamında tasarlanan ilk mikrobolometre 

mimarisi, dünyadaki neredeyse tüm CMOS/MEMS kuruluşları tarafından 

üretilebilen CMOS kızılötesi teknoloji kavramının temellerini oluşturmaktadır. 

Üçüncü olarak, Mikrosens mühendislik takımı tarafından, bu tez kapsamında 

geliştirilen mikrobolometre dedektör yapılarını kullanan iki farklı kızılötesi sensör 

tasarlanmış ve üretilmiştir. Nihai karakterizasyon sonuçlarının gösterdiği üzere,      

60 µm CMOS direnç dedektörlü 40x40 formattaki dizi 30 fps’de 237 mK NETD elde 

ediyorken, 35 µm CMOS direnç dedektörlü 80x80’lik dizi f/1 optik ve 17 fps ile 150 

mK NETD değeri elde edebilmektedir. 

Anahtar Kelimeler: Düşük maliyetli mikrobolometre tipi soğutmasız kızılötesi 

detektörler, CMOS direnç mikrobolometreler, CMOS kızılötesi dedektörler, termal 

iletkenlik, piksel boyutu, direnç sıcaklık katsayısı, düşük frekans gürültü, MEMS, 

odak düzlem dizisi.  
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CHAPTER 1 

INTRODUCTION 

Light and its properties have been a great intriguing subject for humankind for ages. 

However, until the 18th century, it is believed that electromagnetic radiation is only 

composed of the visible light. One of the greatest wonderers of nature William 

Herschel, who is also the explorer of the planet Uranus and the composer of eighteen 

symphonies, observed that the light is beyond the seen. He tried to measure the 

temperature of the visible spectrum just beyond the red light and observed that the 

temperature was rising through the spectrum. Figure 1.1 represents the infrared band 

of the electromagnetic spectrum [1]. Infrared radiation is defined as a part of the 

electromagnetic spectrum from 760 nm to around 1 mm wavelength. 

 

Figure 1.1: Infrared window [1]. 

The infrared window is divided into five parts. From visible spectrum to 1 µm 

wavelength is called as the near infrared (NIR) region. The short-wave infrared 

(SWIR) region refers to around 1-3 µm wavelength. Mid-wave infrared region 

(MWIR) includes around the 3-5 µm wavelength. The 8-14 µm wavelengths are 
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called as long-wave infrared (LWIR) region. Beyond this is called as far infrared 

(FIR) region.  

Every object with the temperature above 0 K emits infrared radiation [2]. This 

specific property of infrared wavelength provides to make detection of the objects in 

complete darkness. The semiconductor material research allowed developing special 

materials to detect infrared radiation. Figure 1.2 gives the historical development of 

infrared detectors [3]. As it can be seen, thermal detectors have showed 

developments since 1990s. Micro electro mechanical system (MEMS) technology 

also enhances the IR detector industry. The detected infrared signal is read-out by the 

specific circuits built by the Complementary Metal Oxide Semiconductor (CMOS) 

circuits. MEMS detectors together with CMOS readouts help to build large format 

arrays with a decreased system cost. 

 

Figure 1.2: Historical development of infrared detectors [3]. 

Military needs and war industry boosted the infrared detector technology, as in the 

other fields of industry and science. The years during the World War II witnessed the 

origins of the modern infrared detector technology [3]. However, today, infrared 

detectors are widely utilized in lots of industrial areas such as smart building 

applications, automotive and traffic security, temperature sensing and security 

surveillance. Moreover, infrared detectors are commonly used in many scientific 

applications such as medical imaging, space observation, atmospheric science and 

planetology. 

 



3 

 

This chapter acts as an introduction to infrared detector theory. Section 1.1 gives 

brief information about infrared detector theory and the uncooled infrared detectors.         

Section 1.2 presents the parameters that determine the performance quality of the 

microbolometers in detail. Lastly, Section 1.3 summarizes the research objectives 

and presents the thesis organization.  

1.1 Uncooled Infrared Detectors 

Infrared detectors are investigated under two headlines. The first one is photon 

detectors. Photon detectors are constructed with special semiconductor materials 

with the purpose of obtaining high performance. This type of detectors’ working 

principle relies on the electron-hole (E-H) pair generation processes. The incoming 

photon contributes this E-H pair generation. With the help of this process, a current 

is generated in the material. However, E-H pair generation is also realized by the 

temperature effects. This process forms a dark current. Therefore, in order to extract 

the photonic current from the unwanted dark current the detector is cooled down to 

cryogenic temperatures around 77 K.  

Uncooled infrared detectors, which are thermal detectors, on the other hand, sense 

the temperature change in the material due to the heating caused by the incoming 

infrared radiation. Therefore, thermal detectors do not need cooling. Electrical 

property of the detector changes due to the heating and this change is converted to an 

electrical signal to be read out by the integrated circuit. The fabrication of the 

detector material is not as complicated as the photon detectors. Moreover, the active 

material for thermal detectors is inexpensive in proportion to the photon detectors. 

Two common uncooled thermal detector types for commercial applications are 

thermopiles and microbolometers, and more information about them will be provided 

in the following sections. 
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1.1.1 Thermopiles 

The thermopiles are commonly used thermal detectors, and they are based on the 

Seebeck effect. Two materials with different Seebeck coefficients are contacted at 

one end. When this junction is exposed to heat, a voltage is generated between the 

other ends of the materials due to the Seebeck coefficient difference [4]. This 

structure is called as a thermocouple. Figure 1.3 represents a thermocouple figure. 

 

Figure 1.3: Thermocouple figure. 

Because the generated voltage is very small, array of this thermocouple is required to 

obtain a good responsivity. The array of thermocouples is called as thermopiles. 

Figure 1.4 shows an array of thermocouples representing a thermopile [5]. The 

thermopiles have the advantage of measuring temperature of an object remotely, so 

they can be used as temperature sensor. However, thermopiles are not preferred for 

infrared imaging applications due to insufficient responsivity and large pixel area. 

For imaging applications, the most widely used approach is microbolometers due to 

their pixel size and performance advantages, as presented in the next section. 

 

Figure 1.4: Array of thermocouples representing a conventional thermopile [5]. 
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1.2 Performance Parameters  

Performance quality depends on the temperature sensitivity of the material, thermal 

conductance of the pixel and the noise of the material. In the subtopics of this 

section, performance parameters of the microbolometers are investigated.  

1.2.1 Temperature Sensitivity 

Temperature sensitivity of a microbolometer is the change of an electrical property in 

response to the infrared radiation.  

For a resistive microbolometer, temperature coefficient of resistance (TCR) is one of 

the key parameters which determine the sensitivity. Temperature coefficient for a 

resistive microbolometer means the resistance change per unit temperature change. 

TCR at a certain temperature is obtained by dividing temperature coefficient by the 

resistance at that temperature. TCR, therefore, is the fraction of the resistance change 

with respect to the temperature change at a certain temperature. 

 
 ( 1.1 ) 

The parameter α in Equation 1.1 represents TCR, where R is the detector resistance 

as ohm and T is the temperature as Kelvin. Resistance change for the change in 

temperature can be extracted as: 

  ( 1.2 ) 

TCR can take a negative or positive value according to the material. Semiconductor 

materials are generally inclined to take negative TCR values, whereas materials with 

metallic properties generally have positive TCR. On the other hand, the magnitude of 

TCR can also be linked to flicker noise characteristics of the material. Among the 
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semiconductor material resistors, it can be said that high TCR materials have high 

sheet resistance together with the high flicker noise value [11]. 

