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Abstract

Design, modeling, and characterization of innovative terahertz detectors

This PhD thesis aims to establish an electromagnetic modeling of the bolometer at
terahertz (THz) range that can facilitate the design of the detector from the uncooled infrared
bolometer technology. The envisaged application for the detectors lies in active THz imaging
at room temperature. We have studied the optical coupling of a THz antenna-coupled
bolometer operating in the range-5 THz. Simulations in receiving and transmitting modes
have been performed to study the optical characteristics of the bolometer. The combination of
these two simulation types leads to a powerful toolset to design terahertz bolometers. For the
experimental aspect, measurements have been performed by using Fourier-transform
technique to study experimentally the electromagnetic behavior of the bolometer. They are
measurement of reflectivity of the focal plane array’s surface and spectral response
measurement. The results of measurement were found to be in good agreement with the
simulation. The understanding from the study in this PhD helps us make improvement to the
actual detector. Also the design of bolometer for low frequency (850 GHz) has been
proposed. This leads to a perspective of using bolometer for terahertz imaging at the
frequency where many characteristic of the terahertz radiation are favorable for imaging
application.

Key words: Terahertz, antenna-coupled bolometer, electromagnetic simulation, Fourier-
transform spectroscopy, spectral response, terahertz imaging.

Résumeé

Conception, modélisation et caractérisation de détecteurs térahertz innovants

Le but de cette thése est d’établir une modélisation électromagnétique du détecteur
bolométrique térahertz (THz). Ce travail aide a faciliter la conception de bolometre THz dont
la structure est basée sur celle de bolométre infrarouge a température ambiante. Le contexte
de la these est I’imagerie THz active. Nous avons étudié le comportement électromagnétique
d’un bolométre a antenne de bande spectrale - 5 THz. Deux modes de simulation ont été
réalisées I'une est en mode de réception et 1’autre est d’émission. La combinaison de ces
modes de simulation constitue un outil important pour concevoir le bolomeéetre THz. La
technique de spectrosceppar transformée de Fourier a été utilisée pour caractériser
expérimentalement le comportement électromagnétique du détecteur. Nous avons mesuré la
réflectivité de la surface du plan focal de détecteur ainsi que la réponse spectrale du détecteur.
Les deux sont confrontées avec la simulation et elles se trouvent en bon accord. Avec les
connaissances obtenues des résultats théorique et mesuré, la recherche aide a améliorer des
performances du détecteur actuel. Nous avons aussi proposé un design pour le bolométre de
faible fréquence (850 GHz). Ce dernier ouvre la perspective d’emmener la technologie de
bolometre d’infrarouge vers la bande sous-térahertz ou I’imagerie est beaucoup plus
favorable.

Mots clés: Terahertz, bolometre a antenne, simulation électromagnétique, spectroscopie
par transforméde Fourier, réponse spectrale, imagerie térahertz
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Chapter 1 Introduction to THz science & technologies

The aim of this chapter is to introduce step by step the context of this PhD work. We
start by presenting the background of the THz domain: its historical development, its features
and the related applications. Then we go into imaging, which is one important sector of the
applications of the THz waves. We present the principles of imaging as well as some specific
characteristics related to the THz range. Some THz imaging systems in literature, both passive
and active, are mentioned in order to demonstrate the perspective of THz imaging in real-life.
Finally, we present the concrete context of this PhD thesis, which is the development of
detectors for THz active imaging.

1.1 Terahertz domain

The study of electromagnetic waves constitutes a key science in‘thee@@iry. From
the radio waves to gamma rays, the whole spectrum has been explored and is nowadays
employed for a multitude of applications in everyday life. However, there still exists a
spectral range that is poorly explored, that is the terahertz (THz) band. It lies between the
infrared and microwave domains. This section presents briefly a history of this science, its
characteristic features and perspectives.

A[m] 100 107 106 107 1012
« i 1 1 1 1 1 i 1 1 i 1 1 i 1 1 i
THz
B .
radio waves p-waves IR 5 UV X-rays ~-rays
T T T T T T T T T T T T T T T T >
106 10° 10'2 101° 1018 t [Hz]

Fig. 1.1: Terahertz region is between infrared and microwave domains

1.1.1 Technological development of THz components and systems

The term “TeraHertz” first appeared in the early 1970s with the description of
“whisker” diodes [1] and of Michelson interferometer [2]. One can see (Fig. 1.1) that this
term is used to describe the upper limit of the radiofrequency (RF) domain or the lower limit
of the optical domain.

Technological developments have been hindered because of this intermediate position
between the electronic and optical ranges, and still now no devices meet the requirements of
mass volume applications.

Since 1970, for decades, the sole nichreTidz technology has been high-resolution
spectroscopy and remote sensing areas where heterodyne and Fourier transform techniques
have allowed astronomers, chemists, Earth, planetary, and space scientists to measure,
catalogue, and map thermal emission lines for a wide variety of lightweight mole8lles [

Half of the radiance in our universe is at THz frequencies, and the astronomy science is based
on the observation of electromagnetic radiation emitted by the stars, galaxies. Hence
observation at THz frequencies plays an important role in astronomy physics and drives the
development of detectors whose performances can approach the quantum limit. These include

NGUYEN Duy Thong 1



Schottky barrier diodes, hot electron bolometers (HEBs), superconductor-insulator-
superconductor bolometer, etc. Most of them operate at cryogenic temperature.

At the end of the 1980s, THz time domain spectroscopy (THBDS) emerged thanks
to the availability of femtosecond lasers. The possibility of recording THz images vath thi
system open the wayp the so-called T-ray imaging. Many general public applications using
T-ray imaging technique, such as medical imaging or especially security screening, bring THz
science from the academic and laboratory level period to the public for the first time.

The THz spectrum is seen not as a hew domain that brings fundamental physics law or
phenomenon, but rather an unexploited region whose characteristic features may constitute
interesting applications. Therefore, one of the tendencies of THz technologies is low cost, less
bulky and complicated, more application oriented. For the source side, some components that
have many (but not all) of these assets are the THz quantum cascade laser (QCL) or solid-
state frequency multipliers driven by conventional microwave sources. For detectors side,
some uncooled detectors such as Schottky diode, field effect transistor (FET) or uncooled
bolometer are being developed. Of course, depending on applications, other components are
also developed to fulfil the diversifying needs in the emerging domain.

Today, though few THz (or strictly speaking sub-THz) technologies are being
commercialized for applications as screening remote inspection at airport checkpoints, the
domain is far from being mastered. On the source side, the lack of high power, compact, low
cost sources is still present. Concerning detectors, besides the cryogenic detectors for
astronomy that ensure truly high performances but also are very costly and complé¥z the
community is still searching low-cost technologies suitable for general public applications.
The story of THz does still continue.

1.1.2 Features of THz domain

1.1.2.1 Spectrum

THz technologies have been independently developed by researchers from several
different disciplinesIn fact, “THz gap’ became a common term to describe the gap between
microwave and far-infrared spectrum. Still now, THz band does not have any industrial
standard definition. In this thesis, we consider the universal definition suggested by [4] in
which THz band spans from 0.1 THz to 10 THz. One can see that this band overlaps
neighboring spectral regions such as millimeter-wave, the submillimeter-wave, and the far-
infrared (FIR) listed in table 1.1. These bands can also be distinguished with respect to
technologies. Millimeter wave emitters and sensors are derived from microwave solid-state
devices whereas, traditionally, far-IR applications rely on optical and thermal devices.

Frequency Band Frequency Wavelength
Millimeter wave 30— 300 GHz 1-10 mm
Sub-millimeter wave 0.3-3THz 0.1-1 mm
Far-infrared ~1.2-=10THz 35-300 um

Terahertz 0.1- 10 THz 30 um — 3 mm

Table 1.1 Frequency band definitions of terahertz domain.

Let us take the frequency of 1 THz to see its conversions:
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e Frequency: v=1 THz = 1000 GHz,
e Period:t=1/v=1ps,
e Wavelength: A =c/v = 0.3 mm= 300 um,
e Wavenumber: k = T =33.3 cm™,
e Photon energy: h=4.14 meV,
e Temperature: T = kg = 48 K,
where c is the speed of light in vaeuh is Plank’s constant, and kg iS Boltzmann’s constant.

1.1.2.2 Properties of terahertz radiation

The most fabulous characteristic of THz radiation is the capability of THz wave to go
through non-polar and non-metallic materials such as paper, plastic, cloth, dry wood and
ceramics that are usually opaque at optical wavelengths. This property comes from specific
interactions between THz radiation and matter. The THz photon energy is low and as a
consequence, the THz radiation can only excite low energy resonances in matter. Typically,
THz resonances in matter are related to roto-vibrational modes of gas molecules, to collective
oscillations (phonons}p alignment of dipole in polar molecule liquid, wrthe excitation of
free charge in metal and doped semiconductor. Phonon resonances in dielectrics are generally
above a few THz, thus most of dielectrics do not exhibit these resonance modes in the lower
part of the THz range; therefore dielectrics do not absorb much THz radiation.

For metals, the THz wave behaves just like any electromagnetic waves below the
plasma frequency of the metal. Thegn excite free electrons and thus create a high-
frequency current, since THz radiation, though higher in frequency than microwave, is still so
small as compared to the plasma frequency (which is at the rangeg\efay). More
concretely, wavelength that corresponds to the plasma frequency is in the range 100 ~ 300 nm
when compared to the typicwavelength of 300 um of THz band. The skin depth in a good
metal, like copper, is about 90 nm at 1 THz. Therefore common metals such as copper,
aluminum, iron, behave as perfect conductors for THz radiation, thus THz radiation is
reflected almost completely on metal.

One should also point out that since the water molecules are polar, water absorbs
strongly THz radiation. As a consequence, since atmosphere contains water vapor, its
transmission shows strong absorption lines and consequently atmosphere is poorly transparent
in the upper part of the THz range when compared to infrared or visible light [5]. On the other
hand, the only advantage of THz wave related to free-space propagation is that the THz wave
is less scattered by dust or fog (because the THz wavelength is much larger than infrared or
visible wavelength).

A last critical feature of THz radiation stands in its low level of photon energy that
makes them non-ionizing. Until today, there is no harm reported by using THz on biological
molecules or cells. However, still some additional studies are being led to verify the
inoffensive effects of THz radiation on human cells.

1.1.2.3 Terahertz gap and devices

The THz region is the last exploited spectrum and exhibits a gap of technology between
microwave and optical domains. For microwave and also radio frequelR€y-regions, the
devices are basically electronic devices. Their operation is based on the generation,
transmission and processing of a high-frequency current. The electronic devices have started
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with low frequency, in the range of MHz (RF domain), and have e&temal higher
frequency, in the range of GHz (microwave). At higher frequency, i.e. in the THz range, the
performance of these devices degrades dramatically, thus very little devices are able to
function at these frequencies. One of the reasons is that the attenuation of the signal is very
high at THz range due to the propagation loss of propagation of the signal. Another reason
originates in the effect of parasitic elements such as capacitance or inductance, which
increases strongly at THz range. Thus we can say that the THz range is beyond the upper
limits of today microwave and RF industry.

For optical or optronic devices such as lasers or photodiodes, the THz frequency range
stands at the lower spectral boundary. The corresponding photon energy of THz wave is very
low, of the order of meVs. This energy level is small when compared to the band gap energy
of semiconductor materials, which takes a value ~-1A®O0 times bigger (~ eV). This
makes the interband photon-electron interaction in semi-conductor less efficient or even
impossible. Besides, the thermal excitation at room-temperature has the same level of energy
as the photon energy, and hence it dominates the photo-conduction processes; this
phenomenon implies that the thermal noise in optical devices in the THz regime is a big issue.
The devices need to be cooled to low (even cryogenic) temperatures.

These limitations explain the origin of this so-called THz gap. Recently, dn bot
electronic and optical sides, technologies are emerging and this gap is being progressively
fulfilled. Though there are still big technical challenges, some interesting applications in THz
domain are beginning to be demonstrated. Some available techniques and devices for the
generation and detection of the terahertz wave are presented as following.

Sources

e Thermal source (blackbody): the radiation is large band and incoherent, and the power
in terahertz range is very weak. The typical power range is p0 dHz and pW at
10 THz.

¢ Narrow band and coherent source: multiplier frequency source such as Schottky diode
or laser such as quantum cascade laser (QCL). Today, many Schottky-diode based
multiplier sources work in the range of 0129 THz that produce a THz power of
about 50 mW at 200 GHz and still 10 uW at 1.9 THz [6]. Above 2 THz, the QCL
source is very promising since it delivers a high power, in the range of mW [7]. The
cooling requirement and the weak tenability of this source are the main drawback.

e Other kinds of source: some photoconductive switching techniques can generate
terahertz pulse that is used broadly in time domain spectroscopy (TDS) system.

e BWO, molecular lasers, optical rectification...

Detector

e Bolometers: The superconducting bolometer such as superconductor-insulator-
superconductor (SIS) or hot-electron bolometer (HEB) can perform both direct and
heterodyne detection. These detectors are extremely sensitive. However they require
cryogenic operation and are very costly.

e Schottky diode, HEMT transistor: these devices can operate at room temperature and
perform heterodyne detection thus highly sensitive. The electronics equipped with
these detectors require expensive low noise amplification. These devices bandwidth is
limited to the sub-THz region.

e Field effect transistor (FET) and uncooled bolometer: they operate at room
temperature with direct detection. The sensitivity is less than Schottky diode or HEMT
transistor, however they are relatively cheap.
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e Electrooptics, pyroelectrics, photoconduction...

1.1.3 Applications of THz waves

The applications in terahertz domain are quite various: they began from the astronomy
and earth science and today they spread to the general public applications. Some prospective
sectors include medical imaging, wireless communication, security screening and non-
destructive testing.

Astronomy and earth science

In astronomy, terahertz spectroscopy is used to study the structure and forming as well
as the nature of universe. Results from the NASA Cosmic Background Explorer (COBE)
Diffuse Infrared Background Experiment (DIRBE) and examination of the spectral energy
distributions in observable galaxies, indicate that approximately one-half of the total
luminosity and 98% of the photons emitted since the Big Bang fall into the submillimeter and
far-IR. Thus submillimeter (and therefore teraherz) detectors are true probes into the early
universe [3].

THz technology is also now important in the environmental monitoring of Earth. The
major objectives are to obtain information about the upper atmosphere (stratosphere,
ionosphere, troposphere...) physico-chemistry to better understand global warming, to
guantify aspects of how the atmospheric composition affects climate and to study aspects of
pollution in the upper troposphere [#or example, THz technology may help at detecting
and mapping ozone in the atmosphere.

Medical Imaging

Due to their low photon energies and non-ionizing character, THz waves are promising
candidate for applications in the medical field. They are not expected to damage DNA or
tissue molecules as X-rays can do. Even though THz waves cannot penetrate the entire body,
many applications are possible. For instance, the detection of skin cancers (in-vivo), breast
cancer (ex-vivo), skin burns, or osteoarthritis in knee joints has been demonstrated with
reflection imaging techniques [9], [10]. THz time-domain spectroscopy (THz-TDS) could
ultimately be used for in-vivo DNA analysis due to rotational and vibrational resonances of
this molecule.

Communication

As a rule of thumb, due to the demand for ever increasing data rates, the wireless
communication tends to operate at higher frequency. The wireless communications above 100
GHz are under development and therefore, in a mid-term future, THz communications would
be in use, especialgs HEMT transistors and other ultrafast electronics components are now
able to operate at up to 500 GHz or beyond.

Two constraints that can cause limitations to terahertz wireless communication are
atmospheric attenuation and propagation characteristics of terahertz wave. The first one
restricts terahertz communication to short distance or inter-satellite communication while the
propagation of terahertz wave, especially the scattering property leads to the line-of-sight
communication. The line-of-sight problem is more serious when operating at higher
frequency. Communication at infrared or visible range also exhibits line-of-sight concern.
However, since these technologies do not suffer atmospheric attenuation, they may be more
attractive than terahertz. In the near future, perhaps communication-atLl200GHz, i.e. the
low frequency part of terahertz band is commercialized. A wireless link of a few hundred
meters at 120 GHz of 10 Gb/s data transmission is already reported in [11].
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Two constraints that can cause limitations to THz wireless communication are
atmospheric attenuation and propagation characteristics of THz wave. The first one restricts
THz communication to short distanaa-puilding) or inter-satellite communication while the
propagation of THz wave, especially the scattering property leads to the line-of-sight
communication. The line-of-sight problem is more serious when operating at higher
frequency. Communication at infrared or visible range also exhibits line-of-sight concern.
However, since these technologies do not suffer atmospheric attenuation, they may be more
attractive than TH. However, commercial 100-GHz wireless links are expected soon and
researches are performed at 300-GHz carrier frequency [12].

Security screening

Security screening is one prominent application of the THz domain. The high
transmission of THz wave in fabric material helps, through THz imaging, detecting metallic
weapons concealed under clothes [13]. The active THz imaging has an advantage over X-ray
technique (backscatter X-ray system) in the sense that THz wave, unlike X-ray, is not a
ionizing radiation. The passive THz imaging is completely safe. Although some THz cameras
for security screening are available on the market (Thruvision, Qinetiq), the research is still
carried on in laboratogsto find a cost-effective imaging system to bring the technology not
only to airport but also in another high transportation places, such as train and metro stations.

Spectroscopy to detect drugs or explosives can also be used in combination with
imaging in a security screening system. Some common explosives (RDX, TNT,.HMX
show strong absorption peaks in THz range that can be used as fingerprints to identify the
material. Originally, TDS or Fourier-transform infrared (FT-IR) spectroscopy am tose
characterize the materials in transmission mode [14]. Since then, many efforts are devoted to
bring this explosive identification technique to a simpler and more realistic level. In [15], the
specular reflection scheme is used in a FTIR spectroscopic system to identify the explosive
and alsao image the explosive. Diffuse reflection spectroscopy of explosives is also studied
and has a potential for standoff detection and identification of explosives concealed in
packages or under clothing [16]. A very good review of THz spectroscopy and imaging for
defense and security applications can be faord7].

Non-destructive testing

The identification of defects in the Columbia space shuttle foam insulation led to
understand why this shuttle was destroyed during re-entry in the Earth atmosphere and thus
constitutes a prominent example of using THz technology for non-destructive testing. It is
difficult to locate defects in low-density, low-absorption medium using other nondestructive
inspection techniques such as X-rays or ultrasound. In this case, the THz technique can be
useful because THz time-of-flight tomography is sensitive in detecting small changes in
optical properties of media such as the refractive index and absorption coefficient [18]. In
addition, THz analysis can be employed for low molecular weight materials, which is not the
case of X-ray techniques.

Non-destructive testing may find applications in pharmacy or semiconductor industry as
a technique for quality control. Reference [19] gives an example in which THz imaging is
used to detect damaged MOSFETs transistors, showing potential applications for fault
analysis in large-scale-integration (LSI) circuit. Moreover, historical artwork or fine art
analysis is also a promising application for THz non-destructive testing. THz tomographic
imaging helps analyzing the structure of sealed pottery [20]. Also, historical paintings reveal a
lot of information by using THz imaging and spectroscopy [21], [22].
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1.2 Imaging in the THz domain

Imaging is a prominent application of the THz domain thanks to the unique
characteristics of THz radiation, in particular the transparency through clothing and plastic
packaging. In this PhD work, we study THz uncooled bolometers for active imaging, thus we
are only interested on the detector side. Nevertheless some characteristics of the detector are
related strongly to the specification of the imaging system. Thus we present here the principle
of (geometrical) imaging that determines some specifications of detector, such as the
elementary detector size or the sizeanfarray of detectors. Also other characteristics related
to the THz range are presented. They also may affect the detector specifications, mostly its
working frequency.

1.2.1 Common specifications of imaging systems

1 L

> |

|
f |

| optics

{

Detector

=
=

a

—— — —

Optics (D, £

| optics) |
Image Focal

Scene
plane  plane

Fig. 1.2: Simple scheme of imaging system

Common imaging systems consist of an optical system (lens, mirror, etc.) and an
imager, usually an array of detectors, set at the focal plane. The optical system hases diame
D and a focal lengthf The scene is at a distantefar from the optics. The optics forms

the imageab at the image plane of an obje#B in the scene. IiL is large enough when
compared tof the image plane is very close to the focal plane| kef

optics*

optics? optics*

1.2.1.1 Resolution

We desire to distinguish 2 points A and B of the object, separatédBbyAs A and B
are far from the optical system, the difference of incoming angle, for rays emitted respectively
by A andB, is

a =~ (1.1)

ol

-
The Rayleigh's criterion states that there exists a minimum angle beyond which the image is
hardly resolved due to the diffraction that occurs at the entrance of the optics. This minimum

angle is angular resolution of the imaging system, which is related to the wavélemgth
parameter of optics by:
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1.224
amin = ) (1'2)
D
At the detector, assuming the scene is far from the optics, the size of the image is
abrax f Thus the minimum distance between two resolved image poiatgd b is:

optics*

1222

ah.
bnln D

foptics. (1.3)

This spatial resolution has some impacts on detector pitch and detector size. Detector pitch is
the distance between two pixels in an array of detectors. One can see that this distance should
be at least equal to the spatial resolution because even if it is smaller, the resolution of the
image obtained by the detector is not better than this limit. The detector size should be at least
equal to the spatial resolution because it can receive more incoming flux. The diameter and
focal length of the optical system is related to its f-numbgey)(by the expression:

F.= —f"[")“cs . (1.4)

Thus the spatial resolution can be rewritten as:
ah,, =1.22AxF,,. (1.5)

The typical minimum value, limited by technology, of f-number is 1; below this value some
other phenomena such as aberration will degrade the quality of the image. Thus one can see
that, in the best casd=(,=1) the typical spatial resolution is 122 pm at 3 THz (A = 100 pm),

366 um at 1 THz (A = 300 um), and becomes 1.220 mm at 300 GHz (A = 1 mm).

At the scene side, the angular resolution also sets a limit for the spatial resolution of the
scene. This limit is:

AB_, zaminL:%L. (1.6)

In visible or infrared imaging, the scene resolution is high enough so that the imaget eas

be understood (interpreted). In millimeter-wave or terahertz imaging, since the wavelength is
much longer, the scene resolution is very important to the capability of precise interpretation
of the image. From the equation 2.6, one can see that the desired scene resolution imposes a
constraint to the diameter of the optics of the imaging system:

L
D=1221 .
B (1.7)

min

We give an simple example in which the imaging range (the distangs 2 m, the desired

scene resolution is 1 cm. From the above equation, we can deduce easily that the diameter of
the optical system must be at least 2.44 cm if the imaging system operates at 3 THz. The
value becomes to 7.32 cm if the frequency is 1 THz and 24.4 cm if the system works at 300
GHz. If the scene is at 10 m, all these values must be multiplied by 5. Thus at 300 GHz, we
end up with a large and heavy optics of about 75 cm of diameter.
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1.2.1.2 Angle of view and field of view

The angle of view is also a very important parameter of the imaging system. It describes
the angular extent of a given scene that is imaged by the array of detector.1i3 Frge see
that when the array of detector is located at the image plane, the part of the image that is
outside of the area of the detector is not detected. Thus the size of array of défeciors

imposes a maximum angle of view, which is

Xpax = 2arcta{—|det90‘°f] : 1.8)
optics
! 1 ! L
P 5 A
loile i |
| | |
b ‘ ' i
\
Detector }‘ i N
i | —
Lnd k
Image P Focal Optics (D, foptics)
B

plane plane

Scene

Fig. 1.3: Angle of view is determined by optics and size of array of detectors

The field of view (FOV) is the size of the scene whose image has the size of the detector
array. For moderate values @fay the FOV obeys the simple following expression:

FOV = L tana,,, = = deecor (1.9)

optics

In the THz domain, there are not many detectors whose total size is so large. We will
take the size of the array of detectors studied in this PhD work as an exampletethear de
has a length of 16 mm and will operate at 3 THz. We consider the case f-number = 1 so that
the image quality is not degraded much by aberration. If the desired resolution of the scene is
1 cm at 2 m range, the diameter of optics is 2.44 cm as calculated previously. Since f-number
= 1, we deduce that the focal length is also equal to 2.44 cm. The angle of view in this case is
36° and the FOV, at 2 m, is 1.33 m. The same reasoning leads tbth2 same detector
operates at 1 THz, and thus FOV = 44 cm only.

1.2.1.3 Incident angle

The incident angle of the rays reaching the array of detectors is not the same for the
pixels at the center or at the border of the array. Let us consider rays coming from the center
of the scene, located on the optical axis. On the optical axis, the incident angle is zero, but it
increases to its maximum value at the edge position, which is equal to half of the angle of
view.
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1

aincident_max = Eamax :

(1.10)

Due to the effect of the incident angle, the detected signal of the pixel at center is in
general higher thaat the edge. However, this effect can be corrected by image processing to
obtain the “homogeneous” image, as long as the signal to noise ratio is good enough.

1.2.2 Other important features of terahertz imaging

1.2.2.1 Atmospheric transmission

The atmospheric transmission is one of the biggest concerns for THz imaging. We can
see clearly in Fig. 1.4 that the atmospheric attenuation of THz domain is much more severe
than in the other spectral regions, such as millkmenfrared, and visible regions. This
imposes that THz imaging must be short-range when compared to imaging in the other
domains. In the visible range, light is still strong enough to be detected without difficulty after
propagating 70~80 km. Thus infrared imaging can attain a range of several tens of kilomete
Imaging in the range of kilometer is very challenging, if not impossible at THz range.

Fog (0.1 g/m8)

Attsnuation (dBAmm)

Fraquency —»
Wavelangth

Fig. 1.4: Atmospheric attenuation from millimeter to visible range [5]

The attenuation of THz radiation depends strongly on the density of the vapor in
atmosphere. Thus the humidity has a high impact on the atmospheric transmission. The
measurement humid condition weather (summer) s¥sa large difference when compared
to dry weather (winter).

We should examine more concretely the problem to find out which transmission
windows should be used in THz imaging. Fig. 1.5 depicts the atmospheric attenuation
(dB/km) from 10 GHz to 10 THz, taken from [23]. The curve above exhibits sharp peaks
(mostly water vapor absorption lines) and valleys between these peaks. These valleys define
the transmission windows of the atmosphere, which should be used in imaging system to
mitigate the loss due to propagation of THz wave. The attenuation inclsetses orders of
magnitude from 100 GHz to 1 THz. From 1 to 10 THz, the attenuation continues to increase
with roughly one order of magnitude. Thus, the THz imaging is more favorable at low
frequency tharat high frequency in respect to the loss of signal due to the atmospheric
attenuation.
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Fig. 1.5: Atmospheric attenuation (dB/km) from 10 GHz to 10 THz

Several transmission windows can be defined in the range D.PHz. Reference [24]
suggests 6 transmission windows within this range. It should be noted that the value of
atmospheric attenuation given here is related to the expedamenndition during
measurement. The experiment has been performed in laboratory, with a reported humidity of
51 %. At other weather condition, the absolute value may change but the tendency of
atmospheric attenuation for different frequency still remains.

Window #1 #2 #3 #4 #5 #6
Frequency (THz) 0.21 0.35 0.41 0.68 0.85 0.93
Power attenuation (dB/km) 7 21 28 72 92 148

Table 1.2 Transmission window in the range 6-2 THzassuggested by [24].
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Frequency (THz)

Fig. 1.6: Atmospheric attenuation (dB/km) at different weather conditions frortoQLITHz

Thermal detectors as pyro-electric or Golay cells can access the whole THz range. In
principle, the bolometer is also able to detect the whole THz range. However, the performance
of each type of bolometers varies strongly with the spectral range. Other kinds of detector
such as monolithic microwave integrated circuit (MMIC) detector, Schottky diode or field
effect transistor (FET), have a much more limited bandwidth. MMIC detectors operate at 35
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and 94 GHz, thus almost outside the THz band. FET can operate below 1 THz. Their
performance degrades dramatically at higher frequencies.

1.2.2.2 Transmission through clothing

Transmission through clothing is a critical feature of THz imaging. Reference [25] gives
the transmission in the THz range for several common cloth materials, such as wool, linen,
leather, silk, nylon, etc. All samples are transparent at millimeter-wave frequencies (up to 300
GHz) based on a 3 dB criterion, but became progressively opaque at higher frequencies in a
highly sample-dependent manner. In general, the transmission of thin sheet of cloth in THz
range is quite high, which allows imaging through clothing to detect concealed weapons.

0-_

S, -10¢

=

.g 3 1 t : h : : n . ! :
a H —— rayon ;-____;____ﬂ-__/__,___:__ﬂ.__.r_,:___:__1,
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= —— silk : ' :' [ :
,g -20H —a— naugahyde A

H —— denim ARRERESEEEEEEE

| —8— leather i

—o— linen ; : ;

—— wool A R

305 0.6 1.2% 40
freq [THZ2)

Fig. 1.7: Transmission through some common clothing materials [25].

The attenuation when propagating through clothing depends on the cloth materials, but
also on the geometry of the textile. Thus the attenuation varies strongly with each type of
clothing, making the phenomenon difficult to be generalized. However, in general, we can say
that the attenuation through clothing such as nylon, silk, cotton is less than other materials,
such as linen, leather, and denim. The table below presents the detailed properties of the
clothing materials, which is reproduced from the data in [25].

Material | Thickness| Density| -3dB frequency| Attenuation at
(mm) | (kg/m® (THz2) 1 THz (dB)

Wool 2.2 214 0.35 11.0
Linen 11 509 0.35 8.0
Leather 0.75 813 0.40 10.0
Denim 0.96 490 0.50 6.5
Naugahyde 0.65 800 0.70 5.5
Silk 0.36 256 1.0 3.0
Nylon 0.19 379 1.0 3.0
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Rayon 0.15 733 >1 2.5

Table 1.3 Properties of some common clothing materials

The attenuation due to the propagation through the clothing exhibits a roughly similar
tendency as the atmospheric attenuation in a sense that it increases with frequency.
Propagation through the clothing is the most important attenuation mechanism in the close-
remote THz imaging system. In terms of power budget, the THz imaging is more faairable
low frequency than at high frequency.

1.2.3 Passive imaging vs active imaging

THz imaging exists in both passive and active types. Each type exhibits advantages as
well as disadvantages, which depends strongly on the desired application. Although some
THz systems (both passive and active) have been commercialized, the research in the field is
still extending to find a more attractive trade-off between cost and performance.

1.2.3.1 Passive imaging

In passive imaging, detector receives the optical flux that is radiated naturally from the
scene. The natural radiation of the scene is the thermal radiation and shares many
characteristics with the radiation of a blackbody whose radiance is described by the Planck’s
law:

2hc v\
Lo, (V,T):T(Ej : (1.11)
(e’ -1

wherev is the optical frequencyk, the Boltzmann constant, the light velocity in vacuum

and T the temperature of the blackbody. At room temperature and in the THz range, the above
expression tends towards the Rayleigh-Jeans law:

2
L, (v, T)~ 2kBT(Kj . (1.12)
' C

Thus in the THz range the luminance varies linearly with temperature. We employ a simple
calculation to evaluate the power of optical flux in this range.

Supposing that the optics of the THz imaging systemharacterized by a f-number
F..- The detector operate at central frequengy,, (wavelength:4_..,) and has a bandwidth

BW . In the diffraction-limited case, the detector has the size of the Airy-disk whose radius
follows the Rayleigh's criterion:

Il ener  _06140F,. (113

Ary T optics
y 2 D p

Thus, the area of the detector is:

2 2142 2
Aﬁetector: X I’.A'ry =X 061 /lcenteano' (1-14)
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The expression for optical power absorbed within the detector with #ga, and
absorption rate; due to a distant blackbody target with radiahggcan be found in some
textbook, such as [26]:

Q- f*“mt:f [ (115

no BW

The quantity .[n(v)Lthdv represents the radiance absorbed by detector, which depends on
BW

the performance of source and detector. For a narrow band system, this quantity can be
approximated as:

I 77(‘/) I-bb,vd V= 77I‘bby (Vcenter) BW - (1.16)
BW

By replacing (1.12) into (1.16), we obtain:

2
[n0)Ldv = nszT(VLmerj BW . (1.17)
o c
Thus, the optical power in (1.15) becomes:

Q= f”ej;;’f n2k T[ Cj BW . (1.18)

Finally, be replacingA,....; PY (1.14) in the above equation, we have:

TX O 612229“'[9an

Q=" 4F2

n2k T( Ce“‘er) BW. (119
C

Since the wavelength,

center

and the frequency,,,., is related by the equation:

c
/Icenter = : (1.20)

center

The expression in (1.19) can be reduced to

7*x0.6FF?2

Q= L+ dF2 %% 77 x 2K T x BW. (121

In the best practical case, f-number of optics is equal to 1. Supposing also that the detector
assures a high absorption rate 80 %, the numerical calculation of the above expression gives:

Q=12xk,T x BW = k;T x BW . (122
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We can see the order of magnitude of the absorbed power at THz range at room teenperatur
is keTxBW. For a 100 GHz bandwidth detection system watching an object at room
temperature, the power absorbed by a pixel is ~ 400 pW. However, the image is formed by

the power difference between pixels (contrast of the scene), not by the absolute power. The
power difference between an objecfTaand another one dt+ AT is:

AQ=kAT xBW . (123

This power contrast for an object at 300 K and another one at 300 K + 0.1 K is ~ 0.14 pW.

This range of power is the biggest challenge of THz imaging because it requires a
highly sensitive detector. To detect this level of power, in general heterodyne detection is
employed. In the case of direct detection, the detector usually operates at a low temperature.
However, for such system, complexity or high-cost are the inherent disadvantages.

s

Fig. 1.8: Passive imaging at 94 GHz from QinetiQ [13]

Some prominent examples of terahertz passive imaging can be mentioned. The image in
Fig. 1.8 is from the company QinetiQ and shows a man hiding a knife in a newspaper [13]
QinetiQ does not disclose details of the used imaging system, but it is likely that Schottky
diode based detectors operating at microwave frequencies (f = 94 GHz) have been applied.

(a) (b)

Fig. 1.9: Passive imaging with superconducting bolometer at NIST & VTT

Passive imaging can also be performed with superconducting bolometer that operates at
cryogenic temperature. Fig. 1.9 is a raw passive image of a person carrying concealed
weapons (ceramic knife on the chest and handgun on bottom) taken by raster-scanning a
module of 8 pixels. Grossman (NIST, USA) and Luukanen (VTT, Finland) have dedicated a
lot of works to bring the superconduwgi bolometer technology to the general public
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application, which is, in this case, security screening [27], [28]. The detector in use is a
superconducting bolometer that has spectral range of 0.2 THz and operates at ~ 4 K. A
recent improvement includes the development of a linear array of 64 pixels [29].

