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ABSTRACT

DESIGN AND CHARACTERIZATION OF A SINGLE LAYER UNCOOLED
MICROBOLOMETER DETECTOR PIXEL

Cigdem YILDIZAK
Department of Electrical - Electronics Engineering
Supervisor: Assoc. Prof. Dr. M. Yusuf TANRIKULU
June 2019, 76 pages

In this thesis, fabrication and characterization of a single layer uncooled
microbolometer detector are presented. The single layer structure is developed to use
the same material as the active material, the structural layer, and the absorber layer, and
it is aimed to reveal a cost-effective solution for microbolometer type thermal detectors

by decreasing the fabrication complexity.

The design starts with the determination of the single layer as Zinc Oxide (ZnO) which
is coated with atomic layer deposition technique. Structural design of a single layer
microbolometer detector pixel is performed by optimizing the design parameters with
the optical, thermal, and mechanical simulations. The short and long-armed pixels are
designed with the pitch values of 25, 35, and 50 um; the ZnO thickness and the cavity
thickness values of the designed pixels are optimized to have an absorption amount
higher than 85% in the wavelength range of 8-12 um. The thermal conductance values
of the designed pixels are simulated in the range of 5x10” and 7.7x10°® W/K while their

thermal time constant values are simulated between 0.2 and 2.8 ms.

A four-step process is designed for the fabrication of the single layer microbolometer
detectors. The steps are comprised of deposition and patterning of the mirror layer, the
sacrificial layer, and the thermistor layer, and the removal of the sacrificial layer. All
the steps are optimized separately and it is required to revise the thickness of the ZnO

\'



layer and the cavity thickness at the results of the process optimizations as 25 nm and

2.2 um, respectively. The detectors are fabricated after the revision of the design.

Several tests are performed after the fabrication process of the single layer pixels. The
TCR of the thermistor layer is measured as -10.5 %/K at 20 °C and the 1/f noise corner
frequency is obtained as 302.5 Hz at 5 A bias current. The average infrared absorption
at 8-12 um wavelength range is measured between 30 % and 39 %. The results of this
study show that it is possible to implement a single layer structure for the
microbolometers by using ZnO material as the active, the absorber and the structural
layers to simplify the fabrication process. By improving the process steps to use a
thicker ZnO layer, the performance of the single layer microbolometer detector pixels

will be increased and become suitable for low-cost commercial applications.

Keywords: Uncooled infrared imaging, single layer microbolometers, ZnO
microbolometers, low-cost thermal detectors.
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OZET

TEK KATLI BiR SOGUTMASIZ KIZILOTESI DEDEKTOR PiKSELININ
TASARIM VE KARAKTERIZASYONU

Cigdem YILDIZAK
Elektrik - Elektronik Miihendisligi Anabilim Dal1
Danisman: Dog. Dr. M. Yusuf TANRIKULU
Haziran 2019, 76 sayfa

Bu tezde tek katmanli bir sogutmasiz mikrobolometre dedektoriiniin {iretimi ve
karakterizasyonu anlatilmaktadir. Tek katman yapist aynt malzemeyi 1sil direng,
yapisal malzeme ve emilim malzemesi olarak kullanmak amaciyla gelistirilmis ve bu
sekilde tiretim karmasikligini azaltarak daha diisiik maliyetli bir ¢6ziim ortaya koymak

amagclanmstir.

Tasarim tek katman malzemesinin atomik katman kaplama yontemi ile kaplanmig
Cinko Oksit (ZnO) olarak belirlenmesiyle baslamistir. Tek katmanli mikrobolometre
dedektor pikselinin yapisal tasarimi, tasarim parametrelerinin optik, termal ve mekanik
simiilasyonlar1 yapilarak optimize edilmesiyle tamamlanmistir. 25, 35 ve 50 pm
boyutlarindaki pikseller tasarlanmis; tasarlanan piksellerin ZnO katman kalinhigi ve
katmanin tabandan yiiksekligi degerleri, 8-12 pm dalga boyu araligindaki emilim degeri
%85°den yiiksek olacak sekilde optimize edilmistir.  Tasarlanan piksellerin 1s1l
iletkenliklerinin 0.5x10°® ile 7.7x10® W/K arasinda ve 1s1l zaman sabitlerinin de 0.2 ile

2.8 ms arasinda degistigi simiile edilmistir.

Tek katmanli mikrobolometre dedektorleri icin dort adimli bir fabrikasyon siireci
tasarlanmigtir. Bu adimlar ayna katmani, feda katmani ve 1s1l diren¢ katmaninin serilip

sekillendirilmesi ile feda katmaninin kaldirilmasindan olugsmaktadir. TUm adimlar ayr1
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ayrt optimize edilmis ve bunun sonucunca ZnO katmanin kalnlhiginin ve katmanin
tabandan yiiksekliginin sirasiyla 25 nm ve 2.2 pum olarak revize edilmesi gerekmistir.

Tasarimin revize edilmesinin ardindan dedektdrlerin tiretimi yapilmistir.

Tek katmanli piksellerin fabrikasyon siireci tamamlandiktan sonra bazi testler
yapilmigtir. ~ Testlerin sonucunda TCR degeri 20 °C’de -10.5 %/K olarak, 1/f
gliriiltiisiiniin kose frekansi da 5 PA akim uygulanarak 302.5 Hz olarak elde edilmistir.
8-12 um dalgaboyundaki ortalama kizilotesi emilim %30 ile %39 arasinda Glgiilmiistiir.
Calismanm sonuglari, ZnO malzemesinin aktif, emilim ve yapisal katmanlar yerine
kullanilmasiyla, tek katmanli mikrobolometre yapismin fabrikasyon sirecini
basitlestirmek amaciyla uygulanabilir oldugunu gostermistir. Fabrikasyon adimlarmin
daha kaln bir ZnO katman elde edebilmek icin gelistirilmesiyle, tek katmanli
mikrobolometre dedektor piksellerinin performansi artirilacak ve diisiik maliyetli ticari

uygulamalar i¢in kullanima uygun hale getirilmis olacaktir.

Anahtar  Kelimeler:  Sogutmasiz  kizilotesi  goriintiileme, tek  katmanl

mikrobolometreler, ZnO mikrobolometreler, diisiik maliyetli termal dedektorler.
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1. INTRODUCTION

Solar energy is in the form of wide spectrum electromagnetic wave. Some wavelengths
are absorbed and some are reflected when the light falls on to an object. Reflection or
absorption at a wavelength depends on the material property of the object. When
reflected wavelengths reach the human eye, the photoreceptor cells, which act as
biological sensors that can convert the visible light into signals, initialize the seeing
activity. These cells need to be triggered by light to generate a signal. This is the
reason that we need light to initialize the seeing activity. Even if we cannot see in the

dark by our eyes, there is an alternative way to see by using an imaging equipment.

Every object which is at a temperature above absolute zero radiates depending on the
material properties of the object (Lloyd, 1975). This radiation can be sensed by infrared
imaging devices and this allows us to see in the total darkness. Since infrared imaging
is based on sensing the thermal radiation emitted by the objects, it is not only used to
see in the dark but also it has other usage areas. Beside of main usage areas such as
military, astronomy, medical systems, firefighting, marine, surveillance, and
automotive; applications of infrared imaging are spreading from day to day depending
on improvements of infrared detectors which provide lower cost, small size, and higher
performance (Yole Développement, 2017). This thesis study consists of developing a
single layer uncooled microbolometer as a simplified infrared detector structure to
reduce manufacturing steps and dependently to reduce the cost.

In the following sections of this chapter, detailed information about infrared systems is
given. Section 1.1 introduces the theory of infrared systems. Section 1.2 gives a
general overview of the infrared detectors family. In section 1.3, branches of uncooled
infrared detectors are described. Section 1.4 focuses on the microbolometers and gives
the performance parameters for microbolometers. At the end of this chapter, section 1.5
presents the research objectives and thesis organization.



1.1. Infrared Radiation

The electromagnetic spectrum is a combination of all types of electromagnetic waves.
It is categorized by the wavelengths as radio wave, microwave, infrared, visible,
ultraviolet, x-ray, and gamma-ray wavebands. Infrared radiation is an electromagnetic
wave which has a wavelength range lying above the visible spectrum, around
700 nm - 1 mm. This range is divided into sub-wavebands as near-infrared (NIR),
short-wave infrared (SWIR), mid-wave infrared (MWIR), long-wave infrared (LWIR),
and far infrared (FIR).

Although there are no strict borders between the wavebands of the electromagnetic
spectrum, it is generally accepted as NIR from 0.74 to 1.4 pm, SWIR from 1.4 to 3 um,
MWIR from 3 to 8 um, LWIR from 8 to 15 um, and FIR from 15 to 1000 pum
(“https://en.wikipedia.org/wiki/Infrared,”  2019). Figure 1.1 illustrates the

electromagnetic spectrum and sub-regions of the infrared waveband.
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Figure 1.1. Electromagnetic spectrum and sub-regions of the infrared waveband.

Electromagnetic radiation is absorbed, scattered, and refracted by the components in the
atmosphere such as gases and particles. As an example, water vapor is very strong
absorber around 5.5-7.5 pum range which is in the infrared spectrum, and carbon dioxide
absorbs in mid and far infrared regions. These result in the attenuation of the radiation
(Holst, 2000). In the infrared spectrum, there are regions that there is almost no
atmospheric transmission. Regions with low absorption, called atmospheric
transmission window, occurs at 3-5 um and 8-12 um wavelength ranges. Therefore,
infrared detectors are generally designed to operate in these wavelength ranges.



