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Abstract

Frequency spectrum from 0.1 to 10 THz has been associated with the
terahertz (THz) range. It is the transition region from radio—electronics to
photonics. In the frequency range around 1 THz, the intermolecular
vibration of prevalent molecules and chemicals formed a unique absorption
characteristics known as the THz fingerprints. This distinctive feature has
aroused great interest among many scientists, leading to advances in the
THz research and development. Numerous THz applications are emerging
in the recent decade such as the next generation high-speed wireless
communication, non-destructive testing, food and water inspection, cancer
detection in human tissue, and remote sensing for weather forecast.
However, the lack of commercially available high-power sources and high-
sensitivity detectors have made this region also known as the “THz gap”
in terms of the radiating and sensing capability. Therefore, the

development of high-performance THz sources and detectors is necessary.

As one of kind THz detectors, thermal detector is favorable due to the small
wavelength dependency, low cost, and room-temperature operation.
Sensitivity of thermal detectors is affected by the thermal conduction to the
supporting structures such as substrate and the surrounding environment.

Hence it is important in the design of thermal detectors to assure low



thermal conduction by making a suspended structure with long and narrow
supporting legs. However, longer wavelength in the THz region makes
such thermal isolation difficult, and the antenna-coupled detector becomes
a viable solution, in which only the heater/thermistor part is thermally

1solated.

A novel THz bolometer consisting of antenna and suspended titanium
heater/thermistor on oxidized silicon substrate has been studied.
Previously, the meander thermistor with fourfold higher resistance could
attain twofold higher responsivity compared to the straight one. However,
the heater resistance was kept low considering the impedance matching
with a low-impedance half-wave dipole antenna. As a result, the noise
equivalent power (NEP) could not be improved (reduced) due to the high
thermal conductance of the low-resistance heater, although the

responsivity was improved.

In this study, a further enhancement is attempted by introducing high-
resistance heater with narrow width. To maintain optimum power transfer
between antenna and heater, high-impedance folded-dipole antenna (FDA)
has been introduced. Firstly, for various number of arms N, antenna width
W,, and space between arms S, the antenna impedance is simulated to

adjust the antenna length so that the imaginary part of the impedance
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becomes zero, and to obtain the resonance resistance Rr. Secondary, the
absorption efficiency for the heater resistance R, is simulated to calculate
the product of the efficiency and the R,, which is the figure of merit (FOM)
under the assumption that the thermal resistance is proportional to the
heater resistance. The optimum FOM, which is 15 times larger than that of
the half-wave dipole antenna, is obtained for N=3, W,=1um, S=4um and

R=675 Q.

The proposed design is then fabricated with electron beam lithography.
Multiple devices with different heater resistances ranging from 92 to 1122
Q are prepared. Electrical characterization reveals that the responsivity and
NEP can be enhanced by a factor of 2.5 as the result of the increase in
heater resistance. Furthermore, optical characterization of the FDA-
coupled and half-wave dipole antenna-coupled bolometers by 1-THz
source is performed by illuminating the bolometer chip installed in a
vacuum dewar, with the optical input power calibrated by a commercial
pyroelectric detector at the same position. In this measurement, the heater
resistance is optimized separately for both kinds of antenna. As a result,
the FDA coupled with the high resistance heater can realize higher
responsivity and lower NEP by a factor of 1.6 compared to the half-wave

dipole antenna coupled with low resistance heater. Optical measurement
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with various heater resistance confirms the effective power transfer by

proper impedance matching between the antenna and heater.

In addition, the bolometer thermal parameter analysis is attempted based
on a simple thermal equivalent circuit model. The total thermal resistance
of the bolometer consisting of the heaters with various electrical resistances
and other part with a fixed thermal resistance is assumed. The extracted
thermal resistance of the proposed model reproduces the electrical
measurement results well. As for optical measurement, a model is
proposed, in which the antenna is regarded as a voltage source with an
internal resistance. The model can qualitatively explain the behavior of the
optical responsivity and NEP with respect to the heater resistance for both

types of antenna.

In conclusion, the comprehensive electrical and optical characterizations
in this study suggests the importance of the higher heater resistance for
simultaneous enhancement of responsivity and NEP in the bolometer.
Application of high-impedance antenna is also important for the optimum
power transfer between antenna and heater in optical characterization. The
fitting results extracted by the proposed model reveals the importance of
thermal conductance reduction by eliminating the thermal conduction by

the parts other than the heater. This could be accomplished by the use of a

v



single metal film as an integrated heater and thermistor as well as removing

the silicon dioxide inter- and bottom-layers.
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Chapter 1

INTRODUCTION

1.1 Properties of Terahertz Radiation
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Fig. 1-1 Spectrum of electromagnetic radiation.

Fig. 1-1 illustrates the electromagnetic spectrum in nature. The
longer wavelength region belongs to the radio- and micro-waves spectrum
where electronic-based technology is used. Shorter wavelength region
belongs to the infrared, visible, UV, and further X- and Gamma-rays where
photonic-based devices are applied. The regions above 100 pm and below
1 mm wavelengths are technologically matured as numerous commercial

sources and detectors are available on the market.

Terahertz (THz) region was originally referred to the spectrum

wavelength range between 1000 to 100 um (0.3 to 3 THz frequency) two



decades ago [1]. It has been extended into the broader spectrum
overlapping with those from the sub millimeter and long-infrared
wavelength regions (0.1 to 30 THz) [2]. Those newly associated THz
frequency range was included due to blurred border in the transition range
between radio waves and photonics domain [3]. In the research point of
view, a “THz-gap” is referred to the THz region due to the lack of
practically suitable technologies to commercially develop THz sources and
detectors. An artificially made materials and metamaterials has been
studied to fill this gap, along with newly developed photonic and electronic

system for THz waves generation and detection [4][5].

Initially, THz spectroscopy was used by chemists in the spectral
characterization of the rotational and vibrational resonances of simple
molecules and astronomers to trace gases in the upper atmosphere.
However, strong ambient moisture absorption in the wide spectral THz
frequency range creates a big challenge for the THz remote sensing in the
Earth’s atmosphere and long-distance communication systems, as shown
in Fig. 1-2. Nevertheless, strong absorbance by water at the frequency near
1 THz is advantageous for the exploration of various applications in the
biomedical or food industry where the humidity measurements take place.

At around 1 THz frequency region, the intra- and inter-molecular vibration
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Fig. 1-2 Attenuation of earth’s atmosphere in THz region [3].
of prevalent molecules and chemicals formed the unique absorption
characteristics known as the “THz fingerprints”. This distinctive feature
has been studied by many scientists to advance the THz technology
research and development. Numerous THz applications are emerging in
the recent decade, from biomedical perspective to agricultural and food
industry. Most of the applications were taking the advantage of the
radiation properties of THz waves into human body and natural or artificial
matters. A stronger absorption coefficient of brain gliomas is observed
compared to the normal tissues at THz frequency range which is the
intrinsic properties of brain tissues in THz range [6]. Another example is
the screening and identification of various carbohydrates where THz time
domain spectroscopy were applied in pellet form of sugar samples as

shown in Fig. 1-3 [7]. Those distinct THz fingerprint spectra are beneficial
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Fig. 1-3 THz fingerprint for ten different saccharides and two non-

saccharide sweeteners [7].

for the material (solids, liquids, and gases) characterization and recognition

by THz detectors are possible.

Generally, THz radiation has the photon energy of 100 meV to ~ 0.4
meV, tracked back from the blackbody radiation temperatures of ~10 K.
The low energy characteristics of THz waves is advantageous for the
applications where human interaction is needed. The unique radiation

characteristics or properties of THz waves can be summarized as follow

[81[9]:

Penetration

THz signals has a good penetration capability to many dielectric
materials and non-polar liquids for imaging of opaque materials or objects.

Clothing, paper, cardboard, wood, plastic and ceramic, are among the



materials that can be penetrated by THz waves, where they generally
opaque at another spectrum wavelengths [10]-[13]. However, the low
penetration depth is challenging because typically THz waves can only go
through in just a few hundred microns. Some studies proposed the
utilization of penetration-enhancing agents for depth improvement of THz

waves penetration [14], [15].

Non-ionization

The photon energy at 1 THz is only 4 meV. It is much lower than
the energy radiated by the X-ray waves [16]. Therefore, THz waves will
not cause the light photoionization of the living tissues and DNAs. The
exposure of THz waves is considered to be safe for the application that
needs human as the operator or target [17], [18]. Thus, THz waves can be
a better replacement for the X-rays technology for biomedical imaging or

human body screening applications [19].

Resolution

Imaging applications require a microscopic resolution. Biomedical
imaging of human cells demands submicron resolution due to cell size
smaller than 10 mm. Since the resolution of an imaging system is inversely

proportional to the operation wavelength, THz waves is better compared to



the microwave-based imaging. Spatial resolution as small as hundreds of

nanometer scale can be achieved by the THz imaging system [20].

Intensity

Wave collimation in THz region is easier compared to the
neighboring region such as microwave due to high spatial intensity [21].
This benefit enables the operational of THz waves apparatus in line-of-

sight distance between source and target.

Spectroscopy

Some molecules and chemicals matter in variety poisons, illicit
drugs, and explosives have the THz spectral absorption fingerprints that
can be used for the identification of such materials [22]. THz-Time Domain
Spectroscopy is superior to the Fourier transform infrared (FTIR)
spectroscopy, as it is insensitive to the thermal background. It allows the

extraction of the absorption coefficient and the refractive index [23].

1.2  Applications of Terahertz Radiation

Unique and distinctive properties of THz radiation have led to the
development of numerous applications in wide area. In this sub-chapter,

some applications in THz field will be discussed.



1.2.1 Security System

The penetration capability to materials feature has made THz
radiation suitable for the imaging system for security purpose, such as
identification of concealed objects. Fig. 1-4 shows the scan results of a
briefcase containing various items including a knife. The image was
scanned with a 0.2 THz CW wave from a Gunn diode oscillator as the
radiation sources and a Golay cell as the detector. The briefcase surface
was surrounded by a non-conductive material that is transparent to THz
radiation. The metal knife inside the briefcase blocks the THz radiation and
can be well recognized as silhouettes [24]. This example is advantageous
for scanning the passenger items in vital places such as airports and public
area buildings, if the target material is able to block the THz waves.
However, the detection might not be useful if the scanned object is covered
by the harmless metallic object as the THz waves will be reflected. In
addition, the non-invasive characteristics of THz waves is safe for the
exposure to human tissues. Hence body scanning application with THz
radiation is feasible. Fig. 1-5 shows the security screening system in
reflection mode proposed by [25]. The imaging process works by
irradiating the object area (i.e. human body) with multiple sub-THz
radiation sources and colleting the reflected radiation by the objective lens.

Imaging is then performed by the camera. With this configuration, the

7
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Fig. 1-4 THz imaging for concealed object identification:
(a) Briefcase made of nonconductive material that
transparent to THz waves, (b) Knife inside the briefcase
that blocks the THz waves and recognized as a silhouette

[24].

scanner is able to reveal hidden objects at a standoff distance between 3 to
6 m from objective lens. The generator and collimating lens position and
orientation have to be adjusted to make sure the incident radiation from all
radiation sources converges in the area of interest, such as human body

chest.

1.2.2 Wireless Communication System

The lack of remaining available spectrum and bandwidth in microwave
region has challenged many researches to exploit the new spectrum for the
next generation wireless communication technology. Terahertz waves are
like radio frequency (RF) waves in many respects. Shorter wavelength

compared to microwave region highly affects the transmitter



Fig. 1-5 Scanning operation of THz imaging in
reflection mode. Top: the area of interest in the human
body is illuminated with sub-THz radiation from
different angles. Bottom: the reflected radiation wave is
collected by the objective lens and projected onto the
imaging camera [25].
characteristics such as beam directivity, diffraction limit, and other antenna
properties [26]. A higher frequency provides higher data rates and
bandwidth to fulfil the increasing demands [27]. A 120 GHz wireless link
has been proposed and tested with the maximum data rates of 10 Gbps at

transmission distance of 5.8 km, opened a prospective for a high data



transmission rate in medium distance [28]. Other research has also been
reported using 300 GHz frequency with the maximum data rates of 12.5
Gbps [29]. As the carrier frequency increase to several hundreds of GHz,

the demand of available spectrum and wider bandwidth could be resolved.

1.2.3 Food and Water Control

THz technology can also be utilized for the sensing of food and
water in the food and agricultural industry, respectively. Detection of
moisture content inside the food has been reported as a quality control
system [30]. Detection of water content in plant leaves has been reported
by a THz spectroscopy to control water supply in plants [31]. Quality
control of vegetables and fruits has also been reported by utilizing the
sensitivity of THz technology to temperature, soluble solid content,
moisture content inside the fruit [32], [33]. Furthermore, the same
application can also be used for the extraction of the refractive index and

absorption coefficient of the sucrose solution in fruits.

1.2.4 Biomedical Applications

The non-ionizing property of THz waves confirms its potential for
medical applications. Less risk to patient health is expected due to lower
photon energy compared to the old medical devices based on the UV and

X-ray waves. Hence various diseases can be diagnosed by irradiating the

10
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Fig. 1-6 THz imager for the detection of rat skin burn

degree. (a) Uninjured skin without any burn; (b) 10 min

after burn; (c) burned more than 1 hours; (d) more

than 7 hours burned skin with highest reflective signals

[34].
human target body with THz waves. Fig. 1-6 shows the example of a THz
imager to identify the degree of a burned rat skin by in vivo experiment.
The analysis was taken by the reflected radiation from a normal skin until
it burned for about 8 hours, resulting in a light area with high reflected
signals. Further examination can also be expected for human skin burn
detection [34]. 3D imaging by TDS system has been reported for early
detection of skin cancer by penetrating the THz radiation into human skin

up to 1.2 mm deep [35]. Certain biomolecules identification and

11



classification are still widely opened by utilizing THz spectroscopy with
high efficiency and accuracy. The THz technology for biomedical
applications have brought huge benefits for the medical research and

industry [36].