This result seems prospective for security screening high-end application: the scene
scenario is realistic and the image quality is good enough to detect the concealed weapon. The
drawback of the system is in the cryogenic requirement.

Institute Ipht-Jena (Germany) also develops a passive THz imaging system based on
superconducting bolometer [30]. The system uses an array of 20 superconducting transition-
edge sensors operated at a temperature of 450 to 650 mK, and a closed-cycle cryorefrigerator.
The main figures of the system include: a frequency band of 35040 GHz, an object distance
of 7 to 10 m, a circular field of view of 1.05 m diameter, and a spatial resolution in the image
center of 2 cm at 8.5 m distance, a noise equivalent temperature difference of 0.1 to 0.4 K,
and a maximum frame rate of 10 Hz. Like imaging system at NIST & VTT, this system
requires cryogenic operation. The closed-cycle cryorefrigerator seems the most favorable
cooling system for such case thanks to its compactness.

1.2.3.2 Active imaging

Active imaging refers to the technique of illuminating the target with a source of
radiation, and then measuring the reflected (scattered) or transmitted radiation. The technique
has both advantages and disadvantages when compared to the passive imaging.

In an active imaging scenario, strong scene illumination can overcome the low power
contrast of passive detection. Also, the frequency of the radiation can be chosen to match with
the system requirements. For example, high frequency should be used where spatial resolution
is the main requirement. Therefore, the imaging system is more flexible.

Penetration through thick clothing can be also accomplished by increasing the
transmitting power. Unlike passive detectors, active transceivers will confront no fundamental
detection sensitivity limit determined by a scene thermal background radiation; a very high
signal{o-noise ratio (SNR) can be achieved given a strong enough illumination source. In
reality, compact solid-state sources can typically only generate about ~1 mW up to ~1 THz
giving an upper limit to the radiation penetrating ability.

One of the biggest disadvantages of the active imaging is that the obtained image has
large signal clutter and speckle caused by a scene with a diversity of angles of incidence,
surface roughness, and layers of concealing clothing. This is particularly true for active THz
through-clothes imagers that rely on coherent illumination and detection [32]. We can say the
image is less “natural” than with the passive imaging. Some techniques such as frequency
modulated continuous wave (FMCW) radar techniques employed at the JPL (Jet Propulsion
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Laboratory, NASA) can solve the issue. However, this approach also increases the complexity
of the imaging system.

Another problem for active imaging is perhaps the health concern related to
illumination. As mentioned earlier, until now, there is no harm reported by using THz on
biological molecules or cells. However, this problem should be studied more deeply before
the use of active imaging in large-scale.

A prominent example of active imaging is high performance heterodyne detection
system using Schottky diode as mixer developed at the JPL [31]. The system allows 3D
imaging with sub-centimeter resolution at a stand-off distance of 4 to 25 m with the
acquisition time of a few minutes. In Fig. 1.10, we can see that the 3D image is easier to
interpret than the usual 2D image.

mock pipe bomb covered by jacket imaged in 5 sec.
" -

b) C)
Fig. 1.11: a): Threat need to be detected; b) and c): Detection by terahertz active imaging

A recent development includes the second-generation 0.67 THz imaging radar capable
of imaging a person torso (50x50 cm) in 5 seconds, with 1 cm-scale resolution, at a standoff
range of 25 m [32]. This represents an improvement in imaging speed and standoff range by
factors of about 30 and 6, respectively.

This system is certainly suited for high-end applications where stand-off detection is
needed. It is however also very complex and expensive. Adding a few pixels is complicated
and multiplies the system costs.

1.2.4 Context of the PhD work: THz imaging with room-temperature
bolometer array

Bolometer is one type of thermal sensors that detect electromagnetic radiation through a
photo-induced variation of the device temperature. In a bolometer, the temperature variation
is sensed by a thermo-resistor, i.e. the resistance value changes in function of temperature.

The bolometer studied in this work derives from the uncooled infrared bolometer, which
is employed in passive imaging at mid-infrared range [B} um]. Although the spectral
response of the detector is optimized for mid-infrared range, the detector can detect terahertz
wave, provided that the radiation intensity is high enough.

The sub-pW power range involved passive imaging is well beyond the sensitivity of the
present state-of-the-art uncooled bolometer. For example, reference [33] reported that the
commercial uncooled infrared bolometer requires a minimum power of 320 pW at 4.3 THz.
The prototype of uncooled terahertz bolometer [34], [35] requires the minimum power in the
range ~ 50 pW. Thus the passive imaging with uncooled bolometer is not realistic.
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Fig. 1.12: Demonstration of terahertz imaging with uncooled bolometer [33]

The possibility of using bolometer as detector for active THz imaging was first
demonstrated experimentally at MIT [36], [33]. In these works, QCL sources at 2.52 THz
delivering 10 mW andat 4.3 THz (50 mW) have been employed. The detector is a
commercial uncooled infrared bolometer for tha-infrared range. The active THz imaging
system can record video films at the rate of&ZDframes/s with a signal to noise ratio in the
range 13 ~ 25 dB.

The demonstration by the MIT group has encouraged many other institutes to develop
uncooled THz bolometer based on the well-mastered infrared bolometer technology. These
institutes include NEC from Japan [34] and CEA-Leti from France [37], [35]. The work
presented in this PhD thesis is in the context of the development of uncooled THz bolometer
at CEA-Leti.

The first part of the work was devoted to design, fabricate, and characterize a bolometer
that has spectral response around ~3 THz. This work was performed in the framework of an
active spectroscopy-imaging project named THEDEX. The project aims at two objectives:

e Active imaging for security screening: detection of concealed weapons, such as
handgun or metallic knife,
e Spectroscopy: detection of explosives such as TNT, RDX, PETN.

The spectral range of the THEDEX bolometer sensitivity was choosen-d&s THz.
This selection derives from the following reasons:

e Trade-off between imaging and spectroscopy: Although atmospheric transmission and
transmission through clothing suggest that THz imaging should be performed at low
frequency (f < 1 THz), this spectral range is less favorable for spectroscopic detection
of explosives. Many common explosives TND, RDX, and PETN exhibit strong
absorption lines over 1 THz [38], which facilitates the explosive identification in this
range.

¢ Auvailability of high power source: the project makes use of QCL sources that can
deliver a power in themW range over 1.7 THz.

e Availability of detector: we have modified the design of the infrared bolometer to
optimize their spectral response around ~3 THz. Presently, this technological
optimization is easier than for the sub-THz range.

¢ High resolution: working at high frequency helps getting a good spatial resolution of
the scene, which is important for interpreting the image.

However, the range 25 THz also undergoes many attenuation due to the propagation
of THz wave though atmosphere and clothing. The whole frequency selection trade-off is
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really challenging to characterize precisely each aspect. The development of the bolometer in
a concrete project (THEDEX) helps us to evaluate the perspective of uncooled bolometers in
THz imaging.

In the second part of my wagrkhe knowledge and experience obtained from the
development of the 3-THz bolometer will help us to optimize the design of a low frequency
(sub-THz) bolometer, which is more adapted to imaging.

1.3 Summary

In the first section of this introductory chapter we gave a short historical overview of
THz domain. THz science and technology has started from the niche spectroscopy and remote
sensing application in astronomy and extends progressively to more general public
application. Then THz spectrum is defined and some prominent properties of the THz
radiation have been presented. They include: high transparency through dielectric material,
good reflection on metal, high absorption in water, non-ionizing radiation. With its original
features, the domain is very promising for plenty of application, such as imaging and sensing,
communication, etc.

The general context of this PhD is terahertz imaging, which is one of the most attractive
applications of THz waves. Principle of imaging has been presented, followed by the
examination of some characteristic related to the THz domain. These characteristics are
atmospheric attenuation and transmission through clothing. Some THz imaging systems in
literature, both passive and active, were mentioned in order to demonstrate the perspective of
THz imaging in real-life. Passive imaging requires highly sensitive detector. Such detectors
generally make the imaging system quite complex and high-cost. Active imaging sraploy
combination between source and detector in which the detector performance can be less
demanding by using a powerful source. Finally, we present the concrete context of this PhD,
which is the development of uncooled bolometer for THz active imaging.
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Chapter 2 Bolometric detectors

The basic principle of bolometers is presented in this chapter. A very simple model
gives the key factors that determine the performance of a bolometric detector without going
too far into the details that the reader can find in cited references.

2.1 Principle of bolometer

2.1.1 Bolometer overview

Bolometer is one type of thermal sensor that detects electromagnetic radiation through a
photo-induced variation of the device temperature. In a bolometer (here we use this term to
speak about a resistive bolometer), the temperature of the device is sensed by a thermo-
resistor, i.e. the resistance value changes in function of temperature.

l l l - EM radiation

T, Absorber
Thermometer

Ry, Thermal link

T, «Heat sink

Fig. 2.1: Bolometer principle

The general structure of a bolometer consists of a sensitive element connected to a heat
sink by a thermal link. The sensitive element itself combines two important elements that are
an absorber to collect the incident radiation or particles striking the sensor and a temperature
transducer (thermometer). The thermal link prevents heat losses but also provides its
mechanical support and electrical contacts between the bolometer and the read-out circuit in
an actual bolometer.

The thermometer converts the resulting temperature variation into parameters that are
measured electrically by the read-out circuit. So as illustrated by Fig. 2.1, thermal sensors
detection makes use of cascaded functions: electro-magnetic absorber, thermometer, thermal
link and read-out circuit. Some functions can be ensured by a common device. There is a case
where thermometer also plays the role of absorber. However, in order to optimize absorption
efficiency of detector and its electrical characteristics, the absorber is generally a separate
element.

Like many other thermal detectors, bolometers are incoherent sensors, meaning they
detect only the radiation intensity, not its phase. On the other side, since the thermal
conversion is independent to the spectrum of the incident wave, bolometers can be very
broadband detectors. Their bandwidth is in fact limited by the spectral response of the
absorber. Some superconducting bolometers, such as HEBs, can perform heterodyne
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detection: the incident wave beats with a local oscillation wave to produce an intermediate
frequency signal. In this case, the phase of a coherent impinging radiation can be measured.

Another characteristic should be mentioned: the bolometers invoke a thermal
phenomenon which is a slow process (when compared with electric process), therefore
bolometers are slow detectors. The fastest response time of bolometers is in the range of
nanosecond, which is the case of HEBs.

\
)
7
)

Microholometer
Element

Monclithic
Bipolar
Transisior

Fig. 2.2: Example of bolometer

The material of the thermometric element plays a key role in determining the
performance of bolometers. This material should give a large temperature dependence of
resistivity while keeping the noise, especially excess noise, as low as possible. The parameter
used to quantify the dependence of bolometer resistance on temperature is the temperature
coefficient of resistance (TCR), defined as:

1dR
a==-—. 2.1)
RdT

Metals show little change in free-carrier density with temperature, but the mobility of
the free carriers decreases with temperature, producing a pasititygpically about +0.002
K. This value usually varies weakly with temperature. Meanwhile, semiconductor materials
have mobile carrier densities that increase with increasing temperature, also their carrier
mobilities change with temperature, producing a higher negativehat is generally
temperature-dependent. A typicB(T) behavior for a semiconductor, whose mobile carrier

density is controlled by thermal excitation across a bandgap, is:

AE
- men{ )

where AE is the activation energy, equal to half the band@gp and R, is a reference

resistancek is the Boltzmann constant. This dependence of the resistance of semiconductor
on temperature leads to the value of TCR:

_1dR__AE

o= Rd—T——F. (2.3)

For amorphous silicon material, this value is about -0.92KT = 300K.
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2.1.2 Electro-thermal model

The operation of bolometer is based on an electro-thermal model that has been well
formulated in some text books. The model presented here is derived from [Kruse]. We
simplify it to treat the case of the bolometers studied in this PhD work. In order to establish
this electro-thermal model for bolometer, some phenomena are simplified. We will consider
the whole suspended structure (which consists of several layers, such as absorber or
thermometer) as a single element with a homogeneous temperature.

As depicted in Fig. 2.1, the main physical parameters are:

o n is absorption efficiency of the bolometer,

o T and G, are respectively the temperature and the thermal capacity of the
suspended element,

o g is the thermal conductance between the suspended element and the heat sink,

o Tsis the temperature of the heat sink, it could be constant or at least varies very
slowly when compared to T.

o (I, V) is the current and voltage of the external circuit that biases the
thermometer.

The microbolometer’s temperature T depends on the energy exchange with its heat sink
at temperature gf on the IR radiation power; and on the powggsproduced by the bias
current through Joule effect in the thermometer. The heat balance equation for a
microbolometer at temperaturdasrt

daT
C‘“Ez IV +Q-g(T-Ty). (2.4)

Q is the net absorbed radiation power from the radiative energy exchange between the
suspended element and its surrounding. In general, Q can be expressed as

Q=nP +nP,—2AncT*. (2.5)

P and P, are the radiation powers from the target (the scene) and the heat sink,

respectively. The last term is Stefan law contribution in which we have modeled the
suspended element as a grey body of surfacand a constant emissivity=7 (Kirchhoff

law of thermal radiation). In equation 2.4, we see that the Joule power and the net absorbed
radiation power help increasing the temperature of the suspended element. However, the
energy loss by thermal conduction between this suspended element and the heat sink tends to
balance this temperature increasing. By solving the heat equation 2.4, we can understand
better the way the bolometer interacts with the surrounding (heat sink in particular) (1) and
the bias supply (2).

2.1.2.1 Heat balance with no applied bias
Without the Joule power, the heat equation is rewritten:

dT
—t:Q—g(T—TS). (2.6)

Cth d

In the simple case Q is step function, the solution of the above equation is:
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T(t) :TS+§(1— e'/m) (2.7)

with z,, =C, /gis the thermal time constant. As, fox 0, Q is zero, then the thermal

conduction makes the suspended element having the same temperature as the heat sink. For
t>0, by absorbing the radiation power Q, the temperature of bolometer increases
exponentially. After a period of much longer t, the bolometer temperature approaches the
steady-state value

Tt>>17,) =TS+%. (2.8)

From this equation, we also see that a small change in the absorbed radiation power induces a
change in temperature

sT=X. (2.9)
g

With the same amount of absorbed radiation power, a smaller thermal condugtbeads to
a larger temperature elevation.

If the radiation power Q is not a constant but an alternative signal (by using a chopper to
modulate the incident beam, for exampl@)= Q,(L+¢e'*), then the temperature T is also
modulated at frequeney:

Qe
AT(0) = —>——, (210)
g+ jory)

The amplitude of this signal therefore varieélm, and its 3 dB cut-off frequency is

f.=Y2xr, . For example, ity, = 10 ms, thenf, =1/ 277, ~ 16 Hz is the cut-off frequency

of the bolometer, meaning if the optical beam is modulated at much higher frequency than 16
Hz, the temperature variation is degraded a lot due to the slow thermal relaxation of the
suspended element.

2.1.2.2 Heat balance with applied bias

In order to convert the variation of bolometer temperature into an electric signal, we
must apply a bias to the bolometer. For bolometer of positive TCR, usually a constant current
bias is applied and for bolometer of negative TCR (semiconductor), a constant voltage bias
takes place. The main reason is to enhance the sensitivity of bolometer by making use of the
electrothermal effect that will be presented in the following section. We focus on the case of
semiconductor bolometer biased by constant voltage, which is the one being studied in this
thesis.

The biased bolometer is heated by a total powerQ+P=Q+ IV , whereQ is the

net absorbed radiation power ard=I1V is the Joule power from the applied bias.
Normally,P >>Q, so thatW may be replaced by whenever the differentiation & is not

involved. When bolometer absorbs the radiation pal@erthe heat changes its temperature,
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causing a change in the bolometer resistance. If no bias is applied, the temperature elevation

should bedT =dQ/g as expected from equation 2.9. However, when a bias is applied, the
2
Joule powerP:VEis changed due to the variation of the bolometer resistance. The heat

from this power will play the role of feedback and affects the bolometer temperature. This
results in a different net temperature change from the previous value in equation 2.9. The
phenomenon is stated as electrothermal effect.

To quantify the electrothermal effect, we use the circuit (Fig.i@.8)hich the voltage
bias sourcéy/, is applied to the bolometer. It should be noted that since the Joule power of the
bias modifies the bolometer temperature and changes its resistance value, therefdfe the |-
characteristic of bolometer is not a straight line, but a curve as shown in Fig. 2.3. The
operating point of the bolometd¥/, 1) is given by the intersection of the load liNe=V,
with the bolometer V-I curve. We can see that at the same constant bias ¥ltagethe

radiation powerQ+ dQ makes the bolometer hotter (than radiation po@¢rthe resistance

of bolometer decreases, thus the current circulating through bolometer increases by an amount
dl.

Q I
Q + dQ \;b

»

dl 1
Fig. 2.3:1-V characteristic of bolometer under constant voltage bias

The responsivity of bolometer is a key factor that characterizes its performance. It is
defined as

_d
o

We will formulate this expression to see how the characteristics of bolometer affect its
responsivity. First, we develogl as function ofR

R, (2.11)

dl :d(\%j:—%dR. (212

Then, we rewrite the heat balance equation 2.4 under steady state condition
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dT

Cthazlvb+Q—g(T—Ts)=O. (213
We deduce:
V2
Q=—IVb+g(T—TS)=——|;+gT—gTS. (214
Thus:
V2
dQ=Eb2dR+ gdT. (2.15)

From equations 2.12 and 2.15, we obtain:

V, -V, dR -V
dl _%dR i o —la -l
_a R __RRIT __ R~ _ _ 216
dQ V—bzdR+ng V—k’z—dR +g V—bza+g 9+ Mor  Qeg |
R? R RAT R
where:
Ot =9+ V. 2.17)

In the case of semiconductor, the TCR is negative, so the responsivity is written as

_llea]

g"RI
geff

(2.18)

In equation 2.14, as we have mentioned earlier, the radiation powerQeimusually
negligible when compared to the Joule pows{ supplied by the bias source, so the
temperature elevatioAT =T —Tj is in fact mostly caused by the Joule power, i.e.:

IV, = g(T —Tg) = QAT . (219
Then equation 2.17 can be approximated as:

O =9+ Vo= g+ AT). (2.20)

Since the thermal capacity of bolometer is unchanged by the applied bias, the effective
value results in an “effective” thermal time constant for changes i@, given by:

Toi = Cin/Qerr = (2.21)

T——.
1L+ aAT)

In the case of semiconductor bolometers, sinds negative valueg; <g amd 74 >7.
This means that due to the electrothermal effect, the responsivity of bolometer increases but
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the detector responses more slowly. While increasing the bolometer responsivity and thus its
sensitivity, the electrothermal effect also presents a risk of operation instability. In Fig. 2.3,
each I-V curve of a bolometer, corresponding to a given absorbed radiation power, has a limit
Viim at which the current passing the bolometer increases to infinite. Of course, in reality, the
heat produced by this current will damage the detector when the current is high enough. Let
us consider the case we bias the bolometer near this valju@-V curve corresponding to

Q). If this bias voltage is higher than theVvvalue of the |-V curve corresponding to

Q+dQ, the thermal runaway will destroy the bolometer.

In equation 2.16, we see that the bolometer responsivity is proportional to both the
current passing bolometer and its TCR. The current can be awghhgnincreasing the bias
voltage. The bias voltage is usually limited by a practical reason: monolithic read-out
electronics may reach a maximum voltage (about 2 V for today CMOS). This value is several
times larger than the ;¥ of bolometer at room temperature. However, at higher bias voltage,
the excess noise (that proportional to the applied voltage) increases and dominates other noise
sources. Therefore the sensitivity has an optimum point regarding the bias voltage.

In order to enhance the bolometer responsivity without having risk of instability, most
CMOS read-out circuit use today pulsed voltage bias. The maximum voltage 2 V delivers a
maximum current to the bolometer in a time short enough to ensure that the damage by
heating does not happen.

2.1.3 Noise in bolometers

Various types of noise may contribute to the total noise, degrading the bolometer
performance, in particular the sensitivity. The total noise includes the noise generated by the
read-out circuit, which contains a stage of amplification. For upe¢o-date uncooled
semiconductor bolometer technology, if the read-out integrated circuit (ROIC) of bolometer is
properly designed, the contribution of ROIC noise is small when compared to the noise
generated by the bolometer. In this section, we only consider the noise of bolometer, not the
ROIC.

Since the bolometer operation is based on the conversion from radiation into thermal
energy and then into an electric signal, the noise in the detector originates from all these
sources. The contribution of each type of noise in superconductor bolometers is different from
the uncooled bolometers, mostly because of the difference in the operation temperature. The
noise that can affect the sensitivity of uncooled bolometer usually is the electronic noise, in
particular the Johnson noise and the 1/f noise.

2.1.3.1 Johnson noise

This noise originates from the fluctuation of voltage across the terminal of a resistance
R at temperaturd due to the thermal agitation of the charge carriers that move forward but
also backward. The power spectral density of this noise is independent of frequency for
frequenciesf <<kT/h, which is much greater than the bandwidth of detector. Therefore, this
electrical noise can be codsied as a “white” noise in the modeling. For a given bandwidth,
this noise is quantified by the fluctuation in voltagefrom the average valué (variance)
per Hertz of bandwidth as:

AV? = (V —-V)? = 4k, TR. (222
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As an example, a KQ resistor at room temperature of 300 K has a root mean square (rms)
Johnson noise of 4 nV/VHz. This noise exists even at zero bias but can be decreased
dramatically by cryogenic cooling (in the case of superconductor bolometer for example). In
terms of current, the Johnson noise is given by:

Tz Ak T

Al? 223
R (223

2.1.3.2 1/f noise

The thermometer of a bolometer usually shows some degree of fluctuation in resistance,
with a variance AR®. If a bias | flows through the resistor, this resistance fluctuation

produces a voltage noide/ AR? in addition to the Johnson noise. This noise is referred as the
excess noise. The 1/f noise is one type of excess noise and has a power per unit bandwidth
that varies approximately as 1/f (there comes the term 1/f noise). The 1/f noise appears in all
thin-film components and seems resulting from the imperfections in the resistor material
structure and electrical contacts. Despite many researches in the domain, there is no theory
that explains completely this phenomenon. In a general manner, the resistance fluctuation
results from the fluctuation of electrical conductivity of material, which depends on the free
carrier density and on the mobility of these carriers. The carrier density and mobility are then
two factors that appear to characterize the 1/f noise. The power spectral density of 1/f noise in
bolometer is usually:

k
AV? :VZTf. (2.24)

Where k; is called the 1/f noise parameter. This parameter depends strongly on each

particular resistor, i.e. on its material, deposition technique, dimensions, and electrical
contacts, etc., and can be expressed as:

kf = aH /nvvolume' (2-25)

where n is the mobile charge carrier density ap@ ¥ is the volume of the resistor material.
In terms of current, the 1/f noise is:

k
Al :IZTf. (2.26)

It should be noted that the above formula, established by Hooge [2], is the accepted model to
characterize the 1/f noise of a resistor. It does not, however, explain completely the origin of
the 1/f noise.

The 1/f noise is quite common for electronic devices, not only for bolometers. Its
influence can be reduced a lot by performing a lock-in measurement. This technique is quite
useful for characterizing a single bolometer but it is really challenging for a 2D array of
detectors equipped with multiplexing scheme in ROIC. The 1/f noise plays an important role
in the design of bolometer itself (material, technique of deposition, electrical contact), and
also in the operation of read-out circuit since this noise depends on the bias level.
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2.1.3.3 Other sources of noise
Thermal noise

Thermal noise -or phonon noise- arises from the random exchange of energy between
the bolometer and the heat sink. The temperature of bolometer (the suspended element) in
thermal equilibrium has a fluctuation that depends on temperature itself and the capacity of
the element

AT? =k, T?/C,, . (2.27)

Also the thermal conductanag of the arm between suspended element and heat sink exhibits
some fluctuation due to the thermal aspect. The temperature of heat sink is stabilized by an
external thermal regulator to minimize the temperature variation that could add more noise to
the bolometer. The thermal noise is intrinsic and can be decreased by cooling. In practice, this
noise is negligible when compared to electronic noise of the resistance of bolometer.

Radiation noise

Photons radiated from the detector and those impinging on it also carry energy.
Radiative exchange of energy takes place with the environment of the detector, e.g. the walls
of the enclosure. The fluctuation in this radiative exchange gives a noise, but this noise source
can be decreased if the surroundings of the detector are sufficiently cooled. In thé case o
superconductor bolometer, in particular SIS bolometer, the sensitivity of the detector is
limited by this noise which is fundamental and is a theorical limit (background limited or
BLIP) in quantum physics. In the case of uncooled bolometers, this noise is usually
negligible.

2.1.3.4 Calculation of total noise of bolometer

For uncooled bolometers, the electrical noise of the resistance of bolometer dominates and is
characterized by the sum of Johnson noise and the 1/f noise. In a measurement bandwidth

extending from frequencyf, to f, , these two noises combine to produce a total bolometer
voltage noise (mean square value):

AV? = 4k TR(f, - ) +V 2k, In(f,/f). (2.28)
In terms of current, the noise writes:

F _ 4k T
R

(f,— f)+1%k, In(f,/f). (2.29)

Usually, for a bolometer equipped with ROIC, the detector is biased in pulse mode during a
time At_. and the bolometer signal (current) is integrated during this period. Therefore the

int

upper frequencyf, is

1
2Atint .

f, (2.30)

NGUYEN Duy Thong 31



The lower limit f, is related to the frame rate of the camera, therefore the starind {ime
by the relation:

1
4T,

stare

f,~ (2.31)

In practice, a frequency of 1 Hz usually is chosen.

2.1.4 Figures of merit

Bolometers are widely used in different domains of applicatiofisay, infrared,
millimeter-wave) in both passive and active imagings. Several figures of merit are used to
characterize the performances of detector, in terms of spectral response, sensitivity, and
response time.

2.1.4.1 Spectral response

The bolometer opearation is based on the conversion radiation energy — thermal energy
— electrical signal. The spectral response of bolometer depends only on the conversion from
incident radiation energy to thermal energy in absorber. In the case of uncooled infrared
bolometers, the absorber is usually a thin film of metal. Since electrons in metal do not have
prohibited band as the case of semiconductor, the interaction between the electrons in the
absorber and the incident radiation can extend up to plasma frequency. Thus, the absortion
efficiency of the detector depends mainly in the 3D electromagnetic design. Below is the
typical spectral absorption of an uncooled bolometer working in the |8n range. As we
can see, the spectral response of a typical bolometer is very large. In general, thermal
detectors are always classified as large band detectors.

1.0
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~
] 087
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window
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25 5 7.5 10 12.5 15 17.5 20

Fig. 2.4: Typical spectral response of uncooled mid-infrared bolometer

The absorption efficiency of this detector at long wavelength range (beyond the limit 20
um of the above figure) decreases since the 3D electromagnetic design is not optimum.
However, there is no strict limit in the absorption: the absorption can be low but the detector
can still absorb the electromagnetic wave. Some institutes have successfully demonstrated the
detection of long wavelengthf(=3 THz, 4 = 100um) [3], [4] by uncooled bolometers.

The absorption efficiency is very challenging to evaluate, even by simulation.
Therefore, the responsivity as a function of wavelength is used instead to characterize the
spectral aspect of the detector response.
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2.1.4.2 Sensitivity

The sensitivity relates directly to the noise level of the detector. Noise equivalent power
(NEP) and noise equivalent temperature difference (NETD) are two common parameters that
guantify the sensitivity of bolometers.

Noise equivalent power (NEP)

NEP is defined as the incident or absorbed power change that produces a signal equal to
the total root mean square noise. The NEP defined with incident power change contains the
absorption efficiency and characterizes the sensitivity of detector in a practicalrmanne
therefore usually employed to compare detectors. The NEP is expressed in terms of the noise
i, and responsivityR, (or: v, andR,, for voltage noise and signal)

i V
NEP=-—" =1
R, R, (2:32)

The NEP of a bolometer, in which the dominant noise sources are the Johnson and 1/f
noises, is deduced from equations 2.18 and 2.29:

T (1, 1% 1)
Ia]

geff

NEP = " = 2.33
R (233

Since the read-out scheme is different for each read-out circuit, the NEP per unit bandwidth is
used instead of NEP to represent better the sensitivity of the detector itself, without the
influence of the read-out circuit. The NEP per unit bandwidth is simply the NEP divided by
square root of bandwidth of the read-out circuit.

Noise equivalent temperature difference (NETD)

One useful and practical parameter to evaluate the sensitivity of a bolometer in passive
imaging is NETD, defined as the temperature change at the target that produces a signal in the
bolometer equal to the total (rms) noise. The relation between NETD and NEP therefore
depends on how a temperature change at the target results a radiation power arriving on the
bolometer:

dQ

target

NEP =

NETD. (2.39

Assuming that a bolometer has a front afeand absorption efficielcr, the radiation
power Qabsorbed by the bolometer due to a distant blackbody target with radiasce

_AT]?ZL

Q"4E;

(2.35)

where F, is the F-number of the optics. Therefore, the NETD is:
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4 Fn20

NETD =
Anﬂ(dL/d-EargeD

(2.36)

NETD is one of the most important performance parameters for infrared imaging
systems because it specifies the performance of a detector in a very simple manner regarding
the requirement of application. This parameter is directly characterized by exposing the
bolometer in front of a blackbody source and varying its temperature. The NETD of state-of-
the-art uncooled bolometers is about-5000 mK.

2.1.4.3 Response time

Without the electrothermal effect, the response time of a bolometer depends only on the
thermal capacityC,, and the thermal conductange

Tih =

Cin
— (237

g

A typical uncooled 35tm-pitch bolometer with a thermal capacity of 25@00 nJ/K, and a
thermal conductance of 25 nW/K, presents a response time of 10 ms. This typical response
time of thermal detector is of course very low when compared to photo diodes, but still fast

enough to perform real-time rate video. The electrothermal effect can modify a little bit the
response time as shown in equation 2.21.

2.2 Summary

In this chapter, the principle of uncooled bolometer is presented. We have introduced
the structure of an uncooled bolometer, starting by a schematic structure of any kind of
bolometer whether cooled or not, followed by the actual structure of an uncooled bolometer
today. Then, the electric-thermal modeling of the bolometer is presented, providing a basic
formulation about operation of bolometers. Different types of noise are mentioned,
concentrating on Johnson noise and 1/f noise. Finally, some important figures of merit of
detector are given. These bolometer parameters will be used in the next chapters.
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Chapter 3 IR-THz transformation for uncooled bolometer

The aim of this chapter is to present the necessary changes in the uncooled bolometer
design to go from the infrared (IR) commercial device to the new THz prototype that is
studied in this PhD thesis. In the first section, different designs of cryogenic millimeter-wave
bolometers are examined. Of course, the structure of these detectors is specific for cryogenic
operation. However, the study ahese “historical” detector structures gives us some
guidelines in designing our own bolometer. The second section is devoted to present in details
the uncooledR bolometer produced by CEA-Leti. This detector is the starting point for the
development of uncooled THz bolometer, which is the subject of this thesis. In the last
section, we present the present tendency, as published in the literature, of transforni&tion of
bolometer to obtain THz bolometers. The design of these “THz bolometers” is examined
carefully in order to get a better solution for our own bolometer design, which will be
presented in the next chapters.

3.1 Cryogenic terahertz bolometer

3.1.1 Antenna-coupled bolometer

The bolometer developed simultaneously at NIST-Boulder &andTT-Helsinki by
Grossman and Luukanen [1], [2$,a typical example showing the advantage of coupling the
incident signal to the bolometer with an antenna. The device operates at 4.2 K and shows an
amplifier-limited electrical NEP of 1.4xT6 W/\VHz. In antenna-coupled devices, the thermal
sensing element can be made much smaller than the detected wavelength, resulting in a much
smaller heat capacitg,,, thus allowing for smaller thermal conductangeand better NEP

and also for a smaller time constamt.

Fig. 3.1: Structure of a superconducting antenna-coupled bolometer

In this design, the sensitive element has the form of a long strip made of
superconducting material and plays also the role of resistive load for the antenna made of
normal metal. The strip has dimensions of 2@ x 1 um x 100 nm in a form of a
microbridge structure, obtained by etching the underneath substrate. The antenna is
logarithmic spiral-type with a dimension of inter and outer radii of the spiral of 200 and 20
um, respectively. The antenna is deposited on a silicon substrate, which has a permittivity of
g, =11.7. With this configuration, the antenna is supposed to be very large band, from 455

GHz to 2 THz, at least as simulated. The measurement of the antenna bandwidth at THz
frequencies is really challenging. The spectral response of the whole detector is measured
instead, anadt shows a much narrower bandwidth [1].
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In terms of optical coupling, the use of lithographic antenna is a good way to obtain a
high coupling efficiency of the impinging THz wave. The impedance of the spiral antenna is
about 75 Q while the resistance of the superconducting strip is 130 Q. Taking in account the
resistance and the 10-pH self inductance of the bridge, the impedance mismatch between the
antenna and the bridge is estimated to reflect less than 20% of the optical power.

In terms of thermal characteristics, the antenna is considered as heat sink with a
temperature maintained near below the superconducting transition temperature. The small
heat-sensitive element receives the Joule power from the RF current and conducts the heat to
the inner ends of antenna. The thermal conductance then is determined by the dimension and
the thermal conductivity of the superconducting strip itself. The thermal conductivity of the
superconducting strip is calculated being equal s#p=0.54W/Km and the thermal

conductance is about 2 nW/K. As seen earlier in chapter 2, decreasing the thermal
conductance results in a better sensitivity but also increases the response time. In the case of
this detector, the sponse time is in the range of ps, which is much faster than the frame rate

in imaging. Thus, the thermal conductance is not much limited by the response time. It is
actually limited by the impedance matching with the antenna. A better thermal conductance
implies that the length of the superconducting strip is longer or the cross section of the strip is
smaller. This will increase the electric resistance of the superconducting strip beyond 130 Q

and thus the impedance mismatch.

3.1.2 Distributed absorbing element bolometer

The spider-web design has became very popular for millimeter-wave superconducting
bolometers since the work of [Mauskopf 03] .

Lead wire
Absorber
(5.6 mm) i@ — Mesh legs
4 pun < 200 pym
Thermometer

Silicon frame Support legs

5 um ¢ 1 mm

Fig. 3.2: Spider-web design

In this design, the absorber consisfa 1 pm — thick SisN4, mesh metalized by 25 nm
thick metal and has a “spider web” form. The absorber is connected to a solid silicon frame
that plays the role of heat sink by 8 radial support legs. The thermometer is placed in the
center of the spider-web absorber and read out by two lead wires.