Beside of considering the atmospheric transmission bands while designing an infrared
imaging system, the temperature range of the target should also be considered since the
emitted radiation depends on the temperature of the object. The emissivity of an object
is theoretically maximum if it is a blackbody. Therefore, by investigating the spectral
radiant exitance of a blackbody, the wavelength range that allows maximum emissivity
can be determined (Rogalski, 2011). The spectral radiant exitance of a blackbody is

described by Planck’s law as follows:

2mhc?
A5 (ehc/lkT _ 1) (1-1)

M(A,T) =

where M is the spectral radiant exitance, h is the Planck’s constant, c is the speed of the
light, A is the wavelength, k is the Boltzmann’s constant, and T is the temperature of the
blackbody.

The wavelength where the spectral radiant exitance becomes maximum, shifts
depending on the temperature. The wavelength that the radiant exitance reaches the

peak value at a temperature is indicated by Wien’s displacement law as:

2898
Anax = T (12)

where 4,4, 1S the wavelength of the maximum radiant exitance in um and T is the
temperature of the object in K. Figure 1.2 shows the spectral radiant exitance at
different temperatures and Wien’s displacement curve. The points which the Wien’s
curve intersects the exitance curves are the peak exitance values at the related
temperatures. As seen, at the room temperature, the wavelength that makes the exitance
maximum is around 10 pum. This is the main reason of designing the detectors to

operate at 8-12 um to sense objects at the room temperature.
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Figure 1.2. Spectral radiant exitance for different temperatures and the Wien’s
displacement curve.

1.2. Overview of Infrared Detectors

Infrared detection systems are categorized into two main bases as photon detectors and
thermal detectors. Photon detectors work in principle of absorbing photons and
producing current or voltage depending on the amount of the absorbed photons
(David, 2006). As mentioned in the previous section, to sense the objects that are in the
room temperature, the detector should operate at 8-12 um waveband which is in the
long-wave infrared region. In this region, the photons have low energy. To detect these
low energy photons, the energy required for the electron transition to be free-charge
carrier should be lower than the photon energy. Since the transition energy is
comparable with the thermal energy at the room temperature, long-wave infrared
detectors become very noisy (Piotrowski & Rogalski, 2007). At this point, cooling
becomes a solution to overcome this issue. Because of the cooling requirement, this

type of detectors are also known as cooled detectors.



In the thermal detectors, sensing is performed by measuring the effect of the
temperature change, caused by the absorbed photons, upon the detector material
(Kruse & Skatrud, 1997). In the detection process, there is no relation between
incoming photon energy and the transition energy to generate free electrons in the
material. Hence, there is no cooling requirement in these type of detectors, and they are

also named as uncooled detectors (P.W.Kruse, 1999).

Photon detectors can be grouped depending on the interaction mechanism of photons or
development mechanism of the electric and magnetic field. Depending on the
interaction mechanism of photons, they can be categorized as intrinsic detectors,
extrinsic detectors, photoemissive detectors, and quantum well detectors; and by
looking up to the development mechanism of the electric or magnetic field, they can be
grouped as photoconductive, photovoltaic, and photoemissive  detectors
(Henini & Razeghi, 2002; Kinch, 2007; Rogalski, 2003). Thermal detectors are mainly
categorized as thermopiles, pyroelectric detectors, and microbolometers.

Both photon and thermal detectors have several advantages and disadvantages. Photon
detectors are known by exhibiting very fast response and high signal to noise ratio. In
order to provide these advantages, they need cryogenic coolers, and the cooling
requirement increases the cost, power consumption, and weight. Since the thermal
detectors do not need cooling, they have low cost, low power consumption, and low
weight. Opposed to these advantages, they provide low performance and slow response
(“http://www.flirmedia.com/MMC/CVS/Tech _Notes/TN_0005_EN.pdf,” 2019).

Considering the characteristic properties, photon detectors are generally used in the
applications which the performance is more important than the cost while the thermal

detectors are generally preferred for low-cost applications.



1.3. Thermal Infrared Detectors

The thermal detectors work in principle of measuring the heating effect of the infrared
radiation on the detector material. Figure 1.3 represents the general structure of a
thermal infrared detector. The structure mainly consists a substrate that acts as a heat
sink, a sensor area which absorbs the infrared radiation and reacts by changing its

temperature, and a readout circuit to process the temperature change of the detector.
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Figure 1.3. The general structure of a thermal infrared detector (Kimata, 2018).

Since detection of the infrared radiation is performed by an indirect way, heating of the
sensing area and reading of the temperature difference takes more time, therefore the
response time of the detector increases and the performance decreases. However, the
features such as low cost, low power dissipation, and compactness allow the uncooled
detectors to be used in many areas and attracts researchers to investigate the ways to

increase the performance.

Considering their working principles, the thermal infrared detectors can be investigated
under three main categories; thermoelectric detectors (thermopiles), pyroelectric
detectors, and microbolometers. The types of thermal detectors are detailed in the

following sections.



1.3.1. Thermopile detectors

A thermopile detector is a combination of several thermocouples that convert
temperature change caused by infrared absorption to a voltage output by Seebeck effect.
Figure 1.4 illustrates a thermocouple structure. In this type of detectors, two separate
electrical conductors which have different Seebeck coefficients are used to induce a
potential difference. The junction side of the conductors is heated by the incoming
infrared radiation, and from the open-ended side, the voltage difference is measured by
a readout circuit (Lei et al., 2016).

Infrared Radiation

L

Figure 1.4. Typical structure of a thermocouple.

The voltage difference caused by the Seebeck effect is found as,

Vour = (0{1 - aZ)AT (13)

where V,,,; is the output voltage at the open-end of the thermocouple, a; and a, are the
Seebeck coefficients of the material 1 and material 2, respectively, and AT is the
temperature difference between the hot junction and the cold open-end of the materials
(Xu, Wang, Xiong, & Li, 2017). Since the voltage difference induced by only one
thermocouple is not enough to detect the infrared radiation, the thermocouples are
connected in series to be in the form of a thermopile.



By this way, the voltage delivered to the output is increased, and detecting the infrared
radiation can be possible (Escriba, Campo, Estéve, & Fourniols, 2005). Thus, the
voltage generated by a thermopile can be written as,

th = NVoue = N(al - aZ)RtthO (14)

where V,, is the output voltage of the thermopile, N is the number of the thermocouples
connected in series, V,,; IS the output voltage of one thermocouple, R,, is the
thermopile’s thermal resistance, n is the absorption coefficient, and P, is the radiative
power collected by the absorbing area. The responsivity of the detector is defined by
the ratio of the generated voltage across the thermopile over the incoming radiative

power, denoted by R,,:

Vep
R, = P_o (1.5)

To increase the thermopile output voltage and dependently the detector responsivity, the
materials should be chosen so that the Seebeck coefficient difference to become
maximum. Since increasing the thermocouple number also increases the thermal
conduction between hot and cold junctions, and the thermopile resistance, it will also
cause an increase in the noise which is an undesired result (Brand & Fedder, 2005).
Therefore, the thermocouple number should be optimized and should not be increased
haphazardly.

Although the thermopiles have low sensitivity and large size when compared with
bolometers and pyroelectric detectors, the advantages such as operation without
electrical bias and temperature stabilization make them used in various applications
(Graf, Arndt, Sauer, & Gerlach, 2007; Kruse, 2001; M. Yusuf Tanrikulu, 2007).



1.3.2. Pyroelectric detectors

Pyroelectric detectors are in the form of a capacitor that composes of two parallel metal
electrodes with a pyroelectric material between them. Figure 1.5 illustrates the structure
of a pyroelectric detector. The sensing of the infrared radiation is performed by the
pyroelectric property of the material. Initially, the pyroelectric material is unpolarized.
When the infrared radiation falls on to the detector area, the pyroelectric material is
polarized as a consequence of the temperature increase. The polarization of charges
induces a current if the electrodes are connected to an external circuit (Tiffany, 1975).
The generated current is proportional to the rate of change of the temperature and
formulated by,

4 AdT
[ =p(T) T (1.6)

where [ is current induced by charge polarization, p(T) is the pyroelectric coefficient at

temperature T, A is the detector area, and dT /dt is the rate of temperature change.

Infrared Radiation

%

Electrodes

Readout

Pyroelectric Material

Figure 1.5. Structure of a pyroelectric detector.

Since the detection process requires a change in the temperature, when the radiation
falls on to the detector steadily, dT/dt parameter goes to zero. Hence, the current
generation is interrupted. To overcome this issue, pyroelectric detectors require an
optical chopper to modulate the continuous flux (Gaussorgues, 1994). This is the main
limitation for the pyroelectric detectors. Even so, in some applications such as detecting
the motion, usage of the pyroelectric detectors can be ideal because the detector does
not respond to the stationary sources; it only responses to the movement
(Boreman, 2016).