1.3 Type of THz Detector

General classification of THz detectors is cooled and uncooled.
Cooled detectors demand for cooling mechanism below ambient
temperatures. They offer significant benefit in terms of range, resolution,
and high sensitivity. Increasing demand for low cost, smaller size, light
weight, longer lifetime, and low power THz detectors have made the
uncooled THz detectors are more favorable to be studied and developed.
Another distinct classification method is based on the detection mechanism

which will be discussed in the following sub chapters.

1.3.1 Photon Detector

In photon detectors, absorption of the incident radiation within the
material is done by the interaction with electrons that either bound to lattice
atoms, impurity atoms or with free electrons. The electrical output signal
was resulted from the energy distribution change [37]. The photon
detectors have the wavelength selectivity characteristics response per unit

incident radiation power because the energy of incident photon should

12



exceed the energy level difference to generate a carrier. As the energy per
photon is inversely proportional to the wavelength, the spectral response
of photon detectors increases linearly with increasing wavelength up to the
cutoff wavelength which determined by the detector material. Photon
detector is suitable for the detection in the far-IR region. However, at THz
region it is strongly limited by the thermal energy of the carrier hence it is
not applicable to be used at room-temperature. The photon energy of 4
meV at 1 THz is very low compared to the thermal energy of 26 meV,
assuming room temperature operation [3]. Common material used in
photon detector is cadmium mercury telluride (HgCdTe) due to their
bandgap tailoring characteristics. However, it requires high cost for the
growth and processing [38]. As the main disadvantage of photon detectors
came from the cooling requirement to prevent thermal generation in
charged carriers, thermal detectors are more applicable for the application

in long wave infrared and THz region.

1.3.2 Thermal Detector

The basic principle operation in thermal detectors is the absorbed
incident radiation causes a temperature change in the detector material. The
temperature change also leads to the material property changes, hence the

output can be measured electronically. Typically, thermal detectors can be

13



operated at a room temperature. They are characterized by its moderate
sensitivity and slower response compared to the photon detectors because
heating and cooling process of a detector element is relatively a slow
process. However, they are low cost and easier to be used. Bolometers,
pyroelectrics, and thermopiles are among the most studied thermal

detectors.

Bolometer is a kind of thermal detector where the electromagnetic
radiation is detected as a change in resistance of the sensing element. In
bolometer, the energy of the absorbed THz radiation is transferred to the
sensing element's crystal lattice, resulting in temperature increase.
Therefore, the response depends on the temperature coefficient of
resistance (TCR) of the detector materials [39]. The selection for detector’s
sensing material is important to improve the detector sensitivity. As the
detected signal will be changed per degree of temperature, it is important
to have a material with a high TCR. Vanadium oxides (VOy), amorphous
silicon (a-Si) and p"/n-well silicon are the most common materials used in
the uncooled detectors [40]—[42]. Resistive microbolometers were widely
used to detect radiation in the long wavelength region of IR and THz
spectrum. They are wusually implemented by suspended bridge

configuration for improve the thermal insulation [43].

14



Recently, metal bolometers have been intensively studied as an
alternative material. Metallic bolometers made of bismuth (Bi) or titanium
(Ti) have relatively small bulk TCR than high-TCR materials like VOx and
a-Si. However, they have lower shot and thermal noises [44]. The
performance of a metal bolometer is beneficial in the case of relatively
higher TCR achieved by any design methodology. Ti has several
advantages, such as: (i) low thermal and electrical conductivity, (ii)
invulnerability to electromigration, (ii1) low flicker noise, (iv) compatible
with Silicon wafer processing technology, and (v) it does not deteriorate
with time of operation [45], [46]. Some notable Ti-based microbolometer
has been studied with promising high responsivity and low noise

performance [47], [48].

1.3.2 Electronic Receivers

The third class of THz detector is based on the electronic receivers.
In the photon and thermal based detectors, they are considered as the
traditional THz detector that limited by the cooling requirements, system
complexities, response time, and cost. Those obstacles have restrained the
possibility of the photon- and thermal-based detectors to a majority of
commercially deployable THz applications. Researchers has begun to seek

for the prospect in developing THz detector which based on the integrated

15



circuit design in solid state industry. Depending on their functions and
circuit types, electronic receiver detectors can also be divided into direct
and heterodyne detection. In a direct detection, THz radiation is directly
absorbed by the sensitive elements leading to rectification processes. As
for heterodyne detection, the THz radiation signal is down converted to the
intermediate frequency (IF) band by a nonlinear element such as mixer and
local oscillator. Furthermore, the output IF signal is processed using
additional electronic devices. CMOS and SiGe HBT technologies have
emerged in the last decade as they are advance in Si processing technology,
design technique, and micro electro mechanical system (MEMS)
packaging. Numerous research in the complex THz integrated circuits have
expanded the THz applications into prospective new fields in terms of
passive and active imaging system. The passive imaging system detects
and measure the naturally available energy. While the active imaging
provides their own radiation energy source for illumination to be directed
towards the observed target and the reflected radiation is then detected and
measured by the sensor [49]. A passive monitoring has been reported by
NASA Jet propulsion Laboratory, which utilize 675 GHz heterodyne RF
electronic blocks for the low-distortion, fast beam scanning, and a real-
time radar image in personnel identification application [50]. A GaN-based

asymmetric nanodiodes have been studied as direct and heterodyne

16



detectors up to 0.69 THz which promising for the low-cost solution and the
mounting simplification [51]. As for the rectification-based THz direct
detectors include the application of MOSFET [52], pn-Diode [53],
Schottky barrier diode (SBD) [54], and high electron mobility transistor
(HEMT) [55]. The advantage of the direct detectors over the heterodyne is
their practical simplicity. However, heterodyne detectors show better

sensitivity [56].

Direct detectors in the electronic receiver are faster and it also
suitable for room temperature operation. However, some challenges exist
in their intrinsic cutoff frequency as well as the increasing parasitic effects
in the THz frequency, and the performance tends to degrade rapidly with
frequency [57]. Therefore, thermal detector such as bolometer which also
based on the direct detection mechanism with relatively insensitive
performance to the frequency still have some usefulness in the detection of
THz waves. Table 1.1 shows the comparison between THz direct detectors

of electronic receiver- and thermal-based detectors.

1.4 Scaling Study of Terahertz Bolometer

An antenna-coupled bolometer is the THz thermal detector utilizes
antenna as the radiation receiver element rather than direct absorption by

the bolometer sensor [58]. It is commonly used by the detector operating

17



Table 1.1 THz direct detector comparison between electronic
receiver and thermal-based detectors

Detector | Sensor Antenna Freq Rv NEP R.esp. Ref.
type (THz) | (V/W) | (pW/\/Hz) | time

Electronic | MOSFET | Loop 1 765 25 0.3s |[52]

Electronic | pn-Diode Patch 0.78 558 56 - [53]

Electronic SBD Bowtie | 0.22 | 2200 2.6 - [54]

Electronic | HEMT Dipole 0.85 [4A/W | 03at77K | 0.2s |[55]

Thermal Ti Dipole |1 90 460 - [59]
bolometer

Thermal VOx Patch | 2.5 1235 | 87.4 - [60]
bolometer

Thermal YBCO Log- 0.4 45 50 - [61]
bolometer | spiral

Thermal Nb5SN6 Slot 0.64 |113 44 - [62]
bolometer

in the wavelength region that relatively longer than the optimal size of the
sensing element to reduce the thermal capacitance and conductance. A
novel THz bolometer has been proposed by separating heater and
thermistor structure on top of Si substrate [63]. The incident THz radiation
is received by antenna, and the induced current heats up the load resistor
(heater). Temperature rise caused by the heater is then detected by a
thermistor (temperature-sensitive resistor). This model is suitable for the
detection of THz waves, as only the part of the integrated heater and
thermistor are thermally isolated, and the larger THz antenna part can be

adjusted and fabricated without any difficulties. Furthermore, the heater

18




and thermistor could be independently scaled and optimized for highest

possible responsivity.

In the initial design of the antenna-coupled microbolometer, a
straight thermistor and heater was applied. It is revealed that longer
thermistors have higher responsivity due to better thermal isolation and low
thermal loss [64]. As the thermistor length is limited by the size of the
antenna gap, further improvement was made by scaling down the
thermistor. The first scaling study revealed the responsivity improvement
by increasing thermistor resistance with a fixed heater resistance. The
meander thermistor was then applied with a longer effective length as the
miniaturization technique to keep the lateral length the same as heater in
the antenna gap. A scaled down thermistor with effective length of 20 um
and 10 pA bias current was studied and the responsivity could be improved
up to four times compared to the straight device [65]. Longer thermistor of
90 um with a narrow width of 0.1 um has been proposed with a more
complex meander structure resulting in responsivity improvement up to
787 V/W under 50 pA bias current [66]. Note that in the two initial scaling
studies, the heater dimensions were kept the same to maintain the low
impedance characteristics of the halfwave dipole antenna. However, it was

also found that the noise equivalent power (NEP) performance was
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Table 1.2 Scaling study of the detector where thermistor resistance
is scaled up but heater is fixed [66].

Parameters i,caacligf Remarks

Thermistor resistance A Resistance increase by meander

(Ru) shaped thermistor

Heater resistance (Rj,) 1 Fixed heater dimension

Thermal conductance 1 Kept constant by the heater

(Gum) conductance

Bias current (/) 1/AY2 | To maintain a fixed AT

Temperature rise (AT) 1 Kept constant to assure reliability

Thermistor TCR (o) 1 Material properties  assumed
independent

Responsivity (R,) M2 ARy x Iy xal Gy

Noise voltage (V,,) M2 (4 x kg x T x Ry)"?

Noise equivalent power 1 Vi/R,

(NEP)

detrimental and could not be simultaneously reduced if the heater
resistance is fixed, as shown in Table 1.2. Note that the noise of the detector
is originated mostly from the thermal noise generated in thermistor.
Therefore, scaling the thermistor resistance up by changing its dimensions
led to the fixed NEP because thermal conductance of detector, which

dominated by the heater, was kept the same.
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Table 1.3 Scaling study of the detector where thermistor and
heater resistance are uniformly scaled up [66].

Parameters Scaling Remarks
factor

Thermistor resistance A Resistance increase by meander

(R) shaped thermistor

Heater resistance (Rj) A Resistance increase by narrow
width or thinner heater

Thermal conductance 1/A | Inversely proportional to Rj,

(Gun) based

Bias current (/) 1/A To maintain a fixed AT

Temperature rise (AT) 1 Kept constant to assure
reliability

TCR () 1 Material properties assumed
independent

Responsivity (R,) A Ry <1y x o/ Gy

Noise voltage (V) AY2 | (4 x kg x T x Ry)'?

Noise equivalent 1/A ViR,

power (NEP)

Further improvement in the NEP is proposed by the second scaling
study where the heater is proportionally scaled down with thermistors
(resistance increase), as shown in Table 1.3. As shown, a uniform
resistance increase in thermistor and heater is important to reduce the
thermal conductance of the bolometer. With this manner, the thermal

conductance of bolometer is scaled down as it is inversely proportional to
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the heater resistance. Resistance increase in thermistor was attained by
using meander structure, with longer effective length that could improve
the responsivity but detrimental to the NEP performance. While for the
heater, as the gap between the antenna is fix, resistance increase could be
realized by the reduction of width or thickness. Increasing heater resistance
will lead to the responsivity improvement as well as reduction of NEP, as
the voltage noise in detector is solely dominated by thermal noise in the
thermistor device. However, as the heater is coupled to the antenna, heater
resistance increase requires a change in the antenna resistance as well.
Halfwave dipole antenna that commonly used has relatively low
impedance characteristics around 40 Q, so it can only be optimally coupled
with a low resistance heater. Therefore, further improvement in the heater
resistance should be followed by the development of the antenna with

higher impedance with the same resonant frequency.

1.5 High-impedance Antenna Overview

In a wireless communication system with a typical high input or
output impedance characteristics requires the application of an equivalent
impedance antenna to efficiently transmit and/or receive the
electromagnetic radiation. When an antenna with moderate input

impedance is applied to a high impedance device, the power transfer to the
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antenna is limited due to the impedance mismatch. Impedance matching
between the high resistance transmitter device and the antenna can be
enhanced by improving the antenna resistance, to increase power radiated
from the antenna. Classic resonant type of antennas, such as half-
wavelength dipole, full-wavelength dipole, and slot antennas, with the
moderate resistance have been used primarily for low power CW
applications. Photomixer is one of the devices with a high-impedance
characteristics required for a photoconductive antenna where the typical
output impedance is extremely high [67]. A room-temperature thermal
detectors and focal-plane arrays (FPAs) imaging system with typical high-
impedances at frequencies around 1 THz have been reported using
semiconductor devices, such as Schottky diodes and heterostructure
backward diodes (HBDs) [68]-[70]. The considerable impedance
mismatch between devices and classic planar antennas resulting in the
limited power coupling efficiency thus impact in relatively low detector
performance. Impedance matching networks can be applied, but this will
inevitably lead to the larger size, complex systems, and reduced bandwidth
detection [71]. To overcome these issues, high embedding impedance

antennas are needed.
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Increasing the effective length of a dipole antenna will improve its
impedance. Among various planar type antenna, meander structure antenna
is promising and applicable to be used with the high-impedance devices.
Low profile, easy to fabricate, and tunability of a meander shaped planar
antenna are advantageous for the application in THz detectors. Folded
dipole antenna (FDA) has long been used for the high resistance
application in the photomixers as well as infrared detectors. FDA can be
constructed by folding a A/2 long element, that is basically a two-wire
transmission line [72]. Since the folded dipole length can be considered as
a A-long loop antenna, the antenna can be referred as a folded loop, either
open or closed. Furthermore, the impedance of FDA can be adjusted by
changing the width or the spacing between the antenna arms. Typical
impedance of an FDA can be designed up to four times of the classic
halfwave dipole antenna, with the same gap length at the center part [73].
As the resistance of absorber element in a THz detector can be varied, an

FDA is applicable for the high-resistance heater in a THz microbolometer.

