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ABSTRACT

INVESTIGATION OF TiAlV AS ABSORBER AND
WO3-VxOv AS ACTIVE MATERIAL
FOR TERAHERTZ MICROBOLOMETERS

Atik, Bahar
Master of Science, Chemistry
Supervisor: Prof. Dr. Okan Esentiirk

June 2022, 81 pages

Terahertz technology continues to evolve rapidly from laboratory setups to
commercial devices. The foreseen future of the THz technology has accelerated the
fabrication of detectors that are sensitive in this frequency range. Current efforts for
THz imaging applications have focused on using the mature microbolometer
technology which has proven to be useful in the IR region. In microbolometers, the
incoming radiation becomes absorbed in the absorber layer resulting in an increase
in temperature. The electrical resistance of the active material layer changes with
temperature, and the resultant resistance change is read by readout circuits. The
objective of this thesis is to evaluate these two critical layers, absorber and active
material layers, for THz microbolometer applications. For broadband THz imaging
purposes, TiAIV thin film is investigated as the potential absorber layer. Owing to
its lower conductivity compared to other metals and compatibility to
microfabrication techniques, by tailoring the sheet resistance with control in layer

thickness, significant enhancement in THz absorption is observed.



Here, the absorption of THz radiation will not increase the temperature as much as
the more energetic IR waves. Hence, it is essential for a THz microbolometer to have
a high temperature coefficient of resistance (TCR). For this purpose, the effect of
V-W reactive co-sputtering is studied, and WOs-VxOy is investigated as the potential
active material layer. As the sputtering power of W increased, new phases appeared,
and this has opened a pathway toward tuning the TCR of the film to a desired value
by changing the characteristics of VxOy films. In addition, properties of VxOy and
WOs-VxOy layers are evaluated in the THz region as a function of temperature for
the first time. Nondestructive characterization of these temperature sensitive

materials gives a deep insight on their use in THz microbolometers.

Keywords: Terahertz, MEMS, Microbolometer, Absorber, Active Material
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SOGURUCU TiAlV VE
AKTIiF MALZEME WOs-VxOv’NiN
TERAHERTZ MiKROBOLOMETRELER ICIN INCELENMESI

Atik, Bahar
Yiiksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Okan Esentiirk

Haziran 2022, 81 sayfa

Terahertz teknolojisi, laboratuvar kurulumlarindan ticari cihazlara olan evrimine
baglamigtir. THz teknolojisinin 6ngoriilen gelecegi, bu frekans aralifinda hassas
detektdrlerin iiretimini motive etmistir. THz goriintiileme uygulamalar1 i¢in mevcut
cabalar, Kizil6tesi bolgede basarili oldugu kanitlanmis mikrobolometre teknolojisini
kullanmaya odaklanmistir. Mikrobolometrelerde, gelen radyasyonun sogurucu
katmandaki emilimi sonucunda sicaklikta artis meydana gelir. Aktif malzeme
katmaninin elektriksel direnci sicakliga bagl olarak degisir ve ortaya ¢ikan direng
degisikligi, okuma devreleri tarafindan okunur. Bu tezin amaci, THz
mikrobolometre uygulamalar1 i¢in bu iki kritik katmani, sogurucu ve aktif malzeme
katmanlarin1 degerlendirmektir. Genis bant THz goriintiileme uygulamalart i¢in
TiAIV ince filmler potansiyel THz sogurucu katman olarak incelenmistir. Diger
metallere gore daha diisiik iletkenligi ve mikrofabrikasyon yontemlerine uygunlugu
sayesinde, katman kalinligi kontrollii olarak tabaka direncine uyarlanarak, THz

sogurmada 0nemli bir artig gdzlemlenmistir.

Vil



THz dalgalarinin sogurulmasi, daha yiiksek enerjili Kizilotesi dalgalarinin
sogurulmasi kadar fazla bir sicaklik artisina neden olmayacaktir ve dolayisiyla bir
THz mikrobolometrenin yiiksek sicaklik direng katsayisina (TCR) sahip olmasi
biiyiik onem tasimaktadir. Bu amagla, V-W reaktif es zamanli sagtirmanin etkisi
arastirllmis  ve  WOs-VxOy potansiyel aktif malzeme katmani olarak
degerlendirilmistir. W metaline uygulanan sactirma giicii artirildik¢a yeni fazlar
ortaya cikarak VxOy filmlerin 6zelliklerini énemli 6lgiide degistirmis ve TCR
degerini istenen bir degere ylikseltmeye olanak saglamistir. Ayrica, VxOy ve
WOs-VxOy katmanlarinin 6zellikleri, THz boélgesinde sicakligin bir fonksiyonu
olarak ilk kez degerlendirilmistir. Sicakliga duyarli bu malzemelerin tahribatsiz
karakterizasyonu, THz mikrobolometrelerdeki kullanimlar1 hakkinda O6nemli

sonuclar vermistir.

Anahtar Kelimeler: Terahertz, MEMS, Mikrobolometre, Sogurucu Katman, Aktif

Malzeme
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CHAPTER 1

INTRODUCTION

Terahertz (THz) region has remained unexplored for a long time, with the exception
of applications in astronomy. Now, with recent technological developments in micro
and nanotechnology, various MEMS structures are being developed for the THz
region. One of them is the microbolometer structure which is a thermal detector
being utilized for imaging purposes. Since THz waves can penetrate through clothing
or widely used packaging materials, imaging in the THz region enables one to see
through these materials nondestructively. Furthermore, the non-ionizing nature of
THz waves makes them a safe alternative to X-rays and opens a pathway for
biomedical imaging applications as well. These advantages of using THz waves for
imaging purposes had led many researchers to optimize the widely used Infrared (IR)
microbolometer structures for the THz region. Following sections of this chapter
give comprehensive information about the THz region and the microbolometer
technology. Section 1 introduces THz waves in the electromagnetic spectrum and
explains the interactions of them with different materials highlighting the importance
of using THz waves in imaging applications. Section 2 introduces the
microbolometer technology briefly. Section 3 summarizes the efforts on using IR
microbolometers in the THz region with examples from the literature, while Section

4 states the objectives of this thesis and the organization.



1.1  THz Region

The term “Terahertz” originates from the unit prefix “Tera” which stands for 10'2,
so that 1 THz equals 10'? Hertz. To mention briefly, 1 THz corresponds to a
wavelength of 300 pm, a wave number of 33 cm%, a photon energy of 4.1 meV which
equals to 6.57x1072? Joules, and temperature of 47 K.[1, 2] Although the lower and
upper limits of this frequency range vary in different resources, they are generally
accepted as 0.1 THz (100 GHz) to 10 THz.[3] This frequency range lies in between
Microwave and Infrared regions in the electromagnetic spectrum as shown in Figure
1.1.

Frequency: 10 GHz 100 GHz 1 THz 10THz 100 THz 1 PHz
1 | | | 1
Microwave THz Infrared [I
T l T I T
Wavelength: 3cm 3mm 300um  30um 3um 300 nm

T T T T T T
Wavenumber: 0.333cm13.33cm? 33.3cm! 333 cm! 3333 cm! 33333 cm!

Figure 1.1. The THz region in the electromagnetic spectrum.[4]

At this frequency range, electromagnetic waves have unique interactions with
materials. These low energy THz waves can pass through most nonconductive
materials e.g., plastic, paper, and fabric whereas they are highly reflected from
conducting bulk materials.[5] Therefore, most attractive application areas are
nondestructive inspection and security imaging since THz waves can be used to
detect knives, guns, and explosives hidden in packages or under clothes by providing
a vision through camouflage.[6] Besides, since water has strong absorption
characteristics at this frequency range, THz waves can also be used to determine
water and moisture content of a sample.[7] Key strength of THz is that, unlike
X-rays, it is nonionizing and is therefore a safer choice for medical imaging without

causing any harm on living things.[8, 9]



With these advantages, potential application areas are widened in years, and the
predicted future of the THz technology has motivated the production of sensitive
THz detectors for imaging purposes. Since THz waves have a wide range of
application areas from medical imaging, quality control, security, and food
inspection, to even remote sensing of landmines, real-time imaging with compact
sensors is highly desirable which can be achieved by using the microbolometer
technology.

1.2 Microbolometer Technology

MEMS-based microbolometer technology provides small, low-cost, lightweight, and
uncooled sensors that work at room temperature. This technology has proved its
potential in real-time imaging in the IR region for many years.[10] A microbolometer
is a thermal sensor which works in such a way that the incoming radiation which is
absorbed in the absorber layer results in an increase in temperature. This temperature
increase changes the electrical resistance of the active material layer which contains
a temperature sensitive material. Mixed phase vanadium oxides (VxOy) are the most
widely used temperature sensitive materials in commercial IR microbolometers
followed by amorphous silicon (a-Si).[11] The resultant resistance change is then
read by readout circuits. A simple schematic demonstration of one pixel in a

microbolometer structure is given in Figure 1.2.

Active Detector -

Material — Support Arm

CMOS Read®
Circuit and
Routing Lines

Figure 1.2. Microbolometer pixel structure showing critical components.[12]



These pixel structures come together to form focal plane arrays (FPAs) which are
the assembly of individual pixel structures in an array format at the focal plane of
the lens in the imaging system.

SEM images of several VVxOy microbolometer pixel structures produced by different

companies for the IR region are given in Figure 1.3.
&

Bl s
L~
et WE s
L w e

Figure 1.3. VxOy microbolometer FPA a) with 28 um pixel pitch by BAE Systems
[13], b) with 17 pm pixel pitch by Raytheon [14], and c) with 17 um pixel pitch
and umbrella design by DRS [15].

BAE Systems, DRS, Raytheon, SCD, FLIR, and NEC are some of the leading
companies that utilized VxOy as the microbolometer active material.[16] Recently,
the pixel size is being reduced with advanced improvements in the IR
microbolometer technology. Today, commercial IR microbolometers usually have

17 pm or 12 um pixel pitches.

BAE systems offers a full high-definition Infrared imaging with Athena1920 having
a 12 pum pixel pitch utilizing VxOy microbolometer. DRS has reduced the pixel pitch
to 10 um in their product Tenum640. Furthermore, world’s first 8 um IR
microbolometer is announced by InfiRay in 2021.



Although the reduced pixel pitches might not be convenient for THz waves since
they have much longer wavelengths than IR waves, the know-how acquired in the
IR region is being widely used for the THz region. Starting point is to try the mature
IR microbolometer technology in the THz region as it is, and then to optimize it for

state-of-the-art THz imaging.

13 Imaging in THz Region with Microbolometers

Real-time imaging at THz frequencies is shown to be achieved by using the mature
IR microbolometer technology by various research groups and companies. These
studies will be discussed thoroughly in this section. Although there are several
studies demonstrating a real-time imaging at THz frequencies by using THz emission
sources i.e., Terahertz quantum-cascade lasers (THz-QCLS), detectors are mostly
designed for the IR region.