Temperature sensitivity of a diode microbolometer is defined as the voltage change 

of a forward biased diode with respect to the temperature change under constant 

current bias.  

 
 ( 1.3 ) 

Where, k is the Boltzmann’s constant, q is the electron charge, T is temperature, Id is 

the forward biased diode current and Is is the reverse saturation current. Is is 

formulated as: 

 �

 ( 1.4 ) 

Where, k is the Boltzmann’s constant, Eg is the band gap energy of the silicon, T is 

the temperature, K is the temperature independent constant and m is a number 

between 1 and 3. 

As it can be deducted from the above equations, diode is a naturally temperature 

sensitive device. In infrared detection case, incident infrared radiation heats up the 

diode and changes its some electrical properties. Temperature dependency of the 

diode microbolometer is given in Equation 1.5 as V/K: 

 �

 ( 1.5 ) 

Where, n is the number of diodes in the microbolometer active area. 
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1.2.2 Thermal Conductance 

The sensitivity of a microbolometer depends on the thermal isolation of the detectors 

from the environment. The infrared sensitive area should be electrically conductive 

and thermally non-conductive in order to conserve the heating that results from the 

incident infrared radiation. The infrared sensitive area is suspended from the 

substrate by the support arms. The geometry and thermal properties of the support 

arm determine the thermal conductance of the microbolometer. 

 
 ( 1.6 ) 

Thermal conductance is formulated as in Equation 1.6 as W/K, where k is the 

thermal conductivity of the material forming the supporting arm as W/mK, A is the 

cross-sectional area, and L is the length of the support arm.  

Microbolometers require to work under vacuum in order to eliminate the temperature 

loss to the environment. Then, the detector is vacuum packaged to get rid of the 

thermal conductance through the air.   

In conclusion, support arm material should be selected as a material with low thermal 

conductivity. Moreover, support arm has to be designed as long and thin as possible 

in order to obtain lower thermal conductance between the active area and the thermal 

ground. Good vacuum level should also be achieved. 

1.2.3 Responsivity 

Responsivity is an important parameter while determining the sensitivity of the 

microbolometer. It simply means that how much signal the detector generates in 

exchange for the incoming infrared power. Depending on the read out circuitry, the 

output of the detector can be current or voltage. The ratio of this output signal to the 

applied or incident infrared radiation power on the detector is defined as the 

responsivity.  
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  ( 1.8 ) 

Thermal time constant determines the response speed of the detector. This means that 

a fast detector can easily adapt the change in the scene. In order to get a fast thermal 

response from the detector, Cth should be small and Gth should be large enough. On 

the other hand, for quality of performance, Gth should be as small as possible. In 

order to ease this trade off Cth is made as small as possible. 

The corresponding equation that fits the circuit in Figure 1.6 is used to model heat 

flow equation in microbolometer [12]. 

 =  ( 1.9 ) 

Po is the amplitude of the incoming infrared power and the η is the absorption 

coefficient of the microbolometer, where  is the power that is processed by the 

detector. The angular frequency of the modulation of the radiation is the w. 

Therefore, ∆T is the temperature change with the time t. 

 �

�  ( 1.10 ) 

Assuming that, the detector is resistive and biased with constant current “ ”, the 

change in detector voltage due to the infrared power: 

 �

�  ( 1.11 ) 

Where, η is the absorption coefficient for the microbolometer, Pir is the infrared 

power, t is the bias time, and τ is the time constant. Therefore, the responsivity is 

expressed as: 
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�  ( 1.12 ) 

Assuming that, the microbolometer type is diode and biased with a constant current 

“ ”, the change in detector voltage due to the infrared power, and then the 

responsivity are given in: 

 �

�  ( 1.13 ) 

 �

�  ( 1.14 ) 

1.2.4 Noise 

The simplest and basic definition of noise is expressed as the random fluctuations in 

any signal. Noise is a natural and also inevitable phenomenon that is observed in any 

kind of mechanisms. 

In infrared detection, it is not enough to obtain a detector with good responsivity. In 

order to obtain good sensitivity, signal to noise ratio should be as high as possible in 

infrared sensors. In this section, different noise mechanisms that could be observed 

in infrared detectors are examined. These noises are Johnson noise, shot noise and 

flicker noise. 

1.2.4.1 Johnson noise 

Johnson noise, which is also known as Nyquist noise, results from the random 

fluctuations of the charge carriers in the material due to temperature existence. 

Above 0 K, this random fluctuation has an average energy of kT without bias 

requirements where, Boltzmann constant k is the average energy of a particle per 
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temperature [13], [14]. The frequency domain solution of this energy in terms of 

signal power can be represented as a RMS noise voltage of vn: 

 
�

�

 ( 1.15 ) 

Where, k is the Boltzmann constant, f is the frequency, f1 is the minimum frequency 

limited by the frame rate and f2 is maximum frequencies limited by the readout 

circuit. 

1.2.4.2 Shot noise 

Quantization of the charge carriers due to optical or electrical excitation in an optical 

or electronic device causes fluctuations in the signal [13], [14]. Shot noise generally 

is associated with the flow of the current in the PN junction devices such as diodes 

and BJTs. The current passing through the device is written as the sum of the delta 

functions over time t. RMS value of the fluctuations in the current is expressed as: 

 
�

�

 ( 1.16 ) 

Where q is the unit charge and I is the bias current. 

1.2.4.3 Flicker noise 

Like thermal noise, flicker noise is observed in many natural systems. In addition to 

electronic devices, flicker noise also appears in many other devices and natural 

phenomena, such as the oscillation of quartz crystals, geophysical records, economic 

data, traffic flow rates, image texture, and heart beat rates [15]. 
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Flicker noise, in electronics, is caused by the traps due to the defects, roughness and 

contaminations in the material. It is also called as pink noise, because the power 

spectrum appears as pink color. Flicker noise is inversely proportional to frequency 

as in Equation 1.8. So, it is sometimes called as 1/f noise. 

 
�

�

 ( 1.17 ) 

Kf is a constant that is related to the technology and the geometry and f is the 

frequency. Bias current increases the flicker noise.  Furthermore, it is a known fact 

that the larger the device dimensions, the smaller the flicker noise.  

1.2.5 Noise Equivalent Temperature Difference 

Noise equivalent temperature difference (NETD) is the temperature difference 

between the material and the background when the signal is equal to the RMS noise 

value [12]. NETD is a unique parameter that is adequate to show the performance of 

the detector. The smaller NETD indicated the higher performance. Similarly, 

NETD=∆T when S/N=1; 

 

� �

 
( 1.18 ) 

In this equation, f represents the f number of the optics.  is the transmissivity 

coefficient of the optics between  wavelength window. Vn refers to the RMS 

noise voltage and Rv is the responsivity. is the area of the detector. 