1.6 Motivation of Present Work

Terahertz technology in the frequency range between 0.1 to 10 THz
have gained much attention due to the increased demand in security,

biomedical, material identification and wireless communication system
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applications [74], [75]. The electromagnetic wave around 1 THz is
prospective for the non-invasive and non-destructive imaging due to the
unique radiation properties related to the interaction of THz signals to
different organic or inorganic matters. The wide scope of THz technology
advances the augmentation of high sensitivity, low-cost, and room-
temperature operable THz detectors. Recent thermal detector technologies,
in conjunction with the latest semiconductor processing technology have
ignited more exciting possibilities for the development of thermal radiation
detector. Rapid progress in micromachining technology have also brought
to the reduction of fabrication costs and device size, while keeping the high

sensitivity performance.

The presence of numerous water absorption can also be considered
as one of the key features in the THz region spectrum for biomedical
application. In conjunction with the non-ionizing and non-destructive
characteristics, the features of THz waves are well suited as the
replacement of the legacy medical application based on X-rays. The big
challenge for the researchers nowadays is to realize the technology into the

market available products and appliances.

In the recent decade, there are a lot of THz sources and detectors
have been studied, developed, and sold on the market. Hot electron
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bolometers and superconducting bolometers have been widely used as the
thermal detectors with a high radiation sensitivity. However, they require
additional cooling system which make it bulky for most of the outdoor
application. A solution in a room-temperature detector results in the
development of Golay cell and pyroelectric based thermal detectors, with
the tradeoff in inferior sensitivity. Matured technologies in radio
microwave and optical infrared regions allow the development of diverse
range application with room-temperature and high-sensitivity capable
detectors. However, this is not the case for the THz region. Therefore, the
demand 1is increasing for the microwave- or optical-comparable
performance THz detector. General mechanism applied in a thermal
detector is that the detected signal caused a change in the detector’s
material property as the effect of temperature rise. To preserve the thermal
conduction as low as possible, the detector size must be small. THz region
has a longer wavelength relative to the typical physical size of the sensing
element. However, to handle the diffraction limit in THz region, the size
of detector should be as large as A/n. for the wavelength (1) and effective
refractive index of the supporting substrate (ne) [67]. Such large detector
size makes it difficult to reduce the thermal conductance and heat capacity.
Antenna-coupled bolometer was then proposed to resolve this problem, to

capture THz radiation with smaller detector size.
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For THz passive thermal imaging applications, the noise equivalent
temperature difference (NETD) is often considered as the main
performance parameter. NETD is a measure of sensing the temperature
difference between the background and the object. NETD of less than 1 K
is required for passive imaging system [76]. However, for a single pixel
detector, the noise equivalent power (NEP) is more appropriate to be
considered. NETD and NEP are correlated each other by the following

equation [39]

ToAp(AP/AT) ) -2,

NEP = NETD ,
4F2

(1.1)

where 7, is the optics transmittance between source and detector, Ap is the
detector area size, (AP/AT),, 5, is the change in power per unit area
radiated by a blackbody at absolute temperature of 7, with respect to 7,
measured within the wavelength range from A; to A,, and /' number of the
optics. Power P(4,T) emitted by a blackbody can be calculated based on

the Planck radiation law with the following equation

2mhc?

P(A,T) = —2Tne (1.2)

)l5(ekB”—1)

where /4, ¢ and kg are Planck constant, velocity of light and Boltzmann

constant, respectively. The (AP /AT),, _,, can then be calculated as
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(AP/AT);, 5, = [2Z%2 42 (1.3)

Ay ot

For the room temperature of 300K and target frequency of 1 THz with 10%

bandwidth, (AP/AT);,_;, is 9.69% 10° W/(m’K). Therefore, NEP less
than 2.2 pW is required for a NETD less than 1 K, if A=A, t,=1 and F=1

are assumed. For the present work, our objective is to develop the room-

temperature 1 THz detector with high responsivity and low NEP in the

order of one pW/v Hz for passive imaging application.

Taking the advantage of our group’s expertise, in this research we
present the development of antenna-coupled bolometer. The research done

on this thesis can be briefly summarized as follows:

1. Design and simulation of a folded dipole antenna to attain high-
impedance characteristics. As the heater part in the THz detector
should be scaled down to increase its resistance, development of a 1
THz resonant capable folded dipole antenna is proposed. We designed
and simulated the folded dipole antenna by changing its basic
dimension parameters such as length, width, spacing, and the number
of arms. A commercial electromagnetic simulator was used for this

purpose. Performance parameters was evaluated based on the
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impedance matching condition between the antenna and heater which
gives highest absorption efficiency of the antenna.

2. Fabrication of Ti-based THz microbolometer with multiple heater
width. Scaling study in Table 1-1 had been realized by a meander
thermistor and a fixed heater. To further improve the responsivity and
reduce the NEP, we seek to adopt the scaling study presented in Table
1-2. In order to increase the heater resistance with a fix length,
variation of heater width and thickness are chosen. Evaluation of the
fabricated THz detectors is performed by electrical and optical
characterization. Halfwave and folded dipole antennas were studied to

compare the performance between low- and high-resistance heater.

The purpose of this study is to verify the usefulness of high-impedance
antenna 1in antenna-couple bolometer and to realized improved
performance by scaling the heater resistance. The originality of this work
is the systematic study of bolometer performance with respect to heater
resistance for high-impedance FDA, together with low-noise metallic

thermistor.

1.7  Synopsis of Book Chapters

In this thesis, antenna-coupled microbolometers with Ti thermistor

and heater have been discussed to be realized as the THz thermal detector.
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Chapter-1 presents the properties of THz waves, wide range of
potential applications, overview of the THz detectors classification, scaling
study of an integrated heater-thermistor structure in THz detector and
possibility of a high-impedance antenna for the high-resistance heater
coupled device. Finally, it presents the motivation of the present work and

synopsis of book chapters.

Chapter-2, discusses the characterization of a folded dipole antenna
by using electromagnetic simulator. The folded dipole antenna designed
with various dimension parameters, such as length, width, spacing, and
number of arms. Transmitting and receiving mode simulations have been
used for the performance characterization. A fair comparison to the classic
halfwave dipole is made to find the overall theoretical improvement of the

folded dipole antenna for the radiation receiver in the THz microbolometer.

Chapter-3, discusses the fabrication and measurement of THz
microbolometer with high-impedance antenna. Fabrication is mainly
performed by the electron beam lithography (EBL) as the patterning
apparatus. Electrical characterization performed by using direct AC power
applied to the heater. Optical characterization performed by using THz

radiation source.
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Chapter-4, discusses the summary and conclusion of the present
result and provides suggestion on the direction for further development in

this field.
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Chapter 2

SIMULATION OF HIGH-IMPEDANCE ANTENNA FOR

THZ BOLOMETER

2.1 Impedance Matching Concept

Efficiency in the wireless communication system is highly
correlated to the impedance matching between a radio wave generator to
the transmitting device, such as antenna. Input impedance can be defined
as: (1) the impedance presented by an antenna at its terminals, or (ii) the
ratio of the voltage to current at a pair of terminals, or (iii) the ratio of the
appropriate components of the electric to magnetic fields at a point. When
an antenna with low input impedance, such as halfwave dipole antenna, is
coupled to a high impedance device and applications, the power transfer to

and from the antenna is poor due to the bad impedance matching.

Generally, efficiency of an antenna comprises of conduction
efficiency, dielectric efficiency, and reflection (mismatch) efficiency. The
conduction and dielectric losses of an antenna are difficult to be computed
and separated each other. Usually they are measured as lumped together to
form the conduction-dielectric efficiency. The conduction-dielectric

efficiency (e.s) can be defined as the ratio of the power delivered to the
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radiation resistance R, to the total power delivered to radio and load
resistance (R, + R;). As for reflection efficiency can be described as
dimensionless unit of the efficiency by considering the voltage reflection

coefficient at the input terminals of the antenna.

In a transmitting antenna, from the total power that is supplied from
the generator, half is dissipated as heat in the internal resistance of the
generator. The other half is delivered to the antenna and then radiated, if a
conjugate matching condition is fulfilled. Of the power delivered to the
antenna, part is radiated through the mechanism provided by the radiation
resistance and the other is dissipated as heat on the antenna material. A
lossless and conjugate matched antenna will radiate half of the total power
supplied by the generator by through radiation resistance mechanism,
while the other half is dissipating as heat back in the generator. Analogous
definition can be applied when talking antenna in receiving mode that half
of the captured power transferred to the load and the other half power is

scattered or re-radiated by the antenna material [1].

Some applications and devices in wireless communication system
require a high-impedance characteristics antenna for the signals to be
optimally radiated, such as photomixers. While for the detector based on
electronic receiver, such as Schottky diodes and heterostructure backward
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diodes (HBDs) have been reported having very high resistance operational
[2]-[4]. Some other THz detectors have also been reported to have high
resistance sensing element characteristics, such as VOx bolometer,
MOSFET detector, and HEMT [5]-[7]. Potential impedance mismatch
between devices and low-impedance half wavelength planar antennas
resulting in the limited power coupling efficiency thus impact in relatively
low detection performance. Impedance matching networks can be applied,
but this will inevitably lead to the large size, complex systems and reduced
detection bandwidth. To overcome these issues, high embedding
impedance antennas are needed. As the resistance of a wire is proportional
to its length, increasing the effective length will improve the characteristic

impedance of the antenna.

2.2 Introduction to Folded Dipole Antenna

Among various planar type antenna, folded dipole antenna (FDA)
has long been used for the high resistance application in photomixers as
well as infrared detectors. FDA can be constructed by folding a /2 long
element, that is basically a two-wire transmission line [8]. Since the FDA
length can be considered as a A-long loop antenna, the antenna is referred
to as a folded loop, either open or closed. Thus, the real part of the FDA

impedance can be adjusted by changing the width or the spacing between
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Folded Dipole Antenna

!
|

Fig. 2-1 Decomposition of FDA into even-mode and

odd-mode circuits for extraction of the radiating

antenna currents [9].
the antenna arms. One of the FDA analysis can be made by Even-Odd
Mode (EOM) in which the current components decomposed into even- and
odd-mode, as shown in Fig. 2-1 [9]. By decomposing the current
components of the FDA, the single-port FDA with N number of arms can
be separated into even- and odd-mode of N-port networks. This approach
permits the direct calculation of the embedding impedance and radiation
patterns of the FDAs from the extracted mode currents. Once both current
modes have been determined, the embedding impedance (Z;,) of the FDAs
can be calculated from the current ratios and impedance matrix.
Theoretically, Z;, of an FDA is given by Z, = N*Z,, where Z, is the

halfwave dipole antenna impedance [1].
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In this chapter, we numerically study the FDA geometrical
parameters to obtain the input impedance characteristics in transmitting
mode and the antenna area efficiency in receiving mode for 1 THz
operating frequency. As the heater resistance in THz antenna-coupled
detectors can be enhanced almost freely by downscaling it to nano-scaled
dimension, the FDA is designed with various geometries to attain high-

impedance characteristics from several hundred to beyond 1 kQ.

2.3 Simulation Conditions

The antenna is designed on a high-resistivity Si substrate, allow one
to consider the FDA design for the real experiment based on the
improvement prediction made by the presence of the substrate. In
transmitting mode simulation, the resonant resistance is investigated with
a source excitation on the antenna gap. While in receiving mode, area
efficiency of FDA is determined from the power dissipation produced in
the attached heater by the incident plane waves. An impedance matched
condition is assumed by tuning the heater width so that its electrical
resistance equals to the attained resonant resistance in the transmitting
mode from the similar antenna design parameters. Within this antenna-
heater design, a theoretical THz bolometer performance improvement in

terms of the responsivity can be expected. This is because the detector
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thermal resistance, which assumed to be proportional to electrical
resistance of the heater part, plays a dominant role to generate temperature
increase as a result from the incoming radiation. Therefore, the
responsivity improvement could also be raised from the higher electrical
resistance of the heater, in conjunction with its thermal counterpart. We
introduce the figure of merit (FOM) from the product of antenna area
efficiency and heater resistance which is equally designed to the resonant
resistance of the antenna. Comparison is made to the low-impedance
halfwave dipole antenna to assess the improvement made by the FDA.
Time domain solver of the CST Studio Suite software is used for the

numerical computation [10].