The first reported use of existing 7.5-14 um IR microbolometer FPA technology for
the THz region is performed by Lee et al. in a study which successfully demonstrates
the use of a commercial uncooled IR microbolometer FPA camera (SCC500L, BAE
Systems) for real-time THz imaging.[17] A far-infrared gas laser (2.52 THz) having
an approximately 10 mW output power is used as the THz source. The IR
microbolometer camera uses 320x240 array with pixel pitches of 46.25 pm having
VxOy as the active material, and it is optimized for the wavelength range of
7.5-14 um. Even though the FPA is not optimized for THz wavelengths, it shows
sensitivity at 2.52 THz and could see the razor blade placed inside a FedEx envelope.
Another study by Lee et al. shows real-time THz imaging using again the detector
SCC500L from BAE Systems, but this time with a 4.3 THz-QCL having a 50 mW
peak power as the illumination source.[18] The performance of the detector is
evaluated in terms of optical noise equivalent power (NEP) which defines the
incident optical power needed to achieve a signal-to-noise ratio (SNR) of 1. Lee et
al. shows that the optical NEP of the microbolometer FPA at 4.3 THz is estimated
to be 320 pW/Hz'2,



A similar study by Oda et al. shows the use of a 3.1 THz-QCL as the illumination
source and different VxOy IRFPA configurations, namely 320x240 array with pixel
pitches of 37 um, 320x240 array with pixel pitches of 23.5 um, and 640x480 array
with pixel pitches of 23.5 um, as detectors.[19] Using these THz-QCL and IRFPAs,
measured NEP values are in the range of 200-300 pW/HzY?, which are comparable
with the 320 pW/Hz? NEP value obtained in the previously explained study by Lee
et al. For improvement in the THz region, authors have replaced the Ge window of
the vacuum package with a high-resistive Si window having both sides coated with
antireflective Parylene for near unity THz transmission through the window. The
detailed transmission profiles with different antireflecting coatings are presented in
another study by Naoki Oda.[20] In addition to this material change, authors
improved the NEP to 40 pW/Hz? by adding a thin metallic THz absorber layer
(specified as TiAIV at Ref [20]) on top of the 320x240 array with two-floored

23.5 um pixel structures shown in Figure 1.4.
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Figure 1.4. SEM images of the a) first and b) second floor of 23.5 um pixels
fabricated by NEC.[19]

Another similar study by Gou et al. uses 320x240 VxOy microbolometer IRFPA with
pixel pitches of 37 um having a NiCr layer as the absorber layer.[21]

The study shows the use of reactive ion etching (RIE) on the dielectric support layer
underneath the NiCr layer to increase its effective surface area by creating nanoscale
surface structures caused by RIE. The as-deposited and RIE-treated NiCr layers on
top of pixel structures are compared, and it is concluded that RIE-treated films have

an enhanced absorption in THz region.



In another study again by Gou et al., a 2.52 THz far-infrared gas laser is used as the
source and VxOy microbolometer FPA having 320x240 array with pixel pitches of
35 um as the detector.[22] This time, the authors have deposited Ti film having 20
nm of thickness and reduced its thickness to 9 nm again by performing RIE to
improve the THz absorption. The resulting NEP obtained is 45.7 pW/Hz? which is
comparable with the NEP value in the previous study by Oda et al. which was 40
pW/Hz2. Another study by Nemoto et al. shows that the sensitivity can be improved
with a SiN layer deposited on the mirror layer of the microbolometer structure to
increase the effective cavity length for THz waves.[23] In that study, instead of using
NEP, authors defined the minimum detectable power (MDP) as the THz wave power
when SNR is equal to 1. By increasing the cavity length with the inserted SiN layer,

MDP is improved by about one order of magnitude below 1 THz.

These studies show that using the current IR VVxOy microbolometer technology in the
THz region shows promising results. Experiments on available IRFPAs under THz
illumination sources show NEP values around 200-300 pW/Hz2. On the other hand,
with simple efforts on enhancing the THz absorption by inserting a THz absorber
layer and/or changing the vacuum package window materials, it is possible to
improve NEP values to around 40 pW/Hz? and even lower with specific cavity

length modifications for THz waves.

It is also worth mentioning that all the studies use “active imaging” by utilizing an
illumination source for imaging. In a “passive imaging” case, the real-time imaging
is achieved without an illumination source where objects are emission sources
themselves. Detecting the thermal radiation of room temperature objects is a
difficulty for the THz region because of the low thermal radiation of room
temperature objects in the THz region, especially compared to the IR background.
Passive imaging in the THz region is thus a challenge by requiring NEP values in
the fW (107*°) range instead of the pW (1071?) range [24].



NEC, CEA-LETI, and INO have manufactured microbolometers that are modified
for THz frequencies. THz-optimized detectors manufactured by these companies are
listed in the Table 1.1 where they all are based on the uncooled microbolometer FPA
technology. In addition to these, the company i2s also has a THz microbolometer
product named TZcam which uses the patented design of CEA-LETI.

Table 1.1. Various uncooled microbolometer FPA based THz detectors
manufactured by different companies.

Company Type of Pixel Frequency #of Ref
(product) detection pitch Range pixels
NEC
VxOy FPA  23.5 um 1-7THz 320x240 [25]
(IRV-T0831)
Antenna
CEA-LETI )
coupled a-Si 50 um 0.3-5THz 320x240 [26]
(TZcam)
FPA
INO
(IRXCAM-THz-  VxOyFPA  35um 0.094-4.25 THz 384x288 [27]
384)

It is worth mentioning that TeraSense is one of the leading companies that
manufacture components for real-time THz imaging. Detectors produced by
TeraSense are based on a patented GaAs technology utilizing plasmonic oscillations
for confining THz waves which are not involved in the scope of this thesis. It should
be noted that all the improvements using various technologies and techniques
contribute to the promising future of real-time THz imaging. In the “Roadmap of
THz Imaging 2021,” Valusis et al. state that there is a promising development trend
in the MEMS-based microbolometer technology.[28] There is still room for reaching

state-of-the-art THz microbolometers.



1.4 Scope and Organization of the Thesis

The main goal of this thesis is to evaluate specific properties of promising materials
and to optimize them to be used in absorber and active material layers of future THz
microbolometers. Although the microbolometer technology is being widely used as
a mature technology in the Infrared region, it still needs optimizations to be used in

the THz region.

Firstly, room temperature objects emit maximum at Infrared region, so the amount
of the THz radiation emitted from objects at room temperature are far more less than
the amount of Infrared radiation. In addition to that, THz waves are also less
energetic than Infrared waves. Therefore, one will not only have a less amount of the
incoming radiation but also a less energetic radiation while considering imaging in
the THz region. The temperature change that will be created by this less amount of
less energetic waves is challenging to sense compared to the temperature increase
that Infrared causes. By taking those limitations into consider, there are two layers
that need careful optimization. First layer is the absorber layer. Since there is no
room for losing any of the incoming light, the absorber of a THz microbolometer
should be optimized to absorb maximum while considering the trade-off between
other important parameters such as sheet resistance and thickness. Second layer to
be optimized is the active material layer. The absorption of THz radiation will not
cause a temperature increase as much as the more energetic Infrared waves.
Therefore, the temperature coefficient of resistance (TCR), the change in resistance
with a unit change in temperature, should be as large as possible for the active
material to cause a significant resistance change even with the slightest temperature
change while considering the trade-off between TCR and noise. In this thesis, to
point the requirements for imaging with a microbolometer in the THz region, these
two critical layers i.e., absorber and active material layers, and their various

properties are investigated in detail.



Absorber and active material layers are studied not only using conventional
characterization techniques but also using THz Time Domain Spectroscopy (THz-
TDS) to understand these materials in the THz region by a nondestructive
characterization with THz-TDS.

In Chapter 1, the THz region and the microbolometer technology are first introduced
separately. The motivation of using the microbolometer technology in the THz
region and required improvements are then explained with examples from the

literature.

Chapter 2 focuses on the absorber layer using a titanium alloy, TiAIV. The
fabrication method is presented in detail, and it is followed by electrical and THz

optical characterizations.

The effect of the film thickness on the absorption, sheet resistance, and foreseen
speed of the detector is discussed in Chapter 2. The trend in the absorption behavior
with varying sheet resistances is compared with the literature and experimental sheet

resistance values are confirmed with THz-TDS measurement results.

Chapter 3 investigates the effect of reactive co-sputtering of Vanadium (V) and
Tungsten (W) in an Argon/Oxygen environment. The resulting VxOy and WO3-VxOy
films fabricated by applying different sputtering powers to W target are evaluated
from different aspects utilizing structural, electrical, and THz optical
characterization techniques. Here, co-sputtering of VV and W is explained in detail as
a method to adjust TCR and relative phase concentrations. These effects of V-W
co-sputtering are also monitored using THz-TDS for the first time in the literature.

Finally, Chapter 4 summarizes the results of this thesis and defines the future work

based on these results.
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CHAPTER 2

ABSORBER LAYER

2.1 Material of Choice, TiAIV

A titanium alloy, TiAlV, is investigated as the potential THz absorber layer.
Unfortunately, the widely used IR absorber layer NiCr cannot reach high THz
absorption values.[21] By using density and specific heat values of TiAIV and NiCr
given in Table 2.1, a simple calculation is performed to compare the number of
photons required to increase the temperature of both 10 nm TiAIV and NiCr layers.
To increase the temperature of a 10 nm TiAlV layer by 1 K, 1.7x107 J of energy is
required, while this number is 2.6x107J for a NiCr layer. Then, approximately
30 times more photons are needed to increase the temperature of a 10 nm NiCr layer
by 1 K with 300 um THz waves (6.57x1022 J/photon) instead of 10 um IR waves
(1.99x107%° J/photon) since THz waves are much less energetic. On the other hand,
number of photons needed to increase the temperature of the absorber layer by 1 K
will decrease by 1.5 times when 10 nm TiAIV is used as the absorber layer rather
than NiCr. Its lower density is a significant advantage also for the fabrication of
thicker TiAlV absorber layers without increasing the mass as much as NiCr. Another
important advantage of TiAIV is its higher electrical resistivity (lower electrical
conductivity) since THz waves are likely to be reflected from electrically conductive
surfaces. Its lower conductivity might help minimizing these reflection losses. This
is also the reason for choosing TiAIV alloy instead of Ti itself, because there is a

significant difference in their electrical resistivity values. (Table 2.1)
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Table 2.1. Properties of TiAlV, Ti, and NiCr for comparison.

