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Preface

Although the Infrared region covers a very small fraction of the full electromagnetic
spectrum, the importance of the region has led to a vast amount of publications
covering detectors,emitters and applications in this region. From Astronomy to
Zoology Infrared detectors are used in various different fields. Started as a niche field
for the defense industry, now it has usefull applications in medicine, home land
security, environmental, industry to name a few. Far infrared or terahertz region is
becoming more and more important due to the ability to pass through clothes and
other material without damaging living cells. Replacing the X-ray scanners at the
airports with T- Ray scanners (terahertz) has already begun in ernst. Sir Frederick
William Herschel, an astronomer discovered infrared by accident in 1800. Infra which
means “beyond” ,was used to name the rays which was not visible to the naked eye
but heated the thermometers placed beyond the red light region of the spectrum. His
four publications in Transactions of Royal Society ( London) Volume 90, Pt 11 (pages
255, 284, 293, 437) in 1800 provided details of his experiments which led to the
discovery of Infrared radiation. Detecting infrared rays has been studied for a long
time. In general, the detection is done by converting the infrared rays in to a current.
This is done mainly in two different ways, one is due to an electronic transition, that is
an excitation of a carrier from one energy level to the other by absorbing the infrared
photon energy. When the excited carrier gets collected recorded as a current, an
intrinsically fast photon detector is developed. The absorbed photons will have a
quantized photon energy giving rise to a spectrum of the detector. By absorbing
infrared (heat) if a property of the material such as the resistivity is changed, then a
change in the current can be observed under a bias voltage. This current change will
give rise to a thermal detector which does not differentiate the photon energy in the
incoming infrared photon. The thermal detectors usually respond in time scales very
much slower than photon detectors.

There are large number of books and book chapters written on photon detectors,
however, a very limited number of publications discuss thermal detectors. E. Scott
Barr in an article published in American Journal of Physics Vol. 28(1), Pp 42-54 in 1960
presented a historical survey of the early development of the infrared spectral region.
In early 90s, intersubband transition related infrared detectors, specifically quantum
well infrared photodetectors (QWIPs) came into existence. World Scientific publication
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“The Physics of Quantum Well Infrared Photodetectors” , by K.K. Choi in 1997, gives
an in depth description of the Physics of QWIPs . Semiconductor optical and Electro
Optical Devices” second of a five volume “Hand book of Thin Film Devices” edited by
M. H. Francombe, A. G. Unil Perera and H.C. Liu discuss several types of thin film
based infrared detectors. Another world scientific publication “Intersubband Infrared
Photodetecors” by V. Ryzhii in 2003 covers several other Infrared Detectors. Published
in 2011, semiconductors and semimetals series Vol. 84 edited by S.D. Gunapala, D. R.

"

Rhiger and C. Jagadish covers several types of infrared detectors in “ Advances in
Infrared Photodetectors.” An Elsevier publication in 2011, “Comprehensive
Semiconductor Science and Technology (sixth of a nine-volume set)” edited by P.

Bhattacharya, discuss various types of infrared and terahertz detectors.

Somehow, only very few chapters are about bolometers in those publications. Ward
and Wormster in an article “Description and properties of Various Thermal Detectors”
published in proceedings of the IRE Vol. 47, PP 1508-1513, 1959 presented an account
of early thermal detectors. Chapter 5 of the Antoni Rogalski’s book “Infrared detectors’
was devoted to Bolometers, which was published in 2000 by CRC Press.

Hence it is timely to have a book devoted to bolometers to be published. This book
consists of three sections, (i) Bolometer Materials, (ii) Types and Properties and (iii)
Applications and Trends. The first section has two chapters describing bolometer
materials. The second section chapters 3-5, describe nosie properties of miniature
bolometers and different types of bolometers. The third section consisting of chapters
6 to 8 describes the applications and trends in bolometer research.

In the first chapter written by Henry H. Radamson (KTH Royal Institute of
Technology, Sweeden) and Kolahdouz (University of Tehran, Iran) discuss the benefits
and the drawbacks of group IV materials as thermistor material in bolometers.
Multiple quantum well, multiple quantum dot and schottky barrier structures are
discussed as bolometers. Mario Moreno and co-workers (National Institute of
Astrophysics, Optics and Electronics, and Universidad Autonoma de Ciudad Juarez,
Mexico) discuss micro-bolometers with amorphous germanium-silicon (a-GexSiy:H)
films operating at room temperature in the second chapter.

Miniature bolometers allow high speed operation, requiring broader bandwidths
which in turn change the noise properties. Béla Szentpali (Hungarian Academy of
Sciences,) in chapter three describe the noise limitations in miniature bolometers
giving rise to performance limits. Leonid Kuzmin (Chalmers University, Sweeden)
describes Cold-Electron Bolometers in the fourth chapter. Dr. Liu Lei (University of
Notre Dame, USA) in chapter five describe hot electron Bolometers and the use of
those as remote sensors for the terahertz region.

In chapter six, Y.M. Meziani group (Universidad de Salamanca, Spain), K. Fobelets
(Imperial College, UK) and W. Knap (Université Montpellier, France) report on the
detection of terahertz radiations by plasma wave oscillations in strained Si/SiGe n-
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MODFETs transistors. Chapter seven from Kumudni Tahiliani & Ratneshwar Jha
(Institute for Plasma Research, India) describes bolomters for plasma diagnostics. Last
but not least, chapter eight presented by Denoual Matthieu and co-workers
(University of Rennes, France) discuss a monolithically integrated, futuristic smart
bolometer.

We hope that this book will fill the need for bolometer publications and will be useful
for engineers and scientists interested in learning about or developing bolometers. In
addition this can be used as a text book for Physics and Engineering advanced
undergraduate and graduate students interested in learning about infrared detectors.

Prof. A. G. Unil Perera

Department of Physics and Astronomy,
Georgia State University, Atlanta,

USA
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1. Introduction

Infrared (IR) imaging has absorbed a large attention during the last two decades due to its
application in both civil and military applications (Per Ericsson et al., 2010; Lapadatu et al.,
2010; Sood et al., 2010). Thermal detector is presently revolutionizing the IR technology field
and it is expected to expand the market for cameras. These detectors are micro-bolometers
and are manufactured through micro-maching of a thermistor material. Since these
detectors demand no cryogenic cooling, they provide the opportunity for producing
compact, light-weight, and potentially low-cost cameras. The preferred functioning
wavelength regions for these detectors are usually 8-12 pm due to the high transparency of
the atmosphere in these regions.

Micro-bolometers function through absorption of infrared radiation on a cap layer which
warms the bolometer’s body and raises the temperature. This temperature change is sensed
by a thermistor material integrated in the bolometer, i.e. a a material whose resistivity
changes with temperature variation. The whole detector body consists of a thin membrane
which is thermally isolated and is fastened to the wafer via two thin legs. The legs are
connected to a CMOS-based read-out integrated circuit (ROIC). A thin oxide or nitride layer
is deposited to ensure the stability of the legs in contact to the ROIC body (see Fig. 1). The
whole detector is vacuum encapsulated to reduce effectively the thermal conductance.
Signal processing is obtained and multiplexing electronics (CMOS) is integrated within the
silicon substrate. All the membranes are in form of pixels which are bonded to a read-out
circuit to amplify the generated signal (Kvistergy et al., 2007; J. Kdllhammer et al., 2006; F.
Niklaus, Kélvesten, & G. Stemme, 2001; F. Niklaus, Vieider, & Jakobsen, 2007).

This chapter will present the benefits and drawbacks of group IV thermistor materials in
bolometers. The proposed structures are composed of multi-quantum wells (MQWs) or dots
(MQDs), structures of Si(C) (barrier)/SiGe(C) (quantum well layer) and their combination
with a Schottky diode.
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1.1 Thermal detectors

A detector may be simply represented by a thermal capacitance Cy, coupled via the thermal
conductance Gy, to a heat sink at the constant temperature T. When the detector is exposed
to radiation, the temperature variation can be calculated through the heat balance equation.
For any thermistor material assuming periodic radiant power, temperature variation is
given by (Kruse, McGlauchlin, & McQuistan, 1962; Smith, Jones, & Chasmar, 1968):

ed,

AT=———2——
(G%h + UJZC?h )%

@)

where AT is the optically induced temperature variation due to the incident radiation ®
(Doexp(int)) and e is the emissivity of the detector. The usual procedure employed in
bolometer detectors to achieve a good IR absorption is depositing a transparent thin metallic
film on top of the device. Free electron absorption in metal films guarantees the absorption
of about 50% of the incident IR radiation (Liddiard, 1984). In order to further enhance
infrared absorbance, a resonant cavity is employed in the detector structure. The resonant
cavity involves an absorbing membrane suspended at a distance d above the cavity reflector
metal. The resonant absorbance peaks correspond to the condition for minimum reflectance.
The three resonance absorbance peaks are A/4, 3\/4 and 5\/4 in the LWIR spectral band
(Schimert et al., 2008).

A more practical design for a bolometer with high performance is to create the cavity within
the sensor membrane itself. In this case, a reflective area is (a mirror-like) deposited on the
bottom side of the bolometer membrane (Per Ericsson et al., 2010).

The LWIR radiation is within 8-12 pm wavelength region and the maximum absorption is
obtained when the total bolometer membrane thickness of suspended membrane including
the absorbant cap layer, thermistor material and the reflector layer is ~2-3 pm. This
thickness is a rough estimation since the semiconductor thermistor material consists of a
multilayer (e.g. Si/SiGe) structure. Thus, the final optimized membrane thickness has to be
obtained by optical simulations considering the optical properties of all layers.

Absorbing layer  * _, /a
si(c) / siGe(C) stack

Metal Contact

Thin oxide/nitride \

Reflector L.
Read Out Integrated Circuit (ROIC)

Fig. 1. A schematic cross-section of a bolometer pixel for an optimal absorption.
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It is worth mentioning here that for a bolometer, the membrane thickness will affect not only
the optical properties, but also the bolometer mass and the electrical resistance. Therefore, it
is important to take into account both optical and electrical factors when performing the
calculations.

In order to increase the temperature response of the detector, the thermal capacity of the
detector (Cth) and the thermal coupling to its surroundings (Gth) must be as small as
possible. The thermal contacts of the detector with surroundings should be reduced while
the interaction with the incident beam must be optimized. In practice, the detectors are
vacuum encapsulated to become thermally isolated. The thermal response time (tth) for
such a detector can be written as:

C
T = Gith =Cy Ry 2
th

The typical response time for a thermal detector is in millisecond range which is longer than
that of photon detectors (microsecond range). Eq.1 can then be rewritten as:

DRy,

(1 + a)zz'ﬁ1 )%

AT = ©)

This means that the detector sensitivity is higher for lower frequency range. The voltage
responsivity of the detector is given by the ratio of the output voltage signal (V;) to the input
radiation power (®):

_V, _KAT

o, @, “)

4
where the generated output voltage is assumed to be linearly proportional to the
temperature difference and K is linearly dependent on the thermistor TCR value.
Substituting eq.3 in eq.4 results in the following equation (Liddiard, 1984):

Ry = Ve — ‘0!‘ LRyR; &Ry, 5)

1
(R, +R,) (1+ 072, )A

It can be deduced from the final expression that at low frequencies (w<<1/7), the
responsivity is proportional to the thermal resistance of the detector (Rs) and not the
thermal capacitance. This is exactly the opposite at high frequencies. As the operating
frequency increases beyond the cut-off frequency (f = 1/2mr) the responsivity of the detector
rapidly declines. Thus, good responsivity can be achieved by using a high TCR thermistor
which is a characteristic of semiconductors rather than metals, and by minimizing Gu
through a good thermal isolation of the bolometer.

Thus designing a high quality IR camera is not an easy task and many other parameters and
issues e.g. thermistor material choice, costs and feasibility have to be well thought of.
Meanwhile a more physical discussion for bolometers should cover the wavelength
dependence of the interaction between the optical absorption and the bolometer mass, and
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the black body radiance. A more interpretable image of a resistive bolometer can be
expressed by the noise equivalent temperature difference (NETD) as follows (Frank Niklaus,
Decharat, Jansson, & Goran Stemme, 2008):

]
4F°CVy (1+ 07, )A
NETD =

Tth ubias TCR”Abala ST . J-ll¢(Z’)g(ﬂ’)L(ﬂ’rTubj)d/1
oY)

where A is the wavelength and T the object temperature, L the black body radiance, € the
bolometer absorption, ¢ the wavelength dependent transmission of the optical system, TCR
the temperature coefficient of resistance, Upias bias voltage applied to the thermistor, t the
thermal time constant of the membrane, o the image modulation frequency, Vn the RMS
noise voltage, F is the f-number of the optical system, and C the heat capacity of the
membrane.

This expression indicates that the thickness cannot be freely adjusted to obtain the optical
\/4 cavity and a larger C increases the NETD.

1.2 Figures of merit for thermistor materials

The figures of merit for a thermistor are temperature coefficient of resistance (TCR) and
signal noise level. Today, commonly used thermistor materials such as vanadium oxide
(VOy), amorphous, and polycrystalline semiconductors demonstrate moderate noise levels
and TCR values around 2%-4% (Lv, Hu, Wu, & Liu, 2007, Moreno, Kosarev, Torres, &
Ambrosio, 2007). Recent studies have proposed single crystalline (sc) SiGe as a thermistor
material (Di Benedetto, Kolahdouz, Malm, Ostling, & H. H. Radamson, 2009; Vieider et al.,
2007; S. Wissmar, H. Radamson, Kolahdouz, & J. Y. Andersson, 2008) demonstrating a high
signal-to-noise level. This has been achieved by high epitaxial quality and smooth interfaces
between the Si and SiGe layers. The simulations of the fully strained SiGe/Si quantum well
structure indicate that the TCR performance can be improved to 6%-8% for 70%-100% Ge in
sc-SiGe layers. Although these predicted values for sc-SiGeseem to be outstanding, but so
far no experimental data have confirmed the theoretical calculations. One obstacle to
overcome is the strain relaxation of the epitaxial SiGe layers which results in surface
roughness (Di Benedetto et al., 2009). Since the properties of this thermistor material is
improved by increasing the Ge content, producing a high quality SiGe with high Ge content
(>35%) is a challenging effort.

1.3 Temperature response and sensitivity

The intrinsic part of a bolometer consists of the “thermistor” material. This part responds to
temperature variations which result in resistivity changes. The criteria for an ideal thermistor
material can be addressed as follows (Schimert et al., 2008): 1) a high temperature coefficient of
resistance (TCR); 2) a high signal-to-noise ratio (SNR); 3) a sufficiently low thermal response
time constant which leads to a high responsivity; 4) the ability to form a thermally isolated
optical cavity from the material; 5) the mature material growth technology that is compatible
with integration on a substrate containing the VLSI signal processing functions; and 6) the
possibility to manipulate a wide range of bolometer resistance.
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Temperature Coefficient of Resistance for a thermistor material is the parameter used to
quantify the temperature sensitivity and it is defined as (Di Benedetto et al., 2009):

1 OR(T) -1
=———[K

SR 7)
The resistivity is the exponential function of thermal activation conductance which is
expressed by:

E
= pexp(—% 8
P =P p(kT) ®)
where p, po, Ea and k are the resistivity, the measured pre-factor, the activation energy and
Boltzmann’s constant. In semiconductors, a can be expressed by the activation energy
derived from Arrhenius plot (Schimert et al., 2008):

1 3
a:—ﬁ[EkBT"'Ef—V] (9)

The thermistor materials have either positive temperature coefficient of resistance (PTC) or
negative temperature coefficient of resistance (NTC). The first group includes materials like
metals in which the resistance increases with increasing the temperature; whereas, the latter
group are composed of semiconductor materials in which the resistance decreases with
increasing the temperature.

For a Si(C)/SiGe(C) MQW structure, E, becomes the barrier height V (see Fig. 2). In order to
maximize the TCR of bolometers, high Ge content (or even pure Ge) on Si is required.

Ev ——rm—//__

Er V(E.)

Ev

S1 S11=Gex Sl

Fig. 2. A schematic drawing of the banddiagram of Si/SiGe/Si heterojunctions (type II-
alignment).

However, due to lattice mismatch of ~4% between Si and Ge strain relaxation occurs when
the thickness of the SiGe layers exceeds a critical value (Bean, Feldman, Fiory, Nakahara, &
Robinson, 1984). High quality SiGe quantum wells are grown when the layer thickness is a
value within the meta-stable region (see Fig. 3a). Otherwise the strain relaxation for the thin
SiGe layers is monitored through interfacial roughness and no dislocations are observed (see
Fig. 3b).
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100nm

Fig. 3. The cross-sectional HRSEM view of a) Sip72Geo2s / Si and b) Sip¢sGeos2 / Si stack
grown at 650 °C. The dark strips are SiGe layers.

For a thin SiGe well, nevertheless, the ground state in the well will shift away from the
valence band edge because of carrier confinement (Cohen-Tannoudji, Diu, & Laloe, 1977). In
order to calculate the energy levels and sub-bands in terms of quantum well’s profile (Ge
content and layer thickness) the Schrodinger equation has to be solved for holes in the
valence band using 6% Luttinger Hamiltonian. These theoretical calculations can be
essential for designing structures for high TCR values.

1.4 Signal-to noise ratio

Noise for an electronic signal is a stochastic random variation which makes it difficult to
distinguish the signal amplitude and as a result the IR detectivity becomes limited. The
noise occurs when the voltage or current measurements are performed for a device and it is
the summation of contributions from the different sources. These sources can be divided
into two main groups; a) external or extrinsic sources which are generated due to the
surrounding performance of the device and b) Internal or intrinsic sources which refers to
random fluctuation in the carrier transport because of defects and imperfections in the
device structure.

The thermal noise (it is also so-called Nyquist or Johnson noise) is similar as Brownian
motion of the charged carriers in a material and its nature is a random thermal motion. In a
conductive material, at non-zero temperature T, electrons vibrate randomly depending on T.
This noise is expressed for a resistor R in a Af bandwidth by:

V} = 4kTRAf (10)

where k is the Boltzmann constant. This means that the thermal noise can be minimized for
bolometer application by lower resistive material, lower operating temperature and
narrower bandwidth. However, an actual bolometer application requires a finite limit to the
bandwidth through the scanning and readout of the detectors and ambient temperature
operation. Thermal or temperature fluctuation noise is another noise source which must be
discussed to evaluate the detectivity of the device.
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Since the detector consists of an array of pixels which are suspended membranes, and has
legs connected to the ROIC, then a thermal or temperature fluctuation noise is created which
affects the detectivity of the device. This will transform in a form of an electric noise because
of the coupling between the temperature and the resistance. Temperature fluctuation is
expressed as follows (Kruse et al., 1962; Smith et al., 1968):

4AKT?Af

)A

O+w%;

Vt% = Kthh (11)

The other important source of noise for IR detection is the “background noise”. Heat
exchange due to radiation between the detector at temperature Tq and the environment at
temperature T, generate voltage noise which is so called “background noise”. As an
example an exchange of the heat between the sensitive area of the detector and the
surrounding substrate and contact legs (which are in thermal contact with the detector)
introduces a random fluctuation in the temperature. This will then transform into a kind of
electric noise because of the coupling between the temperature and the resistance. The
expression is given by (Kruse et al., 1962; Smith et al., 1968):

_ 8keoA(Ty +T¢)

2.2

2
A% "
+ 0 Ty,

KR, (12)
where ¢ is emissivity, o is Stefan-Boltzmann constant and A is the area of the detector. For
semiconductor thermal detectors, 1/f noise or Flicker Noise is the most predominant noise
at low frequency. 1/f noise can be evaluated by noise constant: K1/f = y/N where vy is
known as the Hooge's constant and N is the total number of free charges (Hooge, 1994). The
exact description for the origin of 1/f noise is not clear but the interactions of carriers with
defects, surface states and other events (e.g. recombination and trapping-detrapping) are the
major causes of this noise in semiconductors. In the case of bolometers, a simple expression
for voltage power spectrum density (PSD) can be written as follows:

KV
SV _ 1/f Vbias (13)
v
where K¢ is a noise constant. In a similar way, 1/f noise voltage can be written as:

K, /flf*
fY

Vi =L At (14)
The parameters y, p and Ki/¢ in equations 13 and 14 are dependent on the material,
processing, metal contacts and surfaces and thus, very difficult to calculate analytically
(Hooge, 1994). Since 1/f noise relates to defects and imperfections in the active part of the
bolometer, it is believed that using single-crystalline (sc) materials will demonstrate low
noise constant in comparison to polycrystalline or amorphous ones. Thus, a solution for
increasing the D* of a bolometer is to use mono-crystalline temperature sensing bolometer
materials with a low 1/f noise constant (Kolahdouz, Afshar Farniya, Di Benedetto, & H.
Radamson, 2010).
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For most bolometer applications, the frequency exponent y in equations 13 and 14 is close to
1. The square of total noise voltage for a thermistor material in active part of a bolometer
may be formulated in eq as:

V= Vi + Vg + Vi + Vi (15)

When a thermal detector absorbs the electromagnetic radiation, both output signal and
noise will be generated. High amplitude output signal and low noise level are desired in an
infrared detector. To evaluate the performance of the detector, “Detectivity” may be defined
as follow:

Ry V
"7, oy, (16
0 0 ¥n

where V,,, Vs and @, are RMS signal voltage, noise voltage, and incident power respectively.

The detectivity is proportional to detector area and electrical bandwidth. Therefore, the
normalized detectivity D* is given by:

D" =DxAY?xAf'/? (17)

In a thermal detector, D* can be expressed as:

. KeR,, A2
D = = (18)

! ]
(1+ 0™, )A (Vi + V3 + V2 + Vf/f)A

where A is the pixel area. From eq. 16, it can be concluded that the detectivity may be
enhanced by increasing the responsivity and/or decreasing the noise. The responsivity, like
the Flicker noise, increases linearly with voltage, while the Johnson noise is independent of
voltage. At small voltages, the noise is mainly Johnson noise. But, at sufficiently high V,
noise is dominated by the Flicker noise and D* is independent of voltage. According to the
previous calculations, the highest detectivity for a thermal detector at room temperature and
viewing background at room temperature is about 2x1010 cmHz!/2W-1 which can be referred
to as the thermal detectors theoretical limitation. The published photon detectors have
shown higher detectivities as a result of their limited spectral responses.

In addition to the above discussions, the importance of the electrical contacts' influence on
the thermistor's performance has to be emphasized. The current-voltage characteristics of
the thermistor materials are greatly influenced by the nature of the metal/silicide-
semiconductor interface. Ohmic contact with low contact resistance is the requirement for
low noise level for many applications. However, when large electrical current is involved a
low sheet resistance contact is required to make the current flow uniform without localized
overheating. A metal with low work function will form an ohmic contact to an n-type
semiconductor with surface states. The reverse story is true for a p-type semiconductor. In
these cases, introducing higher doping concentration reduces the contact resistance near the
contact surface (barrier thinning).
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2. Noise measurement of the thermistor materials

Power spectral density (PSD) of voltage noise is measured for different pixels. The
measurements can be performed at different temperatures inside a shielded probe station to
avoid light and the environmental noise. The frequency range is usually 0.3-10,000 [Hz]
with some sub-intervals. Each final PSD vs frequency curve includes many thousands of
data. Fig. 4 shows the experimental set up. The device is biased through a circuit isolated by
a metallic box.

Voltmeter
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T "

! . Measurment Box 4—{ Low Noise Amplifier

‘ Spectrum Analyzer

L L
i
/a

Lo Probe Station  -------- ' B am e

Fig. 4. Experimental set up for measuring PSD of voltage noise.

3. Thermistor materials for uncooled bolometers

Bolometers are uncooled detectors and today they have dominantly taken over the IR
market. Among the existing thermistor materials, Vanadium oxide (VO,) is mainly used for
bolometer applications and its performance has been studied and improved during many
years. Nowadays, it is believed that VO, technology will be challenged in the near future by
the new silicon based materials due to their low cost structure, and easier manufacturability
(Rogalski, 2011).

In this part, an overview of the VO, material properties is presented and later, the
discussions will be extended towards single-crystalline Si-based materials.

3.1 Vanadium oxide

Vanadium oxides are the most popular thermistor material in fabrication of today’s IR
detectors. This material is grown by different techniques e.g. sputtering (Y. Han et al,,
2003; Lv et al., 2007; Moon, Y. Han, K. Kim, S. Lee, & Shin, 2005), reactive e-beam
evaporation (Subrahmanyam, Bharat Kumar Redd, & Nagendra, 2008), reactive e-beam
evaporation (H. Wang, Yi, & Chen, 2006), PLD (Kumar et al., 2003), and CVD (Mathur,
Ruegamer, & Grobelsek, 2007). Many reports demonstrate that by tuning the growth
parameters, a transition occurs from amorphous to nano-crystalline FCC VOx (0.8 < x <
1.3) (Cabarcos et al., 2011).

Since vanadium atom has a half-filled d-shell, there exist a set of valence states to form a
number of oxide phases. The typical phases are known as VO, V203, VO5 (or V204) and V205
(or as a “mixed oxide) (Subrahmanyam et al., 2008).
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Among these phases, V,Os; shows semiconductor-to-metal transition at ~160K and
demonstrates a very low resistance. For bolometer application, VO, phase is typically used
due to its high TCR value but its metal transition temperature occurs at ~341 K which
restricts the bolometer’s IR detection. Another interesting vanadium oxide is V>Os. This
phase shows a good TCR; however, its resistance is very high resulting in high noise value.

Thus, a mixed phase of VO, and V>Os may demonstrate an appropriate resistivity which is
convenient and matches also with the readout electronics for high sensitive bolometers
(Malyarov, 1999).

The growth of VO films requires extra care since the morphology of the film is sensitive to
the growth parameters. In most cases, the substrate temperature and the oxygen pressure
are the two crucial growth parameters to control the composition and the grain size of the
oxide films. The grown VO films demonstrate TCR values in range of 2 -3%K-1. Some of the
published data are addressed in table 1.

Technique Material Processing TCR (KD References
temperature (K)

Dc sputtering+oxidation VO, 673 2.0 Chenet al

PLD VO, 300 2.8 Rajendra Kumar et al
lon beam sputtering+ oxidation VO, 473 2.6 Wanget al

RF sputtering V,05 /V/V,05 573 2.6 Moonet al

RF sputtering V-W-0 573 2.6 Han et al
dcmagnetron sputtering+annealing VO, 673 4.4 Yugiangwt al
Reactive e-beam evaporation VO, + V;,0¢ 473 3.2 Subrahmanyamet al

Table 1. A summary of different deposition techniques for the growth of vanadium oxide
with the process temperature and the reported TCR values.

A ot of efforts were being made to improve the quality of resistive VOx films and to obtain
TCR values above 3%K-1. The success was achieved by introducing tungsten-doping in a
multilayer structure of V2Os (Y. H. Han, S. H. Lee, K. T. Kim, I. H. Choi, & Moon, 2007; Y.
Han, 2003; Moon, 2005). These oxide layers were deposited by reactive dc sputtering
followed by an annealing treatment (673K). The analysis showed a TCR value of ~—4.4%
°K-1 and a sheet resistance of 20 k Q/square (Dai, X. Wang, He, Huang, & Yi, 2008; Lv et al.,
2007). Although these results indicate a breakthrough for material performance, this
material is not suitable for micro-machining process on Si and the fabrication of bolometers
due to high temperature budget.

As discussed above, the 1/f noise is also an important figure of merit for thermistor
materials. The noise in the oxide layers is caused mainly from the induced mechanical
stresses due to the large grain sizes in the mixed phases. Zerov et al (Zerov, 2001) showed
that the noise level in the oxide films is originated from two principal parameters: the
concentration of different phases of VO, and the grain size.

A recent study shows that high tungsten contents in vanadium oxide films (alloys of Vi.
W0, or VWO) will improve the thermal performance of the oxide material. Takami et al
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(Takami, Kawatani, Kanki, & Tanaka, 2010) showed that the TCR performance of V1. \W,O,
films grown on ALLO3(0001) depends strongly on tungsten content. The tungsten level has
been optimized and Vos5sWo.1502 demonstrates a TCR value of 10% /K at room temperature.
Moreover, the TCR behavior is found to be almost independent of layer thickness which is
very beneficial for bolometric application.

3.2 Single-crystalline Si(C)/SiGe(C) multilayer structures

Many initiatives were taken to improve the IR detection and to obtain high quality imaging.
Most of these efforts have striven to increase SNR and the thermal response of the detector.
For bolometers, 1/f noise is the main source of noise (Lv et al., 2007).

Single crystalline semiconductor heterostructures are outstanding alternatives for low noise
thermistor material. Among low cost semiconductor materials, SiGe(C)/Si(C) MQWs are the
most appealing alternatives due to its low noise performance. This material system is
therefore very promising for future mass-market applications. The structures demonstrate
low noise when high quality of epi-layers, interfacial roughness (or unevenness) and the
contact resistances are obtained (Kolahdouz, Afshar Farniya, Di Benedetto, et al., 2010;
Kolahdouz, Afshar Farniya, Ostling, & H. Radamson, 2010).

When the semiconductor thermistor material is heated, thermal excitations generate carriers
(holes in this case) which have energies high enough to overcome the potential barrier of the
quantum well. If a voltage is applied across the active region, these excited carriers move in
the direction of the applied field, thus resulting in a current (see Fig. 5). This current
increases at higher temperatures by increasing the number of the carriers in the current
stream.

A
O
0 <«———Thermal excitation
Current
IeNEe
Voias

Fig. 5. When a voltage is applied across the thermistor, the valence band in SiGe/Si is tilted
and thermally excited holes move towards the negative potential.

Kolahdouz et al. (Kolahdouz, Afshar Farniya, Di Benedetto, et al., 2010) presented the effect
of Ge content (barrier height) on the performance of the SiGe/Si multi quantum wells
(MQWs) and dots (MQDs) as thermistor material. In this study three Ge contents (23, 28 and
32%) in SiGe wells were applied and for higher Ge content (~47 %), Ge-dots/Si systems
were grown. In order to have a decent growth rate, the samples were grown at 600 °C. At
this growth temperature, the intermixing of Si into Ge makes it impossible to grow pure Ge
dots. This problem makes these structures vulnerable to strain relaxation and defect
formation.
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The experimental data demonstrated a TCR value of ~3.4 %K for Ge MQDs which is a clear
improvement compared to SiGe wells layers with 2.7 %K-1. However, a remarkable increase
of the noise constant (ki/f) is observed for MQDs compared to MQWs (see Fig.6). It is
believed that the noise level is sensitive to the variation of hole concentration in the Ge-dot
systems' structures compared to the uniform profile in SiGe wells. Any strain relaxation in
Ge dots will contribute to the noise level. A summary of both MQW and MQD SiGe/Si is
presented in table 2.

10°®
e+ 23% Ge stack
28% Ge stack
eeesese 32% Ge stack
10°? o %eeqe, MQD1
cececees MQD2
N
=
NZ‘ 10-12
e, 4 ) 4 ‘I
z PR AR )
;"‘a..' Ho. 3
10" ' h“‘%*i ¥
o ..‘«4
107
0 1 10 100 1000 10000
f [Hz]

Fig. 6. Noise power spectral density of devices vs. frequency for pixel area 70x70 pm?2 in
Si/SiGe MQWs and MQDs.

Ref. Si MQWI1 MQW2 MQW3 MQD1 MQD2
Ge content (%) 0 23 28 32 47 =47
Estimated barrier height (eV)* 0.19 0.23 0.27
TCR (%/K) for 200% 200 pm* 0.12 1.39 1.87 242 2.51 287
TCR (%/K) for 140 140 pm? 0.09 1.55 2.06 250 286 314
TCR (%/K) for 100 100 pm? 0.08 1.66 215 255 292 323
TCR (%/K) for 7070 pm* 0.08 170 27 257 298 34
Ky 9x 1078 1% 1071 3x 10712 44x 10 x10” 2x10”
Energy quantized levels (meV) 9.6,38.5484.1.842  10.140.62.8994  10.4.41,6892.101 :
Normalized resistance (€} mm?) (Ry=R xarea=p X [) 02 117 346 239 291 4.88

Table 2. Summary of estimated barrier heights, TCR(% /K), Kuf, Ro, and energy levels in
QWs (at room temperature) for all sizes of detector structures. Due to partial strain
relaxation, the barrier height of the quantum dots is not specified.
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These results indicate that the performance of the thermistor material SiGe/Si MQWs (or
MQDs) is very sensitive to structure profile.