2.3.1 Design Modelling and Concept

The simulation model consists of a high-resistivity Si substrate, a
vacuum airbox and antenna, as illustrated in Fig. 2-2. This model ensures
the simulation domain include the high directivity performance through
high resistivity substrate due to elimination of surface waves [11]-[13].
The real physical height of the substrate for fabrication is ~500 um with
the refraction index of 3.42. Within this height, the substrate can be
modeled to behaves as a semi-infinite thick layer which about 4 times the

effective wavelength at 1 THz. Therefore, we designed the wafer as a 20-
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Fig. 2-2 Simulation model in 3-dimensional
volumetric structure comprising of high resistivity Si
substrate, a vacuum airbox, and folded dipole

antenna.

um thick Si box, backed by a perfectly matched layer (PML) boundary to
form a semi-infinite substrate thickness. In addition, to accurately simulate
the structure in a homogenous dielectric and to reduce the computational
time, the background material was chosen with the same refractive index
as the substrate box [14], [15]. The FDA geometries consist of antenna
length (/,), width (w,), spacing between arms (S) and number of arms (V)
defined as N=2(k-1)+1, with the fixed 11.5-um gap (g) size as shown in

Fig. 2-3a. The metallic antenna was designed from gold (Au) with the
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Fig. 2-3 (a) 2-dimensional folded dipole antenna
geometry parameters, (b) cross sectional view of the
Ti heater and (c) top view of the Ti heater on the

antenna gap.

thickness of 200-nm which is larger than the skin-depth of the antenna
material at 1 THz frequency. A 50-Q discrete port is used at the antenna
gap as the source excitation for transmitting mode simulation to extract the

input impedance characteristics.

In the receiving mode simulation, a 1 V/m intensity of plane wave
was launched from the substrate side towards z+ direction since the
antenna on a thick dielectric substrate radiates preferentially into the
dielectric half space. The polarization and electric field vector of the plane

wave were set to be linear and parallel to the x-axis of the antenna,
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respectively. A 50-nm thick metallic heater slab is placed at the antenna
gap replacing the discrete port in transmitting mode to receive the induced
displacement currents from the antenna, as illustrated in Fig. 2-3b and 2-
3c. In order to keep the reciprocal input impedance behavior of the antenna
in both transmitting and receiving mode, the length of the heater was kept
the same as the antenna gap size (/, = g). Furthermore, the heater width
(wr) was tuned according to the electrical resistance equal to the resonant
resistance (R,) of the antenna in the transmitting mode simulations,

calculated as

pl
= e (2-1)
where p, [, and t;, are the resistivity, length, and thickness of the Ti heater,

respectively. Within this heater design, the impedance matched condition

between antenna and heater can be hypothesized.

The simulation design and procedure of Folded Dipole Antenna is
summarized in Fig. 2-4. Note that when designing the heater, a 50-nm
heater thickness (#,) is assumed and heater width (7)) is set so that heater
resistance is equals to the antenna resonant resistance (R,) in a pure
resistive material. The other detail of simulation parameters is given in
table 2.1. The metal material conductivity is assumed room temperature
value given in [16].
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Fig. 2-4 Simulation procedure for Folded Dipole

Antenna design. Red and blue shaded processes are

simulation in transmitting and receiving mode,

respectively.

Table 2.1. Simulation parameter

Target frequency

1 THz

Antenna material

Au (0 = 4.4x107 S/m)

Heater material

Ti (6 = 2.6x10° S/m)

Thicknesses Antenna: 200 nm
Heater: 50 nm
Heater length 11.5 pm

Substrate material

Silicon (p =1 kQ.cm, e =11.7)
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2.3.2 Simulation Setup

Both the simulation in transmitting and receiving modes were
executed in the CST Studio Suite electromagnetic simulation software.
Time domain solver was used based on the finite integration technique
(FIT) in which the Maxwell’s equation is discretized by its integral form.
The model was discretized by using hexahedral meshing combined with
perfect boundary approximation (PBA) to improve the geometry
description with efficient memory compared to the standard finite
differential time domain (FDTD) method [17]. In the global hexahedral
mesh properties, the mesh size was determined by a maximum 15 cells per
wavelength. To improve the accuracy in receiving mode, local mesh
properties were applied to the heater element with 10 cells across the object
structure in x-, y-, and z- directions. The perfectly matched layer (PML)
absorbing boundary was defined at all the outer surfaces of the simulation
model with the estimated reflection level of le-4. As a result, the total
number of 1.5x10° and 3.5x10% mesh cells for transmitting and receiving
mode simulation, respectively, were roughly generated. The computational
server was equipped with 3 GHz Intel Xeon E5-2687W based CPU and
128 GB of memory. A “power flow” monitor was used in the receiving
mode simulation to store the Poynting vectors of the electromagnetic field

stimulated by the plane wave. So, the power dissipation into lossy
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materials, such as Ti metal for the heater, can be extracted by integration

of the Poynting vector over the enclosed surfaces.

2.4 Results

2.4.1 Transmitting Mode

Parametric study of the FDAs was performed to analyze the effect
of antenna geometries, such as length, width, and spacing to the input
impedance characteristics with the fixed resonant frequency. As the FDA
resonant frequency depends mainly on its length, we determine the
resonant resistance (R, ) and resonant length (L,.) when the imaginary part
crosses zero, as illustrated in Fig. 2-5. With the variation of length from
0.4, to 0.74,, the reactive component of the impedance is changing from
inductive to capacitive behavior. The resonant frequency is found near half
wavelength of the antenna, indicates that the FDA has the first resonant
length behavior analogous to a half-wave dipole antenna. Here the guiding
wavelength (A;) defined as the effective wavelength at the interface
between vacuum and Si substrate which calculated based on the effective

permittivity (€.¢¢). The equation used to calculate guiding wavelength is

_ _%o
/15 - \/?ff’ (2_2)

and for effective permittivity (&) 1s given by
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&s+1

Eeff = —5 (2-3)

where A, is the free space wavelength at resonant frequency and &g is the
permittivity of the Si substrate (11.7). The antenna with varied width and
spacing were simulated ranging from 1- to 6-pm with 1-um step. The R,
and L, results were extracted from each width (w,) and spacing (S)

parameterization for 3-, 5- and 7-arm of FDA.

Fig. 2-6 shows the L, trend of FDA for all geometry variations. The
resonant length is found around 0.54; in all cases which comparable to the
resonant length of the standard half-wave dipole antenna. The data points

shown in the figure are fit to the linear fit line increasing to the antenna
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width for every spacing. The L, shows opposite trend to the antenna width
and antenna spacing increment, where it is increasing to the former and
decreasing to the latter. Yet this behavior is commonly different from the
ordinary planar dipole antenna where the antenna length and width have
opposite trend to the resonant frequency. This could be explained by the
fact that the resonant frequency of planar meander antenna is changing as
a function of the width to the spacing ratio for the fixed length, as reported

in [18]. Hence the constant resonant frequency in this report affected to the
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linear increase in the antenna resonant length to the width, but decreases to
the spacing. The increasing number of arms has minor effect to the L,

where the smaller number of arms has the longer L,..

From each L, the correspond R, were obtained, as shown in Fig. 2-
7. General trend of the R, is increasing with the number of arms and
decreasing as the width becomes wider, which may be caused by the longer

effective length and larger cross-sectional area, respectively. The R, of 3-
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arm FDA i1s ranging from 450 Q to 820 Q for different width and spacing.
However, there is a slight increase of R, from 1-um to 3-um width and
then decreasing as the width becomes wider. While the increasing of
spacing from 1-pum to 2-um also shows resistance increase and further
decreasing as the spacing wider. From the width and spacing variation, it
shows a saturation point on the width and spacing around 2-pm. The
identical behavior is found in the 5-arm and 7-arm of FDA, where the
highest R, exceeds 1.3 kQ and 1.5 kQ, respectively. As the number of arms
increases, the narrow spacing effect is found to be stronger where the
saturation points of the R, is found in the wider spacing, i.e. 3-um in 7-arm
FDA case. These results give a trade-off behavior between width and
spacing to the FDA resonant resistances for different number of arms. The
resistance decay in close proximity between FDA arms could be related to
the strong electric field mutual coupling which cause interchange of the
energy. Some of the energy radiated from FDA arms were received by the
other arms and re-scattered in peculiar directions behaving as subsequent
transmitters. In a very strong mutual coupling effect, the vector sum of
radiated and re-scattered waves will influence the input impedance at the
terminal and could complicates the analysis. In a practical manner, mutual

coupling between FDA arms is difficult to predict but must be considered
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due to its substantial contribution to the antenna impedance. Hence in this
study we qualitatively predict the optimum proximity between FDA arms
is changing as the number of arms increase. While in the narrow width
case, the decaying resistance can be explained by the size effect caused
from the mean free path of conduction electrons, which limits the electrical
properties of a metal. A proper design is important when applying FDA in
order to select desired resonant resistance for the impedance matching with

the bolometer.

Another important result is the radiation efficiency which describe
the capability of the antenna to converts the RF power accepted from the
source terminal into dielectric or free-space radiation. It can be described
as the ratio of the power delivered for the radiation resistance to the total
power delivered including conduction loss caused by the antenna material
property. Fig. 2-8 shows the radiation efficiency of FDA as a function of
resonant resistance (R,). The common trend in the radiation efficiency is
increasing as the width increases for any given spacing and number of arms
without any saturation point in width variety. As the R, higher, the
efficiency becomes lower. This phenomenon may be attributed to high
conduction (ohmic) loss as an effect of the skin depth in high frequency

where the electrical current is flowing on the conductor surface instead of
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Fig. 2-8 Radiation efficiency results of FDA as a
function of resonant resistance from different spacing

and number or arms.

the full cross-sectional area. Hence the conductive heating loss on the
antenna surface is increasing as the cross-sectional area decreases. As the
R, comprises of radiation and loss resistance, the enhancement of ohmic
loss affect to the reduction of radiation resistance, thus lower the radiation
efficiency. Similar behavior occurs for each spacing in every number of
FDA arms. However, FDA with larger spacing shows better radiation
efficiency compared to smaller one, even with the same R,.. The efficiency
has a large gap between 1-um and 2-pum spacing, where the former
efficiency drops significantly. This suggest the importance of spacing
adjustment due to mutual coupling in between antenna arms that degrades
the antenna efficiency performances. A higher number of FDA arms is
desirable for high resistance performance, but with the consequence of

decreasing radiation efficiency. Furthermore, a very large spacing offers
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Fig. 2-9 Electric field radiation characteristics of the
semi-infinite substrate thickness shows the majority
radiation towards the substrate direction.
higher radiation efficiency, but it will impact to the larger pixel size which
may increase the complexity during fabrication and measurement process

of the bolometer.

The radiation characteristics of the FDA on semi-infinite Si substrate
is displayed in Fig. 2-9. It shows the majority of the electromagnetic wave
1s emitted towards the Si substrate. As the antenna is located on the

interface between two media with different dielectric constant, the radiated
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Fig. 2-10 Simulated directivity pattern of the FDA.

The direction of 6 = 180° correspond to the substrate
power is proportional to £3/2, where ¢ is the substrate to air permittivity
ratio. In virtue of reciprocity theorem, for the antenna on a boundary
between Si and air would receive power from the substrate-side
approximately 40 times than that from the air-side [19]. However, some
problem such as power loss to substrate modes may arise when substrate
side illumination is utilized with a slab dielectric in real experiment. The
pattern shown in Fig. 2-9 suggest the effectiveness of the semi-infinite
thickness design to eliminate the substrate waves loss during simulation

and it is suitable for the initial investigation of the antenna characteristics
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[20]. Furthermore, the directivity pattern of FDA geometries follows the
same tendency of substrate side radiation with some dependence on the
antenna resistance that change the directivity value marginally. Fig. 2-10
shows the directivity pattern of the FDA in E- and H-plane at 1 THz for
the 3-arms FDA. The simulated 1 THz directivity in the broadside
(substrate) direction is 5.5 dBi. The use of high-resistivity Si substrate
allows the majority of the electromagnetic wave emitted to the substrate
direction (6 = 180°). The pattern can be explained by the ratio £¥? of
powers radiated to the substrate and air side, where ¢ is the permittivity of
the substrate [21]. This pattern is important considering the incident wave
for the THz detector will be from the substrate direction where the higher
gain is expected. An array configuration is also appropriate to improve the
antenna gain. However, for THz imaging applications, the array
configuration is mainly applied to acquire 2D image in a parallel manner,
and the interaction between antennas needs to be. Therefore, our target in
this study is to design and simulate a single pixel THz antenna, as the same
assumption will be applied during the experimental procedure in the next

chapter.
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2.4.2 Receiving Mode

In the receiving mode simulation, a heater was placed at the antenna
gap replacing the source excitation in the transmitting mode. The heater
was designed to match the resistance obtained in transmitting mode, as
explained in previous sub-section. The incoming radiation source is a 1
V/m EM wave from the substrate side towards z+ direction. Therefore, the
incident power density (W;) has the uniform intensity that can be calculated

by

EZ

2ng’

(2-4)

i

where 7, is the wave impedance of the substrate material. Note that the
free-space characteristic impedance needs to be considered due to the
antenna presence at the boundary interface. The time-average power
dissipation (B.) in the heater structure was numerically calculated based on
the integration of the Poynting vectors over the heater surfaces, expressed

as

B =, Re(E x H")dA, (2-5)
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where E and H is the electric and magnetic field intensity, respectively.
Based on equation (2-4) and (2-5), the power capturing characteristics of

the antenna can be calculated as the effective area (4,) by

P
A, =—
e Wi,

(2-6)

with the B. and W; represented in Watt and W/m?, respectively. The
effective area of the receiving antenna can be further extended to the

antenna area efficiency (A.sy) described as the ratio of effective area to the

physical area (4,) [22],

Ae

Aerr =7 - (2-7)

Here we assume the square of the effective wavelength (/152) as the A, For
FDA and half-wave dipole antenna, the effective area is typically smaller

than the physical area of A;* due to the limited antenna gain.