� �
is the change of power per unit area per unit temperature change in the 

 spectral band. 
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1.3 Research Objectives and Thesis Organization 

The main goal of this thesis is to design, test, and characterize the CMOS resistive 

layers based low-cost microbolometer samples utilized in Mikrosens Inc. The roots 

of CMOS based low cost microbolometer reaches out the late 90s in METU MEMS 

Research Center. Performance parameters which are mentioned in the previous 

sections are improved considerably for CMOS diode based low cost 

microbolometers. However, CMOS diode also comes with its drawbacks which will 

be discussed in the next chapters. This situation brings about the search for new low 

cost microbolometer architectures. By taking into account the performance 

parameters and design tradeoff, optimal pixel design is achieved. In addition, pixel 

design considers the MEMS processing because every technology and design need 

their own MEMS processing recipes. It is appropriate to design the pixels with the 

least number of MEMS masking steps. Another effort to be given for performance 

boosting is to perfect the readout circuit both electrically and thermally. 

Thesis organization is as follows; 

Chapter 2 gives brief information about low cost microbolometers. This chapter 

briefly explains CMOS based low cost microbolometers utilized in METU MEMS 

research center and Mikrosens Inc. In Chapter 3, the new microbolometer 

architecture based on CMOS elements is presented. Literature investigations, 

MATLAB and COMSOL simulation results are presented in this chapter. After these 

efforts, four different designs are fabricated in sequence. In Chapter 4, tests and 

characterization results of the fabricated designs are given. In conclusion, all work 

done in the scope of this thesis is summarized and thesis is concluded with the future 

expectations. 
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CHAPTER 2 

LOW COST MICROBOLOMETERS 

The microbolometers are divided into two sections in the content of this thesis; 

surface micromachining microbolometers and bulk micromachining 

microbolometers. 

The surface micromachining microbolometers are fabricated with a MEMS 

technology called surface micromachining, where every layer of the detector are 

fabricated one by one on top of a silicon or CMOS wafer. These types of 

microbolometers utilize high TCR materials are selected as active material such as 

vanadium oxide (VOx) [8], amorphous silicon (α-Si) [9], silicon germanium (Si-Ge) 

[10] in order to get high responsivity. Moreover, with the use of surface 

micromachining technology, it is possible to fabricate optimized support arms in 

order to achieve low thermal conductance together with small pixel sizes. As an 

example, 320x240 sized IR FPA with 25 µm pixels could achieve 40 mK NETD 

[16]. Likewise, large volume arrays with 17 µm pixels assured 35 mK NETD at the 

product level [17]. On the other hand, the fabrication and integration of surface 

micromachining microbolometers on the silicon wafer need several steps that make 

the process complicated and expensive. Furthermore, CMOS incompatibility of the 

materials used in these microbolometers results in even more difficult processes [18]. 

On the other hand, bulk micromachining microbolometers utilize generally CMOS 

based structures such as diodes and resistors as the active material. All physical parts 

of the microbolometer such as the infrared active area, the suspended arms carrying 

the active area, the walls isolating the pixels thermally and physically from each 

other, and the infrared absorber are all utilized by CMOS layers and materials. 
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Therefore, CMOS compatibility allows simple bulk silicon micromachining. The 

detector implementation is achieved with one mask layer and simple post CMOS 

fabrication steps, without requiring deposition of any high-TCR materials or complex 

post-CMOS fabrication that typically requires 8-15 masking steps [19]. CMOS 

microbolometers also have excellent uniformity owing to the maturity of CMOS 

technologies. However, CMOS based active materials always come with their own 

deficiencies. In contrast to the high-performance materials, CMOS microbolometers 

have lower temperature coefficient. CMOS fabrication puts restriction on design of 

the pixel geometry because of the CMOS technology layout rules. Noise is also 

another issue that degrades the performance, especially in these low responsivity 

CMOS microbolometers.  

In this chapter, an introduction is made to the low-cost microbolometers which are a 

type of bulk silicon micromachining microbolometers. Firstly, CMOS diode type 

microbolometers are examined in Section 2.1. The works in METU MEMS Research 

Center and Mikrosens Inc. will be briefly explained within a historical order. Later, 

advanced low cost microbolometer pixel structures which are staple topics of this 

thesis will be introduced in Section 2.2. Advantages and disadvantages of new pixel 

structure with respect to CMOS diode type microbolometer are discussed. Finally, 

Section 2.3 summarizes this low-cost microbolometer introductory chapter with a 

small review.   

2.1 CMOS Diode Type Microbolometer 

In CMOS diode type microbolometer, active material as the diode is integrated with 

the readout circuitry. This eliminates the surface micromachining and material costs 

which are seen in the surface micromachining microbolometers. Suspension of the 

active area is realized by passing the silicon wafer a set of Micro Electromechanical 

System (MEMS) processes. Supporting arms are formed from the regular CMOS 

process layers such as polysilicon and metals. For diode type active material, an SOI 

silicon process is required to form a suspended micro bridge to be able to use the 

bulk silicon micromachining techniques [20]. 
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Table 2.1: CMOS diode type microbolometer properties. 

 

The data represented in Table 2.1 is vacuum packaged camera data under the 

maximum achievable gain and bias conditions. Noise of the detectors is suppressed 

by averaging and filtering techniques. 

2.2 Low Cost Microbolometer Advanced Pixel Structures 

In this section, CMOS resistive layer based microbolometer pixel structure is 

presented, after that the disadvantages of CMOS diode type microbolometer are 

discussed. 

Post processing difficulties of bulk CMOS diode microbolometers mentioned in 

Section 2.1 forces to utilize SOI-CMOS for low-cost diode type microbolometers. 

However, SOI-CMOS diode type microbolometers have some problems. One 

handicap is the foundry availability in the market fabricating SOI-CMOS. The 

variety of SOI technology among CMOS factories is considerably less than the bulk 

silicon technologies. Another problem is high fabrication cost of SOI wafers.  

SOI-CMOS technologies are more expensive than the regular bulk silicon 

technologies especially for high the volume production [26]. Microbolometer 

performance strongly depends on the pixel physical design. Small feature size 

technologies help to design microbolometers with large infrared absorbing active 

area with respect to the pixel pitch and small thermal conductance. They also 

contribute to shrink both the pixel pitch and the overall chip dimensions. However, 

price of the technology also increases with the small feature size. Therefore, variety 

and price problems of SOI-CMOS make a low-cost system design difficult. These 

problems also make the available design difficult export to more advanced/smaller 

feature size technologies in SOI-CMOS.  
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Dry silicon etching eliminates these problems, as well as it solves the sticking 

problems and minimizes the etching time [27].  

Providing a good thermal sink is an important issue for microbolometers. Silicon 

substrate behaves as the thermal ground. It is necessary to have good thermal ground 

throughout the FPA in order to cool down quickly when detector is not biased. 

Moreover, heating curve mismatches between the pixels are eliminated through good 

thermal grounding. The silicon thermal conductivity is around 156 W/mK that is 

much higher than the thermal conductivity of SiO2 as around 1.15 W/mK [28]. In 

bulk CMOS microbolometers, pixels are physically contacted to the silicon substrate 

by the switch as in Figure 2.4. Therefore, heating curves of the FPA follow the 

substrate temperature because the silicon does not cause a big thermal resistance. In 

SOI, on the other hand, thermal path resulted from the buried oxide between the 

handle wafer and the pixel may cause thermal mismatch among the pixels. Because 

the large contact area may solve this thermal grounding problem in SOI, temperature 

response of the pixels with respect to the substrate temperature change should be 

analyzed during pixel design.  