In terms of optical coupling, this absorber corresponds to a distributed absorbing
configuration. Since the basic element of the spider-web is a legraf<l4 ym x 200 um of
Si3N4 coated (metalized) by a thin metal (25 nm), it acts as a lossy conductor. The lossy grid
is configured in a way that it is equivalent to a 189 ()/square resistance sheet to optimize the
optical absorption. According to the electromagnetic theory, if the infinitely large sheet has
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this resistance value, it absorbs 50% the radiation passing through it (single pass),

independently of frequency. In the case of lossy grid, the result is valitiforl ;,, where

A is the wavelength ang , is the grid spacing (denoted as the mesh leg of20ngth in

the previous figure) [Ulrich 03]. It should be noted that, in order to satisfy the single pass
condition (the incident pass though the absorber grid once), the detector does not employ a
reflector beneath it. This also means that the read out integrated circuit (ROIC), which
consists of several layers of dense metallic wires and thus can act as a reflector, should not be
placed underneath the absorber layer. This does not cause a problem for most of
superconducting bolometers since the number of detectors in the array is small, thus a simpler
read-out scheme can be used instead of ROIC.

In terms of thermal characteristics, the lightweight absorber design minimizes the heat
capacity and facilitates thinner support legs while keeping a good optical absorption at long
wavelength up to 5 mm. With this design, the heat capacity is dominated by the thermometer
and the absorber heat capacity is no longer a constraint on the bolometer size. The thermal
conductance between the thermometer and heat sink (the silicon frame in previous figure) is
the sum of conduction by support legs (2 *10//K) and by lead wire (2 x 18 W/K), thus
it has a value of 4 x 16 W/K.

Recently, the spider-web design was combined with horn antenna [5]. The reason is
certainly to engineer more precisely the frequency range of detector and also to eshance it
optical efficiency.

alie

Invar Backplate

Fig. 3.3:Horn antenna coupled bolometer

This design uses a monolithic array of horn antennas. Each antenna couples the free
space wave and guides it to the bolometer. The detector wafer includes spider-web bolometers
on a 350um-thick silicon substrate. The detector wafer is mounted on a second metalized
silicon wafer, which has been etched to form tuned backshorts. The detector wafer and
backshort wafer combination is fixed to an invar backplate. The feed horn block is mounted
on the invar backplate so that it is suspended over the detector wafer and maintains a safe
vacuum gap between them. The lower half of the feed horn block, referred as the “frontshort,”
and the backshort along with the detector form the integrating cavity. The dimension of this
integrating cavity is determined so that the electric fislanaximized at the position of
absorber, thus facilitating the absorption efficiency.

The horn antenna-coupled bolometer has several different characteristics when
compared to the bolometer alone:

o The bolometer can be made smaller: the wavelength depends on the horn
diameter; the horn guides the wave to a smaller area where its energy is
dissipated in the absorber of the bolometer.
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o The horn antenna supports several modes whose frequency is well defined and
can be tuned by resizing the horn parameter.

o The horn antenna is highly directive.

o By configuring the horn, the detector can by polarization sensitive.

Each of these characteristics can be exploited depending on the foreseen application.

3.2 Uncooled IR Bolometer

In this section, the main characteristics of uncodRdbolometer of CEA-Leti are
presented. ThidR bolometer is considered as the starting-point for the development of
uncooled THz bolometers. The aim of this section is not to cover all the aspectsi®f the
bolometer technology, which is quite large and out of the scope of this thesis. Here, we
emphasize on the aspects that should be considered in respect to the IR-THz transformation.
Although these features are from our specific bolometer, they can be used to refer to the state-
of-the-art of uncooledR bolometer because the main difference between bolometers today is
within the thermometric material, not in the design.

3.2.1 Structure

The structure of each pixel can be adjusted a little to fulfill the specifications of each
targeted application, i.e. to get the best trade-off between thermal insulation, time constant,
and electrical noise. The basic design can be illustrated as in the following figure.

Pixel size
Thermal insulation leg \‘r
Metal stud

. ’-::._=:-::

Reflector

ROIC metal pad

Read-out circuit

Fig. 3.4: Schematic view of bolometer

The bolometer has a micro-bridge structure, which is very common nowadays for
uncooled bolometers. The suspended membrane consists of a thin metal (titanium nitride,
TiN) layer playing the role of absorber and the thermometer layer made of amorphous silicon.
They are insulated electrically by a dielectric thin film (usually silicon nitride, SiN). This
membrane is held by thermal legs, which are a strip of three-layer thin film (see Fig. 3.8 and
3.9) obtained by etching. The dimension and the material composition of this strip determine
how good the thermal conduction between the membrane and the metal stud is. The metal
stud is considered to be isothermal with the underneath substrate, which plays the role of heat
sink. It should be noted that this metal stud can be referred by many technical terms. It is the
electrical contact between the thermometer and read-out circuit in substrate underneath. It also
is a mechanical strut that supports the membrane suspending in air. And last, since it is
obtained by via etching technique, it is sometimes referred as via.
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In terms of electrical aspects, the bolometer has two electrodes on the suspended
membrane. These electrodes connect the thermometer without being in contact with the
absorber to avoid short-circuit, because the electric conductivity of the metal absorber is much
higher than the semiconductor thermometer. In addition to the thermal insulation function, the
thermal leg also supplies an electrical link between the metal stud and the electrode.

Electrode Absorber

7
=
b

Electrical

/ contact

a-Silicon Thermometer

Fig. 3.5: Schematic view of the bolometer

The device is fabricated by using deposition and etching techniques. The figure below is
a cross section cut showing the different layers of the stack. The whole structure description
can be found with more details in several patents [6], [7].

a-Silicon Thermal leg
Abszorber .
Electrode Thermometer i

/ TN ].c el
Insulator f 1N layer

Strut/vias

Read-out circuit

Yy
Reflector

Fig. 3.6: Schematic view of bolometer

From Fig. 3.5 and 3.6, it can be seen that the absorber, the thermal leg, the electrodes
and the electrical contact share the same TiN layer. The bottom insulator layer usually is
made from SiN and has a thickness in the range 26 nm. The TiN layer is 8 nm-thick.
Another insulator layer of 10 25 nm made from the same material is deposited on the TiN
layer. Finally, a thick (100 nm or more, depending on each detector design) amorphous silicon
is deposited on the top insulator layer. The size and thickness of each layer are chosen to
ensure an assembly of proper characteristics in terms of mechanical strength, thermal
isolation, heat capacity, optical absorption, and electric properties of thermometer.

In this arrangement, the thermometer layer is above the other insulator layer. The
arrangement can be inversed, meaning the thermometer layer is beneath the insulator layer.
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The silicon material exhibits very low absorption in long-wavelength infraredR)\\ange.

Thus the order of the arrangement does not change much the absorption of the bolometer.
However, since the thermometer layer is thick, this layer should be deposited last to facilitate
the forming of the thin insulator layers.

The whole membrane above is suspended in air over a metallic reflector. The air gap
between the reflector and the suspended membrane is about 2 um. This creates a quarter-
wavelength cavity so that the absorption of the bolometer is optimized.

The bolometer design is usually classified by pixel pitch. Over the last ten years, the
pixel pitch scales down from the initial 45 pum pitch (in year 2000), to 35 um (2003), 25 pm
(2005), 17 um (2008) and perhaps 12 um for the next generation.

3.2.2 Optical coupling

The optical coupling ofR bolometer is performed by the thin TiN layer. This layer is
made very thin so that the sheet resistance of the layer is about 377 /a. With a cavity of ~ 2
um, the structure can exhibit a very good absorption [8]. Fig. 3.7 presents the typical
absorption of a bolometer which exhibits high absorption rate in thiklrdhge [8- 14 um].
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Fig. 3.7: Spectral range of bolometer for several cavity heights (Rgf [9]

Since the size of absorber of an actual bolometer is finite, the fill factor, which is the
ratio of the area of absorber to the area of a pixel, becomes quite importtaatoolometer
design. In general, a higher fill factor means that the absorption efficiency of the pixel is
better. The fill factor of our bolometer varies in the range of 50 %, depending on pixel
pitch. For pixel pitch of 25 or8Bum, the fill factor is about 60 — 70 %. For 12 or 1yim pitch
pixel, it is about 50- 60 %. However, one should not confuse the fill factor with the
absorption: they do not share the same value and the increase of absorption as function of fill
factor is not linear, especially when the pixel size gets close to the wavelength. For example, a
17 um-pitch pixel can get absorption of 80 % over the [Bl um] spectral range although the
fill factor is just about 55 %.

3.2.3 Thermal insulation

Thermal insulation plays a critical role in the bolometer design because the sensitivity
depends mainly on the thermal conductamgge When the size of the pixel is reduced, the

optical absorption decreases and the electrical noise of the bolometer increases. The thermal
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insulation is the only way to compromise on these degradation effects. Therefore, the golden
rule and the most important effort in technology are to improve more and more the thermal
insulation.

Fig. 3.8: SEM image of 14m pitch bolometer shows contact and thermal leg [10].

There are two mechanisms contributing to the heat exchange between the suspended
membrane and the ambient: heat conduction by the thermal legs and radiation exchange.
Normally, for uncooled IR bolometer, the heat conduction of thermal legs is the main
contribution of heat exchange.

Thermal leg consists of a thin TiN strip sandwiched between two insulator layers of
SiN. Thus, the thermal conductance depends on the composition SiN/TiN/SIN and also the
geometry of the leg. While the sandwich composition is remained, the thermal insulation gets
better mostly by reducing the width of the thermal leg. The table below shows the tendency of
reducing thermal leg for each pixel pitch [11].

Pixel pitch Thermal leg width Thermal conductance
45 pm 1.5 pm 71 nW/K
35 um 1.2 um 31 nW/K
25 um 0.8 pm 18 nW/K
17 pm 0.5 um 9 nW/K

Table 3.1 Thermal leg’s performance for each pixel pitch

Fig. 3.8 shows the electrical contact and thermal leg withut Sidth for the 174um
pitch CEA-Leti bolometer. The hole at the center of the contact is formed during the
deposition processes (one should remember that the contact is also a via).

The geometry of the thermal leg may be more complicated than a long linear strip.
Some geometries give a good mechanical strength while maintaining a small thermal
conduction. In general, it consists of a combination of basic leg elements, which are
rectangular stripgs shown in Fig. 3.9. The thermal conduction along the length of the leg
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element consists of contributions from the insulator layer and the TiN layer. Since the
thickness of theses layers (in the range of nm) is very stmatimpared to the leg length (in

the range of um), we suppose that the temperature in these layers are the same and varies
along the leg length.

\Vl eg

l I8 Insulator 2

la P N
insl

Insulator 1

Fig. 3.9: Composition of an elementary leg

The actual geometry of thermal leg can by modeled simply by using the “effective
length” concept. This is the length of a strip that has the same cross section and has a thermal
conductance equivalent to that of an actual leg. Knowing the geometry of the leg and the
thermal conductivity of each material, we can calculate the thermal conductance of the leg.

The thermal conductance of the leg that has an effective léngth,. is then calculated:

Vvleg (tinSL + tinsz) W t

ke 2 (3.1)
Leff § Leff

gleg = kSiN

wherek: is the thermal conductivity of the layer Usually, the two insulator layers are made

of the same material and have the same thickness, therefore the above formula can be
simplified as:

We 2tins We ta We
Oeg = kSiN IE— + kTiN LI == Ll : (2tinskSiN +takTiN) : 32)
eff eff eff

From the above equation, we can deduce the contribution percentage of the TiN layer and
the insulator layers to the thermal conductance of the leg:

o \NlegtakTiN g — takTiN (3 3)
™ Leff = 2tinskSiN + takTiN .
and
Vvleg 2tinskSiN 2tinskSiN
nSiN - Leff e 2tinskSiN +takTiN (3.4)

We perform a simple calculation to show the contribution of each element in the leg.
The thickness as well as the thermal conductivity of each layer employed in our calculation
are presented in the table below.
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Element Material Thermal conductivity Thickness
Insulator 1 Si-N 1.3 pW/(um.K) t .o~ 10— 25 nm
Absorber TIiN 5 uW/(um.K) t,=8 nm
Insulator 2 Si-N 1.3 pW/(um.K) t.o~ 10— 25 nm

Table 3.2 Element’s material and its specific heat

The thermal conductivity of material in a form of thin film is different from the bulk
value and depends considerably on the characteristics of thin film (grain size, thickness, etc.)
[12]. The values of thermal conductivity presented above are empirical data deduced from the
measurement in our laboratory of the thermal conductance of the bolometer. For TiN thermal
conductivity, the value is roughly consistent with [13], which reports a thermal conductivity
of about 3uW/(um.K) for 10— 20 nm thickness TiN thin film. For Si-N thermal conductivity,
the value is in between O&V/(um.K) reported in [12] and 8W/(um.K) reported in [14].

Let us apply this calculation for a 17 um pitch-pixel. The pixel has four thermal legs;
each leg has a meandering form to get a length of 13 um. The leg width for 17 pm pitch-pixel
is 0.5 um and the thickness of insulator layer is 15 nm to ensure the good thermal isolation.
By applying the above formulae, we estimate that the thermal conductance of each leg is:

W,
Orog = —2 (2tineKsin + oK) = 2—': (2% 0.015x 1.3+ 0.008x 5) ~ 3nW/K. (3.5)

ins
Leff

Since there are four legs, the total thermal conductance of legs is 12 nW/K. In thig case (
15 nm), the TiN layer contributes by:

b __ tkny B 0.008x5
™2t Koy +tkyy 2% 0.015x 1.3+ 0.008x 5

Ins

~51 % (3.6)

to the leg thermal conductance. The remained part is due to the Si-N layers.
Another mechanism of heat exchange occurs through radiation exchange between the

suspended membrane and the ambient medium. This heat exchange can be modeled as a
radiation thermal conductanaeg, ,by using Stefan’s law:

Oruy = :—T(AwT“): 4R T [WIK]. 3.7)

with A and ¢ are the area and the emissivity of the detector, respectivelydlis]Stefan’s

constant & = 5.67x10°Js'm?K™). The emissivity is equal to the absorption of the absorber
material (Kirchhoff's law). The formula 3.7 considers the detector as a surface with an area
equal to A, and an emissivity equal to absorptier:=7, emitting towards the half upper

space.

Using the above formula with typical values £77=08,T =25C), we obtain the
value for the radiation thermal conductance corresponding with pixel pitch.
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Pixel pitch Orad Typical g Grad/ Yootal
(evaluated) (measured)
45 pm 12.2 nW/K 71 nW/K 17 %
35 um 7.4 nW/K 31 nW/K 24 %
25 um 3.8 nW/K 18 nW/K 21 %
17 pm 1.8 nW/K 9 NnW/K 20 %

Table 3.3 Radiation thermal conductance for each pixel pitch

As we can see on the above table, the radiation thermal conductance contributes by about 20
% the total thermal conductance of a bolometer. The thermal conductance problem will be
examined with more details in chapter 5. Also, in this chapter 5, we will reconsider the
calculation of radiation thermal conductance for the case of room temperature THz
bolometers.

3.2.4 Heat capacity and thermometer volume

Heat capacity and thermometer volume are also important parameters of the bolometer
response. They present a trade-off between the thermal performance and the electrical
performance of a bolometer. As explained in chapter 2, with the same thermal conductance, a
smaller heat capacity results a smaller time constant, meaning the bolometer responds faster.
However, since the heat capacity of a bolometer originates mostly from the thermometer, a
smaller heat capacity implies a smaller volume of thermometer. This will increase the 1/f
noise of the thermometer. Therefore, the general design rule is that after the thermal
conductance of a bolometer is determined, a maximum volume of thermometer that still
satisfies the time constant constrain is employed to minimize the 1/f noise.

The heat capacity of bolometer is determined mainly by the heat capacity of the
suspended membrane since the contribution of thermal leg is really small. The membrane can
be treated as cascading rectangular blocks having the same width and length but with different
thicknesses. This is illustrated in Fig. 3.10.

We will use a simple calculation to show that the thermometer contributes mainly to the
overall heat capacity of the bolometer. The heat capacity calculation involves knowing the
specific heat capacity of each material in the bolometer stack and the dimension of each block
(see Fig. 3.10). These parameters are listed in table 3.3. It should be noted that the calculation
just gives a rough estimation because of two reasons. The first one is related to the
geometrical errors: while the area of each element of bolometer is known thanks to the
lithography precision, their thickness is not easy to control. The second reason is that the
specific heat of materials is taken from literature, which presents a little deviation when
compared to our specific bolometer materials.

NGUYEN Duy Thong 45
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Tnsulator 2
TiN
Insulator 1

Fig. 3.10: Stack of IR bolometer at Leti

Element Material Specific Heat Thickness
Capacity
Insulator 1 Si-N 1.12 pJ/um®.K) t o~ 10— 25 nm
Absorber TiN 3.26 pJ/m®.K) t.=8nm
Insulator 2 Si-N 1.12 pJ/um®.K) t .~ 10— 25nm
Thermometer Arrslc_)l_rphous 1.63 pJ/(tms.K) t.~ 100- 300 nm
ilicon

Table 3.4 Bolometer materials and their specific heat

As we can see in the above table, while sharing the same area, the thickness of the
thermometer is more than 5 times bigger than the insulator elements. The thickness of these
elements may vary depending on the desired thermal and electric characteristics of each
design. The thickness of TiN is fixed at 8 nm, which is a good compromise for the sheet
resistance of the absorber and the thermal conductance of bolometer (we have seen earlier that
the absorber and the thermal leg share the same TiN layer).

The volume specific heat of amorphous silicon is calculated from the literature. In [16],
the specific heat of silicon at 298 K is reported as 0.168 Cal/g/K, a simple calorie-joule
conversion gives the value of 0.70 J/g/K. With the mass density of silicon of 2.3%3 tilem
volume specific heat is 1.63 J/3i, i.e. 1.63 plim*K. This value is also used in [17] to
simulate the thermal properties of a pyroelectric detector. The insulator layers are usually
made of amorphous Si-N, the thickness of these layers vary in the range-a25.Gm,
depending on the desired mechanical strength of thermal leg. The specific heat capacity of
Si-N is taken from literature. In [14], the authors report on the measurement of heat capacity
of an amorphousSi-N membrane as function of temperature. The effective volume is
2.15x16 pum® and the heat capacity measured is about 2.4 uJ/K (value deduced from the
figure in [14]) at 300 K. This gives a specific heat capacity of 1.12npM). The specific
heat of TiN is also taken from literature as 0.601 J/g/K at 298 K [18]. By considering a mass
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density of 5.43 g/c[16], we calculate the volume heat capacity of TiN as 3.26lKgre.
3.26 pJim3K.

Let us take an example to see how the heat capacity of bolometer changes for each
generation of detector. Assuming a typical case in which the thickness of insulator layers is 25
nm, the thickness of thermometer is 200 nm and the fill factor of pixel is 0.8. The following
table shows the contributions of each element to the whole bolometer heat capacity. The
calculation for the 45 um-pitch pixel is not presented since the bolometric stack of this pixel
is different.

Pixel pitch Thermometer Insulators Absorber Total heat
heat capacity heat capacity heat capacity capacity
(PJ/K) (pJ/K) (pJIK) (PJ/K)
35 um 319 55 26 400
25 um 163 28 13 204
17 pm 75 13 6 94

Table 3.5 Heat capacity contribution in IR bolometer

From the table, we can see that the thermometer (with a thickness of 200 nm)
contributesto 80 % of the total heat capacity, the insulator layers participates to about 14 %
and the contribution of TiN is 6 %.

3.2.5 Response time

Heat capacitance and thermal conductance result in time constant as mentioned in
chapter 2. We rewrite the expression to facilitate the presentation of this section:

Th =~ (3.8)

For each bolometer generation, both heat capacitance and thermal conductance have been
established in Table 3.3 and 3.5. We deduce easily the time constant for each bolometer
generation, which is presented in Table 3.6.

Pixel pitch Heat capacity Thermal conductance| Time constant
(pJ/K) (nW/K) (ms)
35 um 400 31 12.9
25 um 204 18 11.3
17 pm 94 9 10.4

Table 3.6 Time constant for each IR bolometer generation

Usually, the frame rate of the array of IR bolometers is determined as:
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frame ™ o_  ° (3.9)
3 th

f

In such case, the read-out circuit waits a time3af before doing acquisition. Since
bolometer’s signal evolutes exponentially with time constant z,,, the bolometer reaches 95 %
of its established regime signal after a perio@gf. The frame rate in equation 3.9 is chosen

to gain a high signal while keeping the waiting time small enough for a fast imaging. This
value can be consideredughly as the “optimum frame rate” regarding signal to noise ratio

(SNR). One should note that the frame rate is not necessarily chosen as in equation 3.9. We
can choose a higher frame rate (thus waiting time is smaller 3hgnin the expense of

getting a lower signal, thus smaller SNR.
The frame rate of real-time video is 25 Hz, thus the time constant of the bolometer
should be inferior to:

1 1
3x25

Ty = =133 ms (3.10

3f

frame

in order to reach the maximum signal. Time constant of all bolometer generation in Table 3.6
satisfies this criterion.

3.3 IR-THz transformation

The designs of cryogenic cooling millimeter-wave bolometer presented previously may
not be transferred easily to uncooled THz bolometers for two reasons: cost effectiveness and
technical aspect. The development of uncooled THz bolometer from the well-md&ered
bolometer technology seems more feasible. The main issue of developing uncooled THz
bolometers based dR bolometer technology is the optical coupling of the detector to THz
wave due to the mismatch between the long THz wavelength and the detector dimension. It
should be noted that the dimension of the cryogenic cooled bolometers is at least 200 um and
can be even ~ 6 mm in the case of spider-web bolometer, which are in the range or several
times bigger than wavelength of the radiation of interest. Meanwhile, for unctRled
bolometer technology, the size of detector tends to decrease from 45 um to 35 pum, then to 25
andto 17 um. If we take 100 um ( f = 3 THz) as a reference, e detector size is therefore

smaller than this THz wavelength. In this section, we will see how, in the literatu® the
bolometer structure is modified to be better coupled with the impinging THz radiation.

3.3.1 Absorbing film design

Naoki Oda from NEC, Japan, presented the first attemgRefHz adaptation of
bolometer structure [19]. The detector is reported to show a NEP of 41 pW at 3.1 THz, which
is a big improvement as compared to the results of Lee [20] (a NEP of 320 pW with
commercial IR bolometer). This work maintains the thin-film absorber structure, while
modifying the cavity dimension and the sheet resistance of the absorber layer. The schematic
view of this design is presented in the figure below.
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Fig. 311: THz bolometer (NEC, Japan) with “eaves”-like absorber to enhance coupling.

We can see in the left imaof the figure above that an additional layer, called “eaves”,
is deposited on théR bolometer structure. This creates a two-level structure for thin film
absorber and seems to help increasing absorption at higher wavelength due to two reasons:

o The thickness of bolometer cavity increafes 1.5 pm to 3 um.
o The fill factor increases (the area of absorber layer increases).

Naoki Oda argesthat the total absorption of the detector consists of contribution from
the bottom layer absorber (equipped with cavity 1.5 pm) and the top layer absorber (equipped
with cavity 3 um). Therefore, the formula to calculate the absorption of the thin film absorber
is modified as:

ot = B (4, d) + B0 (4,d,) . (311

with g, and g, are area occupancy ratios corresponding to bottom and top layers,

respectively. The modified structure of absorber from traditibhdlolometer is shown in the

figure below with parameters (thickness of cavity, sheet resistance). Using the modified
formula of absorption, the author calculated the total absorption versus the sheet resistance of
absorber at several wavelength (70, 100, 150 u3®0Qwhich is shown in Fig. 3.13.

II II
I « >
B EE—
“—\\ Eaves (0 )
d, ' 3 I Diaphragm (o )
d,
v

l | Reflection layer (o )

Fig. 3.12: Absorber structure with parameters
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Fig. 3.13: Absorption as function of absorber sheet resistance at several wavelengths.

By observing the figure, we see that the absorption decreases at longer wavelengths,
which is predictable since the cavity thickness is too small when compared to the wavelength.
It is interesting to note that, at longer wavelength, the absorption is maximum for smaller
values of thesheet resistance. The highest absorption obtained at wavelength 100 um ( f = 3

THZz) is about 20 % with 50 100 Q/o sheet resistance. The author also claims a perspective
absorption of about 80 % at the same wavelength by increasingvily thickness to 12 um.
In this case, the sheet resistance value should change to the range ¢0Q@D 0.

Concerning the thermal aspect, the presence of additional eaves increases the heat
capacity of the suspended membrane. Thus, it increases the response time of the detector.
However, this effect is not a problem because the response time of detector is still good
enough to perform 60 fps frame rate video. While increasing heat capacity, this design keeps

the thermal conductanag,, of IR bolometer and it is reported to be as low as 30 nW/K.

The approach employed by Oda seems to be very good because there are not many
modifications from the traditionalR bolometer structure and the absorption of 20 % is
acceptable. This will keep the cost effective aspect of the THz bolometer development and
also profits the high yield of maturedR bolometer technology to obtain a large FPA.
However, as we will see in the chapter 4, the absorption calculation involved in this approach
is too optimistic. In reality, the absorber size is limited, and its absorption is lower than this
calculation for infinite absorber case. More importantly, the small modification presented by
Oda does not help the design to operate at lower frequency, i.e. in the range below 1 THz. For
example, the NEP measured at 1.1 THz of the NEC bolometer is degraded dramatically due to
the low absorption at this frequency (2 récompared to 41 pW at 3.1 THz).

3.3.2 Antenna coupled bolometer design

Attaching an antenna to a bolometer has been proposed and employed quite largely for
superconducting bolometers as described in the previous section. For the uncooled bolometer,
due to the mismatch between the dimensioliRdbolometer and the THz wavelength, the use
of antenna is also a good approach to improve the coupling of the incident wave without
changing too much the size of the bolometer. In [21], the authors propose a way to make use
of antenna with a tradition#R bolometer.
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Fig. 3.14: IR bolometer structure associated with antenna to enhance optical coupling.

In Fig. 3.14 the IR bolometer (size: 30 x 30 um) is associated with a much bigger
antenna of 250 x 250 um. The big antenna is suspended above the silicon substrate containing
the readout circuit at a height of 2.5 um by means of SIN struts. The antenna has a quasi-
spiral type and thus is supposed to work at 1.2 THz (corresponding to 250 pum wavelength). If
the effect of the silicon substrate, which has a permittivigy efl1.7, is taken into account,

the frequency to be considered is 350 GHz. The presence of an antenna can affect the
performance of IR bolometer in terms of optical coupling and also thermal properties. We will
see how each aspect evolves due to this design modification.

The quasi-spiral antenna is loaded by a resistive metal strip that plays the role of
absorber. The antenna is made from highly conductive metal tkbiterip is 70 um long, 2
pm wide, and 200 nm thick, and its resistance is about 100 Q. The central part of the long
metal strip is deposited on the IR membrane (sepdufabm the thermometer by a thin
insulator layer). When the antenna couples with the incident THz wave, the induced current
appears across the whole antenna but it gives a Joule heat only at the resistive load strip. This
heat is easily conducted from the load strip to the suspended membrane, which supports the
thermometer.

It should be noted that the antenna is also the heat sink. The big antenna has almost the
same temperature as the silicon substrate underneath since the large SIN struts conduct
thermally very well. The Joule heat at the load is conducted to the antenna and finally to the
substrate level (both antenna and load are made from metal, with a high thermal
conductivity). At this point, we can see that, in addition to the bolometer legs, the load strip
also contributes to the thermal conduction link. The thermal isolation of this design thus is
very bad, which may explain the very poor NEP (33 nW at 3.9 THz).

In antenna-type superconducting bolometers, the load for the antenna is itself a
thermometer that has a resistance impedantehed with the antenna, equal to 100 Q in
order of magnitude. The thermometer of uncooled bolometers based on semiconductor has a
resistance of about 100 kQ in order of magnitude. Therefore, it is not reasonable to use the
thermometer as the load of the antenna. The employment of an additional metal strip
separated electrically from the thermometer by a thin dielectric layer helps resolving the
impedance matching. However, the additional thermal conductance presented by this metal
strip is a severe penalty that degrades dramatically the total thermal conductance of
bolometer, thus it decreases the detector sensitivity.
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A simple calculation will help us having an idea on the thermal conductance presented
by the load strip. In Fig. 3.14, the load strip can be considesednnected to the heat sink
(antenna) by two parallel thermal links; each has a dimension of 20 x 2 x 0.2 um. First, let us
assume that the metal of load strip has a low thermal conductivity as the otNe(BfV VMK
at room temperature). This value has been employed in the thermal conductance of our own
bolometer for an 8 nm thick TiN film. The single link has then a thermal conductance of:

6
G = KtEA _ox2x 25X1U = 01 pW/K. (3.12)

Since there are two thermal links in parallel, the thermal conductance presented by the load
strip is 2x 0.1= 02 uW/K, in addition to the thermal conductance of the legs themselves.

This order of magnitude is a serious concern because the total thermal conductance of state-of
the-artIR bolometers is about 30 nW/K or better.

One can note that this design of uncooled antenna-coupled bolometer is not far from the
design of superconducting bolometers [2]. Both designs involve a big antenna loaded by a
resistive thin long metal strip. The induced current on antenna gives rise to heat across the
load strip while the antenna plays the role of a heat sink. The load strip of superconducting
bolometer ha0 x 1 x 0.1 um dimension compared t60 x 2 x 0.2 um dimension of
uncooled bolometer. However, the thermal conductivity at 4.2 K temperature of the load strip
of superconducting bolometer is very low, =054W/Km, and this helps keeping its

thermal conductance very good, about 2 nW/K. The thermal conductance of uncooled
bolometer, on the other side, is very poor.

3.4 Summary

The chapter has revealed the variety of designs of THz bolometers, either for cooled or
uncooled operations. The development of uncooled THz bolometers requires a change in the
structure to better couple to the long THz wavelength. This will affect the operation of the
traditional IR bolometer. The characteristics of this starting point detector have been
presented in detail. The calculations employed for thermal conductance and heat capacity will
serve in the next chapter to evaluate the affect caused by design changes. Sevecisende
of IR-THz transformation are presented. Some more detailed works in the next chapter will
reveal the problems of these designs concerning the optical coupling.
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Chapter 4 Bolometer stack for THz frequency

In this chapter, we study the optical coupling of traditional infrared bolometers. By
extending the theory of absorption of thin film absorber to the THz range and performing
some electromagnetic simulations, we demonstrate and explain why the absorption at THz
frequencies of uncooled infrared bolometer is low. Then a new bolometer stack optimized for
the THz frequency range is presented.

4.1 Absorption of metallic thin film structure

4.1.1 Infinite size film

4.1.1.1 General theory of three-layer structure
Infrared radiation

l [ [ -

Thin metal film

Dielectric or
vacuum cavity

[ S Reflector

Substrate containing
electronics

Fig. 4.1: General three-layers structure for uncooled infrared bolometers.

The popular absorber design of uncooled infrared bolometer uses the absorption
principle of a three-layer structure depicted in Fig. 4.1 [1]. Assuming all the layers are
infinitely large, the general expression for absorptiomas function of wavelengtii for the

three-layers structure is [2]:

(f.(f, +D2/n2+ f,)sin? @+ (f, + f.)co 0

A,d)=4
n(4,d) DI

(4.1)

where

2 2
D :(—(fr *?fjs*” +1j sint g+ Ut fs 72 +r:;+2) cog 0 (4.2)

and f, =120z/R, f,=120r/R,, 6=2and/A. R is the sheet resistance of the reflector
metal film, R, is the sheet resistance of the front surface metal film onto which the radiation

is incident. The dimension of sheet resistance is Ohm per square The dielectric layer

has a thicknessl and a refractive indexn. The dielectric layer is assumed to be non-
absorbing, which is valid for many dielectric materials and low conductivity semiconductors
of interest.

If the reflector is perfect, meaning its conductivity is infinitely large or its sheet
resistance is zero, we have:
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- 41,
(1+ f,)’ +n? cof 0 *:3)

This absorption reaches a maximum of unity when:
d=@2m+)A/4n, m =0, 1, 2... (4.4)
and f,=1. (4.5)

f,=1 implies that R, =120r =377 Q/o. In an ideal case, a metallic thin film (infinitely

large) of sheet resistance equal to the impedance of vacuum can absorb 100 % the incident
wave if the film is placed at a distance of a quarter wavelength from an ideal reflector. This
general theory can be applied for any wavelength, either in the infrared or in tiheeteil

wave ranges. We examine now two cases of cavity thickness to demonstrate the absorption
over a given spectral range. The first one is quarter wavelength for uncooled mid-infrared
bolometers, i.e. in the 8 14 um range. The second one is a THz quarter wavelength cavity.

In this case, though the examined structure does not exist as a real device, it provides wealthy
information about the absorption at THz range using the three-layers structure.

4.1.1.2 Infrared quarter wavelength structure

Usually, the dielectric cavity of infrared bolometers consists of vacuum, thenefere
1. The dimension of the cavity between the thin film absorber and the reflector is chosen to be
the smallest, i.ed =1/4. For 2 = 10 um, this equals to 2.5 um. The quarter-wavelength

dimension is chosen instead of a multiple of this value to facilitate the actual fabrication of the
micro-bridge structure that will be presented in the next section.

Absorption with different values of Rs (Rr = 0.1 Ohm/square)
1 T T == T T

Rs = 300 Ohm/square
— Rs = 377 Ohm/square
— Rs =600 Ohm/square

o
o
T

Absorption

1N
IS
T
Il

2 4 6 8 10 12 14 16 18 20
Wavelength (um)

Fig. 4.2: Absorption of the three-layer structure with different values sbeier resistande,

Most commercial IR bolometers make use of this optical cavity design: a thin metal film
of sheet resistance of 377 Q/o above a perfect reflector located at a distance equal to quarter-
wavelength. This design provides very high optical absorption. It should be noted that the
sheet resistance of the thin film absorber may not be well controlled during the fabrication
process and moreover that the sheet resistance of reflector, of course, is not perfectly null in
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practice. Therefore, it is worthwhile to assess how the absorption varies depending on the
sheet resistance of the absorber and the reflector.

A simple Matlal’ code is used to calculate the absorption of the three-layers structure
for different values ofR, varying from 300 to 600 Q/o while keeping R constant at 0.1 Q/o.
We choose vacuum as the dielectric layer and a cavity thickfiess um. As shown in Fig.
4.2, the absorption of infinitely large three-layer structure is very large band. It is better than
95 % in the LWIR window (8- 14 um) for R, values rangindgrom 300 to 377 Q/o. A very

large variation in the sheet resistance of the absorber thin film (for exaRpter00 Q/o)
degrades the absorption only by a factor of 10 % in the spectral range of interest.