Fig. 2-11 shows the antenna area efficiency (A.sf) of FDAs as a

function of width for different spacing and number of arms. In general, the

Agfy 1s decreasing as the number of FDA arms increases, which is similar

to the radiation efficiency results in Fig. 2-7 as the effect of higher resonant

resistance. However, the A.sr changes over width and spacing becomes
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Fig. 2-11 Antenna area efficiency as a function of

antenna width for different spacing and number or

arms.
different as the number of arm increases. For the 3-arm FDA, the Agzf is
slightly decrease as the antenna width wider. It shows opposite trend with
the radiation efficiency in transmitting mode where the narrow width
antenna (higher resistance) has lower radiation efficiency. While in the 5-
and 7-arm FDA, where the resistance is higher, the A,rr shows nearly
constant result with the antenna width increment. As for arm spacing effect,

the A, is increasing with the spacing regardless the number of arms. The

64



V.A/m~2
0.25

0.2
0.16
0.12
0.08
0.04
0

Fig. 2-12 Power loss distribution of FDA in different
antenna arms: (A) N=3,(b)N=5,and (c) N=7.
highest A, 1s about 5 percent in the 3-arm FDA with 1-um width and 6-

pum arm spacing.

Fig. 2-12 shows the power loss distribution in the antenna-coupled
microbolometer surface for the antenna width of 1-um and spacing of 4-
um viewing from the top side. It is clearly seen that the power losses are
distributed almost equally in entire antenna surface and central heater area.
As the number of arms increase, the average induced power loss is
decreases due to larger antenna surface area. This means the total power
density on the antenna structure is higher compared to the one absorbed

into heater. Typically, the power loss on antenna surface does not
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contribute to the overall antenna-coupled microbolometer performance.
The reason is that in the fabricated device only the heater part is suspended
on top of the air gap hole, while the rest of antenna slab remains on the
substrate surface. Hence the temperature increase in the bolometer is
mainly depends on the power loss of the heater itself, while power loss in

the antenna has insignificant effect.

Commonly, the area efficiency of FDA is lower compared to the
half-wave dipole antenna, with the maxima close to 5 percent according to
Fig. 2-11. However, the responsivity improvement in THz bolometer could
also be expected from the higher heater electrical resistance, even with
lower power efficiency caused by conduction loss in the high-impedance
antenna. The bolometer responsivity is defined as the ratio of the electrical
output signal of the bolometer to the input radiation power, with the unit
of volts per watt (V/W) or amperes per watt (A/W) if the output signal
current is measured. When an incident radiation is travels toward
bolometer surface, the power is absorbed and cause a temperature increase.
According to the heat transfer equation, the output signal voltage (V)

appeared at the bolometer is proportional to [23]

CI!ADPO

V, oc 2272

(2-8)
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where «a is the temperature coefficient of resistance (TCR) of the bolometer
material, Ap 1s the detector effective area, P, is the incident power density,
and G is the effective thermal conductance of the bolometer. In the
presence of an antenna as an absorbing component, the detector area could
be replaced by the effective area (A4,) of the antenna. A large effective area
is preferred to couple more power to the bolometer hence increase the
output signal. The other way to increase the responsivity is by reducing the
overall thermal conductance of the bolometer by downscaling it. Since the
bolometer thermal resistance becomes larger, the antenna should
sufficiently enlarge its resistance for the impedance matching between the
two. However, the typical high impedance antenna has lower efficiency
due to larger ohmic losses in the antenna surfaces, therefore the overall
bolometer performance can be explained by the multiplication of the
antenna effective area and bolometer resistance as the figure of merit

defined as

FOM = A,z X Ry, (2-9)

A higher FOM is proportional to the higher responsivity in the THz
antenna-coupled bolometer. Fig. 2-13 shows the calculated FOM of
various FDA geometries, taken from the product of antenna area efficiency

(Afr) and heater resistance which equals to the resonant resistance (R;)

67



= = N N W
O 0 OO0 O
T

o ;O O
T T

Figure of Merit (A.s * R,)

w
=

]
(3]

= N
o O
T

1S = 2um
XS =5um +§=6um | e

-
=]
T

4]

1 2 3 4 5 6
Antenna width W, (um)

Fig. 2-13 The figure of merit (FOM) as a result of

antenna area efficiency and heater resistance.

of the antenna based on equation (2-1). It is clear that 3-arm FDA has
largest FOM compared to the 5- and 7-arm FDA. The optimum FOM is 30
in the 3-arm FDA for 1-um wide and 4-pum arm spacing. FDA with higher
number or arm shows a comparable pattern of FOM, but with rather
constant effect to the antenna width. The FOM is increasing with the
spacing and shows higher saturation point as the number of arms increase.
These results reveal that the improvement of the antenna-coupled
microbolometer could be attained with the folded dipole antenna and high

resistance heater. However, a trade-off between resistance and efficiency

68



performance must be considered to obtain the optimum condition. To
justify the responsivity improvement being made by high impedance
antenna and heater, a comparison to half-wave dipole antenna is taken. We
have designed a half-wave dipole antenna with 45-um long, 3-um wide,
and simulated it with the identical simulation condition and material
properties as used in the FDA design simulation. A low input impedance
characteristics of 23 Q was obtained. The heater thickness was 200-nm and
used to determine the heater width to form an impedance matched
condition. The area efficiency of half-wave dipole antenna is found to be
8.3 percent with the FOM of 2.1. The FOM result comparison between
FDA and half-wave dipole antenna reveals the improvement by a factor of
13.5 can be expected from the implementation of FDA. Note that this
performance increase assumption is based on the heater electrical
resistance which dominates the thermal resistance of the entire bolometer
structure, thus the responsivity could be enhanced linearly based on the
heater electrical resistance increase. However, the improvement factor
could have different result if the comparison is made with different type of
antenna used for antenna-coupled detectors, such as bowtie, spiral and log-
periodic antennas with various efficiency, impedance, or bandwidth
performances [24]. In this study, we intended the detector improvement

with respect to the higher resistance heater, thus the FDA is chosen among
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many types of antenna due to its high-impedance characteristics. However,
the comparison to the half-wave dipole antenna result is considered
because it is the most commonly used planar antenna type for antenna-

coupled microbolometer [25].

2.5 Conclusion

In this chapter, folded dipole antennas (FDA) has been designed and
simulated with various geometries at 1 THz frequency. The FDA could
yield high input impedance characteristics up to 1.5kQ with the proper
selection of antenna dimension. Simulation in receiving mode reveals that
the responsivity improvement in THz bolometer could be attained from the
product of antenna area efficiency and resonant resistance. Optimum
performance is obtained from the 3-arm FDA with 1-um wide and 4-um
arm spacing. A comparison with half-wave dipole antenna is made to
justify the improvement made with FDA, based on the assumption that
heater resistance is dominating the thermal resistance of entire detector and
responsivity is proportional to the heater resistance increase. This
assumption needs to be verified by device fabrication with high heater
resistances. Lastly, the result presented in this chapter could be used as the
starting point in the realization of high-impedance antenna-coupled

microbolometer in the next chapter.
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Chapter 3

FABRICATION AND MEASUREMENT OF TERAHERTZ

BOLOMETER WITH HIGH-IMPEDANCE ANTENNA

3.1 Introduction

Typical modern bolometer arrays consist of a pixel structure that
firstly developed by Honeywell, Inc. It is called a monolithic structure and
made by Si micromachining fabrication technique. The detecting area
constructed from a thin membrane made of Si3N4 and a thin film deposited
on top of it for sensing element. Initial material used for the thin film was
a semiconductor made of vanadium oxide (VOxy) [1]. The recent advances
in micro electro mechanical systems (MEMS) technology employed
sensitive thermal bolometric detectors on thermally isolated hanging
membranes. The thermally sensitive layer that changes its sheet resistance
according to the change of the temperature has been developed using

various materials such as metals and semiconductors.

Modern bolometers consist of separated absorber and the
temperature sensor. Heater temperature is increase due to the absorption of
electromagnetic radiation which in turn causes the change in the thermistor

temperature and resistance [2]. For the longer wavelength (X) in the far-IR
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and THz region, the absorber size should be proportional to A due to the
diffraction limit in focusing the incoming light [3]. The larger absorber and
temperature sensor, the more difficult it is to realize the low thermal
conductance (k) and low heat capacity (C,) characteristics. Antenna-
coupled bolometer was then introduced to solve this issue, where the
incoming THz radiation detected by the antenna and transferred to the
bolometer. Antenna-coupled bolometers have been studied extensively
since early 80’s where the radiation is absorbed by an antenna and
converted to heat by the load resistor or heater [4]. The sensitivity of a
bolometer defined as the output signal (voltage or current) with respect to
the input radiant power falling on the pixel element. It could potentially be
enhanced by using a novel structure such as integrated thermistor and
heater which are electrically separated but thermally coupled [5], [6].
Within this structure, individual optimization of heater and thermistor

resistance is possible for the sensitivity enhancement.

Heater resistance design is important to match the impedance of the
coupled antenna for the optimum power transfers as the induced current at
the antenna gap flows into the heater. The electromagnetic simulation of
the antenna-coupled bolometer demonstrates the performance

improvement can be expected for the heater with optimum resistance [7].
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As for thermistor, the most important parameter is the temperature
coefficient of resistance (TCR), because the responsivity (R,) and noise
equivalent power (NEP) is proportional and inversely proportional to the

TCR, respectively.

Commonly used thermistor materials are semiconductors made of
amorphous silicon (a-Si), Vanadium oxide (VOy), and metal-based
material such as Bismuth (Bi1), Platinum (Pt) and Titanium (Ti). The main
benefit of metallic bolometer is the low noise which mainly dominated by
the shot and the thermal noise. Therefore, the device performance can be
improved by the selection of metal with the high TCR which is difficult to
obtained in semiconductor-based materials such as a-Si and VOy. In this
study, Ti is selected as the material for thermistor and heater due to its low
electrical and thermal conductivities, immunity to electromigration, low
flicker noise, and compatible with the Si wafer processing technology [8]—

[10].

The electrical responsivity of meander shape thermistor has been
investigated to be twice larger than that of the straight wires due to four-
time larger electrical resistance [11]. The scaling trend of the Ti bolometer
is also verified the cut-off frequency (f;) improvement and decrease of R,
if the length was reduced while keeping the same width and thickness in
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both heater and thermistor [11]. This trade-off was partially relaxed with
the use of meander shape thermistors where effective length can be

improved.

The size effects have been investigated in the narrow width Ti line
with reduced TCR of one third than that of bulk material [12]. The TCR of
the thermistor also gets affected by the presence of defects or grain
boundaries, and can be improved by annealing. Performance improvement
of bolometer by Joule heating effect has also been conducted [13].

Further scaling study reveals the importance of the uniform
resistance increase in thermistor and heater. The resistance increase will
further reduce the thermal conductance of the bolometer, if the heat loss
mechanism is dominated by the heater. Thermistor resistance was
increased by using meander structure. As for heater, resistance can be
increased by the reduction in width or thickness. Increasing heater
resistance will lead to the enhanced responsivity and reduction of NEP,
because the noise source is dominated by thermal noise in the thermistor.
However, heater resistance increase requires a drastic change in the
antenna. Halfwave dipole antenna that commonly used in a THz detector
has relatively low impedance characteristics, and can only be optimally

coupled with a low resistance heater. Therefore, heater resistance
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improvement should be followed by the development of the antenna with
higher impedance at the same resonant frequency. Folded dipole antenna
(FDA) has been discussed and proposed as the solution in the previous
chapters.

In this chapter, we discuss the design and fabrication of the antenna-
coupled microbolometer with varied Ti heater width to improve heater
resistance. A common 0.1-um-wide meander thermistor was used.
Electrical-based experiments were performed to extract the electrical
resistance, TCR, thermal resistance, noise and electrical responsivity.
Optical-based experiments were performed to evaluate THz responsivity

at 1 THz frequency with two antenna types of halfwave and folded dipole.

3.2 Device Concept of Ti Microbolometers

Fig. 3-1 shows the fabricated antenna-coupled bolometer structure.
Stacked heater and thermistor located at the center of a half wave and
folded dipole antenna designed for 1 THz detection. Thermistor is
electrically separated from the heater by 100-nm-thick Si0, interlayer, but
thermally coupled each other. Cavity was formed to detach the heater-
thermistor stack from the silicon (Si) substrate, for large thermal isolation
and temperature rise. Two set of samples were fabricated with the variation

in 0.1 and 0.2 um heater thicknesses. The detector samples packaged on a
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Fig. 3-1 OM and FESEM images of the antenna-coupled
detector: (a) Detector with halfwave dipole antenna; (b)
Detector with folded dipole antenna; (c) Fabricated
meander thermistor on SiO: interlayer with effective
length of 89.5 pm; (d) Suspended heater and thermistor
devices above cavity hole for detector’s thermal

isolation from the Si substrate.

6 mm x 6 mm chip and wire bonded through the measurement pads for
THz optical characterization. While the identical detector samples but
without the antenna were also prepared for material parameter and
electrical characterization. Fig. 3-la and 3-1b show the structural

observation based on optical microscope (OM) for the fabricated detector
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Fig. 3-2 Complex impedance characteristics of the
folded (blue line) and halfwave (red) dipole antenna.
Solid line represents real impedance, while dashed line
represent imaginary impedance for the antenna length

and width shown in Table 3.1

coupled to halfwave and folded dipole antenna, respectively. Fig. 3-1c and
3-1d show the field-emission scanning electron microscope (FE-SEM)
observation of meander thermistor and suspended heater-thermistor
structure above the cavity hole, respectively. In this study, a common 0.1
pum wide thermistor was designed in meander structure for longer effective
length and higher resistance. The heater was designed in fixed length (Lj.,)
with twelve different widths (). A 11.5 um-long heater was considered
due to the gap size between antenna arms where the 1 THz resonant

frequency is attained. As we fabricated a wide range of heater resistances,
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two type of antenna in the shape of halfwave and folded dipole were
designed and fabricated with individual antenna length (L,,) and width
(Wan). Note that both antennas have a resonant frequency of 1 THz from
the electromagnetic simulation to effectively transfer the incident THz
waves to low and high heater resistances, as shown by their complex
impedance characteristic plot in Figure 3-2 [14]. Table 3.1 summarizes the
structure dimension of thermistor, heater, and antennas.