Every CMOS technology provides several types of resistors. These resistors are 

differentiated by sheet resistance, TCR and noise characteristics. CMOS resistor 

flicker noise characterized for the different geometrical properties and biasing 

conditions in 1997 and in 2001 [29], [30]. These observations showed that flicker 

noise of CMOS resistors rises with the small width-length devices and the large bias 

currents. CMOS thin film layers characteristics considerably depend on doping. A 

2003 research showed that diffusion resistors show positive TCR while n+ 

polysilicon has negative TCR. TCR decreases while the width of the device becomes 

smaller, even shows positive to negative change [31]. One of the first examples of 

CMOS polysilicon microbolometers were utilized as 16x16 focal plane array with 

494 V/W responsivity in 2003 [27]. Despite the low responsivity, suspension of the 

pixels was realized by isotropic dry etching without mask which minimizes the 

etching time. In 2014, a geometric design of CMOS polysilicon microbolometer was 

made, and thermal analysis of various pixel structures was held in COMSOL 

environment [32].  
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2.3 Review and Conclusion 

Low-cost uncooled microbolometers strongly depend on CMOS technology features 

and post-processing procedure. SOI-CMOS diode is appropriate to realize a CMOS 

microbolometer both mechanically and electrically. However, CMOS diode type 

microbolometer have problems resulted from the SOI-CMOS features. The 

disadvantages of CMOS diode type microbolometer is discussed in the above 

sections. As an alternative to CMOS diode type microbolometer, physical features of 

CMOS resistive layers are investigated. It is obvious that oxide protected CMOS 

resistor is appropriate to CMOS microbolometer post-processing procedures. 

Moreover, it is promising that the disadvantages of CMOS diode type 

microbolometer could be eliminated by CMOS resistive microbolometer. For further 

analysis, literature investigations on electrical and mechanical properties of CMOS 

resistor microbolometers support the argument that CMOS resistive layers could be 

used as microbolometer active material.  

The next chapter analyzes the CMOS resistive type microbolometer properties in 

depth. It examines the advantageous and disadvantageous parts of CMOS resistive 

microbolometer with respect to the CMOS diode in detail. CMOS resistive type 

microbolometer pixel and FPA design efforts are presented. 



24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 

 

CHAPTER 3 

MICROBOLOMETERS USING CMOS THIN FILM RESISTIVE LAYE RS 

State of the art low-cost microbolometer infrared detectors are commonly utilized by 

employing SOI-CMOS diode as active material. In Chapter 2, the disadvantages of 

SOI-CMOS diode type microbolometer have been discussed, and novel 

microbolometer detector structures employing CMOS resistive layers have been 

presented as alternatives. As a result of the analyses, this thesis claims that it is 

physically possible to design a low-cost microbolometer infrared detector using 

CMOS resistive layers. In this chapter, performance capacity of CMOS resistive 

microbolometer is numerically investigated. Firstly, SOI-CMOS diode and CMOS 

resistor type microbolometers are compared in terms of performance metrics in 

Section 3.1. Section 3.2 explains the properties of CMOS resistors in detail. Next 

sections present the four different CMOS resistor microbolometer architecture 

designs sequentially. Finally, Section 3.7 summarizes this chapter with a review.   

3.1 Performance Comparison of SOI-CMOS Diode and CMOS Resistive 

Microbolometers 

The aim of this section is to analyze if the microbolometer utilized by CMOS 

resistive layers is capable of similar performance metrics with the commercially 

available CMOS diode type microbolometer. MS1650 CMOS diode type detector, 

designed by Mikrosens Inc. engineering team, is fabricated with 1 µm SOI-CMOS 

(SOI1000) technology. MS1650 consists of 160x120 FPA with 50 µm SOI1000 

diode detector pixels. This detector is taken as reference to compare the performance 

of the CMOS resistive microbolometer. Figure 3.1 shows the layout of a 50 µm pixel 

of MS1650 SOI-CMOS diode microbolometer developed by SOI1000. This 50 µm  
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in the active area is n-type doped resistor (RN) with TCR of -0.29 %/K. Therefore, 

50 µm CMOS350 pixel with 50 kΩ resistive RN microbolometer is simulated under 

the same integration time (50 µs) and flicker noise cutoff frequency (2.5 kHz) with 

the MS1650 pixel, and achieves 345 mK NETD.  

Table 3.2: Performance parameters of SOI1000 diode and CMOS350 resistive pixels. 

 

The above results are obtained for ideal conditions. The effect of bias heating is not 

added to the simulations. Next, detector resistance, integration time and bias voltage 

should also be optimized by considering the bias heating effect to the ROIC. 

Detector resistance and bias are optimized by simulating the detector according to 

the microbolometer heating model represented in Equation 1.9. Generated voltage is 

linearly dependent to the detector current. However, detector current could only be 

increased up to the circuit limits. Figure 3.3 shows the detector biasing and the 

integrator circuit architecture for a resistive microbolometer. Considering the ROIC 

structure in Figure 3.3 and CMOS350 detector properties, Figure 3.4 shows the 

detector performance dependency to bias voltage and detector resistance for a fixed 

bandwidth. As it can be deducted from Figure 3.4, higher detector voltages enhance 

the detector performance. In order to determine the optimal detector resistance, 

integration time should also be taken into consideration. Integration time determines 

both the circuit gain and the circuit bandwidth.  
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In conclusion, it is possible to achieve similar performance results with MS1650 

CMOS diode microbolometer pixel by CMOS350 resistive microbolometer. ROIC is 

also an important factor while determining detector resistance, integration time and 

bias voltage to get rid of the bias heating problem and to enhance the performance. 

Analyses show that if a CMOS350 resistive microbolometer detector between 40 kΩ 

and 60 kΩ is biased with 1.5 V for 250 µs, the expected NETD is below the 400 mK. 

In the following sections, CMOS resistor properties will be investigated in detail, and 

the pixel geometry optimizations and simulations will be given.      

3.2 Introduction to CMOS Resistors 

Every CMOS foundry facilitates the technologies with various resistors, although 

using resistors in CMOS is not preferable so much due to the noise, speed and area 

issues. Every region in CMOS such as n/p well, n/p diffused area, metals, polysilicon 

have resistive property inherently. These resistors are commonly differentiated into 

three as diffusion resistors, metal resistors, and polysilicon resistors.  

Diffusion resistors can simply built inside the n/p well regions. It is also possible to 

form resistor from the doped diffusion regions buried inside n/p well regions. 

Diffusion resistors are highly conductive resistors with low sheet resistance and 

positive TCR. 

Metal resistors are simply metal layers which usually are made of aluminum and 

used as routing. Because the sheet resistance of metal resistors is too small around 

milli-ohm per square range, it is impossible to obtain large resistances without 

wasting gigantic areas. Metal resistors have large TCR values. Flicker noise in metal 

resistors is so small, as they can be assumed as free of flicker noise component.  

Polysilicon is a regular CMOS layer and it is deposited on silicon wafers by using 

chemical wafer deposition (CVD) techniques. Polysilicon, which is protected by 

oxide, is not affected from the silicon etching, so CMOS polysilicon resistors are                 

convenient to be used as a microbolometer. CMOS foundries provide several types  
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of polysilicon resistor. They are different in terms of sheet resistance, doping, TCR 

and mismatch coefficients. These properties also determine the flicker noise 

characteristics of the polysilicon resistor. 