Andersson et al, (J. Y. Andersson, P. Ericsson, H. H. Radamson, S. G. E. Wissmar, &
Kolahdouz, 2011) presented theoretical calculations to optimize TCR in terms of the Ge
content and quantum well width in SiGe/Si MQW and MQD systems (see Fig.7). The results
were also compared to the experimental data. The extracted TCR values for MQW
structures showed that the thermal response of detectors increases with Ge content which is
consistent with the experimental data. The authors propose Ge dots with high Ge content as
a better solution for SiGe wells. The valence band off-set and TCR values versus the size of
Ge dots were calculated (see Fig.8a). The ground level energy relative valence band edge in
Si versus thequantum dots demonstrates the dependency of TCR on the size of Ge dots (see
Fig.8b). The results show that dots with 60 nm could exhibit a TCR value of 8.5% which is
excellent for IR detection. However, these calculations do not consider the noise level in
MQD system. The growth of pure Ge dot on the Si surface is a challenging task due to the
intermixing of Si into Ge. In order to avoid this problem, low temperature epitaxy can be
applied to grow Ge dots with high Ge content in MQD structures. This low temperature
process suffers from low growth rate and thus makes it impractical for mass production.

—- Al critical thickness
—~8.5nm

6 nm

4 nm
35 —-2nm

45—

25—

Temperature coefficient [%/K]

30 15 20 25 30 35 40 45 50 55
Germanium concentration [u/n]

Fig. 7. The temperature coefficient versus Ge content in the QWs, for different QW widths.
simulated data.
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Fig. 8. a. Plots of ground level energy relative valence band edge in Si for different Ge dot
sizes, and b. the dependence of the temperature coefficient of resistivity (TCR) on dot size.
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Wissmar et al. (S. Wissmar et al., 2006) investigate the TCR performance of SiGe/Si and
AlGaAs/GaAs sytems. This study also demonstrates the dependence of thermal
performance of MQW structures versus the quantum well profile (composition, dopant
concentration and the width of the quantum wells). The performance of the structures is
degraded with increasing the dopant concentration in the quantum well.  The
AlGaAs/GaAs system demonstrates excellent performance (4.5%/K) compared to SiGe/Si
system (2 %/K). However, the low cost Si technology is always preferred over 1II-V for
industrial applications.

More discussions about the SiGe/Si thermistor material are presented by Ericsson et al. (Per
Ericsson et al., 2010) It is generally observed that the flicker noise is volume dependent
(Motchenbacher, 1973). This study presents the effect of pixel area on the Flicker noise (the
vertical thickness is constant). The data show the dependency of 1/A as expected by
theories (see Fig. 9).

1,00E-11
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Device side length {pm)

Fig. 9. The flicker noise k-value for SiGe/Si MQW structures with different pixel sizes and
the predicted variation (solid line). All data have been manufactured on the same wafer.

A vital issue in many cases for bolometers containing SiGe/Si MQW system is the control of
the residual strain in the suspended membrane.

Radamson et al. (H. H. Radamson, Kolahdouz, Shayestehaminzadeh, Afshar Farniya, & S.
Wissmar, 2010) reports the integration of C in the Si/SiGe stack (SiGe(C) / Si(C) MQWs) to
create alternating tensile/compressive strain systems. The SiGe(C) layers were created
through the intermixing of Si into the embedded Ge thin layers (grown by introducing GeHy
without SiHy). The intermixing of Si and Ge can be controlled by the growth temperature and
the carbon doping in the Si barrier layer (Hirano & Murota, 2009). This study compares five
different structure profiles considering the effect of contact resistance (Ni silicide contacts), Ge
content, and carbon doping in Si barrier (see Table 3). The prototypes exhibited an outstanding
TCR of 4.5% /K for 100x100pum? pixel sizes and low noise constant (Ky/¢) value of 4.4x10-15. The
excellent performance of the devices was due to low contact resistance in presence of Ni
silicide contacts, smooth interfaces, and high quality multi quantum wells (MQWs) containing
high Ge content. Fig.10 demonstrates the noise data for the samples described in table 3.
Samples MQWT1 (no silicide contacts) and MQWS5 (Sip35Gep.ss/SiC with silicide contacts) show
the highest and the lowest noise level among this sample series.
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NQWI MQW2 MQW3 MQW4 MQWs
(silicide)  (Cinbarrier) (Ge-delfatsilicide) (Ge-delta+ silicide+C in barrier)
Ge content[%] 28 28 =28 10 63
Estimated barrier height (e})° 0.23 0.23 0.23 0.07 05
Activation energy (eV) for 100x100pm? 0.17 0.18 0.1% 0.07 033
TCR [%/K] for 200x200um? 1.87 232 275 0.6 4

TCR [%/K] for 100x100um? 177 230 2.78 107 13

Kysfor ll)l)xll)l);lm1 4.1%1012 1.4x104 5x1014 8.5%10°1% 4.4x10-1%
Normalized Resistance [(Jmm?] 346 267 19.66 04 311

(R=Rrarea=pxl)

Table 3. Summary of estimated barrier heights, TCR [% /K], K1/f and R0 in MQWs (at room
temperature) for all sizes of detector.
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Fig. 10. Noise power spectral density of devices vs. frequency for pixel area 100x100 pm?2 in
SiGe MQWs described in table 3.

4. Fabrication process flow

Bolometers are mainly composed of a temperature sensing resistor and an IR absorber. A
good thermal isolation is the requirement to increase the sensitivity of these detectors. This
can be achieved by suspending the bolometer structure in the air through either membrane
or bridge support as shown in Fig. 11.

Thermistor

Resonant cavity

(@) (b)

Fig. 11. Cross-section of a) the membrane-supported and b) the bridge-supported
microbolometer (Garcia, 2004).
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It was reported in 2004 (Garcia, 2004) that the noise current of the bridge-supported
structures is one order of magnitude higher than that of the membrane-supported structure.
However, the bridge-supported structure process flow enables a precise control on the
resonant cavity length which makes it the dominant design for microbolometers.

The process flow of fabricating a bolometer is very dependent on the thermistor material.
For thermistors which may be deposited at low temperatures, there is a possibility of being
directly integrated on the readout integrated circuit (ROIC) without harming its elements.
Amorphous Si, SiGe, Ge, Ge,Si1xOy and poly VOx material are a few examples of such
thermistors. The advantage of the mentioned group IV-based materials in this list is their
absolute compatibility with the silicon processing line.

The process flow is described in Fig. 12 (Mottin et al., 2002). It is the simplest manufacturing
method in which the thermistor material can be grown directly on ROIC. The first step is
the deposition of a thin reflective layer directly on top of the ROIC. A thick sacrificial layer is
then spun and cured to form the resonant cavity at the end of the process. The thermistor
material is deposited over the sacrificial layer and covered by the metallic contact electrodes.
The metallic contact deposition and etching enable electrical continuity between the
underlying substrate and the thermistor on the surface of the sacrificial layer. Finally, the
micro-bridge arrays are released by removing the sacrificial layer.

1/ CMOS wafer 2/ Electrical contact on /0 3/ Sacrificial layer
+ reflector deposition & etching deposition
LN N i
4/ Thermistor deposition 5/ Contact electrode 6/ Etching of sacrificial layer
+ electrode depositions deposition & etching

+ contact etching

Fig. 12. Process flow of a bridge-supported microbolometer technology (Mottin et al., 2002).

The second fabrication method is based on wafer bonding where thermistor material is
transferred from epi-wafer to RIOC wafer. This is necessary since a thermal treatment (850-900
Q) is required for in-situ cleaning prior to epitaxy of single-crystalline layers. A process flow
for fabrication of bolometers based on structures composed of sc- group IV materials through
wafer bonding process on ROICs (Kvistergy et al., 2007; J. Kallhammer et al., 2006; F. Niklaus
et al.,, 2001) is demonstrated in Fig. 13. In this process, group IV-based structures are deposited
on a separate SOI carrier wafer and are then transferred from the handle wafer to the ROIC
wafer using low-temperature adhesive wafer bonding in combination with sacrificial
removing of the carrier wafer. The advantage of 3D bolometer integration is that it allows the
employment of high TCR and SNR mono-crystalline thermistor for imaging applications.

For many detector applications, Ni is chosen as the absorbent layer. This is due to its simple
preparation and the fact that it can get a strong absorption of about 90% in wavelength
range between 7-13 pm (Lienhard, Heepmann, & Ploss, 1995). In 2006 Hsieh et al. (Hsieh,
Fang, & Jair, 2006) reported TCR value of -2.74 %K1 and activation energy of 0.21eV for
Sip.6sGeo31Co.01 ternary system.
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Fig. 13. A Schematic picture of a Si-based bolometer process (F. Niklaus et al., 2007).

The sc-SiGe/Si structure is transferred to the ROIC by low temperature adhesive wafer
bonding and subsequent removal of the carrier. In 2010, Lapadatu et al. (Lapadatu et al.,
2010) proposed a novel approach to increase the fill factor. In their design the legs, which
support the bolometer membrane and connect it to the ROIC, are built underneath the
membrane as shown in Fig. 14.

absorber
thermistor
. < reflector ?
* supportinglegs -~
ROIC (and electrical connections) ROIC
(a) (b)

Fig. 14. Schematic representation of the bolometer pixel illustrating two schemes for
electrical connection (Lapadatu et al., 2010) (a) through-pixel plugs; (b) under-pixel plugs.

It was reported that the detectors composed of SiGe quantum wells have presented a TCR
around 3.1 %K1 and 5x10-13 for K (Lapadatu et al., 2010).

It is important to emphasize here that the recent advanced cleaning technique together with
new gas precursor for Si (trisilane) and Ge (digermane) may provide the opportunity to
grow epi-layers at low temperatures (300-500 °C). This means that the fabrication technique
will become similar to the steps in Fig.12 and sc-Si-based material will be deposited directly
on ROIC wafer.

5. Conclusions

Among different materials, single crystalline SiGe alloy is a promising thermistor material in
bolometers for LWIR detections. The temperature response of SiGe/Si multi quantum well
(or dot) structures depends mainly on Ge content (strain). The signal-to-noise ratio which is
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an important parameter for thermal imaging is strongly sensitive to contact resistance,
interfacial and layer quality of SiGe layers. It is demonstrated that carbon-doping impedes
the defect formation in SiGe layers and SiGe(C)/SiC with Ni silicide contacts is the most
attractive structure for high performance bolometers.
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1. Introduction

Silicon integrated circuits (IC) in conjunction with the micro-machining technology for thin
films, have opened new ways for the development of low cost and reliable night vision
systems based on thermal detectors. Among the thermal detectors used as pixels on IR focal
plane arrays, the microbolometer appears as one of them. A microbolometer is a device in
which the IR transduction is performed through a change in the resistivity of its thermo-
sensing material, due to the heating effect caused by the absorbed radiation. Among the
requirements for the materials used as thermo-sensing layer in microbolometers it can be
mentioned a high activation energy (E.), high temperature coefficient of resistance (TCR),
low noise, and compatibility with standard CMOS fabrication processes. A variety of
materials have been used as thermo-sensing elements in microbolometers, as vanadium
oxide (VO,) (B. E. Cole, 1998, 2000), metals (A. Tanaka, 1996), polycrystalline (S. Sedky,
1998) and amorphous semiconductors (A. J. Syllaios, 2000).

Those materials have shown good characteristics but also some disadvantages. VO, has a
moderated value of TCR (0.021 K-1) and low resistivty, however it is not a standard material
in the IC technology. Metals as titanium are compatible with the standard IC technology,
have low resistivity but also have very low TCR values. Polycrystalline semiconductors
have high TCR values (0.05 K1) and moderated resistivity, however they are deposited a
relatively high temperatures (700 - 900 °C), which results in an incompatibility with a micro-
bolometer fabrication post-process on a silicon wafer surface, containing an readout
integrated circuit (ROIC).

Recently, it has been reported the study of W-doped VO, (H. Takami, 2011) which has a
TCR of above 0.1 k1, and low resistivity values. However, this material is not standard on Si
CMOS microelectronics facilities. GaAs/AlGaAs heterojunction bolometers (P.K.D.D.P.
Pitigala, 2011) also have been reported, which have demonstrated TCR values of 0.04 K.
However those structures are very complex, since they are fabricated with 30 periods of
GaAs/ Alps7Gag.43As junctions.

Hydrogenated amorphous silicon (a-Si:H) is a mature material on the microelectronics and
photovoltaic industries. For un-cooled microbolometers a-Si:H is very attractive to be used
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as thermo-sensing material, since intrinsic a-Si:H has a very large activation energy (E.) of
above 1 eV, and therefore, provide a very large thermal coefficient of resistance (TCR) of 0.13
K. However intrinsic a-Si:H has a very low room temperature conductivity (orr < 1x10°
(Qcm) 1), resulting in a very high pixel resistance when is used as thermo sensing material in
microbolometers (Rpixel = 109 €2). Such high pixel resistance causes a mismatch with the input
impedance of the CMOS ROIC. For commercial microbolometers, boron doping is
commonly used in order to decrease the undesirable resistivity of intrinsic a-Si:H (A. J.
Syllaios, 2000), to values of pixel resistance of around 30x10¢ Q, however it also results on a
reduction on the activation energy (E. ~ 0.22 eV) and on the TCR (-0.028 K1), and therefore
in a decrement on the pixel performance.

In our work we have studied the electrical and optical properties of amorphous germanium-
silicon (a-Ge,Siy:H) and amorphous germanium-silicon-boron (a-Ge,SiyB,:H) thin films
deposited by plasma (PECVD) (R. Ambrosio, 2004; A. Kosarev, 2006; A. Torres, 2008; M.
Moreno, 2007, 2008, 2010). Intrinsic a-Ge,Siy:H has better performance characteristics than
a-Si:H,B when is used as thermo-sensing element, since it has a high activation energy
(Ea=0.37 eV), a high TCR (a = -0.047 K-1), a moderated room temperature conductivity (orr
~ 6x105 (Qcm)1), and therefore a moderated pixel resistance (Rpixel = 30x107 Q) (M. Moreno,
2007, 2008) when is used as thermo sensing element in microbolometers.

In the other hand a-Ge,SiyB,:H has an improved room temperature conductivity (orr ~ 10-2-
103 (Qcm)?), and therefore a moderated pixel resistance (Rpixet ~ 1-5x10¢ €2) (M. Moreno,
2007, 2008), but also it has a low activation energy (E. ~ 0.18 - 0.22 eV) and low the TCR
(-0.023 -0.028 K-1).

In this chapter we present a summary on the study of a-Ge,Siy:H and a-Ge,SiyB,:H thin films
and their application as thermo-sensing element in microbolometers. We have fabricated,
characterized and studied two devices configurations labeled as planar (the standard
configuration used in commercial microbolometer arrays) and sandwich structures. The
later shows several advantages when intrinsic materials are used as thermo-sensing
element. Finally we studied the performance characteristics of the different device
configurations and compared them with commercial devices and those reported on
literature.

2. Principle of operation of un-cooled microbolometers

The operation of a microbolometer is based on the temperature rise of the thermo-sensing
material by the absorption of the incident IR radiation. The change in temperature causes a
change on its electrical resistance, which is measured by an external circuit.
Microbolometers based on amorphous semiconductors have advantages over other types of
thermal detectors, including microbolometers that use other kind of thermo-sensing
materials. The advantages are mainly technological, since these microbolometers are fully
compatible with silicon CMOS fabrication technology, there is no need of additional
fabrication equipment in a IC production line. Are relatively of simple fabrication and can
be processed at relatively low temperature by PECVD. The above make them ideal for a
post-process fabrication over a CMOS read-out circuit.

Fig. 1 shows a scheme of one microbolometer (B. E. Cole, 1998); it is built on a membrane
usually made of SiNy. Over the membrane is deposited the thermo-sensing material and the
IR absorber material. The membrane provides thermal isolation to the thermo-sensing film.



Un-Cooled Microbolometers with Amorphous
Germanium-Silicon (a-Ge,Siy:H) Thermo-Sensing Films 25

Silicon Nitride / Thermo-sensing film

IR Radiation

Transistor

X Metal

Fig. 1. Microbolometer scheme.

2.1 Thermal insulation

There are three mechanism of heat transfer that occurs in a thermal detector, they are
conduction, convection and radiation. Conduction mechanisms occur when the heat flows
from the thermo-sensing area along the supporting legs to the substrate. Conduction is
critical when the pixels are very close, since the heat can flow from one pixel to a neighbor
pixel. Convection occurs when the heat flows in the presence of a surrounding atmosphere,
this mechanism is not very important if the detector is encapsulated in a vacuum package.
Radiation mechanism is presented by the fact that the detector radiates to its surroundings
and the surroundings radiate to it.

When the microbolometers are encapsulated in an evacuated package, with an IR
transmitting window, convection and radiation mechanism are minimized. Thus the main
loss of heat mechanism is conduction from the thermo-sensing material to the substrate
through the supporting structure.

The supporting structure is a very important part of thermal detectors, it provides three
functions, mechanical support, electrical conducting path and thermal conducting path. In
order to avoid heat losses in microbolometers, it is necessary to improve the thermal
insulation. In microbolometers there are two main thermal insulation configurations: single-
level and two-level configurations.

Single level configuration consist in deposit a membrane over the silicon (5i) substrate and
after that, open a hole in the Si substrate, employing bulk micromachining techniques. Bulk
micromachining consumes area, since the Si substrate is etched with a side wall angel of 54.9
degrees. The electronic circuit (which forms part of the read out circuit) is fabricated next to
the pixel, consuming area also. That result in a 20% fill factor.

The two-level configuration allows the fabrication of the electronics circuit in the substrate
and after that, the fabrication of the microbolometer in a low temperature post process over
the electronics, by using surface micromachining techniques. With this configuration is
saved substrate area, achieving a fill factor of above 70%.

In order to fabricate thermal sensors in a post process, over a wafer surface, containing an IC
circuit; it is necessary to use low temperatures during the fabrication process. By employing
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Plasma Enhanced Chemical Vapor deposition (PECVD) it is possible to deposit thin films at
relatively low temperatures (150 - 350 °C).

2.2 Infrared absorber films

An absorber element is a very important part in un-cooled IR microbolometers, its role is
based in the absorption of IR radiation and the transfer of heat to the thermo-sensing
material. The main requirements of absorbing materials for un-cooled microbolometers are:
A high absorbance coefficient in the range A = 8 - 12 pm, simple fabrication and
compatibility with the silicon CMOS technology.

The IR absorption can be improved employing a resonant micro-cavity, where the thermo-
sensing film is separated from the substrate by a gap equivalent to one quarter of the
wavelength at which it will be operating. A mirror (Al or Ti) is deposited over the substrate
surface, under the thermo-sensing material. In this configuration the radiation that was not
absorbed by the thermo-sensing film will resound inside the cavity and will be re-absorbed
by the thermo-sensing element.

Terrestrial objects have temperatures around of 300K, with IR emission centered in 10 pm.
Thus un-cooled microbolometers employed for detection of objects at room temperature,
should have a gap from the substrate of 2.5 pm, for the fabrication of the resonant micro-
cavity.

Several materials have been employed as absorbing films in microbolometers, which are
deposited over the thermo-sensing film. Among the most employed are some metals, as
black gold film (M. Hirota, 1998), which has a very high absorption coefficient of IR
radiation (more than 90 %), however it is not a standard material in CMOS technology. SiNx
films are employed commonly as absorber films in microbolometers (A. Schaufelbiihl, 2001,
S. Sedky, 1998), since its absorption coefficient can be tuned by the deposition parameters
and it is a standard material in CMOS technology.

2.3 Thermo-sensing films

The thermo-sensing material is perhaps the most important element in a microbolometer.
The increment in temperature in the sensing material causes a change in some temperature-
dependent parameter. In the case of a microbolometer that parameter is the resistance.

The thermo-sensing material should have a large temperature coefficient of resistance, TCR
(a(T)), which is defined by Eq. 1, where E, is the activation energy, K is the Boltzman
constant and T is temperature.

a(T) = (1/R)[dR/dT] ~ E, /KT? 1)

A large TCR means that a small change in temperature in the sensing material will result in
a large change in resistance. Eq. 1 shows that the TCR and E, are directly related, thus a high
E, in the material is needed.

For un-cooled microbolometers vanadium oxide, VO,, was the first thermo-sensing element
employed (B. E. Cole, 1998), since it has a moderated TCR, a(T) ~ 0.021 K-1, however it is not
a standard material in silicon CMOS technology. Some metals have been employed also,



Un-Cooled Microbolometers with Amorphous
Germanium-Silicon (a-Ge,Siy:H) Thermo-Sensing Films 27

which are compatible with Si-CMOS technology, however they have low values of TCR (Pt,
a(T)~0.0015 K-1).

Hydrogenated amorphous silicon (a-Si:H) prepared by PECVD is very attractive to be used
as thermo-sensing film in microbolometers, for room temperature operation (A. J. Syllaios,
2000). It is compatible with the IC technology, has a high activation energy, E.~ 0.8 - 1 eV
and high value of TCR, a(T) = 0.1 - 0.13 K-1, however it also has a very high undesirable
resistivity, which often cause a mismatch with the input impedance of the read-out circuits.
In order to reduce the a-Si:H high resistance, boron doping has been employed. The B doped
a-Si:H films have a significant reduction in its resistivity, however a reduction in E, and TCR
is obtained also, Ea ~ 0.22 eV and TCR = 0.028 K1 (A. J. Syllaios, 2000).

Material TCR (K?) E. (eV) orr (Q cm)?! Reference
VOx 0.021 0.16 2x10! B. E. Cole, 1998
a-Si:-H (PECVD) 0.1-0.13 0.8-1 ~ 1x10° A. ]. Syllaios, 2000
a-Si:H,B (PECVD) 0.028 0.22 5x10- A. ]. Syllaios, 2000
a-GeSiy:H (PECVD) 0.043 0.34 1.6x10-6 M. Moreno, 2008
Poly-SiGe 0.024 0.18 9x102 S. Sedky, 1998
Ge,Si1Oy 0.042 0.32 2.6x102 E. Iborra, 2002
YBaCuO 0.033 0.26 1x10-3 J. Delerue, 2003

Table 1. Common materials employed as thermo-sensing films in microbolometers.

In our work (R. Ambrosio, 2004; A. Kosarev, 2006; A. Torres, 2008; M. Moreno, 2007, 2008,
2010), amorphous germanium-silicon, a-Ge,Siy:H, deposited by PECVD has been studied as
thermo-sensing films in un-cooled microbolometer, obtaining high activation energy, E.=
0.34 eV, consequently a high value of TCR = 0.043 K- and improved but still high resistivity.

Table 1 shows the most common materials employed as thermo-sensing films in
microbolometers. As can be seen in the table, there are available several materials which can
be used as thermo-sensing films. Intrinsic amorphous silicon, a-S5i:H and a-Ge,Siy:H, show
the largest TCR values and are fully compatible with the silicon CMOS technology, however
they have also the smallest values of room temperature conductivity, orr.

3. Main figures of merit of un-cooled microbolometers

In this section the different figures of merit of a microbolometer, as thermal characteristics,
responsivity and detectivity are presented. The different types of noise in microbolometer
are described also.

3.1 Thermal capacitance, C, thermal conductance, Gy, and thermal response time, 1,

A simple representation of a microbolometer is shown in Fig. 2, the detector has a thermal
capacitance, Cg, and it is coupled to the substrate which is a heat sink, by a thermal
conductance, Gy.

When the detector receives modulated IR radiation, the rise in temperature is found by
solving the balance equation, Eq. 2; where Cy, (expressed in JK-) is the thermal capacitance
of the supporting membrane containing the thermo sensing film, while Gy (expressed
in WK-1) is the thermal conductance of the legs, which is considered the main heat loss
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Fig. 2. Microbolometer representation.

mechanism. AT is the temperature difference of the hot and reference junctions. A is the
detector area, f is the fill factor, which is the radio of the thermo-sensing film area to the
total cell area, 7 is the optical absorption coefficient, defined as the fraction of the radiant
power falling on the thermo-sensing area, which is absorbed by that area. P, is the intensity
of the IR modulated radiation, @ is the angular modulation frequency and ¢ is time [2.6].

Ciud(AT) /dt + Gy, (AT) =nBAL Prexp(jot) @)
The solution of the balance equation is shown in Eq. 3:

AT =nfA Py / Gu(1+ a)zrthz )1/2 3)

cell
Where, t, (expressed in seconds) is the thermal response time of the microbolometer, it is
defined by Eq. 4, which establishes a relation between tg, Ci and Gu. Typical values of
thermal time constant are in the range of milliseconds, which are much longer than the
typical time of photon detectors.

T = Cin / Gu 4)

For unmodulated radiation Eq. 3 can be reduced to:

AT(0=0) =npAy P/ G ©)

Eq. 5 shows that the increment of temperature, AT, in the detector is inversely proportional
to the thermal conductance Gy of its legs. In order to achieve a high performance
microbolometers AT should be as high as possible and therefore Gy, as small as possible,
which can be done by making very thin the detector legs.

3.2 Responsivity

Responsivity, R, is defined as the ratio of the pixel output signal to the incident radiant
power (in Watts) falling on the pixel (P. W. Kruse, 2001). The output signal is an electrical
signal that can be voltage or current, thus R can be expressed in Volts/Watts (voltage
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responsivity, R,) or Amps/Watts (current responsivity, Ry). In order to obtain R, we can use
the simplest model, where it is assumed that there is no heating due the electrical bias in the
detector (Joulean heating), and also it is assumed a constant electrical bias to the detector.

When the microbolometer is current biased, the output signal is voltage, Vs, given by Eq. 6,
where [, is the bias current, R..; is the electrical resistance of the microbolometer, a is the
TCR, described by Eq. 1 and AT is the increment of temperature in the detector, obtained in
Eq. 5.

Vs = IbRcella AT (6)

Voltage responsivity, R,, is obtained by combining equations 3 and 6, and dividing by
PoAcen, which is the incident radiant power, the result is shown in Eq. 7.

1/2
R, =1 B IaRy / G (1 + WZTthz) @)

Rv =n ﬂ IbaRcell / Gth (8)

For unmodulated radiation, @ = 0, Eq. 7 is simplified in Eq. 8, which is the DC responsivity.
When the microbolometer is voltage biased equations 7 and 8 are transformed to Eq. 9 and
Eq. 10 respectively, where R; is current responsivity.

1/2
Ry=np Vi / Gtthell(1+ a’zfthz)

Ri=nBVia / GuRay (10

3.3 Noise in microbolometers

There are four main sources of noise in microbolometers (P. W. Kruse, 2001), which are
Johnson noise, 1/f noise, temperature fluctuation noise and background fluctuation noise,
these noise types are uncorrelated and are described in the following subsections.

3.3.1 Johnson noise

The Johnson noise component, V, is described by Eq. 11, where k is the Boltzmann constant,
Teen is the bolometer temperature, Re is the bolometer resistance and Af is the bandwidth of
the integration time.

1/2
V= (4k TeanR oA ) / (11)

3.3.2 1/f noise

The 1/f noise is characterized by a spectrum that depends inversely on frequency and is
described by Eq. 12, where V is the product of the bias current - I, and the electrical
resistance of the microbolometer - R, fis the frequency at which the noise is measured and
n is the 1/f noise parameter, which depend on the material detector.
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)7 (12)

Vijg = (Vzn /f

1/f noise is the dominant noise at low frequencies and falls below the Johnson noise at
higher frequencies, the transition is commonly called the “knee”.

3.3.3 Temperature fluctuation noise

A thermal detector which is in contact with its environment (by conduction and radiation),
exhibits random fluctuations in temperature, since the interchange of heat with its
surrounding has a statistical nature; this is known as temperature fluctuation noise. The
mean square temperature fluctuation noise voltage is given by Eq. 13 (P. W. Kruse, 2001).

1/2
Vi = (4kTCEHZAf / G(1+0)2Tth2)/ )Vzaz (13)

3.3.4 Background fluctuation noise

When the heat exchange by conduction between the detector and its surroundings is
negligible, in comparison with the radiation exchange, the temperature fluctuation noise
will be identified as background fluctuation noise.

The mean square background fluctuation noise is given by Eq. 14, where T is the detector
temperature and Tp is the background temperature.

VBF2 =8 Acell’] ok (Tcells + TBS) Rcell2 (14)
The total noise voltage is obtained by adding the 4 noise contributions as is shown in Eq. 15.

VNG = Vit VR Vi Ve (15)

3.4 Detectivity

Detectivity, D" (expressed in cmHz!/2Watt1), is a figure of merit for all types of detectors, it
is defined as the pixel output signal to noise ratio per unit of incident radiant power falling
on the detector, measured in a 1 Hz bandwidth. In other words, D" is the normalized signal
to noise ratio in the detector and is shown in Eq. 16.

D = (Rv(AceuAf)l/zj / Vn (16)

In Eq. 16 R, is the voltage responsivity, A is the detector area, Af is the frequency
bandwidth and Vy is the contribution of the four noises. It is clear that in order to achieve a
high D* the responsivity should be as high as possible and the noise as small as possible.

The fundamental limit to sensitivity of any thermal detector is set by random fluctuations in
the temperature of the detector due to fluctuations in the radiant power exchange between
the detector and its surroundings. The highest possible value of D" of a thermal detector
operated at room temperature is D* = 1.98 x1010 cmHz!/2W-1(A. Rogalski, 2003).
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4. Amorphous germanium-silicon (a-Ge,Si,:H) and germanium-silicon-boron
alloys (a-Ge,Si,B,:H)

Intrinsic amorphous silicon (a-Si:H) prepared by PECVD is a very attractive material to be
used in microbolometers as thermo-sensing film. It has a high activation energy, E.~ 0.8 - 1
eV and high value of temperature coefficient of resistance, TCR, a(T) 0.1 - 0.13 K-1, however
it also has a high undesirable resistivity.

Amorphous germanium-silicon (a-Ge,Siy:H) films deposited by PECVD have been studied
as thermo-sensing film in microbolometers (R. Ambrosio, 2004; A. Kosarev, 2006; A. Torres,
2008; M. Moreno, 2007, 2008, 2010), due its high activation energy and consequently high
TCR, and its relatively high room temperature conductivity, orr, in comparison with a-Si:H
films. In this section is presented a description of the deposition by PECVD of intrinsic
amorphous germanium-silicon (a-Ge,Siy:H) and amorphous germanium-silicon-boron (a-
Ge,SiyB,:H) thin films, and its electrical and compositional characterization.

4.1 Films preparation for characterization

An intrinsic film (a-Ge,Siy:H) was deposited in a capacitive discharge low frequency (LF)
PECVD reactor at frequency f =110 KHz, substrate temperature Ts = 300 °C, pressure P = 0.6
Torr and RF power W = 350 W, with a gas mixture of SiHs, GeHy and H and gas flow rates
of Qsir=25 scem, Qgeris =25 scem and Qp=1000 scem respectively. This result in a Ge gas
content Xg = 0.5. The film was labeled as process A.

The a-Ge,SiyB,:H films were also deposited in a capacitive discharge low frequency (LF)
PECVD reactor at frequency f =110 KHz, substrate temperature Ts = 300 °C, pressure P = 0.6
Torr and RF power W = 350 W. Three sets of films were deposited from SiH4 (100%), GeHs
(100%) and BoHs (1% on H») gas mixture, with a fixed SiHy and B,Hs gas flow rates:
Qsirg=50sccm and Qpone=500 scem, respectively, while the GeHy gas flow was set at the
following values: Qg4 =25, 50 and 75 scem.

The late resulted in a Ge gas content Xg= 0.3, 0.45, 0.55 and a B gas content Z,= 0.11, 0.09,
0.07 in the samples labeled as process number B, C and D, respectively. Table 2 shows the
deposition parameters for the 4 thermo-sensing films.

l?rochs.A Process B Process C Process D
(intrinsic)
. oy, SiHy (100%): 50|SiH, (100%): 50|SiHy (100%): 50
SiH4(100%): 25 o Fon o
Gases flow rates (sccm) GeHE(lOO‘Vz):ZS GeH4§1500 *): GEH4E()1000 *): GeH4;1500 *):
M2 1000 5 1, (1%): 500 | BoH (1%): 500 | BoH (1%): 500
Dilution ratio (%):
H, 20 6.2 4.7 3.8
GeH4+SiH4+B2He
Ge contentin gas mixture (%) 50 30 45 55
B contentin gas mixture (%) - 11 9 7
Temperature ("C) 300°C 300°C 300°C 300°C
Pressure (Torr.) 0.6 0.6 0.6 0.6
Frequency (Khz.) 110 110 110 110
Power (W) 300 300 300 300

Table 2. Deposition parameters of a-Ge,Siy:H and a-Ge,SiyB,:H films.
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Since those films are studied for applications as thermo-sensing films for microbolometers,
we measured the film electrical properties after patterning them with photolithography in
one cell of dimensions 70 x 66 pm2.