Table 3.1 Device parameters and dimensions

Dimensions (pm)

il T Width Thickness
Thermistor i 89.5 0.1 0.05
Heater ik 11.5 (Ln) 0.1-2.1 (W) 0. 8.2
Halfwave dipole Au/Ti 52 (Lant) 5.2 0.2/0.02
Folded dipole Auw/Ti 61 (Lant) 1 0.2/0.02

3.3 Fabrication Process

The studied detector is composed of integrated titanium (Ti)
thermistor, interlayer, Ti heater, and gold (Au) antenna stacked on a high
resistivity Si substrate (p-type, p:4.2-9.5 kQ.cm). Fabrication processes
were performed sequentially from the bottom to top layer. Prior to
thermistor fabrication, 200-nm-thick thermal oxide (TO) SiO2 was grown
on the Si substrate using the wet oxidation technique under atmospheric
pressure for 30 min at 1000 C, without any pre- and post-treatment. After

that, meander thermistor was patterned and then deposited. Fig. 3-3a
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Fig. 3-3 (a) 50-nm-thick Ti thermistor deposition on top

of TO SiO:; (b) Ti heater deposition on top of ECR SiO;

interlayer; (c¢) Cavity hole fabrication; (d) Heater

coupled to the antenna gap on top of meander

thermistor; (e¢) Halfwave dipole antenna (top) and

folded dipole antenna (bottom) design structure.

illustrates the fabricated thermistor on top of TO SiO,. At this point,

electrical insulation was then formed by deposition of 100-nm-thick

electron cyclotron resonance (ECR) sputtering SiO, interlayer. Once the

interlayer done, heater structure was patterned and deposited, as illustrated

82



in Fig. 3-3b. Contact hole for thermistor feeding line was patterned and
then etched on the interlayer by CHF; reactive ion etching (RIE). Au
antenna and measurement pads were patterned and deposited afterwards.
More precisely, a 20 nm Ti thin film was first deposited below the Au thin
film to strengthen the adherence of the gold film to the interlayer surface.
Finally, deep cavity for thermal isolation was formed by CHF; RIE and
SFe plasma etching on the SiO; and Si layers, respectively, as illustrated in
Fig. 3-3c. The suspended structure of thermistor and heater was confirmed
by the lateral etching during cavity fabrication. All patterning and metal
deposition processes were performed by electron beam lithography (JEOL
Ltd., JBX-6300SP) and electron beam (Shinko Seiki Co., Ltd., SV-A474)
evaporation system, respectively. Fig. 3-3d illustrates the heater design
length (Lj.,) with twelve different widths (7},). Two type of antenna in the
shape of halfwave and folded dipole with individual antenna length (L)

and width (W,,,) are illustrated in Fig. 3-3e.

3.4 Measurement Method

The material parameters of Ti thermistor and heater were evaluated
on a temperature-controlled vacuum prober (Nagase Techno-Engineering
Grail 21-205-6-LV-R) outfitted with a precision semiconductor parameter

analyzer (Agilent 4156C). A standard IV characterization method were
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used to obtain electrical resistance by four probe measurements method on
the thermistor and heater current and voltage measurement pads. As the
resistance changes with the measurement temperature inside the prober,
the TCR (a) which defined as the resistance change factor per degree of
temperature change can be calculated by the slope of the linear regression
line of resistance against temperature change. Experimentally, TCR was
measured by varying the temperature inside the prober from 260 to 300 K
in the steps of 10 K.

Electrical responsivity, frequency response, and voltage noise were
evaluated at room temperature of 300 K inside the vacuum prober. Since
thermistor is commonly designed for all detector devices, bias current (/)
was fixed to 25 pA for all measurements. Responsivity was measured by
applying AC electrical power up to 3 uW at a frequency of 10 Hz to the
heater and change in thermistor voltage output was observed. A constant
current source (Yokogawa GS200) was used to supply the bias current
during responsivity measurement and a lock-in amplifier (Signal Recovery
7270) recorded the voltage output from thermistor. Circuit diagram for the
electrical responsivity measurement is represented in Fig. 3-4a in constant
current (CC) mode. Frequency response of the detector was measured
electrically on thermistor by applying amplitude-modulated signal

frequency (f,,) sweep from 1 to 100 kHz to the heater. The second-
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R, Analyzer
Fig. 3-4 Equivalent circuits for detector electrical
measurements: (a) Circuit for electrical responsivity;

(b) Circuit for frequency response; (c) Circuit for noise

analysis.

harmonic thermistor output voltage (2f,) was recorded by a lock-in
amplifier because the temperature rise is proportional to the square of the
temporal amplitude of the modulated signal. Fig. 3-4b shows the circuit

diagram for frequency response measurement with external load resistor
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(R.) connected in series with thermistor. Voltage noise was recorded on
thermistor device over a frequency range of 1 to 100 kHz by an FFT
dynamic signal analyzer (Agilent 35670A). Since the thermistor signal
amplitude was very low and restricted by the noise produced inside the
analyzer, a low-noise and high-gain voltage preamplifier (DL Instruments
1201) was used to improve the sensitivity of the spectrum analyzer. Circuit
diagram for the noise measurement is depicted in Fig. 3-4c with the
addition of external load resistor (R;) connected in series with thermistor.
It 1s important to note that the external load resistor (R;) of 10 kQ was
connected to thermistor to evaluate frequency response and noise
characteristics, and a constant voltage bias source (DL Instruments 1211)
was used instead of constant current source.

Responsivity to THz radiation was evaluated by illuminating the
backside of the detector chip with THz signal generated from a microwave
signal generator (Anritsu MG3692C) operating at 13.2 - 14.9 GHz. An
amplifier multiplier chain (VDI AMC 302) has been used to multiply the
microwave frequency by 72x and the signal finally excites by a horn
antenna (WR1.0 UG-387/UM) at 950 — 1072 GHz range. Detector chip
package was installed inside the vacuum dewar and arranged in front of the
transmitter antenna at the center of radiation beam spot. The distance

between Tx antenna to dewar surface is 70 mm, and the chip package is
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Fig. 3-5 (a) THz optical responsivity measurement block;

(b) Electrical connection inside vacuum dewar.
mounted 13.5 mm from dewar surface. An optical chopper was placed in
between transmitter (Tx) antenna and vacuum dewar window surface to
modulate the source radiation and synchronized to the lock-in-amplifier
reference input. Typical power radiated from the source is 0.25 mW.
However, we employed a calibrated pyroelectric detector (Spectrum
Detector SPH-62-THz), with detector area of 20 mm? to record the

radiation intensity at the same place with the detector plane. The incoming
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THz radiation from the source had a linear polarization and the E-field
component of the detector’s antenna was set parallelly to the one from the
Tx antenna. A bias current of 25 pA was supplied by the DC power supply
constant current source. A voltage preamplifier was used to improve the
sensitivity of the lock-in amplifier due to a low output signal intensity
generated from thermistor. Fig. 3-5a shows the experimental block for THz
measurement. Embedded inside the vacuum dewar is a 100 k€ load resistor
(Ry) connected in series to the thermistor (R;) measurement pin as
illustrated by the circuit diagram in Fig. 3-5b. No additional optical mirrors
nor focusing mechanism used during measurements. It is also important to
note the presence of high-density polyethylene (HDPE) window at the
vacuum dewar surface that affect the incident THz radiation. Based on the
THz-TDS measurement, the HDPE window has 0.88 transmittance value

at 1 THz frequency.

3.5 Measurement Results
3.5.1 Material Parameters

The maximum input current applied to thermistor and heater were
appropriately limited based on the resistance increase up to 3% to avoid
overheating and break the devices. A fixed amount of input current was

applied to measure thermistor resistance, while the amount of current to
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heater devices with different widths were set proportionally to the heater
widths to obtain constant voltage across them. Resistance at the room
temperature (Ry) of individual device was taken as the intercept of square

input current (/) against resistance increase. Fig. 3-6a shows the resistance



of the heater (R;) and thermistor (R,) in multiple heater design widths (W},)
on 0.1 and 0.2 pm heater thicknesses (#,). R;, are linearly decrease with the
increase of W), as generally expected from the relation between cross-
sectional area of the wire and resistance. A slightly lower R, are shown in
the devices with #, of 0.2 um due to larger cross-sectional area. However,
as observed in narrower W), devices, some fluctuation of R, is appeared that
could be affected by the interlayer surface roughness above meander
thermistor. As for thermistor devices, R, are slightly fluctuates across
different W), and ¢,, without any drastic change.

Temperature coefficient of resistance (TCR) of temperature sensor
(thermistor) is important material property for a detector as responsivity is
proportional to it. TCR represents the resistance relative change per degree
of temperature change and can be expressed by the following equation,

TCR = = /R,, (3-1)
where AR/AT is the slope of linear regression line of resistance change. Fig.
3-6b shows the relationship of R, and TCR against temperature change
from 260 K to 300 K with 10 K steps. It is apparent that resistance increases
while TCR is slightly reduced with the temperature. Calculated thermistor

resistivity and TCR in room temperature were 1.22x10°° Q.m and 0.179%,

respectively, based on the design width of 0.1 um. There is no drastic TCR
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change within different R, revealed that thermistor electrical parameter is

hardly affected by the presence of different heater resistance above it.

3.5.2 Electrical Responsivity

Prior to electrical responsivity measurement, we performed a
thermal parameter analysis of the detector. Thermistor, as the detector
temperature sensor, is the most important part in the microbolometer
structure of this study. Performance measurements were mainly relied on
the output given by the thermistor. Hence it is convenient to analyze the
thermal resistance of thermistor to predict the detector performance. As the
bias current passing through the thermistor, a uniform self-heating reaction
in thermistor leads to the resistance and temperature increase, thus output
voltage increases due to stimulated heater input power can be obtained.
Therefore, thermal property of the thermistor represents the detector
performance as it also proportional to the responsivity.

Lateral thermal conductivity (k) extraction of a metal wire
suspended on a Si substrate has been analyzed based on the average
electrical resistance (R) of the wire under bias current (/) expressed by

R = Ry[(2/mL)tan(mL/2)], (3-2)
where m? = I?Rya/(WdLk). Here, W, d, and L are the width, thickness,

and length of the wire, respectively. Equation (3-2) can be further derived
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Fig. 3-7 Measured thermal resistance (Ruem) of the
detectors with different heater resistance.

by the Taylor expansion of m with respect to I? into the following

expression [15]

— 1

R =R (1+ ZaRoRener 1?). (3-3)
where Riperm = L/(Wdk) correspond to the thermal resistance of the

wire. Therefore, thermal resistance (Rterm) calculation of our meander

thermistor can be simplified as

Renerm = —o=(5); (3-4)

Ro’a drz
where (dR/dF) is the slope of the resistance change for a given square input
current [16].
Fig. 3-7 shows the R of thermistors calculated by Equation (3-4)
with different R, on 0.1 um and 0.2 pm heater thicknesses (#;). As shown,

Ru.m Of thermistor increases as heater resistance increase. As we use a
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Fig. 3-8 Thermal resistance model in the
microbolometer. a‘R;, represents the contribution of
thermal resistance from the heater, and Rumerm pase
represents the contribution of thermal resistance from

another detector structure, i.e. thermistor and SiO:.

common thermistor design with the same electrical parameter, the main
contribution to R increase is come from the improvement of dR/dI° in
thermistor. It is also revealed that the change in R; could affect to the
temperature increase in thermistor under the same bias current. However,
as it also observed, the Ry, trend is not linearly to the R, increase, and a
saturated Ry 1s predictable as the R, goes very large. At that point, the
thermal parameter of the detector is dominated by the other structure such
as Si0O; interlayer and substrate, or thermistor. Further analysis of thermal
parameter has been made by drawn a fitting line based on a resistor
equivalent parallel circuit of thermal resistance contribution from the
heater (R;) and another detector structure (i.e. SiO, and thermistor, hereby

symbolized as Riperm pase), as illustrated in Fig. 3-8. We assume heater
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electrical resistance conversion ratio to its thermal counterpart by a
variable of a. The model used to predict the calculated thermal resistance

(Riherm-moder) 18 then given by

Riherm_baseX(AXRp)
R = = . 3-5
therm_model Rtherm paset(@XRp) ( )

The extracted a variable is 1.29x10°. This variable can be explained
theoretically by the Wiedemann—Franz law that relates the ratio of
electrical (o) to thermal (k) conductivity parameters of a material (o/x =
1/L/T, where L = Lorenz number (2.44 x 10—8 WQ/K2) and T =
temperature) [17]. Given the Lorenz number of 2.44x10%* WQ/K? and
experiment temperature of 300K, the electrical to thermal ratio is 1.37x10°
KW-1Q! close to our extracted a variable value. As shown in Fig. 3-7, the
calculated Rerm moder fits to the measured thermal resistance. This suggests
the accuracy of the proposed analytical model for the investigation of
thermal contribution in detector for further performance estimation. As for
the extracted Rierm pase Variable value includes the contribution from the
Si0, and thermistor.