Resistivity determines the sheet resistance. Sheet resistance depends on the doping 

type, concentration and the thickness. Resistors with large sheet resistance are 

obviously doped lower than the resistors with small sheet resistance in order to get 

high resistance in smaller areas.  

There is a correlation between doping concentration and temperature coefficient of 

resistance (TCR). This dependency is associated with the crystal structure of the 

material. In polysilicon, due to semiconductor nature, temperature increases impurity 

scattering and the mobility of the carriers and therefore the electrical conductivity. 

As a result of this, polysilicon resistors tend to have negative TCR. If polysilicon 

doping is larger, then TCR of the material is lower in magnitude, because the 

mobility of the carriers is inversely proportional to the doping concentration [33], 

[34]. This means that doping decreases the dependency of the resistance to the 

temperature, that is, in heavily doped polysilicon resistors, resistance changes less 

than the lowly doped ones with the temperature change. On the other hand, this 

situation is reversed in metal resistor case. In metals, they are already full of 

electrons which are charge carries and heat conductors. Temperature increase boosts 

the lattice vibrations and the phonon scattering. This damages the mobility of the 

carriers, and has a negative effect on the electrical conductivity. Therefore, metals 

are inclined to have positive TCR.  Like TCR, flicker noise is related with doping 

concentration. Polysilicon resistor with higher doping means smaller sheet resistance, 

higher conductivity and lower flicker noise. In addition, as mentioned before, metal 

resistor has nearly zero flicker noise components. Then, this means that the lower the 

sheet resistance, the smaller the flicker noise. 
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3.3 First Generation CMOS Infrared (CIR) Microbolometer Pixel 

Development  

3.3.1 Introduction 

In the scope of this thesis, the first CMOS resistive microbolometer attempt was 

realized via multi project wafer (MPW) trial using CMOS350 technology. In 

CMOS350, three kinds of resistors were selected as active materials which are RS, 

RN, and RP. These resistors are placed in the active area of the pixels with layouts 

Figure 3.4. These pixels were compared in terms of sheet resistance, TCR, Gth and 

flicker noise. Electrical properties of resistors are given in datasheet of the 

technology as in Table 3.3: 

Table 3.3: Datasheet properties of CMOS350 resistors. 

 

 

• Minimum width RS sheet resistance is ambiguous. Supplied TCR value is 

characterized for 2 µm width RS. 

• Flicker noise characteristics of RN and RP (the same width as 1 µm) will be 

examined whether the flicker noise or TCR is the dominant factor in their 

performance comparison. 

3.3.2 Modeling and Simulations 

Pixel resistance is the combination of detector and the arm resistances. Pixel pitch, 

arm length and flicker noise are swept using CMOS350 technology properties. In all 

of the simulations, standard pixel layout in Figure 3.2 and datasheet parameters are 

used. Standard parameters that are used in these simulations: 
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3.4 First Generation CMOS Infrared (CIR) Microbolometer FPA 

Development  

3.4.1 Introduction 

Sensor is composed of 60 µm pixels as 40x40 FPA. The test results of previous 

design are evaluated that RP type resistor has an enormous flicker noise component 

with respect to the RN. Then, RN is selected as the detector active material. Figure 

3.10 represents the layout of the 60 µm pixel in the 40x40 array.  

 

Figure 3.10: Layout of the 60 µm pixel of 40x40 FPA. 

In addition to the main FPA, two types of test structures are inserted to sensor in 

order to characterize the thermal conductance. 

The first type of test structure is in order to observe the effect of the silicidation and 

doping to the Gth are inserted. The supporting arm types are: 
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• silicided poly 

• p-doped non-silicided poly 

• n-doped non-silicided poly 

• p-doped silicided poly 

• n-doped silicided poly 

The second type of test structure is designed in order to measure the flicker noise 

cutoff frequency. RP and RN with different widths and lengths are placed in order to 

see the effect of detector geometry to the flicker noise.  

Three kinds of reference detectors were designed for this sensor. The first reference 

detector is the same pixel of FPA, which is infrared insensitive and unsuspended. 

Top of the pixel is filled with oxide and the pixel is not etched. Then, the coming 

infrared could not heat the pixels. This reference detector does not have the same Gth 

and Cth with the detector. This results in mismatch in the heating curves of the 

detector and reference. Therefore, the bias heating problem emerges. The second 

reference detector is the same pixel of FPA, which is insensitive to infrared, but 

suspended. Reference detector is designed just like the detector in FPA to have the 

same Gth, Cth and the same heating characteristic ignoring the mismatches. As a 

result, it is thought that this design approach solves the bias heating problem. 

However, because of the rapid temperature heating of the reference detectors, this 

method requires one reference detector for each detector in the FPA, making it not 

feasible to be used in the large format FPAs [35]. Because the chip size is small, the 

successful bias heating cancellation could be achieved by controlling the bias time, 

row selection time and by placing the reference detector to every row. However, 

covering the cap wafer with infrared reflective material to obtain infrared insensitive 

property is also a difficult process to protect the reference pixels from the infrared 

radiation totally. This may cause smearing problem. The third reference detector is 

designed to optimize the Gth. This reference detector is neither totally suspended nor 

infrared sensitive. The arms are designed thicker or shorter to have Gth of 

approximately 100-200 times of the actual detector and the same electrical 

resistance. It is expected to eliminate both the current resulted from the bias heating 
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and the regular bias. However, this reference detector design is quite prone to have 

mismatches between the pixel and the reference. 

3.4.2 Modeling and Simulations 

Test results, given in Chapter 4, determined the detector as RN resistor. First of all, 

the pixel pitch is arranged as 60 µm in order to pull the thermal conductance less 

than 100 nW/K. The physical parameters of the pixel such as etch gap, arm width 

and the wall width are optimized according to the post processing results of the first 

MPW. 

Flicker noise cut off frequency is approximated as 2.5 kHz. The integration time is 

set as 250 µs to expose the detector maximum gain. By considering the bias heating 

effect, Figure 3.11 shows the resistance optimization graph of 60 µm  pixel.  

 

Figure 3.11: Resistance optimization graph of 60 µm pixel. 
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Figure 3.13: Heating curve of CMOS350 60 µm pixel with the fitted curve. 

3.5 Second Generation CMOS Infrared (CIR) Microbolometer Pixel 

Development  

3.5.1 Introduction 

In the scope of this thesis, the third CMOS resistive microbolometer design was 

utilized for multi project wafer (MPW) trial using more advanced SOI180 

technology. Figure 3.14 represents the standard SOI180 35 µm pixel layout in this 

design. With the help of technology feature size of 180 nm, a better performance 

than the first generation designs is aimed with 35 µm pixels in this design. SOI180 is 

basically SOI-CMOS that the active regions are built inside the tubs isolated from 

each other by deep trench isolator (DTI) oxide.  
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Figure 3.17: Heating curve of SOI180 35 µm pixel with the fitted curve. 