The absorption curve exhibits some interference fringes at shorter wavelengths. This
interference behavior was well studied in [3]. In this spectral range, the dimension of cavity
(2.5 pm) becomes multiple of the quarter value of the wavelength, which leads to a phase-
shift of 0 (in phase) or m (out of phase). Therefore the constructive and destructive
interferences appear. For example, the constructive interference appears at waveledgth of
pm, (10um)/3, (10um)/5 and so on. Meanwhile, the destructive interference appears at
(10pum)/2, (10um)/4 and so on.

The valueR, of the absorber may vagyeatly, up to = 100 Q/o around the optimum
value of 377 Q/o because of bolometer manufacturing drifts. However, this does not affect
significantly the absorption in Fig. 4.2. The vall® is much easier to control, since it

depends on the reflector conductivity rather than on its thickness. A typical aluminum layer of
300 nm can have a sheet resistance as low as 0.1 Q/o.

Thin film absorption with different values of Rr (Rs = 377 Ohm/square)
1 T T e T T T

08 —Rr=0.1 Ohm/square T
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Fig. 4.3: Absorption of the three-layers structure with different valuesftéctor
resistancdR .

In Fig. 4.3, we plot the absorption of the absorber thin film for two values of the sheet
resistance of the reflector, 0.1 /o0 and 10 Q/o respectively. There is almost no difference in
the absorption in the 8-14 um infrared range. This means that the variation of the sheet
resistance of the reflector due to some fabrication defect does not affect greatly the
absorption.

The absorption of this metallic thin film configuration can be evaluated in the THz
range. Let ¢ consider an infinite thin film of 300 /o sheet resistance placed at a distance of
2 um from a good metallic reflector (0.1 /o sheet resistance). Its absorption in the range of
30-200 pm is plotted in the figure below. The absorption is pretty good at 30 pm (10 THz)
with about 50 % of the incident wave power. It decreases monotonically to 7.5 % at 100 pum
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(3 THz) and to 2 % at 200 um (1.5 THz). By varying the sheet resistance of the thin film
absorber, it is found that at 100 pm, the absorption gets maximum value (22 %) wherR,=50

Q/no. This result is consistent with literature [4]. The absorption is still 9 % at 2Q@n.

Absorption at terahertz range with different values of Rs

— Rs =300 Ohm/square
0.8 Rs =50 Ohm/square

<
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L L
30 50 100 150 200
Wavelength (um)

Fig. 4.4: Absorption of infinite size thin film absorber at THz range, air gap is 2pm

The order of magnitude of absorption abou2® % in the range 1-8 THz is not an
unacceptable value, especially if the bolometer is used in active imaging. However, the above
absorption calculation has employed an important condition: the films (absorber and reflector)
must be infinite in size, or at least several times bigger than the wavelength. This is definitely
not the case of infrared bolometers because their pixel pitch is in the range36f i,
smaller than the wavelength in the THz range. We will see later that the finite size film
absorbs less than the infinite one.

4.1.1.3 THz quarter wavelength structure

According to the general theory three-layers structure, if the cavity height is equal to a
guarter of wavelength in the THz range, the absorption is expected to be optimized similarly
to the infrared case. The cavity must have a thickness

A

cavity — E (4.6)
where 4 is the wavelength and is the refractive index of the cavity. By consideriag=

100 um ( f =3 THz), the height of an air cavity must equal 25 um. This is a very unusual
dimension in today semi-conductor microelectronics. Another more realistic solution is to fill
the cavity with a high refractive index. This approach will be presented later. Right now, for
sake of simplicity, we assume an air gap cavity of 25 um and evaluate the absorption in the

THz and infrared ranges.

The absorption of an infinite size thin film of 300 /o sheet resistance, placed 25 pum
from a eflector (0.1 Q/o sheet resistance), is plotted in Fig. 4.5 for the range of 8-300 pum.
The absorption reaches a maximum of nearly 99 % at 100 um. It decreases at longer
wavelengths but still attains 60 % at 300 um. In the infrared region, the absorption curve
shows interference fringes, similarly to the behavior of the 2.5 um cavity structure at short
wavelength. The average absorption in the mid-infrared regibf18n is estimated at 66 %.

NGUYEN Duy Thong 58



Absorption of infinite size film with 25 pm air gap cavity
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Fig. 4.5: Absorptbn of infinite size thin film absorber, air gap is 25um, R,=300 Q/o

At this point, we can see the similarity in the absorption of THz and infrared quarter
wavelength structures. This similarity and the successful implementation of uncooled infrared
bolometers lead to the idea of designing uncooled THz bolometers by simply making a bigger
detector. This is quite true in principle. However, as we will see later on, several additional
parameters will intervene in the actual design of uncooled THz bolometers.

4.1.2 Finite size films

The previous absorption study is based on solving the Maxwell equations for the three-
layers structure assuming infinite planar dimensions. The assumption leads to consider the
Maxwell equations in one dimension, meaning that the boundary conditions are related to
only one dimension. As a consequence, the wavelength dependence of absorption curve is
restricted to only one dimension: the relative ratio between the air gap and wavelength (the
variable 6 = 2znd/ A in equation 4.2). In reality, the absorber film and the reflector have finite
size. This adds boundary conditions in the two other dimensions. As a consequence, the
absorption curve depends also on the width and length of the absorber film.

In this section, we simulate a film absorber of finite size, to investigate the impact of the
absorber dimension on its absorption. The simulations have been performed witfi HFSS
(High Frequency Structural Simulator), which is a finite element method solver for
electromagnetic structures.

4.1.2.1 Film with infinite reflector

The simulated structure is presented in Fig. 4.6. The absorber layer is made of metal
square periodic patches that share a unique infinitely planar reflector. The reflecianis 2-
below the patch array. The interest of this simulation is to investigate the impact of the finite
dimensions of the absorber on its absorption, particularly in the THz range.

The dimensionL is chosen to be similar to the pitches of commercialized uncooled

infrared bolometers, which are commonly 35, 25, and 17 um. L, is chosen to ensure a

geometric fill factor close to 70 %. The absorber sheet resistance is 300 Q/o, which is the
typical value for infrared bolometers. Table 4.1 presents detailed dimensions of the simulated
structure.
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Lo La Absorber sheet | Geometric
resistance fill factor
35 um 29 um 69 %
25 um 21 um 300 Q/m 71 %
17 um 14 um 68 %

Table 4.1 Parameters of the periodic absorbing patch array.

b)

Fig. 4.6: Periodic metallic square patch with infinite reflector underneath:

THz absorption

Absorbing
patch

Absorbing patch

2 jun awr gap

Reflector

a) top view, b) side view showing 2 um air gap

Fig. 4.7 shows the simulated absorption in the THz range for different values of the
pitch dimension. The absorption is found to be low. In general, the (transverse) THz electric
field is very weak near the reflector surface because the reflector is a good conductor. The
induced current on the absorber is therefore systematically small. There is not considerable
variation in absorption between the different pitches. The absorption increases monotonically
with frequency and attains about 4 % at 3 THz and 18 % at 6 THz.
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Simulated absorption of patch with infinite reflector
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Fig. 4.7: Absorption of a patch standing 2 pm above an infinite reflector.

Infrared absorption

The following figure shows the simulated absorption in thB4§m band. The overall
absorption is found to be better th&h % over the spectral range. The air gap of 2 pum is
optimized for 8um wavelength, which explains it is very high. The absorption tends to
decrease as the wavelength is longer mostly because of the mismatch of the air gap.
Meanwhile, the pixel size does not have a strong impact on the absorption.

Simulated IR absorption of patch with infinite reflector
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Fig. 4.8: Absorption at infrared range of a patch standing 2 um over infinite reflector.

4.1.2.2 Film with finite reflector

In Fig. 4.9, the considered configuration is a periodic array that consists of finite patches
(absorbing layer and reflector). Such an architecture is close to the real bolometer array
structure. The metal patch is supposed to have a sheet resistance of 300 Q/o and to be 2 um
above a finite size refle@t The sheet resistance of the reflector is 0.1 Q/o. The infinite
reflector with this sheet resistance reflects almost all the incident wave independently of
frequency. However, for finite reflectors arranged periodically, the reflection is better @t shor
wavelength (infrared) than at long wavelength (THz). This common electromagnetic response
has been mentioned in many electromagnetism textbook, such as [5]. We simulate the
absorption in THz and infrared range to investigate the impact of the geometrical parameters
of the finite reflector.
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Lo La Ly Sheet Geometric fill
resistance factor
35 um 29 um 34 um 69 %
25 um 21 um 24 um 300 Q/o 71 %
17 pym 14 um 16 um 68 %

Table 4.2 Parameters of the periodic absorbing and reflector patch array.

| I a |
| |
a) Metallic
patch
Lp D D

Absorbing patch
b) 2 pum air gap I
[ s R

Retlector

Fig. 4.9: Periodic metallic square patch with reflector underneath.

THz absorption

As in the case of an absorbing patch with an infinite reflector, the absorption with a
limited reflector is found to be low in the THz range. As we will see later, the main cause of
low optical coupling is that the absorber film placed too close to the good conducting surface.
Thus the magnitude of the (transverse) electric field at the absorber is very small. The finite
size of the reflector does not change greatly the situation when compared to the infinite size
case; therefore the absorption is always low. There is, however, a difference: the absorption is
not a monotonic function of frequency anymore. We can see some bumps in the absorption
curve at low frequency.

An important characteristic of the patch with finite reflector is that low frequency wave
can propagate through the array quite eaSihg.narrow space (1 um) between reflectors and
the high occupancy ratio of their area (nearly 89 % for the lowest case) give the impression
that the transmission is very low. However as we can see in Fig. 4.11, the transmission is
quite high, especially for lower frequency. We also observe that the smaller the pitch, the
higher the transmission.
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Fig. 410: Absorption of a patch standing 2 um above a finite reflector.

The transmission of microwaves through the metallic array has been studied in [5]. At
lower frequencies, the wavelength becomes much larger than the metallic patch. These waves
do not induce a strong high frequency current on the surface of the metallic patch due to the
mismatch between the patch size and the wavelength of the excitation. Hence, the interaction
between the metallic patch and the electromagnetic wave is very weak. As a consequence, the
wave then can pass through the array of metallic patch. The mismatch is more evident at
lower frequency, or for smaller pitch. In such case, the interaction is weaker and the
transmission gets higher.

Transmission

Fig. 411 Transmission throughatch standing 2 pm above a finite reflector.

0.8

0.6

0.4

0.2

Simulated Transmission of patch with finite reflector

— Pitch 35 micron — Pitch 25 micron Pitch 17 micron

2 3 4 5
Frequency (THz)

The phenomenon of propagation through finite reflectors leads to many effects that
should be considered carefully when designing THz bolometers. THz bolometers in this PhD
work are derived from the infrared bolometers with a moderate increase of the pixel size.
Thus, the THz wavelength is usually larger than the pixel size. The above simulation of
transmission shows that the THz waves can propagate through the detector structure.
However, as revealed later, there is read-out circuit structure below the reflector level. Thus
the passing waves may interact with the read-out circuit. The interaction is complicated and
will be highlighted in the next section.

Infrared absorption
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In the THz range, the patterned reflector layer does not act as a good reflector and the
THz wave can propagate through it. However, in the infrared range, since the wavelength is
much shorter, the size of each reflector patch is large as compared to the wavelength. For
example, the smallest pitch of jih is still greater than the wavelength in the 8—14 pm band.
The array of square reflectors acts as the case of infinite size reflector for which we have see
a good absorption in the-8 pum band. Indeed, the simulation in Fig. 4.12 shows that the
absorption is similar to the previous case of an infinite reflector. The absorption is better than
80 % over the 814 um band and tends to decrease at longer wavelength.

Simulated IR absorption of patch with finite reflector

1
;WW
0.8
c — Pitch 35 micron — Pitch 25 micron Pitch 17 micron
o
= 0.6
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—
2
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<
0.2
O T T

Wavelength (pm)

Fig. 4.12: Absorption in the infrared rangd absorbing patches standing 2 pm above a finite reflector.

4.2 Bolometer stack for THz wavelength

4.2.1 Infrared stack

The most common, from the point of view of optical coupling, infrared bolometer stack
is illustrated by Fig. 4.13. The suspended membrane contains a thin film absorber (for
example a TiN layer) and a thermometer (made of amorphous silicon in the case of the CEA-

LETI device).

Pixel pitch =35, 25 01 17 un

A\ 4

A

Suspended Membrane

Air gap Stud

Read-out circuit

Retlector

Fig. 413: CEA-LETI bolometer stack with 2 um air gap.

The absorber size i02< 20 um for the 25 pum pitch pixel. The size of the metallic
reflector is also finite. Within each pixel, the reflector is separated from the metallic stud,
which provides electrical contact for bolometer, by a margin of 0.5 pm. This margin should
be large enough to ensure that the metallic studs do not touch the reflector. Such contact
would induce short-circuit problem. The reflector of each pixel is separated from each other
by a gap of 1 um. This configuration (Fig. 4.11) ensures that even if a short circuit happens in

NGUYEN Duy Thong 64



a pixel, this pixel is insulated from the rest of the array. Therefore, the array is able to
continue functioning.

I pm

[ S e e e B i

Reflector

| 05 um Stud

= B E =

Pixel pitch

Fig. 4.14: Metallic reflector patterning.

One major characteristic of the infrared bolometer stack is that the array of bolometers
is fabricated above the CMOS (Complementary metatle-semiconductor) read-out
integrated circuit (ROIC) with standard microelectronic process techniques. Intentionally, the
CEA-LETI detector fabrication uses only silicon-compatible standard processes. This is one
of the key factors that ensure a low cost fabrication.

The reflector layer is just above the CMOS ROIC layer. As mentioned in the last
section, the THz wave may propagate through the patterned reflector layer. Interactions
between the incident wave and the ROIC may happen. Therefore, it may be useful, for a
whole modeling of the device, to know the ROIC structure.

Electric contact for detector
Retlector level

Passivation layers of 510, or Si,N,

l ~ 2 um

~ 0.8 pm

= ::‘F: ~ 0.6 jun
6 or more metal layers in total : Vias
’_ﬂ///// Metal
I T =" layer
L |

Transistor layers

Fig. 415: Structure of CMOSeaadout circuit at CEA-LETI contains 6 metallic layers.

The geometry of CMOS ROIC is extremely complex and varies for each circuit. In
general, the ROIC has two main parts: the transistor layer and the addressing scheme. The
addressing scheme consists of 4 (or more) metal layers; each being sandwiched between
dielectric layers of Si@ The metal layers can be interconnected through vias that carry the
electrical signal from the transistor layers to upper metal contacts.
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Metal layers consist of very long atinum strips with thickness of about 0.6 pm. Some
strips may extend to the entire length of the detector chip, i.e. centimeters. The orientation of
the metal strips may be crossed from one layer to the next. For example, the following figure
shows the geoatry of two neighboring metal layers in one pixel of size 50 um x 50 um. It
should be note that, in an array of pixels, this geometry is repeated periodically and then

generates long continuous strips.
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Fig. 4.16. Geometry of two different metallic layers
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The thickness of 0.6 um is large in comparison to the skin depth in aluminum at THz
frequencies (about 50 nm at 3 THz). Therefore, long Al strips can be considered as good
conductors. The typical strip length is of the order of one centimeter which is much longer
than wavelength in the THz range (100 um at 3 THz). Thus, strips act as infinitely long lines
in this spectral domain. The general behavior of infinite long and good conductor strip in a
dense arrangement is reflective and the reflection is better at lower frequency [5].

Simulated Reflection of CMOS ROIC

0.8
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'g — Polarization 1 — Polarization 2
T
x 0.4
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0.3 0.9 1.5 21 2.7

Frequency (THz)

Fig. 417: Simulated reflection of the CMOS ROIC structure with many conductor strips

In order to investigate the reflection of the CMOS ROIC, we have performed a
simulation of the reflection of this structure. It should be noted that the reflector is not counted
into this simulated structure so that we can investigate the behavior of the ROIC only. To
simplify the structure, we have omitted the transistor layer with the silicon wafer beneath and
we have limited the domain of simulation to the last (lowest) metallic layer. Thus, in this
simulation, the six metal layers with vias (the reflector level is not included) are embedded
into the SiQ substrate. The dielectric constant and loss tangent of the substrate have been
chosen to be 4.2 and 0.025 respectively. The simulation has been carried out with HFSS

NGUYEN Duy Thong 66



The simulation shows in Fig. 4.17 a considerable difference in reflection for the two
different polarizations. This is mainly due to the different arrangement of metal strip in each
corresponding direction. More concretely, polarization 1 corresponds to the direction of long
strips at left of Fig. 4.16. Polarization 2 is for other direction. However, the reflection is the
characteristic of the whole structure of six metallic layers. Thus, one should not associate the
difference in Fig. 4.17 to the geometry of these two metallic layers in Fig. 4.16. At lower
frequencies, the wavelength becomes larger than the pixel pitch (50 um in this case) and
therefore the dense array of infinite long conductive strips acts as a good reflector.

As a general comment, this presence of CMOS ROIC under bolometer arrays is specific
to uncooled infrared detectors. The consequences of this feature on the optical coupling are
discussed in the next section and also in the chapter 6.

4.2.2 Optical coupling at THz frequency range

The THz radiation covers a wide range large, spanning from 300t&HX THz. It is
really difficult -or even unrealistic- to design a detector that can sense the whole spectrum.
This is even true for thermal detectors that are credited to be wideband sensors. Therefore it is
more realistic to target appropriate designs for limited parts of the THz spectrum.

In the high frequency end of the THz spectrum, the standard infrared bolometer stack,
with ~ 2um air gap, may still be employed because some modifications can assure a
moderately good optical coupling. We have seen in section 4.1.1.2 that the absorption of
infinite three-layer structure can reach 22 % at 3 THz if the sheet resistance of the absorber
layer is modified from 300 to 50 Q/o. The absorption increases at higher frequency and
attains 35 % at 6 THz and nearly 40 % at 10 THz.

The sheet-resistance modification leads to a degradation of the thermal insulation of
bolometers. We have mentioned in chapter 3 that the absorber and the thermal legs are made
from the same TiN layer. This layer is patterned so that the central part is large (the absorber)
and the edge part is narrow (thermal legs). The reduction of the sheet resistance from 300 to
50 Q/o leads to an increase of the thickness of the TiN layer by a factor of 6. This increases
thermal conductance of the thermal legs and thus degrade the thermal insulation of
bolometers. In order to investigate this effect, we have performed a simple calcufation o
thermal conductance by using the formulation established in chapter 3. The result shows that
the thermal insulation of bolometers is degraded by a factor of ~ 3.5. This effect is not
desirable because it decreases strongly the sensitivity of the balomete

At lower frequency, for example in the-3 THz range, the optical coupling of the
absorber is poor (30 %), as we have seen in section 4.1.2.2. This low efficiency is primarily
due to the mismatch between thquR-air gap and the THz quarter wavelength cavity
condition as illustrated in Fig. 4.18.

Let us suppose that THz wave at 3 THz impinges on the metallic reflector at normal
incidence. At the air-metal interface, the wave is almost totally reflected (the reflection of
aluminum surface at THz frequency is around 99 %). The incident wave and the reflected
wave combine to form a standing wave in the half space above the reflector. The electric field
distribution of the interference follows the sine function

E=E, sin(277Z d), (4.7)
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whered is the distance in respect to the air-metal interface Jamithe wavelength. The air-

metal interface is node position because according to electromagnetism, the good conducting
characteristic of the reflector imposes the transverse electric field to be null at the reflector
surface. An anti-node (maximum electric field magnitude) is located at quarter wavelength
position (25 pm at 3 THz).

At the position of 2 pm above the reflector, the electric field magnitude is only 12.5 %
of its maximum value. This low electric field induces a weak THz current on the absorber
surface, which explains the low optical coupling of this configuration.

td Terahertz wave
25 um (w/4)
l Abgzorber
2 jum : :
L . 0.12 I Metallic Reflector
|E|

Fig. 418: Distribution of electric field on a conducting surface

In reality, the reflector is not infinite, and the presence of the absorber modifies the
distribution of the electric field. However the good conducting characteristic of the reflector
always imposes that the transverse electric field must be null on the surface. Therefore low
optical coupling of the standard bolometer infrared stack in the THz range is an inherent
characteristic.

To overcome this constraint, one possible option is to suppress the reflector. In fact, the
spider-web design [6], which has been presented in chapter 3, does not employ etoy refle
because of this phenomenon. However, for uncooled bolometers, even if the reflector is
suppressed, the CMOS ROIC is still present underneath the array. Thus optical radiation
interacts with the underneath ROIC structure. We have seen that the ROIC structure
mentioned in section 4.2.1 acts as a reflector. In such case, the problem of low optical
coupling near reflector still remains.

In general, the interaction between optical radiation and the ROIC is very complicated
and can lead to a modification of the response of the detector. One should remember that the
ROIC structure is extremely complex and varies depending on each circuit design. Due to this
complexity, modeling the electromagnetic response of such structure is generally inaccurate;
sometimes the response is unpredictable.

The case may get even worse if the ROIC is obtained from a third-party; in sueh a cas
the ROIC structure is unknown, thus it can not be simulated. Therefore, it looks more
reasonable to keep the reflector layer and build a thicker cavity. This is the approach that
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CEA-LETI has employed in its development of THz bolometer, which is presented in the next
section.

4.2.3 THz bolometer stack

4.2.3.1 Structure

In order to solve the optical coupling issue, a specific bolometer stack has been
designed at CEA-LETIL. We have modified both the vertical cascading layers stack and the
pixel pitch. The layers stack makes use of a quarter wavelength cavity tailored for THz
frequencies while the pixel pitch is increased to match the absorber dimensions to the
wavelength.

At 1=100 um ( f =3 THz), quarter-wavelength air-gap cavity has a thickness of 25

um. This design requires 25-um height stud for electric contact between the suspended
membrane containing thermometer and the reaceircuit. Building 25 pm metallic vias
through is considered as too complicated if only standard microelectronic processes are
applied.

Pixel pitch = 50 pjum

A
v

Membrane

2 um

Air gap

11 pm Si0; substrate

Read-out circuit

| Reflector

Fig. 4.19:Bolometer stack with 11 pm SiO, substrate

A possible way to reduce the cavity height is to fill it partly (see Fig. 4.19) with a
substrate that has a high refractive index and a low absorption at THz frequencies. Thanks to
the high refractive index, the physical length of the cavity and thus of the vias is reduced. The
stack structure is easier to be processed.

Amorphous SiQ (fused quartz) is chosen as material for the substrate. The optical
properties of fused quartz have been tabulated in some engineering handbooks (for example
[7]) and also reviewed recently in paper [8]. It exhibits a nearly constant refractive index close
to 2 over 40500 pum. The refractive index is reported to decrease slightly from 2.1 at 40 um
to 1.955 at 500 um (the corresponding frequency range is 7.5-0.6 THz). Meanwhile, the
imaginary part of refractive index is reported to be low in this spectral range, ranging from 4.6
x 107 at 40 pm down to 7.96 x 107 at 500 pm.

A specific study has been devoted at CEA-LETI to the development of the
technological process of 11 um-thick SiG, cavity with metallic vias. This 11-um layer and the
2-um thick air gap (see Fig. 4.19) form together a quarter-wavelength cavity at the
wavelength:

A =4(Ngio tsio, + Nyjrga) = H2x11+2) =96 pm, (4.8)
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where then tso, are respectively the refractive index and thickness of the substrate;

Sio, !
h,.4a, IS the air gap height. Clearly, this is a big leap forward to shift the spectral response
from infrared (about 10 pm, i.e. 30 THz) to THz (approximately 100 um, i.e. 3 THz).

The key difficulty of this new bolometer stack is the process of metallic vias ensuring
electrical contacts through the cavity. In this caseprhlheight vias go through the SiO
substrate, supplying an electric link between‘tlegular” bolometer microbridge stud and the
read-out circuit. Based on the CEA-Leti experience in bolometer technologyn 1Hick
cavity has been considered as a compromise between electromagnetic optimization and
fabrication feasibility and manufacturing yield. And indeed such technological stack has been
successfully fabricated for large bolometer array as following chapters will show.

4.2.3.2 Optical coupling

In Fig. 4.20, a simplified structure has been simulated with HFSS of to assess the
contribution of this Si@layer on the optical coupling and also to evaluate the dielectric loss.
It consists of an array of finite absorbing patches standing separated from jihe Si0»
layer by a 2uam thick air gap. The pixel pitch and absorber size are selected to be 35 um and
29 um, respectively. This ensures a fill factor close to 70 %, which is a typical value for
regular bolometer technology.

a)

Abgorbing
patch

Absorbing patch

2 um air gap I

11 jum SiO,
b)

Reftlector

Fig. 420: Periodic metallic square patch with 11 um SiO, substrate and reflector underneath

For this simulation, optical constants of Si@athered by [7] have been employed: the
relative permittivity and the dielectric loss tangent at 3 THz are 3.869 and 0.0163,
respectively.

In Fig. 4.21, the simulation shows a great improvement of absorption, especially in the
vicinity of 3 THz thanks to the THz quarter wavelength configuration. The dielectric losses in
the SiQ substrate are negligible. Providing its technological feasibility, this result
demonstrates the potential of this bolometer stack for the development of uncooled THz
bolometer. The actual CEA-Leti design will be presented in the next chapter.
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Simulated absorption of patch with terahertz stack

Absorption

1 2 3 4 5 6]
Frequency (THz)

Fig. 421: Simulated absorption of the THz bolometer stack

4.3 Summary

In this chapter, we have examined the optical coupling of the infrared bolometer stack.
In the first step, the absorption mechanism of the three-layer structure has been investigated in
the infrared as well as in the THz range. Then, the electromagnetic simulation of 3D finite
structure, which is closer to the real bolometer device, has been performed. This work leads to
a conclusion that the infrared bolometer stack exhibits a low absorption at THz frequencies.
This low efficiency is an inherent characteristic due to the mismatch between the cavity
thickness and the long THz wavelength.

For a high optical coupling in the THz range, a new bolometer stack with quarter
wavelength cavity tailored for THz frequencies is required. CEA-LETI has implemented a
new THz bolometer stack by adding an ii-layer made from SiO,. This is a big leap
forward to shift the spectral response from infrared (about 10 pum, i.e. 30 THz) to THz
(approximately 100 pm, i.e. 3 THz). A preliminary simulation shows that optical coupling of
this stack is very promising at the vicinity of 3 THz. Optical coupling of actual CEA-Leti
designs will be presented in the next chapter.
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Chapter 5 THz bolometer modeling

This chapter presents the design and modelling of several bolometers. On the basis of
the mature CEA-Leti technology of infrared bolometers, the design of a specific bolometer
stack, optimized for THz detection, was initiated. An innovative THz antenna-coupled
bolometer design, named “THEDEX”, emerged from this study and prototypes have been
fabricated and characterized.

In the frame of this thesis, the THEDEX bolometer structure has been carefully studied,
and in particular its optical coupling mechanism. We have employed a 3D electromagnetic
receiving mode simulation in which the structure is excited by a plane wave. This kind of
simulation is commonly applied for periodic structures including frequency selective surface
(FSS) filterg[1-2] and arrays of bolomet§3-4]. For antenna-coupled detectors, this approach
is not sufficient to estimate all the parameters of the structure. Thus, in addition to the
receiving mode, transmitting mode simulations have been carried out. This approach makes
possible the calculation of the major antenna characteristics such as its impedance. Not only
this method gives a deeper understanding on the detector physics but also it facilitates the
impedance matching optimization. The optical coupling of the antenna equipped with a
resistive load is formulated in terms of matching impedance, which is proven to be consistent
with the absorption in the receiving mode simulation. The combination of the two methods,
i.e. transmitting and receiving modes, helps for a better understanding of the THz bolometer
operation and thus and for an improved modelling of the design.

By applying these two electromagnetic simulation approaches, several THz bolometer
designs have been examined. The study focused on the optical coupling of these detectors in
relation to other important features, such as heat capacity and thermal isolation. Clearly, the
bolometer design is a trade-off between mechanical, optical, thermal and electric properties.
Therefore, the optical coupling study has been considered carefully as part of a laofler set
properties.

We first present the absorbing film bolometer (AFB) design. This design is a “THz

version” of the traditional uncooled infrared bolometer. The design uses the same approach as

uncooled infrared bolometer. However the detector is made bigger to be adjusted to the long
THz wavelengths. Then, the antenna-coupled bolometer THEDEX is presented. The use of
antennas in the bolometer architecture results in many additional characteristics compared to
the AFB design, which should be examined carefully. Since this design has been prototyped,
its theoretical study can be compared with experimental measurements that will be presented
in the next chapter. The knowledge provided by this work allowed us to propose an improved

design (Bambolo design) for THEDEX.

Last but not least, the optical coupling mechanism has been studied for low frequency
range. New architectures at 850 GHz have been designed that employ frequency selective
surfaces. This new design is very prospective for the development of low THz frequency
bolometers. However, it should be noted that since fabrication of THz bolometers requires
time and dedicated budget, only the THEDEX design was fabricated during this thesis.

5.1 Absorbing film bolometer (AFB design)

5.1.1 Structure

The perspective view of the bolometer is shown in the figure below. The design is
derived from the THz bolometer stack that has been presented in chapter 4. This design makes
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use of a large absorbing film as in usual infrared bolometers. The suspended membrane is
above the substrate with an air gap of 2 pm.

11 pm S10,
substrate

11 pum vias

Fig. 5.1: Structure of the AFB design

The central membrane consists of the absorber and the thermometer layers, separated
electrically by an insulator film. Its surface of approximately 25 um x 35 pm results in a
geometrical fill factor of 35 % in relation to the 50 um square pixel pitch.

The suspended membrane and the thermal-insulation legs consist of stacks similar to the
classical infrared bolometer case. Fig. 5.2 shows a cut of these layers. Their typical
thicknesses have been mentioned elsewgeé¢, and are synthesized in Table 5.1.

Material Thickness
Absorber layer TiN 8 nm
Insulator layer Si-N 20 nm
Thermometer amorphous silicon 200 nm

Table 5.1 Thickness of different layers in AFB design

This upper stack is built above an fdheight SiO, cavity and four metallic vias are
made though this substrate in order to electrically connect the thermometer to the read-out
circuit. These vias have diameters of 3 um and are separated from the reflector by a margin of
0.5 um. The reflector is made of a 300 nm thick layer of aluminum with dimensions 49.5 um
% 49.5 um. In this way, pixel reflectors are separated from each other by a margin of 1 um. As
explained in chapter 4, this patterning is applied to prevent short circuits.

As we can see, the main difference between this design and the standard infrared
bolometer is the introduction of a thick cavity to enhance the THz radiation absorption. The
other design difference lies in the dimensions. The pixel occupies a 50 um X 50 pm square
surface while the central microbridge covers an area of 25 pm x 35 um. As a consequence of
this modification of size, the thermal characteristics of detector change.
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Suspended
membrane

Thermal leg

Amorphous Silicon

Insulator 2
TiN
Insulator 1

Fig. 5.2: Layered structure of the suspended membrane

5.1.2 Figures of merit

5.1.2.1 Absorption
THz absorption

The absorber is a rectangle, not a square; therefore the electromagnetic response of the
bolometer differs from one polarization to the other polarization. In Fig. 5.3, the longer side of
the absorber is parallel to the thermal leg direction. We name this dirétiegrparallel
polarization” or LP polarization. The orthogonal polarization is called “Leg-cross
polarization” (LC polarization). This naming will applied to all bolometer designs thereafter.

B o

Leg-cross polarization

[

I:eg-parallel polarizatiron

Fig. 5.3: Top view of the AFB design

Fig. 5.4 shows the simulated absorption of the AFB structure. It exhibits a broadband
response over the range5lTHz. The absorption reaches a maximum near 3 THz and
decreases slowly from the peak frequency. The polarization dependence is weak: the
absorption in LP polarization is slightly higher than for the other polarization. This comes
from the fact that the absorber length in this direction is longer.
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Simulated absorption of the absorbing-film bolometer

— LP Polarization — LC Polarization
0.8

0.6

Absorption

0.4

0.2

O T T T
1 2 3 4 5

Frequency (THz)

Fig. 5.4: Absorption in both polarization of the AFB design

One may note that the fill factor of this THz bolometer is lower than the one of infrared
bolometers, which is usually in the range-500 %. In order to investigate the impact of the
fill factor on absorption, we retrieve the simulation of artificial absorbing patch structures
where the patch is freely standing above the,Sibstrate without any support leg and
without metallic via. This structure has been studied in the last chapter to demonstrate the
expected absorption of the proposed THz bolometer stack (refer to section 4.2.3).

We model two artificial structures as illustrated in Fig. 5.5. The first one has the same
size of absorber as the actual bolometer. In the second structure, the absorbing patch size is
increased to 41.8 um % 41.8 um to get a 70 % fill factor for the 50 um-pitch pixel.

25 % 35 um 41.8 x 41.8 ym

Bolometer 25 x 35 um 70 % fill factor
patch patch

Fig. 5.5: Actual bolometer (left) and two artificial structures that employ the samebéfngo
film (center) or a bigger absorbing film (right)

In Fig. 5.6, simulations show that when metallic vias are omitted, the absorption of the
25 um x 35 um artificial structure is widened. However, the absorption maximum is still
about 80 %, as in the case of the bolometer. tlkco#1.8 um x 41.8 um patch structure, the
fill factor is increased up to 70%. Thus, the absorption is broader and higher, as expected.

From this simulation, one can say that the absorber size should be bigger to get a better
absorption. However, two constraints limit this approach. First, a bigger absorber means an
extended suspended membrane. This causes a problem of mechanical strength within the
support legs. To maintain mechanical robustness, thermal legs have to be enlarged. This leads
to a degradation of thermal insulation of the bolometer. Secondly, as we will show later, a
small suspended membrane is necessary to obtain a small heat capacity and therefore a small
time constant.
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Simulated absorption of different structures

\

\

Absorption

\

— 48.1 pm x 48.1 pm patch — 25 pm x 35 pm patch

Bolometer

O T
1 2

3

4

Frequency (THz)
Fig. 5.6: Comparison of absorption between two absorbing-patch structuré®kmaeter

Infrared absorption

We have seen in chapter 4 that the absorption of a thin metallic film placed above a
vacuum THz quarter-wavelength cavity exhibits interference fringes in the infrared range.
The average absorption value within the barti48um is 66 %. The vacuum has constant
unity refractive index and is lossless. Therefore, it does not absorb the radiation and the
incident wave is dissipated only by the absorbing film.