TiAlV Ti NiCr unit
Thermal Conductivity 7.2 21.9 15 wmk
Density 4.42 45 8.3 gfom’
Specific Heat 0.56 0.54 0.44 Jg*‘K*1
Electrical resistivity 1.7 0.4 1.1 1()_6 Om
Thermal expansion 8.7 8.6 14 10_6/1(

Considering all the above-mentioned issues, TIAIV is chosen as the candidate
absorber layer for THz microbolometers. Indeed, TiAIV is the simplified version of
“Ti-6Al-4V”. These numbers in its widely known name “Ti-6Al-4V” indicate the
weight percentage of individual elements in the alloy i.e., 90% Ti, 6% Al, and 4%
V by weight. Ti-6Al-4V alloy is the most widely used alloy of titanium in the
industry.[29] When pure titanium is heated above its phase transition temperature, it
undergoes an allotropic transformation from its o phase to its  phase which are
shown in Figure 2.1. Alloying elements added to pure titanium can stabilize the
o phase by increasing the phase transition temperature, as well as stabilize the
phase by lowering this temperature. Aluminum in Ti-6Al-4V alloy is an “o”
stabilizer, while vanadium is a “p” stabilizer, which makes Ti-6Al-4V alloy a

two-phase “o + f alloy”.[30]
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Hexagonal Close Packed Body Centred Cubic
HCP, u phase BCC, B phase

Figure 2.1. Two structural phases of Ti-6Al-4V.[31]

One of the most important things to consider when working with this alloy is that
Titanium has a great binding affinity for oxygen (also an a stabilizer).[32] This is an
essential issue to consider in electrical measurements of TiAIV thin films after their
fabrication in vacuum. Electrical resistance of thin films will increase after a while
since the surface will be oxidized when exposed to the atmosphere. This effect is
further investigated in the Section 2.4.

2.2 Fabrication and Thickness Measurements

The fabrication of the absorber layer is achieved by using DC magnetron sputtering
techniqgue in a high vacuum (107 Torr) deposition chamber (AJA
INTERNATIONAL, Inc.). Sputtering is a widely used Physical Vapor Deposition
(PVD) technique for thin film fabrications.[33] It utilizes a plasma containing non-
reactive ions i.e., Ar" in most of the cases since it will not form any compounds with
the target material and not affect the deposited thin film composition. Ar* ions are
accelerated toward the negatively charged cathode where the target material is
placed. They will remove atoms and molecules from the surface of the target material
physically. The removed atoms will follow a path until they encounter another atom,
molecule, or a surface. The substrate to be coated is placed in their path so that the
target material is deposited on the surface of the substrate.

13



TiAIV absorber layer fabrications are started with the optimization of process
parameters. First deposition trials are made on Si substrates on which photoresist
was patterned to measure the deposited film thickness with the surface profilometer
after the lift-off process. The preparation of these Si substrates is a single lithography
process. Lithography itself generally consists of three main steps as schematically

shown in Figure 2.2 with both cross-section and top views.

.Si - Photoresist - Photoresist

Exposure

[ e

. Si . Photoresist

Negative photoresist: Positive photoresist:
Unexposed parts are Exposed parts are
dissolved in developer dissolved in developer

MNegative . Positive
.S‘ . photoresist .s' . photoresist

. Negative : Positive
. si . photoresist . si . photoresist

Figure 2.2. Three main steps of the lithography depending on the type of the
photoresist with cross-section and top views.

The first step is the spin coating of the primer solution hexamethyldisilazane
(HMDS) which is used to provide a good adhesion between the photoresist and the
substrate. This step is followed by coating the photoresist, which is a photosensitive
material, on the HMDS coated substrate. The coated photoresist is then soft baked

and exposed to UV over the desired mask in the second step.
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The third and the final step is dissolving the photoresist parts that are exposed or not
exposed to UV in a chemical solvent called “developer”. The chemical dissolution
behavior varies according to the photoresist type being positive or negative [34], and

both cases are shown in Figure 2.2.

Throughout this absorber layer chapter, AZ5214E photoresist is used in the “image
reversal” mode to exhibit negative behavior. AZ5214E is indeed a positive
photoresist but is commonly used in the image reversal mode to obtain a negative
image of the mask pattern with high resolution.[35] Patterning an image reversal

photoresist includes the steps shown in Figure 2.3.

Exposure

soluble
[ I I ask N

Hsi Il Photoresist
1-Exposure over a mask 2- Exposgq parts becomes soluble
as in positive photoresist case

4- Flood expose without a mask

I—insoluble

3- Reversal bake makes soluble
parts insoluble

rsoluble
5- The parts that are exposed for 6- Developer dissolves the
the first time become soluble photoresist, insoluble parts remain

on the surface

Figure 2.3. Process steps for performing AZ5214 lithography in an image reversal
mode.
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It starts with spin coating of the primer HMDS and photoresist i.e., AZ5214E,
followed by UV exposure over a mask, as the first two main lithography steps
explained above. The image reversal part starts after the first exposure. The process
continues with “reversal bake” in this case. The exposed and normally soluble part
of the photoresist forms crosslinks during the bake, which makes it insoluble in the
developer at the final step. Reversal bake is followed by the second UV exposure
called “flood expose” which is performed without a mask. Since unexposed parts
from the first exposure are exposed to UV for the first time in this step, they become
soluble in the developer now. After they are dissolved in the developer, the resulting
pattern is the negative image of the mask, achieved by using a positive photoresist

in an image reversal mode.

After creating a photoresist pattern on the surface of the Si substrate by lithography,
the next step is to deposit TiIAIV on this patterned surface. One approach to deposit
a compound of thin film is co-sputtering of individual elements simultaneously.
However, it is challenging to control the exact amounts of each element and obtain
Ti-6Al-4V weight ratios precisely. Therefore, we have used a commercial compound
target for Ti-6Al-4V alloy (Lesker, 99.9%).

To ensure plasma stability during TiAIV sputtering, voltage and current values are
monitored by changing process parameters such as the power applied to the cathode,
process pressure, and Argon gas flow. It is clearly observed that starting the process
at higher pressures can help significantly while igniting the plasma for the first time.
The process pressure can then be lowered to the desired value, once the voltage and
current values and consequently the plasma are stable. After obtaining the plasma
stability, a recipe is written that can maintain the plasma stability for a long period.
The first step of this two-step recipe is to provide Argon flow into the deposition
chamber. When the deposition chamber reaches a sufficient gas saturation after 5
minutes, power is applied to the cathode and the plasma is formed. After the shutter
of the TiAIV target is opened, the second and the main step, the deposition starts and

continues for a desired duration.
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Once the TiAIV deposition is completed, the process continues with the lift-off step.
The lift-off process removes the photoresist patterns formed in the lithography step
together with the TiAIV layer deposited on them. This process takes place in an
acetone bath. Samples that are in the acetone bath are cleaned using an ultrasonic
bath. Finally, TiAIV that does not have photoresist underneath remains on the
substrate surface, with the desired mask pattern, while TiAlV that has photoresist
underneath is removed from the surface together with the photoresist. The cross-
sectional schematic view of a Si substrate after each process step starting from the
lithography (image reversal) to TiAIV deposition and lift-off steps are shown in

Figure 2.4.

H Sj _
m Photoresist

B TIAIV

l Lithography

l Metal deposition

| Liftoff

Figure 2.4. Fabrication steps of TiAIV patterns on Si substrates for thickness
measurements.

The mask used in the lithography step is chosen to be suitable for thickness
measurements. Simple TiAIV patterns created for thickness measurement purposes
are shown in Figure 2.5. Thickness measurements are performed using DEKTAK

surface profilometer on these patterns.
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TiAIV coating (hills)

Wafer base (valleys)

Figure 2.5. Optical microscope images of TiAIV thickness measurement patterns.

After measuring the thickness of the first trial sample, and the deposition rate is
determined, following depositions are performed targeting 80 nm, 40 nm, and 20 nm
of TIAIV thicknesses. After these depositions, actual thicknesses are measured as
85 nm, 39 nm, and 22 nm, respectively.

It is shown in Figure 2.6 that there is a linear relationship between the thickness and
the deposition time for this thickness interval. Depositions are then performed
targeting specific thicknesses with the latest deposition rate calculated from the most
recent deposition.
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Figure 2.6. TiAIV layer thickness with varying deposition time.
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23 SEM-EDX

In the fabrication of TiAIV thin films, a compound target “Ti-6Al-4V” is used for
the sputtering. Elemental ratios in these films fabricated by the DC magnetron
sputtering technique are determined by several SEM-EDX (Hitachi) analyses from
the cross-section of TiAIV layer and not from the surface to eliminate the potential
background signals that will arise from the layers below TiAlIV. Figure 2.7 shows
the cross-section SEM image of the TiAIV film deposited on the Si substrate and
three points where EDX spectra are collected from. Three EDX spectra points are
indicated as Spectrum 1, 2, and 3 in Figure 2.7a. Figure 2.7b shows Spectrum 1
which is the EDX spectrum from the point on the Si substrate. The EDX spectrum
showed 98.5% Si for the substrate as expected. Spectrum 2 shown in Figure 2.7c is
from the interface of Si and TiAlV, the EDX results are thus 74.1% Ti, 15.8% Si, 6.6
% Al, and 3.5% V, which are reasonable percentages for the interface. The last one,
Spectrum 3 in Figure 2.7d is entirely from the TiAIV layer, ratios obtained from the
EDX analysis are 88.7% Ti, 6.9% Al, and 3.8% V, and they are compared with the
original ratios of the target material in Table 2.2. It is observed that elemental ratios

of the deposited film and the target material are compatible.

Tpm

£
2
&
v
v
o
0

Figure 2.7. a) Cross-section SEM image of the TiAIV deposition; EDX spectrum
corresponding to the b) Si substrate, c) interface between Si substrate and TiAIV,
and d) TiAIV layer itself.
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Figure 2.7 (continued). a) Cross-section SEM image of the TiAlV deposition; EDX
spectrum corresponding to the b) Si substrate, c) interface between Si substrate and
TiAIV, and d) TIAIV layer itself.
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Table 2.2. Elemental ratios in the original target and the deposited TiAIV film.

Ratio in the EDX results of
Element commercial target the deposited film
(wt. %) (wt. %)
Ti 90 88.7
Al 6 6.9
\% 4 3.8

2.4 Electrical Characterization

Sheet resistance is considered as one of the most important parameters for an

absorber layer.[36] The relation between resistance (R), resistivity (p), and sheet

resistance (Rsh) are given in Equation 2.1.[37] The length (L), width (w), and

thickness (t) parameters of the absorber layer are shown in Figure 2.8.

4
L

7

w

Figure 2.8. Dimensions of the thin film absorber layer.
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It is known in the literature that reflection losses can be reduced, and broadband
absorption can be achieved with the impedance matching, meaning that the sheet
resistance of the absorber layer should match the characteristic free impedance of
space (z), 377 ohm/sq.[38] Figure 2.9a shows an electromagnetic wave traveling in
air that encounters the absorber layer. Here, the reflection from the first surface can
be reduced by providing the same resistance as air. The equivalent circuit model is
also given in Figure 2.9b.