Assuming that stress arisen in the film deposited over a SiNyx micro-bridge could have an
effect on the film conductivity, we also studied the films deposited on a micro-bridge. For
that purpose, we prepared three different kinds of samples for each type of the four thermo-
sensing films (three boron alloys with different Ge content and the intrinsic film). The films
were prepared as is shown in Fig. 3.

thermo-sensing
film

thermo-sensing

film Ticontact

Ticontact
2

thermo-sensing
film

SIN
micro - bridge

Ti stripes Ticontact
Ticontact

A) Stripes sample B) Patterned sample C) Micro-bridge sample
Fig. 3. Different thermo-sensing films samples. A) Stripes, B) pattern and C) Micro-bridge.

4.2 Temperature dependence of conductivity and TCR in a-Ge,Siy:H and a-Ge,SiyB.:H
films

We performed measurements of temperature dependence of conductivity o(T) in the a-
Ge,Siy:H and a-Ge,SiyB,:H thermo-sensing films in the range of T= 300-400 K. The
measurements were performed in a vacuum chamber at a pressure P~20 mTorrs. A
temperature controller (model K-20, MMR Inst.) for the temperature measurement control
and an electrometer (model 6517-A, Keithley Inst.) for the current measurements were
employed. These measurements allowed us to obtain the o(T) temperature dependence and
then to determine the E,, the TCR and the room temperature conductivity, orr.

The conductivity temperature dependence can be well described by o(T)=0y exp(-E./kT),
where op is the prefactor, E, is the activation energy, k is the Boltzmann constant and T is the
temperature. Fig. 4 shows o(T) curves for four different thermo-sensing films (three boron
alloys with different Ge gas content, Ge, = 0.3, 0.45, 0.55 and the intrinsic film with Ge, = 0.5),
fabricated in three different sample configurations (stripes, patterns and micro-bridges).

From o(T) measurements with temperature in the thermo-sensing films, we found that the
boron alloys (a-GexSiyB,:H) have a significantly larger conductivity (by about 2-3 orders of
magnitude) in comparison with that of the intrinsic film (a-Ge,Siy:H). We observed that an
increment in the Ge content in gas phase in the boron alloys results in an increase of the
room temperature conductivity, from ogrr = 2.8 X103 (Qcm) (for Gex = 0.3) to orr = 1 x10-2
(Qcm)! (for Gex = 0.45) and orr = 2.5 x10-2 (Qcm)-! (for Gex = 0.55), while for the intrinsic film
the room temperature conductivity is orr = 6 x10-° (Qcm)-! (for Ge, = 0.5).
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Fig. 4. Conductivity dependence with temperature for the different thermo-sensing films
(process: A, B, C and D).

The increment in the o is accompanied with a reduction in the E,. We obtained an E,= 0.22
eV (for Gex = 0.3), E.= 0.21 eV (for Gex = 0.45) and E.= 0.18 eV (for Ge, = 0.55), while in the
intrinsic film is E,= 0.345 eV (for Ge, = 0.5). E, as a function of Ge, is shown in Fig. 5 A).

The reduction in the thermo-sensing films dimensions, from the stripes samples (10x1.5
mm?) to the patterned samples (70 x 66 pm?), has no significant effect on E,, however it has
on the orr. We observed a reduction of above 50-80 % of the orr value in the patterned
samples in comparison with that of the stripes samples.

Practically no change in E, of the thermo-sensing films deposited over a SiNx micro-bridge
was observed, in comparison with that of the stripes and patterned samples; however the
micro-bridge samples showed a larger reduction in the orr values, of 60-90 %. The
dependence of orr with the Ge, content and the sample structure are shown in Fig. 5 B),
while the deposition rate dependence of Ge, content in the thermo-sensing films is shown in
Fig. 5 C). Table 3 show a comparison of E,, TCR, orr and oy in stripes, patterned and micro-
bridges samples for the different thermo-sensing films.

The micro-bridges samples have the largest reduction of conductivity, and it could be
explained by the stress arisen in the SiN, micro-bridge, affecting the thermo-sensing film
electrical conductivity. The deposition rate in the boron alloys is around 2 -3 times larger
than that of the intrinsic film. Boron incorporation during the thermo-sensing deposition,
enhance the deposition rate as is shown in Fig. 5 C).
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Fig. 5. Characterization of a-Ge\Siy:H and a-Ge,SiyB,:H films. A) E, as function of Ge gas
content (Ge,). B) Conductivity as a function of Ge gas content. C) Deposition rate as a
function of Ge gas content.

It is important to point out that, doping on amorphous semiconductors reduce E, and
increases the films conductivity (orr). In Fig 5A) for reference, is shown an intrinsic a-
Ge,Siy:H film produced with a gas content of Ge,=50% and Siy=50%, which has a E, of 0.34
eV. This is the largest value for a-Ge,Siy:H films (doped or un-doped, using a gas content of
Ge,=50% and Siy=50%).

When boron is introduced in the film deposition, E, is reduced and the conductivity is
increased in the films. In fig. 5 A) is shown that E, is reduced to values in the range of 0.18 -
0.22 eV, while the conductivity is increased in more than one order of magnitude. Also it is
important to notice that a-Ge,Siy:H films have an intermediate E, value, between a-Si:H and
a-Ge:H. Intrinsic a-Si:H has E, values close to 1 eV, while a-Ge:H have Ea values of above 0.3
eV. Thus, varying the Ge (and Si) gas contents in the a-Ge,Siy:H films, it is possible to
modify E, (an also the conductivity) on intrinsic films.

Larger Gex content in the films will reduce the value of E.. In fig 5 A), we observe a
decrement on E, of the a-Ge,SiyB,:H films, not just because the B, gas content (which in fact
decreases), but because the Ge content (which increases). In fig 5 A) is shown that for a-
Ge,SiyB,:H films, the Gex gas content vary between 0.3 and 0.55, while the B, gas content
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vary just between 0.07 and 0.11. Thus the effect of the variation of the Ge gas content on E, is
dominant in the a-Ge,SiyB,:H films .

4.3 Composition of the a-Ge,Siy:H and a-Ge,SiyB::H films

In Figure 5 the showed results are related to the Ge,, Siy, and B, gas contents, not to solid
contents. There exists a significant difference between the gas content used for the films
deposition, and the solid content in the films produced. The composition in solid phase of
the different films (three boron alloys with different Ge gas content and the intrinsic film)
was characterized by secondary ion mass spectroscopy (SIMS). The samples used for SIMS
characterization were the stripes samples described in section 4.1. Fig. 6 shows the SIMS
profiles obtained.

From SIMS profiles we calculated the solid composition in the thermo-sensing films. For the
film with gas content: Ge,=0.3 and B,=0.11 (process B), we observed an increase in the solid
content: Ge,=0.59 and B,=0.32 respectively. For the film with Ge,=0.45 and B,=0.09 (process
C), we observed Ge,=0.67 and B,=0.26, respectively. For the film with Ge,=0.55 and Bz=0.07
(process D), we observed Ge,=0.71 and B,=0.23, respectively. These results suggested a
strong preferential B and Ge incorporation from gas phase during the film deposition
process. The B, solid content demonstrated values about 3 times larger than the content in
gas phase B,, while the Ge, solid content increased by a factor of 1.3-2 from the Gex gas
content. Those results are shown in Table 4.

Thermo-sensing films
Process A Process B Process C | Process D
Film Thickness (pm) 0.5 0.36 0.42 0.51
Deposition rate (A/s) 2.8 6 7 9.5
E. (eV) 0.345 0.22 0.21 0.18
Stripes TCR (K1) -0.044 -0.028 -0.027 -0.023
samples ort (Qcm)! 6x10-5 2.8x10-3 1x102 2.5x10-2
00 (Qcm)-! 34.85 12.02 36.46 24.55
Ea.(eV) 0.36 0.225 0.20 0.20
Patterned samples TCR (K7) -0.046 -0.029 -0.025 -0.025
orT (Qcm)? 1.08x10-5 1.4x10-3 4x10-3 1.2x102
00 (Qcm)1 11.13 7.27 8.23 28.26
Ea.(eV) 0.37 0.22 0.20
Micro-bridge TCR (K7) -0.047 . -0.028 -0.025
samples s oxr (@cm)1 | 2.2x105 | Notavailable o os 7x10°%
00 (Qcm)1 32.8 5.94 15.58

Table 3. Comparison of E,, TCR, orr and oy in stripes, patterned and micro-bridges samples
for the different thermo-sensing films.

In Fig. 6 the intrinsic film has a Boron content of 1018 cm3 (which represents a B solid
content of 2x103 %) as is shown in table 4. The reason of the above is the fact that all the
films were deposited on the same chamber. Even though, the chamber was extensively
cleaned and coated with a SiNy film before the intrinsic film deposition, Boron impurities
remained in the chamber walls, which were re-deposited in the intrinsic films.
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Fig. 6. SIMS profiles of a-Ge,Siy:H and a-Ge,SiyB,:H thermo-sensing films.
Thermo-sensing films
Process A Process B Process C Process D
Gex (%) 05 0.3 045 0.55
Gas content Siy (%) 0.5 0.59 0.46 0.38
B. (%) 0 0.11 0.09 0.07
Solid content Gex (%) 0.888 0.59 0.67 0.71
1 0,
obtained from SIMS S (%) 0.110 0.078 0.05 0.04
B. (%) 2.0x103 0.32 0.26 0.23

Table 4. Gas content and solid content obtained by SIMS for the thermo-sensing films.

5. Microbolometer configurations and fabrication process flow

In this section we show a comparative study of the performance characteristics of three
configurations of un-cooled microbolometers based on amorphous germanium thin films: a)
Planar structure with intrinsic amorphous germanium-silicon a-Ge,Siy:H thermo-sensing
film. In this configuration the metal electrodes are placed under the thermo-sensing film
(Fig. 7 A); b) Planar structure with amorphous germanium-boron-silicon alloy a-Ge,BySi,:H
thermo-sensing film (Fig. 7 B) and c) Sandwich structure with intrinsic a-Ge,Siy:H thermo-
sensing film, this configuration consists of metal electrodes which sandwich the thermo-
sensing film (Fig. 7 C). Fig. 7 D) shows a picture of one device fabricated.
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The fabrication process of the planar structure microbolometer with the a-Ge,Siy:H thermo-
sensing film is as follows. A 0.2 pm-thick SiO: layer is deposited by CVD on a c-Si wafer and
a 2.5 pm-thick sacrificial aluminum layer is deposited by e-beam evaporation and patterned.
A 0.8 um-thick SiNy film is then deposited at low temperature (350 °C) by low frequency
PECVD over the aluminum sacrificial film. The SiNy film is patterned by reactive ion etching
(RIE) in order to form a SiNy bridge. A 0.2 pm-thick titanium contacts are deposited by e-
beam evaporation over the SiNy bridge and a 0.5 pm-thick thermo-sensing a-Ge,Siy:H film is
deposited over the Ti contacts by low frequency LF PECVD technique at a rf frequency
f=110 kHz, temperature T=300 °C, power W=350 W and pressure P=0.6 Torr. The a-Ge,Siy:H
film is deposited from a SiH, + GeHs + Hy mixture with gas flows: Qsisa=25scem, Qgetia =25
sccm, Qpp=1000 sccm. This results in a Ge content in solid phase Y=0.88 and a Si content in
solid phase Y=0.11. The thermo-sensing film is covered with a 0.2 um-thick absorbing SiNy
film deposited by PECVD and finally the aluminum sacrificial layer is removed with wet
etching.

The planar structure microbolometer with the boron alloy (a-GeBySiy:H) thermo-sensing
film is fabricated as the previous one, with difference in the thermo-sensing film deposition
parameters. The boron alloy film is deposited from a SiHy + GeHy + B,Hs + Hy mixture with
the following gas flows: Qsirs=50sccm, Qgers =50 scem, Qpore=5 scem and Q=500 scem.
This results in a Ge content in solid phase Ge,=0.67 and B content in solid phase By=0.26.
Those values were obtained by SIMS measurements.

A) Planar structure micro-bolometer B) Planar structure micro-bolometer

SiN,, absorbing layer SiN, abserbing layer

Ti pad i
Ti pad ! Tipad

SiN Bridge SiN Bridge

s10,

Al sacrificial layer

a-Ge,B, Si :H
thermo-sensing film

Al sacrificial layer a-GexSiy:H
thermo-sensing film

C) Sandwich structure micro-bolometer
Top thick electrode Top thin electrode

Tipad Ti pad

SiN, Bridge

S10,

-Si

PP lectrod i
Al sacrificial layer  Bottom electrode a.GexS|y:H

thermo-sensing film

Fig. 7. Microbolometers: A) Planar wit intrinsic film a-Ge,Siy:H, B) Planar with boron doped
film a-Ge,B,Si,:H, C) Sandwich with intrinsic film a-Ge,Siy:H, D) A device fabricated.

The sandwich structure microbolometer with the a-Ge,Siy:H film is fabricated in the same
way as the planar microbolometer with some differences, due to the placing of metals as
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bottom and top electrodes. In this structure the electrodes sandwich the thermo-sensing
film. The bottom Ti electrode is 0.2 pm-thick and is deposited before the thermo-sensing
film. Then the a-Ge,Siy:H film is deposited and it is covered with a top thin electrode (10
nm) forming a sandwich structure. The active area of the thermo-sensing layer in the three
configurations studied is Ap=70x66pum?2. Fig. 8 shows the fabrication process of the
microbolometer structures.

1-2.0xide deposition by CVD and Sacrificial Al layer deposition

Al
c - Si
3 - 4.Patterning the Allayer and Deposition of Si N1 layer
Al Ny !
¢ - Si
PLANAR STRUCTURE SANDWICH STRUCTURE
5. Titanium contacts deposition 5. Titanium bottom contact deposition
Al Al
c-Si c-Si |
6. Deposition of thermo-sensing film 6 -7. Deposition of t!lermosensing film
a-Ge, Siy:H or a-Ge,B, Si :H a-Ge,Si, H and SiN, 2 “'“;'NK_ ,
Al Al N
c - Si c - 3Bi

8 - 9. Paterning the active layer and a window
openning in the SINH-Z layer

c-Si c-8i

7. Deposition of a Si N}-{Z layer

8. Paterning the active layer 10 - 11.Thin and thick top metal deposition
Ti thin electrode

—_m
% % -
Al Al

c-8i c - Si
9. Etching of aluminum layer 12. Etching of aluminum layer
¢ - Si ¢ - Si

Fig. 8. Planar and sandwich microbolometers fabrication process flow.
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6. Microbolometers electrical characterization

A microbolometer is a resistor sensitive to temperature change, its operation is based on the
temperature increase of the thermo-sensing film by the absorption of the incident IR
radiation. The change in temperature causes a change on its electrical resistance, which is
measured by an external circuit.

In this section we present a comparative study of 3 configurations of un-cooled
microbolometers based on amorphous silicon-germanium thin films deposited by plasma.

6.1 I(U) measurements in dark and under Infrared Radiation (IR)

In this section is described the procedure performed in order to obtain the current voltage
I(U) characteristics of the microbolometers, from this measurement it is possible to
determine the microbolometer electrical resistance and responsivity.

The current-voltage characteristics I(U) and current noise spectral density (NSD) have been
measured in the devices in order to compare the performance characteristics, such as
responsivity and detectivity in the 3 configurations of microbolometers:

a. Planar structure with an intrinsic germanium-silicon (a-Ge,Siy:H, Ge,=0.5) thermo-
sensing film (process A of section 4).

b. Planar structure with a germanium-silicon-boron alloy (a-Ge,SiyB.:H, Gex=0.45, B,=0.09)
thermo-sensing film (process C of section 4).

c.  Sandwich structure with an intrinsic (a-Ge,Siy:H, Ge,=0.5) thermo-sensing film (process
A of section 4).

The samples were placed in a vacuum chamber at pressure P~20 mTorr, at room temperature
and illuminated through a zinc selenide window (ZnSe). The window has a 70% transmission
in the range of A=0.6 - 20 pm. The source of IR light is a SiC globar source, which provides
intensity Ip=5.3x102 W/cm? in the range of A=1 - 20 pm. The current was measured with an
electrometer (“Keithley”- 6517-A) controlled by a PC in dark and under IR illumination.

Fig. 9 A) shows the current-voltage I(U) characteristics in dark and under IR illumination for
the planar configuration with a-Ge,Siy:H thermo-sensing film (process A, section 4); Fig. 9 B)
shows these characteristics for the planar configuration with a-Ge,SiyB,:H thermo-sensing
film (process C, section 4); and Fig. 9 C) shows the same characteristics for the sandwich
configuration with a-Ge,Siy:H thermo-sensing film (process A, section 4).

In those figures we can see the increment in current due to IR illumination, Al=Ir-Ipark, Where
Ir is the current under IR radiation and Ipar is the current in dark. The planar configuration
with the a-Ge,Siy:H (Ge,=0.5) film has a Al = 5.4 nA (at bias voltage U=7 V); the planar
configuration with the a-Ge,SiyB.:H (Ge,=0.45, B,=0.09) film has a Al = 65 nA (at bias voltage
U=7 V); and the sandwich configuration with the a-Ge,Siy:H (Gex=0.5) film has a A = 35 pA (at
bias voltage U=4 V). The inset in those figures show the Log I(Log U) characteristics, where we
can see their linear behavior. The gamma (y) constant indicates the slope of the curves.

6.2 Current and voltage responsivity

The current responsivity, Ry, is described by Eq. 17, where Al is the increment in current
(AI=Iir-Ipark) and Pincigent is the IR incident power in the device surface. Pincigent is described
by Eq. 18 and is the product of the cell area, Acen and the IR source intensity, Iy.
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RI = Al / Pincident (17)
Pinciden’c = AceIIIO (18)

The intensity of the IR source is I = 0.053 Wcm2, while the cell area is Acenn = (70x10-4)(66x10-
4) em? = 4.6x105 cm?. Therefore the IR incident power in the device surface is Pincident =
2.475x10-¢ W. The planar microbolometer with a-Ge,Siy:H (Gex=0.5) film has a R;=2x103
A/W (at U=7 V); the planar microbolometer with a-Ge,SiyB.:H (Ge,=0.45, B,=0.09) film has a
Ri= 3x102 A/W (at U=7 V); and the sandwich microbolometer with a-Ge,Siy:H (Ge,=0.5)
film has aRi=14 A/W (at U=4 V).

Table 5 shows the Al and R; values obtained in the configurations. Fig. 10 A) shows the
voltage dependence of Ry for the planar microbolometer with a-Ge,Siy:H (Ge,=0.5) film; Fig.
10 B) shows the voltage dependence of R; for the planar microbolometer with a-Ge,SiyBz:H
(Ge,=0.45, B,=0.09) film; and Fig. 10 C) shows the voltage dependence of R; for the sandwich
microbolometer with a-Ge,Siy:H (Ge,=0.5) film. The insert in those figures show a relative
current responsivity. Relative current responsivity is the ratio between the increment of
current from dark to IR condition, AR;, and the microbolometer resistance Reelr.
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Fig. 9. I(U) characteristics of 3 microbolometers: A) planar with a-Ge,Siy:H (Gex=0.5). B)
planar with a-Ge,SiyBz:H (Ge,=0.45, B,=0.09). C) sandwich with a-Ge,Siy:H (Ge,=0.5). The

inset in those figures show the Log I(Log U) characteristics, where we can see their linear
behavior. The gamma (y) constant indicates the slope of the curves.
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The planar and sandwich structures with the intrinsic film show larger values of relative
current responsivity. The voltage responsivity, Ry, was calculated from the experimental
I(U) points, the increment in voltage from dark condition to IR condition was obtained from
a fixed current. Fig. 11 A) shows a AU= 1.8 V extracted from a fixed current I = 1.5x10% A, in
the planar structure microbolometer with the a-Ge,Siy:H (Gex=0.5) film. Fig. 11 B) shows a
AU= 0.3 V extracted from a fixed current I 1.35x10¢ A, in the planar structure
microbolometer with the a-Ge\SiyBz:H (Gex=0.45, B,=0.09) film. Fig. 11 C) shows a AU= 0.54
V extracted from a fixed current I = 1.16x104 A, in the sandwich structure microbolometer
with the a-Ge,Siy:H (Ge,=0.5) film.

Planar Planar Sandwich
structureWith structureWith structureWith
a-Ge,Siy:H a-Ge,SiyB,H a-Ge,Siy:H
Film process A C A
Al= IR - Idark (A) 5.4 x10° (at U=7 V)| 65x10° (at U=7 V) | 35x106 (at U=4 V)
Current responsivity (AW-1) 2x103 3x10-2 14
AU= UR - Ugarc (V) 1.8 (at I=1.5x108) | 0.3 (at I=1.35x10) | 0.54 (at I=1.16x104)
Voltage Responsivity (VW) 7.2x105 1.2x105 2.2x105

Table 5. Current and voltage responsivity values for 3 microbolometer configurations.
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The planar microbolometer with a-Ge,Siy:H (Ge,=0.5) film has a Ry=7.2x105 V/W (at
1=1.5x10% A); the planar microbolometer with a-Ge,SiyB,H (Ge,=0.45, B,=0.09) film has a
Ry= 1.2x105 V/W (at 1=1.4x10-¢ A); and the sandwich microbolometer with a-Ge,Siy:H
(Gex=0.5) film has a Ry= 2.2x105 V/W (at I=1.16x104 A). Table 5 shows the AU and Ry values
obtained from the different microbolometers configurations.
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Fig. 11. Extraction of AU from I(U) characteristics: A) planar with a-Ge,Siy:H (Gex=0.5). B)
planar with a-Ge,SiyBz:H (Ge,=0.45, B,=0.09). C) sandwich with a-Ge,Siy:H (Ge,=0.5).

6.3 Noise spectral density measurements and detectivity calculations

Noise measurements in the microbolometers were performed with a lock-in amplifier
(“Stanford Research Systems” - SR530). The noise of the system and the total noise (system +
cell noise) were measured separately, and a subtraction of the system noise allowed us to
obtain the noise of the device. The detectivity was calculated from the responsivity values
and noise measurements. The current noise spectral density (NSD), Il noise (f), of the
fabricated devices with the different thermo-sensing films are shown in Fig. 12.

The NSD in the cell is obtained as (Il noise(f))? = (Isystem + cell noise(f))2 = (Isystem noise(f))2, where
Leell + system noise(f) is the NSD measured at the microbolometer with the measuring system and
the Isystem noise(f) is the NSD measured in the system without the microbolometer. In noise
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curves we observed different slopes at different frequencies and different cone frequencies.
That data are shown in Table 6, where fcl is the cone frequency 1, fc2 is the cone frequency
2, B is the slope of the curve in region 1 and vy is the slope of the curve in region 2.

The planar structure with a-Ge,Siy:H (Gex=0.5) film shows Icel noise (f) = 1016 AHz1/2; the
planar structure with a-Ge,SiyB,:H (Ge,=0.45, B,=0.09) film shows Il noise (f) ~ 1014 AHz1/2;
and the sandwich structure with a-Ge,Siy:H (Ge,=0.5) has Icei noise (f) = 10-1t AHz1/2,

The procedure for the detectivity calculation is shown in Eq. 19, where R; is the current
responsivity, Ac is the detector area, Inoise is the cell NSD and Af =1 is the bandwidth of the
measurement system.

1/2 1/2
D* = RI(Acell) / Inoise /(Af)/ (19)
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Fig. 12. Spectral density of current noise (NSD) of 3 microbolometers: A) planar with a-
Ge,Siy:H (Gex=0.5). B) planar with a-Ge\SiyBz:H (Ge,=0.45, B,=0.09). C) sandwich with a-
Ge,Siy:H (Gex=0.5).

We calculated the detectivity values D" in the 3 structures. For the planar structure with the
a-Ge,Siy:H (Ge,=0.5) film we obtained D= 7x10° cmHz!/2W-1; for the planar structure with
the a-Ge,SiyB,:H (Ge,=0.45, B,=0.09) film it is D"= 5.9x10° cmHz/2W-1; and for the sandwich
structure microbolometer with the a-Ge,Siy:H (Ge,=0.5) film it is D*= 4x10% cmHz1/2W-1,
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Frequency Regions

Samples Region no. 1 Region no. 2 Region no. 3
B |fcl (Hz) Yy |fc2 (Hz.)| Noise level (AHz1/2)
aéfﬁf‘fﬁtﬁ‘é?fg B 047 | 23 | 134 | 350 L0
aGe81V1];1aIr{1a;GSér28t:;e B,=0.09)| % 2 104 1 100 10
:g‘edg‘l’;cg S(g‘elci‘ar;) 015| 5 | 098 | 30 1041

Table 6. NSD at different frequency regions in the different microbolometers structures.

7. Microbolometers thermal characterization and calibration curve

In order to estimate the temperature dependence of the thermal resistance of the
microbolometers, I(U) measurements were performed in the range from 260 K to 360 K, as is
shown in Fig. 13 A), where the bias is plotted as a function of current.
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Fig. 13. A) U(I) curves of a planar structure microbolometer with a-Ge,Siy:H (Ge,=0.5). B)
Calibration curve of a planar structure microbolometer with a-Ge,Siy:H (Gex=0.5).

The slope of the linear part of each curve showed in Fig. 13 A) corresponds to the electrical
resistance of the microbolometer for each temperature value (in the range of 260 K - 360 K).
Once that is obtained the value of the electrical resistance for each value of temperature, it is
possible to graph the electrical resistance of the microbolometer as a function of the
temperature, also called the calibration curve, as is shown in Fig. 13 B).

The calibration curve is very important because from this curve is possible to calculate an
increment in temperature in the microbolometer by measuring a change in its resistance.

The voltage-current curves in Fig. 13 A) have different resistance values as the current
increases. The value of the resistance is affected by the temperature. Thus the resistance is
calculated for each point of the Voltage-Current curves (obtained at different temperatures,
260, 270, etc.). If the resistance values obtained are compared with the calibration curve, it is
possible to extract the increment of temperature (AT) for each point.
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Fig. 14 A) shows the increment of temperature (AT) as a function of the power (P=U*I)
applied to the microbolometer, for each temperature.
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Fig. 14. A) AT vs Power curve of a microbolometer. B) Thermal resistance of a planar
structure microbolometer with a-Ge,Siy:H (Ge,=0.5).

)1.4x1o’ T T . : . ’

= 1.2x101
g X
1.0x10
[}]
2 8.0x10%
s 5
+ 6.0x10%
8 4.0x10%
2.0x10%

0.0

1 __ 1.4x10°

] = 1.3x10°
X

300 320 340 360 380 400
Temperature (K)

B)

1.5x10°

~ /\'

320 340 360 380
Temperature (K)

Fig. 15. Microbolometer with a-Ge,SiyB.:H (Gex=0.45, B,=0.09). A) Calibration curve. B)

Thermal

resistance.

The thermal resistance of the microbolometer, Ry, is then obtained as the slope of the
increment of temperature in the microbolometer (AT) as a function of the power applied to
it, for each temperature value. Fig. 14 B) shows the temperature dependence of the thermal
resistance (Ru). Fig. 15 A) shows the calibration curve and Fig. 15 B) shows the temperature
dependence of the thermal resistance (Ru) of the planar structure microbolometer with a-

Ge,SiyB,

H (Ge,=0.45, B,=0.09).

8. a-Ge,Siy:H and a-Ge,Si,B,:H microbolometers compared with literature

The results obtained from the study of fabrication and characterization of different
microbolometer structures, containing intrinsic a-Ge,Siy:H films and boron alloys a-
Ge,SiyB,:H, are discussed in the present section and compared with data reported in
literature.
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8.1 Thermo-sensing film characterization

Table 7 shows the most employed materials as thermo-sensing films in microbolometers.
VO is one of the most employed materials (B. E. Cole, 1998), however this material is not
compatible with Si CMOS standard technology and its TCR is not very large, around 0.021
K. Amorphous Ge,Si1 Oy films have been employed in microbolometers (E. Iborra, 2002),
these films are compatible with the CMOS technology and present a high TCR, around 0.042
K-1; however also have a high resistance.

Material TCR (K1) Ea (eV) ort (Q cm)? Reference
VO 0.021 0.16 2x10! B. E. Cole, 1998
a-Si:H (PECVD) 0.1-0.13 0.08-1 ~ 1x10° A. J. Syllaios, 2000
a-Si:-H,B (PECVD) 0.028 0.22 5x10-3 A.]J. Syllaios, 2000
a-Ge,Siy:H (PECVD)* 0.043 0.34 1.6x10-6 M. Moreno, 2008
GeSi1,Oy 0.042 0.32 2.6x102 E. Iborra, 2002

Table 7. Most common thermo-sensing materials employed in microbolometers.

At the present time a-Si:H and boron doped a-Si:H are employed in large microbolometer
arrays (A. J. Syllaios, 2000). Intrinsic a-Si:H is compatible with CMOS technology and has a
very high TCR, around 0.1-0.13 K-1; however it is a highly resistive material, resulting in
high resistive microbolometers which present a mismatch impedance with the readout
circuits. Boron doped a-Si:H, has moderated resistivity, but also a reduced TCR, of 0.028 K-1.
Therefore none of those materials can be considered the optimum one as thermo-sensing
material in microbolometers. Intrinsic a-Ge,Siy:H films presents a large TCR, around 0.043
K-1, a moderated resistivivy and is compatible with the Si CMOS technology; those
characteristics make this material suitable as thermo-sensing film for microbolometer arrays,
however the resistivity is still an issue.

Amorphous germanium-silicon-boron alloys a-Ge,SiyB,:H, have been studied in order to
reduce the high resistivity presented in intrinsic films. From the conductivity
characterization in the thermo-sensing films, we can state that the a-Ge\SiyB,:H alloys
demonstrated an increment in their conductivity (between 2 and 3 orders of magnitude) in
comparison with that of the intrinsic a-Ge,Siy:H film. However the increment in orr was
accompanied by a reduction in TCR, to above 0.028 K-1.

The deposition rate in the boron alloys is above 2-3 times larger than that of the intrinsic
film. Thus B incorporation during the thermo-sensing deposition, enhance the deposition
rate. The deposition of the thermo-sensing films over a SiNy micro-bridge, has as
consequence a reduction in the film conductivity, the stress arisen in the SiNx micro-bridge
could be the cause for the orr reduction. The a-Ge,SiyB,:H films compared with the another
thermo-sensing materials, have better performance characteristics, which are: compatibility
with the Si CMOS technology, moderated values of TCR, comparables with those of the VO,
and a-Si:H films, and reduced resistivty. In general the a-Ge,SiyB,:H alloys have similar
characteristics than those of the a-Si:H,B thermo-sensing film (A. J. Syllaios, 2000), but also
have one order of magnitude shorter resistivity.

8.2 Microbolometers characterization

Table 8 shows the main performance characteristics of the microbolometers reported in
literature, which are compared with the different microbolometer configurations studied in



Un-Cooled Microbolometers with Amorphous
Germanium-Silicon (a-Ge,Siy:H) Thermo-Sensing Films 47

this work, containing intrinsic and boron alloys thermo-sensing films. Commercial planar
structure microbolometers based on VO films (B. E. Cole, 1998), present moderated values
of TCR, around a=0.021 K and high values of voltage responsivity, Ry=2.5x107 VW-1,
Another performance characteristics as detectivity, D* are not published. The main
drawback of these devices is their un-compatibility with Si CMOS technology, thus special
installations are necessary for their fabrication, which make impossible to fabricate those
devices in any standard Si CMOS fabrication line.
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aSiHB | 0220028 |48x48| 3x107 | 106 ; ) A ]'25053(1;“05'
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Gy 9 - - -
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Table 8. Comparison of characteristics of micro-bolometers with literature.

Planar structure microbolometers based on resistive a-Si:H, present high values of TCR,
around a=0.1-0.13 K-, however also have very high values of resistance. Comercial a-Si:H,B
based planar structure microbolometers (A. J. Syllaios, 2000) have moderated values of TCR,
around a=0.28 K-, a cell resistance Reen = 3x107 Q, and a high voltage responsivity, around
Ru= 106 VW-1. However values of D" are not reported.

Microbolometers based on a-GexSii.«Oy (E. Iborra, 2002) have demonstrated high values of
TCR, around a=0.042 K-, a moderated cell resistance, Reen = 7x105 Q, and moderated
detectivity D"=6.7 x108 cnHz!/2W-1,

In our work, the planar structure microbolometers based on intrinsic a-Ge,Siy:H films have a
very high value of TCR, around a=0.043 K-, a current responsivity, R=2x10-3 AW+, a very
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low current NSD, Ihoise  1x10-15 AHz1/2, resulting in a very high detectivity D= 7.9x10°
cmHz1/2W-1. However those devices still have a high cell resistance, Reeir = 5x108 Q.