Responsivity of the detector is defined as the ability of thermistor to
generate voltage output (V,,,) signals with respect to the applied electrical
input power (P;). In our detector structure, thermistor is electrically

separated but thermally connected to the heater by an SiO; insulation layer.
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Input power that applied to the heater will increase R, and their average
temperature due to Joule heating, hence the heat (power) displaced from
the heater stimulates the voltage output increase in thermistor under bias
current (/). Responsivity is proportional to thermistor material parameters
such as resistance and TCR as well as the applied bias current.
Miniaturization of thermistor by a meander structure had the impact of
longer effective length thus increase the resistance with the same lateral
length as the stacked heater structure above thermistor. Remind that the gap
between the antenna’s arm is limited to 11.5 um. Thinner thermistor has
been investigated to have reduced the TCR but increased resistivity. For
the present design, we focus on one thermistor design width of 0.1 um.
However, increase of the R;, could also lead to an improvement in
responsivity as expected from our previous scaling study. Input power to
the heater was given by rising the AC electrical input voltage up to 50 mV
at 10 Hz. Thus, the power generated by the heater (P;,) can be calculated

as

2
Py = hea (3-6)

Rhea ’
where V., is the voltage output generated from the heater, and it is obtained

by the heater input-output voltage ratio. A constant /, of 25 pA was applied
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Fig. 3-9 Detector’s electrical responsivity (R,..)

dependence on heater resistance.

to the thermistor regardless the R;, values. The detector’s electrical

responsivity (R,..) is then expressed by

VOu
Ry_e = Pint' (3-7)

As P;, increase, the thermistor V,,, will also increase. Therefore, slope of
Vour against P, gives the R,... Fig. 3-9 shows the R, variation with different
R;. Maximum R, increase of 2.55 times is observed as the R; increase up
to 16 kQ. The R,. enhancement, however, is nearly proportional to the
extracted detector’s thermal resistance in Fig. 3-7. It revealed that thermal
resistance measured on thermistor is proportional to the detector’s
responsivity. The maximum responsivity is 913 V/W from the device with
Ry of 16 kQ. The calculated responsivity was also given by the model
described previously in Equation (3-5), with an additional proportionality

constant of b is added in series to represent the conversion factor of
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temperature rise to the output voltage [13]. The analytic model for
responsivity (R, moder) 1S then given by

Ry modet = Rtnerm_modet X b. (3-8)
As can be seen in Fig. 3-9, the calculated responsivity by the proposed
model fits to the measurement results, suggesting the effectiveness of the
model in Equation (3-8) to predict the responsivity trend. The extracted b
variable is 5.6x107. It is close to the theoretical extended responsivity
analysis calculation from the product of applied bias current (1), extracted
TCR («), and thermistor resistance (R;), and some additional factor that
close to the 1/12 based on Equation (3-4). This additional factor came from
the temperature rise in meander thermistor is mainly located at the center
part and not in the entire thermistor. One concern about the R, results in
Fig. 3-9 is that three heater devices with the heater width of 0.1, 0.15, and
0.2 um and thickness of 0.2 um were defected and unable to be measured.
However, their performance can be predicted based on the close
proportionality of Fig. 3-7 and 3-9.

Figure 3-10a shows the measured thermistor output voltage (Vo)
response to the change in input AC frequency (f) applied to the heater.
Since the load resistor (R;) was connected in series with thermistor (R;)
according to Fig. 3-4b, the effect of R, has been eliminated by estimating

the output voltage in CC. The cut off frequency (f.) was used as the fitting
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Fig. 3-10 (a) Thermistor output voltage to the change of
temperature fluctuation frequency, estimated in CC
mode; (b) Detector’s cut off frequency (fc) dependence

to heater resistance.

parameter to minimize the error between the measured (V,) and calculated

output voltage |V,.(f)| by the following fitting equation,

Voue ()] = —2— (3-9)

2
1+ (ﬁ)
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The f. that gives minimum error extracted as the cut off frequency. It is
notable that higher R, with higher responsivity has smaller f. thus earlier
response roll-off is observed. The cut off frequency (f.) dependence to R;
is shown in Figure 3-10b. As shown, f. decreases as R, increases, which is
opposite to that of responsivity. This can be explained by the lower thermal
diffusivity characteristic of the SiO, compared to Ti from the heater [18]—
[20]. As the Ti heater width narrower (R, increase), the volumetric ratio
between Ti and Si0, becomes smaller and the heat generated in the heater
is diffused slower. It is also important to note that the extracted f. is based
on the temperature fluctuation frequency which is double the AC frequency
applied to the heater. Additionally, the measured f. can be further adapted
to extract the detector’s thermal response time (t) by the relation of 1/2xf..
Indicating that the faster response can be expected for the detector with

higher f..

3.5.3 Noise Characteristics

Noise equivalent power (NEP) is defined as the input power that gives a
signal-to-noise ratio of one for the output noise of 1 Hz. The NEP is the

main figure-of-merit of a detector’s sensitivity and can be expressed by

NEP = Z—“ (3-10)

v
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Fig. 3-11 (a) Equivalent circuit diagram for noise
measurement in R; mode; (b) Equivalent circuit

diagram for noise estimation in CC mode.

where ¥, is the voltage noise recorded at thermistor device for a given bias
current. A 10 kQ external R; was connected in series with thermistor, as
previously shown in Fig. 3-4c. The recorded voltage noise has been
converted to the constant current (CC) voltage noise mode thus eliminate
the effect of the R;. Fig. 3-11 (a) and 3-11 (b) show equivalent circuit
diagram for noise measurement in R; mode and estimation of noise in CC
mode, respectively. According to Fig 3-11 (a), the measured noise voltage

with load resistor connected can be expressed as

Vieas = (2, + 125, ) X (RL[IR,)? (3-11)

where the current passing through the load resistor (R;) is given by

In,RL = ﬂ4‘kBT/RL (3-12)

Here we assume that the load resistor (R;) generates ideal thermal noise.

Finally, the estimated noise in CC mode based on Fig. 3-11 (b) is
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2 — 72 2
VZest =125 X R

n,est

(3-13)

Figure 3-12 (a) shows the estimated power spectrum density (PSD) in CC

mode of the detector under 25 pA thermistor bias current. The theoretical
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noise (¥, wmerm) floor was assumed to be thermal noise generated from R,

and given by

Vi therm = +/4kpTRy, (3-14)
where kjz is the Boltzmann constant and 7 is the room temperature during
measurement. At low frequencies below 10 Hz, the noise power is increase
almost proportional to the I/ noise that might be caused by the
characteristics of a narrow metal wires. At high frequencies, the noise
spectrum becomes flat reflecting the "white" characteristics of thermal and
shot noises close to the theoretical thermal noise. Fluctuations in the noise
spectra are came from the environmental noise in the measurement setup.
Fig. 3-12 (b) shows the NEP of the detector against R, change. Assuming
the flat response of the detector at the frequency below the f., the NEP was
evaluated at 1 kHz with the corresponding voltage noise (V) of 4.15x1078
V/Hz’>. The lowest NEP is 45.5 pW/Hz"° from the device with R;, of 16
kQ. The calculated maximum NEP reduction is nearly the same as the
responsivity improvement due to the common voltage noise in thermistor.
The fitting line for NEP results trend was added based on the voltage noise
divided by the same model applied for electrical responsivity fitting in

Equation (3-8). As also observed in Fig. 3-12 (b), the calculated NEP
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model is fit to the measured NEP as it is inversely proportional to the

responsivity.

3.5.4 THz Characterization

Twelve different heater widths were characterized for electrical
measurements. However, we used four different heater widths in each
heater thicknesses for THz characterization using two antenna type. The
chosen heater widths correspond to the heater resistance near to the
antenna’s resonant resistance. Prior to the THz measurements, a calibration
of the pyroelectric detector (PED) responsivity was performed. The PED
is used to record the incident power density at the detector plane. This
method offers the flexibility to calculate the input power without the need-
to-know exact transmitter system characteristics, as long as the light
receiving area is clearly defined or sufficiently larger than the incoming
light spot. After that, the 1 THz radiation intensity is measured at the
detector place by using PED. The recorded voltage signal by PED together
with the PED responsivity will result in the radiation intensity on the
detector plane. Finally, the proposed THz microbolometer can be
measured. The steps for THz characterization are briefly summarized in

Fig. 3-13.
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Fig. 3-13 THz characterization steps taken for

measuring the detector.

PED Calibration

PED generally shows rather flat response over a broad range of
wavelengths. The sensitivity is relatively high among room-temperature
detectors. It is reasonable to calibrate a PED for the optical power
measurement in the THz regime before use it for power density
measurement. Fig 3-14 shows the measurement setup for PED calibration
by using blackbody radiation source. The PED type is SPH-62-THz made
of LiTaO3 pyroelectric crystal on a ceramic substrate, from Spectrum
Detector Inc. The light source is a standard blackbody furnace SR-2-33-SP
from CI System. The voltage output of the detector was measured by a
lock-in mechanism using Signal Recovery 7270 lock-in amplifier (LIA).
The filters used are black polyethylene, quartz and a 1 THz band pass filter
(MMBPF40-1000). These THz filters were used to verify the responsivity
in THz region thus neglecting the contribution of the other frequency
components in the blackbody infrared spectrum. The position of the PED

is aligned so that the detection element is at the center of the focal point of
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Fig. 3-14 Pyroelectric detector (PED) responsivity

calibration setup by using blackbody radiation source.

the focusing parabolic mirror. Total propagation distance from the
blackbody aperture point to the PED aperture surface is 29.5 cm. The
measurement was carried out at room temperature of 297 K while the
blackbody radiation temperature was varied from 600 to 1000 K with 100
K interval. The modulation frequency was varied from 3 to 300 Hz.

The incident power from the blackbody source falling to the detector
can be calculated as the product of blackbody irradiance, transmittance of
the optical components and propagation medium, and the solid angle of the
off-axis parabolic mirrors. The wavelength dependent variable such as
blackbody radiance spectrum and optical transmittance are numerically
integrated over the infrared wavelength from 1 to 500 um (300 to 0.6 THz)

as it coincides with the operational wavelength of the PED. The
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temperature dependent total incident power (P;,(T)) of the blackbody

source can be formulated as

yl
Pip(T) = Q- tgr - Ap 'f,hsoo Er(A) " triee (A)dA (3-15)
where Q, tgir, Ap, and tgjers are the solid angle of the OAP mirror [sr],

transmittance of the propagation medium (air), detector size area [m*], and
transmittance of the filters. The wavelength and temperature dependent

blackbody radiance (E(A,T)) can be calculated based on the Planck’s

blackbody radiation law as

hc? 1
5 hc
A> exp( /AkBT)

EAT) =2 — [W/em?/st/pum] (3-16)

where h is Planck’s constant [J/s], ¢ is the speed of light [m/s], and kj is
the Boltzmann’s constant [J/K]. As the measurement was performed in the
room temperature, the intensity was obtained by subtracting each
blackbody radiance in the temperature under test (600 to 1000 K) with the
background radiation intensity at 297 K temperature.

Fig. 3-15 presents the transmittance of the BPE, crystal quartz plate,
and 1 THz BPF. The transmittance of the BPE was obtained by FTIR and
THz-TDS, the transmittance of the crystal quartz plate was provided by

measurement data of Infrared Laboratories and THz-TDS, and the
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Fig. 3-15 Filter transmittance of BPE, quartz, and BPF

used during PED responsivity calibration.

transmittance of BPF was provided by the manufacturer and validated by
THz-TDS measurement.

The transmittance along propagation medium (air) determined based
on the Beer-Lambert law of optical attenuation to accurately calculate the
absorption by the water vapor. The atmospheric transmittance of the air is

described as

tair = exp(—N - agm) (3-17)
where N is the column density of water [m?] and a,;, [m?] is the
absorption coefficient. The column density calculation can be derived from

the ideal gas law as

N =~ 7.2426 x 1016 22220 | [/ (3-18)
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where L is the total propagation distance of the optical measurement setup
and py, ¢ 1s the saturated water vapor pressure [Pa] in temperature of T.
The energy falls on the detector surface is also affected by the area
of the detector element (A) and the solid angle (2) of the parabolic mirror
because the beam spot of the blackbody radiation is sufficiently larger than

the detector area. The solid angle can be calculated by

Vs
4F+1

O =

[sr] (3-19)

where F is the F-number of the focusing parabolic mirror, obtained from
the radius and focal length of the mirror. The room temperature and
humidity were 24 C and 57%, respectively, during experiment. The
calculated column density and saturated water vapor were 1.2x10'® ¢m™
and 2984 Pa, thus the atmospheric transmittance was calculated to be
0.6934. The calculated solid angle (Q2) of the parabolic mirror was 0.0655
sr and aperture area of the PED (Ap) is 2x2 mm?, as provided by the
manufacturer.

The voltage responsivity of PED (R, pep) was calculated based on
the ratio of the voltage output signal of the PED to the incident power from
blackbody source modulated by optical chopper. Fig. 3-16 shows the

calibrated responsivity of the PED as a function of temperature and

chopping frequency. The responsivity decreases with the modulation
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temperature and modulation frequency.

frequency and it is barely affected by the blackbody temperature. The
absolute responsivity obtained after calibration is 89 kV/W [21].
THz Optical Responsivity Measurements

Figure 3-17 shows the measurement of radiation intensity of the 1
THz source by PED. The PED is placed on the 3-axis stage and aligned in
the position where the THz microbolometer will be installed.
Experimentally, the voltage signal output from the PED was recorded at
the frequency range of 950-1073 GHz where the THz radiation source is
applied. Assuming the flat responsivity of the PED across the frequency

range, we can obtain the incident power in the same frequency range. The
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Fig. 3-17 Radiation intensity measurement of 1 THz

source by using PED.

distance between tip of Tx horn antenna to the PED box surface is 70 mm.
However, the actual pyroelectric sensor element inside the box is located
14.9 mm from the surface.