1.3.3. Microbolometers

Microbolometers realize the detection process by measuring the change of an electrical
property affected by the infrared radiation like the other thermal detectors. Depending
on the sensing material type, the microbolometers are divided into two groups as
resistive type and diode type microbolometers. In the diode type microbolometers,
infrared radiation is sensed by reading the forward voltage change caused by heating.
In the resistive type microbolometers, the detector material changes its resistance due to
the radiation heating. Diode type microbolometers stay in the back of the resistive type
microbolometers since they have relatively low sensitivity, low fill factor and high time
constant (Senveli, 2010). Since a resistive type microbolometer detector is the subject
of this thesis, they are detailed in the rest of the chapter.

Microbolometers are constructed on a bridge structure consisting of a resistive material
isolated from the substrate by the support arms. Figure 1.6 represents the typical
structure of a microbolometer. The resistive material changes its resistance due to the
heating effect of the absorbed radiation as the infrared radiation falls on to the detector.
The change of the resistance is determined by a readout integrated circuit that is located

below the suspended active detector area.

Active Detector

Support Arm

CMOS Read®8
Circuit and
Routing Lines

Figure 1.6. Typical structure of a microbolometer detector (M. Yusuf Tanrikulu, 2007).
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Vanadium oxide (VOy) and amorphous silicon (a-Si) is commonly used active materials
in the microbolometers (Tissot et al., 2010; Voshell, Dhar, & Rana, 2017). Beside
them, there are other various materials that are used as active material such as yttrium
barium copper oxide (YBaCuO) (Jahanzeb, Travers, Celik-Butler, Butler, & Tan, 1997),
silicon germanium (SiGe) (Dong, Yue, & Liu, 2003), silicon carbide (SiCyx) (Ichihara,
Watabe, Honda, & Aizawa, 1997), platinum (Pt) (Shie, Chen, Ou-yang, & C. S. Bruce,
1996), titanium (Ti) (R. S. Saxena, Bhan, Jalwania, & Khurana, 2008), and graphene
(GR) (Ryzhii et al., 2013). Table 1.1 shows the TCR values of these materials taken

from the various applications reported in the literature.

Table 1.1. Examples of the temperature coefficient of resistance values from various
materials reported in the literature.

Material |ITCR| (%/K) Reference

VOy 2-56 (Wang, Lai, Li, Hu, & Chen, 2013)
) (Ajmera, Syllaios, Tyber, Taylor, & Hollingsworth,
a-Si 2-49 ]
2010; Syllaios et al., 2000)
SiGe 2-5 (Atar, Yesilyurt, Onbasli, Hanoglu, & Okyay, 2011)

(Travers, Jahanzeb, Butler, & Celik-Butler, 1997,

Wada et al., 2001)

(Niklaus, Vieider, & Jakobsen, 2007; Tsutsumi,

Yamashita, & Ohji, 2002)

(Tsutsumi et al., 2002; Yoneoka, S., Liger, M., Yama,
Pt 0.14 - 0.39 G., Schuster, R., Purkl, F., Provine, J., Prinz, F. B.,

Howe, R. T., and Kenny, 2011)

YBaCuO 3.2-34

SiCy 0.7-23

Ti 0.28 (Raghvendra Sahai Saxena et al., 2011)

GR 3 (Liang, 2014)
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In the most of the uncooled detector applications, silicon nitride (SisN4) (Erturk, Battal,
Kucuk, Okyay, & Akin, 2013), gold black (Wang, 2012), nichrome (NiCr) (Ehab S.
Awad, Al-Khalli, Abdel-Rahman, Alduraibi, & Debbar, 2015), titanium (Ti) (Cheng,
Paradis, Bui, & Almasri, 2009), vanadium pentaoxide (V.0Os) (E. S. Awad, Al-Khalli,
Abdel-Rahman, Debbar, & Alduraibi, 2015) are used absorber materials; gold (Au)
(Kebapci, Dervisoglu, Battal, Okyay, & Akin, 2014), aluminum (Al) (Perera, 2012),
titanium (Ti) (Perera, 2012) are used as reflector materials, and silicon nitride is used as

structural layer material.

The ongoing studies investigate the ways of decreasing the cost together with increasing
the performance. Pixel size reduction, finding new materials or developing alternative

structural designs are being studied to enhance the uncooled infrared systems.

1.4. Performance Parameters of the Microbolometers

There are some parameters that specify the performance of a microbolometer such as
temperature coefficient of resistance, thermal conductance, thermal time constant,
responsivity, noise equivalent temperature difference, and noise equivalent power. In

the next subsections, these parameters are detailed.

1.4.1. Temperature Coefficient of Resistance

Temperature coefficient of resistance (TCR) is the main figure of merit for the
thermistor material of the detector. It is a parameter that shows how the resistance of
the thermistor material of a microbolometer changes depending on the temperature.

TCR is represented by;

1dR

“TRar

(1.7)

where « is TCR with a unit of %/K, R is the resistance of the detector, and Z—l; is the rate

of change of the resistance due to the temperature. Depending on the increasing or
decreasing tendency of the resistance with temperature, the TCR can be positive or
negative. As the absolute value of the TCR becomes higher, the sensitivity of the

detector also becomes higher.
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1.4.2. Thermal Conductance

Thermal conductance is a parameter to show how well the suspended area of the
detector is thermally isolated from the substrate. Since it represents heat loss at the
thermal sensing area; lower thermal conductance means better isolation and hence better
performance. There are three main heat loss sources for the microbolometers: heat loss
by the support arms that provide a bridge between the substrate and the sensing area,
heat loss due to the emitted radiation by the detector itself, and the loss between the
detector and the gaseous environment that surrounds the detector (Eriksson, Andersson,
& Stemme, 1997). Hence, the total thermal conductance of a microbolometer can be

represented by;

Gin = Garms + Grag + Ggas (1.8)

where G, is the total thermal conductance of the detector, and Ggyms, Graq, and Gggs
are the thermal conductance components of the arms, radiation, and the gaseous
environment, respectively. If a microbolometer has n arms and each arm consists layers
of m different materials, the thermal conductance through the arms of the detector is
formulated as,

m

KiA;
Garms = nz I (19)

i

where n is the number of the arms of the detector, k; is the thermal conductivity of the
i*" material consisted by arms, 4; is the cross-sectional area of the i*® arm material, and
L is the length of the arm (Niklaus, Decharat, Jansson, & Stemme, 2008). The radiative
component of the thermal conductance is given by,

Graa = 4ApnaT? (1.10)

where A, is the absorbing area of the detector, n is the emissivity of the detector, o is

the Stefan-Boltzmann constant, and T is the temperature of the detector.
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Finally, the gaseous environmental component of the thermal component can be

represented as,

KgasAp
Gyas = % (1.11)

where kg, is the thermal conductivity of the environmental gas, A, is the active

detector area, and d is the cavity thickness between the active area and the substrate.

Thermal conductivity of the environmental gas is very close to zero due to the vacuum
conditions of the detector. Hence, the thermal conductance component of the gaseous
environment approaches to zero and becomes negligible in comparison to the thermal
conductance of the arms. The radiative component is also negligibly small behind the
thermal conductance of the arms. Thus, the total thermal conductance of the detector
usually calculated only by the thermal conductance of arms (Bhan, Saxena, Jalwania, &
Lomash, 2009). Using materials that have low thermal conductivity for arms, keeping
the arm length long, and reducing the pixel active area also reduce the thermal
conductance. But since these parameters affect the other performance parameters, the

thermal conductance is optimized considering the related parameters.

1.4.3. Thermal Time Constant

Thermal time constant is another important performance parameter for
microbolometers. It indicates how fast the detector gives a response to the infrared
radiation. It is expressed by,

c
=" (1.12)
Gen

where 7 is the thermal time constant, C;, is the thermal capacitance of the detector in

JIK, and G, is the thermal conductance in W/K.
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The thermal capacitance of a detector that contains n layer of different materials can be
determined by,

n
Cen = Z Vipici (1.13)
i

where V; is the volume, p; is the density, and c; is the specific heat of the i™ layer of the
detector. As seen from the equations, the thermal time constant directly depends on the
pixel geometry. Moreover, there is a tradeoff between the thermal conductance and the

time constant since as the thermal conductance decreases, the time constant increases.

The thermal time constant should also be optimized considering the imaging frame rate
of the system. It should be lower than the reciprocal of the frame rate. In the
widespread applications of the microbolometers, the detectors are usually designed to

1

frame rate

(Bhan et al., 2009; Li, Skidmore, Howard, Clarke, & Han, 2009; Yon, Mottin, & Tissot,
2008).

have a thermal time constant value of lower than one-third or half of the

1.4.4. Responsivity

Responsivity expresses the electrical response of the detector and defined as the ratio of
the output power of the detector to incoming infrared power. The unit of the
responsivity can be V/W or A/W with regard to voltage or current dependency of the
readout method. The voltage responsivity (R,,) and the current responsivity (R;) of a

microbolometer detector is formulated as below, respectively,

AV nlzaR,

T Pn Gudl+ (@02 (1.14)

Al Vian

R =—=
! Pin RthhW/ 1+ ((UT)Z (115)

where P;, is incoming infrared power, AV and Al are the voltage and the current change
at the output of the detector induced by the absorbed radiation, V; and I; are the bias

voltage and current of the detector, respectively. 7 is the absorptance, « is the TCR, R,
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is the resistance, G, is the thermal conductance, 7 is the thermal time constant of the

detector, and w is the modulation frequency of the infrared power.