The boron alloy planar structure microbolometers have a cell resistance, around Reen = (1-3)
x106 Q, which is two orders of magnitude shorter than that of the planar structure devices
with intrinsic film and one order of magnitude shorter than that of the a-Si:H,B commercial
devices (A. J. Syllaios, 2000). The current responsivity is around Ri= (3-7)x102 AW+, and the
current NSD, Ineise ~ 1013 AHz1/2, which results in a high detectivity D= (2-6) x10°
cmHz1/2W-1,

The sandwich structure microbolometer with the intrinsic a-Ge,Siy:H film, presents the
shortest cell resistance of the devices reported in literature, Reein 1 x105 Q, which is 3 orders
of magnitude less than that of the planar devices with the same intrinsic film; one order of
magnitude shorter than that of the boron alloy devices; 2 orders shorter than that of the a-
Si:H,B devices; and near to 1 order of magnitude shorter than that of the a-Ge,Si1..Oy
microbolometers. The TCR in sandwich structures is very high, around a=0.043 K-, the
current responsivity is in the range of Ri= (0.3 -14) AW+, which is around 2 - 3 orders of
magnitude larger than that of the boron alloys (a-GeSiyB,:H) planar structure
microbolometers and around 3 - 4 orders of magnitude larger than the intrinsic a-Ge,Siy:H
film planar structure devices. However the sandwich structure presents a larger current
NSD, ILioise = 10-11 AHZz1/2, which results in a detectivity D'= 4 x109 cmHz1/2W-1,

9. Conclusion

Uncooled microbolometers are reaching performance levels which previously only were
possible with cooled infrared photon detectors. For uncooled infrared bolometer arrays
based on amorphous silicon films the efforts have been conducted to increase the number of
pixels included in the arrays, rather than improve the performance characteristics of the
microbolometers. Plasma deposited amorphous germanium-silicon (a-Ge\Siy:H) and
amorphous germaniume-silicon-boron (a-Ge,SiyB,:H) used as thermo-sensing films provided
a high TCR and, as a consequence, a high responsivity and high detectivity with a improved
conductivity. Thus a-Ge,Siy:H and a-Ge,SiyB,H are very promising materials for its
integration on IR detector arrays, and its circuitry in the same chip, avoiding the problems
of matching with the input impedance of the electronic circuits. Moreover the manufacture
of those devices is aligned with standard CMOS and MEMS foundry processes.
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1. Introduction

The miniature thermal resistors are comprehensively applied as thermistors or bolometers.
Due to the dynamic development of the micromachining technologies became possible their
mass-production with the precision and reproducibility of the microelectronics. These
techniques result in typical lateral dimensions in the 1....100 pm range and thicknesses
about pm, or less. The miniature devices fulfil the present-day requirements of the
measuring and regulating systems demanding a large number of high-speed sensors for
following quick changes, or for ensuring the quick read-out in integrated systems
comprising many devices. However the higher working speed demands electronic
processing circuits with broader bandwidth and consequently higher noise. Therefore it
seems worth to reconsider the electronic noises of the miniature devices.

The phenomenological thermodynamic parameters depend on the average of the chaotic
motion of the atoms and/or molecules. Therefore some fluctuations of their values are
expected especially in very small volumes. This fact sets a physical limitation to the
miniaturization; the size of the device should be large enough for representing the thermal
parameters with the desired accuracy. According to the statistical physics (see eg. Kingston
1978) the mean square fluctuations of the energy is

SE? = kCT?, )

where k, C and T are the Boltzmann constant, the heat capacitance of the volume under
discussion and the absolute temperature respectively. Because E = CT, (1) can be rearranged:

2
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This criterion stands a lower limit to the dimensions of the miniature thermal sensors, but it is
in the nanometre region. For example in 1 pm?3 platinum 6T/T = 1,6*106 and similarly in 1
um3Si 6T/ T = 2*10+¢. It depends on the application whether it is a practical limitation or not.

The temperature changes of the thermistor lead to changes of the resistance, as

r(T)=r,1+a(T-T,))=r,1+aAT), 3)
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where r and 1y, are the electric resistance of the thermistor at temperatures T and Tn
respectively. If the thermistor is driven by a constant current (i), then the temperature can be
deduced from the voltage measured on it:

aroLAr_1au "

7
a Ty a uO

where Up= rni is the voltage on the thermistor, when its temperature is Tr.

In this chapter the limitations of the achievable accuracy and resolution by the electronic
noises are treated. These noises stand an ultimate limit of the performance besides the
physical limitations. The three components of the resistor noises are considered: the thermal
noise, the 1/f, or flicker noise and the generation-recombination noise occurring in
semiconductors. The noise induced uncertainty monotonically increases with the
bandwidth; therefore it seems worthwhile to reconsider this issue for the case of fast,
miniature thermal resistors. In this chapter the electronic noise is considered in a bandwidth
equal to the reciprocal value of the time constant of the heat relaxation:

1
A =—, ©)
T
where Af is the electronic bandwidth and T is the characteristic relaxation time for the
temperature changes. It was pointed out (Szentpali, 2007) that the electronic processing
having this bandwidth is a reasonable trade-off; such an electronics follow the exp(—t /1)

time relaxation with an accuracy of 5.15%. The accuracy improves approximately
proportional with increasing bandwidth, but it grows worse quickly in narrower
bandwidths.

2. Thermal model

Regarding the principal application the thermistors and the bolometers should be
distinguished. The thermal equivalent circuits of them are shown in Fig.1.

In the thermistor case the thermal resistor is connected to a thermal reservoir, i.e. to a
medium having much larger heat capacity than the probe itself. There is a thermal resistance
between the reservoir and the thermal resistor. The thermal equivalent circuit of this
situation and also the used notations is depicted in Fig. 1.a. The temperature of the reservoir
holds the information on the interested physical quantity; therefore the aim is the precise
measurement of T. In some applications the thermal resistance R is connected to the physical
quantity, e.g. miniature Pirani type vacuum sensors (Berlicki, 2001), or similarly the thermal
transfer between a heater and a temperature probe measures the flow rate of a gas, or liquid
(Fuirjes et al., 2004).

In equilibrium the temperature of the thermal probe, T, is:

_ R
T-Ta r"r_p, ©)
R+Rp Rp+R

T,=T-R

or



Noise Limitations of Miniature Thermistors and Bolometers 55

T-T, R

= (T'-T,—-R,P) )
m pi
R+Rp

When T has a step-like change with AT«T, then the new equilibrium T, + AT, will set in
exponentially:

AT

R+Rp

-t
Tm+ATm:Tm+(AT_R ).(1_871)’ (8)

where

*

RR,(C+Cp) RR,C

a= R+R,  R+R, ©)
Tm R
T
Re [ cp
Ta

T 31
Ta

Fig. 1. The thermal equivalent circuits. (a) the thermistor configuration: the probe is
connected to a thermal reservoir at temperature T; (b) the bolometer configuration: the
probe absorbs the power P. Ta, Tm, C, Pi, Rp and Cp are the temperature of the ambient, the
temperature of the probe, the thermal capacity of the probe, the power due to the read-out
current, the thermal resistance and capacitance of the leads respectively.




56 Bolometers

For an ideal thermal probe R=0, and therefore T,,=T, 11=0. Further in this ideal case the Joule
heating do not changes the Ty, so the read-out current on the resistor is not limited. Of
course this configuration is not accomplishable. However, realistic measurements can be
made only if R<<Rj. In this case:

7, ~RC’ (10)

It is obvious from (7) and (8) that the effect of the wires Rp, is reduced also if T4 is close to T.
This can be achieved by thermalizing the leads and supports to a temperature close to T
(Berlicki, 2001). The instant temperature can be observed only if 11 is small compared to the
speed of the temperature changes.

The other configuration is the bolometer. In this case the measured quantity is power, which
absorbs in the body of the thermal resistor. The equivalent circuit model is shown in Fig.1.b.
Examples are: catalytic gas detectors (Barsony et al., 2004; Barocini et. al., 2004), radiation
detectors (Almarsi et al. 2006; Graf et al. 2007). In equilibrium:

T,=T,+R,(P+F) (11)

If P has a step-like change with AP, then the new equilibrium Tn + A Ty will develop
exponentially:

AT, () =R,AP(1-¢ ), (12)

where
7, =R,(C+C,)=R,C (13)

Other possible question is the response to a short power pulse which duration is small
compared to 1. In this case:

AT, =2E.n (14)

where AE is the total energy of the pulse.

The heat impedance of the losses trough the leads and supports are parasitic in the
thermistor arrangement; however in the case of the bolometer configuration the role of R,
and C* are essential. A larger value of R, increases the sensitivity; at the same time C*
should be kept small for preserving the speed and the sensitivity for short pulses. Thin
wires perform these two requirements simultaneously, however the electric resistance of
them should be taken into account, or more wires (4 or 3) should be applied. Also the Joule
heat in the thin current wires should be managed.

Albeit the equivalent circuit in Fig. 1. is the simplified description of the real structure, the R
and C values basically can be calculated numerically from the parameters of the
constructing materials and the geometry. In the case of extended dimensions (leads,
supports) the calculations can be made on the basis of distributed network. Beyond the “a
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priori” method these parameters can be deduced from measurements too. E.g. R could be
determined as a limiting value of measurement series performed with successively
increasing heat isolations on the probe. In general both t values can be determined from the
relaxation after a step like increment of P; which occur remarkable heating up (Imran &
Bhattacharyya, 2005).

In many cases the expressions in the frequency domain are more practical, instead of the
time domain. The power spectral density of the exponential relaxation is the Lorentzian (see.
e.g. Fodor, 1965):

'
-

et — ;2 (15)
1+ (w7)

For example the power spectral density of the temperature fluctuations described by (2) is:
2
5(a1?) - AR (16)
f 1+(27fCR)

where R is the heat resistance which connect the observed volume to the ambient. C is the
heat capacitance of the volume under discussion, see (1), and (2). The relaxation time is
1=RC. Sometimes this noise is called “phonon noise”, or fluctuation of the heat conductance.

If the heat capacitance and resistance cannot be considered as discreet elements, but
distributed parameters along one dimension, then (Socher at al., 1998):

16kT?R 1
5(AT2)f = ﬂ-z 2ﬂ-ﬂ{’C‘ 7 (17)
7L(RG +-—5) 1+ (ﬁ)2
RG +—

41?

where R'and C’ are the heat resistance and the heat capacitance per unit length; G is the
heat conductance to the ambient per unit length and L is the length of the structure,
considered as being one dimensional.

3. The thermal noise

The Nyquist, or Johnson noise is generated by the thermal motion of the electrons. This is a
“white” noise, i.e. the noise power in unity bandwidth is constant, independent on the
frequency. The cut off frequency at room temperature is in the terahertz region (Hooge et
al.,, 1981). It occur voltage, or current fluctuations depending on the embedding circuit (van
der Ziel, 1986). The variance of the voltage across the resistor terminals is:

(u-T) =ou? = 4kTraf, (18)

where Af is the bandwidth in which the noise is measured. The square root of the variance is
the standard deviation, which is the so called “thermal voltage”:

SU = \[4kTrAf (19)
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This voltage fluctuation is present on the resistor even without bias. Therefore the relative
importance of the thermal noise is smaller when the useful signal increases, i.e. when the
bias on the resistor is large. However, the bias is limited by the self-heating of the thermal
resistor.

In the “thermistor” case an upper limit of the bias can be derived from the accuracy. The
Joule heating results in temperature drop on R. The maximum of this drop can be prescribed
as:

iR < pTm, (20)

where i is the biasing current and p is constant, which express the required accuracy. From
(6) and (20) follows the maximum of the voltage drop on the resistor r:

R+R )T
U, = pr( p) T 1)
RRp

Substituting (19) and (21) into (4) and taking into account (10) it gives:

4KT,
5Tﬂ,=16u’h :1\/ kTr /1, _2\/ kT @)

aly, o U  a\pCT
This is the uncertainty of the temperature read-out due to the thermal noise if the
bandwidth is 1/11. It is worthy to note that this uncertainty does not depend on the actual
value of r and R. Except the constants it depends only on the ratio of the thermal energy and
the heat accumulated in the heat capacitance, C*.

For bolometer case the rearrangement (11) and (4) gives:

4kT, 2 JkT,
é-Pm:é‘Tth_ 1 511: 1 mr/‘[2: m

- = . o
R, aR, U aR, r iaRFé\/E

In these measurements there is no need for accurate determination of temperature, therefore
the choice of the bias current and the resistor temperature T, depends on different
considerations. E.g. the catalytic gas detectors work at temperatures about 700 °C, which is
ensured by the bias current (Fiirjes et al., 2002).

(23)

In the similar way from (14) it gives:

. C * JAKT, 2./kT.C"
S, =0T, =S 0L _C N 2Ky (24)
a U «a ir\/RpC* ia 1R,

For small incident powers, or energies Tr, in (23) and (24) depends on the read out current.
Tm= To*tRpiZr. At elevated temperatures, when T, >>T, the &Py and &Ew become
independent on the current according to (23) and (24). However, it should be noted that at
elevated temperatures even some deterioration of accuracy can occur, because the value of a
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decreases at high temperatures for the greatest number of materials. The increase of the
current in the region, where it gives rise to only moderate temperature increment improves
the accuracy.

4. The flicker (1/f) noise

The flicker or 1/f noise is also a general component in all resistors. It originates from the
fluctuation of the resistance, concretely from the fluctuations of the mobility, or in other
words from the fluctuations of the thermal scattering of mobile charge carriers (Kogan,
1996). Therefore this effect stands an absolute limit to the accuracy of the measurement; it
can not overcome by increasing the bias. The spectrum of the 1/f noise is:

o7 Cuy
r’ f

(25)

The dimensionless number Cy/¢ is the measure of the magnitude of the noise, 51’/:2 is the
spectral density of the variance of the resistance, i.e. the variance measured in unity
bandwidth. C;/f makes possible to compare the noise levels observed under different
conditions as frequency ranges, current or voltage. In metallic and semiconductor resistors
the Hooge-relation (Hooge, 1969) is valid:

c, =21, (26)
Vi N
where ay is the so called Hooge-constant and N is the total number of mobile charge carriers
in the resistor. The value of ay is not universal constant, as it was supposed earlier, when
Hooge discovered the above relationship. It varies from about 0.1 to 108 for different materials
and structures (Kogan, 1996). Largest values of ay were obtained in strongly disordered and
inhomogeneous conductors, e.g in high-Tc superconductors, as it will be presented in section
9. As Cy/¢is able to compare different measurements, the Eq. (26) offers more general facility of
comparison, because ay is a specific material parameter, independent of the number of charge
carriers, i.e. the volume of the resistor. Therefore not only the noises obtained under different
measuring circumstances on equivalent resistors can be compared, but also noises of samples
having different sizes. On other hand Eq. (26) shows that the noise is larger in smaller resistors
made from the same material. It should be noted here that there are other 1/f noises too; e.g. in
the channel of MOS transistors the 1/f noise is produced by fluctuation in number of electrons
trapped in the oxide (Kingston (Ed.), 1957).

It should be realized that the spectrum cannot be exactly 1/f in the whole frequency range
from zero to infinity. At first the spectrum is undefined at {=0, because the zero divider in
(25). Further the total noise power, which is the integral of the spectrum is the logarithm
function, which has infinite values when f{—0 and when f—o. Therefore it is generally
assumed, that the spectrum flattens below a certain low frequency and it should be stepper
over a certain high frequency. However, neither of this frequency limits have been observed
yet. In spite of this fact the integration of the spectrum can be performed in a finite
frequency region, which does not involve the 0 Hz (Szentpali, 2007). The variance of the
resistance is taken as:
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f2 d
St =v2C lz 2c. 1 [/[2]
r r %]!1 f r %{ og, fl , (27)

where f; = 1/1 and f; =f,/a, and expediently a>>1 . The relative fluctuation of the resistance

is:
or
—=C,/1
AR @

It should be noted here that in this treatment of the 1/f spectrum that the noise in the
bandwidth is independent on the frequency, it depends only on the ratio a. However due to
the square root and log function, this dependence is rather weak. For sake of simplicity in
this paper a=10¢ will be used. It means that

or

~=37 ﬁ (29)
As it was mentioned the choice of the “a” value is not decisive, e.g. taking only 3 decade
bandwidth the multiplayer in (29) would be 2.6. Similarly 9 decade bandwidth results in a
numeric factor of 4.5. Even the value of Cy/¢ is not known with better accuracy. Suggestively
the value of f; can be interpreted as the reciprocal of the time of observation. A numeric
example: a=10¢ can mean that £,=10 kHz is the upper cut-off frequency of the electronics
belonging to 0.1 ms relaxation and 1/£;=100s is the time of the measuring.

The fact that the fluctuation due to the flicker noise is hardly sensitive to the bandwidth and
unrelated to the absolute value of the frequency means that it is not worth to limit the speed
of the electric circuit.

Substituting (29) into (4) we obtain the 1/f noise equivalent uncertainty of the temperature
of the thermistor:

ST _3'7\IC% 37\Jay  37Jay
L= - -

’ 30
/f a ax/ﬁ aNnV (30)
where n is the volume density of free charge carriers and V is the volume.
For the bolometer configuration it gives
3.7y
sp,, oL _ 1 37yeu (31)
%‘ Rp R,,, a\nV
The noise equivalent pulse uncertainty is:
. 3.7\ a
SE,, =6TC =C = 32
%‘ anV (52)
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Here it is worthy of note that the introduction of the integral (27) makes possible to express
the figures of merit as 8T, 8P and OE on the basis of (26), which is a principal physical
relation. The general conclusion on the 1/f noise is that the measuring circumstances
practically cannot influence it. It can be influenced only by the construction, by the ay value
of the applied material and the volume. The increase of the volume decreases 6T1/¢ and &Py«
at the sacrifice of the speed. 6E;r is proportional to C*~V, the 1/f uncertainty changes as V-1/2,
therefore finally OEj/¢ is proportional to V1/2. In this case the smaller volume is clearly
advantageous.

5. The generation-recombination noise

In semiconductor resistances the generation-recombination of mobile charge carriers from
trap states give rise also to the fluctuations of the resistance. This type of noise is absent in
metals, moreover plays no role in the present-day silicon material, which is practically free
from deep centres. The probability of the emission from the trap state is exponential, while
the recombination is obeyed by the mass-action law. The simplest case of the generation-
recombination process is when there is only one trap centre, and then the related noise
spectrum is the transformed exponential function: the Lorentzian, (Jones, 1994). This is
shown in Figure 2 together with spectra of the other noises, mentioned earlier.
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Fig. 2. The spectra of the different noises. The right hand scale is the variance of the
g-r spectrum.

At low frequencies always the 1/f noise prevails over the other noise mechanisms, on the
high frequency part of the scale the thermal noise dominates. The crossing point of the two
spectra is about 1 kHz for such granular materials as the graphite and it sinks to 1 Hz
region, or below for metals; for semiconductors this point is between the two values,
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depending on the material and the doping. The breaking point of the Lorentzian spectrum
of the generation-recombination (g-r) noise is 1/1; it depends exponentially on the
temperature. This noise can be observed in a wide frequency range, if there is a noticeable
amount of traps.

The Lorentzian spectrum of this type of resistance noise is:

577’2 = & (33)
r? 1+(27rrg_,f)2 ’

where g, is the characteristic g-r relaxation time, which is the harmonic mean of the
emission and capture times of the trap. M is the magnitude of the spectrum. In the case of
more than one trap the situation becomes rather sophisticated, the spectrum can be the sum
of the characteristic spectra, or it can be a new Lorentzian with a mixed 14 value [Hooge ,
2002, 2003). This case is out of the scope of the present discussion. The variance of r obtained
in a finite bandwidth is:

Sr? Mz,

! M
! o f)z df'=-—arctg(2ar,_ . f) (34)
g T

This function is also depicted in Figure 2, at frequencies f<<1/2mr,., it can be approximated
by linear function, while at higher frequencies it approximates the saturation value /2. The
noise equivalent uncertainties can be calculated for the two cases separately.

At low frequencies the fluctuation is:

= M (35)

where 1/7 is the noise bandwidth, it is equal to 1/1; or 1/1; are for the thermistors or for the
bolometer cases respectively. The corresponding uncertainties are:

in the thermistor arrangement

Mr, . (R+R Mr,_,
5Tgfr :1 £ ( E p) = 1\/ 5 (36)
a RRPC a\V RC
in the bolometer set-up
Ty, (7
SP 7r:i ML:L M3 (37)
7 aR, 7, @R R,C

and for the energy pulse

SE, ;i i Sl (38)
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At frequencies f>>1/2mt,., the effect of the g-r noise saturates, because practically the whole
spectrum is taken into account. In this case the uncertainties can be expressed similarly to

(30), (31) and (32), only the numeric factor 3.7,/C; ;s should be changed to VM/2 .
Thus:

6T, , =
& r 2a (39)
5p, - IM (40)
8 2aRp
SE, , =C ~— M (41)
2a

6. The thermopile

The thermopiles are related to the bolometers; in many cases they can substitute each other.
The common feature is the temperature change of the sensitive element; however the
operation principle of the thermopile is based on the Seebeck effect. The sketch of a
miniature thermopile fabricated by micromachining is shown in Fig. 3.

Ale

Fig. 3. The outline of a micromachined thermopile. The dimensions of the chip are in the
mm range, the thickness and width of thermopair lines are typically in the sub micrometer
and micrometer ranges respectively.
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As it is obvious the miniature thermopile is not suitable to measure the absolute
temperature; this task can be fulfilled by wire thermopairs; which is a well developed
technique. The thermopiles sense the temperature difference; they can be applied for
measuring the physical quantities which can be transformed to temperature difference
(Graf et al., 2007). The absorbed power is such a quantity; it heats up more effectively the
inner part of the thermopair loops, than the outer parts lying on the good heat conducting
substrate. The strong thermal asymmetry is a key point of the operation. The central
region on the membrane changes its temperature, while the outer parts lying on the good
heat conducting substrate are thermalized to the ambient temperature. The serial
connection of many thermopairs multiplies the output signal. Numerous different
constructions are applied both as regards the materials and the geometrical construction.
The micromachined thermopairs suitable can be produced by CMOS technology
(Lenggenhager et al., 1992), in this case the one arm of the thermopairs is formed from p-
or n- polycrystalline silicon and the other arm is aluminium in many cases. The alloys
from different composition rates of Bi-Sb-Te are also popular due to their high Seebeck
coefficient. Regarding the geometry there are closed membranes, as it is shown in Fig.3.,
beam-type membranes and a combination of the two the so called “bridge-type”
membrane. These two latter constructions aim to increase the thermal resistance by
reducing the contact between the membrane and the silicon rim. However the cantilever
beam shaped membranes reduces the mechanical stability, and often become bent due to
the different heat expansion coefficient of the multilayer structure. The bridge-type
construction overcomes on this problem, the membrane is contacted on all sides to the
substrate, but the contact areas are reduced. The thermopair configurations show also
numerous variations. They can be arranged in parallel loops, or radial distribution. In
some cases one strip lies upon the other. They are separated by a thin dielectric film; e.g.
polycrystalline silicon - SiO, - Aluminium. Grouping the thermopairs linearly instead of
loops the lines can act as miniature dipole antennas and the device detects the mm/THz
waves (Szentpali et al., 2010).

Because the output signal is the thermoelectric voltage measured by high impedance
voltmeter there is no significant current in the thermopairs. Therefore the noises of the
resistance - the 1/f fluctuation and the generation-recombination noise - play no role in this
device. The important component of the noise is only the thermal noise of the resistor. The
output voltage and also the electric resistance are proportional to the number of loops,
however, the thermal noise voltage scales only to ~+/r , therefore the signal to noise ratio
improves with increasing number of loops. If the area of the device is limited then sooner or
later the number of the loops can be increased only by decreasing their widths. In this case
the resistance will be proportional to the square of the number of the loops, and the signal to
noise ratio will not improve, only the signal will be larger. However, it should be kept in
mind that as the covering of the membrane grows the thermal resistance decreases and also
the temperature difference on the thermopairs reduces in applications where the input
power is fixed, e.g. radiation detectors, etc. The temperature distribution along the
thermopair arms depends on the configuration and also on the excitation (Socher et al., 1998;
Xu et al., 2010; Ebel et al., 1992). The common feature is the increment of the temperature
difference with the length of the thermopairs. If the major heat conductance is through the
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thermopair strips, then this dependence is quadratic, the cooling through the atmosphere
and the heat loss through radiation decreases this dependence, but it remains super-linear.
Therefore the increase of the length of the thermopairs will result in the improvement of the
signal to noise ratio.

While the bolometers work under isothermal conditions, the output signal is the average of
the effects in the volume. Therefore the temperature fluctuation described by (2) is
practically smoothed to invisible. This is not trivial for thermopairs. Here the temperature
and its gradient are distributed somehow along the sensor wires and even a small section
can add a determining amount to the output voltage. Therefore it is worth to investigate this
effect. The spectral distribution of the thermal fluctuations has maximum when (2rfCR)? «
1. In this case (16) can be simplified:

2 2 (K2
5(AT )f =4kT°R [ 42)

The corresponding spectral distribution of the output voltage fluctuation is (6U)2=52*§(AT?2),
where S [V/K] is the Seebeck coefficient of the conductor. It is noted here, that the absolute
Seebeck coefficient of most of the conducting materials are determined, or it can be
measured by coupling them to lead, which has a low and precisely known Seebeck
coefficient as a function of temperature (van Herwaarden & Sarro, 1986). The voltage
fluctuation on an elementary length dl is:

dl
Ao—th ’

S(U?); = S*4kT? (43)

where A and oy are the cross section area and the thermal conductivity of the wire
respectively. This fluctuation can be compared by the thermal voltage fluctuation (18) of the
same elementary length:

SU? dl
8, (U?), =——=4kTr = 4kTp—
i (U7) s v; r P (44)

where p is the electrical specific resistance of the material. The ratio of the two noises is:

T
5th(u2)f OmpP

(45)

The values of M are listed in Table 1. for two metals and two differently doped Si at 300 K.

p [Om] S[V/K] on [W/mK] | M
Platinum 1.06*10-7 4.45 71 7.9%10-4
Aluminum 2.65*108 1.6 237 1.2*10+4
silicon p =102m-3 | 1.0*10+ 644 150 8.3*103
silicon n=1021m-3 | 4.5*10-2 1958 150 5.7*10-7

Table 1. The p, S, 0 and M values for platinum, aluminum and differently doped silicons.
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It seems that the statistical fluctuation of the temperature has a negligible effect besides the
thermal noise. The ratio M increases proportionally to the temperature, because the
temperature fluctuation is proportional to T2, while the thermal noise growth with T only.
Using the data of the table 1. as a rough estimation the M=1 ratio could be achieved only at
that temperatures, where the materials are already melted, or vaporized.

7. Thermal radiation

The bolometers are very much employed for sensing the thermal radiation. This topic has a
large literature (see eg. Hennini & Razeghi, 2002). In this frequent case, the fluctuation in the
photon flux sets a physical limit to the accuracy. The power emitted by the thermal
radiation in the half space is expressed by the Stefan-Boltzmann formula, multiplied by the
emissivity of the body under discussion:

P=Asog ;T*, (46)

where A is the emitting surface, € is the emissivity and os. = 5.67*108 Wm-=2K-is the Stefan-
Boltzmann constant. The emissivity of the ideal black-body is € =1. Realistic bodies are
“grey”, their emissivity is e <1. As a thumb rule the emissivities of metals are e~0.1...0.2 and
for dielectrics £~0.7...0.8. Still in more precise description the emissivity depends on the
wavelength, e=e(A) (Kruse et al.,, 1962) and also on temperature. The emissivity describes
also the measure of the absorption; in equilibrium every body emits and absorbs the same
amount of the radiation at each frequencies. The emissivity of miniature bolometers can be
improved significantly by covering with a multilayer resonant layer structure (Liddiard,
1984, 1986 and 1993). This improving is successful also for thermopairs (Roncaglia et al.,
2007). For the same purpose porous gold layers, so called gold black can be applied too.

The emission of photons is a random process governed by the Einstein-Bose statistics. The
spectral fluctuations of the emitted power can be derived on this base (Kruse et al., 1962) as:

5P, =8Ackos 5T° (47)

It is noted here that (47) describes the power spectral density in the function of the
frequency of the radiation and not against the frequency of the electronics. The observed
noise is the integral of (47) for the radiation transmission and detection region.

In an application there are minimum three different components: the body of which the
temperature is detected, the sensor and the ambient. For this case:

oP = 81:(1»2)1415(573)81527—15 + 81:(3%2)1435(573)53527“35 + 8A2€(573)€2T25 , (48)

where Fi_; are the view factors and the indexes 1, 2, 3 denotes the observed body, the sensor
and the ambient respectively. In radiative heat transfer, a view factor F;_; is the proportion
of all that radiation which leaves surface i and strikes surface j (Lienhard IV & Lienhard V,
2003). Eq. (48) expresses the ultimate limit of all thermal radiation detectors. In the practical
arrangement the sensor “views” mainly the observed object, therefore the first term in the
right side of (48) is the greatest. This fact limits the possibility of decreasing the noise by
cooling the sensor and/or the ambient.
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8. Figures of merit

The 6T, 8P and 8Ew means those values which are required to produce voltage on the
thermistor equivalent to the electronic noise. If all the three mentioned noise mechanisms
are significant as it is shown in Fig. 2., then the resulting uncertainty contribution should be
calculated as the square root of the sum of variances of the independent fluctuations, e.g:

5P = \/aptzh + 8PZ + SPZ, (49)

and similar relation for 6T and 6E. Sometimes these values are called “nominal detectable
signal”, or noise-equivalent signal. The minimum detectable quantities are larger for two
reasons: the significantly detectable amount should be over the noise floor at least by a
factor of 2, or rather 2.5 if the definition of the tangential sensitivity (H.A. Watson, 1969) is
applied; further due to the finite bandwidth the detected signal is not the instant peak value,
it is attenuated to a certain degree.

The expressions are not completely unambiguous in the literature. Usually the term
“sensitivity” is used for the temperature measurement and the phrase “responsivity” for the
power sensing. This later is the input-output gain of a detector system, its dimension is
V/W, or A/W depending on the output signal.

A further parameter is the bandwidth of the system. In this chapter the calculations were
performed for the greatest rational bandwidth, specified by the temperature settling time. In
the ordinary way the noise equivalent power/ temperature/energy is expressed for a 1 Hz
bandwidth and the speed of the sensor is given independently.

For radiation detectors the “specific detectivity” is a widespread figure of merit. It is equal
to the reciprocal ofnoise equivalent power (NEP), normalized to unit area and
unit bandwidth:

p o NATA (50)

N, EP(le) /

where A is the area of the photosensitive region of the detector, Af is the effective noise
bandwidth, and the NEP is the noise equivalent power in unit bandwidth. Of course this
definition is unambiguous only in the case of “white noises”, as the thermal noise; for the
»colour noises” -the 1/f and the g-r noise - also the absolute value applied frequency should
be defined. The common units of D* are cmHz*2/W. D* also called the Jones in honour to R.
Clark Jones who defined this magnitude (Jones, 1949).

9. Superconducting bolometers

The resistance of the superconductors performs a very sharp change in the transition region.
The transition temperature (Tc) of the superconducting metals fall in the cryogenic
temperature region mostly at around, or above 1 K, for some special alloy it can be around
10 K. E.g. for MogsRep4 the transition temperature is 12.6 K (McMillan, 1968). There is an
other group of materials, the so-called high-Tc superconductors, where Tc is in the 80...130
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K range; above the boiling point of liquid nitrogen (77 K). These compound materials consist
of 4-6 different components, their crystal structure is typically tetragonal. The transition
temperature depend also on the magnetic field and through that on the current flowing in
the bolometer. Fig. 4. shows the resistance change in the transition region.

Te

Fig. 4. The resistance in the transition region of superconductors. The axis are in arbitrary
units.

The transition region is a few K for the high-Tc superconductors and only a few hundredths
K for superconductors having transition temperature in the 1 K region. In the transition
region the a is very high, it can overcome even the value of 5 (de Nivelle et al., 1997). These
cooled bolometers are applied for sensing radiations; other applications fit hardly to the
cryogenic surrounding. The setting into operation of the high-Tc bolometers is relative easy,
because they can be cooled with liquid nitrogen or small cryocoolers. The cooling to around
1K, or even deeper needs big, sophisticated and expensive techniques. For both group of
superconductors the effect of electrothermal feedback should be taken into account. The
origin of this effect is the high value of a in the transition region. The functioning of the
electrothermal feedback is shown in Fig. 5.
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Fig. 5. The sketch of the electrothermal feedback, after de Nivelle et al., 1997.
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The input radiation heats up the resistor therefore its resistance and voltage on it
will increase if it is supplied by constant current. The higher voltage causes further
dissipation and consequently heating. The feedback loop in the Fig. 5. takes account of this
effect; the increment of the electric power dissipation adds up to the input signal. The gain
of this loop is:

L=(PaR,)/\1+ @7z, =Ly / 1+ @z fz,), (51)

where P is the absorbed radiating power and 7, = 7,/(1 — Ly). The responsivity of the
device is:

1 L 1 1%
RES=-—2 —
i1-Ly \/1+(27rfre)2 [W] 2

For stable operation Ly should be smaller than 1. In the literature Lo = 0.3 is selected as an
optimal value. If the bolometer is biased by constant voltage then L and RES become
negative. In this case Lo should be larger than -1 (de Nivelle et al., 1997).