3.6 Second Generation CMOS Infrared (CIR) Microbolometer FPA 

Development  

Technology analysis and pixel developments have been realized in the MPW 

mentioned in Section 3.5. Under the light of the performance optimizations, 80x80 

FPA composed of 35 µm RS resistor pixels is constructed by using SOI180. Figure 

3.18 represents the layout of the 80x80 FPA developed by utilizing SOI180 

technology. Pixels are basically read by the ROIC architecture represented in Figure 

3.3. Infrared insensitive reference detector is obtained by covering the pixels with 

metal layer. Performance testing results of the detector will be given in Chapter 4.  
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Figure 3.18: Layout of the 80x80 FPA. 

3.7 Review and Conclusion 

In conclusion, the design of a CMOS resistive microbolometer requires detailed 

optimization of the performance parameters. CMOS fabrication properties,  

post-processing properties and device electrical features have been investigated in 

detail. Pixel geometry has been finalized by the layout rules and the micromachining 

options.  

In the first generation CMOS resistor infrared microbolometer pixel development, it 

is proven that it is possible to fabricate a microbolometer from CMOS thin film 

resistive layers. The simulation and test results given in Chapter 4, CMOS350 RN  
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are used as an active material in 40x40 FPA, because RP suffers from the large 

flicker noise. The first generation CIR sensor is designed to get less than 500 mK 

NETD performance with f/1.  

The second generation CIR 35 µm resistive pixels have been adjusted to get  

50 nW/K thermal conductance with the help of SOI180 technology. RS has been 

promising in terms of flicker noise free operation. Therefore, expected NETD have 

been reduced to 286 mK for the next generation 80x80 FPA with 35 µm pixel. 

The overall performance optimization results are collected in Table 3.5. According to 

performance parameter analysis, expected NETD values at 1 V biasing condition are 

presented for f/1 at 10 kHz bandwidth. 

Table 3.5: Overall expected NETD. 
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CHAPTER 4 

TEST RESULTS OF CMOS RESISTIVE MICROBOLOMETERS 

In the scope of this thesis, four CMOS resistive microbolometer designs are 

implemented. From the beginning, implementations, tests and measurement results 

remained their importance, because every design improved the next one in terms of 

design approaches, testing quality. In Chapter 3, microbolometer architecture design 

efforts and simulations were presented. The main topic of this chapter is tests of the 

fabricated chips. Firstly, Section 4.1 introduces test set-up and equipment. Later, test 

results of each design are given in Section 4.2, Section 4.3, Section 4.4, and Section 

4.5. Finally, Section 4.6 finalizes this test and characterization chapter with a review.   

4.1 Test Setup and Equipment 

Characterization and testing require clean and proper test setups and equipment. A 

standard test procedure, which is given below, is realized for CIR pixel 

developments mentioned in Chapter 3. Two generations of CIR FPA developments 

are exposed to NETD tests. All test setups and equipment will be explained in this 

section’s subtopics. Because microbolometer requires vacuum environment, detector 

is placed in a dewar. Dewar has an LWIR appropriate lens to be used in infrared 

imaging tests. Mini-dewar [36] has its own daughter board which is appropriate to 

LCC84 package. The package is directly conducts with a metal surface connected to 

a thermoelectric cooler. The temperature response of TCS602 thermistor [37] of mini 

dewar is controlled by a LFI-3751 thermoelectric temperature controller [38]. The 

resistance vs. temperature relationship of the thermistor is like in Equation 4.1 with 

the proper A, B, C parameters. The controller uses PID controller circuitry to set the 

temperature by using the parameters extracted from Equation 4.1: 
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 ( 4.1 ) 

Where R is in ohms and T is in Kelvin.  

Measurement inputs are supplied from the KEITHLEY-2401 source meter [39] in all 

of I/V, TCR and Gth measurements. 

The test procedure summary is as follows; 

1. “Diced and unsuspended” die is bonded to LCC84 package to be placed 

in mini-dewar. 

2. Current/Voltage curves are extracted. 

3. TCR is measured. 

4. Gth of the processed pixels is measured. 

5. Unsuspended die is bonded to DIL40 package to be tested for noise 

spectrum. 

4.1.1 TCR Measurement and Test Setup 

Die which is wire bonded to LCC84 package is placed to the dewar. Temperature is 

read by AD590 [40] temperature sensor bonded to LCC84 package with the test 

sample. Initially, Current/Voltage (I/V) measurement is required to make sure the 

device availability and wire bond connectivity. Sheet resistance is extracted from the 

measured resistance in order to compare with the datasheet results. This helps to 

compare and evaluate the design and the test results. This also enables to evaluate the 

resistor uniformity, if the measurement is repeated for different resistors. Later, the 

available resistors are exposed to the TCR test. Resistance values are recorded at the 

temperatures from 15 to 35 oC at a certain bias current. Constant current is supplied 

by KEITHLEY-2401 source meter. TCR test setup can be shown in Figure 4.1. This 

procedure can be repeated for various bias currents with the aim of supremacy in the 

result. Resistance distribution with respect to temperature is extracted. Measurement 
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 ( 4.2 ) 

Where, R is the resistance under vacuum, R0 is the resistance under no vacuum, α is 

the TCR, I is the bias current. Another method to calculate Gth: 

 
 ( 4.3 ) 

 
 

 

Where and  are different bias currents under vacuum and R1 and R2 are the 

respective resistances and α is the TCR at measurement temperature. Gth is extracted 

as in Equation 4.5: 

  ( 4.4 ) 

Where, Req=  / ( - ). 

Both of the methods give approximately similar Gth results. Second calculation 

decreases the measurement time by eliminating the tests without vacuum. 

4.1.3 Noise Measurement and Test Setup 

Figure 4.2 shows the noise test setup schematics. The detector noise is measured by 

Agilent 35670A dynamic signal analyzer (DSA) [42] in frequency domain. It is 

difficult to observe the noise without amplification due to the noise floor limitation 

of the DSA. Detector is biased in DC domain by a large discrete metal resistor which 

is flicker noise free or the series connected another test sample. Another biasing 
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Figure 4.3: Noise test setup. 

The input referred noise calculation: 

• Frequency response of the circuit is extracted: . 

• The input of the circuit is grounded. The power spectral density of the 

amplifier is observed at the output: . 

• Biased the test samples are connected to the input. The power spectral 

density of the entire system is observed at the output: . 

• Noise density of the test samples ( ) is calculated as in Equation 4.5. 

 
 ( 4.5 ) 

4.1.4 NETD Measurement and Test Setup 

The key parameter for an infrared detector performance quality is NETD. In this 

thesis NETD characterization of the first and second generation of CIR detectors are 

made in dewar [7]. Detector under vacuum inside the dewar looks at the wide area 

black body [44] through an 18 mm, 8-14 µm infrared sensitive, f/1 lens. After setting 

the integration time, 64 frames of data are stored as ADC counts for two different 
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blackbody temperatures (20 oC and 30 oC in this case). The data of the stored frames 

are averaged.  

 
 ( 4.6 ) 

 
 

 

where, x and y represent the horizontal and vertical FPA location of the pixels. The 

difference array of two averaged array of signal data is divided to temperature 

difference: 

 
 ( 4.7 ) 

Then, the detector noise is measured. For a certain temperature in the measurement 

range (20 oC in this case) data is used to calculate the RMS noise. The standard 

deviation of the each pixel data over 64 frames refers to the noise data distribution as 

in Equation 4.8: 

 

 ( 4.8 ) 

Finally, the NETD value of each pixel is obtained by dividing the noise distribution 

the first array of signal difference: 
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Figure 4.5: NETD measurement setup. 