To design a high-performance detector, the responsivity value should be optimized to be
high. As seen by the equations, material choice and structural design have critical
importance since the TCR, the absorptance, and the thermal conductance directly affect
the responsivity.

1.4.5. Noise Equivalent Temperature Difference

Noise equivalent temperature difference (NETD) expresses the minimum detectable
temperature difference that distinguishes the target from its background. This
parameter is not only a measure for the detector, but it also includes the optical

information of the overall system. It is determined by,

NETD = i "
7,ApRy, (AP/AT);. 1, (1.16)

where F is a function of focal length and the diameter of the optics, 1}, is the total rms
noise voltage, t, is the transmission of the optics, Ap, is the active detector area, Ry is
the voltage responsivity, (AP/AT);,_;, is the change of the power per unit area
radiated by a blackbody at temperature T, measured within the spectral band of
A1 — A, (M. Yusuf Tanrikulu, 2007). It is important to minimize the NETD to design a
high-performance infrared system.

1.4.6. Noise Equivalent Power

Noise equivalent power (NEP) is another parameter that helps to determine the detector
performance. It is defined as input power generated by the absorbed radiation that
makes the signal to noise ratio (SNR) equals to one (Wolfe, 1996). The NEP is

determined with,

A
NEP = R, (1.17)

where 1, is the total rms noise and Ry is the voltage responsivity.
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1.5. Research Objectives and Thesis Organizations

In this study, it is aimed to construct a cost-effective solution for low-cost applications
by simplifying the pixel structure and usage of an alternative material for the detector.
Through this aim, design and characterization of a single layer microbolometer that
consists of only ZnO material instead of using various materials for the active material,

the absorbing layer, and the structural layer are performed.

The outline of this study can be investigated under three main parts. In the first part, the
design of the single layer microbolometer is performed. Determination of the active
material that is used as the single layer, the geometrical design of the detector, and the
optimization of the structural parameters by conducting the optical, thermal and
mechanical simulations are realized in this first part. Chapter 2 explains the design
steps of a single layer microbolometer that make detectors become ready to be

fabricated.

In the next part, fabrication and optimization of the designed detectors are realized. The
design of the fabrication process steps is presented and by considering the issues that
are faced in these fabrication steps, the detector designs are optimized to become

suitable for production. Chapter 3 presents the details of this part.

After the fabrication process is completed, the tests of the produced pixels are executed
in the third part. Chapter 4 gives the test results of the detectors.

Finally, Chapter 5 summarizes all of the parts and concludes the study by giving the

future works to enhance the results.
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2. DESIGN OF A SINGLE LAYER MICROBOLOMETER

Designing a microbolometer consisting of different layers is a complex issue as told in
the previous chapter. Using the same material for the thermistor layer, the absorber
layer and the structural layer reduces the design complexity of the microbolometer.
However, there are still many issues to be considered during the design process. Since
the thermistor material will also be used as the absorber and the structural layers, the
most important thing is deciding on the material that will be used as a single layer.
Second important consideration is the mechanical structure of the detector. The bridge
should be designed to be strong enough to carry the structure, the active area should be
well isolated from the substrate, and the single layer should be fabricated in an
appropriate way to have unbuckled detectors. Another design parameter is the cavity
thickness between the substrate and the suspended area. This thickness should be
optimized to have maximum absorption in the targeted wavelength range. The other
issue is finding a material that has a good ohmic contact with the chosen thermistor

material to decrease the connection resistance.

This chapter presents the design stages of a single layer microbolometer detector pixel.
Section 2.1 explains how to determine the material that is used as a single layer.
Section 2.2 gives information about the structural design parameters. In section 2.3, the
optimization of the design parameters is investigated by performing the thermal,
mechanical, and optical simulations. Finally, the conclusion section summarizes the

chapter.
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2.1. Determination of the Single Layer Material

The material that is used as the single layer should have the properties of active
material, an absorber layer, and a structural layer. Thereby, the material should have
high TCR and high absorption coefficient to obtain high responsivity, low internal stress
to have unbuckled structures, and low electrical noise (M. Yusuf Tanrikulu et al., 2018).

The first and most important decision parameter is TCR. In most of the microbolometer
applications, the TCR values of the resistive material change in the range of 2-4 %/K.
Studies show that the TCR value of active material can be improved in many ways,
such as doping or changing the fabrication parameters of the material. By these
investigations, the TCR values of the materials used in microbolometers are increased
up to ~v6 %/K as indicated in the previous chapter. As one of the most commonly used
materials, VO needs annealing at a high temperature to have an improved TCR causes
a problem with CMOS integration. In the forms of VO that are grown at CMOS
compatible temperatures, the TCR becomes very low (Ambrosio et al., 2010). In
addition to this, since the usage of the VVOy is restricted by the patents, it becomes hard
to work with it (Wood, 1995). The other popular materials such as a-Si, poly-SiGe,
SiCx has a similar issue with the VOy since the low-temperature grown forms have
worse electrical properties than the high-temperature grown forms (Dong et al., 2003;
Ichihara et al., 1997; Niklaus et al., 2007). Another active material category is metals
such as platinum and titanium. These are CMOS compatible but the TCR values of

these materials are quite low when compared with the other microbolometer materials.

The single layer microbolometer structure is firstly tried by using an atomic layer
deposited platinum film of 7 nm since it presents low 1/f noise and sufficient absorption
(Yoneoka, S., Liger, M., Yama, G., Schuster, R., Purkl, F., Provine, J., Prinz, F. B.,
Howe, R. T., and Kenny, 2011). However, this material has a TCR value of 0.14 %/K

and it is not a suitable resistive material to obtain high-performance detectors.

Recently, the electrical and optical properties of the zinc oxide (ZnO) material are
investigated to see if it is suitable to use as microbolometer material (Battal, Bolat,
Tanrikulu, Okyay, & Akin, 2014). According to the reported study, the ZnO films are
grown by atomic layer deposition method at 120, 200 and 250°C. It is seen that the
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ZnO film coated at 120°C has a TCR value of -10.4 %/K at room temperature while the
ZnO films that are coated at 200 and 250°C have TCR values approximately zero. It is
also reported that the ZnO coated at 120°C has high absorption characteristics and low
noise (Kesim, Battal, Tanrikulu, & Okyay, 2014). Considering its great TCR value and
promising absorption trend together with having low noise and low stress, it is thought

that this material can be a great candidate to be used as a single layer material.

2.2. Structural Design of the Single Layer Microbolometer

In order to have a strong bridge structure, the arms of the detector should be designed to
be strong enough to carry the suspended area. To achieve this, increasing the arm width
and decreasing the arm length can be the first things that come to mind. But at this
point, another issue arises. Since the suspended area should also be well isolated from
the substrate, and the isolation is performed by the arms, the arms should not be
shortened too much. The arm length and width should be optimized to achieve both
good isolation and strong mechanical structure.

Since the ZnO material is used in this study as single layer material for the first time,
various detectors that have different geometry are designed to overcome the possible
troubles, especially during the fabrication process. The designed detectors can be
categorized under the two groups as long-armed (Type 1) and short-armed (Type 2)
detectors. The arm width, the arm length, the gap width between the arm and the pixel
body (cavity thickness), and the pixel pitch are taken as varying parameters. The best
geometries are investigated by changing these parameters. Figure 2.1 shows samples
from the layout views of the long-armed and short-armed pixels and their design
parameters. The detector pitch values are selected as 25, 35 and 50 um. The detectors
are designed as their arm widths change between 0.5 pm and 2.5 pm, while the gap
widths change between 0.5 pm and 2 um. Table 2.1 gives the pixels that are placed in
the mask that will be used for fabrication. As can be seen from the table, there are more
than 40 pixel types in order to overcome possible problems.
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Figure 2.1. (a) Long-armed pixel (Type 1), (b) short-armed pixel (Type 2), and (c) their
design parameters.
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Table 2.1. The parameters of the pixels that are placed in the production mask.

Pixel Number | Pixel Type | Pitch (um) | Arm Width (um) | Gap Width (um)
1 Type 1 35 0.5 0.5
2 Type 1 35 0.5 1
3 Type 1 35 0.5 15
4 Type 1 35 0.5 2
5 Type 1 35 1 0.5
6 Type 1 35 1 1
7 Type 1 35 1 15
8 Type 1 35 1 2
9 Type 1 35 15 0.5
10 Type 1 35 15 1
11 Type 1 35 15 15
12 Type 1 35 15 2
13 Type 1 35 2 0.5
14 Type 1 35 2 1
15 Type 1l 35 2 1.5
16 Type 1 35 2 2
17 Type 1l 25 0.5 0.5
18 Type 1 25 0.5 1
19 Type 1l 25 1 0.5
20 Type 1l 25 1 1
21 Type 1 50 1 1
22 Type 1l 50 1 1.5
23 Type 1 50 1 2
24 Type 1 50 15 1
25 Type 1 50 15 15
26 Type 1 50 15 2
27 Type 1 50 2 1
28 Type 1 50 2 15
29 Type 1 50 2 2
30 Type 1 50 2.5 1
31 Type 1 50 2.5 15
32 Type 1 50 2.5 2
33 Type 2 35 1 1
34 Type 2 35 1 15
35 Type 2 35 15 1
36 Type 2 35 15 15
37 Type 2 35 2 1
38 Type 2 35 2 15
39 Type 2 25 1 0.5
40 Type 2 25 1 1
41 Type 2 50 2 1
42 Type 2 50 2 15
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2.3. Simulations
After the structural designs of the detectors are completed, the parameters are optimized
by the simulations. In the next subsections, the optical, the thermal, and the mechanical

simulations are detailed.