The statistical fluctuation of the temperature (16) adds to the input, the equivalent power is:

p 1| 4kT’R _ 4kT? 3)
T R\1+(22fCR)? \R(1+(27fCR)?)
The corresponding spectral density of the voltage noise power:

4kT? v?

SUy” =RES* ——————— [-—
R(1+(27fCR)*) Hz

] (54)

The thermal noise voltage (19) is added expediently to the voltage on the resistor. This
increases the excess power dissipation by 6V, is: §Vy;,i. Finally, the thermal power spectrum
of the thermal noise:

U, = 4kTr(1+iRES) (55)

The 1/f noise is the fluctuation of the resistance, see (25). It adds to the voltage dr*I. The
power spectrum can be derived similar as above:

riCyq )
SUfy ) = (%)2(1 +iRES) (56)

The G-R noise is also the fluctuation of the resistance, it could be treated similarly, but it
plays no role in the superconductors, at least there is no mention on it in the literature.

The Cy/¢ value of metals and simple alloys is very small due to the enormously large
concentration of the mobile electrons. Therefore the 1/f noise is practically absent in
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bolometers having transition temperature in the 1...10 K range. However, the statistical
fluctuation of the temperature can be observed (Maul et al., 1969).

The 1/f noise is significant in the high-Tc superconductors. The ayn values range from 510+
to 1.4*103 for different material compositions (Khrebtov, 2002). The epitaxial growth of the
sensitive layer decrease the 1/f noise (de Nivelle et al. 1997), however, the an values show
rather large scatter between the samples prepared in the same run, further an depends also
on the a value in the same sample, i.e. it depends on the workpoint within the transition
region. The noise spectrum fits to the ~1/fP characteristics with f~1 from room temperature
to the transition region; in the transition region the value of B changes between 0.8 and 2
(Khrebtov, 2002). In spite of these uncertainties the observation of the statistical fluctuations
of the temperature was successful (de Nivelle et al., 1997). In general the high-
Tc superconducting bolometers perform a remarkable progress as the improved
technologies decrease the excess 1/f noise. The first published structure had ap~105 and
D*~107 emHz"%/W, while in 2002 the best published data was D*=1.8*1010 cmHz"%/W
(Khrebtov, 2002).

10. Numeric examples
10.1 The pellistor

The first example is the “unsupported” pellistor, described in (Fiirjes et al., 2002). It is
applied for detection of combusting gases. This is a meander shaped resistor prepared from
sputtered Pt film on the top of a SiO».5iN, double layer from beneath the silicon substrate
was removed (Dticsé et al., 1997); see the photo in Fig. 6.a. It is used in bolometer regime, 18
mW electric input power heats it up to 780K. The heat capacitance is 41.57 nJ/K, the heat
resistance to the surroundings is R, = 26.9 K/mW, 12 = 1.15 ms. The electric resistance at 780
Kis about 411 Q and the measured thermal coefficient of the resistance a= 6.63*104 K-1. The
substitution of these data into (23) and (24) gives 6Py, = 2.6 nW and 6Ew = 2.9 pJ.

The effect of the 1/f noise can be taken into account by means of the Ci/¢ = an/N parameter.
The measured ap parameters of sputtered Pt films range from 10+ to 2*103 (Fleetwood &
Giordano, 1983). The published ay values are related to the number of atoms instead of the
number of conducting electrons. In this way the problems of the rather complex Fermi
surfaces are skipped. The mass of this resistor is 2.33*108g. These data with the largest
published ay give Cy/¢ = 2.8*10-17. The upper frequency limit of the bandwidth in the present
case is in the kHz range; the integration in a bandwidth of six decades means that the lower
limit falls in the mHz range. After substitution (31) and (32) give 61/P=1 nW and 61/E= 1.2
pJ respectively.

The resulting noise: 5P =,[6P;, + 6P, ; =2.8nW , and OE = [SEj, + 5E7,; =3.1p] , which are

scarcely greater than the thermal noise, consequently even the pessimistically estimated 1/f
noise plays no significant role under these circumstances. When the lateral dimensions of
the device decrease by a factor of ten and the thickness of the platinum remains unchanged
the electric resistance does not change and the volume of the resistor decreases by a factor of
100. In this case both 8Py and 0Py increases ten times due to the decrease of C* and
increase of Cy .
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Fig. 6. (a) The photo of the gas sensor pellistor, the size is 100x100 pm?; (b) the photo of the
flow-meter chip.

10.2 The flow sensor

The photo of the device is shown in Fig.6.b. It consists of 4 bolometers described above and
a central heater fabricated with the same technique. The gas (air) delivers the heat from the
heater to the sensors by conductive and convective mechanisms. The heat transfer is equal
to a heat resistance R~2 K/mW, at the flow velocity of 1 m/s. It is more than ten times less
than Ry, ; the 11 ~ 85 us. The medium working temperature is 310 K, the electrical resistance
289 Q, the thermal coefficient of the electrical resistance at this temperature is a=2.3*10-3 and
the estimated value of p=102. It is noted here, that the a value for sputtered metal layers are
lower than that for well heat treated wires. From these data 6T, = 0.88 mK. Substituting the
above data in (30) the value of 6T1;+=0.029 mK is obtained. Also in this case The decrements
of the lateral dimensions result in the simultaneous increase of both noises.

10.3 The implanted silicon resistor

The third example is an ion implanted Si resistor, measuring the temperature of the chip
containing piezoresistive pressure sensors (Szentpali et al., 2005). The parameters of the
thermal resistor are not optimized for thermistor function; it was fabricated simultaneously
with the piezoresistors, with the same B implantation step. The layout of the resistor is U
shaped: two 150 pm long arms connected with a 40 pm bottom part. The width is 20 pm. The
resulting doping profile is Gaussian, with a surface concentration of 6*1018 cm= and 2.3 pm
depths. The resistors have a room temperature resistance of 2.3 kQ, the temperature
coefficient a=1.6*10-3 K-1. The heat capacitance can be calculated from the geometrical data, it
is C=25.5 nJ/ K. The heat resistance to the chip can be estimated from the electric spreading
resistance. Between the p-type resistor and the n-type substrate there is a p-n junction. At
large forward biases the I-V characteristics of the junction declines from the exponential due
to the serial resistance. In the present case this resistance is 21, and the analogous heat
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resistance is about 5 K/W. The very low value of the heat resistance allow very quick work,
1;=0.12 ps. (This is the reason of this indirect estimation of R, because a measurable heat
relaxation would need too high heat pulse and precise resistance measurements at about 10
MHz bandwidth.) The connections between the resistor and the bonding pads are
evaporated Al strips. Their temperature is equal to temperature of the chip, so the situation
is similar to the previous one; the heat transfer from the thermistor to the leads is negligible.
Supposing a 1 mA bias and the parameters used above (22) gives 6Ty= 5 mK. (23) and (24)
results in 6Pyp=1 mW and 6E=127.5 p] respectively. This device is a precise and very fast
thermistor; however, the bolometer performance is limited by the low heat resistance R.
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Fig. 7. (a) The measured noise spectra of the ion-implanted resistor. The continuous line
stands for the 1/f characteristics; (b) Calculated 6T and 8Ty ¢at different biases and
bandwidths.
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The 1/f noise spectra of the resistor are shown in Fig.7.a. The spectra shift proportional to
the bias, proving that the noise is caused by resistance fluctuations. From the spectra Cy/¢ =
1.6*10-14 is obtained. Substituting this value in (30) 6T1/¢f = 0.29mK, which is negligible
comparing to the thermal noise. However most of the applications do not need so broad
bandwidth, which is enabled by the thermal relaxations. If the electronic bandwidth is
tighter, then 8Ty will be smaller too and becomes comparable to the 8T1/¢ or even sinks
below it. In other words: the 1/f noise is the minimum of the total noise, which can be
reached only in tight bandwidths. This is shown in Fig. 7.b.

11. Conclusions

The noise limited sensitivities of miniature thermal resistors were calculated. The
statistical fluctuation of the temperature determines the lower limit of their size. The
thermometer-type and the bolometer-type thermistor configurations were considered
each with three different physical noise mechanisms: the thermal, 1/f and generation-
recombination noises respectively. Special attention was put to the speeds of the
measurements; which were limited by the thermal relaxations. The noise equivalent
signals as 6T in the thermometer configuration, 8P and 8E in the bolometer arrangement
were calculated in the bandwidths limited by the thermal relaxations. It was shown, that
under this circumstances 6§T~,/k/C* and independent on the values of electric resistance
and heat conductance. A method was proposed for the calculation of the noise equivalent
signals from the spectra of the 1/f noise. The fluctuation in the thermal radiation set
a physical limitation to the attainable accuracy, this effect was also treated. The
thermopiles are closely related to the bolometers, it was shown that the main noise
component in them is the thermal noise; they are free from the resistance fluctuations and
in the practical cases the thermal noise exceeds the noise from the statistical fluctuation of
the temperature. In the transition region of the superconducting bolometers the
electrothermal feedback occurs due to the great thermal coefficient. The statistical
fluctuation of the temperature is the main limitation of the performance of devices having
Tc at deep temperature. The high-Tc superconductors show large 1/f noise, however they
improve significantly with the development of the fabrication techniques. The statistical
fluctuation of the temperature was observed even with such a bolometer. The numeric
calculations of real miniature bolometers show that the practical limitations are due to the
thermal noise. The 1/f noise becomes important only in semiconducting bolometers in
small bandwidths.
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1. Introduction

Cosmic microwave background (CMB) measurements are ranked second by the journal
Science among the top 10 Achievements of the Decade. In 2000 and 2003, an experiment
known as balloon observations of millimetric extragalactic radiation and geophysics
(BOOMERanG) measured the CMB in detail in patches of the sky. Then in 2003, NASA’s
space-based Wilkinson microwave anisotropy probe (WMAP) mapped the CMB across the
sky, producing an exquisite miniature picture of the cosmos. These and the measurements
that followed have started transforming cosmology from a largely qualitative endeavour to
a precision science with a standard theory, named “precision cosmology” (Cho, 2010; Masi,
2006). Recent cosmology experiments have discovered that the universe consists mainly of
dark energy and dark matter.

Experiments to resolve the nature of these dark components will require a new generation
of ultra-sensitive detectors. At present, the most widespread superconducting bolometer is a
transition-edge sensor (TES) (Irvin, 1995; Lee et al., 1996). However, due to artificial dc bias
heating, the TES has excess noise and strictly limited saturation power.

A novel concept of the Cold-Electron Bolometer (CEB) (Kuzmin, 1998, 2000, 2001, 2004;
Kuzmin & Golubev, 2002) has been invented to overcome these problems. The CEB concept
is based on a unique combination of the RF capacitive coupling of an absorber to the antenna
through capacitance of the SIN tunnel junctions (Kuzmin, 1998, 2000) and direct electron
cooling of the absorber by the same SIN tunnel junction (Kuzmin, 2001; Kuzmin & Golubev,
2002). The noise properties of this device are improved considerably by decreasing the
electron temperature. Direct electron cooling leads also to a considerable increase of the
saturation power due to removing incoming power from the sensitive nanoabsorber. Direct
electron cooling provides strong negative electrothermal feedback for the signal (Kuzmin, 2004),
analogous to the TES (Irvin, 1995). However, the artificial dc heating for feedback in TES is
replaced by using an effect of electron cooling by SIN tunnel junctions (Nahum 1994) for
direct electron cooling of the absorber by SIN tunnel junctions (Kuzmin 1998; Golubev &
Kuzmin, 2001) to a minimum temperature (that could be less than phonon temperature).
This concept can lead to a major breakthrough in the realisation of supersensitive detectors.

Historically, development of SIN tunnel junctions as a thermometer was started in the 1970s
(Bakker et al., 1970). The SIN junction demonstrated sensitivity to the temperature of a normal
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metal. A normal metal hot-electron bolometer (NHEB) with SN Andreev mirrors for thermal
isolation and a SIN tunnel junction for readout was proposed in 1993 (Nahum et al., 1993) and
realized in the same year (Nahum & Martinis, 1993). Disadvantages of the NHEB are:

- quite a small dynamic range due to low saturation power for the ultrasensitive
bolometer with a small absorber (SIN junction working as a voltmeter)

- poisoning of the bolometer by quasiparticles due to entrapping through Andreev
contacts (Kuzmin et al., 1999)

- very complicated RF structure is disturbed by a central electrode for dc readout; in
particular, it is impossible to create an array of bolometers (the most advanced concept
of CEBs for the moment).

The effect of electron microrefrigeration by SIN tunnel junction was demonstrated in 1994
(Nahum et al., 1994). Quite effective cooling of the small absorber from 300 to 100 mK was
demonstrated in several groups (Leivo et al., 1996; Kuzmin et al., 2004). Then several groups
moved in the direction of using this microrefrigeration for cooling the platform with the
detectors placed on this platform. However, this direction did not show good progress
because of dramatic difficulties in cooling at low temperatures due to weak electron-phonon
interaction and the fact that it only influenced the electron-phonon noise component. The
main component, background noise, was not influenced by electron cooling.

A decisive step in the development of superconducting detectors has been the invention of a
transition-edge sensor (TES) with strong electrothermal feedback (Irvin, 1995; Lee et al.,
1996). However, the TES has some problems with excess noise, saturation and the most
dramatic problem of artificial overheating by dc power for the electrothermal feedback. This
unavoidable additional heating kills all efforts on deep cooling and does not give good
prospects for the realisation of ultimate performance of the bolometer.

M1~ yp=2ev

Cold-electron
absorber (Cu)

N

SIN junctions: —
- C-coupling to antenna
- thermal isolation,

- P measurements &

- electron cooling

Fig. 1. Capacitively coupled cold-electron bolometer with nanoabsorber and SIN tunnel
junctions for direct electron cooling and power measurements. The signal power is supplied
to the sensor through capacitance of tunnel junctions, dissipated in the nanoabsorber and
removed back from the absorber as hot electrons by the same SIN junctions. The electron
cooling serves as strong negative electrothermal feedback improving all characteristics of
the CEB: time constant, responsivity and NEP.
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In contrast to this overheating, a new concept of a CEB with direct electron cooling has been
proposed by Kuzmin (Kuzmin, 1998, 2000, 2001, 2004; Kuzmin & Golubev, 2002). The CEB is
the only concept removing incoming background power from the supersensitive region of
absorber. The CEB avoids the main problem of TES, an additional dc heating for the
electrothermal feedback, by replacing it with the direct electron cooling of the absorber that
could be a turning point in the realisation of modern supersensitive detectors. This cooling
could be especially important for the realisation of high sensitivity in the presence of the
realistic background power load because it returns the system to lowest temperature (noise)
state. It could help to avoid full saturation when the signal exceeds the level of dc bias
power that is the great problem for the TES. The CEB could give a high dynamic range in
combination with the SQUID readout system having a high dynamic range in closed-loop
operation. In this state the system shows the most reaction (responsivity) to an incoming
signal. All power of the signal is used for measurements. A possible objection that
tunnelling of electrons would increase shot noise is rejected by simple argument: if power is
not removed by tunnel junctions, the same type of shot noise will be created by phonons
through increased electron-phonon interaction.

2. Main concepts of the Cold-Electron Bolometer (CEB)

The basic concept of the CEB is a cold-electron bolometer with capacitive coupling to the antenna
by two SIN tunnel junctions (Kuzmin, 2000, 2001; Kuzmin & Golubev, 2002). Theoretical
estimations and preliminary experiments show that it is possible to realize the necessary
sensitivity of better than 108 W/Hz/2 with antenna-coupled nanobolometers at a
temperature of <0.3 K. Additional advantages of such detectors are the possibility to operate
in a wide range of background load, easy integration in arrays on planar Si substrate and the
possibility of polarisation measurements. Flexibility of the CEB concept gives the
opportunity to realise this bolometer for any power load from 0.02 fW for space applications
to 10 pW for ground-based applications with NEP less than photon noise of the signal.

To match the CEB with the requested JFET readout, two novel concepts of CEB have been
proposed: parallel/series array of CEBs and 2D focal plane array of CEBs with SIN tunnel
junctions. Simulations show high performance of these bolometers with NEP less than
photon noise of the signal. These concepts should be qualified experimentally in RF tests
and implemented in BOOMERanG. These concepts could also be used in OLIMPO, SPICA,
B-Pol and Millimetron cosmology instruments.

2.1 General theory of the CEB

The operation of CEB can be analysed using a heat balance equation (Golubev & Kuzmin,
2001; Kuzmin & Golubev, 2002)

5 5 ar
PSIN(V,Te,Tph)+ZA(Te _Tph)+CAE*PO+5P(t) 1)

Here, SA(T? —T;h) is the heat flow from electron to the phonon subsystems in the normal
metal, ¥ is a material constant, A - a volume of the absorber, T, and Ty are, respectively, the
electron and phonon temperatures of the absorber; Psin(V,Te, Tpn) is cooling power of the SIN
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tunnel junctions; C, = T, is the specific heat capacity of the normal metal and P(t) is the
incom5ing l;F power. We can separate Eq. (1) into the time independent equation,
IN(Ty, - Tph) + PSINO(V’TeO’Tph) =By, and the time dependent equation,

op.
(% +5IATY +iaC , )5T = 6P @)

The first term, GS IN = aPSIN /8T , is the cooling thermal conductance of the SIN junction
that gives the negative electrothermal feedback (ETF); when it is large, it reduces the
temperature response 8T because cooling power, Psn, compensates the change of signal
power in the bolometer. The second, G,_, . :SZAT;L, is electron-phonon thermal
conductance of the absorber. From Eq. (2) we define an effective complex thermal
conductance which controls the temperature response of CEB to the incident signal
power

Geft = Geool * Ge - piy +10C ®G)
Full expression for current is

I = — [ dENS(E)If (E,Te) — f (E — eV, Tph)] + RL] (4)

e

where Ns(E)= |E|/V(E2-A?) is the normalized density of states in the superconductor and
f(E,T)=1/[exp(E/T)+1].

In analogy with TES (Irvin, 1995; Lee et al., 1996), the effective thermal conductance of the
CEB is increased by the effect of electron cooling (negative ETF).

The current responsivity is given by

ol oI / oT _a1/eT L 6)
[G) Gcool+Ge—ph+i”CA Gopor L+D[1+i0r]
where L=G_, /Ge—ph >>1 is ETF gain and
v=Cp [Go_ppy =7 JL+D) ©6)

is an effective time constant, 7, =C / G,_ ph (=10us at 100 mK).

Strength of electrothermal feedback is estimated as:

G
L(w) = cool : _ or/erT : @)
Ge_ph(lﬂa)z') Geool +Ge—ph +iaC

2.1.1 CEB and TES comparison

We compare now the realization of CEB and TES. The principle of operation is shown in Fig.
3. Both concepts use the voltage-biased mode of operation. The TES is heated to critical
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temperature by dc power Pyiss (Fig. 2a). This temperature is supported during all range of
operation (before saturation). Electrothermal feedback arises from the dependence of the
bias power on the resistance of the superconductor. If there is an increase in optical power
incident on the bolometer, the bias power decreases and nearly compensates for the increase
incident power (Fig. 2b). Output signal is this decrease in bias power nearly equals the
incident power.

The principle of operation of the CEB (Fig. 2a) is approximately the same, but moving to
another bias point in temperature: to absolute zero. Starting from the phonon temperature
Tpn=100 mK, the cooling conductance, G, decrease the electron temperature to the
possible minimum level, 30 mK in this case (for typical parameters of CEB: A=0.01 um3 and
R=1 kQ). After applying signal power, the cooling conductance increases trying to
compensate for the increase in the electron temperature to the minimum temperature close
to the previous value.
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g. - - - o Ptot= Pbias+Ps /\
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s 1 3 TES i Output Power
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- r CEB -"0 -detector" = g Pcool
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Fig. 2. (a) Electron temperature as a function of signal power for Tp.»=100 mK for CEB and
TES. For CEB, the T. is always cooled to the lowest possible level. For P<0.4pW, the T. of
CEB is less than Tpae (real cold-electron bolometer). For TES, the T. is equal to Tc for all
range of operation up to saturation power. After saturation there is uncontrollable increase
of temperature. (b) Output power (cooling power) of the CEB in dependence on signal
power (blue). They are almost equal at a small level of power. At a higher level of power,
the P is split between Pcool and Pe-ph. The saturation power would be achieved only after
heating to Tc of Al electrode (Psy is around 100 pW). Bias power and output power of the
TES on signal power (red). Saturation power is equal to the full bias power at zero signal.

Dependence of output power on signal power is shown in Fig. 2b. For both concepts, Pout is
nearly equal to incoming power in the range of dc heating power (TES) and typical cooling
power (CEB). Accuracy of removing (CEB) or compensation (TES) of incoming power is
determined by the strength of the electrothermal feedback - loop gain L. For TES, the L is
determined by nonlinearity of R(T) dependence and could exceed 1000. For CEB, the L is
determined as relation of thermal conductances (6). Typical dependence of L on incoming
power is shown in Fig. 3.
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Fig. 3. Time constant of CEB, T, in dependence on signal power P;. The electron-phonon
time constant, T..s, is shown for comparison (scaled 1000 times). The T is considerably
shorter than 1., and difference is increased when we move to smaller signal power with
stronger electron cooling.

The saturation problem is very serious for TES: P, is exactly equal to applied dc heating
power Puis (Fig. 2b). If we increase saturation level, the overheating of the TES would
unavoidably be increased. After saturation power, the TES stops operation fully. It is
difficult to foresee the expected level of maximum power load and choosing Pe. is a really
complicated problem.

The situation for CEB saturation is completely different. There is no dramatic problem at all:
the output cooling power would simply deviate from the linear dependence Pcool(P). For
the typical cooling power around 1 pW, the deviation from linear dependence Pou(P) would
be only several % at this level (Fig. 2b). As signal power is further increased, the deviation
will be larger, but the CEB still continues to work. It is only a question of calibration of this
dependence. Final ‘deadlock’ for the CEB would be at the level of power around 100 pW
when temperature achieves the critical temperature of the Al electrode. Thus, due to absence
of artificial heating, the CEB does not really have the saturation problem and can
considerably extend possible scope of operation.

2.1.2 Time constant

The time response of the CEB (6) in dependence on incoming power is shown in Fig. 3. As
for TES, it is strongly reduced by loop gain L (7) of electrothermal feedback. Cooling
conductance Geool is not dependent strongly on incoming power and slightly reduced for
smaller power. In contrast, the e-ph conductance , Ge.ph, is very dependent on power due to
4th dependence on electron temperature and strongly increased for low power as well as
related e-ph time constant. As a final result, the L is considerably increased for small power
and exceeds the level of 1000.

The main characteristic of negative electrothermal feedback, the loop gain L, is shown by the
dashed line. The loop gain is strongly increased for smaller P, due completely to the
decrease of Ge.pi.
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2.1.3 Noise Properties (NEP)

Noise properties are characterized by the noise equivalent power (NEP), which is the sum of
three different contributions and is defined as follows:

2
2 2 2 ol
NEPyqyq = NEB,_ + NEPGy + <7 (8)
I
Here
2 _ 6 6
NEP;_ ), =10kgEA(T, +Ty) )

is the noise associated with electron-phonon interaction (Golwala, S. et al., 1997; Golubev &
Kuzmin, 2001) NEP2spy is the noise of the NIS tunnel junctions and the last term 612/5% is
due to the finite sensitivity of the amplifier (SQUID) 61, which is expressed in pA/Hz/2.

The noise of the SIN tunnel junctions, NEP2spy , has three components: shot noise 2el/S2, the
fluctuations of the heat flow through the tunnel junctions and the correlation between these
two processes

, 612 <Pl >

i 1

(10)

Due to this correlation the short noise is decreased at 30-70%. A similar correlation can be
found in TES decreasing Johnson noise.

2.1.4 Ultimate noise performance of the CEB. General limit noise formula

This question about ultimate noise performance has arisen in relation to the highest
requirements placed on NEP for future space missions. The question is, how realistic are
these requirements on NEP=10-20 W/ Hz1/2?

Ultimate performance of CEB and other bolometers has been analysed. Photon noise is not
included in this analysis and should be added later as additional external noise. The NEP is
determined by the shot noise due to the power load. The shot noise is treated in a general
sense, including e-ph shot noise, due to the emission of phonons. Other sources of noise are
neglected due to small values. For the level of Py =10 fW, this limit can be achieved using
relatively low temperatures (~ 100 mK) and a small volume of the absorber (A< 0.003 um?3)
when we can neglect the electron-phonon noise component.

The general ultimate NEP formula for shot noise limitation has been derived (Kuzmin, 2004):

- 1/2
NEF g0 = (25 Equant) (1)
where Py - background power load, and Eguan: —energy level of Py quantization:
Ejuani= kg T, —for normal metal absorber,
Ejuan=A - for superconducting absorber.
Ultimate NEP can be estimated for different bolometers for relatively low power load

Py =10 fW:
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1 Tvpe of Characteristic 9 Enerev of 3. Qu.aptum
. bol}g;neter parameter of . uantig};tion efficiency NEPshot
absorber ! 110/ Equant
CEB Te=50 mK kgTe =4.3 peV 950 1*10 -1Y W/HzY2
TES Tc=500 mK A=73 peV 56 4*10 -19W/HzV2
KID Tc =1.2K (A]) A=200 peV 20 7*10 -19W/Hz12
Table 1.

The lowest NEP can be achieved for CEB with the lowest level of quantization. However,
even these extreme parameters of Py and Eju.: show that it is rather unrealistic to achieve
NEP=1020 W/ Hz!/2 for Py=10 fW.

Systems with linear on T thermal conductance

- Spider-web TES with conductance through the legs,
- CEB with cooling through SIN tunnel junctions (weak dependence on T: G ~T1/2).
Limit shot noise is described by general formula (9) with numerical coefficient 2.

Systems with dominant e-ph thermal conductance (strong nonlinearity on T: Ge.ph ~T4)

- All bolometers on plane substrates with e-ph conductance.
- Antenna-coupled TES on chip with Andreev mirrors.
- NHEB with Andreev mirrors.

Due to strong nonlinearity of e-ph conductance, the limit shot noise is described by
modified general formula (9) with five times increased coefficient 10.

As a common conclusion, if we leave the system for normal relaxation of energy through e-
ph interaction, the shot noise is increased due to strong nonlinear dependence of electron-
phonon thermal conductance on temperature in contrast to linear systems with weak
dependence on temperature (or absence of it). This general formula (9) can be effectively
used for estimation of the ultimate parameters of CEB and other bolometers for the given
parameters of detector systems.

2.2 CEB in current-biased mode
2.2.1 Parallel/series array of CEBs with JFET readout

A novel concept of the parallel/series array of CEBs with superconductor-insulator-normal
(SIN) tunnel junctions has been proposed for work under relatively high optical power load
(10pW) and matching with the JFET readout (Kuzmin 2008a, 2008b) (Fig. 2). The current-
biased CEBs are connected in series for dc and in parallel for HF signals. A signal is
concentrated to the absorber through the capacitance of tunnel junctions and additional
capacitance for coupling of superconducting islands. Due to the division of power between
CEBs in the array and increasing responsivity, the noise matching could be effectively
optimised and the photon noise equivalent power could be easily achieved at 300 mK with a
room temperature JFET readout.

The CEB concept has been accepted as the main detector for the 350 GHz channel of
BOOMERanG (Masi S. et al., 2006). The main requirement is to develop a CEB array with a
JFET readout for the 90 channel system. The NEP of the CEB should be less than photon
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noise for optical power load of 10 pW and polarisation resolution should be better than 25
dB for observations of the CMB foreground polarisation.

The main innovation of the CEB array in comparison with a single CEB is the distribution of
power between N series CEBs, summarising the increased response from the array. Effective
distribution of power is achieved by a parallel connection of CEBs, which is coupled to the
RF signal through additional capacitances (Fig. 4). The response is increased because the
CEB is sensitive to the level of power and the power is decreased N times for the individual
CEBs, with a proportional decrease of absorber overheating,.

To-ph = 10 oo
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SIN junction:
: C-coupling to antenna,
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8V measurements &
electron cooling

SIN junctions:
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read-out &
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Fig. 4. (a) Schematic of a parallel/series array of CEBs with SIN tunnel junctions and JFET
readout for the CMB polarization measurements. The current-biased CEBs are connected in
series for dc and in parallel for HF signals through the capacitance of a SIN tunnel junction
and additional capacitances; (b) The SIN tunnel junction is used also for electron cooling and
for reading out the signal with a JFET.

The main purpose of this concept is to match the total dynamic resistance of the array to the
noise impedance of a JFET (~0.6 MQ). The power should be divided between the CEBs in
the array to increase the responsivity due to lower overheating and moderate electron
cooling. The high noise impedance of a JFET amplifier is one of the reasons why a low-
ohmic TES (Irvin, 1995; Lee et al.,1996) could not be used for this application.

The operation of a CEB array can be analysed using the heat balance equation for a single
CEB (1) taking into account power distribution between N bolometers:

2
dT, :w+2L+IZRA (12)

2A<T€5_T;h)+PSIN(V/TgITph)+CV dt N RS

A bolometer is characterized by its responsivity, noise equivalent power and the time
constant. In the current-biased mode, the responsivity, Sy, is described by the voltage
response to an incoming power

5= Ve _ oV /oT (13)
6P, Ge—ph +2Ggpy +iaC



86 Bolometers

Noise properties are characterized by the noise equivalent power (NEP), which is the sum of
three contributions. For a series array of CEBs, the NEP is defined as follows:

NEPZ, =N *NEP2.

2, ,,+ N *NEPZ, + NEP2 (14)

p JFET

Here NEP, ;. is the noise associated with electron-phonon interaction (9); NEPsy is the noise
of the SIN tunnel junctions. The SIN noise has three components: the shot noise 2¢l/5?, the
fluctuations of the heat flow through the tunnel junctions and the correlation between these
two processes (Golwala, S. et al., 1997; Golubev & Kuzmin, 2001):

2
ol <oP o6l >
2 _ @ o) 2
NEPg N = oa +2— ; +6P2. (15)
vV vV

This correlation is a form of the electrothermal feedback discussed earlier by Mather
(Mather, 1982). Due to this correlation the shot noise is increased at 30-50% in contrast to the
SCEB in voltage-biased mode where strong anti-correlation decreases the shot noise
(Golubev & Kuzmin, 2002).

The last term is due to the voltage 5V and current I noise of the amplifier (JFET), which are
expressed in nV/Hzl/2and pA/Hz!/2:

5V2 + (51*(2Rd + Ra)* N)2
2
Sy

2
NEPjppr = (16)

The strong dependence on N, decreasing this noise is included in the responsivity Sy, which
is proportional to the N.

The proposed mode of CEB operation is a current-biased array with voltage readout by a JFET
amplifier. The analysis of a single current-biased CEB with JFET readout has shown that there
is no chance to get down to photon noise level for high power load due to decreased
responsivity and JFET voltage noise (Kuzmin, 2008a, 2008b). The main reason is degradation
of voltage responsivity under high optical power load due to overheating of the absorber.

The only chance to achieve a photon noise level is to use a series dc connection of
bolometers. However, series HF connections of N bolometers would lead to real problems of
junction size (capacitance should be increased proportionally to N) and overheating of
islands. A special innovation has been proposed to combine these requirements: series
connection for dc and parallel connection for RF. It could be realized by using additional
capacitances for the HF coupling as shown in Figure 2(b). In this case, the input power is
divided between bolometers, the electron temperature is decreased and the CEBs increase
responsivity while the output signal is collected from all bolometers.