El Ein [b]
E Vin
t —>
. . . . v

region with region with Ré N,
impedance z impedance z — l

E, AL

Thin film with

resistance R

Figure 2.9. a) Schematic view of an electromagnetic wave encountering the
absorber layer surface, and b) the equivalent circuit model.

Thus, after the thickness and deposition parameters are optimized, sheet resistance
values are measured utilizing a 4-point probe station. Thin film absorber layers to be
fabricated for sheet resistance measurements are prepared in a way that they could
also be used in THz-TDS measurements. For this purpose, 8” Si wafer is coated with
a passivation layer of SixNy to isolate the metal absorber layer from the Si substrate
with a dielectric medium using Plasma Enhanced Chemical Vapor Deposition
(PECVD) technique. Thickness of the SixNy layer deposited on the Si substrate is
measured as 50 nm with Filmetrics optical profilometer. The Si/SixNy wafer is then
diced into square samples with a side length of 2.5 cm. After dicing, all the square
samples are cleaned with Q-tip in an acetone bath and then in an isopropyl alcohol
bath, rinsed and made ready for the deposition.
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For each different thickness, 3 samples of Si/SixNy are selected side by side, the
middle sample is separated as a Si/SixNy reference, and the other 2 samples are used
for the TiAIV deposition. One of the TiAIV deposited sample is used for the sheet
resistance measurement and the other one for the THz-TDS measurement. Sheet
resistance values that are measured experimentally using a 4-point probe are given
in Table 2.3. Considering Equation 2.1, since p is a constant being an intrinsic
property of a material, sheet resistance will decrease with increasing thickness.
Accordingly, a decreasing sheet resistance is observed experimentally as the TiAIV

thin film thickness increased.

Table 2.3. Sheet resistance values of TiAIV films with different thicknesses.

Deposition Thickness Sheet Resistance
duration (s) (nm) (Qsq)

75 7 470

106 10 290

160 15 165

213 20 127

320 30 78

Table 2.3 shows that the fabrication of a TiAIV absorber layer having a sheet
resistance of 377 ohm/sq for impedance matching requires a thickness smaller than
10 nm. This thickness will not be enough to achieve a significant THz absorption to
raise the absorber layer temperature. It is shown in Section 2.5 from a study of Naoki
Oda [20] that when THz absorption of an absorber layer is plotted against the sheet
resistance, the peak response is not achieved at 377 ohm/sq but observed at lower
sheet resistance values corresponding to thicker absorber layers. It is previously
mentioned while comparing 10 nm NiCr and 10 nm TiAlV layers that one can easily
fabricate thicker layers of TiAIV without contributing much to the mass due to its

low density.
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Sheet resistances of TiAIV films are also measured after 2 days and 4 days to monitor
the effect of surface oxidation. Sheet resistance values increased as a result of the
natural oxide layer formation on the surface. For 75 seconds of TiAlV deposition the

measured values are,

470 Q/sq just after the deposition
570 Q/sq 2 days later
580 Q/sq 4 days later

Similarly, for 160 seconds of TiAlV deposition the measured values are,

165 €Q/sq just after the deposition
168 Q/sq 2 days later
172 Q/sq 4 days later

Sheet resistance values of the thick sample do not increase as dramatically as the thin
sample. The value for 75 seconds of TiAIV deposition increased from 470 ohm/sq
to 580 ohm/sq after 4 days showing a 23.4 % increase whereas the sheet resistance
of 160 seconds of TiAIV deposition increased from 165 ohm/sq to 172 ohm/sq
showing only a 4.2 % increase. The surface oxidation effect is more clearly observed
in the thin sample, since the natural oxide layer thickness is more comparable with
the overall film thickness for the thin sample compared to the thick one. This result

highlights the importance of using a protection layer to prevent surface oxidation.

It is also possible to calculate sheet resistance values from THz frequency domain
data. Figure 2.10 shows both the experimental sheet resistance values and the THz
estimation of sheet resistance values. The most important achievement here is to
show that it is possible to accurately estimate the sheet resistance values from
noncontact THz optical measurements. Sheet resistance values are calculated using
Equation 2.2 [39], where zo is characteristic free impedance of space, n is the
refractive index of substrate, Arer and Asample are the amplitude values for Si/SixNy

and Si/SixNy/TiAIV samples obtained from their THz measurements respectively.
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Details of THz measurements are given in Section 2.5. Here, | would only like to
emphasize that these are noncontact measurements. Noncontact and thereby
nondestructive nature of THz measurements can be the reason for it to easily replace
the destructive probe measurements where the surface of the sample is damaged and

contaminated.
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Figure 2.10. Experimental and THz estimated sheet resistance values for 7, 10, 15,
20, and 30 nm of TiAlV layer.

Zy

A
n 1 ref 1
( " )LAsample J

When thicker layers are fabricated, estimation seems to be more accurate. Figure

Ry = Equation 2.2

2.11 shows that the difference between experimental values and the THz estimations
vanishes at thicker TiAIV layers. Sheet resistance values calculated from THz
measurements for 7 nm and 10 nm seem to be overestimation. According to Equation
2.2, for estimating the sheet resistance Rsh to be higher, Asampie Should be higher. This

indicates that THz transmissions of thin samples are higher.
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This might be due to the prominent effect of thickness nonuniformity for thinner
layers. The thickness variation will result in regions both thinner and thicker than 7
nm throughout the sample, which will affect the overall THz transmission of 7 nm

film more than the variations in a 250 nm thick film.
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Figure 2.11. Experimental and THz estimated sheet resistance values for thicker
TIAIV layers.

2.5  THz Optical Characterization

The THz-TDS setup used in this study is constructed by Yusuf Samet Aytekin in the
Laser Spectroscopy Laboratory present in the Department of Chemistry, METU. The
details about the system are explained thoroughly in the reference thesis.[40] To
mention briefly, a low temperature grown GaAs (LT-GaAs) photoconductive array
antenna with microlens array (BATOP, iPCA-21-05-1000-800-h) is used with a
mode-locked Ti:Sapphire oscillator (Coherent Mantis, 80 MHz, 80 fs pulse width
central wavelength: 800 nm) under an AC bias voltage of 15 V at 8 kHz in order to

generate a THz signal.
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The generated THz beam is collimated, focused to the sample, and collimated again
using off-axis parabolic mirrors in 8F configuration in a humidity-free environment.
Detection of the THz pulses is achieved by a combination of 500 um ZnTe crystal

(MTI Corporation), a quarter waveplate, Wollaston prism, and a balance photodiode.

A THz time domain signal is indeed a transient electric field. Figure 2.12 shows a
typical THz time domain profile of a reference and a sample. Collected time domain
data of all samples are interpreted according to their references. The reflection,
absorption, and/or scattering caused by the sample will result in an attenuation of the
incoming radiation, and the thickness and/or an index change will result in a delay
of the THz pulse since the optical pathlength has changed. Hence, the decrease in the
amplitude indicates a loss of the incoming radiation due to absorption/reflection of
the sample whereas the right shift in the time domain is the delay of the incoming

radiation and gives insight about the thickness/refractive index of the material.
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Figure 2.12. Time domain profiles obtained from a THz-TDS measurement.

27



Using only the delay (At) between the reference and sample in the time domain data,
one can calculate the average index of a sample with thickness “d” using

Equation 2.3 where c is speed of light.
n=1+— Equation 2.3

Fast Fourier Transform (FFT) should be performed on the time domain data to obtain
frequency domain properties. FFT provides frequency domain amplitude and phase
information of THz pulses [41] which are shown in Figure 2.13 for the time domain

data given in Figure 2.12.
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Figure 2.13. Frequency domain amplitude and phase data obtained by performing

FFT on time domain data.

Using the frequency domain amplitude and phase data obtained from FFT, one can
calculate transmittance (Equation 2.4), absorbance (Equation 2.5), absorption
coefficient (Equation 2.6-2.7), n and k values (Equation 2.8-2.9), and so on.

T=— Equation 2.4

A=-logT Equation 2.5
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o=——1InT Equation 2.6

In some resources, absorption coefficient is given as o = —alnT , It is because the

transmission is amplitude transmission and not power transmission there. Power is

the square of amplitude, so it can be written as,
1 P 1, A° 2. A

a=—=Inh—=-——=Ih—=-—In— Equation 2.7
d P, d A, d A,

n =1+—CA(P Equation 2.8
od
cal .
k=— Equation 2.9
20

Since water vapor has strong absorption characteristics at THz region, the THz beam
path and the sample holder are in an atmosphere-controlled box. The percent relative
humidity in the box is controlled, and measurements are started after 0% relative
humidity is obtained with continuous purging. A reference Si/SixNy is always
measured before every Si/SixNy/TiAIV sample. After all samples are measured, FFT
is performed on their time domain data to obtain the characteristics in the frequency
domain. Amplitude and phase information are obtained after performing FFT using

common software such as excel or OriginLab and also TDS Spectrum Viewer.

Figure 2.14 shows the time domain profiles of the first set of samples. It is seen that
the amplitude decreases as the thickness of the TiAlIV layer increases from 7 nm to
30 nm. This amplitude loss indicates a decrease in THz transmission with increasing
TiAIV thickness.
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Figure 2.14. Time domain profiles of different thicknesses of TiAIV layers.

FFT is performed on the time domain data presented in Figure 2.14. Afterwards,
experimental THz transmissions of TiAIV films having 7 nm, 10 nm, 15 nm, 20 nm,
and 30 nm thicknesses are calculated using Equation 2.4. In Equation 2.4, P
corresponds to the power obtained from FFT performed on the TiAIV sample,
whereas Pois the power obtained from FFT performed on the Si/SixNy reference, for
all samples. THz transmission spectra in frequency domain are given in Figure 2.15
relative to the Si/SixNy reference, corresponding to a value of 1. The decrease in THz
transmissions shows the increase loss with increasing TiAIV thickness. This loss of
incoming THz radiation is due to both absorption and reflection changes caused by
the TIAIV layer itself. Unfortunately, as the thickness changes so does the resistance

of the film and hence the reflection losses of the film.
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Figure 2.15. THz transmission profiles of TiAlV films having different thicknesses.