2.3.1. Optical Simulations

A detector that has a high absorption also has a high responsivity and also has a better
performance. The most important factors that affect the absorption amount of the
detector are the refractive index (n) and extinction coefficient (k) of the absorbing
materials. Besides, the thickness of the absorber material, the cavity thickness between
the substrate and the single layer should also be considered to maximize the absorption
amount. The absorption coefficient that is obtained from these parameters also depends
on the wavelength of the incident radiation.

In this thesis study, since the single ZnO layer also operates as an absorber, the optical
constants of this material are investigated, and the thickness of the single layer and its
height from the substrate are optimized for the targeted wavelength range. In the
literature, the optical parameters of the ZnO are investigated for using the material in a
single layer microbolometer (Kesim et al., 2014). Figure 2.2 gives the graphs of
dielectric permittivity, refraction index, and extinction coefficients of the ALD grown
ZnO at 120°C depending on the wavelength. These parameters are used in the optical
simulations of this thesis.
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Figure 2.2. (a) Dielectric permittivity, (b) refractive index and extinction coefficient of
the ALD grown ZnO at 120°C depending on the wavelength (Kesim et al., 2014).

Optical simulations are performed by implementing the electromagnetic theory
calculations to the multilayer detector structure with modeling the layers of the detector
as a cascaded transmission line. According to theory, all layers that consisted of the
detector are represented by their intrinsic impedances (M. Y. Tanrikulu, Civitci, &
Akin, 2008). Figure 2.3 shows the simplified cascaded transmission line model of the

single layer microbolometer.

Infrared Radiation

%

Single Layer (ZnQO)
—_ = Mirror Layer (Gold)
Zin
ZZnO Z(’.‘.’a'\.-'ityt ZGoId

Figure 2.3. Cascaded transmission line model of the single layer microbolometer.
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In the simulations, the intrinsic impedance of the ZnO layer, which can be defined as a
lossy medium, is calculated by,

jou
Zlossy_medium = 7 (2 1)

where w is the radial frequency of the incident radiation, u is the permeability of the
medium, and y is the complex propagation constant of the medium (Pozar, 2012).
Since the ZnO is not a magnetic material, the permeability of the ZnO equals to the
permeability of the free space. The intrinsic impedance of the cavity is taken as the

characteristic impedance of free space which is 377 Q.

After the intrinsic impedance of the layers are calculated individually, equivalent input
impedance, Z;,,, can be calculated by applying the Telegrapher’s equation two times
(M. Yusuf Tanrikulu, 2007). First the impedance seen from the cavity (Z;;, cqy) IS
calculated as in equation 2.2, then this calculated impedance is taken as a load and the
equivalent impedance seen from ZnO is calculated by applying the Telegrapher’s
equation second time, as in Equation 2.3, where Zcqyie, and Zg,q are the intrinsic
impedances of the cavity layer and the gold layer, y¢cqpicy and yz,o are the propagation
constants of the cavity and the ZnO, l¢qy, and Iz, are the thicknesses of the cavity

and the ZnO layer, respectively.

7 —7 ZGold + ZCavity tanh(yCavity lCavity)
. = Zcavit
mear awy ZCavity + ZGold tanh(yCavity lCavity)

(2.2)

Zin_cav + ZZnO tanh(yZnO lZnO)
ZZnO + Zin_cav tanh(yZnO lZnO)

Zin = ZZnO

(2.3)

Figure 2.4 represents the infrared wave propagation through the single layer
microbolometer. Since the gold layer at the bottom of the detector acts as a mirror, it is
assumed that there will be no transmission through it. Therefore, the transmission
coefficient (T) can be taken as zero. Then the ratio of the absorption can be expressed

as,
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A=1-|R? (2.4)

where R is the reflection coefficient in the complex form (Bosman, Lau, & Gilgenbach,
2003), and defined by,

R = Zin - Zo
7 + Z, (2.5)
where Z;, is the equivalent input impedance of the structure, Z, is the characteristic

impedance of free space.

Incoming wave (1)
Mo transmitted

Reflected wave (R) wave (T)

Figure 2.4. Representation of the infrared wave propagation through the single layer
microbolometer.

The simulations are performed by solving the equations above using the MATLAB
software. In the simulations, optimum values of the cavity thickness and the ZnO
thickness are examined to make the absorption value maximum. From the results, it is
seen that the thickness of the ZnO should be at least 450 nm to have an absorption
amount above 85% and the corresponding cavity thickness should be 1.6 pm.
Figure 2.5 gives the absorption percentage of a detector that has a 450 nm ZnO layer
depending on the wavelength and the cavity thickness. For these thicknesses of ZnO
and cavity, the average absorption rate at the wavelength range of 8-12 pum is extracted
as 83.5% and the absorption becomes maximum at the wavelength of 10 pum as 86.8%.
The detectors having such a high absorption can be used in applications requiring high

performance.
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Figure 2.5. The absorption rate of a detector that has a 450 nm ZnO layer depending on
(a) the cavity thickness and (b) the wavelength. The average absorption rate at the
wavelength range of 8-12 um is extracted as 83.5% and the absorption becomes
maximum at the wavelength of 10 um as 86.8%.
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2.3.2. Thermal Simulations

As mentioned in the previous chapter, the thermal conductance and the thermal time
constant are important parameters that affect the performance, since they indicate how
well the detector is isolated from the substrate and how fast the detector responses to the
infrared radiation. The thermal simulations are implemented to simulate these
parameters. The simulations are performed using the heat transfer module of the
COMSOL Multiphysics program. Table 2.2 gives the physical parameters of the ZnO
that are used in the thermal simulations. The parameters are taken from the COMSOL
Multiphysics material database.

Table 2.2. Physical parameters of ZnO used in thermal simulations. The parameters are
taken from the COMSOL Multiphysics material database.

Material | Thermal Conductivity | Heat Capacity Density

ZnO 61.85 W/mK 505.73 J/kgK | 5.67 gr/cm®

In the simulations, the silicon substrate is adjusted to remain at a constant temperature
as 300 K. A 100 nW heat is applied to the pixel body and the temperature variation of
the detector area depending on time is observed. The temperature of the detector is
initially set as 300 K. After the heat is applied, the detector temperature increases to
reach a steady state value. The temperature variation characteristic is extracted from the
simulation and the thermal conductance is obtained by,

Gry = =2 (2.6)

where Pgp,,iicq represents the applied heat and AT is the temperature change. The time

constant parameter is extracted from the heating curve of the detector.
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Table 2.3 combines the results of the simulated thermal conductance and the extracted
thermal time constant values of various pixels that have different arm and gap width
values. Figure 2.6 gives the thermal simulation outcomes of a long-armed (pixel 6) and
a short-armed pixel (pixel 33) that have the ZnO thickness of 450 nm and the cavity
thickness of 1.6 um.

From the results of the simulations, it is observed that the pixels that have long-armed
geometry with an arm width and a gap width values of smaller than 1 um have a
thermal conductance value lower than 1.0x10°. They also have the time constant
values in the range of 1.2-2.8 ms which means they are suitable for a 60 fps imaging

system since the values are lower than 5 ms.

Table 2.3. Comparison of thermal simulation results of various pixels. The pixels that
have long-armed geometry with the arm and the gap width values of smaller than 1 um
have a thermal conductance value lower than 1.0x10®, and a time constant value lower
than 5 ms.

. Armwidth | Gap width AT Grh T
Pel 1 Type | (im) (um) K | WK | (ms)
Pixel 1 | Typel 0.5 0.5 0.200 5x107 2.82
Pixel 6 | Typel 1 1 0.100 | 10x10° | 1.20
Pixel 11 Typel 1.5 1.5 0.060 1.6x10° 0.60
Pixel 16 | Type 1 2 2 0.046 | 2.2x10° | 0.39
Pixel 33 | Type 2 1 1 0.013 | 7.7x10° | 021

30




Pixel 6

thk(1)=0.45 um Time=0.008 s Surface: Temperature (K)

Heating Curve (Pixel 6)

A 300.1

300.09
300.08
300.07
300.06

300.05
300.04
300.03
300.02
300.01

300
¥ 300

300.10

300.08

g
?

Temperature (K)
(5]
=
2

300.02 4

300.00

Simulation result
Heating curve

1=1.2ms

31



PIXG' 33 thk(1)=0.45 um Time=0.0016 s Surface: Temperature (K)

A 300.014

300.014

¥ 300

Heating Curve (Pixel 33)

300.012

300.010

300.008

300.006

Temperature (K)

300.004

300.002

B Simulation result
Fitted curve

1=0.21ms

T
06

0.8 1.0 1.2 14 16

Time (ms)

(b)

300.012

300.01

300.008

300.006

300.004

300.002

300

Figure 2.6. The thermal simulation outcomes of (a) a long-armed (pixel 6) and (b) a

short-armed (pixel 33) pixel.
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2.3.3. Mechanical Simulations

The mechanical simulations are performed to predict the mechanical durability of the
detectors. As indicated before, the arm of the detectors should be strong enough to
hold the suspended area without downfall to the substrate. The simulations are done by
using solid mechanics module of the COMSOL Multiphysics software. In order to
observe the motion of the suspended area caused by an outsourced force, 10009
acceleration is applied perpendicular to the pixel body while the position of the
substrate and the anchor points are fixed. The Young's modulus and the Poisson ratio of
the ZnO which are the required parameters to realize the mechanical simulations are
taken from COMSOL material database as 210 GPa and 0.33, respectively.