For power load of PO =5 pW per polarization, the photon noise could be estimated as

_ 77 —a3%10-17 1/2
NEP 01 = [2Ry*if =43*10"/W /Hz' /2. (17)
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We have simulated arrays of CEBs with different numbers of CEBs, from 1 to 26, to achieve
a low NEP with JFET readout. The dependence of the noise components on the number of
bolometers is shown in Figure 5. The total NEP decreases to a level less than photon noise
for a number of CEBs larger than six (three for each probe). It is achieved mainly through
the suppression of the JFET noise due to increased responsivity. Figure 5 demonstrates a
strong linear increase of the responsivity proportional to N when the number of bolometers
is increased. This dependence is well supported by linear asymptotic. The noise of the JFET
is proportionally decreased, which is the main goal of this realization. Around the optimum
point (N=22) the NEPjer is less than NEPs, which is a manifestation of background-
limited operation. The NEPsy increases proportionally to VN, but decreases due to decrease
of the heat flow (and current) and an increase of the responsivity S. These two effects
approximately compensate each other and NEPsy is not sensitive to the number of the
bolometers. The most surprising result is that the NEPph (9) is not increased proportionally
to the number of bolometers when the total volume of the absorber is increased
proportionally to N. This is due to a compensation of this dependence by some decrease in
T that is in the 6th power for NEPeph (9).
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Fig. 5. NEP components and photon NEP in dependence on the number of CEBs in a series
array. The parameters of CEB: Lirer=5 fA/Hz!/2, Vjggr=3 nV /Hz1/2, R=1 kOhm, A=0.01pm3.
The responsivity S is shown for illustration of the effect of the CEB number. Thin lines show
asymptotic for S and NEPrer (Kuzmin 2008a, 2008b).

The optimal number of CEBs in a series array is determined mainly by power load P, and
the volume of absorber A. The general rule of array design is the following: the number of
bolometers, N, should be increased to split P, between bolometers up to the point when
Py/N= Py, where Py, =T%,;, 2A. The phonon power is determined by only one parameter, the
volume of the absorber, A. There is no need to increase the number of bolometers more than
this figure, because the optical power loading in each bolometer becomes less than the
power from phonons. Responsivity is saturated beyond this level.

For a very small absorber volume, the optimal number of bolometers is determined by the
interplay between amplifier noise and junction noise. The main rule here is to decrease the
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amplifier noise by increasing the number of CEBs to a level less than that of junction noise
realising total noise less photon noise.

2.2.2 A two-dimensional array of CEBs with distributed dipole antennas and a JFET
readout for polarization measurements

A novel concept of the two-dimensional array of CEBs with focal plane dipole antennas is
proposed for sensitive polarization measurements (Kuzmin 2011c). The concept brings a
unique combination of perfect polarization resolution due to a large uniform array of CEBs
with optimal matching to JFET/CMOS amplifiers due to flexibility in dc connection. Better
noise performance is achieved by distribution of power between the number of CEBs and
increasing responsivity of bolometers. This arrangement should lead to substantial
improvements in sensitivity and dynamic range. Reliability of the 2D array is considerably
increased due to parallel/series connections of many CEBs. Polarization resolution should
be improved due to uniform covering of a substrate by the 2D array over a large area and
absence of beam squeezing to small lumped elements.

The fundamental sensitivity limit of the CEB array is below the photon noise NEP=v2h{Po,
which is referred to as the background-limited performance. Estimations of the CEB noise
with JFET readout show an opportunity to realize background-limited performance with
NEP less than photon noise NEP=5 10-17 W/Hz1/2 at 350 GHz for an optical power load of 5
pW proposed for BOOMERanG.

The 2D array of CEBs with distributed dipole antennas (Fig. 6) is proposed for receiving one
polarization components of the signal in multimode operation and effective matching to a
JFET amplifier (Kuzmin 2008c). In this paper we analyse a realization of the CEB array for
the 350 THz channel of BOOMERanG. The voltage response is measured by a JFET amplifier
in a current-biased mode. The main purpose of the 2D configuration of the array with
flexibility for dc connection is to achieve high responsivity (low noise) and to match the total
dynamic resistance of the array to the noise impedance of a JFET (~0.6 MW).
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Fig. 6. Single polarization dipole antennas with a 2D array of CEBs (4x4) and a JFET readout.
Each dipole antenna will be sensitive only to one polarization component of the RF signal. For
illustration an array with a minimum number of 4x4 CEBs is shown with dc connection of 2x8
CEBs. Electrical isolation should be done between electrodes of the cross-dipole antennas.
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Probability of failure is considerably decreased due to the parallel combination of several
CEBs. For the analysed array we used four CEBs in parallel (W=4) and 16 rows of CEBs in
series (N=16).

In contrast to Day et al. (2004 ), RF connection is made only for series connection in one line.
Connection between lines is made only for dc bias by narrow wires.

Further improvement of performance is achieved by placing four bias resistors on chip just
near the array of bolometers to decrease the noise of current-bias resistors and to protect
scheme from interferences (Kuzmin et al, 1991; Kuzmin & Haviland, 1991). The RF
matching is realized by the resistance of a normal absorber, which is independent of the
tunnel junction parameters.

In what follows for analysis of a 2D CEB array we shall use the basic model of the CEB with
strong electrothermal feedback due to electron cooling (Kuzmin & Golubev, 2002; Golubev
& Kuzmin, 2001) and the concept of parallel/series array in current-biased mode (Kuzmin
2008a, 2008b). The operation of a CEB array can be analysed using the heat balance equation
for a single CEB, taking into account power distribution between the NxW bolometers:

2
ZPSIN(V,Te,Tph)+ZA(T65—T;h)+2%+IZRa:[PO +5P(1) ] %W*N) (18)
j

Here we assume that the SIN tunnel junctions are current-biased and the voltage is
measured by a JFET amplifier. The responsivity Sy is described by the voltage response to
an incoming power

6V,  20V/oT
V' 6Py Ge_ph+2GsIN

S (19)

Noise properties are characterized by the noise equivalent power (NEP), which is the sum of
three contributions:

+NEP?

2
NEP, "AMP

— * * 2 * * 2
tot_N w NEPefph+N W * NEP,

SIN (20)

Here NEP, ,; is the noise associated with electron-phonon interaction (9); NEPspy is the noise
of the SIN tunnel junctions (15). The last term is due to the voltage 4V and current dI noise of
a JFET, which are expressed in nV/Hz1/2and pA/Hz1/2:

NEPZ ) p = 8V2+(0T(Ra+Ra)N/ W2 / (Sy/W)? 1)

The estimations were made for the 350 GHz channel of BOOMERanG.

The optimal way for polarization measurements of two components in the same place is by
orthogonal cross-combination of them connected by narrow dc wires for bias and readout
connection as shown in Fig. 7. Optical matching could be organised by using Si substrate of
resonance length /4 with backshort behind the substrate (Fig. 7) or by using Si substrate
with antireflection coating (Tran & Page, 2009). An additional Si lens or horn could be
added for better concentration of incoming power in the 2D array of CEBs. The main criteria
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Fig. 7. Focal plane dipole antennas with a 2D array of CEBs consisting of two subarrays of
8x8 CEBs for each polarization. The RF matching is achieved by using Si substrate of
resonance length I/4 with backshort behind the substrate.

are to realise high resolution of polarization at the level of 25 dB and to keep high efficiency
of matching. The results of the simulation for the 2D array consisting of two sections of 8x8
CEBs for each polarization for different combination of dc connections are shown in Fig. 8.
Fig. 8 shows that for all analysed dc combinations of width (W) and length (N) of the array
we realize a total NEP of bolometer less than photon noise NEPphot. Fig. 8 shows that the
optimal realization is for an array of 4x32. Degradation of performance for a wider array of
8x16 CEBs is related to a decrease of responsivity S=dV/dP.
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Fig. 8. NEP components of the 2D array of CEBs at 350 GHz, comprising two subarrays of
8x8 CEBs for each polarization (Fig. 4). Different combinations of CEBs (WxN) for dc
connection are simulated for matching with the JFET readout. Power load = 5 pW, Ijrer=5
fA/Hz1/2, Virer=3 nV /Hz1/2, R=3 kOhm, L=0.01mm3, T=300 mK.
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Degradation of performance for more narrow arrays of 2x64 and 1x128 CEBs is related to an
increase of total dynamic resistance of the array more than the noise impedance of a JFET
amplifier. To compensate this mismatch, the optimal operation point is shifted to higher
voltages with lower resistance. From these simulations the optimal array in the sense of
noise and reliability is a 2D array with four CEBs connected in parallel and 32 CEBs

connected in series.
The main progress in matching with the JFET readout is achieved by proper selection of
the parallel and series combination of CEBs in 2D arrays, and selection of proper

resistance of SIN junctions (Fig. 8). Results of simulation for the 2D array with optimal
combination of 4x32 CEBs for various resistances of the SIN tunnel junction are shown in

Fig. 9.
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Fig. 9. (a) Voltage dependence of total NEP and responsivity S=dV/dP for the 2D array of
CEBs, comprising two subarrays of 8x8 CEBs for one polarization with optimal combination
of 4x32 CEBs for dc connection for different values of SIN junction resistance R;
(b) Dependence of NEP components of the same 2D array on resistance of SIN tunnel
junction. The parameters of CEBs are the same as in Fig,. 8.

Optimal value of resistance for minimum NEP is 3 kOhm. Noise components in dependence
on resistance are shown in Fig. 9b. The total noise is determined mainly by noise of SIN
tunnel junction (15) and noise of amplifier (JFET) (21). The electron-phonon noise (9) is small
due to the small volume of the absorber and low temperature independently on a rather

large number of CEBs.

Finally, a novel concept of the 2D array of CEBs with distributed dipole Antennas has been
proposed for polarization measurements with high resolution of polarization components.
This concept provides more flexibility in matching to JFET readout and better noise
performance due to the distribution of power between the number of junctions with
decreasing power load and the increasing responsivity of each individual CEB. Polarization
resolution should be improved due to the absence of beam squeezing to small lumped
elements. The reliability of 2D array is considerably increased due to the parallel/series

connections of many CEBs.
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2.2.3 2D array of CEBs with distributed cross-dipole antennas for multimode
measurements of both polarization components

A novel concept of the 2D array of CEBs with a cross-dipole antenna is proposed for ultra-
sensitive multimode measurements of both polarization components of an RF signal
(Kuzmin 2011a). This concept gives the opportunity of avoiding complicated combinations
of two schemes to measure simultaneously both polarization components. The optimal
concept of the CEB including a superconductor-insulator-normal (SIN) tunnel junction and
an Andreev SN contact is used for better performance. This concept provides better
matching with the JFET readout, suppresses charging noise related with Coulomb blockade
due to the small area of tunnel junctions and decreases the volume of a normal absorber for
further improvement of noise performance. The reliability of 2D array is considerably
increased due to the parallel/series connections of many CEBs.

Estimations of the CEB noise with the JFET readout show an opportunity to realize NEP less
than photon noise NEP=4 10-1°W /Hz1/2 at 7 THz for an optical power load of 0.02 fW.

The CEB is a planar antenna-coupled superconducting detector that can easily be matched
with any planar antenna. Promising direction is distributed focal plane antennas (Kuzmin,
2008c; Day et al., 2004). These antennas could help to avoid horns or Si lenses for matching
with bolometers and could be used in a multimode regime for wide band spectrometers. To
achieve RF matching to a distributed focal plane antenna, a series array of the CEB and JFET
readouts have been analysed (Kuzmin, 2008c). However, this configuration has several
disadvantages for the spectrometer: the antenna measures only one polarization component,
resistance is too high for matching with the JFET and the Coulomb blockade starts to
become important at low temperatures due to small junction capacitance, and the
probability of failure is increased proportionally to the number of bolometers in the series
array. To avoid these problems, a novel concept of the 2D array of CEBs with a distributed
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Fig. 10. Schematic of the optimal CEB with capacitive coupling to the antenna (Kuzmin,
2006). A normal nanoabsorber is coupled to the antenna through the capacitance of a SIN
tunnel junction and through a SN Andreev contact. The SIN tunnel junction is used also for
thermal isolation, electron cooling and for reading out the signal with a SQUID or a JFET.
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cross-dipole antenna is proposed. The optimal CEBs with a SIN tunnel junction and
Andreev contact (Kuzmin, 2006) is used to overcome the above-mentioned problems (Fig.
10). The system is proposed for SPICA and MILLIMETRON spectrometers, and other ultra-
sensitive cosmology instruments.

Detection using CEB is obtained by allowing the incoming signal to pass from the antenna
to the absorber through the capacitance of a SIN tunnel junction and through a SN Andreev
contact. Using this optimal concept of CEB, we achieve several advantages: resistance is
decreased for better matching with the JFET, the Coulomb blockade is suppressed due to the
absence of the second junction creating SET transistor (Kuzmin & Likharev, 1987; Kuzmin &
Safronov, 1988) and the effective volume of the absorber is decreased due to the proximity
effect of the Andreev contact.

The main mode of CEB operation is a concept employing a 2D array of CEBs (Fig. 11) for
effective matching to a JFET amplifier (Kuzmin, 2011). A distributed cross-dipole antenna
(Fig. 11) is proposed for receiving both components of the signal in multimode operation. In
this paper we analyse a realization of the CEB array for the 7 THz channel.

' ' T T JFET
h o A A
Andreev
T T T contact \T CEB il 1
¥

Fig. 11. Distributed cross-dipole antenna with a 2D array of CEBs and a JFET readout. This
double polarization antenna is sensitive to both components of the RF signal.

The voltage response is measured by a JFET amplifier in a current-biased mode. The main
purpose of the 2D array for readout is to match the total dynamic resistance of the array to
the noise impedance of a JFET (~0.6 MQY).

Probability of failure is considerably decreased due to the parallel combination of several
CEBs. For the analysed array we used four CEBs in parallel (W=4) and eight rows of CEBs in
series (N=8).

Further improvement of performance is achieved by placing four bias resistors on chip for
decreasing noise of bias resistors and interferences (Kuzmin, 1991). RF matching is realised
by the resistance of a normal absorber.
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In the following analysis of a 2D CEB array we shall use the basic model of the CEB with
strong electrothermal feedback due to electron cooling (Kuzmin & Golubev, 2002; Golubev
& Kuzmin, 2001) and the concept of a parallel/series array in current-biased mode (Kuzmin
2008a, 2008b) similar to section 2.2.2. The operation of a CEB array can be analysed using the
heat balance equation for a single CEB, taking into account power distribution between the
NxW bolometers.

The estimations were made for the 7 THz channel of SPICA. Results of the simulation for the
2D array with the JFET readout are shown in Fig. 12. The Fig. 12 shows considerable
improvement of noise properties for transition from the CEB with a double SIN junction to
the CEB with a single SIN junction and an SN Andreev contact.
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Fig. 12. NEP components for the CEB with a single SIN junction and an SN Andreev contact
(“1”) and for the CEB with a double SIN junction ( “2”). Dynamic resistance, Rd, is shown
for both cases referred to on the right axis. Parameters: Iimp=5 fA/Hz!/2, Vonp=3 nV /Hz1/2
(JFET), R=4 kOhm, Volume A=0.002um3, T=70 mK, Tc =400 mK. The 2D array consists of
four CEBs in parallel (W=4) and eight CEBs in series (N=8).

Improvement of NEP for single SIN junction is achieved due to the double decrease of
dynamic resistance, Rd, and proportional decrease of the amplifier noise determined by a
product of the current noise of the amplifier and the Rd (20). The total noise is determined
mainly by the noise of the JFET amplifier (21) and the noise of the SIN tunnel junction (15).

The electron-phonon noise (9) is small due to the small volume of the absorber and low
temperature. As we can see from Fig. 12, noise performance for the optical power load of
0.02 fW fits requirements with NEPtot<NEPphot for R=4 kOhm.

The simulations show that better NEP can be obtained with a decreased gap of Al to the
level of 400 mK. This suppression of the gap can be obtained with additional evaporation of
any normal metal (Cu, Ti,...) on the top of the counter electrode.

The results of the simulation for the 2D array for different resistances of the SIN tunnel
junction are shown in Fig. 13. As we can see from Fig. 13, noise performance for the optical
power load of 0.02 fW fits requirements of SAFARI with NEPtot<NEPphot for R>4 kOhm.
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Fig. 13. NEP components of the 2D array of CEBs with the JFET readout at 7 THz with
power load of 0.02 fW for Liper=5 fA/Hz1/2, Vipgr=3 nV /Hz1/2, A=0.002um3, T=70 mK,
Tc =400 mK for different values of normal resistance R.

Improvement of NEP for larger R is achieved due to the increase of responsivity Sv=dV/dP
proportional to R. For the left slope of NEP curves, this improvement is compensated by the
increase of amplifier noise due to the product of the current noise of the amplifier and
dynamic resistance of the junction. For the right slope of NEP curves, we do not have this
limitation due to the noise of the amplifier and improvement is due to a slight decrease of
overheating related with dissipation of power in a leakage resistance due to electron cooling.

The main progress in matching with the JFET readout is achieved by proper selection of the
parallel and series combination of CEBs and selection of proper resistance of SIN junctions
(Fig. 13). Some progress in NEP is realised due to replacing two SIN junctions by one SIN
and one SN Andreev contact (Fig. 12). Some progress in better performance is achieved also
due to proper suppression of Delta of the top superconducting electrode to the level of 400
mK (instead of 1.2 K for clean Al). The internal overheating of CEBs by applied voltage is
decreased and we can realise arrays of any size (even with N>100).

2.3 CEB in voltage-biased mode
2.3.1 SCEB with SIS’ tunnel junctions and Josephson junction and a SQUID readout

A novel concept of a superconducting cold-electron bolometer (SCEB) with a
superconductor-insulator-weak superconductor (SIS’) tunnel junction and Josephson
junction has been proposed (Fig. 14) (Kuzmin, 2008d). The main innovation of this concept
is utilising the Josephson junction for dc and HF contacts, and for thermal isolation. The SIS®
junction is used also for electron cooling and dc readout of the signal. The SIS" junction is
designed in loop geometry for suppression of the critical current by a weak magnetic field.
The key to this concept is that the critical current of the Josephson junction is not suppressed
by this weak magnetic field and can be used for dc contact. Due to this innovation, a robust
two layer technology can be used for fabrication of reliable structures. A direct connection of
SCEBs to a four-probe antenna has been proposed for effective RF coupling.
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Fig. 14. Schematic of a SCEB with SIS and Josephson tunnel junctions and a JFET readout.
The SIS” junction is used for capacitive coupling to the antenna, thermal isolation, electron
cooling and dc readout by a JFET. The Josephson junction is used for dc and HF contacts,
and for thermal isolation.

The main innovation of the SCEB in comparison with the CEB with double SIN junction
(Kuzmin, 2000, 2001, 2004; Kuzmin & Golubev, 2002) and CEB with SIN and Andreev
contact (Kuzmin, 2006) is effective utilization of the Josephson junction for dc and HF
contacts, and for thermal isolation. The SIS" junction (for HF coupling, thermal isolation,
electron cooling and dc readout) is proposed in loop geometry for suppression of the critical
current by a weak magnetic field. Strikingly, the critical current of Josephson junction is not
suppressed by this weak magnetic field. As a result of this innovation, a robust two layer
technology can be used for fabrication of both SIS” and Josephson tunnel junctions. In this
paper we analyse realization of the SCEB for 350 GHz channel of BOOMERanG and other
cosmology instruments.

Noise properties are characterized by the NEP

o
S

NEP},, = NEP} , + NEP. + (22)
Here NEP2e-ph is the noise due to electron-phonon interaction; NEP2SIS” is the noise of an
SIS junction and &12/5% is the noise of a JFET amplifier.

The noise of the SIS” junction has three components: shot noise 2el/S2I, the heat flow noise
and the correlation term between these two processes (Golwala, S. et al., 1997; Golubev &
Kuzmin, 2001)

NEPZs. = 6P> -2

2
% +2a 23)

1 SI

This correlation is a form of the electrothermal feedback discussed earlier (Mather, 1982).
For a superconductor absorber with concentration of electrons just near the gap, this
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anticorrelation is very strong and could lead, in first approximation, to almost 100%
compensation of the shot noise:

S5P2 =2AP,, 61> =2¢*Py /A, Sj=e/A, NEP2,. =0 (24)

For every chosen voltage we first solve the heat balance equation, find the electron
temperature in the absorber, taking into account the effect of the electron cooling, and then
determine current responsivity and NEP.

For optical power load of Py = 5 pW for each polarization of 350 GHz channel the photon

noise is NEPphot = 2By hf = 43*107 Y w H/2
Figure 15 shows a simulation of the different contributions to the total NEP of the detector
for an optimised geometry of the bolometer. We see that for a range of bias voltage from 170
uV to 210 pV, the total NEP of the SCEB is well below the photon noise: NEPot < NEPphot.
The range of voltages less than 170 pV is not recommended for use because, due to negative
slope of the IV-curve, the operation point would be unstable. In addition, the NEP of the
SCEB is dominated by shot/heat noise of the detector (NEPsis) corresponding to a
background limited mode of operation.

Figure 15b illustrates the effect of the noise reduction of SIS"tunnel junction. The figure
shows all components of SISnoise: NEPsnot, NEPheat and correlation term (dPdI)/2. The
final noise, NEPs;s;, is clearly less than original noise components. The effect is stronger than
for SIN junction noise (Golubev & Kuzmin, 2001) due to the well-defined level of
quasiparticle energy just near the gap.
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Fig. 15. (a) NEP components of the SCEB for Ljrgr=5 fA /Hz/2, Viger=3 nV /Hz1/2, R=0.2 kOhm,
A=0.04um3. The NEP is less than NEP;po (b) Resulting SIS junction noise with strong
cancellation of the NEPgot and NEPpeq due to the anticorrelation term dPdI between them.

2.3.2 Parallel array of CEBs with distributed slot antennas and a SQUID readout

An innovative concept of the parallel array of CEBs with superconductor-insulator-normal
(SIN) tunnel junctions has been proposed for distributed focal plane slot antennas (Kuzmin,
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2008c). The parallel connection of CEBs with SIN tunnel junctions in voltage-biased mode is
optimal for a slot antenna (Fig. 16). Some improvement of properties can be achieved by
using optimal configuration of CEB with SIN junction and SN Andreev contact shown in
Fig. 7 (Kuzmin, 2006). Any use of a double junction in voltage-biased mode (Kuzmin,
2001,2004; Kuzmin & Golubev, 2002) would lead to splitting power between two junctions
and some degradation of responsivity.

Slot Groundplane

|

Fig. 16. A distributed single polarization slot antenna (Day, 2004) with a parallel array of
CEBs (Kuzmin, 2008c) and a SQUID readout. This slot antenna will be sensitive only to
horizontal components of the RF signal. The CEBs with SIN tunnel junctions and Al-Al
SQUID could be fabricated on the same chip in one vacuum cycle.

An important feature of the design is that the volume of the normal metal is partly squeezed
due to the proximity effect of the superconducting electrode of the Andreev contact. This
squeezing further increases the efficiency of the electron cooling without degrading the HF
coupling. Estimations of the CEB noise with the SQUID readout have shown an opportunity
to realize background-limited performance for a typical power load of 5pW proposed for
BOOMERanG.

The Al-Al SQUID could be fabricated on the same chip as CEB with SIN tunnel junctions in
the same vacuum circle. Simultaneous fabrication of CEB and SQUID on-chip would create
more reliable structures and avoid interferences due to wire interconnections of the systems.

We have analysed the concept of an optimal CEB for 70 GHz channel of B-Pol polarometer
in the presence of the typical power load (Pp = 0.2 pW).

Fig. 17 shows the results of a simulation of a CEB with a single SIN junction, with realistic
parameters for the tunnel junction and absorber, and values of SQUID noise from 0.1
pA/Hz1/2 to 0.8 pA/Hz!/2. The level of NEPphot has been achieved for SQUID noise lower
than 0.5 pA/Hz1/2.

Optimal number of CEBs in series array. The optimal number (Fig. 18) is determined mainly by
the power load Po and the volume of absorber A. The general rule of array design is the
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Fig. 17. Total NEP of the 40 CEB array with SIN tunnel junctions for the 350 GHz channel, with
a SQUID noise current of 0.8 pA/Hz!/2. Parameters:R=0.2 kOhm, S=1pm?, Vol=0.005ums3,
power load Py =5 pW, T=300 mK. The NEPphot= 5*10-17 W/Hz1/2 is shown by dashed line.per
polarization component. For the 70GHz channel, NEPphot= 4.3*10-18 W /Hz!/2.
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Fig. 18. NEP components and photon NEP in dependence on the number of CEBs in a
voltage-biased parallel array with SQUID and in current-biased series array with JFET
(section 2.2.2, M=1). The parameters of CEBs are the same as in Fig. 17. The responsivity S is
shown for a parallel array for illustration of the effect of the CEB number.

following: the number of bolometers, N, should be increased to split Po between bolometers
up to the point when Py/N= Py, , where Py, =T5,, £A. The phonon power is determined by
only one parameter, the volume of the absorber, A. There is no need to increase the number
of bolometers more than this figure because the optical power loading in each bolometer
becomes less than the power from phonons. Responsivity is saturated after this level.
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3. Experimental realization of the Cold-Electron Bolometer (CEB)
3.1 Technology of fabrication

The first CEB samples were fabricated using the Dolan shadow evaporation technique with
a suspended mask made by e-beam lithography (Dolan, 1977). The technique is widespread
for fabrication of sub-micron junctions for a wide range of applications. The technique
utilizes a suspended mask fabricated using two-layer resist and shadow angle evaporation
of two layers of metal. In the first CEB samples the aluminium electrode was thermally
evaporated at an angle of 55° relative to the surface normal up to a thickness of about 60 nm
(Kuzmin et al., 2002, Tarasov et al., 2002; Agulo et al., 2005). The tunnel barrier was formed
by oxidizing the electrode for two minutes at a pressure of 5x102 mbar. The normal metal
absorber was created by evaporating 30 nm of chromium and then 30 nm of copper at an
angle of 0°. Cr was used to improve the impedance matching of the antennas to the normal
metal and also for better adhesion of Cu to the substrate.

The first problem of this technology was related to evaporation of the normal metal as a top
layer thicker than the base layer of Al It led to rather high thickness of the absorber that
degraded the performance of the bolometer. We tried an alternative technique, a so-called
direct write technology with first depositing the normal metal absorber, its etching and
oxidation and deposition of the superconducting Al layer after the second e-beam lithography
(Otto et al., 2010). The disadvantage of this method is degradation of tunnel barrier properties
during the second lithography process. To avoid this problem we modified the shadow
evaporation technique by first depositing a bilayer of Cr/Al normal metal, oxidizing it, and
then depositing the second superconducting Al layer (Tarasov et al., 2009).

The second serious problem was related to the strong limitation for an area of tunnel junctions
in the Dolan shadow evaporation technique by submicron size that created serious problems
with the capacitive coupling of the CEB and strength of electron cooling. The breakthrough in
this problem occurred after the invention of the Advanced Shadow Evaporation Technique
(ASHET) for large area tunnel junctions (Kuzmin, 2011b). This technique is dual to Dolan
technique and gives the opportunity for fabrication of large area tunnel junctions (with area
>>1 pm?, really unlimited) in combination with nanoscale size absorbers.

3.2 Electron cooling experiments

The works on electron cooling are devoted to development of a CEB with capacitive
coupling by SIN tunnel junctions to the antenna for sensitive detection in the THz region
(Kuzmin et al., 2004; Agulo, L, et al., 2005). We used 4-junction geometry with Al-AlOx-
Cr/Cu tunnel junctions and Au traps (Fig. 19).

The maximum decrease in electron temperature of about 200 mK has been observed at bath
temperatures of 300-350 mK. Effective electron cooling was realized due to the improved
geometry of the cooling tunnel junctions (quadrant shape of the superconducting electrode)
and effective Au traps just near the junctions (=0.5 pm) to decrease reabsorption of
quasiparticles after removing them from normal metal.

Figure 20 shows the electron cooling curves and the theoretical fit for different temperatures
for the structure with normal metal traps. In Fig. 20 we used for experimental curves both
the experimental calibration curve of measured V(T,;) and theoretical estimation of V(T.)
shown in the same figure. The best coincidence of theoretical fit was obtained using the Té-
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temperature dependence. The experimental results show very good agreement with the
theory for phonon temperatures in the range from 300 mK to 400 mK (Fig. 20).
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Fig. 19. (a) Energy diagram illustrates the principle of the electron cooling and the problem
of reabsorption of the phonons after recombination of the quasiparticles. The normal metal
trap is introduced to avoid this reabsorption. (b) The AFM image of the cooling structure
was made using the shadow evaporation technique. The Au trap was evaporated prior to
the evaporation of the Al-AlOx-Cr/Cu tunnel junctions.
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Fig. 20. Electron temperature measured for phonon temperatures of 392 mK, 347 mK and
290 mK. Theoretical fit for background power of 9.5 fW, absorber volume 0.18 pm3.

3.3 DC qualification of the CEB

The electrical NEP measurements are realized in a special test structure with two junctions for
electron heating and two junctions for temperature sensing (Agulo et al., 2005). In this case we
can apply some small dc or ac heating power and measure the voltage response to such power
dV/dP. The bolometer responsivity and the NEP were measured by applying a modulated
heating current through the absorber. The frequency of modulation varied from 35 Hz to 2 kHz.
The best responsivity of 15x10° V/W was obtained at 35 Hz. NEP of better than 2*10-18 W /Hz!/2
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was measured for modulation frequencies above 100 Hz. The bolometer time constant below 5
s was estimated using the experimental device parameters (Agulo et al., 2005).

Norm
metal

SIN junctions for .
T measurement

Fig. 21. Schematic diagram of the noise (left image) and responsivity (right image)
measurements. The responsivity was measured by applying a heating power through the
outer junctions with dc current and with modulated current, and then measuring the
voltage response. The total noise was measured using a lock-in amplifier.

3.4 Quasioptical measurements

The responsivity of the parallel/series array of CEBs with a cross-slot antenna was
measured using a blackbody radiation source equipped with thermometer and resistive
heater (Tarasov et al., 2009; Tarasov et al., 2011). The blackbody radiation source (Fig. 23)
was placed in front of the CEB attached to an extended hemisphere sapphire lens with
antireflection coating. The source was mounted on a 3 K temperature stage of He3 cryostat.
The temperature of blackbody can be varied in the range of 3-20 K.
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Fig. 22. Noise equivalent power spectrum from 35 Hz to 2 kHz. The bolometer NEP is at the
level of 2*10-18 W/Hz!/2, which agrees fairly well with what theory predicts.
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Fig. 23. Schematic view of optical response experiment. Here the silicon lens is covered with
antireflection coating (ARC), incoming radiation pass through a band-pass filter for 350
GHZ (BPF). Thermal radiation source is equipped with heater and thermometer.

We measured the response to the microwave radiation emitted by a cryogenic blackbody
radiation sources at the 100 mK stage of dilution refrigerator. The radiation source was
mounted on the 0.4 K stage; it consists of a Constantan foil with heater and thermometer.
Using a backward wave oscillator spectrometer/reflectometer we measured the reflection of
the foil R=0.70+0.05 at 345 GHz. This value is different from zero reflectivity of blackbody and
the actual emissivity of such source is k=0.30£0.05. The response to heating of the emitter is
presented in Fig. 24. The measured voltage response to temperature variations of the emitter is
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Fig. 24. Voltage response of the bolometer array to bath temperature changes 0.118-0.2 K
(open circles), to variations of blackbody source temperature 2.7 K, 3.8 K, 4.7K, 5.6 K, 6.5 K
(solid lines) and also to 345 GHz radiation from BWO with additional attenuation of -21 dB,
-18 dB and -15 dB (dashed lines).
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25 pV/K. Taking into account the emissivity of foil and the root mean square voltage noise
0.38 uV in the frequency range 0-40 Hz, one can obtain the temperature sensitivity, which is
5mK rms. If we assume that the noise spectral density of the amplifier 10 nV/Hz1/2
dominates the total noise, we obtain a temperature sensitivity of 1.3*104 K/Hz/2. We can
also calculate the power emitted by the heated foil using the Planck formula for central
frequency fo=345 GHz and for bandwidth 8f=100 GHz of a cross-slot antenna.

At a temperature of 3 K we get AP=3*10-14¢ W, where h=6.626*1034 J*s is Planck’s constant,
k=1.38*102 J/K is Boltzmann’s constant, f is frequency and « is emissivity of radiation
source. The voltage response to incoming power is thus dV/dP=8*108 V/W. For the
experimentally measured noise of 10nV/Hz!/2 this corresponds to an optical noise
equivalent power NEP=2*107 W/Hz!/2. In Fig.14 we show that the responses of the
detector to variations of the power from a thermal radiation source and from a BWO are
very similar, while the response to changes of the physical temperature of the sample is
clearly very different. This difference can be due to suppression of the energy gap due to
thermal heating.

4. Conclusion

A novel concept of the capacitively-coupled CEB has been developed for high performance
cosmology instruments. The CEB concept is based on a unique combination of RF capacitive
coupling of an absorber to the antenna through capacitance of the SIN tunnel junctions and
direct electron cooling of the absorber by the same SIN tunnel junction. The noise properties of
this device are improved considerably by decreasing the electron temperature. Direct
electron cooling leads to a considerable increase of the saturation power due to removing
incoming power from the sensitive nanoabsorber.