In a study by Naoki Oda [20], TiAIV absorber layer is used on top of a thermal
isolation structure (TIS) for microbolometer applications. In that study, measured
sheet resistance values are plotted against the total absorptance of TiAIV films which
IS given in Figure 2.16. The red rectangle on the graph in Figure 2.16 corresponds to
the range of sheet resistances studied in this thesis. Here, it should be noted that peak
THz absorption values are not at 377 ohm/sq but at lower sheet resistance values for
all wavelengths in the reference paper. This is a significant result highlighting the
fact that THz absorber layers do not require a sheet resistance of 377 ohm/sq for

maximum absorption.
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Figure 2.16. Total absorptance behavior as a function of sheet resistance of the THz
absorber layer at different wavelengths.[20]

The total absorptance values of the films given in Figure 2.16 contains
responses/losses of additional components such as air gaps in the TIS, the areal
occupancy ratios etc., and they cannot be compared directly to the values calculated
from THz measurements carried out in this thesis. However, since the authors
changed only the absorber layer thickness and not any other parameter for the graph
in Figure 2.16, the resulting profiles are caused by the differences in TiAIV
thicknesses, as in our case. Differences in the total absorptance values relative to the
sheet resistance depend only on the absorber film thickness. Therefore, the trends
can be compared rather than exact values. For this purpose, the losses caused by
TiAIV films are scaled accordingly to be in the same scale as total absorptance values
at 1 THz reported in the reference paper. Scaled values from this thesis and actual
values from the reference paper are plotted together in Figure 2.17 where the inset
shows the zoomed-out graph. It is observed that scaled values (red squares) overlap

one-to-one with values of the reference study at 1 THz (green dashed line).
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Figure 2.17. Comparison of the loss of incoming THz radiation at 300 um (1 THz)
from this thesis (red squares) and the total absorptance values at 1 THz from the
reference paper (green dashed line). The result shows that the trends overlap very

well.

The trend in this range indicates an increase in absorption with decreasing sheet
resistance and thus increasing layer thickness. Considering this, one can increase the
layer thickness and consequently the mass for an enhanced absorption. Equation 2.10
gives the formula for calculating the time constant, T, which emphasizes the negative

effect of increasing the mass.[42]

T=—" Equation 2.10

Here, Cw is the thermal capacitance or thermal mass and G is the thermal

conductance.

A microbolometer is constantly open to the incoming electromagnetic radiation, and
it responds to temperature changes within the duration of its time constant which can

be considered as the response time.
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Since, time constant is a critical parameter which defines the speed of the detector,
there are studies focusing on reducing the thermal mass for lowering the time
constant.[43, 44] The lower the time constant the faster is the detector. Increasing
the thickness of the absorber will increase the absorption until a certain point but will
also increase the mass which will result in a higher time constant, and thus a slower
detector response. Therefore, one should decide on the absorber layer thickness by
considering both its positive effect on the absorption and its negative effect on the

mass and thereby the time constant.

In addition, the loss of incoming THz radiation in this study is the sum of reflection
and absorption of the TiAIV film. Therefore, knowing the contribution of the
reflection will enable to calculate the absorption of the THz radiation. Unfortunately,
there is no setup of reflective measurements, thus the reflection losses need to be
estimated. One of the approaches is the use of refractive index of the film to use it in
the Fresnel equation to estimate the reflection losses. However, due to a very thin
film thickness in nm size and varying thickness of Si/SixNy reference possibly greater
than the film thickness, a positive phase difference could not be observed after
performing FFT especially for the thin TiAIV layers. Thus, the calculated refractive
index values were not meaningful. Therefore, as a second approach, reflection
coefficients are calculated by using Equation 2.11 where zin is the measured sheet
resistance values and zo is the characteristic impedance of free space.[36] Once the
reflection coefficients are obtained, they are used to calculate the absorbed power
using Equation 2.12.[36] However, this is only true for microbolometer structures
having mirror layers that prevent transmission losses and provide perfect reflection.
As mentioned earlier, there are reflection, absorption, and transmission losses in our
case. Therefore, using Equation 2.12, the loss caused by only the reflection is
calculated and eliminated. The reflection corrected values are presented in the

column named “Estimated Transmission after Reflection Loss” in Table 2.4.
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= Zin "% Equation 2.11

Zin + ZO
Pps = (- |F|2) P Equation 2.12

The next column in Table 2.4 is the “Measured Transmission” column which gives
the experimentally measured THz transmission values using the THz-TDS setup. By
taking the difference of these two columns, one can see the effect of absorption with
increasing layer thickness.

Table 2.2 presents all the parameters that are measured and calculated for TiAIV
layers including deposition times, thicknesses, sheet resistances, THz transmissions
and resulting absorptions at 0.8 THz. Results show an increase in THz absorption
with the increase in thickness or decrease in sheet resistance until a certain point, as
expected. However, it is noticed that the absorption per unit thickness does change
after a certain thickness of TiAIV. Absorption per unit thickness decreases with
increasing thickness especially after the coating time of 520 seconds. Thus,
fabricating a thicker absorber becomes disadvantageous after a point where it only
increases the mass in a microbolometer structure and does not contribute much to

the absorbance of the film, as mentioned earlier in the discussion of the time constant.

Part of the results here are presented at the 9" International Workshop on Terahertz
Technology and Applications in 2020, at Fraunhofer ITWM, Germany. Part of the
results will also be presented at IRMMW-THz 2022, that will be held in Delft, The
Netherlands.
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CHAPTER 3

ACTIVE MATERIAL

3.1  Material of Choice, WO3-VxOy

WOs3-VxOy is evaluated as the candidate active material layer for THz
microbolometers. Active material is also called the “detector element”,
“thermosensitive”, or “temperature sensitive” material in different resources which
all mean a material that is capable of sensing a temperature change. Electromagnetic
radiation absorbed by the detector heats up the pixel and increases its temperature.
This temperature increase is “sensed” by the active material by changing its
resistance, and the resultant resistance change is read by readout electronics. As
mentioned earlier, the absorption of THz radiation will not increase the temperature
as much as the more energetic Infrared waves, and that is why it is essential for a
THz microbolometer to have a remarkable resistance change even with a very small
change in the temperature. Thus, a high TCR is a critical parameter to achieve high

sensitivity THz microbolometers while considering its negative effect on the noise.

A variety of materials have been studied as active materials in the literature. Most
widely used commercial active material is VxOy, followed by amorphous Si and
SiGe.[14, 45-48] METU MEMS Center has developed optimized recipes for
different active materials in past years, and has been using VxOy recently. In a study
by Basak Kebapci [49], TCR values of -0.74 %/K and -0.8 %/K has been achieved
for two different VxOy samples fabricated using different deposition approaches, and
these values are significantly increased with annealing to -1.6 %/K and -4.35 %/K.
However, it is stated that resistance values were not reliable and there was an
enhanced noise due to residual VxOy contaminations remained on electrodes because
the active material was being patterned using wet etching.
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Another study by Ozgecan Dervisoglu on using V20s.nH20 active material which is
fabricated by sol-gel technique showed a TCR value around -2 %/K.[50] Finally, the
study of Numan Eroglu showed that the use of V-W co-sputtering as in the present
thesis study results in TCR value of -3.31 %/K for the sample having 113 ohm.cm
resistivity value which is higher than the highest resistivity presented here, and noise
corner frequency of 0.9 kHz.[51] In that study, active material layers were patterned
again by using wet etching as in [49]. In the present study, active material layers are
patterned by lift-off process to eliminate possible residual VxOy, undercut, and thus
reproducibility problems. All these previous studies focused on IR microbolometer
applications. Now, the present thesis study and the corresponding reference paper
[52] is the first study conducted at METU MEMS Center considering THz
microbolometer applications and investigating the mixed phase VxOy active material
in THz region utilizing THz-TDS.

Indeed, VxOy had been utilized as the detector element for microbolometers since
1980s first by Honeywell Sensor and System Development Center under classified
projects for US military until it had been announced and patented in 1992 [53, 54].
Among all active material candidates, VxOy dominates the industry due to its high
TCR and low electrical noise properties. Here it should be noted that there is a trade-
off between high TCR and low noise. High TCR value brings a high resistivity value
with itself.[55] If a vanadium oxide phase having a high TCR, i.e.V20s is utilized as
the active material itself, resistivity would be too high exceeding the limits of
Complementary Metal-Oxide Semiconductor (CMOS) circuits on which MEMS-
based microbolometers are fabricated. This high resistivity would bring undesired
electrical noise.[56] An active material should thus have a high TCR with a
resistivity within the limits of CMOS circuitry being in the optimized resistivity
range and not too high to introduce enhanced noise. Since vanadium is capable of
forming various oxide phases with each having different resistivity and TCR values,
one can tune the resistivity and TCR by adjusting the phases in proper amounts.
Having a control on concentrations of individual vanadium oxide phases is essential

for reproducible and optimized active materials.
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In this thesis, such phase ratio control for the adjustment of CMOS-compatible
resistivity while maintaining a high TCR is shown to be possible with V-W reactive
co-sputtering. The active material is thus chosen as WOs-VxOy to study the control
on the resistivity and TCR values of VVxOy films by adjusting the phase concentrations
through V-W reactive co-sputtering. Details of noise measurements performed on
pixel structures that contain the same active material are given in the reference
thesis.[57]

3.2 Fabrication and Thickness Measurements

In the fabrication of active material layers, the process flow should be designed by
taking the thermal budget for the MEMS-above-CMOS integration into consider.
High-temperature processes are not compatible with CMOS readout circuits on
which  microbolometers are monolithically integrated utilizing surface
micromachining techniques.[58] Therefore, in this study all the active material layer
fabrications are performed at room temperature without any in-situ/post annealing
steps. The VxOy and WOz3-VxOy thin films are deposited on quartz substrates by V-W
reactive DC magnetron co-sputtering at room temperature. The schematic

demonstration of the fabrication is given in Figure 3.1.

}

Figure 3.1. Reactive co-sputtering of VV and W in O2/Ar environment.
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Quartz substrate is preferred over Si/SixNy in this case, since it showed no difference
in its THz profile at higher temperatures and became an ideal reference for

measurements including heating which are shown in Section 3.5 in detail.

Commercial V target (K.J. Lesker, 99.8%) and W target (K.J. Lesker, 99.95%) both
having 4” of diameter are co-sputtered in a sputtering chamber (AJA
INTERNATIONAL, Inc.) different than the chamber that TiAIV depositions are
performed in. The reason for using a different chamber is that VxOy or WO3-VxOy
depositions utilize reactive sputtering in high purity Oxygen and Argon environment
with a ratio of 12% Oxygen. Since target materials would be exposed to oxygen
during reactive sputtering, the corresponding chamber should be dedicated to
reactive sputtering of desired targets, together with inert target materials if
obligatory.

W target is not used for the VxOy sample meaning that W sputtering power is 0 Watt
for VxOy sample. For V-W co-sputtered samples, the sputtering power of W target is
increased from 40 Watt to 50 Watt. Increasing the W sputtering power will increase
the number of atoms eroded from the target surface and will result in a higher W

concentration.

VxOy and WO3-VxOy films are deposited using the same conditions i.e., same gas
flows with oxygen ratio of 12% and same sputtering time of 1300 seconds except the
W sputtering power. W sputtering power is the only parameter changed in between
the samples, and it is adjusted as 0 Watt for the VxOy sample, 40 Watt, and 50 Watt

for the two V-W co-sputtered samples.