Table 2.4 summarizes the mechanical simulation results of the various pixels that have
the ZnO thickness of 450 nm and the cavity thickness of 1.6 pm while having different
arm and gap width values. Figure 2.7 shows the simulation outputs of a long-armed
(pixel 6) and a short-armed (pixel 33) pixel that are stated in the Table 2.4.

As can be seen from the results, the short-armed pixel has a maximum displacement of
8.2x10* um against the applied acceleration. This value is smaller than the
displacements of the long-armed pixel structures. When the long-armed pixels are
compared with each other, it is seen that as the arm and the gap width values increase,
the maximum displacement against the applied acceleration decreases. The maximum
displacement of the pixel which has the smallest arm and gap width is 13.6x10? pm.
By using these results, it is deduced that all of the pixels are strong enough to carry the
suspended area not only in its stationary position but also when a shock is applied from
the outside.

Table 2.4. Summary of the mechanical simulation results of the various pixels that have
the ZnO thickness of 450 nm and the cavity thickness of 1.6 pm while having different
arm and gap width values.

Pixel Type Armwidth (um) | Gap width (pm) Max. displacement (pLm)
Pixel1 | Typel 0.5 0.5 13.6x107
Pixel 6 | Typel 1 1 5.2x107
Pixel 11 | Type1 1.5 1.5 2.5x10”
Pixel 16 | Type1 2 2 1.3x10%
Pixel 33 | Type2 1 1 8.2x10™
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Figure 2.7. Mechanical simulation results of (a) a long-armed (pixel 6) and
(b) a short-armed (pixel 33) pixel. Pixel 6 has a maximum displacement of 5.2x10% um
and pixel 33 has a maximum displacement of 8.2x10™.
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2.4. Conclusions

This chapter presents the design of a single layer microbolometer including the
determination of the single layer material and the structural designs of the pixels that
have variable geometric parameters. ZnO is selected as the single layer material and the
pixel structures are categorized as Type 1 and Type 2 depending on their arm length.

The design parameters of the pixels are optimized by the optical, the thermal, and the
mechanical simulations. The thermistor layer thickness and the cavity thickness
parameters are optimized by using the optical simulations as 450 nm and 1.6 pm,
respectively, with an average absorption rate of 83.5% in 8-12 um wavelength range.
Using these thickness values, the thermal and mechanical simulations are performed. It
is seen that the short-armed pixels exhibit better mechanical strength and faster response
but worse thermal isolation when compared with the long-armed pixels. However, the
long-armed pixels that have the arm and the gap width values lower than 1 pum have the
thermal conductance, the thermal time constant, and the mechanical strength values of
the detectors that exhibit a moderate performance. Therefore, the long-armed pixel
which has the arm and gap width values of 1 um is chosen as the best structure since it
has a thermal conductance of 1.0x10° W/K and a thermal time constant of 1.2 ms.
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3. PROCESS OPTIMIZATION AND FABRICATION OF A
SINGLE LAYER MICROBOLOMETER DETECTOR

This chapter explains the optimization of the process steps and fabrication of the single
layer microbolometer detector pixels which are designed as in the previous chapter.
Section 3.1 express the design of the fabrication process flow, section 3.2 states the
optimization of the process steps individually, and section 3.3 gives the repeated
simulation results of the revised single layer pixels through the process optimizations.
In section 3.4, the results of the fabrication of the revised pixels are shared. Finally,
section 3.5 summarizes all of the sections and concludes the chapter.

3.1. Design of the Fabrication Process

It is crucially important to apply the appropriate fabrication methods considering the
requirements to construct the detector. There are many things that should be considered
in the fabrication process of a microbolometer. The mirror material should be chosen to
be a good reflector and also should be a good conductor since this material is also used
in the connection pads between the microbridge and the readout circuitry. As
mentioned in the previous chapter, gold is chosen to perform this task.

A sacrificial layer should be deposited between the mirror layer and the pixel area to
give a cavity thickness as optimized in the pixel design stage. The coating and the
etching processes of the sacrificial layer material should be CMOS compatible and
should not have any negative effect on the entire pixel structure. Polyimide is selected
to be used as the sacrificial layer since it is commonly used in the microstructures for
this purpose, and it is also easy to fabricate (Bagolini et al., 2002; M. Yusuf Tanrikulu,
2007).

The deposition process of the single layer material directly affects the performance of
the detector. Thus, the deposition method of the single layer should be selected to have
high TCR, high optical absorption, and low stress. Atomic layer deposition method is
preferred for deposition of the ZnO single layer since it is shown by the studies in the
literature that the ALD deposited ZnO films provides the required properties.

37



Besides, allowing homogeneous deposition with the control of the film thickness plays

an important role in making this decision.

A process that is composed of four steps is planned for the fabrication of a single layer
microbolometer (Yildizak, Okyay, & Tanrikulu, 2017). Figure 3.1 shows the
representative cross-sectional view of a single layer microbolometer detector pixel after
each process step (M. Yusuf Tanrikulu et al., 2018). In the first step, the mirror layer
and the contact pads are deposited and patterned (Figure 3.1 (a)). Inthe second step, the
sacrificial layer is deposited and patterned to open the anchor points (Figure 3.1 (b)). In
the third step, the single layer material is coated on to the sacrificial layer and patterned
to be in form of a microbolometer (Figure 3.1 (c)). In the final step, the pixel structure
comes out by etching the sacrificial layer (Figure 3.1 (d)). Figure 3.2 illustrates the
3D view of a single layer microbolometer detector pixel after each process step.

(a) After the deposition and the patterning of the mirror layer and the connection
pads.

(b) After the deposition and the patterning of the sacrificial layer.
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(c) After the deposition and the patterning of the single layer.

(d) After removal of the sacrificial layer and releasing the pixel.

Figure 3.1. Representative cross-sectional view of a single layer microbolometer

detector pixel after each process step.

Step 2

Step 1

Step 4

Step 3

|:|Substrate l:l Mirror Layer -Sacriﬁcial Layer - Single Layer

Figure 3.2. 3D view of a single layer microbolometer detector pixel after each process

step.

39



The pixels are placed in a mask layout after the outline of the process steps is
determined. All of the designed pixels are added to the mask in order to eliminate the
problems in the fabrication steps. In case of facing a problem, the variety of pixels
gives an opinion to the reason of the issue and helps to fix it easily. In the mask, the
pad openings are placed nearby every single pixel for taking contact to perform
inspections of the pixels. In addition to the single pixel layouts, little pixel arrays are
also placed in the mask to perform optical measurements. Figure 3.3 shows the mask
layout used in the fabrication process by focusing to show the layouts of sample pixels

and small pixel arrays.
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Figure 3.3. (a) The mask layout that is used in the fabrication process. (b) Sample
layouts from the pixels that are used for pixel level test and optimization. (c) Sample
layouts from the pixel arrays.

3.2. Optimization of the Process Steps
The process steps of the single layer microbolometer are optimized separately.
Fabrication and optimization details of each step are explained in the following sections.

The fabrication and optimization works are performed in METU MEMS Center.
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3.2.1. Deposition and Patterning of Mirror Layer and Contact Pads

The fabrication process starts with the deposition and patterning of the mirror layer and
the electrical connection pads. Gold is deposited on a nitride coated silicon substrate as
the mirror layer and contact pads by sputtering method. A thin layer of titanium
tungsten (TiW) is coated before the gold deposition to provide adhesion of gold to the

substrate.

At first, patterning of the layer is performed by wet etching. However, since the wet
etching results in undercut, reactive ion etching is used later instead of the wet etching
process. Figure 3.4 shows the SEM images of the patterned mirror layer and electrical
connection pads by using wet etching and reactive ion etching methods. As can be
seen, the RIE process gives better results.

I
2.00kV LEI
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Figure 3.4. SEM images of the patterned mirror layer and electrical connection pads by
using (a) wet etching and (b) reactive ion etching methods.

3.2.2. Deposition and Patterning of the Sacrificial Layer

The second step of the fabrication process is the deposition and patterning of the
polyimide as the sacrificial layer. The deposition is performed by spin coating method.
Coater speed is adjusted to have 1.6 um thickness which is the optimized value of the
cavity thickness to maximize the absorption.

In order to open the anchor points on the sacrificial layer, the layer is etched by reactive
ion etching after using a titanium hard mask to prevent undercut. At the end of this
step, the titanium hard mask is removed by wet etching. Figure 3.5 shows the SEM

images of the successfully patterned sacrificial layer.
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Figure 3.5. The SEM images of the successfully patterned sacrificial layer.
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3.2.3. Deposition and Patterning of the ZnO Single Layer

Deposition of the ZnO is performed by atomic layer deposition method at 120°C since
the films coated at this temperature have required properties of both an active material
and absorber layer as mentioned previously. Diethylzinc (DEZ) and milli-Q water
(H20) is used as reaction precursors during the process. The ZnO deposition process is
performed in Okyay Tech.