Different concepts of antenna coupled CEBs from single bolometer to 2D arrays of CEBs
help to match with various electrodynamic environments for polarization sensitive
measurements and wideband FTS spectroscopy. Flexibility in the dc connection of CEBs in
combination with electronic cooling give the opportunity to work with any optical power
load from 0.02 fW to 10 pW realizing bolometer noise less than photon noise of the incoming
signal. CEB can be matched with any readout from low-ohmic SQUIDs to high-ohmic JFET.
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1. Introduction

Both astronomic observation and atmospheric remote sensing in the terahertz (THz)
frequency range (0.1-10 THz) have driven the demand for highly-sensitive mixers and
receivers [1-4]. Interstellar molecule spectrum information obtained through those THz
receivers provides the basic clues to understand the formation of the universe. Also, the
observation and monitoring of the earth’s own atmosphere may allow strategies to be
developed to address issues such as global warming or ozone depletion [5, 6]. Other terahertz
radiation detection applications include plasma diagnostics [7], military radar and radiometry
[8], chemical spectroscopy and analysis [9], bio-particle reorganizations [10, 11], security
screening and terahertz imaging [12-14].

Two types of detection schemes are used in the terahertz regime, “direct” or incoherent
detection (only magnitude information) [15, 16] and “heterodyne” or coherent detection
(both magnitude and phase information). At terahertz frequencies, heterodyne detection
(also called “mixing”) typically exhibits higher sensitivity and greater dynamic range than
direct detection schemes. Heterodyne receivers are frequency translators that convert a
high-frequency (“RF”) signal to a lower-frequency (called the intermediate frequency or “IF”)
band. The output IF signal is a replica of the high-frequency signal and preserves both the
magnitude and phase information of the original signal.

Currently, THz heterodyne detectors (or receivers) based on superconducting niobium SIS
mixers offer the highest sensitivity. However, these devices exhibit a gap frequency around
700 GHz at which the photon energy exceeds the binding energy of the Cooper pairs in the
superconductor, directly converting the superconductor into its normal, lossy state. Above the
gap frequency, superconducting hot-electron bolometer (HEB) mixers become much attractive
since the operation of HEB does not depend on the tunneling of quasi-particles across the
insulator.

Receivers employing Schottky diodes are routinely used in laboratories at room temperature.
However, they require relatively large LO power (~1-10 mW), which is unpractical for
space-borne applications and difficult to implement for receiver arrays. HEB receivers
normally require very low local oscillator (LO) power (~100 nW), while providing higher
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Fig. 1. The operation of HEB devices, the electron-electron cooling/scattering,
electron-phonon cooling/scattering and phonon-phonon cooling/scattering are denoted as
e-e, e-ph and ph-ph, respectively.

sensitivity than Schottky diode receivers, thus became an attractive research interest in recent
years.

In this chapter, the basic theory/mechanism for HEB devices working as THz heterodyne
mixing/detection elements will be first introduced, followed by a literature review on what
have been done so far for quasi-optical (lens-coupled) HEB THz mixers. The state-of-the-art
HEB mixer performance will be summarized. After that, the simulation, design, fabrication
and characterization of 585 GHz hot-electron mixers based on annular slot antennas will be
presented. On the basis of the single element mixer design, the realization and performance
of one-dimensional and two-dimensional HEB mixer focal-plan arrays will be discussed.

2. Hot-electron bolometers and mixers

Hot-electron bolometer is a type of bolometric thermal detector that senses changes in
temperature (T) through a change in resistance (R). Energy absorbed is distributed to an
electron subsystem with a heat capacity C, and a thermal conductivity to a heat sink, G.
Typically, the absorber (also the electron subsystem) is connected to a heat sink with a bath
temperature T;. The HEB voltage sensitivity S can be found by [17]:

dR 1
dT G\/1 + w272

where I, is biasing current, wr, the IF frequency, and 7 the thermal response time given by
T = C/G. Note that in equation (x.1) the sensitivity is directly proportional to the change in
resistance with temperature. Superconducting HEB’s have a very sharp dR/dT slope around
the critical temperature. Thus extremely sensitive receivers based on those devices can be
achieved. Also, the heat capacity of electrons is much smaller than that of the lattice phonons.
At low temperatures, coupling between the electrons and lattice is relatively weak, absorbed
RF energy effectively heats only the electrons. Because coupling to the lattice phonons is weak,
the lattice does not contribute much to the overall specific heat of the device, thus allowing
faster cooling and broader bandwidth operation. This also results in a higher sensitivity,
according to equation (x.1).

S = Ipigs (Xl)
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As seen in Fig. 1, heated electrons in the subsystem exchange absorbed energy (from RF
power) through electron diffusion or phonon scattering. The characteristic electron-phonon
scattering length L, (also called thermal heating length Ay) is the mean free path before
an inelastic electron-phonon scattering event takes place. If the bolometer length is larger
than Ay, the dominant cooling mechanism is phonon scattering, and the bolometer is called
a “phonon-cooled” HEB. If the bolometer length is in the order of electron diffusion length
L.—., but is less than A, the bolometer is then called a “diffusion-cooled” HEB, and the
dominant cooling mechanism is then diffusion of hot electrons to cooling pads connected to
the device. As a result, the thermal response time for a diffusion-cooled HEB (7._, ~ 0.1 ns) is
shorter than that of phonon-cooled HEB (7, ~ 1 ns), resulting in a broader 3-dB intermediate

frequency (IF) bandwidth (fir 345 = (27t) 1) [17].

As discussed above, the small size (~ 100 nm) and fast response of superconducting HEBs
allow them to be operated as heterodyne mixers (IF envelope detectors) rather than as simple
power measuring devices. Fig. 2 shows how the HEB device operates as a mixer. The HEB
absorbs power from the LO and RF signals. The device then warms, causing a portion of
the HEB microbridge to become resistive (Ly). When operated in the optimal regime, the
size and electron temperature of the resistive portion is very sensitive to the instantaneous
power level. The HEB bridge cools by losing energy to the surrounding environment through
various mechanisms as discussed above. The heating and cooling of the HEB follows the
envelope of the LO and RF signals, which is at the IF (LO-RF or RF-LO) beat frequency. The
resistance of the device, therefore, follows the beat signal between the LO and RF and thereby
generates the IF when the HEB is current or voltage biased. This mixing mechanism allows
HEBs to generate IF signals very effectively utilizing the material’s superconductive/resistive
transition at its critical temperature (T).

The canonical architecture for heterodyne mixing is shown in Fig. 3. The mixer usually
comprises an electronic device (here will be HEB) with highly-nonlinear current-voltage (I-V)
characteristics and its associated parasitic and matching networks. This is usually followed
by a low-pass filter (LPF) and low noise amplifier (LNA) which, together, make up the IF
chain. The frequency translation properties of a nonlinear element are readily illustrated
by examining a square-law device with current-voltage relation: I = AV?, with A being a
constant dependent on the device. The RF input and LO can be represented as a superposition
of sinusoidal functions at two slightly different frequencies, frp and frr as expressed in
equation X.2.

VLO = Vlsin(anLOt), VRF = stin(anRpt) (X2)
When applied to the device, these signals will generate outputs at DC, frr + fro and frr fro-

Applying the square-law relation to the applied voltage yields the total current signal flowing
through the mixer as

[ = a[Vpc + Visin(27tfiot) + Vasin(27 frrt)]? (X.3)

This output signal, after filtering and amplification, will be proportional to V; and V,, but is
translated to a frequency of fir = frr — fLo, as shown in equation X.4:
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Fig. 2. The operation of a superconducting hot-electron bolometer device as a heterodyne
mixer (figure reproduced from [1].

Vour = V1Vacos(27tfirt) (X.4)

Consequently, information contained in the signal at the RF frequency is down-converted to
the IF band, which is more readily processed. This particular receiver scheme responds to
both the RF signal and its image, f1a, at fir &+ f10. Such a receiver is called a double sideband
(DSB) mixer. In some cases, a band-pass filter (BPF) may be placed in front of the mixer, and
reject the unwanted sideband. Thus the mixer is operated in single side band (SSB) mode
and either the lower side band (LSB) or upper side band (USB) is chosen, depending on the
overall application. Usually DSB mixers are undesirable because noise enters the image port
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Fig. 3. Heterodyne mixing schematics: (a) Receiver diagram, (b) Signal spectrum.

and contributes to mixer noise. However, they are the most common type since it is difficult
to implement image rejection filters at THz frequencies.

3. Lens-antenna coupled HEB THz mixer

3.1 Lens-coupled antenna configuration for THz detection and imaging

As the frequency increases into the submillimeter-wave and terahertz region, the detection
of RF signals becomes challenging largely because of difficulties associated with extending
classical microwave technologies and techniques to this frequency regime [18]. Loss
introduced by metallic waveguides that are generally used at microwave frequencies increases
with frequency (e.g. the surface resistivity of the waveguide is proportional to \/wpu /20 ).
Also, the cost and tolerances associated with machining small structures are difficult to fulfill
in fabricating waveguide structures with traditional milling techniques for use at terahertz
frequencies [18]. Although microfabrication techniques using DRIE or SU-8 have been applied
to the submillimeter-wave and terahertz waveguide structures [19], an alternative approach U
quasi-optics is attractive, particularly as the wavelength of the signals approach the infrared
region of the spectrum. Quasi-optical technology combines both the microwave and optical
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Fig. 4. (a) Transmission antenna on a dielectric substrate showing the generation of surface
waves, reproduced from [20]. (b) Lens-antenna coupled THz detector and imaging
configuration.

techniques, making it quite suitable and useful for applications in submillimeter-wave and
terahertz region.

For submillimeter-wave and terahertz applications such as imaging arrays, that make use of
quasi-optical technology, detectors or detector arrays are typically fabricated on a dielectric
substrate such as GaAs, silicon, or quartz. The signal to be detected is first focused onto
the substrate by an objective lens, and then illuminates the detectors from the dielectric side.
In this way, the coupling structures (or antennas), should exhibit the maximum receiving
directivity. However, antennas on dielectric substrates generate trapped surface waves, which
unavoidably decrease the antenna efficiency and increase the cross-talk between adjacent
antennas in an array [20]. This can be understood on the basis of simple geometric optics with
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a transmitting antenna shown in Fig. 4(a) [20]. The transmitting antenna lies at the upper
air-dielectric interface, and radiates into the substrate. From the ray-tracing point of view,
only the rays with a radiation angle of 6 < 6, can go through the lower air-dielectric interface,
where 0. = arcsin(e;) is the well-known critical angle. Other rays are completely reflected
and trapped as the surface waves. The power that is converted to surface waves can be very
large, dramatically reducing the antenna transmission/receiving efficiency. In addition, due
to the existence of trapped surface waves, crosstalk between adjacent antennas in an imaging
array can be significant increased, limiting the resolution that can be achieved by an imaging
array.

The simplest method for solving the problem of surface wave excitation is to mount a
dielectric lens to the detector/antenna substrate as shown in Fig. 4(b). If the lens and the
substrate have the same dielectric constant, most of the incident rays are then nearly normal
to the air-dielectric interface, eliminating total internal reflection at this interface. An imaging
architecture, the so called “reverse-microscope” concept, is based on the above consideration
and was first proposed by Rutledge and Muha in 1982 [13]. In this architecture, both an
objective lens and a substrate lens are utilized for coupling incident radiation (THz) onto
the antenna structure, resulting in an approach capable of diffraction-limited imaging. In
our research, an extended hemispherical substrate silicon lens is utilized (see Fig. 4(b)),
and the antenna coupled HEB mixers and mixer imaging arrays are fabricated based on this
“reverse-microscope” configuration. This architecture will be further discussed later in this
Chapter.

3.2 Lens-coupled THz antenna and mixer performance

As discussed above, at terahertz frequencies, RF circuits based on waveguide transmission
media are more difficult to implement and quasi-optical techniques become an attractive
alternative. To couple the incident RF power to the nonlinear HEB mixing element, planar
antennas such as bow-tie [21], double-slots [22, 23], spiral [24], and log-periodic [25], mounted
on lens-coupled dielectric substrates are frequently utilized as shown in Fig. 5. However,
Bow-tie antennas have a number of drawbacks in the THz region since they are not compact
for single imaging element design and exhibit antenna patterns with maximum off the
antenna bore-sight. THz mixer designs using other antenna geometries also have not yet
been suitable for high resolution imaging applications. Annular-slot antennas are one type of
planar structure that can efficiently couple incident power to a device located at the feed point.
They have very compact and symmetric geometries, making themselves good candidates
for large scale imaging arrays. Moreover, this antenna structure can be easily scaled up to
submillimeter-wave and terahertz region. In the following sections, we will focus on THz
HEB mixers and focal-plane arrays based on annular-slot antennas.

State of the art HEB mixer performance compared to SIS and Schottky mixers are summarized
in Fig. 6 [26]. Typically, receiver noise temperature in the order of 10 times of quantum
limit has been achieved with HEB mixers. A theoretic analysis for the noise temperature of a
superconducting HEB mixer is presented in [27]. Johnson noise and thermal fluctuation noise
are the two main noise sources. For an optimum operation of a niobium device, the noise
contribution from the above two mechanisms can be as low as 0.4 K from Johnson noise and
22 K from thermal fluctuation noise.
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Fig. 5. Lens-coupled (a) bow-tie antenna [21], (b) double-slot antenna [22, 23], (c) log-periodic
[25] and (d) spiral antenna [24] for THz HEB mixer design.

3.3 Superconducting hot-electron bolometer device fabrication

The HEB fabrication used in this research is based on the UVa EBL process developed by Bass
et al [2]. The fabrication process includes several main steps: (1) base layer definition; (2),
e-beam lithography (EBL) process to define the HEB length and width; (3) Reactive-Ion Etch
(RIE) to remove unwanted metal, and (4), the passivation process.

The base layer definition begins with the deposition of a Nb/Au (10 nm/10 nm) bi-layer onto
a square silicon wafer (high resistivity, 1.8 cm x 1.8 cm). This niobium base layer is used for
defining the superconducting HEB micro-bridge, which is the most critical step in the mixer
fabrication. To optimize the superconducting properties of this layer, a multi-target sputtering
system is utilized and the deposition conditions (e.g. base pressure ~ 1078 Torr) are carefully
controlled to achieve a low-stress niobium thin film. A film thickness of 10 nm is chosen to
yield a sheet resistance of 35 ()/square at the normal state and a critical temperature of ~5.6
K [2]. A 10 nm gold over-layer is deposited with the same sputtering system to protect the
superconducting niobium from oxidization during the subsequent fabrication processes.

After deposition of the Nb/Au bi-layer over the entire wafer, photoresist (AZ5206) is spun
on top of the wafer as a sacrificial layer. The burn-off mask is first applied to eliminate the
edge head, followed by the base layer lithography. Ti and Au (5 nm/200 nm) layers are
then deposited onto this resist stencil using the e-beam evaporator system. Finally, a lift-off
process is performed using NMP and propylene glycol (P-Glycol) heated to 110 °C to lift off
(remove) the unneeded metals on the sacrificial layer, thus leaving the Ti/Au RF circuits and
EBL alignment/focusing markers on the wafer. It is important to note that a gap in the Ti/Au
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Fig. 6. State-of-the-art performance for SIS, HEB and Schottky mixers. This figure is
reproduced from [26]

bilayer is left for the subsequent deposition of the HEB cooling pads and definition of the
underlying 10 nm thick Nb HEB bridge.

After the base layer is defined, the mixing element — the HEB bridge - is fabricated using a
two-step EBL process (see process flow in Fig. 7). In the first EBL step, a 200 nm thick bilayer
PMMA (950/495) is spun on the base layer as the resist structure. The high molecular weight
(950) PMMA on top is used for maximizing EBL resolution, while the low molecular weight
(495) PMMA generates an undercut beneath the patterns after development, thus eliminating
metal sidewalls during the following deposition process. This facilitates the lift-off process.

The HEB device cooling pads are then directly written by an electron-beam controlled by
the Nano-Pattern Generation System (NPGS). During this “direct-writing” process, the EBL
alignment markers on the base layer are applied to precisely “write” the patterns. Once
again, prior to each HEB pattern writing, the focusing markers are utilized to adjust the SEM
parameters to improve the device fabrication uniformity. To produce a HEB device length of
around 200 nm, the cooling pads are designed using DesignCAD with a separation of 290 nm.

After developing the PMMA using a 1:3 mixture of MIBK and IPA, a trilayer of Ti/Au/Ti
(10 nm/50 nm/10 nm) is evaporated. The first Ti layer serves as the adhesion layer and the
second protects the Au during a subsequent RIE process. After a lift-off process using TCE
heated to 70 °C, the HEB cooling pads are realized and the Nb microbridge length is defined.
SEM pictures in Fig. 8(a) clearly show the designed and fabricated HEB cooling pads patterns.
Each cooling pad overlaps both the Nb/Au HEB device layer film and the Ti/Au RF line and



116

Bolometers
” y - x-section v-section
X
A ¥ A

:II)
il

BN

it
R\

.

—

=]

(e)

+
:

®

Fig. 7. A typical hot-electron bolometer device fabrication process using e-beam lithography.
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Fig. 8. Hot-electron bolometer device fabrication: (a)SEM picture showing the device cooling
pads defining the HEB length, and (b)SEM picture showing the HEB bridge masks, defining
the device width.

b)

Fig. 9. Hot-electron bolometer device fabrication using the Ti-line technique without EBL
process: (a) fabrication process, and (b) SEM picture of a suspended Ti-line (reproduced from
[28]).

essentially serves to continue the Ti/Au contacts on each side in order to precisely define the
length of the bridge.

During the second EBL step, the HEB bridge etch mask is first patterned by the NPGS
with a single layer PMMA (950). The bridge width is designed to be 200 nm and 140 nm,
for secheme-I and scheme-II structures, respectively. A Au/Nb (20 nm/20 nm) bilayer is
deposited, and after lift-off, the bridge etch mask is left which also overlap part of the cooling
pads as seen in Fig. 8(b). This Au/Nb bridge serves as a mask in the RIE processes, described
below that defines and reveals the HEB Nb bridge width.

Reactive-ion etches (RIE) are therefore performed to define the width of the bridge to remove
the unnecessary metal layers. First, an Ar-RIE is performed and after this etching, the
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open-field over-layer gold (10 nm) in the RF circuits is removed, exposing the underneath
niobium layer (Fig. 7(d)). An SF4-based RIE is then used to etch the exposed niobium layer
both in the open field and on the top of the HEB bridge (Fig. 7(e)), followed by another Ar-RIE
to remove the final layer of Au on top of the bridge, which leaves only a niobium bridge
between the gold cooling pads (Fig. 7(f)). The conditions of the above etch steps are precisely
controlled so that the etching rates are appropriate for operation. This is very important since
over-etching typically significantly changes the device resistance and insufficient etching can
results in total failure.

After the RIE process is finished, the HEB bridge is defined and the superconducting niobium
is exposed to the ambient atmosphere. To prevent it from contamination and oxidization, a 300
nm germanium layer is e-beam deposited across the entire wafer. General photolithography
is applied to have square photoresist patterns (20 ym x 20 ym) only in the HEB area. A
subsequent SFg-based RIE is performed to remove the exposed germanium, leaving square
germanium covering the HEB devices. Since germanium is a semiconductor, carrier freeze-out
and the low energy associated at sub-millimeter wave and terahertz frequencies prevents this
material from shorting the RF circuits, while it provides a protective passivation layer for the
superconducting niobium HEB devices.

Although the EBL-based HEB fabrication process is used in this research for prototype
demonstration, it is strongly depends on the operator’s skills and quite time-consuming.
Thus the device uniformity is not perfect, and the process is not suitable for the fabrication of
focal-plane arrays with large number of imaging elements. The so called “Suspended Sidewall
Nano-Patterned Stencil” (SSNaPS or Ti-line) process as shown in Fig. 9 [28] is then strongly
preferred. Using this method, the whole fabrication can be done without relying on those
expensive e-beam or ion-beam facilities, allowing more research organizations to make and
test HEB devices. In addition, quick fabrication of large quantities of HEB’s on one wafer with
perfect uniformity becomes readily realizable, making this SSNaPS process a good choice for
making large focal plane arrays.

3.4 Single THz HEB mixer element based on annular-slot antennas

Annular-slot antennas are one type of planar structure that can efficiently couple incident
power to a device located at the feed point. Thus these antennas have been studied in
detail for a variety of microwave and millimeter-wave circuits including mixers [29] and
frequency doublers [30]. Moreover, the annular slot antenna (ASA) provides a relatively
compact geometry, which is attractive for high resolution imaging array applications [31],
[32]. Fig. 10 illustrates the basic geometry of an annular slot with single feed-point and
lying on a dielectric half-space with dielectric constant of €,. At its resonant frequency, the
circumference of the annular slot is equal to nearly one wavelength, resulting in a sinusoidal
electric-field distribution around the slot. As seen in Fig. 10(a), with incident field polarized
along the y-direction, the electric-field in the slot has a maximum amplitude at ¢ =90 ° and ¢
=270° , with nulls (or virtual shot-circuits) at ¢ = 0° and ¢ = 180°. Thus the far-field radiation
pattern has its E-plane along the y-axis, and H-plane along the x-axis. In summary, the annular
slot features properties leading to its choice as a mixer coupling structure suitable for imaging
array applications.

In this research, high-resistivity silicon is chosen as the mixer fabrication substrate because
it has low loss (~ 2dB/cm) and high dielectric constant (e, = 11.7), which results in a high
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Fig. 10. (a) Annular-slot antenna on silicon substrate with circumference of one guided

wavelength, for operation at 585 GHz. (b) Calculated radiation intensity of the 585 GHz
annular-slot antenna.

directivity and efficiency for the receiving antenna [22]. The annular slot antenna is designed
to operate at 585 GHz and has a radius, a, of 36 ym and a slot width, w, of 2.6 um, as shown
in Fig. 10(a). The annular slot antenna radiation pattern at 585 GHz in the silicon substrate
and in the air side, for ¢ = 0, 7t/4, and 71/2 planes are plotted in Fig. 10(b). As can be seen,
the radiation intensity on the silicon side is much larger than that on the air side, resulting
in a higher antenna directivity. The ratio of power radiated into the half-spaces is mS :

Ve (~ 40:1), according to [20].

An ADS Momentum simulation of the annular-slot antenna to determine its impedance has
been performed, and the results show that the designed annular slot antenna has a bandwidth
of approximately 100 GHz (giving a fractional bandwidth of 16%). At 585 GHz, the real
and imaginary parts of the antenna input impedance are 100 () and approximately 0 (),
respectively. Consequently, impedance matching to the devices is relatively straightforward
because the superconducting HEB bridge is essentially a purely resistive device. A d-HEB
with resistance as high as 100 (2, however, requires nearly 3 squares of Nb thin film (10 nm
thick with a sheet resistance of 35 ()/square in the normal state). Hence, the resulting device
length approaches that of the inelastic electron-phonon mean free path, L, ;. Because the
resolution of the Nanometer Pattern Generation System (NPGS) employed at the University of
Virginia is approximately 100 nm, the resulting device could well exceed the maximum length
for diffusion cooling. As a result, a quarter-wavelength impedance transformer is employed
to match the 100 () antenna impedance in the mixer design.

Another consideration in the receiver design using the lens-coupled antenna configuration
is the Gaussian coupling efficiency and antenna system directivity. Analysis for double-slot
antennas on extended hemispherical and elliptical silicon dielectric lens was carried out using
a ray-tracing technique by Filipovic and Rebeiz et al. in 1993 [22]. Their results demonstrate
that the directivity strongly depends on the extension length of the lens, L (see Fig. 4),
and reaches a maximum at a particular value of L, while the Gaussian coupling efficiency
maintains a relatively high value and then drops quickly as L increases. Thus, the design goal
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for an imaging array application is a high system directivity for maximum packing density in
the focal plane, while maintaining an acceptable Gaussian coupling efficiency. To realize this
design goal, the ray-tracing technique used by Filipovic is applied to the case of annular slot
antennas on an extended hemispherical silicon lens. The hemispherical silicon lens for this
work has a radius R = 4.5 mm. Radiation patterns of the lens-supported annular slot antenna
are then calculated with a numerical computer code based on the ray-tracing technique.

The calculated E-plane patterns for various extension lengths are shown in Fig. 11. It is clearly
seen that the main beam of the far-field pattern becomes narrower and then broader with
increasing extension length. An extension length of 1600 um is chosen for the highest antenna
directivity for imaging array applications. In principle, once the antenna radiation patterns
are obtained, the Gaussian coupling efficiency may be calculated with a double integration,
as it is a parameter that measures the coupling efficiency between the far-filed patterns of the
antenna and the incident Gaussian beam. However, this is very time-consuming due to the
complex numerical integrations needed for the computer code. Since the results in [22] are
given in terms of the parameters R/A and L/A, and these curves are generally applicable to
other planer antenna designs with similar radiation patterns. With L = 1.6 mm, and L/A =
0.36, the Gaussian coupling efficiency is estimated to be around 85%.

On the basis of the HEB mixer design and fabrication process described above, single element
mixers have been fabricated and shown in Fig. 12(a). The one-square HEB microbridge
is integrated at the end of the quarter-wave tranformer with a device length of 240 nm
and a device width of 237 nm, resulting in a device resistance of nearly 35 (). In this
circuit, high/low stepped-impedance low-pass filter is utilized to efficiently block the RF
high-frequency signal. To characterize the superconducting properties of the fabricated HEB
devices, R-T and I-V curves were taken, and shown in Fig. 12 in which (b) and (c) are the
typical results [33]. As seen in Fig. 12(b), a sharp transition between the superconducting
state and the normal state is observed at a critical temperature of T, = 5.4 K with a transition
width AT, ~ 05K — 1.0K. The typical critical current is measured to be approximately
120 pA, corresponding to a critical current density of J. ~ 5.1 x 10°A/cm?. This value is
comparable to the results reported by other groups [34]. The normal state resistance just
above the superconducting transition is nearly 40 (), implying a thiner Nb film than intended,
resulting in a slightly higher sheet resistance. Fig. 12(c) shows the I-V curves for a HEB device
with slightly lower critical current. When the bath temperature increases from 4.2 K to 4.86 K,
the critical current decreases from 70 uA to 55 pA, as anticipated.

To characterize the RF performance of the 585 GHz HEB mixers, a quasi-optical mixer mount
was fabricated using oxygen-free copper for operation in a cryogenic vacuum system, as
shown in Fig. 13. A tapered circular aperture in the front piece allows incoming radiation
to fully illuminate the surface of the silicon lens. The thickness of this piece is designed so that
the silicon lens is tightly held to the back piece, ensuring that there is no air gap between the
lens and the substrate. A co-planar waveguide (CPW) transmission line was fabricated on a
high-resistivity silicon wafter with a thickness of 1.1 mm, to accommodate the output IF signal
(Fig. 13) [35]. The IF circuit substrate also serves as the extension length for the lens-coupled
annular-slot antenna, and yields a total extension length of nearly 1.6 mm after mounting to
the mixer chip. This extension length is close to the optimum value for maximum antenna
directivity according to the ray-tracing results. The HEB mixer chip was mounted to the IF
circuit using cryogenic epoxy, and the DC and RF connections were accomplished using gold
bonding wires.
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Fig. 11. (a) Annular-slot antenna on silicon substrate with circumference of one guided
wavelength, for operation at 585 GHz. (b) Calculated radiation intensity of the 585 GHz
annular-slot antenna.
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Fig. 12. (a) An annular-slot antenna coupled HEB mixer design utilizing a quarter-wave
transformer for impedance matching. (b) R-T curve for a typical HEB device. (c) I-V curves
of a HEB device measured at different temperatures.

Once the silver epoxy is cured, the HEB mixer is ready for testing. In this work, an
HD-3(8) dewar system is utilized for the single element HEB mixer cryogenic tests and RF
measurements. This dewar can be cooled to 4.2 K with a hold time of around 30 hours. Inside
the dewar, the quasi-optical mount with the HEB mixer assembled is installed in front of a
Teflon window and is biased through a bias-T. The IF signal is sent to an isolator (Durado
4ICB12-2) and low noise amplifier (LNA) before being fed to the external IF chain. Three
temperature sensors are placed at the 4.2 K plate, LNA, and the quasi-optical mount and the
temperatures are displayed outside of the dewar.

The RF measurement setup for characterizing the HEB mixers is shown in Fig. 14. A hot/cold
load (300 K / 77 K) consisting of microwave absorber (Eccosorb) provides the blackbody RF
radiation for a system Y-factor measurement. a VDI (Virginia Diodes, Inc.) 576 — 640 GHz FEM
(Frequency Extension Module) is employed to provide an available LO power of 0.6 mW (or
-2.22 dBm) near 585 GHz. The VDI FEM comprises three frequency doublers (D55v2, D100v3,
D200) and a WR-1.5 frequency tripler. An Agilent E8247C (0-20 GHz) sweep oscillator and
a power amplifier A246-2XW-31 (with a built-in doubler) are used for the signal input. To
protect the VDI FEM, a WR-22 variable attenuator is inserted between the power amplifier
output and the VDI FEM input. Once the FEM is appropriately biased, the output signal is
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Fig. 13. Photographs of (a) the bolometer chip bonded in the quasi-optical system, (b) the
coplanar IF feed for the antenna (on silicon), and (c) the cryostat lens mount. The chip is
mouted directly to the IF feed circuit in (b) with a cryogenic epoxy (figure reproduced from
[35].

obtained at a frequency of 48 times that of the input signal. For example, a 12.185 GHz signal
with 16 dBm power level is used to produce a 585 GHz output from the FEM. According to the
specifications provided by VDI, the output power of the FEM varies from 0.3 mW to 0.9 mW in
the range of 576 to 640 GHz, which is more than adequate for pumping the HEB devices. Both
the LO and RF are coupled into the cryogenic dewar through a set of lenses, beam splitter,
and mirrors. Inside the dewar, the quasi-optical mixer mount is placed in front of the Teflon
window and biased using a bias-T while the IF signal is output through an isolator and low
noise amplifier (LNA) before being fed to the external IF chain.

With this measurement setup, the HEB pumped I-V curves at 585 GHz were initially measured
by coupling only LO power into the dewar and to the device. As shown in Fig. 15, the
un-pumped critical current for the HEB under test is 110 pA, close to the value measured
previously. The critical current decreases with increasing LO power, as expected, and the
HEB device is fully saturated (behaves like a pure resistance) at an LO power of P4, indicating
that the entire Nb microbridge is pumped from the superconducting state into the normal
state [35]. Note that the actual power received by the mixer is not measured directly,
although it can (in principle) be estimated from the losses predicted in the system optics and
RF circuitry. Nevertheless, The I-V curves measured demonstrate that adequate power is
available for pumping the mixer into saturation. The measured E-plane radiation pattern of
the lens-coupled annular-slot antenna shown in Fig. 15(b) demonstrates good agreement with
calculation.
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Fig. 16. (a) Measured IF output power and Y-factor as functions of current, and (b) corrected
mixer conversion gain and SSB noise temperature vs. current.

Y-factor measurement was performed to characterize the HEB mixer gain and noise
temperature. Figure 3.12 (a) shows the IF output power (at 1.8 GHz) together with the
corresponding Y-factor at 4.3 K as functions of bias current in the case of a hot (300K) and cold
(77K) load. It can be seen that the highest IF output power is measured at bias currents just
before the device is fully saturated. Above this biasing point, the d-HEB becomes saturated
and acts as a normal resistor. The highest Y-factor measured is approximately 1.20 dB,
corresponding to an uncorrected DSB receiver noise temperature of T, psg ~ 650K [35].

To calculate the mixer gain and noise temperature, the noise contribution from the RF optics
and the IF chain must be removed from the measured data. Table 3.1 lists the gain and noise
temperature contribution for the optical components. The total loss from the RF optics is
estimated to be G, =-1.73 dB and the equivalent Planck noise temperature is thus T, ; = 114.6
K. The cryogenic LNA has a gain of G = 42 dB and a noise temperature of T;r =3.0 K at 1.8
GHz. After correction, the effective noise level for the hot/cold (300K/77K) load at the input
of the mixer is then 278.6K/128.8K (T, ff ot / Te £ co14)- The mixer conversion gain is calculated
by:
AP out AP out

Coer APy Gir  2kB(Teffnot — Teff,cotd) Gif (%5)
where APy, and AP, are input and output power change, k is Boltzmann constant, B is the
IF bandwidth (B = 1.0 GHz for estimation since the external IF chain is not used for this
measurement). The mixer DSB noise temperature can be found from,

Tif
Gimeixer

Tinixer,DsB
Treceiver = rf+ ngrf +
i

(X.6)

according to equation 3.5, and the SSB mixer noise temperature is then Ty 558 =
2T ixer,psp- The mixer gain and SSB noise temperature are shown in Figure 3.12 (b) as
functions of bias current. Biased at 48 tA and a bath temperature of 4.3 K, the mixer gain
at 585 GHz is -11.9 dB and the SSB mixer noise temperature is T;,,;x ssp ~ 630K [35].