4.2 Implementation of the First Generation CMOS Infrared (CIR) 

Microbolometer Pixel Development 

Pixels implemented in CMOS350 as MPW are tested for TCR, Gth and noise.  

4.2.1 Sheet Resistance, TCR and Gth Test Results 

Pixels are composed of the support arm and the detector. The separate effects of 

these two resistances on the overall resistance value are calculated.  

 
 ( 4.10 ) 

Rsh represents the sheet resistance as Ω/□. RS detectors with poly widths are 0.35 

µm have been measured. Figure 4.6 shows the calculated sheet resistances from the 

measurement of eight RS pixels. The standard deviation between these eight pixels 

sheet resistance has been calculated as 0.91 Ω/□. This refers to 15% resistance 

deviation from the average. 
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Figure 4.6: RS sheet resistance. 

Using RS average sheet resistance of 6.363 Ω/□ and the Equation 4.9, sheet 

resistance calculations of RN and RP are in Table 4.1. The sheet resistance of RN is 

1 kΩ/□ as expected. RP has 12 kΩ/□, which is larger than the expected typical        

10 kΩ/□. There are two possible reasons for this difference. One is the unknown arm 

sheet resistance. The other is non-uniformity error resulted from the small detector 

width. After resistance characterization, TCR of the pixels has been measured. 

Resistance vs. temperature characteristics is given in Figure 4.7. From this curve the 

TCR is calculated. Figure 4.8 shows the TCR dependency to the temperature.  

Table 4.1 summarizes sheet resistance and TCR characterization results: 

Table 4.1: Measured resistances, the corresponding sheet resistances and TCR values 

of the detector at 25oC. 
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4.2.2 Noise Test Results 

Detectors have been voltage biased by the external battery with a series connected 

discrete metal resistor to pass 3.8 µA current. Noise spectral densities of different 50 

µm detectors in the CMOS350 MPW are shown in Figure 4.9. Although the current 

passing through the pixels is small, RP resistor could not reach the thermal noise 

floor in 50 kHz measurement band. The corner frequency is determined as 1 kHz for 

RN, RS has negligible flicker noise component  

 

Figure 4.9: Noise densities of different 50 µm detectors in the CMOS350 MPW. 

4.3 Implementation of the First Generation CMOS Infrared (CIR) 

Microbolometer FPA Development 

First generation CMOS infrared microbolometer implementation is composed of two 

sections. Section 4.3.1 deals with the analysis of the test groups. Section 4.3.2 

consists of the performance tests of the FPA. 
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4.3.1 Test Results of the Test Structures 

In order to see the effect of the doping type, silicidation and silicide block (SBLK) 

on the supporting arm, test structures have been exposed to the regular performance 

testing. Initially, sheet resistance of RN resistor is measured as 1 kΩ/□. From 

Equation 4.10, sheet resistance of the supporting arms is calculated. Then, the TCR is 

measured at 25oC. Table 4.2 demonstrates the collected test results of the test 

structures. Sheet resistances show 8.83% deviation, while TCR shows less than 

2.13% deviation for pixels #1, #2, #4 and #5 in Table 4.2. Resistances with SBLK 

layer, on the other hand, show 13.89% deviation from average in sheet resistance, 

29% deviation in TCR with respect to pixel #1. Additionally, SBLK layer increases 

the dominance of the supporting arm with respect to the detector. This is unwanted, 

because it adds extra noise and biasing issues to the pixel. Besides, as it can be seen 

in Table 4.2, TCR of the pixel #3, #6 and #7 decreases drastically due to silicide 

block. However, SBLK works fine and the calculated support arm resistances match 

with the datasheet results. 

Table 4.2: Collected test results of the test structures. 
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Another analysis that is utilized in test structures is the noise analysis in the test 

resistors. Flicker noise has a disposition to attenuation with the increase in width. 

The current pass from test samples is 3.6 µA. This amount of current is kept small to 

observe effect of the width of the devices to the flicker noise. Figure 4.10 visualizes 

the flicker noise cutoff frequencies with respect to the width of RP and RN resistor. 

RN resistors with 50 kΩ have smaller flicker noise cut-off frequency than 100 kΩ RP 

resistor with four time larger width. For the same 5 µm width and the same bias 

current, RN has 93 Hz flicker noise cutoff frequency, whereas RP has 1.25 kHz. 

 

Figure 4.10: Flicker noise cutoff frequencies with respect to the width of RP and RN 

resistor.  

4.3.2 Test Results of 40x40 FPA 

In this section, NETD distribution of FPA and captured image inside dewar have 

been presented. The NETD testing steps and set-up mentioned in Section 4.1.4 have 

been utilized for this test. Detectors have been biased with approximately 1 V. 

Integration time is 50 µs. NETD histograms of FPA for different averaging options 

are given in Figure 4.11.  
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Figure 4.11: NETD histograms of FPA for different averaging options. 

In this figure, NETD distributions of the 2 and 4 times averaged data are inserted. As 

it can be seen, averaging filters the noise, shrinks the NETD distribution together 

with a considerable NETD decrease. According to the above results, 526 mK peak 

NETD has been obtained from the detector without averaging in the signal. 238 mK 

NETD is possible via four times averaging. 

Increasing the gain by the integration time suppresses the band width and noise, 

hence, enhances the performance. NETD histogram of FPA with 250 µs integration 

time is presented in Figure 4.12. In Figure 4.13, the image captured from the first 

generation CIR detector with averaging #4 is demonstrated. Because of the 60 µm 

pixel pitch and 40x40 array size, the first generation microbolometer sensor suffers 

from bad resolution problem.  
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4.4 Implementation of the Second Generation CMOS Infrared (CIR) 

Microbolometer Pixel Development 

4.4.1 Sheet Resistance and TCR test results 

In this design, RS and RN resistors (not pixels) have been exposed sheet resistance 

and TCR tests. Using resistors instead of pixels eliminated separate characterization 

of the supporting arm and the detector. Table 4.3 represents the test results of RS and 

RN resistors: 

Table 4.3: Sheet resistance and TCR of SOI180 resistors 

 

In the previous CMOS350 MPW, low sheet resistance resistors (RS) had uniformity 

and the matching problem. This resulted in lower TCR than the expected datasheet 

value for minimum width RS resistors. In addition, sheet resistance keeps its 

uncertainty for 0.35 µm detector width. However, all measured low sheet resistance 

resistors of SOI180 (RS) have similar TCR and the sheet resistance value for 

minimum width detector did not show deviations from the data sheet. Therefore, RS 

is selected as active material for the next generation works. 

4.4.2 Gth Test Results 

Detectors with a 35 µm pixel pitch and the RN active area have been subjected to 

standard thermal conductance test. Figure 4.14 shows the thermal conductance 

decrease graph in response to the supporting arm length. Gth decreases with the 

length of the supporting arm. However, one should consider the etch gaps and the 

pixel geometry. If the etch gaps are so close to the body or so small to prevent the 

etching, the thermal conductance degrades as seen in Figure 4.14. 
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Figure 4.14: Thermal conductance decrease graph with respect to the supporting arm 

length. 