After the ZnO film is coated, etching of the ZnO layer is started to pattern it to form as a
pixel shape. The patterning process is pursued in the METU MEMS Center. Reactive
ion etching method is used for etching since the wet etching method results in high
undercut. In the etching trials, it is seen that the photoresist that used for patterning the
layer is etched together with the ZnO. To solve this issue, the thickness of the
photoresist is increased, but this time, the residues of the ZnO accumulated on the edge
of the photoresist during the etching process. Therefore, decreasing the ZnO thickness
instead of increasing the photoresist thickness becomes a necessity.

The thickness of the ZnO is decreased down to 25 nm and patterning of the ZnO with

this thickness is achieved. Figure 3.6 shows the successfully patterned ZnO layer in the
pixel shapes of Type 1 and Type 2.

45



I 10pm
1.50kV LEI SEM

I 10um
1.50kV LEI SEM

(b)

Figure 3.6. The successfully patterned ZnO layer in the pixel shapes of (a) Type 1 and
(b) Type 2.
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3.3. Revision of the Pixel Designs by Fabrication Optimizations

Decreasing the thickness of the ZnO layer due to the fabrication processes directly
affects all of the performance parameters. In order to see the results of this decreasing
effect, the optical, thermal, and mechanical simulations are repeated. The details are

given in the subsections below.

3.3.1. Optical Properties of the Revised Pixels

The optical simulations are repeated to find the new cavity thickness value to maximize
the absorption for the new ZnO thickness which is obtained at the results of the process
optimizations as 25 nm. It is seen at the results of the simulations that the cavity
thickness should be 2.2 um to maximize the absorption. The average absorption in the
8-12 um wavelength range is extracted as 9.9% by using the values of the ZnO and
cavity thickness as 25 nm and 2.2 um, respectively. Figure 3.7 shows the results of the

repeated optical simulations.
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Figure 3.7. Optical simulations of revised pixels. (a) The new cavity thickness
corresponding to 25 nm ZnO thickness is found as 2.2 um and (b) the average
absorption in the 8-12 pm wavelength range is extracted as 9.9%.

3.3.2. Thermal Properties of the Revised Pixels

The thermal simulations that are detailed in Chapter 2 are repeated in this part to see the
effects of process optimizations on the thermal conductance and the thermal time
constant parameters. Figure 3.8 shows the repeated thermal simulation results of

Type 1 and Type 2 pixels.

Table 3.1 summarizes the repeated thermal simulation results for the ZnO thickness of
25 nm and the cavity thickness of 2.2 um. In the results, it is seen that the decrease in
the ZnO thickness decreases also the thermal conductance and increases the thermal
time constant. Despite the thermal time constants of the pixels increase, they are still

lower than 5 ms, which means they are still suitable for a 60 fps imaging system.
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Table 3.1. Repeated thermal simulation results for the ZnO thickness of 25 nm and the

cavity thickness of 2.2 pum.

. Arm width Gap width AT Grp T
Pixel | Type (um) (um) K | Wik | (ms)
Pixel 1 Typel 0.5 0.5 3.55 0.28x10”" 3.88
Pixel 6 Typel 1 1 1.73 0.58x10”’ 1.62
Pixel 11 Type 1 15 15 0.89 1.12x10°" 0.81
Pixel 16 Typel 2 2 0.80 1.25x10°" 0.48
Pixel 33 Type 2 1 1 0.21 4.76x107 0.24
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Figure 3.8. Repeated thermal simulation results of (a) Type 1 (pixel 6) and (b) Type 2
(pixel 33) pixels.
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3.3.3. Mechanical Properties of the Revised Pixels

The mechanical simulations are repeated to investigate the effect of thinner ZnO single
layer on the durability of the pixel. Table 3.2 gives the repeated mechanical simulation
results for 25 nm ZnO and 2.2 um cavity thicknesses. In the simulations, it is observed
that the Type 1 pixels are not strong enough when a 1000g external acceleration is
applied. For this type of pixels, the simulations are performed by applying 100g and it
IS seen that the pixels that have an arm and a gap width values higher than 1 um have a
maximum displacement value lower than the cavity thickness value of 2.2 um. It means
these pixels can preserve their suspended form without falling on to the substrate when
100g is applied.

When the Type 2 pixels are simulated, it is seen that this type of pixels have a stronger
mechanical structure than the Type 1 pixels since their maximum displacement values

are reasonable when 1000g of an external acceleration is applied.

Table 3.2. Repeated mechanical simulation results for 25 nm ZnO and 2.2 um cavity
thicknesses.

. Armwidth | Gap width | Acceleration | Max. displacement
PREl TR um) (um) (ms) (um)
Pixel 1 | Typel 0.5 0.5 1009 4.68
Pixel 6 | Typel 1 1 1009 1.69
Pixel 11 | Typel 15 15 1009 0.81
Pixel 16 | Typel 2 2 1009 0.38
Pixel 33 | Type2 1 1 1009 0.02x10™
Pixel 16 | Typel 2 2 10009 3.76
Pixel 33 | Type2 1 1 10009 0.24

3.4. Release of the Single Layer Microbolometer Pixel

After all of the process steps are optimized individually, the steps are combined to
conclude the fabrication of a single layer microbolometer pixel. Deposition and
patterning of the mirror layer, sacrificial layer, and ZnO thermistor layer are realized
successfully. But in the last process step which is the removal of the sacrificial layer,
various problems were encountered. The fabricated wafer is inspected by taking the
sample dies from various positions. Figure 3.9 shows the numerated die map of the

fabricated 8” wafer.
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Figure 3.10 gives the optical microscope views of the pixels in the die #221, after the
removal of the sacrificial layer. It is observed that there are some residues in the field
around the pixels. It is thought as the reason of this issue that the etching of the ZnO is
not completed exactly and in the step of the removal of the sacrificial layer, the etchant
leaks from the fractures of the remained ZnO layer to the sacrificial layer. When the
etchant reaches to the sacrificial layer, it etches the layer and causes the remained ZnO
residues to fall down to the substrate as appear in Figure 3.10 (a). This case can be
better observed by the SEM views of the pixels as in Figure 3.10 (b) and (d).

Another issue is that etching of the sacrificial layer is not completed exactly in some
areas, especially in the pixels which have 50 um pitch. It is observed that in the middle
area of these pixels the polyimide remains as can be seen in the Figure 3.10 (b) and (c).

As going through the edges of the wafer, it is seen that there are no residues in the field
around the pixels. However, this time another problem shows up. In the dies stated
near the edge of the wafer, the arms or the body of the pixels are etched partially or
completely. Figure 3.11 gives the optical microscope views of the dies #175 and #179

which are near the edge of the wafer.

It is deduced that the layers coated on the wafer have non-uniform thickness values
throughout the wafer since the release process show different characteristics between
the dies in the middle of the wafer and at the edge of the wafer. Although there are
many problems due to this thickness non-uniformity, pixels and arrays are successfully
released at the end of the fabrication process. Figure 3.12 shows SEM images of the
successfully released pixels. It is seen that there is buckling on the released pixels.
A possible reason for this situation is the process temperature of the removal of the

sacrificial layer.
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Figure 3.9. Numerated die map of the fabricated 8” wafer.
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Figure 3.10. Optical microscope and SEM views of the pixels in the die #221, after the
removal of the sacrificial layer.
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(b)

Figure 3.11. Optical microscope views of the pixels from dies of #175 and #179 which
are near the edge of the wafer.
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Figure 3.12. Samples of successfully released pixels.
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3.5. Conclusion

This chapter presents a four-step process for the fabrication of a single layer
microbolometer detector. The steps are specified as deposition and patterning of the
mirror layer, sacrificial layer, and thermistor layer, and removal of the sacrificial layer.
All of the steps are optimized individually and results are shared.

At the end of the optimization studies, it is seen that the ZnO thickness of 450 nm is not
applicable due to process limitations. Therefore, the thickness of the ZnO is reduced to
25 nm, and the corresponding cavity thickness is extracted as 2.2 um by repeating the
optical simulations. In this new case, the infrared absorption amount is simulated as

9.9% which is quite low.

The thermal and mechanical characteristics of the revised pixels are also investigated by
repeating the thermal and mechanical simulations. At the results of the repeated thermal
simulations, the thermal conductance decreases and the thermal time constant increases.
In order to the thermal time constants of the simulated pixels are still lower than 5 ms,
they are still suitable for a 60 fps imaging system. Along with the decreasing the
thermal conductance values of the detectors, all of the pixels provide the requirement of
a common microbolometer. At the results of the repeated mechanical simulations, it is
seen that the Type 1 pixels are not durable to 1000g external acceleration while the
Type 2 detectors are durable. The maximum displacement of a simulated Type 2 pixel
is obtained as 0.24 pum when 1000g acceleration is applied. The simulations of the
Type 1 detectors are repeated by applying 100g and it is seen that only the pixels that
have an arm and a gap width value higher than 1 um are durable to this acceleration. In
summary, decreasing the thickness of the ZnO layer decreases the performance of the
detector.