Deposited film thicknesses are measured from cross-section images that are given in
Figure 3.2 using SEM (Hitachi). Thicknesses are measured as 248 nm, 321 nm, and
323 nm for the VxOy sample, first WO3-VxOy sample with W sputtering power of 40
Watt, and the second WOz3-VxOy sample with W sputtering power of 50 Watt,

respectively.
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METU MEMS 5.0kV 9.1mm x150k SE(UL) 11/26/

Figure 3.2. Cross-section SEM images of a) VxOy, b) WOs-VxOy with 40 Watt, and
c) 50 Watt of W sputtering power.

3.3 Structural Characterization-X Ray Photoelectron Spectroscopy (XPS)

Structural characterizations of VxOy and WOs-VxOy thin films utilizing XPS are
performed using ThermoFisher Scientific K-alpha X-Ray Photoelectron
Spectrometer in Bilkent UNAM Facility with a monochromated X-ray source of
Al-Ka and with an energy step of 0.158 eV. Literature studies suggest that Ar* ion
etching could result in preferential etching of oxygen and change the original film
composition [59-61]; therefore, the data presented here are from the surface of films
that are collected without any etching process. C1s peak of adventitious carbon is
used as the energy reference for the calibration of binding energies.[61, 62]
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The concentration of each individual element (W, V, and O) is found by dividing its
normalized peak area (NPA) to the sum of normalized peak areas of all the elements

using Equation 3.1.
For instance, W concentration is calculated as,

W WN PA

NPA —
WNPA + VNPA + ONPA

Equation 3.1

where Wnpa is the sum of W4fs, and WA4f72 normalized peak areas. NPA is
calculated for each element by dividing its peak area to several constants using

Equation 3.2,

Peak Area

NPA =
SFxTXFN xECF

Equation 3.2

where SF, TFNX, and ECF stand for the sensitivity factor, transmission function,
and energy compensation factor, respectively. The instrument provides transmission
function and energy compensation factor values, whereas each energy state has its
own sensitivity factor and various sensitivity factors are reported in the literature for
V2ps2, WA4f, and O1s core energy states. Here, the Scofield sensitivity factors of
6.118, 11.059, and 2.881 are used for V2ps2, WAf, and Ol1s core energy states
respectively, which are obtained from the database of the device provider.

W concentrations of VxOy films are determined from WA4f core energy states given
in Figure 3.3. The spectrum of the VxOy sample (Figure 3.3, top panel) does not
include any WA4f energy state, as expected. The broad peak appearing in the high
binding energy side of the spectrum originates from the VV3p energy state. This broad
peak around 42 eV is common in all samples and has no relation to W.[63, 64] After
V-W co-sputtering takes place, two peaks appear at 37.17 eV and 35.05 eV which
correspond to W4fs, and W4T states, respectively. It is observed that their
intensities increase with the increase in W sputtering power, as expected.
Furthermore, these binding energies correspond to W®* oxidation state, indicating
the presence of WOs.[62]
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W concentrations for these two co-sputtered samples are calculated by placing the
sum of WA4fsz and W4f72 normalized peak areas in the numerator in Equation 3.1,

and found as 5.6% and 7.2%, respectively.

800

o Raw Data ony @0% W

—— Fitted Line
600 Shirley Background

400

200

800

600
400

200 Lporr

Intensity (arb.u.)

800

600

400

200

44 42 40 38 36 34 32 30
Binding Energy (eV)

Figure 3.3. High resolution W4fs;, and W4f72 spectra of VxOy and WO3-VxOy

films.

Figure 3.4 shows high resolution V2pss2 spectra of VxOy and WO3-VxOy films.
Deconvolution of V2ps2 spectra reveals the presence of VeO13 and V4Og phases,
which are common in all VxOy and WO3-VxOy samples. These phases correspond to
a valence state between V** and V°*. After V-W co-sputtering, a new phase, V20s
(V®), emerges in the spectra of these two WOs-VxOy films (Figure 3.4, mid and

lower panels).

In the V2ps2 spectrum of the VxOy film, two peaks for V6013 and V4Og phases are
located at 516.6 eV and 516.2 eV (Figure 3.4, top panel).
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The fittings result in FWHM values of 2.2 eV and 3.3 eV for V4O and VsO13 phases,
respectively. These values are consistent with previously reported values in the
literature.[60, 65]

Relative concentrations of these phases are calculated again by using Equation 3.1
as 62.7% and 37.3%, and they decrease with V-W co-sputtering while the V20s
phase appears as a new phase in the spectra of these WO3-VxOy films. The V2ps2
spectrum of the WO3-VxOy film having 5.6% W concentration is deconvoluted into
three peaks located at 517.0 eV, 516.5 eV, and 516.3 eV which are corresponding to
V205, V409, and VeO13 phases with relative concentrations of 22.5%, 53.7%, and
23.8%, respectively.[65, 66] Calculations from the VV2pss2 spectrum of the WO3-VxOy
film having 7.2% W concentration indicate that the relative concentration of V20s
phase increases even to 38.0%, and those of V409 and VeO13 phases decrease to
40.7% and 21.3%, respectively.

Table 3.1 summarizes peak deconvolution parameters of fitted peaks, and relative
phase concentrations calculated from normalized peak areas using Equation 3.1.

In short, WA4f spectra show the lack of W in the VxOy sample and that the amount of
W increases from the VxOy sample to the V-W co-sputtered samples as the sputtering
power for W increases, as expected. With V-W reactive co-sputtering, a new
vanadium oxide phase, V20s, is also formed together with WO3 and its concentration

increases with increasing W sputtering power and thus W concentration.

Considering that the V20s phase is a high TCR phase, results are very promising. It
shows that it is possible to form and increase the concentration of this high TCR
phase by only changing the sputtering power of W with a controlled V-W reactive
co-sputtering. The possibility of a controlled amount of V20s phase formation in the
VxOy films is a favored situation and would be highly valuable for the fabrication of

high TCR films for THz microbolometers.
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Figure 3.4. High resolution VV2psy2 spectra of VxOy and WO3-VxOy films.

Table 3.1. Peak deconvolution parameters and phase concentrations of VxOy and
WOs3-VxOy films.

sample BE FWHM Phase Phase Concent. W Concen

Pe (ev) (eV) (%) (%)

S0 516.64 2.15 V40y 62.7 0
516.2 3.3 V6013 37.3
517.03 1.63 V,0s 225

S1 516.47 2.27 V40y 53.7 5.6
516.29 3.37 V6013 23.8
516.94 1.74 V,0s 38.0

S2 516.38 2.25 V40y 40.7 7.2
516.2 3.1 V6013 21.3
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34 Electrical Characterization

VxOy and WO3-VxOy films are deposited on sandwich-type electrodes for electrical
characterizations. Electrical resistances are then measured using a 2-point probe
station. The cross-section view of the sandwich-type electrode and the 2-point probe

resistance measurement is shown in Figure 3.5.

R |
\
. . Electrode — Active Top
W si@siN, B metal L materialD metal

Figure 3.5. Cross-sectional view of a sandwich-type electrode with 2-point probe

for a resistance measurement.

These sandwich-type electrodes are being prepared in METU MEMS Center for

testing active material properties periodically. Required process steps are given in

Figure 3.6. In this process flow, the electrode metal NiCr is protected by Ti hard
mask during NiCr patterning. However, it is observed that removing the Ti hard mask
in the following steps is challenging most probably due to the adhesive nature of Ti.
In the literature, the study by Li et al. proposes that a TiNiCr alloy may form in
between Ti and NiCr.[67] Figure 3.7a shows the clear boundary between NiCr and
photoresist (PR). When Ti is deposited on NiCr, there is no clear boundary observed
between NiCr and Ti as can be seen in Figure 3.7b. Authors claim that there might
be a TiNiCr alloy formation in the interface due to the strong adhesive nature of both
Ti and NiCr.
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Therefore, a new process flow is designed by eliminating the Ti hard mask deposition

in this thesis study. In the new process flow, the top SiN layer which was being

deposited after Ti hard mask removal is used as the hard mask itself.

Electrode w/ Ti hard
Preparation mask

-{ Depositions }e-[Bottom SiNHEIectrode metal NiCrHTi hard mask]

Lithography o~ Electrode pattern

Etch }@-[ Ti etch HEIectrode metal NiCr etch]

PR cleaning and
Electrical test

—

[Lon fe |
Hard mask -

o Tietch
removal

—{ Deposition ]-@-[ Top SiN J

Lithography o= Top SiN opening pattern

®

-

Etch }@-[Top SiN pad opening etch]

el i _
. O
Electrical test On opned pads

Lithography o= Active material pattern

-{ Deposition }@{VxOy and W-doped VxOyHTop electrode]

Lift-off

Resistance-TCR
measurements

Figure 3.6. Electrode structure process flow by using Ti as a hard mask for
protecting NiCr.

Figure 3.7. a) The clear boundary between PR/NiCr and b) no boundary between
Ti/NiCr indicating a TiNiCr alloy, in the study by Li et al. [67]
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The proposed process flow is given in Figure 3.8 in which red steps are removed

from the old process flow, and blue steps are added to the process flow given in

Figure 3.6. Removing Ti hard mask and using the top SiN layer as a hard mask
reduces the number of steps and improves the process as SiN does not form an alloy

with NiCr. SiN becomes a preferable choice by serving as an inert hard mask.

»-[ Depositions ]—[Bottom SiN ]—[Electrode metal NiCr]—[Top SiN]—-

Lithography Electrode pattern

Etch

PR cleaning and .
Electrical test On fleld

Electrode w/ SiN -
Preparation hard mask Lithography Top SiN opening pattern

Etch HTop SiN pad opening etch]

Z On opened pads
Electrical test B B

Lithography Active material pattern

‘-[ Deposition ]—[VxOy and W-doped VxOy]—[Top electrode]

Lift-off

Top SiN etchHEIectrode metal NiCr etch]

~

Resistance-TCR
measurements

Figure 3.8. Proposed process flow by using top SiN as the hard mask for protecting
NiCr.

These sandwich-type electrode structures are fabricated on an 8 Si wafer using the
proposed process flow with SiN as hard mask, and schematic cross-section views

after each step are given in Figure 3.9.

Figure 3.9a shows first depositions starting with a bottom passivation layer of SixNy
using PECVD. The electrode metal e.g., NiCr is then deposited using DC magnetron
sputtering, and finally top SixNy is deposited again using PECVD. On top of these
layers, a photoresist is spin coated as the first step of the first lithography using the
electrode mask (Figure 3.9b) and it is patterned after UV exposure and developing
(Figure 3.9c).