Figure 3-18 shows the setup of the optical experimental using THz
source and vacuum dewar where the THz microbolometer is installed. The
distance between THz transmitter antenna to dewar surface is 70 mm. The
actual bolometer surface inside the dewar is located 13.5 mm from the
dewar surface. Note that a high-density polyethylene (HDPE) window is
present in the vacuum dewar surface with 0.88 transmittance at 1 THz
frequency. As in the previous electrical characterization, THz optical
responsivity is defined as the thermistor voltage output with respect to the
input power given by the heater. Instead of direct power supplied to the
heater, the THz input power generated from the heater is taken from the

capability of the antenna to capture incoming THz radiation from the
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Fig. 3-18 Optical responsivity measurement setup by
using 1 THz radiation source. Bolometer chip is

mounted inside vacuum dewar.

source to be further transferred into the heater. A good impedance
matching between heater and antenna is critical, as one can expect a good
power transfer between the two [22]. The output power stated by the THz
source equipment datasheet might come to an overestimated value, since
not all the incident power falling on detector’s plane is captured by the
antenna. Only a portion of power within the effective antenna area will be
absorbed then transferred to the heater load on the antenna gap under good
impedance matching. Assuming the THz wave is radiated in uniform
power density towards detector’s plane, the amount of absorbed power by
the antenna can be known if the effective area of the antenna is determined.
Experimentally, we recorded the incident power density (W#;,) by using a

calibrated pyroelectric detector (PED) at the same position where vacuum
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dewar was installed. The light receiving area (4.) used to calculate input
power is assumed as diffraction-limited area based on the square of the
effective wavelength on the detector’s surface (As?) [23]. The maximum
calibrated W;, within THz source frequency range in detector position was
25 uW/em?. The THz optical input power (Pi..,) is then given by the
following equation

Pin—o = Win X Ae. (3-20)
The incoming THz radiation from the source had a frequency of 1 THz.
Given the relative permittivity of Si substrate of 11.7, the effective
wavelength (4;) on the detector’s surface is 119 um. Finally, THz optical
responsivity (R,.,) can be calculated based on the thermistor voltage output
divided by the P;,,. The PSD profile for optical NEP is taken from the
estimated PSD with 100 kQ load resistor (R;) based on the PSD result in
electrical measurement (R, = 10 kQ). Equation (3-13) is used to estimate
the noise voltage for different load resistor. The obtained voltage noise at
1 kHz is 3.48x10 V/Hz". Fig. 3-19 (a) and 3-19 (b) show the R,., and
NEP trend with the change in R, for the detector coupled to the halfwave
dipole antenna. A declining trend is shown for the R, , results, revealed the
ability of the halfwave dipole antenna to transfer the incoming THz power
optimally to low resistance heaters. The maximum R,, and NEP, for

halfwave dipole antenna-coupled detector is 530 V/W and 42 pW/Hz%,
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Fig. 3-19 (a) THz optical responsivity (R,.,) and (b) NEP
dependence on heater resistance for antenna-coupled

halfwave dipole antenna.

respectively, from the device with R, of 91 Q. Fig. 3-20 (a) and 3-20 (b)
show the R, , and NEP, trend with the change in R, for the detector coupled
to folded dipole antenna (FDA). A maximum R,_, and NEP, were observed
at the heater resistance of 586 Q, close to the simulated resonant resistance

of FDA (675 Q). The R,., and NEP, performance worsened as the R, far
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Fig. 3-20 (a) THz optical responsivity (R,.,) and (b) NEP
dependence on heater resistance for antenna-coupled

halfwave dipole antenna.

away from the resonant point. These results indicate that the designed
antennas could effectively transfer the incident THz energy to the heater
according to their resonant characteristics and matching heater resistance.
The maximum R, , and NEP, for folded dipole antenna-coupled detector is

882 V/W and 39 pW/Hz’>, respectively.
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Fig. 3-21 Illustration of circuit diagram for heater input

power modelling in THz characterization.

Further analysis was taken by the model fit line based on the
Equation (3-21). Additional circuit diagram illustrated in Fig. 3-21 is
considered due to the fact that input power to the heater was mainly
contributed by the antenna, and impedance matching between the antenna
and heater significantly affect the THz input power. The input power
(power consumption in the heater) can be estimated based on the input
voltage (Vi,) generated at the antenna gap and both antenna (R,,) and
heater (R;) resistances. Given the responsivity model in Equation (3-8) and
circuit diagrams in Fig. 3-17 for THz input power, the THz optical
responsivity fitting model (R, moder) can be summarized by the following

equation

4RgntRp

Rv—o_model = Rv_model X m X C. (3'21)

The extracted R,., moder Was obtained by changing the R, and ¢ variable to

minimize the discrepancies between measured optical responsivity (R,.,)
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and calculated optical responsivity (R,., moser)- Note that extracted b
variable from Equation (3-8) together with Ryerm pase and a variables from
Equation (3-5) are included in Equation (3-21) because the thermistor
design is identical and so the thermal contribution parameters also the
same. The extracted value of R, for the halfwave dipole antenna device is
20, which is close to the simulated resonant resistance result in Fig. 3-2.
While the extracted value of R, for FDA is 358 which is far from the
simulated resonant resistance of FDA. As for the optical NEP results fitting
trend were taken by dividing the estimated voltage noise in 100 kQ RL
mode with the calculated responsivity in Equation (3-21). From the graph
in Fig. 3-19 (a) and 3-19 (b), the proposed model fit to the THz optical
responsivity and NEP for halfwave dipole antenna. Inevitably, there were
some higher discrepancies found for fitting the results of FDA in Fig. 3-20
(a) and 3-20 (b) due to the limitation of our proposed model for the high-
impedance antenna and the extracted R, for FDA that shifted from the
resonant resistance based on the electromagnetic simulation.

The maximum THz responsivity was found in the heater resistance
of 586 €, while the electrical measurement results reveal a better
improvement with the higher heater resistance. A higher impedance
antenna thus can be expected to further improve the THz responsivity.

However, our main intention in this study was to assess the importance of
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Table 3.2 Comparison with other room-temperature THz detectors

Sensor R, NEP Freq Pixel Antenna Resp. | Ref.

Material | (V/W) | (pW/W/Hz) | (THz) time

Ti 90 460 1 Single Dipole 22.7us | [6]

VOx 331 123 2.5 Single Patch 6.7ms | [24]

NbsNe 113 44 0.64 250%x250 | Double-slot - [25]

Si3Na - 100 0.14 Single MEMS - [26]
resonator

YBCO 45 50 0.4 Single Log-spiral - [27]

Graphene | 2 mA/W | - 2 44%37 Dipole - [28]

PTAT 46.5 1260 2.6 Single Loop antenna | 330 ms | [29]

sensor

Ti 881 39 1 Single Folded- 253 pus | This
dipole work

heater resistance increase to the detector’s responsivity, and effectiveness
of the folded dipole antenna with the high resistance heater compared to
the classic halfwave dipole antenna. The results highlighted in the present
study, nevertheless, also make several noteworthy contributions for the
further design consideration towards higher detector’s performance.

Table 3.2 shows the performance comparison of the proposed
detector with the other THz bolometric detectors. The proposed detector
has the advantage of high responsivity compared to the other metal-based
THz bolometers for a single pixel element. However, the noise
performance is still high compared to the target other novel metal

bolometers. Our target to develop THz detector with one order of NEP is
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challenging as the noise and responsivity are inversely proportional to each
other. One possible reason of the high noise characteristics is the high
environmental noise during measurement. Further measurement
adjustment needs to be considered to suppress the environmental noise and

improve the NEP.

3.6 Conclusion

Multiple detector devices have been fabricated and studied. The
electrical measurement results showed a simultaneous performance
improvement in responsivity and NEP up to 2.5 times by combination of
0.1 pm wide straight heater with a 0.1 um wide meander thermistor.
Performance comparison between low and high resistance heater to THz
radiation has been analyzed by using a FDA and a halfwave dipole antenna,
revealed that responsivity could be optimally improved with a matching
impedance of antenna and heater. Moreover, our simple circuit model
reveals that enhancement in responsivity was primarily obtained owing to
the improvement in the thermal resistance. However, as the heater
resistance goes very large, responsivity was saturated suggesting the
thermal conduction of the detector is dominated by the other device
structure. Prospective future improvements are suggested by removing the

Si10, interlayer and integrate thermistor and heater into a single structure.
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Chapter 4

SUMMARY AND FUTURE PROSPECTS
4.1 Summary

Numerous applications such as security inspection, wireless
communication, food and water quality control, and biomedical diagnosis
are suggested for the use of THz spectrum. To widen the scope of THz
technology, development of high-sensitivity, low-cost and room-
temperature-operating bolometers is anticipated. For the realization of such
a bolometer in THz region, the difficulty in thermally isolating the large
absorber can be alleviated by the antenna-coupled bolometer structure.
Performance enhancement could be expected by the implementation of
high-resistance thermistor and heater, suggested the use of high-impedance
antenna. The main objective of this thesis is to investigate the performance
of bolometer with high-resistance heater and high-impedance folded dipole

antenna (FDA) for THz bolometer applications.

In Chapter 1, the exciting features of THz region and its application
in various fields were discussed briefly. The interesting properties of THz
spectrum such as, high penetration capability, non-ionizing, high-intensity,

high-resolution, and “THz fingerprints” were discussed along with
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prospective THz applications. Common classification of THz detectors
such as photon and thermal detectors, and electronic receivers were
discussed. The motivation of present study and synopsis of this thesis

chapters are provided.

In Chapter 2, the FDAs were designed and simulated with various
geometries at 1 THz frequency. The FDA could yield high input impedance
characteristic up to 1.5 kQ with the proper selection of length, width,
spacing between arms, and number of arms. Simulation in receiving mode
reveals that the responsivity improvement in THz bolometer could be
attained from the product of antenna area efficiency and resonant resistance
with the optimum performance is obtained from the 3-arms FDA with 1-
um wide and 4-um space between arms. A comparison with half-wave
dipole antenna was made to justify the improvement by FDA, based on the
assumption that heater resistance is dominating the thermal resistance of
entire detector and responsivity is proportional to the heater resistance

Increase.

In Chapter 3, fabrication and measurements of antenna-coupled
bolometer were discussed. Bolometer with various heater width were

fabricated with a common 0.1-pm-wide meander thermistor. Folded dipole

antenna was investigated by coupling it to high-resistance heater.
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Comparison was made with the low resistance heater coupled to a halfwave
dipole antenna. From the electrical measurement results, responsivity and
NEP performance can be improved simultaneously up to 2.5 times by
increasing heater resistance. Thermal resistance analysis was taken by an
analytic circuit model that fit to the measurement results, suggesting the
effectiveness of the model to predict the bolometer performance. Optical
measurement results reveal the improvement of responsivity by using
folded dipole antenna with high heater resistance, compared to the

halfwave dipole antenna.

4.2 Future Prospect

The research objective presented in this thesis was to analyze the
improvement of heater resistance to the bolometer responsivity, and
application of folded dipole antenna coupled with high-resistance heater.
However, we find that the performance improvement attained in both
electrical and optical measurements are not so high as we initially expected
based on the assumption that the heater dominates the thermal conduction
in the detector. Since the objective of this thesis has been partially
achieved, there remains a room for improvement. Thermal resistance could
be further increased by minimizing the thermal conduction by other parts

than the heater, such as thermistor and SiO; inter/base layer. By using a
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single metallic film as heater and thermistor, and eliminating the SiO,
inter/base layer, thermal resistance can be increased as predicted by the
scaling study in Chapter 1. However, careful comparison with the separate
heater/ thermistor structure has to be made based on the available high

impedance by the existing antennas.

126



List of Journal Publications and Conference Proceedings

Journal Publication

1) A. P. Aji, H. Satoh, C. Apriono, E. T. Rahardjo and H. Inokawa,
“Responsivity and NEP Improvement of THz Microbolometer by High-
impedance Antenna,” Sensors 2022, 22, 5107.

DOI:10.3390/s22145107. Scopus Q2 IF = 3.847 (2022)
List of Conference Proceedings

1) A. P. Aji, H. Satoh, C. Apriono, E. T. Rahardjo and H. Inokawa,
"Investigation of High-Impedance Antenna for Terahertz
Microbolometer," in Proceeding of the Ist International Conference of
Electronics, Photonics and Smart Technologics (ICePhaST) 2020.

(presented) Online, November 16, 2020.

2) A. P. Aji, H. Satoh, C. Apriono, E. T. Rahardjo, N. Hiromoto and H.
Inokawa, "Performance Improvement of THz Microbolometer by

Folded - Dipole Antenna," in 68th spring meeting, Japan Society of

Applied Physics, 18p-Z09-2. (presented) Online, March 18, 2021.

3) A. P. Aji, H. Satoh, C. Apriono, E. T. Rahardjo and H. Inokawa,
"Length and space dependence of heater power dissipation in folded-

dipole antenna for terahertz microbolometer," in Infernational

127



Symposium towards the Future of Advanced Researches (ISFAR) 2021.

(presented) Hamamatsu, March 5, 2021.

4) A. P. Aji, H. Satoh, C. Apriono, E. T. Rahardjo and H. Inokawa,
“Responsivity Calibration of Terahertz Pyroelectric Detector Based on
Blackbody Radiator," in Proceedings of the 2021 International
Conference on Quality in Research (QIR). International Symposium on

Electrical and Computer Engineering. (presented), Online, October 13,

2021.

128