The simulated absorption in the infrared range of the AFB design is shown in Fig. 5.7
over a very large band spreading from 5 to 25 um. The cavity of the THz bolometer stack is
made of SiQ, a material that exhibits a strong variation in refractive index and also a high
absorption in the range-35 um [7]. This lossy cavity has an impact on the optical coupling
efficiency of the detector as explained in the following.

Simulated absorption in the infrared range

0.8
— LP Polarization — LC Polarization

i

LI

A% ravas

Absorption

Wavelength (um)
Fig. 5.7: Absorption in infrared range of the AFB design

Let us consider an infrared radiation that impinges on the AFB bolometer. After passing
through the lossy 1im SiO; layer, the wave is reflected by the reflector and once again is
attenuated by the SyOlayer. When the attenuated reflected wave recombines with the
incident wave, the resulting standing wave does not have completely constructive or
destructive interference. As a consequence, the absorption in the absorber does not attain to
unity or null as in the case of vacuum cavity. The effective absorption of the detector in this
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spectral range is 30 %. The definition of this quantity is given by the relation 5.2 in the next
section.

5.1.2.2 Thermal characteristics & response time
Thermal conductance

As presented in chapter 3, the total thermal conductance is a combination of the thermal
legs conductance and of radiation thermal conductance. The thermal legs have a width of 0.6
um. By using the formula developed at chapter 3, we evaluate the thermal conductance of
thermal legs to be 8.7 nW/K.

The radiation thermal conductance of the infrared bolometer has been presented in
chapter 3. This heat exchange is due to radiation exchanges between the bolometer and the
surrounding. However, radiation exchanges for THz bolometers have characteristics that
differ from infrared bolometers. This heat exchange is inherent and inevitable for uncooled
infrared bolometers. However, it is not necessarily true for THz bolometer. Indeed, the radiant
spectrum of a blackbody at room temperature (300 K) delivers the greatest portion of energy
(82 % of the total radiant power) in the bar@%um. The infrared bolometer works at room
temperature, consequently it radiates most of the radiant energy in this spectral range. The
infrared radiation of the bolometer depends on the emissivity of the absorber, which is equal
to its absorption rate (Kirchhoff's law). Since the infrared bolometer must absorb infrared
radiation, it will radiate infrared radiation into the surrounding area. Therefore, the infrared
radiation exchange is inherent to infrared bolometers due to the high absorption rate of the
detector. Of course, the amount absorbed and radiated are not similar. Absorption is related to
the thermal property of the scene and to the optics of camera. Radiation depends on the
detector parameters: temperature, emissivity and area.

For THz bolometers, the absorption in the infrared range is strongly undesirable because
the THz signal is most of the time weak in comparison to infrared radiation emitted by the
ambient environment. In an ideal case, if the THz bolometer does not absorb any radiation in
the band 525 um, the infrared radiation exchange between the bolometer and its
surroundings can be negligible. This means that the thermal conduction through the legs is the
only mechanism of heat losses for the bolometer. In reality, depending on the design, the
bolometer absorbs more or less infrared radiation, thus the radiation thermal conductance
varies with the bolometer absorption in the infrared.

In order to evaluate more precisely the impact of the infrared absorption on each design,
the radiation thermal conductance presented in chapter 3 should be modified as following:

0. = A T [WIK]. (5.1)

where ¢, is the effective emissivity, equal to the effective absorption and defined as:

A
[n()L(a)da

A
Eox =Nes =2 (5.2)

j L(A)dA
A

Here, L(1) is the radiance of the blackbody at the temperature of interest. In the
definition above, the interval A;—\, should cover theoretically the whole spectrum. However,
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as we have mentioned earlier, at room temperature, the b2afigh gathers more than 80 %

of the total radiant power of the blackbody. Therefore, we limit the calculation to this range in
order to facilitate the electromagnetic simulations (in practice, it is excessively time
consuming to numerically simulate the absorption on the whole spectrum).

A numerical application of equation 5.2 with the simulated spectral absorption of the
AFB design (see Fig. 5.7) results an effective emissivity value of 30 %. The radiation
thermal conductance is then:

0,00 = 4x(2500x10° %)% 03x (6.67x10°) x (29815° ~ 45 (NWI/K). (5.3)
The total thermal conductance is
gtotal = glegs+ grad = 87 + 45 = 132 (nW/K) (5-4)

We can see that the radiation contributes to 34 % of the total conductance in this case.
Heat capacity

The heat capacity of the bolometer is calculated using the formula established in chapter
3. The table below shows the parameters of each layer of the suspended membrane as well as
its contribution to the heat capacity. By knowing the dimension and the specific heat capacity
of the materials forming the suspended membrane, a simple calculation gives 355 pJ/K as the
combined heat capacity. The thermometer contributes to 82 % of the total heat capacity, the
same order as in classic infrared bolometers.

Element Material Specific Heat | Surface Volume Heat capacity
copely | ) | () (pIIK)
Insulator 1+2 Si-N 1.12 875 35.8 40.1
pJ/@m®.K)
Absorber TiN 3.26 875 7.16 23.3
pJ/m®.K)
Thermometer| Amorphous 1.63 875 179 291.8
Silicon pJ/m®.K)
Total heat 355
capacity

Table 5.2 Detailed parameters and heat capacity for AFB design

In reference to previous electromagnetic simulations, if the size of the suspended
membrane is increased to 41.8 um x 41.8 um (fill factor of 70 %) to achieve a higher
absorption, this approach will be subjected to a penalty on the heat capacity. Actually, in this
case, the heat capacity doubles to 700 pJ/K. Thus the time constant also doubles.

Response time

With a heat capacity of 355 pJ/K and a thermal conductance of 13.2 nW/K, the time
constant of the AFB design is:
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Tth:ﬁzmzzﬁ_g ms (5.5)
g 13.2nWiK |

With this time constant, the optimum frame rate of detector is:

1 1
° 3, 3x269x107°

f =124Hz (5.6)

The useful range of frame rate depends on each application. For instance, standard real-time
video rate is 25 Hz. Lower frequencies can be employed in stand-off imaging application, in
which the object rests at its position during the imaging capture time. We can easily see that if
the bolometer has a fill factor of 70 %, the time constant will be 54 ms. In this case, the frame
rate decreases to 6 Hz.

It should be noted that thanks to microelectronic technology, the thermal conductance
can be easily increased by processing larger thermal legs. Of course, this modification will
degrade the sensitivity of the detector but also nitalesster. If a 25 Hz frame rate is desired,
the bolometer should have a thermal time constant equal or lower than 13.3 ms as mentioned
previously in chapter 3. This can be accomplished by increasing the thermal conductance to

Gy 355pJIK

- — 26.7 NWIK.
e 13.3ms G.7)

Oih =

The sensitivity will be roughly 2 times smaller than with a bolometer that has a thermal
conductance of 13.2 nW/K.

5.2 Antenna-coupled bolometers (THEDEX design)

5.2.1 Structure

Suspended
Membrane
DC CC Sub-antenna
Antenna

@
Antenna

11 pm 810,
substrate

11 pm vias

Retlector
Fig. 5.8: Detailed structure of bolometer THEDEX

The antenna-coupled bolometer structure of a single 50-um pitch pixel is shown in Fig.
5.8. The design associates quasi double-bowtie antennas to a thermometer microbridge

NGUYEN Duy Thong 80



structure derived from the standard infrared bolometers. The function of these antennas is to

couple the incident wave to the load resistances, located at the center of the bolometer

suspended membrane. This membrane is mechanically suspended over the substrate by
thermal legs and stud as the AFB design.

For one direction of THz radiation polarization, the longer bowtie antenna located on
the microbridge, named “DC (direct coupling) Antenna”, is directly excited by the incident
wave. The induced THz current on the surface of this bow-tie is converted to heat at the
resistive loads. Due to the limited distance between the two thermal arms, the antenna length
in this direction is limited to 2im in comparison to 49 pum of the DC antenna. The limited
length antenna (sub-antenna) is coupled via a capacitive coupling mechanism to a bigger
antenna;'CC (capacitive coupling) Antenna,” located below at the substrate level.

The loaded antennas and the bolometric element are represented together in Fig. 5.9.
The DC antenna is 49 um long and has a bow angle of 13°. The CC antenna and sub-antenna
have the same bow angle of°4fheir lengths are 49 um and 21 pm, respectively. For each
antenna, the resistive load is a couple of two resistors. Resistors are made from a 300
Ohm/square resistive layer and have a value of 67 Q for DC polarization and 47 Q for CC
polarization due to the different dimension between DC and CC resistors. Since these two
resistors (for each antenna) are symmetric and the distance between them is small compared
to the operating wavelength (100 um), the antenna can be considered roughly as if it has a
single resistive load at center with double resistance: 134 Q and 94 Q for DC and CC
antennas, respectively. With this configuration, we can choose the value of the resistive load
for each antenna independently to optimize the impedance matching for each antenna.

Bow angle of 450

21 pum

oo W4

Leg-parallel -
polarization

Fig. 5.9: General three layer structure for uncooled infrared bolometer

The amorphous silicon layer that serves as thermometer is isolated electrically from the
loaded antennas by a thin insulator layer. In this way, we separate the energy cqibetting
(loaded antennas) from the sensing part (thermometric element) in order to easily optimize
each function. In fact, the resistance of the amorphous-silicon bolometer is typically equal to
several hundreds ok so it cannot be used as the resistive load of the antenna, as is usually
the case of the superconducting antenna-coupled bolometer (for instance, the resistance of the
superconducting bolometer of NIST/VTT [& 130 Q). Fig. 5.10 represents the stack of
layers that composes the suspended membrane. The layers are separated intentionally with an
(artificial) large distance for clarity purpose.
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We can see in Fig. 5.8 that the DC antenna has a part that overhangs the central
membrane. This causes a risk of the mechanical weakness of the DC antenna. Thus, the
thermometer has been extended out the central square part. These stubs mechanically
strengthen the DC antenna tips. However, this extension increases the surface of the
thermometer layeto 832 um? when compared to the surface of the central part (598 pm?).

Thermometer

Insulator 2

~", Insulator 1

Fig. 5.10: Different layers of the suspended membrane showing the antenndaseicigrom
the thermometer

The stacks of the suspended membrane differ significantly between the absorbing film
of the AFB design and this antenna-coupled bolometer (ACB) structure. The ACB design
employs antennas to collect the incident wave. This type of absorber has different
characteristics in term of optical coupling when compared to the large and thin rectangular
absorbing film. Aside from the optical coupling, the presence of the aluminum chosen for the
antenna layer of the suspended membrane will affect strongly the bolometer heat cagacity a
then the time constant. These aspects are considered in the following section.

5.2.2 Figures of merit

5.2.2.1 Absorption
THz absorption

The absorption of the antenna-coupled bolometer ovBr THz is presented in the
figure below. We observe several absorption peaks that differ according to the polarization.
At this point, it is clear that when loaded antennas are used as absorber instead of the
absorbing thin film, the absorption depends strongly on the polarization. It is not surprising
because, unlike AFB design that exhibits symmetric shape in each direction, antenna-coupled
bolometer has different antenna structures for each polarization. This results in resonance
frequencies specific to each antenna.

For the leg-parallel polarization, the DC bowtie antenna is excited. The bolometer
exhibits an absorption peak of 86% at 1.35 THz. The absorption curve exhibits a dip at 1.8
THz with only 4 % of absorption. Beyond this frequency, the absorption increases with
frequency in general. The absorption curve undergoes some oscillations at higher frequencies.

If a leg-cross polarized radiation is impinging, the CC bowtie antenna is excited. The
absorption curve in this polarization shows a peak at 1.75 THz with absorption rate of 96 %.
The bolometer has another 85% absorption peak at 4.2 THz. Between these two absorption
peaks, the absorption curve exhibits a valley that shows a minimum of absorption of 40 % at 3
THz.
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Simulated absorption in terahertz range

— LP Polarization — LC Polarization
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Fig. 511: Simulated THz range absorption of THEDEX design

The absorption in each polarization exhibits a rather large bandwidth in the rdinge 1
THz although the bolometer does not show a flat response. The absorption rate between 2.5
THz and 3 THz is quite low, about 2040 %. This can be improved by a proper design as we
will see later. The most important characteristic of this design in terms of optical coupling is
that, though the pixel pitch is kept small, the bolometer can absorb efficiently at low
frequency (1.35 and 1.75 THz). This is not the case of the AFB design for which the
absorption is optimized for frequency corresponding to the quarter wavelength, i.e. about 3
THz. The electromagnetic response of the antenna will be studied in detail in the section
5.2.3.

Infrared absorption

Simulated absorption in the infrared range

1
— LC polarization — LP polarization
0.8
c
206 ﬁ
2
2 | N
204 A
) f) P’W UW VWA
0.2 444
0

5 7.5 10 125 15 17.5 20 225 25
Wavelength (um)

Fig. 512: Simulated infrared range absorption of THEDEX design

The absorption curves of the two polarizations are not as similar as found in the case of
the AFB design. However, they are roughly in the same range. The effective absorption over
the range 525 pm is 29 %, almost the same as the AFB design. This is quite surprising at a
first glance. One would expect the AFB design to be more sensitive to infrared radiation since
it has a large absorbing film. The THEDEX design does not integrate a large absorbing film
but antennas loaded with a small resistor instead. Thus it should absorb much less the infrared
radiation since the antennas do not function efficiently at this too high frequency (30 THz).
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A close study of the different THEDEX design elements that contribute to the total
absorption, reveals that the thermometer electrodes intervene greatly. As explained in chapter
4, the thermometer electrodes are made within the same layer as the absorber that has a 300
Q/o sheet resistance. The CC bowtie antenna is actually located 2 um below this layer, thus it
behaves as a reflector in the infrared range. The ACB electrodes absorb strongly infrared
radiation because of this configuration. In the case of AFB design, although the absorber has a
large area when compared to the electrodes area, the absorber does not absorb strongly
infrared radiation because of the lossy St@vity.

5.2.2.2 Thermal characteristics & response time
Thermal conductance

The thermal legs have a widt 0.6 um, similarly to the AFB design. However, the
shape of the thermal leg is modified in order to obtain a better mechanical strength. As we can
see in Fig. 5.8, a portion of the DC antenna overhangs the rectangular membrane. The DC
antenna is 49 um long and is only at a 2 pm height above the SiO2 substrate. If it gets inclined
because of mechanical stresses, it can easily touches the substrate and then thermally short-
circuit the bolometer. In order to keep horizontal the DC antenna, the mechanical strength of
the supporting legs has been increased by changing their shape, resulting in a slight decrease
of the thermal isolation. Thermal conductance of legs is then 11.8 nW/K.

The simulated of infrared absorption of the antenna-coupled bolometer is employed in
equation 5.2 and gives an effective emissivity value of 29 %. Hence the radiation thermal
conductance is:

O,y = 4% (2500x10%) x 0.29x (5.67x10°) x (29815)° ~ 44 (NWIK). (5.8)

We can see that the thermal conductance by radiation is almost the same as in the case of
AFB design. The total thermal conductance is

Giotal = Jiegs T Graa = 118+ 44=16.2 (nNW/K). (5.9)

In practice, the fabrication of the thermal legs may suffer of over-etchingx@ample,
leg width may be reduced from 0.6 pmOt6 pum resulting in a higher thermal insulation. In
such case, thermal conductance is reduced from 11.8 to 9.8 nW/K. If the over-etching is taken
into account, the total conductance in this case is 14.2 nW/K.

Heat capacity

As seen previously, the calculation of the suspended membrane heat capacity requires
the knowledge of the volume and of the specific heat capacity of each element. The presence
of the antenna changes the size of each component in the suspended membrane. Also, the
aluminum antenna layer adds a considerable portion to the total heat capacity of bolometers.
The table below shows the calculation of the elementary and total heat capacities. The specific
heat capacity of aluminum is its bulk value, which is reported in [9].

Element Material Specific Surface Volume Heat
- 2 3 capacity
Heat Capacity (um®) (um®) (PIIK)
pJ/m®.K)
Insulator 1+2 Si-N 1.12 832.1 33.3 37.3
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Absorker TiN 3.26 523.2 4.2 13.7
Thermometer] Amorphous 1.63 832.1 166.4/case 200 nm 271.3
Silicon 249.6/case 300 nm 406.8
Antenna Aluminum 243 501.4 1254 304.7
(250 nm thickness
Total heat 627/763
capacity

Table 5.3 Detailed calculated values of the heat capacities of the THEDEX design

Dimensions of each element are easily extracted from the computed aided design
(CAD) models. However in practice, depending on the process employed to fabricate the
bolometer, the dimension of each component may present some uncertainty, in particular the
thickness. The greatest uncertainty comes from the thickness of aluminum layer (the antenna
layer). It can vary from 300 nm by design to about 250 nm in reality. This layer is eroded
during the process of removing the polyimide layer. So 250 nm Al thickness is considered in
our calculation. Depending on the desired thermometer resistance, the amorphous silicon
layer can be 200 nm or 300 nm thick. The later value decreases the thermometer resistance to
match read-out circuit requirements at the expense of increased heat capacity.

As we can see in table 5.3, in the best case, the total heat capacity of the bolometer is
627 pJ/K for a 200 nm thickness thermometer. It may increase up to 763 pJ/K if the
thermometer thickness is chosen to be 300 nm. The presence of the metal antenna imposes an
extra heat capacity of about 305 pJ/K, which represents half the total bolometer heat capacity.
The amorphous silicon thermometer contributes te533% of the total heat capacity.
Compared to the 355 pJ/K value of the AFB design, the presence of this metallic antenna on
the micro-bridge structure increases dramatically the heat capacity of the bolometer.

Response time

The smallest total heat capacity of the bolometer is 627 pJ/K (200-nm thermometer
thickness). Combining this value to the thermal conductance presented above, it comes out
that the time constant for the best case (lowest thermal conductance) is:

Gy 627 pJIK

= = =38.5(ms 5.10
=Ty T Teanwik ooms) (10

With this time constant, the detector can reach the frame rate of:

R 1
rame = 3r. 3x385x10°

=8.7(Hz) (5.11)

In the envisaged case of over-etching, the thermal conductance is 14.2 nW/K so the time
constant would be 44.2 ms. The frame rate would then be 7.5 Hz. We can see that such time
constant becomes really disadvantageous for applications that require fast detection. It has
motivated research of new designs that bring time constant reduction.
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5.2.3 Impedance matching for antenna-coupled bolometer

From the optical coupling point of view, there is a significant difference in designing
the absorbing film bolometer and the antenna-coupled bolometer. In AFB design, the absorber
is a rectangular metallic film. The thickness of this film is made very small and the material is
quite resistive so this layer is lossy. The incident wave induces THz currents in the film which
in turn produce Joule heating in this layer. This conduction loss is distributed because the
whole absorbing film is lossy.

In contrast, the resistively loaded antenna has two parts. The antenna itself is made of
high conductive metal (aluminum) and is thick enough so that the conduction loss at the
antenna is very small. This antenna is ended by a resistive load made from low conductive
metal. The induced current is not dissipated at the antenna; it is dissipated essentially at the
load by conduction loss mechanism. One can see that, in this case, the conduction loss is
local.

We employ a simple calculation to demonstrate the above argument. The absorbing film
of the CEA-LETI bolometer is made of titanium nitride (TiN), whose measured resistivity is
2.4x10° Q.m. At 3 THz, the skin depth is:

6
Ogin = 2p =\/ 2 2.4';><1(T - =450nm (5.12
o\ 27 x3x10%x 47 x10°

Meanwhile, the skin depth in aluminum is 47 nm at 3 THz, and 149 nm at 300 GHz. This
calculation uses the value of measured resistivityxd08 Q.m that slightly differs from the

value of 2.6510% Q.m given in literature [9]. The thickness of bolometer aluminum layer
varies between 250 and 300 nm, and therefore is always greater than the skin depth. In
contrast, the TiN layer thickness is 8 nm, much less than the skin depth in the THz range. This
TiN layer is very lossy and has an impedance of 300 Q/o.

In order to maximize the efficiency of the antenna loaded by resistors, antenna and load
impedances must be matched. In the case of a resistor load, the load impedance is purely
resistive. Supposing that the antenna impedance and the load resistance are resgectively

and R , the reflection coefficient at the feed point of the antenna is:

r-R-Z.
R +Z,

In receiving mode, the incident wave induces a THz current in the antenna; the antenna
distributes the current to its load. Depending on the impedance matching, one part of the
current is actually delivered to the load, the other part is reflected. The reflected part is then
reradiated by the antenna into free space. In terms of power, the ratio between the power
delivered to the load and the available power on the antenna is:

(5.13)

Eratcning= £ [T - (5.14)

This parameter defines the efficiency of antenna impedance matching in terms of power. If
load resistances are not properly chosen, the wave is not entirely absorbed by the antenna-load
structure. Therefore, impedance matching is important to get efficiently antenna-coupled
bolometers. This problem does not occur in AFB design since, in this case, the induced
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current in the absorber layer is dissipated in a wide spatially distributed manner. By contrast,
in antenna-coupled structures, the current is dissipated locally in the resistive load.

The impedance matching is best performed when the antenna impedance is known. In
the next section, simulations are conducted in order to calculate this parameter.

5.2.3.1 Transmiting antenna oriented simulation

One possible way to model the antenna-coupled bolometer electromagnetic behavior is
to use the Floquet port formalism with periodic boundary conditions. This simulation
approach has long been used to simulate frequency selective surfaces (or FSS), thus we refer
from now on as "FSS simulation”.

Fig. 5.13 demonstrates the principle of this type of simulation. This simulation is
usually applied to large periodic structures (large array of repetitive cells). The whole
structure is usually very large in comparison to the wavelength; therefore the simulation with
free space boundary is not efficient, and sometimes even impossible because of the enormous
mesh numbers. The FSS simulation considers only one elementary cell and so one pixel in the
case of array of detectors; it embeds the cell into an “air-box” that mimics the free space, and
assumes periodic boundary conditions on the four lateral walls of the air box. In this way, the
number of mesh is drastically reduced and the simulation is much more efficient than in the
free space boundary case. An excitation is set at the upper Floguet port to mimic an incident
planar wave propagating from free space into the simulated structure.

Floquet port

Periodic
" boundary

Simulated
Structure

Floquet port,
boundary condition

Fig. 513: Receiving mode simulation, the structure is excited by Floquet port thatsnimic
plane wave

The FSS simulation can be applied to any periodic structure, whether it is lossy or
lossless. Arrays of detectors have been successfully modeled with such an afp#tjach
The great advantage is that this simulation can be very versatile: the structure can have any
shape and any material. Therefore, the absorbing film or antenna-coupled bolometer design
can benefit of this method.

By knowing the distribution of electric field in the sensor structure, the dielectric and
conduction losses in any element may be retrieved. These loss mechanisms represent of
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absorption of the whole sensor structure. The “useful” absorption, i.e. the one that contributes

to the detection, here the Joule heating of the suspended membrane, is retrieved by properly
selecting this component of the detector. Knowing this useful heat and the power of radiation
incident at the Floquet port, one can deduce the spectral absoypfiprof the bolometer:

Z Losseﬁembrane
P .

Floquet port

n(f)=

(5.15)

The main drawback of FSS simulation, when applied to the antenna-coupled bolometer,
is the impossibility to calculate the antenna impedance. In this context, in order to perform the
impedance matching, the value of the resistive load is swept over the antenna impedance
range that is typically from 50 to 150 Q at resonance frequency. For each load value, the
absorption is calculated and the optimum is identified. So impedance matching with FSS
simulations can be achieved thanks to the computation of absorption. However, this method
does not provide any information on the antenna behavior as a function of frequency that is
ultimately important to design a good antenna with predefined bandwidth.

Free space
boundary

Periodic

/ boundary

Antenna excited
by lumped port

Fig. 5.14: Transmitting mode simulation, antenna is excited by lumped port.

We have tried to apply the transmitting simulation to the antenna-coupled bolometer
structure in order to calculate the antenna impedance. To work in the transmitting mode, we
used a lumped-port to excite the antenna structure. The Floquet port is replaced by radiating
boundary to mimic free space. The periodic boundary condition is still kept on the cell side to
take into account the periodicity of the pixel array. Since, to the best of our knowledge, wafe
probing techniques to measure the antenna impedance in the THz range are still limited to
frequencies inferior to 1 THz, the simulated impedance is not experimentally verifiable. Thus,
consistency between the transmitting simulation presented here and FSS simulation is very
important to validate our study of antenna impedance. The consistency between the two types
of simulation is given in this manuscript after presenting the antenna impedance.

The greatest difficulty in performing transmitting simulations is to define the antenna
excitation. As presented in Fig. 5.15, the antenna layer contains both DC antenna and CC sub-
antenna. Each antenna is equipped with a pair of resistors. The antennas and the four resistors
are electrically connected. One can think about replacing the four resistors by four lumped-
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ports. This can make the simulation very complex, especially when a portion of the current
excited by one port will go towards another port instead of radiating into free space. Also, the
antenna impedance cannot be obtained directly from the ports. To simplify the problem, we
chose an approximated approach.

CC Resistor

DC lumped
port

CC lumped

DC Resistor port
a) Anten na loaded by b) Antenna excited
resistors lumped port

Fig. 515 Modeling of resistive load by lumped port

In this approach, we use a unique lumped-port to emulate antenna resistors; the port
impedance value is set as the equivalent resistance of the pair of resistors (in series). Thus the
DC lumped-port and the CC lumped-port are given impedance valu@$ and 134 Q
respectively. The DC antenna and its port are artificially transposed up (vertically) a distance
of 0.2 um referring to the CC antenna so that two ports are not superposed. With such
modification, we have approximated the “monolayer” antenna to two distinct antennas, which
are separated by a distance of 0.2 um. Since this distance is very small when compared to the
antenna size and wavelength, the functioning of both antennas is not affected greatly by the
transposition.

5.2.3.2 Impedance matching

In antenna theory, the fundamental resonance of antennas is critical because it states the
lowest frequency where the antenna can couple efficiently to electromagnetic waves. In the
ACB structure, the antenna itself is a part of the suspended membrane. Previous calculations
have shown that it contributes largely to the bolometer heat capacity. Thus one of the rules in
designing such sensors is to use the smallest size antenna for a predefined frequency, meaning
to operate at the fundamental resonance. This approach goes in the right direction since it
helps the bolometer keeping a small heat capacity, and consequently a small time constant.

Using the transmitting simulation methods described previously, we examine the
impedance of the antennas in the vitgirof their lowest absorption peaks (1.35 THz for DC
antenna and 1.75 THz for CC antenna).

The DC antenna shows a resonance at 1.35 THz characterized by a local maximum of
the resistance while the reactance curve exhibits an inflection point near this frequency. This
“impedance resonance” coincides with the “absorption peak”. The impedance of DC antenna
at this resonance 91— j x99Q. With a resistive load of 134 Q, the efficiency (calculated

with equation 5.11) of DC antenna at resonance is 81 %.
At resonance frequency, the reactance part is not null but is negative. It increases with
frequency and attains zero at 1.9 THz. However, at this frequency, the resistance @f iantenn

very small meaning the radiation capability of antenna is low. At this peetan see that
the impedance of DC antenna in a dense array is different from antenna in free space. For the
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latter, at resonance frequency, when the reactance is null, the resistancecimingg(73 Q
in the case of dipole) so that the antenna can radiate efficiently.

Simulation of DC antenna's impedance
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Fig. 5.16; Impedance of the DC antenna shows a resonance at 1.35 THz

The negative value of DC antenna reactance means that the antenna behavior is
capacitive. There are several facts that may lead to this capacitive behavior. The first one is
that the antenna length is too small in comparison with the wavelength. Let us consider the
effective dielectric constant to be equal to 2.535 as the mean of dielectric constants of vacuum
and SiQ (£=3.869 at 3 THz). A classic dipole antenna in such dielectric medium that
exhibits the same resonance frequency at 1.35 THz would have a lengthuaf T@e DC
antenna has a finite length of roughly 50 pm, thus smaller than this value.

Simulation of CC antenna's impedance
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Fig. 517: Impedance of CC antenna shows a resonance at 2 THz.

Another phenomenon is that the antenna is set too close to the reflector if we consider
the frequency of 1.35 THz. One should remember that the Bty height is optimized for
nearly 3 THz. This height becomes too small when compared to quarter-wavelength at 1.35
THz. In such case, the coupling between antenna and reflector prevents antenna from
radiating and adds a capacitive characteristic to the antenna behavior.
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The last phenomenon is the capacitive coupling between metallic patches in a dense
arrangement of metallic antennas. This is similar to the effect of the metallic reflector when
the antenna is set too close to it.

Regarding the CC antenna, the simulated impedance shows a resonance at 2 THz. This
“impedance resonance” is, however, slightly different from the “absorption peak” that occurs
at 1.75 THz (see section 5.2.2). The absorption is affected strongly by the matching between
the antenna impedance and the load resistance. The CC antenna impedance has a value of
155— jx104 Q at 2 THz and 104— j x50 Q at 1.75 THz. With a load resistance of 94 Q, the

matching efficiency is 80 % at 2 THz, lower than 94% at 1.75 THz. However, if the load
resistance were 250 Q for example, the matching efficiency would be 66 % at 2 THz, higher

than 57 % at 1.75 THz. Thus we can see that although the impedance of the antenna exhibits
resonance at a frequency, the absorption peak frequency may be slightly different depending
on the impedance matching.

The CC antenna impedance also shows negative values at resonance similarly to DC
antenna. Once again, we associate this behavior to the same phenomena as previously
described.

Matching efficiency and absorption, DC antenna
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Fig. 518: Comparison between absorption (receiving mode simulation) and ngatchi
efficiency (transmitting mode simulation) for leg-parallel polarization.

These simulations show that the antenna impedances are not purely resistive at
resonance frequency. Thus a perfect impedance matching between antenna and redistive loa
cannot be performed. However, the calculated antenna efficiency demonstrates that this issue
is minor since the efficiency rate superior than 80 % corresponds to a high useful absorption.
This is the range of absorption of uncooled IR bolometer. For THz detector, some other
antenna-coupled bolometer designs, such as the superconducting bolometer at VTT/NIST [8]
lead to an absorption in the same range (80 %) for the best case. In Figs. 5.18 and 5.19, the
efficiency calculated from the transmitting mode simulation and the absorption of the FSS
simulation is plotted on the same figure.

As shown by these plots, the results of the two simulation types (transmitting mode and
receiving mode) are quite consistent. In general, the shape of the impedance matching
efficiency and the absorption curves are similar, both curve predict the same absorption peak
at 1.35 THz and 1.75 THz for DC and CC antennas, respectively. However absolute values
differ. This discrepancy may come from the approximation that is applied in transmitting
mode when the couple of resistors are modeled as a lumped-port located at the antenna center.
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Matching efficiency and absorption, CC antenna
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Fig. 519: Comparison between absorption (receiving mode simulation) and nmatchi
efficiency (transmitting mode simulation) for leg-cross polarization.

While designing antenna-coupled bolometers, simulations in transmitting mode are
critical because they can reveal the electromagnetic behavior of antennas (capacitive,
inductive or resonant). For instance, at 1.9 THz, the radiation capability of the CC antenna in
transmitting mode is very weak (the real part of impedance is very small). It means that this
antenna structure does not correctly couple the THz wave whatever the load resistance is.
Therefore, it is meaningless to endeavor to sweep the load resistance in order to optimize
absorption in this frequency range with receiving mode simulations.

5.3 Improved design (Bambolo)

In the frame of THz active imaging developments at CEA-Leti, the chosen sources are
Quantum Cascade Lasers (QCL) that emit THz radiation in the raf&y® ZHz. The first
THEDEX bolometer design exhibits absorption peaks at 1.35 and 1.75 THz, thus is not
optimized with respect to QCL operation spectrum. As presented in chapter 1, the QCL
technology today suffers a dramatic drop in optical power at frequencies below 2 THz. Based
on the knowledge acquired from the first THEDEX bolometer array prototypes, new
developments aim at shifting the absorption of bolometers in the rangg ZHz and
simultaneously at decreasing the heat capacity of bolometer. This leads to the “Bambolo”
design presented in this section.

5.3.1 Structure

The structure of the Bambolo bolometer in Fig. 5.20 inherits from some features of the
THEDEX design, such as the pixel pitch, the St@vity and the antennas loaded by resistors.
The most important change comes from the novel antenna structures that provide at the same
time a better optical coupling and a smaller heat capacity.

In this design, the antenna elements are located on a single level, i.e. the suspended
membrane. The CC bowtie antenna has been suppressed. The antenna combines two long
dipoles for the LP polarization with a 4@ length like in THEDEX design. For LC
polarization, the antenna also combines two short dipoles perpendicular to the LP dipoles. The
length of these dipoles is limited by the distance between the two thermal legs. It is recalled
that the thermal legs determine thermal isolation between the suspended membrane and the
SiO, substrate. If the dipole antennas pass through thermal legs, thermal isolation would be
dramatically degraded. Concretely, the lengtthetdipoles is restricted to 18 pm.
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Fig. 520: Detailed structure of Bambolo design

Each dipole antenna has a width of 1 um and is equipped with its own resistive load.
Load resistanceare 150 Q and 100 Q for the long and short dipoles, respectively. It should
be noted that the four dipoles are connected directly, resulting in a close form. We will
explain the reason in the next section.

Similarly to THEDEX design, the antenna layer is sandwiched between two insulating
Si-N films. This structure ensures that the thermometer is not short-circuited by the antenna
layer. The stack of the whole suspended membrane is presented in Fig. 5.21. One can see that
the insulator and the thermometer extend beyond the rectangular bolometer membrane. This
configuration helps to strengthen mechanically the long dipole.

3 jum

Thermometer

ator 2

Insulator 1

Fig. 521: Different layers of the suspended membrane in the case of Bangsigm.d

The Bambolo fabrication challenge lies in the mechanical robustness of the part of the
long dipole that extends beyond the central membrane. In THEDEX design, the DC antenna
also overhangs the central rectangular microbridge. But the bow-tie antenna extensions have
much larger width (5 41 um) compared to the width of the Bambolo dipoles(1 um). So
Bambolo antenna tips should be supported by the insulator and thermometer layers. We
envisage two versions. The first version (version A) uses rectangular extensions to support
mechanicalf the metallic dipole antenna tips. In the second version (version B), a trapezoid
shape is applied.
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a) Regular version b) Version with enhanced
mechanical strength

Fig. 522 Two versions of Bambolo design, two shapes of the thermomatéia¢sshape as
insulator) are used to ensure a good mechanical strength for the dipoleanten
overhanging tips.
The area of the thermometer in version B is slightly larger than in version A, meaning
that the heat capacity is greater. The heat capacity of the bolometer will be calenidted
compared with the THEDEX design.