The patterned photoresist protects the desired parts of top SixNy and NiCr. The
unprotected parts of the top SixNy layer are dry etched using reactive ion etching
(Figure 3.9d) followed by NiCr dry etch again by using reactive ion etching (Figure
3.9e). The remaining photoresist is then cleaned completely in a commercial
photoresist strip solution (Figure 3.9f). Second lithography is performed to create
openings on the top SixNy layer with a pad opening mask (Figure 3.99). The SixNy is
removed from the openings again by reactive ion etching (Figure 3.9h) followed by
cleaning the wafer in a photoresist strip solution. The last lithography for the
deposition of active material is performed with a lift-off photoresist (Figure 3.9i) on
which the active material and the top electrode are deposited by DC magnetron
sputtering (Figure 3.9j). The wafer is then soaked in acetone to remove the lift-off
photoresist together with the active material and top metal deposited on it (Figure
3.9k). The active material is finally patterned and placed on electrodes, and resistance
measurements are performed using probes on opened NiCr pads as shown in Figure
3.5.
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a) Deposition of bottom SixNy, electrode
metal NiCr, and top SixNy on Si substrate.

Bs [ sin, I nicr [ Photoresist
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c) Patterning the photoresist with electrode
mask.
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layer.

Bsi [ siN, [ nicr [ Photoresist

e) Efching the unprotected parts of NiCr.

Bs [ siN, B nicr

f) Cleaning the remaining photoresist from
surface.

Figure 3.9. Process flow for a sandwich-type electrode.
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g) Applying the photoresist by spin coating
and patterning it with pad opening mask.
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Figure 3.9 (continued). Process flow for a sandwich-type electrode.
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WOs3-VxOy depositions are being performed on these electrodes periodically at
METU MEMS Center. Figure 3.10 highlights the reproducibility of the active
material with the desired resistance value by showing the resistance measurements
of four different depositions. The number of data points are different because these
four different samples have different number of electrode patterns on them to be

measured.
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Figure 3.10. Resistance uniformity of four different samples having different

number of electrode structures on them.

Resistance values are lower at edges, and they increase slightly in the middle of the
sample. This is because the reactive ion etching starts from the outer edge of the
wafer and then continues to the middle, making SixNy openings larger at the edges.
When the SixNy opening areas are larger (larger A), resistance decreases according

to Equation 3.3.

R=p— Equation 3.3
PA quation
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Since resistance is a geometry-dependent parameter and resistivity is an intrinsic
property of a material, all the resistance values are converted to resistivities using the

relationship in Equation 3.3.

Electrical characterizations are also performed as a function of temperature, for this
purpose, samples are heated utilizing a TEC placed on the probe station. Figure 3.11
shows the TCR measurement setup where HP 34401a multimeter is connected to
probes and used to read resistance values while changing the temperature of the TEC
underneath. Agilent E3631A power supply is used to apply voltage to the TEC to
change its temperature. TEC is also connected to a handheld Agilent U1272A

multimeter to monitor the temperature.

Figure 3.11. TCR measurement setup to monitor resistance values with changing

temperature.

Sample temperature is changed between 25 °C and 80 °C. Corresponding resistance
values are recorded at 12 different temperature values between 25 °C and 80 °C. The
resistivity behavior of VxOy thin films change as a function of temperature which is
known to obey the Arrhenius relation.[68] Hence, by fitting the resistivity versus
temperature data to Arrhenius relation given in Equation 3.4, the activation energy

can be extracted.
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R (T) =R,e ™ Equation 3.4

here Ea is the activation energy obtained in eV, k is Boltzmann constant which is
8.6173E-5 eV/K, T is the temperature in K, and Ro is a constant. TCR is then

calculated using the activation energy obtained from the fitting in Equation 3.5,

TCR = RE‘FZ Equation 3.5

Electrical characterization results show that resistivity and TCR values are strongly
dependent on the changes in phase ratios caused by V-W co-sputtering. Figure 3.12
shows the change in resistivity values with increasing temperature for the VxOy,
WO3-VxOy having 5.6% W, and WOs3-VxOy having 7.2% W samples between room
temperature and 80 °C. With V-W co-sputtering, the resistivities shift significantly

to higher values over the entire temperature range.
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Figure 3.12. Relation of resistivity and temperature for VxOy and WO3-VxOy films
having 5.6% W, and 7.2% W.

Resistivity of the VxOy sample at room temperature is 3.8 ohm.cm and it significantly

increases to 90.2 ohm.cm, which is almost a 25-fold increase with only 7.2% W.
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Such increase in resistivity values accompanied by V-W co-sputtering relates to the
emergence of high resistive V20s phase, as shown in the structural characterization

section.

Resistivities of all samples decreases as the temperature increases and the change is
exponential. The resultant fit enables to find the Ea for each sample. Measured
resistivities at room temperature are 3.8, 37.1, 90.2 ohm.cm and they decrease to 3.1,
9.8, 20.3 ohm.cm at 80 °C for the VxOy, WOz-VxOy with 5.6% W, and WOs3-VxOy
with 7.2% W concentration, respectively. The resistivity decreases because raising
the temperature of a semiconductor will promote the charge carriers to the
conduction band and will increase the number of charge carriers which increases
conductivity (decreases resistivity). The more charge carriers that are available, the
more current a material can conduct. Figure 3.12 also reveals this exponential
decrease of resistivity with rising temperature. In comparison to the sharp insulator-
to-metal transition (IMT) encountered in VO2-phase dominant films, this broad
transition in resistivity makes the films more suitable for microbolometer
applications. The gradual transition rather than an abrupt one prevents the resistivity
to suddenly go out of the reading limit of CMOS circuits and provides a
microbolometer that can operate in a wide temperature range without a need for
temperature control. The microbolometer would work with more or less the same
sensitivity over the entire temperature range, and this would be a very significant

advantage for the use of microbolometers in TEC-less operations.

The graph in Figure 3.13 presents the temperature dependence of TCRs between
room temperature and 80 °C for the VxOy and WO3-VxOy samples. In accordance
with the resistivity change, the absolute TCRs at each temperature also increase with
V-W co-sputtering. Room temperature TCRs are found to be -0.4, -2.9, -3.2 %/K for
the VxOy, WO3-VxOy with 5.6% W, and WO3-VxOy with 7.2% W concentration,
respectively. Therefore, it is shown that V-W co-sputtering results in a remarkable
increase in both resistivity and TCR by introducing a new high resistive and high

TCR vanadium oxide phase, V20s.
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It should be noted here that -0.4 %/K might seem to be a relatively low TCR for VxOy
because some of the VxOy films are known to have TCR values around -2 %/K.
However, in all these studies a structural characterization of VxOy films formed
showed that these relatively high TCR values are due to the presence of high TCR
VO2 and/or V20s phases in VxOy films.[56, 69-72] Since the VxOy film in this study

does not contain any VO2 or V20s phase before co-sputtering, its TCR is relatively

low.
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Figure 3.13. Relation of TCR and temperature for VxOy and WO3-VxOy films
having 5.6% W, and 7.2% W.

Figure 3.14 presents a noise power spectral density of a routinely made pixel
structure at METU MEMS Center of a similarly grown film. The active material used
in the measured pixel structure is fabricated using the same reactive co-sputtering
technique of V and W that is described in this study. The 1/f noise is estimated to be
3.708x107? and the corner frequency is Details of the noise measurements are given

in the reference thesis by Baran Utku Tekin.[57]
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Figure 3.14. The noise power spectral density of a pixel structure having an active

material that is fabricated using the same technique described in this study.

3.5 THz Optical Characterization

THz optical characterizations are performed using the same setup for TiAIV
measurements detailed in Chapter 2. Here, heating the VxOy and WO3-VxOy samples
up to 80 °C is achieved by using a sample holder with a temperature control unit.
Thus, THz-TDS measurements are also achieved as a function of temperature.
THz-TDS is being used as a powerful characterization technique for measuring thin
film conductivities.[73] Being a contactless technique and thus a non-destructive one
makes it superior to contact probe techniques in which the surface of the sample is
damaged and contaminated. THz-TDS also provides a significant advantage by

allowing conductivity analysis from a large area and from a distance.

57



The other unique advantage is its ability to monitor the inherent characteristics of
samples by providing information on local conductivity effects, which cannot be
measured by using conventional probe techniques. Si/SixNy samples are the first
evaluated reference samples as in the TiAIV case. 11 sets of measurements are
performed for this evaluation, especially for observing the effect of heating the
reference sample to different temperatures. In these measurements, the waiting time
for reaching the thermal equilibrium at each temperature is optimized, and the effect
of purging the sample box is observed. After these optimizations, 5 minutes is given
for thermal equilibrium before the measurement at the set temperature, and the
sample box is purged to 0% relative humidity prior to the measurement. Figure 3.15
shows the THz time domain profile of the Si/SixNysample at both 25 °C and 80 °C.
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Figure 3.15. Temperature dependent THz time domain profile of SixNy film at

25 °C and 80 °C to be evaluated as a reference.

There is a right shift in time domain as well as an increase in amplitude after
increasing the temperature to 80 °C. This behavior of Si/SixNy dominates the time

domain profile of the WO3-VxOy sample as can be seen in Figure 3.16.
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Figure 3.16. THz time domain profiles of WO3-VxOy films on Si/SixNy references
at 25 °C and 80 °C.

Therefore, there was a need for determining a substrate that does not change its THz
time domain profile as the temperature increases to 80 °C. Although, THz optical
insertion losses of the quartz substrates are greater than the Si substrates, quartz
substrate with its high temperature stability is a great candidate for such purposes.
Figure 3.17 shows the time domain profile of the quartz substrate. There is no
difference in time domain profiles measured at room temperature and higher
temperatures. Quartz behaves as an ideal reference substrate especially for
measurements include heating. Therefore, as mentioned in the Section 3.2, VxOy and
WOs3-VxOy films are deposited on quartz substrates and THz measurements are
performed at 25 °C and 80 °C.
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Figure 3.17. THz time domain profile of quartz substrate showing no difference at

a higher temperature.

THz measurement conditions are optimized by various trials on heating-cooling
cycles of samples. The final optimized procedure is as follows. After the sample is
placed on the sample holder and the temperature is set to 25 °C, 5 minutes is given
for thermal equilibrium and also for reaching 0% relative humidity in the sample box
with continuous purging. The purging is constant with a flow rate low enough not to
disturb the measurement. The temperature is then set to 80 °C without opening the
sample box after completing the measurement at 25 °C, and again 5 minutes is given
for the sample to reach thermal equilibrium. This is followed by cooling the sample
back to 25 °C and then heating it to 80 °C again without opening the sample box,
and in each case 5 minutes is given for reaching thermal equilibrium. This is done to
observe the reproducibility and precision of measurements. Figure 3.18a shows THz
time domain profiles of the VxOy film exposed to this heating-cooling cycle

experiment, and Figure 3.18b shows peak amplitudes in a zoomed-in version.
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It is observed that these two measurements at 25 °C overlaps with each other very
well. Similarly, two measurements at 80 °C also overlaps well with each other,
highlighting the precision and reproducibility of measurements as a function of

temperature. It also shows that the changes in VxOy films with temperature are

reversible.
9.0E-5 1 Quartz
VxOy @25 °C
VxOy @80 °C
VxOy cooled to 25 °C
6.0E-5 VxOy heated to 80 °C
3
g
s
i)
3 30E51
LL
L
N
I
'_
0.0 e
-3.0E-5 - . :
-125 -124 ) -123 -122
Time (ps)
Quartz
8.1E-5 VxOy @25 °C
VxOy @80 °C
VxQy cooled to 25 °C
VxOy heated to 80 °C
-
= 7.8E-5
o)
e
@
N—r
S
@
L
L
N 7.5E-5
T
|_
7.2E-5 \
T T T T T
-123.6 -123.5 -123.4 -123.3

Time (ps)

Figure 3.18. a) THz time domain profiles of the VxOy film and b) zoomed-in

version showing the overlap after the film is exposed to a heating-cooling cycle.
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Time domain profiles given in Figure 3.18b shows a decrease in amplitude at 80 °C,
but the decrease is not dramatic since fabricated VVxOy films do not contain VO2 phase
as known from both XPS and electrical results. If VO2 phase was present, the
transmission would decrease dramatically after the IMT at 68 °C.[74] Therefore,
films are annealed at 350 °C to make sure they become metallic and observe the
corresponding time domain profiles. Figure 3.19 shows how much the amplitude and
thus the THz transmission decrease after annealing the sample and making its

transition to the metallic phase, which might be useful for future studies.
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Figure 3.19. The decrease in THz transmission of VxOy film after annealing.