4.4.3 Noise Test Results 

Tests are realized for two different bias currents 12.5 µA and 43 µA in order to see 

the flicker noise difference. RN width is selected 16 µm to decrease the geometrical 

effects to the flicker noise. Bias current is adjusted as 43 µA with the equivalent 

resistance as 16 kΩ. The bias current is adjusted as 12.5 µA by a metal resistor 

connected in series with one resistor (31 kΩ RS and RN). Input referred noise results 

are calculated. Noise test results of SOI180 MPW are presented in Figure 4.15. As a 

result, flicker noise effect in the RS is negligible, even if the current is increased. 

However, RN flicker noise cut off frequency increased from 668 Hz to 8986 Hz. 

Besides, 16 µm width of RN is quite large to use as RN in 35 µm pixel active 

material. RMS noise at 10 kHz and flicker noise cut off frequencies are given in 

Table 4.4.  
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Figure 4.16: SEM image of a 35 µm pixel from a post-processed from 80x80 FPA. 

The suspended pixel is exposed to responsivity test in dewar [41]. The voltage 

responsivity of a single pixel is represented as Equation 4.11 where w is the 

modulation frequency of the infrared signal and τ is the time constant of the pixel. 

 
 ( 4. 11 ) 

From the fitted curve the time constant and the dc responsivity of the pixel are 

extracted where the given   in Equation 4.12. 

 
 ( 4. 12 ) 
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Figure 4.17 represents the test setup for single pixel responsivity measurement. For 

this test, the sample is placed inside the vacuum chamber. The black body is 

arranged to 1000 oC to be able to measure the signal from the pixel. The infrared 

radiation is filtered between 8-14 µm by the external filter. The infrared radiation is 

modulated by the chopper. Detector is current biased by the source meter and data is 

measured by DSA. The measured data is fitted to the Equation 4.12. 

 

Figure 4.17: Single pixel responsivity test setup. 

Figure 4.18 shows the pixel responsivity and the fitted curve with respect to the 

chopper frequency. The detector is biased with 4 µA current. Under this condition, dc 

responsivity is calculated as 14359 V/W where the absorption coefficient is taken as 

0.7 and the calculated dc responsivity is 13954 V/W for the fit curve. Moreover, the 

time constant is measured as 54.7 ms. This value is larger than the expected 60 ms 

simulation value.  
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Figure 4.18: Pixel responsivity with respect to the chopper frequency. 

When it comes to the FPA characterization, all analog and digital blocks of the 

sensor have been run. Detectors have been biased with 1.2 V for 250 µs integration 

time. Resistance distribution of the FPA after the processing is visualized in Figure 

4.19. Standard deviation of the resistance distribution is 250 Ω (%0.35) from the 

mean value. NETD histogram is presented in Figure 4.20. The image captured from 

the second generation CIR sensor is represented in Figure 4.21. 
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Figure 4.19: Detector resistance distribution of 35 µm SOI180 80x80 FPA. 

 

Figure 4.20: NETD histogram of 35 µm SOI180 80x80 FPA. 
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When it comes to thermal conductance, it depends on the pixel geometry. Owing to 

the 0.18 µm polysilicon width, thermal conductance could be decreased to 46 nW/K 

in 35 µm pixels of the  SOI180 technology.  

In dewar with f/1 optics, the first generation CMOS resistive microbolometer FPA 

(40x40 with 60 µm pixel) achieved 526 mK and 237 mK peak NETD with 50 µs and 

250 µs integration times respectively. Unlike CMOS350, SOI180 supplies stable 

0.18 µm low sheet resistance resistor with negligible flicker noise. Test results of 

SOI180 MPW showed that performance expectation from 35 µm pixel reaches lower 

than 100 mK for the next generation sensors. Thereupon, the second generation CIR 

sensor with 35 µm pixel (80x80 FPA) has been developed. Captured image from this 

sensor is presented in Figure 4.21. This CIR detector achieved 150 mK NETD. 

Furthermore, improvements in the MEMS processing have enhanced the post-

processing yield so that there are almost no dead pixels in the FPA. 
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CHAPTER 5 

CONCLUSION 

In the scope of this thesis, CMOS resistor based low cost microbolometer type 

infrared detector pixels have been developed and characterized. The research works 

in this study dessert that CMOS thin film resistive layers is compatible to be used as 

microbolometer active material both electrically and mechanically. Moreover, it is 

proven that comparable to the CMOS diode type microbolometer performance is 

achievable with the CMOS resistor type microbolometer. 

The thesis concerns the following research work:  

1. To begin with, literature scanning about low cost CMOS type 

microbolometers has been held. Electrical and thermal properties of available 

CMOS devices have been studied in detail. Historical development is 

investigated for both CMOS diode and CMOS resistor type microbolometers. 

These two mainstream type CMOS microbolometers have been examined in 

terms of micro-fabrication advantages and disadvantages. While state of the 

art CMOS diode microbolometer MS1650 could achieve 280 mK NETD, 

performance calculations have shown that under similar conditions (optics, 

detector bias and circuit gain), less than 350 mK NETD is also accessible by 

CMOS resistive microbolometer. 

2. After literature investigations, the first pixel level CIR resistive 

microbolometers have been developed. NETD and thermal conductance have 

been simulated by being swept for various resistors, pixel pitches and arm 

lengths of 50 µm pixel pitch. The effect of flicker noise also has been 

investigated. Detailed analysis of flicker noise related to the bias current and 

geometrical properties has been utilized. Thermal analysis has been 
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conducted in COMSOL environment. These simulations and the test results helped to 

get an optimized pixel structure in the next generation CMOS resistor based low-cost 

infrared sensor. Test results showed that the first generation CIR detector (40x40 

FPA with 60 µm pixels) could achieve 526 mK and 237 mK peak NETD with 50 µs 

and 250 µs integration times respectively. 

3. Because 350 nm bulk CMOS technology limits geometrical design flexibility 

and therefore the performance, more advanced 180 nm SOI-CMOS 

technology has been preferred for the next designs. The designed CIR 

detectors has achieved +0.3 %/K TCR with very low flicker noise.  SOI180 

allows designing 35 µm pixels with 50 nW/K Gth. These test results assured 

less than 300 mK NETD.  

4. Next generation CIR sensor with 80x80 FPA has been designed using 

SOI180. The second generation CIR sensor achieved 150 mK NETD.  

The future research works related with CMOS resistive microbolometer could be 

summarized as follows: 

1. One of the first attempts about CMOS resistor based microbolometer sensor 

in SOI180 is to design 35 µm pixels for 160x120 FPA.   

2. To import the developed SOI180 CIR sensor to bulk CMOS technologies is 

another future work to decrease the cost further.  

3. To increase the array size and enhance the resolutions, microbolometers are 

tried to be designed with 25 µm and smaller pixel pitches. Because the 

infrared absorbing area is shrunk, umbrella like structures are placed on the 

top of the pixels to enlarge the active area. To place umbrella on the top of 

the pixels during post processing is another option to boost the performance. 

This operation pledges less than 100 mK NETD from 35 µm pixel. For the 

next generation detectors, to enlarge the FPA is planned with the help of 25 

µm pixels enhanced by the umbrella structures maximizing the infrared 

absorbing area. 
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