5.3.2 Optimization of optical coupling

In the THEDEX design, bow-tie antennas have been chosen because of their broadband
property, larger than for dipole antennas. This is true at least for a mono antenna standing in
free space. In a dense array of antennas, due to the mutual coupling between elements, the
impedance of bowtie antenna can vary quickly with frequency. Therefore, it igchatate
that the bowtie is better a dipole in terms of bandwidth.

The clear drawback of bowtie antennas when compared to the dipole anteiisa
larger surface and consequently an expected greater heat capacity. As seen in previous
calculations in section 5.2.2.2, the THEDEX bowtie antenna contributes to typically half the
total heat capacity of the bolometer. Provided that optical coupling by the dipole antennas is
acceptable, the replacement of bowtie antennas by such antennas allows the bolometer to
decrease its heat capacity. In the next section, we elaborate the optical coupling of sach dipol
array.

5.3.2.1 Array of resistively loaded dipoles

Dipole antenna is the simplest type of antenna. A half wavelength A/2 dipole in free
space has impedance of 73 Q at resonance frequency. In fact, both resistance and reactance
increase quasi-linearly with frequency in the region around the resonance fred@ecayse
the antenna impedance changes quickly with frequency, this type of antenna is qualified as
being narrow band.

In an array of antenna-coupled bolometer, each dipole (assuming dipole antenna) is
equipped with its own resistive load. Each dipole is not connected to each other by feed line
as in the case of the array antenna. However, if the dipole is set closely enough, the
impedance of antenna can be strongly affected by mutual coupling. Due to this coupling, the
whole array can have a broadband behavior different from the single dipole in free space.
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Fig. 523 Array of dipole equipped with resistive load, the distance between dipcl\es|it
to study the effect of mutual coupling

To calculate the dipole impedance in an array, we apply the transmitting mode
simulation mentioned previously with the configuration of Fig. 5.23. The dipole antenna has a
size of 48 um x 1 um. The y-axis pitch is kept to be 50 pm, while the spacing between dipole
L, is swept to see the impedance evolution. Two valuek oére considered. In the first

case,L, is set to 5Qum, resulting in 50 pm x 50 um pixel that contains only a dipole antenna.
In the second casé, = 25 um, meaning that each pixel encompasses two dipoles.

Simulated impedance of dipole, 50-micron spacing
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Fig. 524: Impedance of dipole over the range{3 THz], distance between dipole is 50 pm

NGUYEN Duy Thong 95



Simulated impedance of dipole, 50-micron spacing
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Fig. 525: Close-up of spectral range{13.8 THz]

The dipole impedance, wheb, is equal to 50 um, is presented in Fig. 5.24. Some

singularities are marked by the green and cyan lines. The first one occurs at 4.06 THz while
the frequency of the second singularity is 4.62 THz. These singularities are related to higher
modes of dipole antenna and have been presented in some antenna textbooks or discussed in
publications [10]. For the fundamental mode, the current is maximum at the position of the
reference plane, i.e. the central point of the dipole. For higher modes, the current at this
central point may be very small, resulting in a very high impedance. Since these frequencies
are beyond the spectral range of interest mentioned befor& (PHz), these singularities are

not considered in the detector design.

Matching efficiency of dipole array, 50-micron spacing
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Fig. 526: Matching efficiency with different load resistances.

The Fig. 5.25 provides a close-up plot of the impedance from 1 to 3.8 THz. Both
resistance and reactance increase monotonically with frequency. The resonance frequency that
corresponds to null reactance is found to be close to 2.5 THz. At this frequency, the resistance
equals 100 Q. In order to evaluate the optical coupling of the dipole antenna, we calculate the
impedance matching efficiency by using equation 5.13. Two load resistances (100 and 200 Q)
are considered by setting lumped-port impedance to the corresponding value. As seen in Fig.
5.26, the efficiency is higher than 80% over the-2.%Hz range in both cases. With a load
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resistance of 100 Q, the impedance matching efficiency peaks at the resonance frequency
close to 2.5 THz. For a 200-resistance, the efficiency becomes more “balanced”, being
better than 90 % from 2.5 to 3.5 THz.

When the spacing between dipolég gets smaller, the mutual coupling between

antennas is stronger. It is likely to change the dipole impedance presented above. We present
here the case wheb, is equal to 25 pm, meaning each pixel of 50 um * 50 um size contains

two parallel dipoles.

Simulated Impedance of dipole, 25-micron spacing
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Fig. 527: Impedance of dipole over the range-[1 THz], with dipole interspace of 25 um

The resulting dipole impedance is shown in the figure above. As with 50 um spacing,
the impedance exhibits singularities at high frequency. The first singularity is observed at 4.06
THz as in the previous case. The second singularity has shifted to 5.6 THz and is not shown in
the figure. Probably this singularity is related to the mutual coupling. However, once again,
these singularities do not affect the design of bolometer in the spectral range below 3.5 THz.

Matching efficiency of dipole array, 25-micron spacing
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Fig. 528: Matching efficiency with different load’s values

It is interesting to see that the shape of the impedance curve in this &mcing case
differs from the 5Qim spacing case. The resistance curve has a local maximum (292 Q) at 3
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THz while the reactance curve exhibits an inflection point near this frequency. The reactance
exhibits a negative value5¢ Q) at 3 THz, which means a capacitive behavior of the antenna.

At this point, we can point out that the impedances of the dipole and of the THEDEX bow-tie

show similarities. This behavior reflects the strong mutual coupling between antennas in
dense arrays.

The impedance matching efficiency is evaluated with two load resistari®eQ and
300 Q. The corresponding curve is shown in Fig. 5.28. The impedance matching efficiency is
excellent for both cases, i.e. better than 80 % on a very large bandiel00 Q load case
shows a little better matching efficiency around 3 THz.

5.3.2.2 Application of dipole to bolometer structure
Dual polarization bolometer

The employment of dipole antennas in the detector requires some modifications to
satisfy the constraints of the bolometer structure. Two constraints that should be solved before
using dipole antenna are the load configuration and the dipole length

The load configuration concerns how to equip the dipole antenna a resistor so that the
impedance matching efficiency remains high. In the case both polarizations are desired, the
pixel must have at least two dipoles, one for each polarization. One can think of the cross
dipoles sharing the same load. This configuration causes a problem for impedance matching
since the load resistance for each antenna is not independent.

The resistive loads are made of TiN, which has a sheet resistance of 300 Q/o. If the
resistor dimension i xW, the resistance value for one direction is equdlLiV)’ times
the resistance for other directionrespect to the resistance formula:

L
R= psheew . (516)

For instance, if the resistance valfie one direction is 100 Q (thus L=W/3), then the
resistance value is 900 Q for other direction.

Fig. 529: Crossed dipoles sharing the same resistive load

If the two dipoles are symmetric, they will have the same impedance. In this case, the
load shape should be chosen to be square, and it will have a value of 300 Q. This can work in
principle although the impedance matching is not optimized: the good value of the load
should be in the range 100200 Q as suggested in Fig. 5.25. In an actual bolometer, the
length of dipole for one polarization is in general different from the other polarization. Thus,
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the impedance of each dipole is different. A configuration that permits independent
impedance matching is preferred.

The feature of the bolometer microbridge structure that imposes the most important
difficulty with respect to the optical coupling optimization is the limited distance between the
thermometer electrodes and also the thermal legs (see Fig. Bhi3Qjistance is 22 um in the
50 um pitch THEDEX design. Due to the limited distance between thermometer electrodes,
the dipole length in the LP polarization attains only 18 pm. In contrast, the dipole length in
the other polarization can reach a maximefit.a. 49 um. Thus, the dipole antenna in one
polarization is more than two times longer than the dipole in the other polarization. This
causes a considerable hurdle for the optical coupling of leg-cross polarization because the
resonance frequency of 1&n dipole occurs at 6.7 THz and the efficiency in the range 2.5-3
THz is low.

Leg-cross

19 um polarization

Electrode

|

w“ r Leg-parallel
polarization

Fig. 530: Top view of Bambolo design showing the limited distance between alestro

In fact, this difficulty has already appeared in THEDEX design. One can think of
applying the solution from THEDEX design, i.e. using of primary antenna and sub-antenna.
In this design, the CC sub-antenna located on the suspended mehabratength of 21 pm
due to the limited distance between thermal.l@@$EDEX design deals with this constraint
by coupling this sub-antenna to the primary4®-long CC antenna placed beneath the
suspended membraneThis requires a bowtie antenna to enhance the capacitive coupling
between sub-antenna and primary antenna. But the use of such large antenna like in THEDEX
design may affect strongly the optical coupling in the leg-parallel polarization. In the case of
THEDEX bolometer, simulatianshow that if the CC antenna is suppressed, the optical
coupling of the DC antenna is much bettethe range 1.5.5 THz.

To overcome the limited dipole length hurdle, the short dipole has been connected to the
long dipole to get the monolithic shape as illustrated in the Fig. 5.30. This configuration
allows the leg-crossdipole to “use” a part of the leg-parallel antenna so that the induced
(conduction) current does not get null abruptly at the end of the dipole. The dipole thus
benefits of a capacitive loading at its extremities as illustrated in Fig. 5.31. This technique is
extensively used in antenna designs to miniaturize the size of the dipoles. One can find a
description of this technique in some antenna textbooks or its application in some publications
[11].
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Regarding the limited dipole length constraint, one can wonder why not designing a
longer thermometer to increase electrodes interspacing. This can be fulfilled by displacing the
thermal legs near the border of pixel. However, such modification leads to a larger suspended
membrane. Apart the increase of heat capacity, it may cause a potential mechanical
weakening of the micro-bridge struatur

L~ Capacitive
N / loading
\\ B Bl
| \ ]
; Current
/ [/ distribution
/
/ g
a) Regular dipole b) Dipole with

capacitive loading

Fig. 531 Current distribution on regular dipole and on capacitive-loading dipole

Fig. 5.32 presents the absorption of the Bambolo design for leg-parallel polarization.
This absorption results from the FSS simulation in which the structure is completely passive.
One can see that the absorption of the real bolometer structure is a little lower than the ideal
case of dipole arrays presented in Fig. 5.28. However, the general shape of absorption curve is
not so different from the matching efficiency curve presented before. The optical coupling in
the targeted range 2.5 THz is still very good, better than 80 %. In real bolometer structure,
some components such as the 11 pm metallic vias or thermal legs and thermometer electrodes
can interact with antennas. Some of them are made of lossy materials that can absorb incident
wave. In general, these components degrade the absorption of the resistively loaded antenna.

Simulated absorption, LP polarization

1
0.8
c
206
2
2
204
<
— Total absorption — Load — Antenna Electrode
0.2
/,/f_m/\
0 T T T T T T T B
1 1.5 2 2.5 3 3.5 4 45 5

Frequency (THz)

Fig. 532 Contribution of the suspended membrane elements to the bolometgtiainso
leg-parallel polarization.

The overall radiation absorption of the suspended membrane includes contributions
from all its elements: load, antenna, and electrode. The absorption of thermometer is
negligible since thermometer material (amorphous silicon) does not exhibit absorption in the
THz range.
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As shown in Fig. 5.32, the load contributes mostly to the total absorption. The antenna,
though made of highly conducting material, exhibits absorption of about 10 %. We can
deduce that the induced current in the antenna is much stronger than the current in the
electrodes. The loaded antenna is the main absorber of bolometers.

For the leg-cross polarization case, one can see in Fig. 5.33 that the spectral absorption
is less broadband than the previous polarization. However, the optical coupling in the desired
range 2.53 THz is still very good. In this spectral bandwidth, the bolometer can be
considered as dual polarization sensitive since the absorption in each polarization is similar.

Simulated absorption, LC polarization
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Fig. 5.33: Contribution of the suspended membrane elements to the bolometgtiaibsio
leg-cross polarization

Mono-polarization bolometer

In the case of mono-polarization bolometer, as shown in the simulation of dipole array
spaced by 50 pum, single dipole with 200-Q resistive load would exhibit a good optical
coupling in the range 2.8 THz. In such a case, the suspended membrane can be made much
smaller, resulting in reduced heat capacity and so faster bolometer response.

23 pm |

Fig. 5.34: Top-view of the mono-polarization bolometer.

Fig. 5.34 represents the structure of the mono-polarization pixel. It integrates only one
dipole antenna, oriented in the leg-parallel direction. The antenna is loaded by¢a 200-
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resistor. The central part of the thermometer has a size of 23 pum % 10 um. Two rectangular
extensions of 3 um X% 12.5 um dimensions are added to strengthen mechanically the dipole
antenna tips. Unlike dual polarization antenna configuration, this single dipole design does
not include any constraint in respect to the load configuration or the limited distance between
thermometer electrodes. Also, the mechanical strength of the micro-bridge structure may be
better since the suspended membrane width is vetll @bout 10 um).

Simulated absorption, LP polarization
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Fig. 5.35: Contribution of each element to absorption of mono-polarization bolometer.

The actual structure is simulated in receiving mode. The bolometer structure is
completely passive, meaning that a resistive sheet models the dipole load instead of a lumped-
port. The total absorption in the membrane and each contribution are presented in Fig. 5.35.
One can see that the absorption curve is quite similar to the impedance matching efficiency of
the simplified dipole array (Fig. 5.26) although the bolometer structure is more complex.

Simulated absorption of mono-polarization bolometer
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Fig. 5.36: Simulated absorption demonstrating the polarization-dependent response of the
design.

The absorption in leg-parallel polarization is very good, higher than 80 % in the range
2.5-3 THz. The most significant contribution comes from the resistive load. The electrode
sheet resistance is 300 /o, thus it can also absorb the incident wave. It contributes to about
10 % of the total absorption. Antenna conductivity is very high (3%sl@mens/m), it
exhibits a small absorption, a little lower than the electrodes.
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Dipole antenna does not absorb THz radiation polarized in the leg-cross direction
However, the thermometer electrodes still show a little absorption (abeli %) in this
polarization and then contribute significantly to the total absorption of the bolometer. In Fig.
5.36, the absorption of electrodes in LP polarization is better in comparison to the LC
polarization. This is predictable with respect to the shape of the electrodes, which is a long
strip parallel to the LP direction.

5.3.3 Figures of merit

5.3.3.1 Absorption
THz absorption

Simulated absorption of Bambolo design
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Fig. 537 Absorption in the THz range of the Bambolo design

The bolometer absorption in the THz range has been already examined in details in the
previous section. Fig. 5.37 summarizes the absorption for both polarizations. The design
ensures a high absorption in the desired spectral rang@ PH.

Infrared absorption

Simulated absorption in infrared range

0.8

— LC polarization — LP polarization

0.6

Absorption

0.4

Ll

5 7.5 10 12.5 15 17.5 20 225 25
Wavelength (pm)

Fig. 5.38: Simulated absorption in infrared range of Bambolo design.

The simulation in the infrared range of the structure shows a small absorption for both
polarizations (see Fig. 5.38). The absorption exhibits weak interference fringes at short
wavelength as for AFB design. The main contribution comes from the electrode316%).
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The rest originates from the loaded antenna. The effective absorption over the-Zhge 5

is 8.8 %, significantly smaller than the 30 % of the AFB design and the 29 % of the THEDEX

design. Unlike AFB, this design integrates no large absorbing film. It does not use a large CC
antenna as in THEDEX either. Therefore, the infrared absorption is minimized in Bambolo

design.

5.3.3.2 Thermal characteristics & response time
Thermal conductance

The Bambolo design has thermal legs structures similar to THEDEX pixel. Thus the
thermal conductance of the legs is 11.8 nW/K for regular width (0.6 um) leg and 9.8 NW/K in
overetched case (0.5 pum). Regarding the radiation exchange, the effective emissivity
calculated according to equation 5.2 equals to 8.8 %. The radiation thermal conductance is
then:

0,0 = 4x50° x10*?x 0.088x 5.67x10° x 29815’ = 1.3 (WI/K). (5.17)

This leads to a total thermal conductance of 13.1 nW/K for regular leg and 11.1 for the
over-etched case.

Heat capacity

As mentioned before, the Bambolo design aims at reducing the heat capacity of the
antenna (and hence the total heat capacity of the bolometer) by using dipole instead of bowtie
designs. The Bambolo design features the same layer thickness (insulator, absorber, antenna,
and thermometer) as in the THEDEX design. The difference originates from the shape of each
component and thus from the area of each component. The total heat capacity, asheell as
contribution of each Bambolo element, are presented in Table 5.4. Both version A (regular
version) and version B (enhanced strength version) are reported so that we can look at the
trade-off between them.

The Bambolo design exhibits a great improvement with respect to THEDEX in terms of
heat capacity. As we can see in the table, the bolometer heat capacity is 365 pJ/K and 420
pJ/K for the versions A and B respectively, in comparison to 627 pJ/K for THEDEX. Thus,
thanks to the Bambolo design, heat capacity is reduced by a factor 42 % and 33 %,
respectively. This reduction originates from the dipole antenna smaller area (146 umz) when
compared to the THEDEX bowtie (501.4 pm?). Regarding the thermometer, its area is in the
same range.

Comparing to the AFB design, the bolometer heat capacity of the Bambolo design is a
little higher (365 or 420 pJ/K when compared to 355 pJ/K). This is not a surprise, since the
AFB design does not have the antenna layer. A detailed comparison between designs will be
presented in the summary of this chapter.

Element Area Area Area Heat capacity | Heat capacity
(THEDZEX) (version A) | (version B) | (version A) (version B)
(um?) () () (PI/K) (PJIK)
Insulator 1+2 832.1 734.2 884.2 32.9 39.6
Absorber 523.2 156 156 3.9 3.9
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Thermometer 832.1 734.2 884.2 239.4 288.2

Antenna 501.4 146 146 88.7 88.7

Total 365 420

Table 5.4 Heat capacity of the Bambolo and THEDEX designs.

The mono-polarization bolometer that integrates only one dipole antenna exhibits the
smallest heat capacity. In this design, not only the area of the antenna is reduced but also the
thermometer area is minimized. The antenna and the thermometer show a reduction of 64 %
and 66 % respectively in comparison to the THEDEX design. The overall heat capacity is 146
pJ/K when compared to 365 pJ/K of the best case of THEDEX and 355 pJ/K of the AFB
design. The table below gives the parameters and the heat capacity of the mono-polarization
bolometer.

Element Material Specific Surface Volume Heat
- 2 3 capacity
Heat Capacity (um®) (um®) (PIIK)
pJ/(m>.K)

Insulator 1+2 Si-N 1.12 305 12.2 13.7
Absorber TiN 3.26 58 0.5 1.6
Thermometer] Amorphous 1.63 305 61/case 200 nm 99.4

Silicon
Antenna Aluminum 2.43 52 13 31.6
(250 nm thickness
Total heat 146
capacity

Table 5.5 Detailed calculation of heat capacity of mono-polarized bolometer

Response time

For dual polarization design, the heat capacity of the versions A and B, in respect to the
13.12-nW/K thermal conductance, results in a time constant of 27.9 ms and 32.1 ms,
respectively. In the best case, the detector can reach the frame rate of:

1 1

f = =
rame T 3r, 3x279x10°

=119(Hz) (5.18)

For the mono-polarization design, the time constant is 11.1 ms and then the pixel could
perform real-time imaging at a frame rate of 25 Hz.
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5.4 Perspective design for low frequency

We have presented the THz bolometer stack optimized for detecting 3 THz signals. The
simulated dipole antenna shows resonant frequency in thg 23z range. For operation at
lower frequencies, let say at 670 or 850 GHz, the height of thel&rér should be increased.
In addition, the dipole should be longer, which implies a larger pixel pitch. The increase of
these two dimensions is very challenging for microelectronic technology. And yet, the
simulation of the THEDEX design shows a “resonant” frequency at 1.35 THz for the DC
antenna. Although the reactance of the DC antenna is proven to be capacitive, the matching
efficiency is quite high at this resonant frequency (about 80 %). The study of this low
frequency resonant mode leads us to think about the use of frequency selective surface (FSS)
in combination with the Si©cavity. The FSS will be represented shortly below. The full
presentation of these structures can be found in [12-13].

5.4.1 Frequency selective surface

a)

50 pm
pitch

b) 11 pm 810,

Reflector

Fig. 539: Capacitive surface backed by a substrate layer over a continuous reflector.

In fact, FSSs of “capacitive” type have already been presented in chapter 4. It consists
of rectangular metal patches separated by a small gap. The surface transmits low frequency
wave while it reflects high frequency ones. However, transmission and reflection are patrtial.
They evolve monotonically with frequency, showing no resonance. When the capacitive
surface is backed by a conducting surface, the structure is completely reflective. The
continuous conducting surface is inductive while the FSS surface is capacitive. The
capacitance of the FSS surface comes from the fact that the electric field concentrates in the
gap between metallic patches. The edge capacitance between patches is calculated as [14]:

W.__(1+ L
C= fss( gsubstratl Coshl[ﬁj ) (519)

T gfss

In the expression above, ..., iS the (absolute) permittivity of the substrate below the FSS,
in our case Si@ The quantitiedV,, L., and g, are the width, length and gap of the patch
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respectively. The polarization in question is parallel with the Ox axis. One can see that
regarding the geometry, the edge capacitance can be increased mostly by inttreasidti
of the metallic patch or decreasing the gap between them.

One interesting characteristic of this structure is that the phase of the reflected wave can
be controlled by adjusting the FSS capacitance. There exists a resonant frequency at which the
reflected wave and the incident wave are in phase. This frequency is lower than the regular
frequency that corresponds to the quarter wavelength cavity, about 3 THz in the studied case.
The FSS resonant frequency is inversely proportional to the root square of FSS capacitance.
Thus to get the resonant at low frequency, one should increase the capacitance by using a
larger patch or a smaller gap.

The FSS structure with rectangular patch in Fig. 5.39 has been simulated with receiving
mode simulation mentioned previously. We aim to examine the phase shift between the
reflected wave and incident wave. In this structure, the pixel pitch is kept to be 50 pm as in
the THEDEX case. The width and length of the metallic patch is 48 um. The gap between
patches is 2 um wide.

Phase shift between reflected wave and incident wave
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- Out of phase With FSS — Without FSS
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Fig. 540: Simulation showing a cavity equipped with FSS tuned for resonance at 850 GHz

The phase shift between the reflected wave and incident wave at the position of the
metallic patch is plotted in Fig. 5.40 and compared to the case without capacitive surface. For
the case without FSS, the structure in question is amilfhick cavity of SiO, backed by a
metallic reflector. The phase shift is zero at frequency corresponding to the quarter
wavelength cavity, i.e. about 3 THz. At low frequency, 850 GHz for example (the wavelength
is 353 um), the 11 um cavity is too small. The phase shift in this case is not far from the phase
shift at the position just above the reflector, whichti§18(). With this phase shift, the
reflected wave and the incident wave are out of phase and cancel each other.

When the FSS is placed on the SHisubstrate, the phase shift varies franat low
frequency to = at high frequency. It crosses zero near 850 GHz. At this resonant frequency,
the reflected and incident waves are completely in phase; the electric field at the antenna
location is enhanced. The spectral range, over which the phase shift variegZraoman/2,
determines the bandwidth of the FSS structure. It corresponds to the spectral region where the
reflected and incident waves are almost in phase and combine constructively.
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5.4.2 Implementation in bolometer structure

5.4.2.1 Antenna equipped with FSS

Simulations were performed to investigate the optical coupling of the antenna deposited
over the SiQ cavity integrating a FSS sheet. A bowtie antenna is placed on the FSS sheet at a
distance of 2 um. The antenna has a length of 48 um and bow angle is about 13°. The pixel
pitch is kept to be 50 um. The antenna is excited by a lumped-port and its impedance is
retrieved to evaluate the optical coupling at low frequency.

o I

T
et

48 pm |
BieR e & 50 pm
pitch

,,,,,,,,,,,,,,, 277 R - ;.| SO
? 2 pm air gap

b) 11 pum 810,

Reflector
Fig. 541: Array of antennas located}iza above a capacitive surface

The simulated impedance of the bowtie antenna in Fig. 5.41 is presented in Fig. 5.42.
One can see that this antenna has a resonant frequency near 900 GHz. The resistance at this
frequency is about 300 Q. However, the reactance is negative and has a value of -200 Q. At
850 GHz, although the resistance decreases to 200 Q, the reactance part is small, about 75 Q.
If a resistance of 300 Q (for 900 GHz) or 200 Q (for 850 GHz) is used, the impedance
matching efficiency at these two frequencies can attain more than 90 %.

The dipole antenna equipped with FSS structure has also been simulated. In this case
the arrangement of the array is similar, except that the dipole is placed at the bowtie antenna
location. In Fig. 5.42, simulation shows that the dipole resistance is slightly lower than in the
bowtie case. However both resistance curves have a similar shape.

Regarding the reactance, although the shape of the reactance curve is also sfarilar (r
to Fig. 5.42), the reactance value of the dipole is much smaller than the bowtie. This reduction
is related to the ratio of dipole length with respect to the wavelength in question. The
wavelength corresponding to 850 GHz frequency is 353 um. The half-wave dipole requires a
length of 177 um. And yet, the length of dipole antenna in this case is only 48 um. The Si0O,
has a dielectric constant of 3.83 at 1.2 THz. Taking into account the effect of the substrate; the
electric length of the dipole is just:
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| etectric = 4 /1+—283| ohysical= 1.05x 48="T74 pm. (520

The dipole is then too short for the 850 GHz frequency to ensure an efficient optical coupling.
The bowtie in this case, in spite of its bigger area and thus higher heat capacity, should be
used to provide a good optical coupling.

Simulated impedance of antennas with FSS sheet
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Fig. 542 Impedance of the bowtie and dipole when equipped with FSS

Fig. 5.43 shows simulated impedance matching efficiency of the bowtie antenna for two
load values200 and 300 Q. The 200-Q curve is shifted a little to the low frequency range
when compared to the 3@<urve. In both case, the matching efficiency is very good at 850
GHz, better than 90 %.

Matching efficiency of bowtie antenna equipped with FSS
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Fig. 543: Matching efficiency of bowtie antenna array with different load values

5.4.2.2 Bolometer equipped with FSS
Structure
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The CEA-Leti THz bolometer stack includes an aluminum layer below the suspended
membrane. This layer is deposited on the 11 pum thick SiO, substrate to make the CC antenna
in the THEDEX design. This metallic layer can be employed to constitute the FSS patch.

Bowtie antenna

-«

FSS patch

79
~7_ 2 pm

11 pm 810,
substrate

50 pm pitch

Fig. 544: Detailed structure of the 850 GHz bolometer.

The bolometer design below is issued directly from the structure of the array of bowtie
antenna equipped with FSS discussed in the last section. The dimension of FSS patch is 48
um x 48 pm. In Fig. 5.44, the FSS patch appears as a form of two partial parts separated by a
gap of 2 um. It should be noted that this patch arrangement is totally equivalent to the patch
arrangement described in Fig. 5.40. With the periodic boundary, the patch structure in Fig.
5.44 is repeated, resulting in the arrangement in Fig. 5.40.

48 jun

5]
12 jum A pm

23 jun

Fig. 545: Dimension and arrangement of the membrane

The patch in the bolometer structure has four holes to avoid contacts with the electrical
metallic vias, and then avoid short-circuits. In fact, in one pixel, only twoni long vias are
required in order to provide the electrical contact function. For the two other vias, only the
studs (the part outside the substrate) are kept for mechanical support.

The detailed dimension of the antenna with the suspended membrane is presented in
Fig. 5.45. It should be noted that the load with 2 um x 1.5 um size results in a resistance of
225 Q. The arrangement of two Si-N insulating layers and the thermometer layer is the same
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as the previous designs. With this dimension, the antenna and the thermometer areas are 325.5
um? and 541 um? respectively.

Performances

This design includes only one bowtie antenna and thus is mono-polarized. The
bolometer is sensitive to the leg-parallel polarization. In this direction, the detector emsures a
absorption rate higher than 80 % at 850 GHz. The absorption in the perpendicular direction is
very low as expected.

Simulated absorption of bolometer equipped with FSS
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Fig. 546:. Absorption of the 850 GHz bolometer showing a single polarization respons

Although this bolometer operates at 850 GHz, the design has the sam# plighm as
the designs at 3 THz (THEDEX or Bambolo). This is a great advantage in term of heat
capacity because the total heat capacity will be in the same range. The detailedaralollati
heat capacity of each component in the suspended membrane is presented in the table below.

Element Material Specific Surface Volume Heat
- 2 3 capacity
Heat Capacity (um®) (um®) (PIIK)
pJ/m®.K)
Insulator 1+2 Si-N 1.12 541 21.6 24.2
Absorber TiN 3.26 328.5 2.6 8.5
Thermometer] Amorphous 1.63 541 108 176
Silicon (200 nm thickness
Antenna Aluminum 2.43 3255 81.4 197.8
(250 nm thickness
Total heat 407
capacity

Table 5.6 Detailed calculation of heat capacity of the 850 GHz bolometer.

The total heat capacity of the bolometer is 407 pJ/K. This is in the same range as the
case of Bambolo design (dual polarizations). Assuming that the total thermal conductance is
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14.2 nW/K, as in the case of THEDEX design, the thermal time constant will be 28.7 ms.
With this time constant, the detector can perform a frame rate of:

A 1
a3 3x287x10°

=116(H2). (5.21)

In order to perform real-time (25 Hz) video, the time constant should be at least 13.3
ms. This can be fulfilled by increasing the thermal conductance to:

C, 407
=— =——=306(nW/K).
total T 133 ( ) (5'22)

This thermal conductance is approximately twice the value 14.2 nW/K. Since the
sensitivity is inversely proportional to thermal conductance, one can deduce that the
bolometer sensitivity will be half of the one provided by the THEDEX design.

5.5 Summary

Several THz bolometer designs have been studied in this work. It should be noted that
bolometer performances result from a trade-off between many features. The most important
aspects could be stated as: mechanical strength, thermal isolation, optical coupling and
electric function. The compromise between these parameters has to be considered in
accordance to the application. The commercial infrared bolometer design is optimized for
performing real-time passive thermal imaging. The THz bolometer design, which originates
from this design, also should be optimized for a specific application. For instance, if an
application prefers real-time 25 Hz video than dual polarization, the mono-polarization design
should be used.

In terms of optical coupling, the CEA-Leti THz bolometer shows a very high absorption
rate, better than 80 % at absorption peak. The bolometer response is broadband and its central
frequency can be tuned. The studied stack is optimized for the spectral range around 3 THz.
With this stack, the AFB and Bambolo designs show good optical coupling in both
polarizations. However, the Bambolo has an advantage over the AFB as it exhibits smaller
absorption of infrared radiation (8.8 % as compared to 30 %).

The THEDEX bolometer is the first THz bolometer successfully prototyped at CEA-
Leti. Many technical challenges have been overcome during the fabrication of this design, like
the fabrication of 11un thick SiO, layers and of metallic vias through these very thick layers.
Also, the deposition of a long antenna directly on the suspended membrane was challenging
in terms of mechanical stability. The detector shows an absorption peak at 1.35 THz for one
polarization and 1.75 THz for other polarization. The absorption in the infrared range is about
29 %, the same order of magnitude as in the AFB design. THEDEX bolometers show a large
(by a factor of 1.7) heat capacity when compared to other designs (AFB and Bambolo).

The bolometer exhibits lower resonance frequency when it includes FSSs. We have
demonstrated that such pixel can absorb more than 80 % at 850 GHz even wjitin pifb-
The combination of FSS opens the way to many interesting perspectives. One can think about
prototyping low frequency bolometers (850 GHz or 670 GHz) where atmospheric absorption
is more favourable to THz imaging. Another perspective is to miniaturize the actual
bolometer at 3 THz to get a smaller heat capacity.
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In terms of thermal characteristics, with a heat capacity of ~ 670 pJ/K and a thermal
conductance of ~15 nW/K, THEDEX exhibits the “sensitivity optimized” frame rate of ~8
Hz. Imaging faster than 8 Hz is possible at the expense of degrading the bolometer sensitivity.

Several designs, such as AFB or Bambolo, can decrease the heat capacity to the range
350- 360 pJ/K. In such a case, the thermal conductance should be ~30 nW/K to ensure the 25
Hz frame rate. This of course degrades the sensitivity of the detector by a factor of two when
compared to the THEDEX thermal conductance. In fact, the actual thermal insulation is quite
high, knowing that the thermal conductance of infrared bolometer is 9 nW/K and 18 nW/K for
174um and 25-um pitch pixel (see chapter 3). THz bolometers developed at other institutes,
such as at NEC, Japan, are reported to have a thermal conductance of 30 nW/K [15].

The mono-polarization bolometer gets a small heat capacity (146 pJ/K) at the expense
of being sensitive to only one polarization. In this case, the thermal conductance can be kept
as ~15 nW/K. Thus the sensitivity of the detector is not degraded.

Last but not least, in this chapter, we have implemented successfully the transmitting
mode simulation. Not only the impedance matching method is clearer but also the physical
behavior of the structure is revealed. This method when combined with the traditional
receiving mode simulation helps us in understanding the actually prototyped bolometer, i.e.
THEDEX design. It also helps us in modeling efficiently many novel designs, such as
Bambolo or the 850 GHz bolometer.
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Chapter 6 Detector characterization results

In this chapter, we present the characterization results of the THz bolometer prototypes.
The measurements were mostly dedicated to the optical coupling property of the detector.
Two approaches are available, i.e. the measurements of the spectral reflectivity of the focal
plane array (FPA) surface and of the spectral response at the bolometer electrical output.
Bolometers that have been characterized correspond to the THEDEX design presented in
chapter 5. Two array formats have been fabricated: a 320240 pixels array monolithically
processed above a CMOS ROIC and a second 160x120 pixels array that is electrically read-
out by a simple circuit scheme. An important objective of these measurements was te validat
the simulations described in chapter 5. These characterizations have also highlighted some
phenomena, such as the coupling between the pixel array and the ROIC structure.

In this chapter, the developed measurement set-up is examined first. Then, the
experimental results are compared to the simulated ones. Some other figures of merit, such as
the thermal characteristic or the sensibility, are reported to give a global vision of the detector
performance. Finally, some imaging demonstrations are presented to illustrate the application
perspectives.

6.1 Optical coupling measurement

6.1.1 Characterization with a Fourier-transform spectrometer

6.1.1.1 Introduction of Fourier-transform spectroscopy

The measurement of the optical coupling of the detector in this PhD work employs a
Fourier transform spectrometer. We give here a short presentation about Fourier transform
infrared spectroscopy (FTIR). Infrared spectroscopy has been a popular technique for
materials analysis in laboratory and industry for many decades. An infrared spectrum
represents a fingerprint of a sample response with absorption peaks corresponding to the
frequencies of vibrations between the bonds of the atoms making up the material (Fig. 6.1).