After the optical, thermal, and mechanical properties of the revised detectors are
investigated, the fabrication process steps are combined to conclude the pixel
production. The fabrication is proceeded up to the last step without any problem.
However, in the last step, many problems show up related to the non-uniformity of the
coated wafer. Even so, successfully released pixels are also obtained.
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4. TESTS OF THE FABRICATED SINGLE LAYER
MICROBOLOMETER DETECTORS

In this chapter, the tests of the fabricated single layer microbolometer detector pixel are
presented. TCR, noise, and optical measurements are detailed in the sections below.

4.1. TCR Measurement

TCR is one of the most important parameters that indicate the performance of a
microbolometer as mentioned in the previous chapters. TCR measurement of a ZnO
resistor that is grown by the atomic layer deposition method at 120 °C is performed by
using a measurement setup as shown in Figure 4.1. The setup includes a cold/hot plate,
a microscope camera, a manipulator, probes, a sourcemeter, a power supply, a

multimeter, and a computer.

During measurements, a constant current of 5 pA is applied to the resistor which is
placed on to the cold/hot plate. Then the temperature of the cold/hot plate is changed
between 18-28 °C. The voltage on the resistor is measured by using a multimeter, while
the temperature of the cold/hot plate is measured by a sensor (AD590LF).

The measured resistance depending on the temperature is analyzed in the computer
environment. The graph of the resistance change characteristic is drawn and fitted on a
polynomial function. The extracted resistance function is used in Equation (1.7) and the
function of the TCR is obtained. Figure 4.2 gives the graphs of the resistance and the
TCR variation depending on the temperature. As seen, the TCR reaches its maximum
value around 20 °C as -10.5 %/K. The results are consistent with the values reported in
the literature (Battal et al., 2014).
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Figure 4.1. The TCR measurement setup. The setup includes a cold/hot plate, a

microscope camera, a manipulator, probes, a sourcemeter, a power supply, a
multimeter, and a computer.
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Figure 4.2. Resistance and TCR variation depending on the temperature. The TCR
reaches its maximum value at around 20 °C as -10.5 %/K.

4.2. Noise Measurement

Low noise is another desired property for microbolometer detectors. A resistive
element has two major noise components: the thermal noise (Johnson noise) and the 1/f
noise (flicker noise). Therefore, only these two components are included and others are
neglected in the noise calculations of a resistive microbolometer detector.

The thermal noise originates from the thermal motion of the charge carriers in the
thermistor material. It occurs even when any bias is not applied to the resistor
(Rogalski, 2011). Although the 1/f noise is accepted as a phenomenon that its reasons
are not understood, it shows up at the low frequencies up to several kilohertz
(Daniels, 2007).

61



The noise can be expressed in voltage or current form depending on the bias method of
the detector. The total noise current can be described by,

Iror = ’ it + i) (4.1)

where i, and iy, represent the thermal noise current and the 1/f noise current which

are calculated as in Equation (4.2) and Equation (4.3), respectively.

~ |akTAf

lrn = R (42)
2 2

. nig”Af

liyf = f—ﬁ (43)

where k is the Boltzmann constant, T is the temperature, Af is the measuring
bandwidth, R is the detector resistance, n is the 1/f noise parameter, i, is the detector

current, f is the frequency, and g is a parameter in the range of 0.5-2.

The measurement is conducted by applying a constant current of 5 pA on two ZnO
resistor structures which are placed in a box that acts as a Faraday Cage, and taking the
noise measurement through a dynamic signal analyzer. The graph of the taken
measurements is drawn and fitted on a curve to extract the corner frequency value. The
corner frequency is the frequency where the thermal noise equals to the 1/f noise. This
parameter specifies the noise performance of the detector system. A low corner
frequency means that the detector has a low noise in the specified bandwidth.
Figure 4.3 gives the noise power spectral density of a ZnO resistor having 400 KQ
resistance at a temperature of 300 K. At the result of the curve fitting, the corner
frequency is extracted as 302.5 Hz.
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Figure 4.3. The noise power spectral density of a ZnO resistor having 400 KQ
resistance at a temperature of 300 K. The corner frequency is extracted as 302.5 Hz.

4.3. Optical Measurements

The optical measurements are performed by using an FTIR Spectrometer to see the
absorption characteristics of the fabricated pixels and compare with the simulated
results. The infrared waves in the wavelength range of 2-20 um are sent on to the
fabricated arrays and the amount of the reflected waves from the mirror layer is
measured during the measurements. The absorption percentage of the pixel arrays are
obtained by taking the difference between the amount of the initially sent waves and the

amount of the measured reflected waves.

In the measurements, the arrays from the die #221 are taken as samples. Figure 4.4
shows the combined measurement results of the 7 sample arrays. It is seen that the
absorption characteristics of the arrays quite similar to each other, except for the array
of A27. A27 is the array which is known its fabrication process is not successfully
completed and there is polyimide residue under the middle of the ZnO layer.
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A measurement is taken from this pixel array to compare its absorption characteristics
with the successfully released pixel arrays and to confirm that the absorption
characteristics of the arrays depend on the fabrication success and the other measured
pixel arrays are successfully released.

It is observed by the measurements that the average absorption at 8-12 um wavelength
range changes between 30-39 %. It is thought that the reason for this variation is the
non-uniformity of the deposited film throughout the wafer. When the measurements are
compared with the simulation, it is seen that the measured absorption values are much
higher than the simulation which is 9.9 %. The reason for this difference is predicted as
the optical properties of the ZnO are affected depending on the temperature in the last
step of the fabrication.
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Figure 4.4. Absorption measurements that are taken from various arrays of the die
#221.
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4.4. Conclusions

The TCR, noise, and absorption measurement results of the fabricated single layer
microbolometer detectors are shared in this chapter. The TCR value of the atomic layer
deposited ZnO resistor is extracted as -10.5%/K at 20 °C consistent with the reported
value in the literature. This is a great value for a microbolometer thermistor material
when compared with the commonly used materials. The corner frequency of the
1/f noise is measured as 302.5 Hz at 5 pA bias current. Lower corner frequency means
lower electrical noise for the specified bandwidth. The measured value is lower than
the reported value in the literature which is 2 kHz (Battal et al., 2014). The reason for
that is using a lower bias current. In the results of the optical measurements, the
average infrared absorption of the arrays is measured between 30 and 39 %. The reason
for obtaining measured values much higher than the simulation is thought as a change in

the optical properties of the ZnO due to the fabrication temperature in the last step.

65






5. CONCLUSIONS AND FUTURE WORKS

In the scope of this research, constructing a single layer structure by using the same

material as active layer, absorber, and the structural layer is investigated. The design

and development of a single layer microbolometer detector pixel are performed. A

single layer microbolometer detector pixel by using atomic layer deposited ZnO is

fabricated for the first time in the literature.

The works that are completed in the content of this research can be summarized as

below:

2.

The performance parameters of a single layer microbolometer detector pixel are
specified. 2 types of pixels are designed depending on their arm lengths as
long-armed (Type 1) and short-armed (Type 2) pixels. Their performance
parameters are optimized by optical, thermal, and mechanical simulations.

A 4-step process is designed for the fabrication of the designed single layer
microbolometer pixels. The steps are optimized separately. Due to the process
limitations which are detected at the optimization steps, the thickness of the ZnO
layer is required to decrease to 25 nm, and the corresponding cavity thickness is
optimized by revising the optical simulations to maximize the absorption at
8-12 um wavelength range. The thermal and the mechanical simulations are also
revised to see the effects of the decrease in the thickness of the ZnO layer.

The fabrication of the designed pixels is completed after the steps are optimized.
The deposition and patterning of the gold as the mirror layer is performed by
sputtering and RIE methods, respectively. Then, the polyimide material is spin
coated to form the sacrificial layer. The anchor openings are patterned by RIE
method. The ZnO layer is coated by ALD at 120 °C on to the sacrificial layer and
patterned by RIE. Finally, the sacrificial layer is removed by oxygen plasma and
pixels are successfully released.
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4. The TCR, the noise, and the optical measurements are performed to characterize the
fabricated structures. The TCR of the ZnO resistors is obtained as -10.5 %/K at
around 20 °C. The corner frequency of the 1/f noise is extracted as 302.5 Hz with a
bias current of 5 pA. The average infrared absorption in the wavelength range of

8-12 um is measured between 30 and 39 %.

Albeit the efforts are exerted to develop the single layer microbolometer detector pixels
that have maximum performance, there are still some issues to overcome. Therefore,
the future works to have single layer pixels that have better performance can be

summarized as follows:

1. The ways to achieve the fabrication of the single layer microbolometer detector
pixels with a thicker ZnO layer should be investigated. The arrays that have better
absorptance and higher mechanical strength will be obtained by overcoming this

issue.

2. The thermal conductance and the responsivity measurements are required to be
performed to complete the characterization of the pixels. These measurements
could not be performed in the framework of this research since the resistances of
the pixels are too high to be measured with the possessed instruments. Being able
to fabricate pixels with a thicker ZnO layer can also solve this issue.

3. The reason for the change in the optical properties of the ZnO at the last step of the
fabrication should be analyzed and pixel designs should be revised accordingly.

4. As an alternative to increasing the thickness of ZnO layer, a second ZnO layer can
be deposited on the first layer in form of a bilayer structure (Poyraz, Gorgulu,
Sisman, Tanrikulu, & Okyay, 2017).

5. The single layer pixel structure can be applied to various pixel geometries such as
hexagonal geometry which can be more appropriate for the flexible substrates to
increase the field of view (Yildizak & Tanrikulu, 2017).
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