After optimizing the heating-cooling measurement conditions and observing the
effect of temperature, VxOy and WOs3-VxOy films having 5.6% W, and 7.2% W
concentrations are measured both at 25 °C and 80 °C. Figure 3.20 insets show the
corresponding time domain profiles. Expected differences in THz time domain
profiles are very small but significant since the difference in W concentrations are
also very small. Therefore, it is normal to observe very similar profiles in THz time

domain in that scale.
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However, differences become clear in the zoomed-in version of graphs. Peak
amplitudes showing the significant change in both the time delay and the amplitude

with V-W co-sputtering are given in a zoomed-in scale in Figure 3.20.

The quartz substrate is given as a reference and time domain profiles of VxOy and
WOs3-VxOy films having 5.6% W, and 7.2% W are given both at 25 °C (Figure 3.20a)
and 80 °C (Figure 3.20b). The first thing to notice here is that there are differences
in time domain profiles of all samples meaning that THz-TDS can distinguish the
effect of V-W co-sputtering not only between the VxOy and WOs3-VxOy samples but
also between 5.6% W and 7.2% W samples, even though they have only 1.6%
difference in their W concentrations. This highlights the extreme sensitivity of THz
waves. When these differences are analyzed in detail, there are two effects observed
with V-W co-sputtering in Figure 3.20a. Firstly, there is a right shift (delay) in time
domain profiles with increasing W concentration. Secondly, the amplitude of THz
electric field and thereby the transmission of incoming THz waves gradually
decreases with increasing W concentration. The delay in the time domain indicates
an increase in refractive index values of the film. On the other hand, the decrease in
the THz transmission refers to an increase in local conductivity of films with the
electron rich W introduction. At this point, this statement seems to disagree with
electrical measurement results at first sight, where resistivities significantly
increased, conductivities decreased, with W addition. Here, it should be noted that
THz spectroscopy is capable of monitoring the inherent characteristics of samples
where probe techniques might be ineffective. For a probe technique to measure a
conductivity value, a carrier should move from one electrode to another using the
lowest resistive path possible. Thus, probe techniques cannot measure local
conductivities of the sample whereas THz waves are extremely sensitive to the
changes in local conductivities without any need for a carrier to reach to any
electrodes. Thus, monitoring the effects of VV-W co-sputtering on local conductivities
is possible with THz waves. Resistivities measured with a probe technique show an
increase with V-W co-sputtering because the results are dominated by a new high

resistive V205 phase formation.
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On the other hand, local conductivities are observed to increase with THz-TDS
technique because the results are dominated by the W, being an electron rich element.
This highlights the importance of using complementary techniques to understand the
material properties thoroughly. Figure 3.20b shows THz time domain profiles at
80 °C where amplitudes and thus THz transmissions are observed to decrease for all
samples. The transmission decrease is also shown in THz frequency domain given
in Figure 3.21. As mentioned earlier, decrease in the THz transmission indicates an
increase in the conductivity. Here, the fact that THz transmission decreases at a
higher temperature, support the electrical measurement results where Figure 3.12
showed that resistivities decrease (conductivities increase) at higher temperatures for
all samples regardless of the amount of W. On the other hand, VxOy sample appears
to have a greater temperature dependence since it shows a greater decrease in
transmission whereas the WOs-VxOy samples appear to have much less change. This

can be attributed to the absence of high resistive V20s phase in the VxOy sample.
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Figure 3.20. THz time domain profiles of quartz reference and
VxOy and WOs3-VxOy films having 5.6% W, and 7.2% W at a) 25 °C and b) 80 °C.
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Figure 3.20 (continued). THz time domain profiles of quartz reference and VxOy
and WO3-VxOy films having 5.6% W, and 7.2% W at a) 25 °C and b) 80 °C.

Figure 3.21. Frequency dependent THz transmittances of VxOy and WOs3-VxOy
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films having 5.6% W, and 7.2% W at 25 °C and 80 °C.
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Tinkham formula [75] given in Equation 3.6 is used to calculate conductivities of
VxOy and WO3-VxOy thin films at 25 and 80 °C,

~

frs (W) B 1+n,
E,(w) 1+n +2,6(w)d

Equation 3.6

where ¢ is the calculated complex conductivity, E is the complex amplitude of the
substrate and subtrate+film, respectively, obtained after FFT analysis of the time
domain data, ns is the refractive index of the substrate, zo is the characteristic
impedance of free space, and d is the film thickness. Refractive index of the substrate,
ns, that is used in this formula is calculated from the phase difference using Equation
2.8, and Figure 3.22 shows the refractive index of reference quartz substrate in
frequency domain, which is consistent with the reported literature values in this

frequency range.[76]
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Figure 3.22. Refractive index of the quartz substrate.

Real parts of calculated complex conductivities are given in Figure 3.23 which shows
that all the samples have higher conductivities at a higher temperature. This agrees
with both electrical measurement results where resistivities have decreased and THz
transmission behaviors where the transmission have decreased with increasing

temperature.
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All the measurement techniques and corresponding calculations support the fact that
conductivities of the films increase with increasing temperature which is an expected

behavior for all VxOy samples being semiconductors.
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Figure 3.23. Real part of complex conductivities of VxOy and WO3-VxOy films
having 5.6% W, and 7.2% W at 25 °C and 80 °C.

Imaginary parts of calculated complex conductivities are given in Figure 3.24. At
room temperature, WO3-VxOy film having 7.2% W concentration has the highest
slope since the slope of imaginary conductivities increases with VV-W co-sputtering.
The significant difference in these samples is the relative amount of decrease of the
V6013 and V4Og phases while the amounts of V205 and WO3 phases increase with
V-W co-sputtering. Here, V20s and WOs3 phases are oxygen rich phases compared
to others, and in the literature, oxygen rich phases are associated with deeper

electron/carrier trap levels.[77]
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After the formation of these oxygen rich V20s and WQOz3 phases, the difference
between 25 °C and 80 °C behavior is no longer observed for WO3-VxOy samples,
possibly due to significantly low conductivities of samples and deep trapping
conditions. On the other hand, a significant amount of change in imaginary
conductivity of the VxOy sample, having no V20s or WOs3 phase, is observed as a

function of temperature.
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Figure 3.24. Imaginary part of complex conductivities of the VxOy and WO3-VxOy
films having 5.6% W, and 7.2% W at 25 °C and 80 °C.

Part of the results here are recently published in the reference paper in Journal of
Alloys and Compounds.[52] Part of the results are also presented in several
international and national conferences such as SPIE Optical Engineering and
Applications, 10" International Workshop on Terahertz Technologies and

Applications, and 22" National Optic, Electro-Optic and Photonics Conference.
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CHAPTER 4

CONCLUSION

In this study, it is aimed to evaluate and optimize specific properties of absorber and
active material layers which are the two critical layers that needs improvement for

future THz microbolometers.

Absorber layer studies are started with optimizing the sputtering parameters of the
TIAIV target and obtaining a deposition rate to be used in the fabrication of TiAIV
layers with desired thicknesses. Absorber layer thickness, sheet resistance, and THz
optical measurements are performed to infer the relationship between these
parameters. The trend in the loss of incoming THz radiation as a function of sheet
resistance, by only changing the absorber layer thickness, is shown to agree with the
literature. THz transmissions of all TiAIV layers having different thicknesses are
calculated by eliminating the effect of reflection loss. The measured THz
transmission values are then subtracted from this reflection corrected transmissions
to eliminate the effect of transmission loss too. The resulting values presented the
effect of absorption as a function of TiAIV layer thickness. Besides, the effect of
surface oxidation is investigated for TiAIV layers with different thicknesses. The
amount of increase in sheet resistance especially for thin layers of TiAlV showed the
importance of a protection layer. Moreover, experimental sheet resistance values that
are obtained using a 4-point probe station are confirmed with a simple calculation
using THz-TDS measurement results. This highlights the possible use of THz-TDS
as a noncontact and nondestructive alternative to probe techniques. Finally, the trade-
off between absorption and the foreseen speed of the THz microbolometer is

discussed in terms of time constant, to choose a convenient absorber layer thickness.

69



In active material layer studies, a fabrication method is proposed to solve the one of
the most challenging issues of active material layers, which is to be able to stay in
the resistivity range for CMOS applications while maintaining a high TCR and a low
noise. Here, it is presented that with a simple co-sputtering of V and W at room
temperature, one can control the formed phases of the VxOy films that contain
different ratios of pure phases. With this deposition approach, individual phases and
their concentrations are controlled by V-W reactive co-sputtering, which enabled the
control of the resultant resistivity and TCR. Exploration of the control of this
behavior is essential for fabrication of a high TCR film with a compatible resistivity.
In addition, besides the classical characterization techniques, a new complementary
noncontact THz-TDS technique is introduced for the characterization of VxOy and
WO3-VxOy films for the first time. THz-TDS offers new insights especially about the
changes in local conductivities with VV-W co-sputtering as well as with temperature.
This thesis introduces THz-TDS as a promising tool for future inline characterization
of conductivity of these VxOy thin films by presenting the first ever non-contact

measurements of these mixed phase films.
The studies presented here might be extended toward the following directions;

- Different metals can be deposited aiming the same layer thickness and then
aiming the same sheet resistance value for all metals. These two sets of
samples can be characterized using THz-TDS to understand the effect of the
type of the metal itself.

- Increased W sputtering powers can be evaluated to reach the maximum TCR
in the required resistivity range. Detailed noise measurements should be
performed for high TCR samples to choose the right W level with a
compatible noise.

- Both TiAIV as the absorber layer and WOz3-VxOy as the active material layer
can be incorporated in a test pixel structure with convenient IR blocking,

before a CMOS-application.
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