Sample

=/'\

The Spectrometer
N

= Detector

Source

Wavelength Wavelength

|

Energy

Fig. 6.1: FTIR technique principle.

Because each material is a unique combination of atoms, two different compounds do
not exhibit exactly the same infrared spectrum. Therefore, infrared spectroscopy can be used
to identify qualitatively materials and substances. In addition, the peak magnitudes in the
spectrum provide direct indication of the amount of present material. Combined with
advanced software algorithms, infrared spectroscopy is thus an excellent tool for quantitative
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analysis. The original infrared spectrometers were based on dispersion. These instruments
separate the individual frequencies of the optical beam into different positions. This was
accomplished by the use of a prism or a grating. The detector is scanned in ordasueme

the amount of energy at each position. This results in a spectrum that corresponds to a plot of
intensity vs. frequency.

Fourier Transform Infrared (FTIR) spectrometry was developed in order to overcome
the limitations encountered with dispersive instruments, which is a slow scanning process due
to the lack of powerful infrared sources at that time. Measuring all of the infrared frequencies
simultaneously, rather than individually, makes the detecting signal stronger. The solution
proposed and developed employs a simple optical device called an interferometer. The
interferometer produces a unique type of signal, the so-called waveform, which contains all of
the infrared spectral components “encoded” into it. Nowadays, in modern instruments, the
signal can be measured very quickly, usually in the order of one second.

6.1.1.2 Principle of Fourier-transform spectroscopy

Fixed Mirror Mf

7 .
Bezam Splitter Moving Mirror 1\.-1111
BS i

Fig. 6.2: Michelson interferometer.

Most of the FTIR instruments are based on Michelson interferometers (Fig. 6.2). The
incoming beam is split in two beams propagating perpendicularly along what is called the
arms of the interferometer. Each beam strikes a mirror at normal incidence and is reflected
backwards. The two beams recombine at the beam splitter BS that directs the sum of the two
beams onto a detector D. One of the mirrorg, Ban be moved along the direction of the
impinging beam, while the second one, M fixed. The interference pattern recorded by the
detector depends on the difference of optical path x between the two arms, and it can be
varied by moving the mirror M Let us assume that the beam incoming into the
interferometer is a monochromatic radiation of intensgyahd of angular frequency

a)=2ﬂ%. At the detector, the recorded intensity of the sum of the two beams reflected

respectively by the mirrors Mind M, is:

1 (x) = (EO co{%(x + X)—a)tj+ Eoco{% X —aJtDZ ='Z°(1+ co{% XD (6.1)

Here, we have supposed that the beam splitter is ideal (lossless and 50% splitting
efficiency). The intensity varies as a cosine function with x. It is represented in the following
figure.
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Fig. 6.3: Spectrum (a) and interferogram (b) of monochromatic wave

If a non-monochromatic light is used, the intensity is the sum of the preceding cosine
functions obtained for all the wavelengths that compose the radiation.

| I,

:I OELCO (1+co{ D W= I 5160 +I|051a) { )da) (6.2)

I, (@) corresponds to the spectrum of the incident beam, while the recorded Iighs

called an interferogram. Then we can use a complex notation to write expression (6.2) in
which we select only the term varying with x and suppressing the constant amplification
factor 1/4 to simplify the representation:

= [1 (@) do. (6.3)

In (6.3), |,(—w)=1,(@). This expression is nothing but the Fourier transform ).

Thus the spectrum, (@)is obtained by taking the inverse Fourier transforml gk). We
get:

(@) = [1,(xe <" dx. (6.4)

I(x) /)

/’ \

/' . \ AR &

[ WM
«/ dk \
- Il
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a) b)

\

G(k)

Intensity

Fig. 6.4: Spectrum (a) and interferogram (b) of non-monochromatic light
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Therefore, the spectrumo(a)) of the incoming radiation is obtained by recording the

interferogram versus the mobile mirror displacement x and then by calculating the Fourier
transform of the interferogram.

Practically, this interferogram depends also on the characteristics of transmission of the
spectrometer and on the detector spectral response. In addition, as the digipocerx
which the interferogram is recorded cannot be infinite, expression (6.4) is limited in

integration. It becomes that the achieved spectiygi{ o) is:

+Xmax' 2 o +o0 oy
|exp(a))=i j /2|V(x)e Lo dx:IV\/Xm(x)|v(x)e " dx= l,(@)®W, (o) 65)

where W, (x) is a rectangle function equal to 1 in betwee@a,2 and + ¥ay2, and
W, (o) is its Fourier transform:

X

+00 _.gx +Xmax/2 —'QX
W, (w)= '[meax(x)e "o dx= j e'c dx=xmaxsinc(%%j. (6.6)

_Xmax/z

It follows that the spectral resolution of the FTS spectrometer is given by the spectral width of

. . : : A
the sinc function, i.e. corresponding teﬂ%wr or Af=—S_. The longer the
c

Xmax
displacement of the mirror, the better is the frequency resolution.

The characterization of a sample by Fourier transform spectroscopy is based on two
measurements, with and without the sample under test in front of the spectrometer. By
comparing these two measurements, one can extract the spectral information of the sample
itself.

6.1.2 Reflectivity

6.1.2.1 Measurement setp

The reflectivity measurement set-up makes use of the spectrometer Vertex 80v from
Bruker Optics (scheme in Fig. 6.5). For our experiments, the THz source is a Hg arc lamp,
located at the position In 2 of the figure, which behaves as a blackbody whose temperature is
of the order of 100. Its corresponding spectrum is quite flat over the wavelength range 25
1000 um which is equivalent to the 0.3-12 THz frequency band. This THz radiation
undergoes strong attenuation in the beam splitter whose spectral transmission presents a
narrow bandwidth. Up to date, there is not a beam-splitter that can cover the whole THz
range, so two beam-splitters are successively used to cover t8eT®i6 targeted range: one
multilayer beam-splitter in the range 43THz, a second in the lower range.
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Fig. 6.5: Scheme of the spectrometer Vertex 80v.

One can see that the optical path plotted in Fig. 6.5 corresponds to the transmission
configuration. To provide reflectivity measurement, the spectrometer is then equipped with a
reflection module presented in Fig. 6.6.

noop onng onnn

]

Polarizer opl.

@ TM mode
TE mode

Fig. 6.6: Top view of the reflection module.

The reflection module consists of 3 input mirrors and 3 output mirrors. This module
steers the beam onto the sample with an incident angle of 11 degrees. The last input mirror is
an elliptical one that has focal length of 110 mm and a diameter of 32 mm, and so exhibits a
3.4 f-number.

A THz polarizer set before the last mirror makes possible the choice either of TE (the
electric field is normal to the reflection plan) or TM (the electric field in the reflection plan)
modes. Consequently, the polarization of the incident wave impinging on the surface under
test is properly controlled.
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Mounting plate

Fig. 6.7: Photo of the reflection module.

The photography of the reflection module is shown in Fig. 6.7. The (vertical) mounting
plate has a 30-mm diameter hole. The beam spot is smaller than this hole size. Therefore, if
the sample under test is not placed in the mounting plate, the THz beam will go through the
hole and be scattered in the sample compartment. The signal sensed by the FTIR detectors
will then be null. As presented in the next paragraph, by using a metallic plate with a hole
etched at its center, the spot size of the THz beam can be determined.

6.1.2.2 Spot-size and area of surface under test

Plastic
Holder

a)

Fig. 6.8:a) Photo of the detector chip mounted on a plastic holder and b) S¢tepsaimple
in the reflection module.

The detector chip presents an overall size of 20x18 that encompasses the 320x240
bolometer focal plane array (FPA) and its readelectronics. Since the pixel pitch is 50 um,
the FPA area is 16x12 nfnThis surface corresponds to the effective sensitive surface whose
reflectivity needs to be characterized. The detector chip is mounted on a ceramic card that
connects the FPA output pads to the external front-end electronics. This card is in turn
mounted on a plastic sheet to facilitate its holding in the reflection module.

In an ideal case, the spot of THz incident beam should be smaller than the FPA and
centered in the optical sensitive area. This is necessary in order to characterize only the arra
of pixels with no contribution of its surrounding electronics. Moreover in this case, the
diffraction at the edge of the FPA can be neglected. This scenario requires that the spot size
and position are precisely controlled.
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In reality, some constraints related to the equipment make difficult the achievement of
this ideal set-up. First, in order to reduce the atmospheric attenuation, the spectrometer
operates under vacuum condition. Due to this constraint, it is very challenging to use an XYZ
displacement stage to control dynamically the position of the plastic holder (thus the position
of the sensitive area). We have chosen to mount the detector chip symmetrically on the plastic
holder and to align the beam spot at its center. This method of course cannot provide a precise
alignment as good as with a XYZ displacement stage, however it can ensure a misalignment
lower than 32 mm.

Fig. 6.9:a) Metallic plates, and b) mounting of plate in the reflection module.

To measure the spot size, we used several cooper plates with a hole in the center. When
the THz radiation arrives on the metallic plate, depending on the beam spot and hole sizes, it
can be reflected partially or completely go through the plate. By varying the diameter of the
hole, the size of the THz beam-spot can be retrieved.

Spot's size measurment

0.8 1

0.6

0.4

0:2 ¢

Normalized signal magnitude

0 2 4 6 8 10 12 14 16
Hole's diameter (mm)

Fig. 6.10: Measurement of spot size by using different hole diameters.

If the metallic plate has no hole, the incident beam is completely reflected by the
continuous metallic surface, resulting in a maximum detected signal. As the hole diameter
increases, the portion of the incident beam that is reflected gets smaller and the signal at the
detector decreases. Experiments show that for 16-mm diameter, the signal reaches the noise
level. This means that the THz beam is completely lost through the hole, being scattered in
the sample compartment and not reaching the FTIR detector.

Fig. 6.10 shows the (normalized) detected signal magnitude as a function of the hole
diameter. The tested diameters were 0, 2, 4, 6, 8, 10, 12, 13, 14, and 16 mm. When the hole
diameter is 10 mm, the normalized detected signal magnitude is 20 %. This means that 80 %
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of the energy is lost through the hole of 10 mm diameter. Thus, we can conclude the area
corresponding to 10 mm diameter contains 80 % the whole energy of the THz spot. In fact,

for a Gaussian beam, the beam waist spot contains 86-%7) of the total optical power.

This value corresponds to ~11-mm diameter in Fig. 6.10. Thus, the spot size can be
considered roughly 11-mm diameter. This dimension is slightly smaller than the dimension of
the sensitive area of the detector chip (16x12)mm

One can think about using a diaphragm to reduce the spot size so that the illuminating
beam is clearly smaller than the FPA area. This is not easy since the sample compartment is
small and when the reflection module is placed inside, room is missing for a diaphragm. The
most favorable position is at the polarizer location (see Fig. 6.6). Some trials were carried out
with such a diaphragm at this position. It turns out that whereas the detector signal is reduced
roughly by a factor 5 in comparison to the case without diaphragm, the spot size is not clearly
decreased because of diffraction. Measurements show that the area of 10-mm diameter still
contains 84.4 % the total energy when compared to 80 % the case without diaphragm.

Fig. 611: Image of reflection module.

In order to solve the spot size problem, a THz absorbing diaphragm has been fixed onto
the ceramic plate. This diaphragm has a rectangular hole with dimensions similar to the FPA
area, i.e. 12x16 mmSince spot size is roughly 12 mm, a portion of the beam-spot does not
go through the rectangular hole but is reflected by the surface of the absorbing diaphragm due
to the misalignment. However, tests where the diaphragm is used as a sample (without the
detector chip below) have shown that the residual reflectivity is negligible.

6.1.2.3 Incident angle and polarization

From the top view of the reflection module (Fig. 6.6), we have seen that the incident
THz beam can have two polarizations. TE mode is characterized by an electric field
perpendicular to the plane of reflection while for TM polarization electric field is parallel to
this plane. Let us precise that the reflection plane is the horizontal plane.

The electromagnetic response of the bolometer under test depends on polarization. For
leg-parallel polarization, the DC antenna is excited while the CC antenna is excited by the
other polarization (leg-cross polarization). One can see that since the incident angle with
respect to the FPA surface is not null; each antenna can be excited by a TE or TM beam,
depending on the arrangement of the FPA surface as explained following.
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Fig. 6.12. Arrangement of the detector regarding the coordinate system.

Regarding Fig. 6.12, let us suppose that the FPA surface is set so that yOz is the plane
of reflection. In this case, the TE mode is equivalent to a plane wave that has its electric field
parallel with Ox and arrives on the array of pixel above from the direction (0, ¢) = (11°, 90).

The CC antenna is excited because it is parallel to the electric field.

The TM mode corresponds to a plane wave with E field parallel to the plane yOz and
arrives from the direction (0, @) = (11°, 9C°). Although the electric field of the TM mode is in
the same plane as the DC antenna, it is not parallel with the DC antenna. In fact, it is inclined
with the DC antenna by an angle equal to the 0 angle, i.e. 11°.

Now, let us suppose that the FPA surface is set so that the xOz is the plane of reflection.
With a similar reasoning, we can deduce that the DC antenna is excited by TE mode while the
CC antenna is excited by TM mode. Table below summarizes both cases of plane of
reflection.

Plane of reflection TE mode TM mode
yOz E-field is parallel with Ox E-field is 1% inclined with Oy
CC antenna is excited DC antenna is excited
xOz E-field is parallel with Oy E-field is 12 inclined with Ox
DC antenna is excited CC antenna is excited

Table 6.1 4 combinations between antenna direction and polarization of incident wave.

In summary, if the antenna is excited by the TE mode, the electric field is parallel with
the antenna. In TM mode, the electric field is inclined with respect to the antenna by an angle
6. In such a case, the magnitude of the electric field reduces to its projected component by a
factor of cos@). One can see that if the incident angle is large, sa§stié® projected
component would be a half of the incident electric field. The electromagnetic response of the
array of bolometer would differ between TE and TM modes.

Since, in our experimendis fixed at 1%, cos@) is very close to unity and hence the

difference between TE and TM mode is very small. Thus, the incident beam can be
considered approximately as normal to the FPA surface. In fact, simulations show that the
bolometer response exhibits negligible variation between normal &macident angles.
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Figures below show the measured reflectivity of the bolometer oveB 0Hz range.
Antennas are excited by TE and TM beams as explained previously. We observe vary simil
results for TE and TM polarizations.

Reflectivity of bolometer by TE and TM modes,
DC antenna is excited

— TE mode
— TM mode
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Fig. 6.13: Reflectivity of FPA when DC antenna is excited by TE and TM modes.

Reflectivity of bolometer by TE and TM modes,
CC antenna is excited
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Fig. 6.14: Reflectivity of FPA when CC antenna is excited by TE and TM modes.

Since the difference between TE and TM cases is small, in order to simplify the
presentation of the following results, we will refer to the bolometer polarization simply by
naming the geometry of the detector (DC and CC antenna) afterward.

6.1.2.4 Measurement procedure and accuracy

Measurement procedure

The reflectivity of the FPA surface is deduced from two measurements: first a metallic
mirror is placed in the sample holder plane and then a second measurement is made whereas
the FPA replaces the mirror. The ratio of the sample to reference signals issues the reflectivity
independently of the spectral characteristics of the setup. The mirror igna tBick
aluminum layer deposited on a silicon wafer, exhibiting almost 100% reflectivity in the far
infrared, so the measured value of sample reflectivity can be considered as the absolute

reflectivity.
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a) b)

Fig. 6.15: a) Photo of the detector chip and b) photo of the mirror. Both avated with
similar ceramic card and plastic holder.

Accuracy of measurement

The measurement was performed using the Bruker Vertex 80v FTS spectrometer. This
research-dedicated spectrometer provides a very high resolution (6)2veith a very good
wavenumber accuracy. To estimate the wavenumber accuracy, water vapor is used. Water
vapor has the advantage of having extremely narrow bands, and the position of these bands is
known with a very high degree of accuracy. Experimental tests show deviation of 0641 cm
for the absorption peak at 1554.353tof water vapor as compared to the published tables.

So the relative deviation of our equipment is smaller than 0.003%. Although the wavenumber
of this peak is not in the range-2M0 cm® (i.e. 0.6-3 THz in frequency), the test still gives

credit to the wavenumber accuracy of our measurement. The reason is that the wavenumber
accuracy depends mainly on the accuracy of interferogram, which is ensured by the capability
of alignment of the interferometer (a spatial precision of 340 nm since the interferometer uses
the 680-nm wavelength laser for alignment of the mobile mirror) regardless the spectral range
in question. With this high wavenumber accuracy, to simplify the evaluation of measurement
accuracy, we neglect the wavenumber position error (X-axis error) and discuss only on the
amplitude error (Y-axis error). This error relates to the sigmabise ratio (SNR) of the
measurement.

The total reflectivity spectrum results from merging two spectrally overlapping
measurements: one in the spectral rangel056THz and the other for the range 89 Hz.
We remind that this procedure is compulsory because beam splitters show a limited
bandwidth and do not cover the whole spectrum from 0.6 to 3 THz. To evaluate the accuracy
of the resulting measured reflectivity, two consecutive measurements with complimentary
beam splitters have been carried out and compared. It should be noted that each measure is
already the result of averaging 64 scans. Performing many scans to get a betit¢o sigise
ratio is one of the most important advantage of the FTIR technique.

In the following figure, we plot 2 measurements realized in thel(b6THz and 1.053
THz ranges denoted as “low band” and ‘“‘high band”. The low band curve exhibits a peak-to-
peak error of 0.007 and an average error of 0.003. In the f130%Hz] range, these values
are 0.02 and 0.004, respectively. This very good accuracy is partly due to the facthhat eac
measurement is an average result of 64 scans, so the signal to noise ratio is enhanced.
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Accuracy of the reflectivity measurement

19 I
ntersectior

.....
s
=]

08 - Sl band e ———
= Y
2 06 % .
= A
Q N
o o"-.__ First measurement - high band .
E 04 i SR I..- .................. FRREEE SECee s Second measuremen - |1igh bangd oo
o ¥ i, — First measurement - low band
'\, + Second measurement - low band
b4
| Lo
|
0 T L T T T T T 1

0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.0 3
Frequency (THz)

Fig. 6.16: Accuracy of the reflectivity measurement.

In the overlapping band 1.05-1.5 THz, the two curves show a little mismatch. The peak-
to-peak value and the average value of mismatch over the intersection band are 0.027 and
0.016, respectively. This small discrepancy comes perhaps from the fact that changing the
beam splitter may slightly alter the optical path in the interferometer. The final result is
computed as the average of the two curves measured in this intersection band.

6.1.3 Spectral response

6.1.3.1 Measurement setdp
Optical setup

The direct measurement of the spectral response of the bolometer requires a second
specific optical configuration. After passing through the FTS spectrometer (see Fig. 6.17), the
parallel THz beam is deflected by a mirror toward a side window. The beam is then focused
onto the bolometer under test with a Tsurupica lens, which has an f-number equal to 4. The
bolometer is located in a vacuum vessel equipped with a HDPE window. The beam undergoes
atmospheric attenuation only along a 15-cm path from the spectrometer window to the vessel
window. The electrical current flowing through the resistance of a single bolometric pixel is
read by using a low noise voltage/current (V/A) amplifier.

A mechanical chopper and a lock-in amplifier are used to perform a synchronous
detection. The electric signal at the output of the lock-in amplifier is recorded versus the
displacement of the mobile mirror of the interferometer leading to an interferogram that is
subsequently Fourier transformed to get the spectral signal. This spectrum corresponds to the
convolution of the spectral emission of the source, of the spectral transmission of the optical
chain and of the spectral absorption of the bolometer. A reference spectrum is recorded by
using the calibrated pyroelectric detector of the spectrometer instead of the studied bolometer,
while maintaining all other components of the optical set up (the measure is performed under
vacuum condition). By taking the ratio of the signal and reference spectra, we obtain the
relative spectral response of the bolometer.

Although the focal plane array prototype had 160x120 pixels for this series of test, only
16 pixels were possibly addressed electrically since these chips were not processed over a
CMOS ROIC. So only individual bolometer outputs were electrically read-out by an external
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circuit. The spectral response measurement is therefore performed by measuring the signal of
a single pixel selected in the prototype chip array.

Hg-arc lamp

-
- /]
L

Amplifier Lock-m f—e ¢

B,
Bolometer \>\
\7 | )
’:?i::% /E firror

Chopper
o %3

Sample @

measurement
Reference measurement

Fig. 6.17: Setup of the spectral response measurement.
Step-scan and synchronous detection

One of the difficulties of this measurement comes from the slow response of the
bolometer. To perform an interferogram measurement, the mobile mirror moves and the
signal of detector is acquired during this time. Thus the detector should be fast enough
regarding the displacement velocity of the mobile mirror. When the mirror moves, the optical
path difference (OPD) changes and the beam light in the interferometer will go in and out of
phase depending on the OPD: we say that the beam light is modulated. Invgct, 16 the

velocity of the mobile mirror thus the OPD is equal to:

X=2v_. 1 (6.7)

mirror- *

The factor 2 is due that the beam propagates over an additional distance of 2d when the mirror
is shifted by d, because of the back and forth propagation of the light. As the intensity at the

detector varies aso{g x), it varies with time a&o{zmt), i.e. with a modulation
c c

frequency equal to:

VvV,

2 mirror
f - C — 2Vmirror f = 2Vmirror ] (6.8)
modulation 272_ C i

The cut-off frequency of the detector should be higher than this modulation frequency so that
the modulation can be efficiently detected. For the Vertex 80v spectrometer, the lowest
velocity of the mobile mirror is 0.05 cm/s. Therefore, the modulation frequency that
corresponds to a beam light at 100%caf = 3 THz) is:
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4
_ 2Vmirr0r f — 25X10—

f =
modulation c 3)(108

3x10?* =10Hz. (6.9)

The measured thermal time constant of the bolometer under test is ~ 50 ms. As explained in
chapter 2, the 3 dB cut-off frequency of the detector is then:

. 1 1
¢ 2mr, 27x005

~ 32 (Hz). (6.10)

Since the bolometer cut-off frequency is lower than the modulation frequency, any signal
delivered by the bolometer is very slow. To overcome this problem, we must implement the
step-scan mode of the spectrometer. In this mode, the mobile mirror does not move
continuously but with discrete increments. This means that the mirror moves to a position,
waits a time there (this time can be chosen), during which performs the signal acquisition, and
moves to the next position. The waiting time can be selected in such a way that the bolometer
has enough time to reach its steady state. It should be at least:

Tstep = STth ' (6-11)

This time is 150 ms for a bolometer with 50-ms thermal time constant. However, in practice,
the waiting time is several times higher than this value because of the lock-in measurement as
explained in the following.

In FTIR technique, as already explained, the spectral resolution of the measurement is
inversely proportional to the displacement distance of the mobile mirror, thus to the length of
the interferogram. In step-scan mode, if @d® resolution is desired, the length of the
interferogram should be at least 8886 steps. @n8-resolution requires 4442 steps. Since
each step takes at least 150 ms, the measurement time is 22 minutes (foresaiution)
and 11 minutes (for 8 cfresolution). During this time, the temperatures of the ambient
surroundings of the bolometer (the vacuum vessel and its HDPE window) may vary. Such
variations cause a change in the far infrared flux emitted by these elements towards the
bolometer, changing its resistance. Since the bolometer under test is polarized by a constant
voltage source, this causes a varying current that may affect the interferogram measurement.

The measurement without lock-in technique shows that the variation magnitude is very
serious when compared to the peak amplitude of the interferogram. In order to suppress this
signal derivation of the bolometer signal, synchronous detection is applied. The chopper
(shutter) modulates the beam light that comes out from the interferometer. Thus the signal
sensed by the bolometer is also modulated at the same frequency. Performing the
demodulation with a lock-in detection suppresses the unwanted signal coming from the
surrounding elements since it filters only the beam light of the interferometer. Theoretically,
the chopper should be as close as possible to the Hg-arc lamp source in order to ensure that
the detector “sees” only the optical flux coming out from the source. However, this is
practically difficult to implement because the Hg-arc lamp is integrated inside the
spectrometer to ensure vacuum condition of the measurement. We have found that the
position of the chopper as shown by Fig. 6.14 though is not optimal but can still give a
reasonable result.
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Interferogram with and without synchonous detection
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Fig. 6.18: Interferogram with (bottom) and without (top) synchronous detection

In Fig. 6.18, both inteferograms obtained with and without synchronous detection are
plotted. Without synchronous detection, the chosen waiting time is 200 ms, resulting in a total
measurement duration of 30 minutes. When synchronous detection has been applied with a
waiting time of 1 s, the whole data acquisition has taken 148 minutes. The figure shows that
in the latter case, the signal of the bolometer is much more stable even though measurement
duration is much longer.

Measurement duration
With the synchronous detection scheme, the period of the chopper is:

Tchopper: 2x 3Tth =2x3x50=300ms (6.12)
The waiting time at each step position should be at least 3 times of the chopper period so that
there is enough time to demodulate properly the chopped signal.

T

step —

3T nopper= 3% 300=900 ms, (6.13)
We selected 1000 ms as waiting time. It comes out that the*4resolution measurement
takes 148 minutes while the 8 ¢mesolution measurement requires 74 minutes for each scan.

6.1.3.2 Measurement procedure and validation of measurement
Calibration and normalization of the spectral response

In direct response spectral measurement, the bolometer plays the role of the detector
instead of the DTGAS detector of the spectrometer. The resulting spectrum is in fact a
convolution of spectral characteristics of source, beam-splitter, optics (lens, filter), and
bolometer. This spectrum needs to be calibrated so that we can extract only the spectral
response of the bolometer under test while suppressing all spectral features related to optical
chain.

The calibration requires a reference measurement in which an “ideal” detector is used,
while maintaining all other components of the optical set up as during the measurement with
bolometer under test. The ideal detector is the one that has a flat spectral response over the
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targeted bandwidth. In such a case, after calibrating the sample measurement (measurement
with bolometer under test) to the reference measurement, we obtain the spectral response of

the bolometer.

Calibration of spectral response of bolometer

— Measurement with bolometer
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Fig. 6.19: Calibration of the measured spectrum.

In our experiment, to perform the reference measurement, we have used the pyroelectric
detector supplied with the spectrometer. All other components of the optical set up are
maintained. However, this measurement is performed under vacuum condition. Thus it does
not undergo the atmospheric attenuation along 15-cm path as the measurement with the
bolometer under test. We will discuss later the impact of this attenuation when presenting the

measurement results.

The ratio of the signal over the reference spectra gives the relative spectral response of
the bolometer (refer to Fig. 6.19). This is the spectral response of the bolometer compared to
the spectral response of the FTS pyroelectric detector. In the ideal case, the pyroelectric
detector response should be flat so that the bolometer response is independent of reference
detector. This will be discussed later in the “Validation of Measurement” section.

Normalization of spectral response

—Normalised spectral response ——Simulation
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Fig. 620: Spectral response normalized with respect to the simulated absorption maximum.

The relative spectral response is then normalized so that its absorption peak has the
same value as the simulation result. Such normalization makes possible qualitative
comparison of the shape of the measured and simulated spectral response. One can point out
that if quantitative matching is the main goal, normalization should be applied following the
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least mean square method rather than this simple normalization procedure. However, in our
opinion, the qualitative comparison is more meaningful since measurements make use of
many hypotheses presented in the next paragraph.

Validation of Measurement:

The relative spectral response of the bolometer under test can be normalized and
compared to its spectral absorption if the following conditions are satisfied:

o response (voltage or current) of the reference detector evolves linearly with the
optical intensity;

o spectral response of the reference detector is flat;

o response of the bolometer under test is linear with respect to the optical
intensity.

In general, the response of a pyroelectric detector is linear with respect to the optical
intensity. One should point out that, in a FTS, the transmissivity (or the reflectivity) is
calculated directly as the ratio between the sample-included measurement spectrum and the
background spectrum. If the response of pyroelectric detector is not linear, the transmissivity
will be distorted depending on optical intensity. Thus, the first condition is satisfied.

WAVELENGTH
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logD* [emHz/W) ‘ [
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Fig. 621: Detectivity of the pyroelectric detector supplied with Vertex 80v FTS. Data
reproduced from Bruker Optics [1]

The flatness of the spectral response of the pyroelectric detector is not perfectly. assured
However, its pyroelectric nature presumes that it has a wider bandwidth than the antenna-
coupled bolometer. Fig. 6.21 presents the spectral detectivity of the pyroelectric detector
given by manufacturer (Bruker Optics) [1]. In the experimental band 0.9-3 THz (equivalent to
30-100 cnit), the detector response decreases monotonically with frequency. On the contrary,
as we will see later, the bolometer response exhibits distinctive absorption peaks in this
spectral range. Thus the calibration process, though not perfect, can be used to characterize
gualitatively these absorption peaks.
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Fig. 622 Simulated responsivity R of the bolometer.

For a bolometer, when the beam intensity is low enough (which is the case for common
blackbody THz sources), its response signal varies linearly with the incident radiation
intensity. Fig. 6.22 shows the simulated responsivity of the bolometer for optical power below
100 nW. The model solves nonlinear thermal differential equation of the thermometer to
simulate the bolometer analog bridge circuit.

6.1.3.3 Accuracy of measurement

We have seen that the reflectivity measurement presents very good accuracy and
reproducibility. Reflectivity measurement is applied with the continuous scan mode and
averaging of 64 acquisitions: the measurement is completed within about 10 minutes.

The spectral response is measured in the step-scan mode to match the slow response of
the bolometer under test. As presented previously, each scan takes quite a long time: 74
minutes for 8em* resolution and 148 minutes foro#™ resolution. With this constraint, it is
not practical to perform such a high number of scans as for reflectivity measurement. So
typically, 3 or 4 scans were acquired in step-scan mode and then averaged.

4 cm? resolution measurement

Evaluation of measurement's accuracy
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Fig. 623: Reproducibility of the spectral response measurement in the caserdf 4-
resolution.

To evaluate the reproducibility of the measurement, we performed 3 consecutive scans
of the measurement ato#n™ resolution, each scan taking 148 minutes. Let us recall that 4-
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cm™* around 1.5 THz, i.e. around 50 ¢ntorresponds to a relative precision of 8%. In terms

of frequency, the resolution is 120 GHz. Fig. 6.23 shows normalized and calibrated spectrum
of three scans. The pe&ipeak and the average standard deviation ove30I®iz are 0.07

and 0.02 respectively. At the absorption peak frequency, the relative deviation is 6 %. It gets
degraded at minimum absorption frequency (for example, 58% at 0.9 THz). With this order of
error magnitude, this measurement is relevant to characterize the position of the absorption
peak. It is not adequate to use this measurement to characterize quantitatively the absorption
rate at the valleys of absorption or at frequencies below 1 THz.

8 cm* resolution measurement

The 8em* resolution measurement provides better accuracy because of two reasons.
First, the signal to noise ratio increases when the resolution decreases. Secondly, applying this
resolution, the measurement duration is reduced by a factor 2 as compared ¢toithease.

In spite of the use of synchronous detection that compensates the variation of temperature in
the detector vessel, the temperature of the source itself may vary during the acquisition time.
Therefore, a faster measurement will give a better accuracy.

3 consecutive scans are also averaged. The tpgadak and the average standard
deviation over 0.93 THz are 0.05 and 0.01 respectively. At the absorption peak frequency,
the relative deviation is 2 % which represents an enhancement of 3 as compareddwthe 4-
resolution case.

Accuracy of 8 cm-1 resolution measurement

— Scan 1 — Scan 2 Scan 3

i

Absorption
o o
N &)

o
N

-~

0.9 1.2 1.5 1.8 21 2.4 2.7 3
Frequency (THz)

Fig. 624: Reproducibility of the spectral response measurement in the casavof 8-
resolution.

Apart from reproducibility, the comparison of absorption curves obtained with these 2
resolutions reveals different characteristics. Them4<120 GHz resolution measurement
exhibits oscillations whereas thec8v'—240 GHz curve is smoother. Moreover, the main
absorption peak is narrower when the finer resolution is applied. This is not simply caused by
the fact that higher resolution gives more details. As we will see later, it is in fact related to
the atmospheric attenuation along the 15-cm path that is not taken into account during the
calibration procedure.
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6.2 Result of optical coupling measurement

6.2.1 Reflectivity

We have presented the simulated absorption of the THEDEX bolometer in chapter 5.
There is no direct method of measuring the absorption of the bolometer since the bolometer
itself converts the optical energy into heat in its suspended membrane. In contrast, the
reflectivity R(f) of the FPA surface can be measured directly by using the FTIR technique

described previously. The bolometer absorptidri) (defined by equation 5.15 in chapter 5)
is not necessary equal to the quantityR( f). Actually the absorptiom(f) refers to the

useful optical absorption that is converted into heat deposited onto the suspended membrane.
There are of course other mechanisms of dissipation of the energy of the incident THz beam,
for example, the dielectric loss in the Si€avity.

n(f) is however consistent witR(f) in the sense that absorption peak corresponds a
dip in reflection. Since the reflectivity can be measured directly with a high precision,
contributes significantly to the characterization of the electromagnetic response of the
detector.

6.2.1.1 Intrinsic response of the bolometer

The bolometer under test is a THEDEX one. For these experiments, the chip prototype
encompasses a bolometer array directly processed above the silicon wafer, so without CMOS
ROIC. The reflector plane is not continuous but is patterned as an array of 49x49 pm?
metallic patches as presented in the chapter 5. The result of receiving mode simulation is
reported here to allow us an easy comparison with the measurement.

Absorptance Simulation
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Fig. 625: Simulated absorption of the THEDEX bolometer.
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Reflectivity simulation
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Fig. 626: Simulated reflectivity of the THEDEX FPA surfac

The receiving mode simulation can supply us with the bolometer absorgtignand
also the reflectivityR(f) of the FPA surface. We have presented the calculatiof( Df in

chapter 5.R(f) is simply the parametefS, [ of the Floquet port. These quantities are
presented in Figs. 6.25 and 6.26. We observe a good consistency between the absorption and
the reflectivity. The peak in absorption curve corresponds very well with the dip in reflection.
As mentioned earlier, whereas the absorption cannot be directly measured, the reflectivity can
be characterized directly by the FT-IR spectroscopic technique.

Figs. 6.27 and 6.28 show the simulated and measured reflectivity spectra. For both
polarizations (aligned with the DC or CC antennas) the simulated reflectivity matches very
well the measurement without any use of adjustable parameter. Frequencies of the dips
coincide and the shapes of the curves are similar. This result validates the model and the 3D

simulations we performed.

Reflectivity measurement, DC polarization
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Fig. 627: Comparison between simulated and measured reflectivity for DC polarization
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Reflectivity measurement, CC polarization
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Fig. 628 Comparison between simulated and measured reflectivity for CC polamizatio

6.2.1.2 Electromagnetic coupling between ROIC and FPA

Prototypes of 320x240 microbolometer arrays processed over a CMOS ROIC have also
been characterized with reflectivity measurements. The CMOS ROIC structure has been
described in chapter 4. We remind here that the ROIC upper stack includes a very complex
structure with 6 metal strip layers. In an ideal case, the ROIC structure should not have an
affect on the electromagnetic response of the array of detector as explained in chapter 4. We
will see in this section, through tests of the THEDEX chip, that the ROIC does have an affect
on the response of the FPA due to the patterned reflector level.

‘Historically’, the 320x240 FPA equipped with a CMOS ROIC has been measured
before the 160x120 pixel array processed above a Si wafer with no integrated circuit. This
choice was motivated by the fact that the area of the FPA in the former case is 16%12 mm
whereas the latter surface is 8x6 A large area facilitates reflectivity measurements,
especially at frequencies below 1 THz since the signal to noise ratio is enhanced.

The measured reflectivity of the FPA processed above a CMOS ROIC -presented in
Figs. 6.29 and 6.30 - is quite different from the simulated curve. It comes out that the read-out
circuit below the reflector has an effect on the FPA structure absorption.

Mismatch between measured and simulated reflectivity due
to CMOS ROIC, DC polarization
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Fig. 6.29:Mismatch between measured and simulated reflectivities, DC polarization.
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Mismatch between measured and simulated reflectivity due
to CMOS ROIC, CC polarization
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Fig. 6.30: Mismatch between measured and simulated reflectivities, CC polarization.

For the DC polarization, the reflectivity is very different from the expected value. The
high reflecting region in the range 38B8THz has disappeared. Also, the reflectivity curve
exhibits some oscillations and not just a reflection dip at 1.35 THz as in the case of
simulation. For CC polarization, reflectivity curves are similar, with the exception of a dip of
reflection at 0.6 THz.

The effect on the FPA response of the ROIC structure located below the metallic
reflector is revealed when we measure a simplified structure: the FPA with its bolometer
structure taken away (see Fig. 6.3Ihis structure is obtained by simply “peeling away” the
suspended membranes of the bolometers with a scotch-tape. The CC antenna that are directly
deposited on the Siubstrate remain as well as the St@vity, metallic reflector and ROIC
The study of this simplified structure has helped us in understanding some characteristics of
the measured reflectivity of the complete structure.

cc
Antenna

11 pum Si0,
substrate

Retlector

Fig. 6.31: Simplified structure: the suspended membrane is taken away by a-sqmch

As illustrated in Figs. 6.32 and 6.33, for the DC polarization, the spectral reflectivity of
two structures, with and without bolometer, is quite unchanged. For the CC polarization,
reflectivity with no bolometer exhibits the same dip of reflection at 0.6 THz. This observation
makes questionable the fact that the 0.6 THz reflection dip does come or not from absorption
by the bolometer suspended membrane. Actually the cavity cannot be responsible of this
absorption because the absorption index of its, &@terial is low in the THz range as
mentioned in chapter 4 and 5. One possible explanation is that the g@%4netallic patch
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reflector reflects poorly the low frequency radiation as mentioned in chapter 4, and thus the
THz wave can interact with the CMOS ROIC placed below the reflector.

From the above analysis, we have simulated the structure including the CMOS ROIC.
We remind that the ROIC upper structure is really complex with 6 metal layers. This
configuration makes 3D electromagnetic simulations difficult and results in limited precision.

Reflectivity of the FPA with & without bolometer,
DC polarization
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Fig. 6.32. Comparison between the reflectivity of the FPA with and without bdlembBC
polarization.

Reflectivity of the FPA with & without bolometer,
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Fig. 6.33: Comparison between the reflectivity of the FPA with and without bolon@e@r
polarization.

In Figs. 6.34 and 6.35, measured and simulated reflectivity curves of the surface of the
FPA processed above CMOS ROIC are plotted together. For the “simulation with ROIC”, 6
metal layers of the ROIC structure below the reflector have been meshed. We also plot the
simulation without ROIC, which has been already drawn in Figs. 6.29 and 6.30, in order to
demonstrate the effect of ROIC structure to the FPA reflectivity.

It is observed that the simulation with ROIC matches well the measurement. Regarding
the DC polarization, dips of reflection at 0.9 and 1.3 THz are quite precisely matching.
Although in the range 1.8 THz, measurement and simulation are not perfectly similar, they
share the same behavior of weak oscillations. In contrast, the simulation without ROIC does
not exhibit the reflection dip at 0.9 THz. Moreover in the range3LBHz, its reflectivity
curve does not show an oscillating behavior.
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For the CC polarization, both simulations predict well the reflection dip at 1.75 THz
observed experimentally. At 0.6 THz, simulation with ROIC and measurement reveal
correctly a dip, the small mismatch being due to the complexity of the CMOS structure. On
the contrary, simulation without ROIC does not exhibit this reflection dip close to 0.6 THz.

From the results of simulation and the reflectivity measurements of the FPA with and
without ROIC, we conclude that there exists an electromagnetic coupling of the incident THz
radiation with the CMOS ASIC that influences the FPA response. This means that the
“intrinsic response” of the detector structure presented in the last section is modified by the
ROIC located under the reflector. This phenomenon is not desirable because it is almost
uncontrollable or unpredictable by design. Moreover, in some case the ROIC is a commercial
product, and consequently its structure is completely uncontrolled or even unknown.

Reflectivity of the FPA equipped with ROIC, DC polarization
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Fig. 6.34: Comparison between the reflectivity of the FPA processed above CMCS RO
and without bolometer, DC polarization.

Reflectivity of the FPA equipped with ROIC, CC polarization
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Fig. 635 Comparison between the reflectivity of the FPA processed above CMCS RO
and without bolometer, CC polarization.

After observing the perturbation of the bolometer array reflectivity induced by the
underneath ROIC structure, let us examine its impact on absorption. In Figs. 6.36 and 6.37
simulated absorptions of the FPA bolometer with and without ROIC are compared for DC and
CC polarization, respectively. We should remind that the absorption of the bolometer in the
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FPA without ROIC is considered as the “intrinsic response” of the original bolometer design
and has been studied in the last section.

For the DC polarization, one can see that the ROIC presence results in a narrower
absorption peak at 1.35 THz. One interesting feature is that a small absorption peak at 0.85
THz appears. These two absorption peaks are well consistent with the dip in reflection
observed in Fig. 6.34. One can see that the magnitude of the absorption peak at 0.85 THz is
roughly half the quantityt— R( ).

For the CC polarization, the absorption of the original design is not impacted
significantly by the presence of the ROIC. One interesting feature is that even if thigoreflec
dip at 0.6 THz is very strong, the absorption curve exhibits just a minor bump. Apparently,
the energy of the incident wave has been dissipated by other mechanisms than the absorption
by the suspended membrane. By calculating the dielectric and conduction losses in each
structure element (detector integrating a CMOS ROIC), we easily determine that the
reflection dip close to 0.6 THz is due to the absorption by the metallic strips in the upper
layers of the ROIC.

Impact of ROIC on the absorption of bolometer,
DC polarization
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Fig. 6.36. Simulated spectral absorption of the THEDEX bolometer with and without the
ROIC structure, DC polarization.
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Fig. 6.37: Simulated spectral absorption of the THEDEX bolometer with and without the
ROIC structure, CC polarization.
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The electromagnetic coupling of the incident radiation downwards to the ROIC can be
effectively minimized or even suppressed by employing a large or monolithic continuous
metallic reflector, with the same size as the total FPA. In the former case, several bolometers
(3%3 pixels for example) may share the same reflector. In the later, the whole array of pixels
share the same reflector. As mentioned in chapter 4 the counterpart of this reflector
configuration is that short-circuits may happen between bolometers. One remedy with respect
to this risk is to increase the gap between the electrical vias and the reflector from 0.5 pm as
in the actual design up to 1 um or even more.

6.2.1.3 Reflectivity in infrared range

The reflectivity measurement and simulation of the bolometer over-#tfe o range
are presented in Fig. 6.38. The measurement shows that the FPA reflectivity with and without
ROIC exhibits the same behavior over this infrared range. This means that the ROIC structure
below reflector level does not interfere with the bolometer electromagnetic response. This
result is not surprising because the 49x49 um? pattern reflector is significantly larger than the
wavelength in the infrared range, so that the IR incident wave is correctly reflected by the
reflector. The evanescent wave (if any) that can pass through the array of reflectes gatch
very weak so that its interaction with the ROIC is negligible. Another phenomenon that
minimizes the effect of the ROIC on the detector IR absorption is the strong attenuation of
infrared flux when passing the 11-um thick Stvity.

Reflectivity measurement in infrared range
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Fig. 6.38: Comparison between measured and simulated reflectivity curves inrdnedhf
range, unpolarized light.

The measured reflectivity of the bolometer is quite low in the infrared range, mostly due
to the absorption of the Si@naterial as presented in chapter 5.

The simulation of the bolometer in the infrared range is quite challenging. In contrast to
simulations in THz, the structure dimensions are much larger than the infrared wavelengths.
This implies that the mesh nodes must be more numerous that for THz modeling in order to
ensure a precise result. Simulations of the complete 3D structure with the ROIC layers cannot
be performed due to the limited computer power. Only the simulation without ROIC has been
performed. This is not a big issue because as seen earlier, the ROIC influence in the IR range
is negligible.

The simulated reflectivity in Fig. 6.37 is in rough agreement with the measurement. The
simulation shows similar oscillating fringes at short wavelength. It also low reflectivity near
10 pm as measuremenfrom 12 to 25 um, the magnitude of simulated reflectivity is in the
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order of the one of the experimental data. These results validate the calculation of the
bolometer absorption in the infrared range presented in chapter 5.

6.2.2 Spectral response

The spectral absorption is a very important figure-of-merit of the imaging detector;
however the measurement of this parameter is still not well established in the THz range.
Reference [2] presents the measurement of spectral response of a horn-coupled bolometer, in
combination with the optical chain characteristics. In this case, the result mixes up the spectral
absorption of the detector with the characteristics of the optics, which is undesired. In our
work, we aim at extracting the spectral response of the detector itself.

6.2.2.1 Measurements at different spectral resolutions

Spectral absorption measurement, DC polarization
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Fig. 6.39: Measured spectral responses with different resolutions, DC polarization.

Spectral absorption measurement, CC polarization
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Fig. 640: Measured spectral responses with different resolutions, CC polarization.

The measured spectral absorptions of the bolometer for“4acm 8 crit resolutions
are compared with the simulation in Figs. 6.39 and 6.40 for DC and CC polarizations,
respectively. The resolutions 4 ¢rand 8 crit are equivalent to 120 and 240 GHz resolutions
in frequency.
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For the DC polarization, measurements show the same absorption peak as the simulated
one at 1.35 THz (see Fig. 6.39). The absorption peak recorded witf # ararrower. The
shapes of the absorption curve match well, showing an absorption dip in the 1.8~2 THz
region. Weak oscillations observed in the82THz range are smoothed when the record is
performed with a 8 cthresolution.

For the CC polarization, both measurements exhibit an absorption peak at 1.5 THz,
whereas simulated curve peaks rather at 1.75 THz. The'4resolution measurement also
exhibits some oscillations as seen for DC polarization.

6.2.2.2 Impact of the atmospheric attenuation

The optical setup implemented for spectral response measurement exhibits propagation
in atmosphere along a 15-cm path. In spite of this short length, the corresponding attenuation
of the THz wave radiation is considerable due to the high absorption of water vapor.

Transmission of atmosphere of 1 m path,
0.2 cm-1 resolution

0.8

Transmission

‘ T T ‘ : r
0.3 0.6 0.9 1.2 15 1.8 21 2.4 2.7 3
Frequency (THz)

Fig. 641: Transmission of atmosphere measured with 0.2 @solution.

The atmospheric transmission in the THz region shows transmission windows and many
strong absorption lines. The figure above shows an atmospheric transmission spectrum
measured with the FTS. The measurement is actually performed in laboratory environment, at
a temperature of 23~25C and a relative humidity of 50~60%. For the reference
measurement, the 26-cm long sample compartment is under vacuum. By performing
measurement after filling atmosphere into this compartment, we obtain the atmospheric
transmission for 26-cm path. The result is then calculated for 1 m distance by using the Beer-
Lambert law. The applied 0.2 ¢hmesolution is equivalent to 6 GHz in frequency.

For frequencies below 1 THz, the transmission is still good in windows centered at 670
GHz or 850 GHz. For the-B THz range, the atmospheric attenuation becomes severe and
tends to increase with frequency. One can see that, at 3 THz, the transmission is only ~1% in
comparison to ~98 % at 670 GHz.

Figures 6.42 and 6.43 show the measured absorption of the bolometer as well as the
transmission of a 15-cm path in air. The atmospheric transmission was measured with a 4 cm
! resolution, the same as the one applied for bolometer absorption measurement. Once again,
the 15-cm path atmospheric attenuation data are extracted from FTS measurement with
propagation through 26 cm path in the sample compartment thanks to the Beer-Lambert
formula.

A very good coherence is observed between several features of the atmospheric
transmission curve and the measured bolometer absorption. We can easily see that
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atmospheric attenuation creates oscillations in experimental absorption curves. Especially for
CC polarization, at 1.75 THz, the measured absorption undergoes a dip because of
atmospheric attenuation. This makes the measured absorption of the bolometer seems to have
a peak at 1.5 THz instead of 1.75 THz as the simulation.

Spectral absorption measurement, DC polarization
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Fig. 642 Impact of atmospheric attenuation on spectral response measurement, DC
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Spectral absorption measurement, CC polarization
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Fig. 643 Impact of atmospheric attenuation on spectral response measurement, CC

the 4 cnt resolution at the end of this section to summarize the measurements.
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A simple way of getting rid of the effect of air absorption is to divide the (initial)
absorption measurement by the atmospheric transmission. Both measurements are necessarily
performed with the same resolution. The results are presented in Figs. 6.42 and 6.43 for th
case of a 4 cthresolution for the DC and CC polarizations, respectively. The case of-8 cm
resolution is not shown here. However, the corrected spectra will be reported together with
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Spectral absorption measurement, DC polarization
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Fig. 644: Correction of atmospheric attenuation for DC polarization.

Spectral absorption measurement, CC polarization
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Fig. 645: Correction of atmospheric attenuation for CC polarization.

The correction of the curves, by removing the effect of the air absorption in the set up,
leads to a good agreement between modeling and measures. Most of the weak oscillating
features in the recorded data have been eliminated or strongly reduced. For the CC
polarization case, the absorption peak recorded at 1.5 THz was in fact narrowed by neighbor
water vapor absorption lines. Nevertheless, the experimental and calculated spectra do not
overlap perfectly. This is certainly due to some parameters that are not completely introduced
in the calculation: dimensions of the details of the structure, actual values of the material
parameters that, in situ, can be different from their bulk values, etc.

Figs. 6.44 and 6.45 summarize the measured spectral responses when corrected from
atmospheric absorption, together with the simulated absorptions for DC and CC polarizations,
respectively. The good matching observed between these curves consolidates the reflectivity
measurement presented in the last section.
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Spectral absorption measurement, DC polarization
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Fig. 646 Simulated and measured spectral response for DC polarization with different
resolutions.

Spectral absorption measurement, CC polarization
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Fig. 647. Simulated and measured spectral response for CC polarization with different
resolutions.

6.3 Other figures of merit

6.3.1 Thermal conductance and response time

Thermal conductance,, and response time, have been measured by the CEA-Leti

team. Here we report the results of these characterizations to complete the presentation of
THz bolometer performances.

Thermal conductanceg,, of bolometers having the same design can lightly vary from

one batch to another. For example, actual thermal leg width and thickness can vary because of
the limited precision of photo-lithographic etching. So the measured thermal conductance is
generally expressed within a range instead of giving a single value.

The measured total thermal conductance of the THEDEX bolometer is in the range
12.3-13.9 nW/K at room temperature (25°C), which shows a deviation of ~14% in
comparison to computed value (1:418.2 nW/K, cf. chapter 5). As mentioned earlier in chap
3, specific thermal conductivity of thin film is different from bulk value and quite sensitive to
the deposition processes. The thermal conductance modeling employs thermal conductivity
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data from literature, not measured data of each bolometer. Thus, it is difficult to calculate
precisely the bolometer thermal conductance. The modeling can ensure a precision of about
10-20 %. This does not cause a significant problem for bolometer designing since its thermal
conductance can be adjusted during manufacturing.

Regarding the thermal time constant, experimental characterizationsr,give the

range 4750 ms also depending on each detector batch. This value range is higher than the
computed one, 38:84.2 ms. It is reminded that:

Tih = Cth/gtotal' (6.19)

Because the time constant and the thermal conductance are related through equation 6.14, an
over-estimation in thermal conductance will lead to an under-estimation of the time constant.
However, this does not change the trade-off between the thermal isolation and response time
of the bolometer, which depends only on the heat capacity.

This relation (6.14) makes possible the determination of the bolometer heat capacity C
that is less sensitive to technological manufacturing drifts than the thermal conductance. It
should recall that specific heat capacity does not vary considerably between thin-film and

bulk value. For a bolometer with, = 47.3 ms andga = 13.3 nW/K (measured values), the
corresponding heat capacity ig, G 629 pJ/K, a value very close to the calculated 627 pJ/K.

With a thermal time constant close to 50 ms, the bolometer THEDEX can perform
video at the frame rate:

1 1

f p—t p—t
ram e 3r,  3x50x10°

=6.7Hz. (6.15)

6.3.2 Responsivity and sensitivity measurement

This section describes briefly the responsivity and sensitivity characterizations. More
details can be found in [3].

6.3.2.1 Experiment setup

One of the experimental arrangements used during this study is shown in Fig. 6.46. It
includes a THz-Quantum Cascade Laser source housed in a helium circulation cryostat. The
QCL beam is first collimated by a 3’ f/1 off-axis parabolic mirror (OAPM), and a second
OAPM focuses the beam onto the THz focal plane array (FPA). This array is integrated in a
vacuum vessel dynamically pumped by a turbo-molecular pump. This vessel encompasses
electrical interfaces from the FPA to the external electronics (bias, clocks, AD converter).
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Fig. 648 a) Photo of the experiment setup and b) optical scheme of the experimen

The QCL design is based on a bouad:ontinuum active region [4]. It delivers a 15-
mW peak power beam at 2.4 THz. When the laser chip is mounted in the cryostat, some
mounting imperfections can make the laser chip slightly inclined in regards to the horizontal
plane (the plane of reflection). Hence we used a wire grid polarizer to ensure that the linear
polarized QCL beam is properly oriented with respect to the bolometer antennas. For this
measurement, the TM polarization (the electric field is in the plane of reflection) is chosen: it
corresponds to the CC polarization.

Power measurement of incident beam
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Fig. 649: Measured power of the QCL laser versus the QCL duty-cycle.

The THz powerR,,, is measured with a Golay cell power-meter for different QCL duty
cycles. As expectedR,,, increases linearly with the duty cycle (Fig. 6.49). By varying the

duty cycle, we can control the power of the THz beam to match it with the dynamic range of
the THz-FPA under test.

6.3.2.2 Responsivity & sensitivity of detector

An image of the QCL beam, shown in Fig. 6.50, was acquired for a measured total THz
power of 24.3 uW impinging on the FPA.
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Fig. 650: 2.4 THz QCL beam imaged by the Thedex array.

The integrated value of the signal, induced by the QCL beam and delivered by the FPA,
equals 143.5 V which leads to a mean experimental responsiyity R

1435V
24,3,

Rexp ~ 59 MV/W. (6.16)

The measured total RMS voltage noise that includes contributions of the ROIC and
digitizing chain isV, ...=400 pV rms. This voltage corresponds to the one delivered by a

single pixel when illuminated with a 67.8-pW THz beam. From these values, the NEP is
evaluated as 1 pW/\VHz (see [3] for more details of the calculation). The FPA dynamic range
is close to 74 dB.

This NEP is in fact limited by the not-optimized CMOS ROIC with respect to the
thermometer resistance values. Originally, the targeted THEDEX bolometer resistance was
500 kQ and the read-out circuit has been optimized for this value. However, due to some
technological issues, a value of 2.5 MQ has been obtained. Considering that the same voltage
is applied by the ROIC at the resistance outputs, the current going through 2.5 MQ is of
course 5Siines lower than through 500 kQ. Since the sensitivity is inversely proportional to
the current (see chapter 2), the sensitivity is degraded considerably by this resistance
mismatch.

The resistance mismatch between bolometer and ROIC is not a considerable problem. A
simple solution is grouping an array of 2x2 pixels in a parallel electric scheme so that the
resistance equivalent is reduced to 600 kQ, instead of the single pixel value of 2.5 MQ.

6.4 Examples of THz active imaging with the antenna-
coupled bolometer FPA

6.4.1 Raster scanning imaging

Fig. 6.51 shows a raster scanning optical set-up and the THz image of a plant leaf
obtained with the bolometer FPA. The beam of a 2.4 THz-QCL was focused on a limited spot
of the leaf and the amplitude of the total transmitted signal was recorded whereas the leaf was
translated along the normal plane to the incident radiation. This THz image of the leaf reveals
the spatial distribution of water inside the leaf.
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Fig. 651: a) Optical setup of raster scanning imaging and b) THz image aftl@af THz.

THz images of a plant leaf in transmission scheme have been already published by
several teams (for example [5] or [6]). These demonstrations are usually performed in the
lower spectral part of the THz domain, i.e. below 1 THz, to exploit the high THz transmission
of the leaf in this range. Also, the optical beam is modulated by a chopper and thus a
synchronous detection is performed in order to get a better signal to noise ratio. In our case,
the image is at 2.4 THz and is retrieved without the synchronous detection. The quality of the
image recorded with the THEDEX array is found to be comparable with published results.

6.4.2 Real-time imaging with 320%240 pixel array

Fig. 652 a) Optical setup and b) THz image taken from a video sequence.

A video sequence has been acquired with the use of a very simple optical setup, shown
in Fig. 6.52. The sample is a couple of scissors hidden in a postal envelop. With this optical
setup, the image of 5x5 énfield of view can be acquired without raster scanning. This
illustrates the application potentiality of the focal plane micro-bolometers array, especially the
capability of imaging a large field of view.
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6.5 Summary

In this chapter, we have presented the techniques developed for the characterization of
the optical coupling. Up to our knowledge, measurement of optical coupling (reflectivity and
spectral response) of THz sensors is still not well established, probably due to the limited
available instruments for THz characterization and to the difficulty of getting absolute values.
In this PhD thesis, both reflectivity and spectral absorption were characterized. The
experimental results are found to be in good agreement with the simulations. This validates
our bolometer model and makes us confident in our ability to optimize the design of detector.

The reflectivity measurement ensures a very good accuracy and can give the absolute
value without normalization. Moreover, the measurement is performed under vacuum and
consequently is not disturbed by any varying atmospheric condition. However, this
measurement approach requires a large area of sensitive pixels. In our case, the smallest array
is composed of 160x120 pixels, which occupies an area of 8x6 With this area, the
measurement can still ensure a good signal to noise ratio.

The spectral absorption is a very important figure-of-merit of the detector. However, it
is also very difficult to characterize. This information is contained in the spectral response
measurement, which usually mixes up the absorption of the detector with the optics (source,
filter, lens, etc.) characteristics. To extract only the spectral absorption of the detector itself,
the (total) spectral response must be calibrated. The result of our measurement matches well
with the simulation, which validates the precision of the calibration process.

It should be noted that some other works in literature, such as [6] and [7], also have
reported spectral response measurements. The spectra were obtained by simply sweeping the
frequency of the source (dispersive spectroscopic technique). The results are however poorly
detailed: calibration and simulation are not mentioned. Reference [2] has used the FTIR
technique to measure the spectral response of a horn-coupled bolometer. The result, however,
is not calibrated. Thus it is difficult to know precisely the absorption of the detector itself.

We also presented other important measured figures of merit. The measured heat
capacity of the bolometer is found to be in good agreement with the calculation. This
parameter is very meaningful because it figures out the trade-off between the response time
and the thermal isolation (thus, sensitivity) of the bolometer. This trade-off has been discussed
for each bolometer design in chapter 5. The measured thermal conductance is in the range
12.3-13.9 nW/K, which is at the level of the state-of-the-art of uncooled infrared bolometers.
The thermal time constant lies in the range507ms. This value constitutes a performance
degradation when compared to ~10 ms of infrared bolometers. This is due to the large size of
the membrane of the THz bolometer, leading to a large heat capacity. Some designs presented
in chapter 5 should remedy to this slower response.

Regarding the sensitivity, the measured NEP of the THEDEX bolometer is ~ 68 pW at
2.4 THz and the NEP per bandwidth unit is 1 pW/VHz. Some recent improvements [8] have
increased the sensitivity of the THz bolometer to a NEP of 30 pW. This result is comparable
with the THz bolometer of NEC-Japan, which reports a measured NEP of 41 pW at 3.1 THz
[9]. However, it should be noted that the NEC bolometer is issued directly from the infrared
bolometer with very small modification. Thus the spectral absorption decreases dramatically
when the frequency decreases. Consequently, the sensitivity of this detector is very poor at
lower frequencies. For instance, at 1.1 THz, the NEC bolometer has a measured NEP of 2
nW, larger by a factor of ~50 when compared to the sensitivity at 3.1 THz. Our THEDEX
bolometer exhibits a 47 % absorption at 1.1 THz, in the same order as at 2.4 THz. Therefore,
the NEP of our detector is kept to be the same as at 2.4 THz, i.e. around 68 pW.
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Finally, some demonstrations of imaging and video records have been performed with
the 320x40 bolometer array.
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Chapter 7  General conclusion

7.1 General summary

The main objective of this PhD thesis is to establish electromagnetic models of
bolometer-based terahertz imagers that bring better understanding of the electromagnetic
behavior of these sensors and can be used for forthcoming new designs of focal plane arrays.

To fulfill this aim, the thesis work was first particularly focused on the study of the
optical coupling of an existing bolometer design, named THEDEX, which consists in THz
antenna-coupled bolometer operating at room temperature. Two types of 3D electromagnetic
simulation have been performed. The modeled spectral absorptions are well matched and the
combination of these two simulation approaches leads to a powerful toolset to design terahertz
bolometer. Regarding experimental work, measurement procedures have been developed and
performed with the use of a Fourier-Transform spectrometer. Thanks to these procedures, the
reflectivity of the focal plane array and its spectral response can be characterized.
Experimental results were found to be in good agreement with simulated data. These
achievements have given better understanding of the behavior of the actual detector THEDEX
design. On the basis of these results, some ways of sensitivity enhancements have been
identified and designs of bolometer operating at different frequencies (for example at the
lower frequency 850 GHz) have been proposed. This latter design opens the perspective of
using bolometer for terahertz imaging in atmospheric transmission windows below 1THs that
are more favorable for stand-off distance imaging.

In a more detailed description, the first study was dedicated to THz optical coupling of
the existing infrared bolometer structure. The theoretical model based on thin film absorbing
multilayer model has been examined. In particular, the role of the quarter-wavelength cavity
in the optical coupling has been carefully examined with 3D electromagnetic simulation. We
have demonstrated that the infrared bolometer stack cannot provide a high absorption rate in
the low frequency terahertz range, especially for 3 THz. For the high frequency part of

the range [5- 10 THz] the infrared stack can be moderately efficiently used. Especially the
sensitivity can be enhanced by the adjustment of the absorber layer sheet resistance from 300
Q/o to 50 Q/ao: optical absorption close to ~ 50 % can be reached, a result that is consistent

with NEC results (Japan). The main feature that degrades the absorption of this infrared
bolometer stack in the terahertz range comes from the mismatch of the quarter-wavelength
cavity thickness (i.e. 2 um) with respect to the THz wavelengths. CEA-Leti has proposed an
innovative terahertz bolometer design where in particular ajnil ikick substrate of SiO;
combined with an air gap of 2 pm quarter-wavelength plays the role of quarter-wavelength
cavity. This stack improves significantly the optical coupling efficiency especiallyf fo3

THz.

Another specific feature of the CEA-Leti THz bolometer THEDEX design stands in the
use of resistively loaded antennas to collect the terahertz radiation. This approach differs
clearly from the large absorbing film deposited on the bolometer suspended membrane of
standard infrared bolometers. This film consists in a TiN resistive sheet that absorbs radiation
by conduction loss mechanism. This Joule loss is spatially distributed on the whole absorbing
film surface. In contrast, the resistively loaded antennas of the THEDEX design encompass
two parts, conductive antennas and resistive loads. The antenna itself is made from high
conductive metal and is thick enough so that the conduction loss at the antenna is very small.
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The following performances parameters have been studied in details either
experimentally and with modeling: absorption efficiencies in the terahertz and infrared
ranges, polarization.

The absorbing film has been modeled is in receiving mode. In this mode, the whole
detector is passive. The pixel is modeled according to a Floquet-port formalism where the
upper plane integrates the excitation plane. The optical characteristic of the detecta such a
the absorption or reflectivity is calculated by solving the electromagnetic field distribution in
the structure.

For the resistively loaded antenna approach, the receiving mode can also be used. The
parameters calculated by the means of this approach, especially the absorption, contain only
the amplitude information, not the phase. However, for antenna design study, the phase
information is very important because it determines precisely the frequency range over which
the antenna operates efficiently. In particular, the knowledge of the antenna impedance
facilitates the impedance matching study.

Hence, for the antenna-coupled design, in addition to the receiving mode, we have used
the transmitting mode simulation. This simulation implies that the resistive film layer is
replaced by a lumped-port where a uniform current distribution is applied. When the load is
small enough in comparison to the wavelength, the current is modeled as exhibiting uniform
distribution. Periodic boundary conditions are applied to take into account the 2D array
distribution of the pixels.

The results of simulations obtained from receiving and transmitting modes show a good
consistency. The THEDEX design bolometer exhibits an absorption peak at 1.35 THz for DC
polarization and 1.75 THz for CC polarization. A good absorption rate is found, better than 80
% at the resonant frequencies. The thermal characteristics of the bolometer have also been
calculated to compare antenna-coupled design with traditional absorbing film design. We
have found that the heat capacity is significantly by the addition of metallic antenna layers on
the suspended membrane.

An innovative design named Bambolo has been proposed to ensure a good absorption in
the range [2.5 3 THz] while having a reduced heat capacity (365 pJ/K when compared to the
value 627 pJ/K for THEDEX), by a factor of 42 %. Another important characteristic of the
Bambolo design is that it ensures a very low absorption in infrared range (9 % to compare to
30 % for THEDEX).

At frequency below 1 THz, the THEDEX bolometer design would require a thicker
cavity than 11lum. Such thickness increase is very challenging due to the technological
keylocks. The use of frequency selective surface (FSS) in the bolometer structure has been
proposed to keep cavity thickness unchanged and efficient absorption at frequencies smaller
than 1THz. For example, such implementation in a 50um pitch bolometer design at 850 GHz
shows good results. The maintenance of 50um pixel pitch ang &gty thickness is
ensured so that mechanical robustness but also small thermal constant needs are ensured.

Regarding the experimental thesis work, two measurement methods have been
developed and applied to THEDEX focal plane array prototypes (320 x 240 pixels or 160 x
120 pixels). In the first method, the spectral reflectivity of the FPA surface is characterized.
Measurements have been performed for each polarization in the range B.GHz].
Experimental results are in good agreement with simulations. Dips in reflection at 1.35 THz
for DC polarization and 1.75 THz are well confirmed. The absolute value of this measurement
helps us in determining the reflection value without any parameter adjustment.
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The second method consists in the measurement of the detector spectral response. We
should emphasize that the result has been calibrated and normalized so that the absorption
information of the detector itself is extracted. Spectral responses have been measured for each
polarization in the range [0-9 3 THz]: the absorption peaks are matching the values found
with reflectivity measurements.

Some other figures of merit, such as the thermal characteristic or the sensibility are
reported to give a global vision of the detector performance. At 2.4 THz the measured NEP of
one THEDEX design bolometer is $8 and the NEP per bandwidth unit is 1 pW/\VHz. It
should be noted that although the measurement is performed at 2.4 THz, the result can be
deduced for other frequency provided that the absorption is known precisely. Some other
modified version of THEDEX bolometer has attained a NEP of 30 pW because the absorption
at 2.4 THz had been improved to ~80 % instead of ~50 % initially. Finally, some imaging
demonstrations have been presented to show the real-time imaging the detector in the
application phase.

7.2 Perspectives

The electromagnetic models established by this PhD work will facilitate the design of
future innovative bolometers. The developed measurement methods, especially the spectral
response, will provide an important experimental tool to validate the simulations. Therefore,
this PhD work has generated important tool to study the optical coupling of the bolometer.
However, the development of the terahertz bolometer still requires more research to improve
the performance and applicability to real-life use. Here we state some of those.

Enhanced sensitivity in the 1-3.5THz

Some additional studies should be carried out to keep on enhancing the detector
sensitivity. For example binning of pixels read out by a unique electronic chain is envisaged.
The use of thermometer materials better than amorphous silicon is under study.

Theses future work will aim at proposing improved uncooled FPAs for spectro-imaging
where applications need to image objetiough obstacles (like paper, clothes...) and to
identify its chemical compositions (drugs, biological agents...).

Bolometer at low frequency (670 & 850 GHz)

Design of 850 GHz bolometer structure is to be manufactured. The simulated absorption
is about 80 % thus the bolometer should ensure a NEP of ~ 30 pW as with the THEDEX
design. This range of NEP is far better than other kind of uncooled detector, such as
transijtor-based detector or Schottky diode, which has the NEP per bandwidth in the range of
~nW/vHz.

The absorption frequency of the bolometer may be further decreased by thénigde of
impedance surface(HIS). The high impedance surface concept goes further the FSS by the
fact that at the range of frequency of interest, not only the incident and reflected wave are in
phase but also the structure suppresses the surface current. This is fulfilled by presenting a
conductive via between the FSS and the back surface. When two surfaces are linked together,
the combined structure has impedance of the parallel resonant circuit of the elementary cell.
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Fig. 7.1: FSS transformed to HIS structure by connecting the via to patch and reflector

Hence, the resonnant frequency of the HIS structure can be even lower than for FSS
structure. Thus, with this combination, 670 GHz bolometer design with tipn5ftch and
11um SiO; cavity is achievable.

These bolometer designs operating at frequency below 1THz are very promising for
stand-off imaging where low-cost system is needed. Indeed in this frequency range, the
atmospheric and cloths or other dielectric material attenuations are lower than above 1 THz.
So uncooled reduced cost sources can be combined with the uncooled THz bolometer sensors
to fulfill large volume market.
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