3.5 THz HEB mixer focal plane arrays for imaging applications

Highly-sensitive receivers employing superconducting hot-electron bolometers (HEB’s) have
been intensively studied and applied in millimeter-wave and far-infrared (FIR) imaging and
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remote sensing in recent years [1], [11]. However, in many applications, only one pixel of
object information from receiver is insufficient. To effectively map the spatial distribution
of radiation intensity, many pixels of imaging information are usually needed. Although
mechanical scanning can be applied to a single element mixer to fulfill the above requirement,
in some cases, this is not feasible due to the long observing time required to form a complete
image [36], [37]. For example, in applications such as plasma diagnostics, information is often
needed on a time scale of a microsecond, which is not usually possible with a single element
detection system with mechanical scanning [18]. Imaging mixer arrays [13, 18] are the best
approach for these applications since they can greatly reduce observing and processing time
by recording imaging information in parallel.

Imaging arrays for submillimeter applications are a subject of continuing interest for
both the astronomy and chemical spectroscopy communities. A number of researchers
have put considerable effort into developing imaging arrays based on Schottky diodes
or superconducting detectors [21, 39]. In 1982, D. B. Rutledge and Muha proposed
a high-resolution imaging antenna array diagram with a “reverse-microscope” optical
configuration [13]. On the bases of this diagram, a research group at the University of
California at Davis is currently working on a 90 GHz Schottky diode mixer array with bow-tie
antennas [21]. Bow-tie antennas, however, have a number of drawbacks for high resolution
imaging applications in the THz region since they are not compact for single imaging element
design and exhibit antenna patterns with maximum off the antenna bore-sight [20]. JPL has
proposed a 1.6 THz 1-D array based on diagonal horns antennas [39]. However, 2-D arrays
based on this scheme are difficult to realize. In recent years, another approach called the
“fly’s-eye concept” has been investigated at the University of Massachusetts at Amherst [38].
A 3-element HEB focal plane array based on this concept has also been reported recently
demonstrating promising performance [38]. For this approach, each mixer element uses a
separate imaging lens, which presents difficulties for design and fabrication, and hence the
imaging resolution of this system will be limited.

Fig. 17 shows a diagram of HEB imaging array on an extended hemispherical silicon lens
investigated in this work. Each of the imaging elements employs an annular-slot antenna
as the coupling component into which a HEB device is integrated. Two difficulties have to
be addressed to achieve a high-resolution imaging array. First, from the Shannon-Whittaker
condition [40], the array element spacing should not exceed one wavelength at the frequency
of interest for diffraction-limited imaging. Thus, very limited room is left for accommodating
those circuits such as low-pass filters (LPF) and low-noise amplifiers (LNA). Second, while
maintaining a small array element spacing is required to achieve high imaging resolution,
mutual coupling between adjacent annular slot antennas and the cross-talk between the IF
outputs become important and can limit increased resolution by simple scaling of the array
geometry.

To achieve a diffraction-limited imagine with an HEB mixer array at submillimeter
frequencies, the “reverse-microscope” optical configuration proposed by D. B. Rutledge and
Mubha [13] is utilized. Figure 18 shows a diagram of this configuration in which the annular
slot antenna array substrate is attached to the back side of the imaging lens and an objective
lens is placed in front of the imaging lens. The image signal is focused through both lenses
onto the mixer array. The image of the object is then reconstructed by plotting the IF output
signal from each element in the array. As discussed in previous sections, by utilizing the same
material (silicon) for both the array substrate and the imaging lens in this configuration, the
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Fig. 17. Schematic of a HEB mixer imaging array using annular-slot antenna mounted on an
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Fig. 18. Diagram of the reverse-microscope configuration proposed by D. B. Rutledge [13].
This configuration provides a capability of diffraction-limited imaging at THz frequencies.
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Fig. 19. Off-axis element radiation patterns for the lens-coupled one-D annular-slot antenna
arrays calculated using ray-tracing technique. Patterns are calculated with element spacings
of (a) 0.8 A4, (b) 1.0 A4, and (c) 1.1 A,.

trapped surface-wave is eliminated and the cross-talk between adjacent imaging elements is
reduced, allowing a high imaging resolution to be achieved [13].

The single element HEB mixers employing annular slot antennas developed and fabricated in
the earlier work in this research have shown promising performance. Here, the basic mixer
design including the antenna, impedance matching circuits and low-pass filters are applied
and expanded to realize a full imaging mixer focal-plane array. Due to the small element
spacing (~ Ay ~ 150um) for a diffraction-limited imaging, the mutual coupling between
adjacent annular slot antennas in the mixer array is investigated to check whether it needs
to be included in the design considerations. Both ADS Momentum simulations and EMF
analysis [41, 42] were performed to study the mutual-impedances of the annular-slot antenna
array with various element spacing, and a conclusion has been drawn that when the element
spacing is larger than 0.8 A; (while smaller than 1.0 A;), the antenna mutual impedances and
hene the cross talk between the adjacent elements are small enough that their effect can be
safely neglected in the design of a diffraction-limited imaging system.

The element annular slot antenna (lens-coupled) off-axis radiation patterns for various
spacings in prototype one-D (1x4) and two-D (2x2) arrays have been calculated using the
ray-tracing technique. As shown in Fig. 19, the element antenna pattern in the one-D arrays
has a 3-dB beam width of 6;3_;3 ~ 4° with side-lobe levels less than -10 dB. The beam
spacings between adjacent antennas are Af ~ 4.0°,5.0°, and 5.7° with crossover power
level around -3.9 dB, -6.0 dB, and -7.0 dB for d = 0.8A,, 1.0A;, and 1.1A, respectively. For
imaging applications, a crossover level larger than 3 dB is generally used as a figure of merit to
distinguish between two points and quantify the spatial resolution of an array. Fig. 20 shows
the annular slot antenna off-axis radiation patterns in the 2 x2 arrays. The element antenna
pattern in the azimuth scan has the same properties as that in the one-D array. The element
antenna pattern in the elevation scan has a 3-dB beam width of 63 ;5 ~ 3.5° with side-lobe
levels less than -10 dB. The beam spacings between adjacent antennas are A8 ~ 4.0°,5.0°, and
6.0° with crossover power level around -7.0 dB, -11.0 dB, and -12.5 dB for d = 0.8, 1.0A;, and
1.1A;. The antenna patterns in the elevation scan (or the E-plane pattern) have a narrower
3-dB beam width, compared to the patterns in the azimuth scan (or the H-plane pattern).

Shown in Fig. 21 are the fabrication and assembling results of the HEB imaging mixer arrays.
For typical one-D arrays in Fig. 21 (a), quarter-wavelength impedance transformers were
utilized. While twin-HEB devices were integrated in the two-D arrays due to limited spacing
between adjacent antennas. The twin-HEB device has two HEB microbridges fabricated in
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Fig. 20. Off-axis element radiation patterns in the elevation scan and azimuth scan for the
lens-coupled two-D annular-slot antenna arrays calculated using ray-tracing technique.
Patterns are calculated with element spacings of (a) 0.8 A4, (b) 1.0 A4, and (c) 1.2 A,.
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Fig. 21. Lens-antenna coupled HEB mixer imaging array fabrication and assembling results:
(a) SEM picture of an one-D HEB imaging array with quarter-wave impedance transformer,
b) SEM picture of a two-D HEB imaging array using twin-HEB devices, and (c) the
assembled mixer array mount, ready for cryogenic testing.

series (each with a normal-state resistance of 50 )) and connected by a gold cooling pad
in bewteen, offering a device impedance of 100 Q) (matching to the antenna imbedding
impedance). This approach eliminates the need for a lossy transmission line but requires a
slightly more complex fabrication process. To measure the array performance, a quasi-optical
mixer array block has been fabricated. As shown in Fig. 21 (c), the HEB mixer array chip was
first bonded to a silicon substrate (~ 1.1 mm thick with four bended CPW transmission lines)
using cryogenic epoxy, and an ultrasonice wire-bonding tool is used t oelectrically connect
both the grounds and center conductors. Two other silicon substrates with CPW trsnsmission
lines have been installed into the backside of the array block, and four subminiature A (SMA)
connectors are utilized to output the IF signals.

A close-cycled cryocooler has been employed in the mixer array RF measurements. Inside the
cryocooler as shown in Fig. 22, a 585 GHz mesh-filter (~40 GHz bandwidth) is placed on the
40K stage just in front of the Teflon window. The assembled mixer array block is installed
with four outputs connected to the four bias-T’s. The four-way Miteq power combiner,
Durado cryogenic isolator and Miteq low-noise amplifier are anchored to the 4.2K stage with
specially designed copper mounting pieces for good thermal contact. The RF components
are connected using semi-rigid coaxial cables. An IF feedthrough is designed to couple the
microwave signals out of the cryocooler. For better thermal insulation, the inside coaxial cable
is coiled and the cable jacket is soldered to the copper heat sink, which is anchored to the 40K
stage. After assembling all the inside components, the unused windows of the cover plate are
covered with aluminum foils for further blocking the room-temperature radiation. During the
HEB mixer array operation, only one of the four HEB devices is dc-biased at one time, and
thus, each mixer can be measured separately.

Prior to RF testing, the DC charactersitcs of an one-D array with four mixer elements (A-D)
were measured. A sharp transition from the superconducting state to the normal state is
observed at around 5.5 K for elements A, B and C with AT, ~ 0.5K. The array element
D became an open circuit at a temperature of ~190K because the bond wire lost contact to
the center conductor of the CPW transmission line due to the mechanical vibration from the
close-cycled cryocooller system. The current-voltage (I-V) curves are then measured at a bath
temperature of ~ 3.9K, as shown in Fig. 22 (b). The critical currents were measured to be 290
nA, 300 pA and 400 A for element A, B, and C, respectively.

To measure the HEB mixer FPA imaging angular resolution, two adjacent elements (element
B and C with B in the upper position) in an one dimensional array chip (see inset of Fig. 21(c),
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element spacing d = 1.0 A;) were DC biased and the responses were monitored. During the
experiment, the VDI 585 GHz solid state source is employed and the distance between the
silicon lens and the source is nearly 50 mm for maximum response. The responses for element
B and C are normalized and plotted in Fig. 22(c) together with the off-axis antenna patterns
(see Fig. 19) predicted using the ray-tracing technique. Again, reasonable agreement has been
obtained. The discrepancies can be attributed to errors in source position measurement and
the nonlinear relationship between the current response and the absorbed RF power. The
vertical distance between the two maximum response position is 4.4 mm, resulting in an
angular resolution of 5.04°, which is very close to the theoretical prediction (see Fig. 19).

By using an optical lens as an objective lens, the system imaging resolution can be further
improved. Experiments have been performed with a distance of 133.1 mm between the silicon
lens and the 585 GHz solid-state source. The optical lens is placed 49.3 mm from the cryocooler
window (86.3 mm from the silicon lens). The response peaks from the element B and C are
measured at source displacement of 69.35 mm and 72.10 mm, corresponding to an imaging
resolution of ~2.75 mm. Compared to the results reported by the University of Massachusetts
group (38) at 1.6 THz with a three-element HEB array based on the “fly’s-eye” concept
[38], the integrated HEB mixer arrays on the basis of the “reverse-microscope” configuration
provide a capability to realize diffraction-limited, high-resolution focal-plane arrays in the
THz frequency region.

Y-factor measurements have been performed to each of the two array mixer elements (element
B and C) and the results show that DSB mixer noise temperatures of 1675 K and 3517 K, with
mixer conversion gain of -14.73 dB and -17.74 dB, respectively, have been obtained for the
two adjacent elements in the one dimensional focal-plane mixer array, which is comparable
to the results reported in the literature. To the author’s best knowledge, the HEB mixer focal
plane array described in this paper is the first heterodyne FPA reported on the basis of the
“reverse-microscope” architecture with the capability of diffraction-limited imaging. With
this architecture, all the array antennas, HEB devices and IF circuits are integrated onto one
silicon wafer, thus providing an alternative way for developing large FPA’s in the THz region.

The measurement results in Section IV (B) are comparable to that reported in the literature [38].
However, the measured noise temperatures for elements in an array are not as good as that for
a single element HEB mixer presented in Section IV (A) in this paper. Although further work
needs to be done to fully understand this discrepancy, we attribute this to several possible
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Fig. 22. Lens-antenna coupled HEB mixer imaging array characterization and results: (a) a
photograph showing the components inside the close-cycled cryocooler, (b) I-V curves for
HEB devices A, B and C in a one-D array, and (c) measured normalized response (dots)
compared to the theoretical results by ray-tracing technique (solid- and dotted- lines).
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reasons: (1) the annular slot antennas are off-axis positioned at the back side of the silicon lens
and this could introduce as large as 10 dB coupling loss; (2) the array receiver system used in
this research is not optimized. A four-way power combiner is utilized introducing ~ 6-dB loss,
which further increases the receiver noise level; (3) the array assembly strategy is designed
for prototype demonstration. Wire-bonding technique is used for electrical connection, which
unavoidably deteriorates the IF performance of the mixer array circuits.

4. Conclusion

In this chapter, the basic theory and mechanism for lens-antenna coupled HEB THz mixers
have been introduced followed by our work on 585 GHz HEB mixers and mixer arrays based
on lens-coupled ASAs. In conclusion, we have designed and fabricated hot-electron bolometer
mixers, for THz heterodyne detection and imaging. The HEBs are integrated into lens-coupled
annular-slot antennas that incorporate low-pass filters. DC and RF characterizations have
been performed and a mixer conversion gain of -11.9 dB and a DSB receiver noise temperature
of ~650K have been achieved. On the basis of the single element mixer design, prototype
mixer focal-plane arrays comprised of ASAs integrated with hot-electron bolometers have
been developed for imaging applications at 585 GHz. Both EMF analysis and ADS momentum
simulations have been performed to study the self- and mutual- impedances of the annular
slot array with various element spacings. The element antenna off-axis radiation patterns have
been calculated using the ray-tracing technique and the imaging angular resolution has been
predicted. Initial imaging experiment results are presented and show excellent agreement
with theory and simulation data, demonstrating that a diffraction-limited imaging with a
resolution of ~2.75 mm has been achieved at 585 GHz. Y-factor measurements show that
DSB mixer noise temperatures of 1675 K and 3517 K, with mixer conversion gain of -14.73
dB and -17.74 dB, respectively, have been obtained for two adjacent elements in a one-D
focal-plane mixer array. The lens-antenna coupled HEB mixer focal plane array described in
this chapter provides an promising architecture for developing focal-plane arrays that capable
of diffraction-limited imaging in the THz region.
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1. Introduction

Terahertz (THz) rays are located in the spectral region ~ 0.1-10 THz (~ 3 mm - 30 um, 3
cm~! - 300 cm ') between the microwave and the infrared portion of the electromagnetic
spectrum. Detection and emission of terahertz radiation bears great potential in medical
diagnostics, product quality control and security screening. The attractive features of THz
radiation for applications are: (i) They are transmitted by cloths and most packaging materials
such as paper or plastics (ii) Many substances have "fingerprint" spectra in the THz range
(iii) Due to its low photon energy (about one million times less than X-rays), THz radiation
is non-ionizing and therefore not dangerous for human beings. These properties make
THz systems a promising tool for different types of applications wherever detection and
identification of hidden threats is the task and when human beings are to be scanned. When
T-rays strike an object some of the rays pass through and others bounce back. A detector can
measure the time it takes for rays to bounce back from different layers of an object. From
that information, computers can produce a three dimensional image of the objects internal
structure. The detectors can also identify the color shift of the reflecting rays. Every chemical
and material has a unique color signature (fingerprint), so THz systems can determine not
just what an object looks like, but what it’s made of. THz rays may have dozens of practical
applications, from medical imaging to wireless communications (Tonouchi, 2007). New
terahertz system for scanning mails is under trial in Japan (Hoshina et al., 2009). Kawase
et al. has demonstrated non-destructive terahertz imaging of illicit drugs (Kawase et al.,
2003). An excellent review highlighting the importance of terahertz range in different types
of applications from astronomy to spectroscopy can be found in Siegel (Siegel, 2002) and
references in.

Terahertz detectors that rely on quantum transitions require cryogenic temperatures, since
the thermal energy (kpT) needs to be smaller than the quantum transition energy (1 THz~4



138 Bolometers

meV~50 K) to avoid thermal saturation. Development of new detectors that can operate at
room temperature is of big interest for terahertz technology. Dipole photoconductive antennas
were developed first and are nowadays widely used in terahertz spectroscopy system for
both detection and emission of terahertz pulses (Cheville, 2008; Hoffmann & Fiilop, 2011;
Smith et al., 1988). The photoconductive antenna consists of a semiconductor material (GaAs,
Low temperature-grown GaAs or silicon on saphire SOS) with a short carrier lifetime and an
electrode structure with a gap of 10 ym. The electrode are biased to a voltage of the order of
10-50 V, resulting in high electric field strength (few KV cm 1) across the switch. When the
laser pulse hits the biased gap, free carriers are generated, and subsequently accelerated by
the electric field. The rapid change in polarization induced by the ultrafast accelerations of
the carriers generates a sub-picosecond electromagnetic pulse that partially propagates along
the electrodes and, partially, is emitted to free space. The same physical phenomena is used
to detect terahertz pulses using photoconductively gated antennas. The antenna is gated on
and off by the optical pulse. Only when the laser pulse generates carriers the current flows in
the direction of the THz electric field. The electric field of the terahertz wave can be measured
as a function of time by scanning the time delay between the narrow gate laser pulse and the
THz pulse.

Oscillations of the plasma waves in the channel of sub-micron transistors is one of promising
tools for detection of terahertz radiations at room temperature. They present many
advantages: low cost, small size, room temperature operation, and tuning of the resonant
frequency by the gate voltage. The interest in the applications of plasma wave devices
in the THz range started at the beginning of 90’s with a pioneering theoretical work of
Dyakonov and Shur (Dyakonov & Shur, 1996) who predicted that nonlinear properties
of the two-dimensional (2D) plasma in the sub-micron transistor channel can be used for
detection of THz radiation. Experimental investigations has been then conducted on different
types of transistors demonstrating their capabilities for detection of terahertz radiation.
Resonant detection from GaAs/AlGaAs FETs! was first reported by Knap et al. (Knap, Deng,
Rumyantsev, Lii, Shur, Saylor & Brunel, 2002) at 8 K. Later, they reported on room temperature
non-resonant detection (Knap, Kachorovskii, Deng, Rumyantsev, Lii, Gaska, Shur, Simin, Hu,
Asif Khan, Saylor & C. Brunel, 2002). In 2004, it was demonstrated for the first time room
temperature non resonant detection from silicon field-effect transistors (Knap et al., 2004)
where the responsivity was estimated at around 200 V/W and the Noise Equivalent Power
(NEP) at around 1 pW/ VHz (Meziani et al., 2006; Tauk et al., 2006). THz imaging based on
CMOS technology has been reported by different groups (Ojefors et al., 2009; Schuster et al.,
2011). Recently, a responsivity of 80 KV/W and a NEP of 300 pW/+/Hz were reported using
an array of Si-MOSFET processed by 0.25 yum CMOS technology as well as imaging at 0.65
THz (Lisauskas et al., 2009).

Here, we report on the detection of terahertz radiation by strained Si/Sig ¢Geg 4 n-MODFETs
transistors. In the second section, we introduce the plasma wave oscillation under the theory
of Dyakonov and Shur and we discuss both resonant and nonresonant detection cases. The
third section describes the strained silicon devices and in the fourth one we present and
discuss the observed resonant and non resonant detection from our devices and we explain
these detections as due to the oscillations of the plasma waves in the channel. The last section

1 FET: Field Effect Transistor
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shows the capabilities of those devices in real applications where terahertz imaging using the
strained Silicon devices are presented. All those results demonstrate the ability of plasma
wave devices to be used in applications whenever detection of THz (0.1-10 THz) radiation is
needed.

2. Principle of detection of terahertz radiation

When the electron plasma in the channel of a field-effect transistor is excited by an external
electromagnetic radiation the induced ac electric field can be converted into measurable dc
voltage (signal) via a nonlinear conversion mechanism. This signal has a resonant dependence
on the incoming radiation with maxima at the plasma oscillation frequency, wy and its odd
harmonics Dyakonov & Shur (1995; 2001) wy = (1 + 2N)wy, where:

7TS

@
L is the gate length, and s the plasma waves velocity which depends on the carrier density in
the channel 7,5, and on the gate-to-channel capacitance per unit area C :

e2ng

o= mC
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where e is the absolute value of the electron charge and m is the electron effective mass. The
surface carrier concentration (715) in the channel is related to the gate-to-channel voltage swing
or overdrive voltage (L) by (Dyakonov & Shur, 2001):
CU,

ns = 70 )
Here Uy = Ug — Uy, Uy is the gate-to-channel voltage, and Uy, is the threshold voltage at
which the channel is completely depleted. Note that Eq. 3 is valid as long as the scale of the
spacial variation of U(x) is larger than the gate-to-channel separation (the gradual channel
approximation). From Egs. 1, 2, and 3, the fundamental plasma frequency can then be roughly

expressed by the relation:
_ 1 eUO
o=\ @

This relation lead to two important consequences: (i) a submicron FET can operate as a
terahertz detector (ii) the resonant frequency can be tuned by the gate bias.

The equations describing the 2D plasmon are the relationship between the surface carrier
concentration and the swing voltage (Eq. 3), the equation of motion (Eq. 5), and the continuity
equation (Eq. 6). The equation of motion (the Euler equation) is given by (Dyakonov & Shur,
2001):

-~ t+t——=—+=-=0 ®)
where dUy/dx is the longitudinal electric field in the channel, v(x,t) is the local electron

velocity, the last term is the viscosity and accounts for electronic collisions with phonons
and/or impurities, and 7 is the relaxation time. Equation 5 has to be solved together with
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the continuity equation which can be written as:
% 0 ( U()U)
ot ox

According to Dyakonov and Shur (Dyakonov & Shur, 1996; 2001), the solution of those
equations under the boundary conditions of common-source/open-drain is given by:

=0 6)

u
AU = g2 () @)

where AU is the source-to-drain voltage induced by the incoming radiation which is
approximated by U, cos(wt)(Dyakonov & Shur, 1996) and:

1+ Bcos(2kjL)
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Equations 7 and 8 describe the response of the device as a THz detector for any frequency
and gate length. The function f(w) depends on two dimensionless parameters: wt and st/L.
Figure 1 shows f(w) as a function of wT for different values of s7/L. When w7 >> 1 and for
submicron devices, such that st/L > 1, f(w) exhibit sharp resonances at the fundamental
frequency and its odd harmonics (Fig. 1(a) and (b)). In this case the damping of the plasma
waves excited by incoming radiation is small and the device exhibits a resonance detection
mode. However, when wt < 1, the plasma oscillations are overdamped. For a long device,
the oscillations excited at the source by the incoming radiation do not reach the drain because
of the damping. The boundary conditions at the drain are irrelevant in this case, and the
response does not depend on L. As it can be seen in Fig. 1(c) and (d), f(w) changes from f =1
for wt < 1to f = 3 for wt > 1, where we also see how at very small values of wt the
condition of a long sample is violated and f tends to zero. In both cases, a long channel acts
as a broadband detector of electromagnetic radiation. Underdamped wt > 1 or overdamped
wT < 1 plasma waves decay near the source end of the channel, leading to a dc voltage
induced between drain and source.

3. Devices description

The epistructure of the MODFET was grown by molecular beam epitaxy (MBE) on
a thick relaxed SiGe virtual substrate grown by low-energy plasma-enhanced chemical
vapor deposition (LEPECVD) over a p-doped conventional Si wafer. The final Ge molar
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Fig. 1. Function f(w) versus wt for different values of st/L.

concentration in the virtual substrate was xg, = 0.45. The device had a 8 nm tensile
strained (in terms of biaxial deformation) Si channel sandwiched between two heavily doped
SiGe electron supply layers to generate a high carrier density in the strained-Si quantum
well (Rumyantsev et al., 2008). The ohmic contacts were not self-aligned. Two transistors
were measured with different gate lengths (150 nm and 250 nm). The gate width and the
source-to-drain length are 30 ym and 1um respectively. Figure 2 shows an image of three
devices with (50 nm, 150 nm, and 250 nm) gate length with common drain and different
source pads.

4. Results and discussion

4.1 Resonant detection

Figure 3(a) shows the photoresponse signal as a function of the gate bias for strained Silicon
transistor excited with electromagnetic radiation at 323 and 360 GHz. The gate length is 250
nm and the measurement was performed at 4 K. A clear shift of the response’s peak to higher
gate voltage values with the frequency of the excitation was observed. The square and triangle
symbols in Fig. 3(b) mark the maximum of signals at 363 and 323 GHz respectively. According
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Source

Fig. 2. Image of strained Silicon MODFET with 50 nm gate length. The image was captured
using a 3D Laser Microscope Olympus LEXT OLS4000.

to Eq. 4, the resonant frequency as a function of the voltage swing is plotted for Lg=230nm
Fig. 3(b) and the observed displacement towards higher values of the gate voltage is in good
agreement with Dyakonov-Shur prediction.
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Fig. 3. (a) Photoresponse vs gate bias at two frequencies of the incoming radiation (323 and
360 GHz). (b) Resonance frequency vs swing voltage for Lg=230 nm gate lengths (200, 230,
and 260 nm).

In the presence of a magnetic field, Eq. 7 can be written in the following form (Lifshits &
Dyakonov, 2009):
_1u? dyn

il f(B)—5-—g(B) (12)

Al dn vy

where f = %< (w, and w are the cyclotron resonance and the incoming radiation frequency
respectively) is a normalized cyclotron resonance. Dependence of the photoresponse on the
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magnetic field and the radiation frequency is described by the functions f(8) and g():

1+F
fB) =1+ ﬁ (13)
C1+F 1+F
8(f) = —5— <1 + Nz F2)> (14)
2 _ g2
= 71 j: zz i /122 and = (wt)”! (15)

The 7 factor is an oscillating function of the magnetic field and the electron concentration that
can be correlated with the Shubnikov de Haas oscillations. The second term in the right-hand
side of Eq. 12, proportional to dvy/dn, is an oscillating function of the gate voltage and the
magnetic field. The derivative in Eq. 12 induces a shift of 77/2 between the SdH oscillations
and the photoresponse. This result has been previously observed on InGaAs FETs (Klimenko
et al., 2010) and here we report the same phenomenon on Si/SiGe MODEFET (Fig. 4) for the
first time.
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Fig. 4. Photoresponse (dashed line with triangles) and the oscillating part of the
magnetoresistance (solid line) vs the inverse of the magnetic field.

4.2 Non resonant detection

The devices were excited at room temperature by a terahertz wave parametric oscillator
(TPO) pulsed laser at 1.5 THz (Minamide et al., 2009). The TPO system consists of three
mirrors and a MgO:LiNbOj3 crystal under non-collinear phase-matching conditions. It can
emit monochromatic THz-waves over a wide tunable frequency range from 0.4 THz to 2.8 THz
with a narrow line-width lower than 100 MHz. The output power of the laser was 6 nJ/pulse
for the range 1.3-1.6 THz and the repetition rate was 500 Hz. The radiation was coupled to the
dice via the metallization pads. The source terminal was grounded. The radiation intensity
was modulated by a mechanical chopper at 1.29 KHz and the induced photoresponse signal is
measured by using the lock-in amplifier technique (Fig. 5). A wire grid polarizer was used to
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polarize the light in parallel with the channel. The principle of operation is as follows: when
the device is excited by an external electromagnetic radiation the induced ac electric fields can
be converted into a measurable dc signal via a nonlinear conversion mechanism. This will be
referred hereafter as the photoresponse signal.

Lockin-
Amplifier

-mm- coaxial cables

Fig. 5. Schematic description of the experimental setup of the detection of THz radiation.

Figure 6 shows the photoresponse signal as a function of the gate bias for two devices
with different gate lengths (L;=150 and 250 nm) excited by 1.5 THz radiation at room
temperature (Meziani et al., 2011). The signal is presented for different drain currents: 20, 50
and 100 pA. The intensity increases with the drain current as predicted by the theory (Veksler
etal., 2006) and a maximum is observed around the threshold voltage. The same behavior has
been recently reported by Elkhatib et al. (2011) demonstrating that the response signal linearly
increases with the drain current (or drain-to-source voltage) and the responsivity might reach
high values within the saturation regime. The observed signal intensity is low because no
parabolic mirror was used to focus the beam and also, as reported in Rumyantsev et al. (2008),
the response intensity at terahertz frequencies (over 1 THz) is considerably smaller than at
sub-terahertz ones (below 1 THz). The responsivity was estimated to be 20 V/]J/Pulse at Ipg
=100 uA. A non-resonant response has been reported for Si-FET Knap et al. (2004) and it was
related to a low value of the quality factor i.e. low carrier mobility in the device. The quality
factor was found to be around 1.2 for y=1355 cm? /V.s and for f=1.5 THz. Rumyantsev et al.
(2008) obtained on similar devices a maximum value of the photoresponse signal when the
beam focus was away from the transistor. This is a proof of low coupling of the THz radiation
to the device. To increase the efficiency toward high non-resonant signal and possible resonant
detection, new designs are under consideration: array of transistors, devices with larger pads,
and grating devices Popov et al. (2011a).

5. Terahertz imaging

First, a strained Silicon MODFET transistor with a gate length of 50 nm was subjected at room
temperature to electromagnetic radiation at 292 GHz from a Gunn diode (Fig. 5). Figure 7
shows the photoresponse signal as a function of the gate bias. A maximum signal is observed
around the threshold voltage (~ —0.84V). This behavior has been reported earlier (Knap
et al., 2004; Rumyantsev et al., 2008) and explained as non-resonant detection. However, the
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Fig. 6. Photoresponse vs gate bias at 1.5 THz and for two devices lengths: (a) 150 nm and (b)
250 nm.

signal to noise ratio shown here is high enough to allow the use of this devices for different
applications like terahertz imaging. The noise equivalent power of this device is estimated
around 1 pW/+/Hz in the same order of CMOS devices. Subsequently, the device was used
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Fig. 7. Measured photoresponse of the device as function of the gate voltage. The curve
shows a maximum near to the threshold voltage of the MODFET.

as a detector in a terahertz imaging system. Figure 8 describes schematically the terahertz
imaging system. A Gunn diode was used as a source of terahertz radiation with f = 292 GHz.
The radiation is collimated and focused by off-axis parabolic mirrors and a visible red LED
in combination with an indium tin oxide (ITO) mirror are used for the alignment of the THz
beam. The incident THz light is mechanically chopped at 333 Hz and the photo-induced
drain-to-source voltage AU is measured using a lock-in technique. All measurements were
done at room temperature. More information about the THz imaging system can be found
in Schuster et al. (2011). The gate bias (Vg) was fixed at a value close to the threshold voltage
to obtain optimum signal for imaging and high values of the signal to noise ratio. Figure 9
shows both visible (left) and terahertz image (right) of a box with a hidden mirror inside.
The resolution of the image is 17500 pixels within x axis and of 120000 pixels within y axis.
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Fig. 8. Schematic description of the experimental setup of the imaging system.

Terahertz image of a VISA card is also shown in Fig. 10. The resolution of the terahertz image
is 23000x110000 pixels in XxY axis. Those images demonstrate the capability of such devices
in compact terahertz imaging systems and that they could play an important role in other THz
applications. Those systems are inexpensive, compact, operate at room temperature and can

be monolithically integrated along with Si-circuitry.
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Fig. 9. (a) Visible and (b) terahertz image of a plastic box with a hidden mirror inside.

6. Future directions

Increasing the responsivity and the noise equivalent power are the main goals to improve the
performance of the next generation of plasma wave THz detectors. This may be achieved by
using new materials (like Graphene) and also by using new designs for a better coupling of the
terahertz radiation into the transistor. Recently, different groups have reported record values
of the NEP from different well designed devices. High responsivity (200 V/W) and low noise
equivalent power (1 pW/ V/Hz) were observed from a Si-MOSFETs with different gate lengths
(120 and 300 nm), Tauk et al. (2006). Terahertz imaging based on CMOS technology has been
recently reported by different groups: Lisauskas et al. (2009); Schuster et al. (2011; 2010). A 3x5
Si MOSFET focal-plane array processed using conventional 0.25 ym CMOS technology was
used by Lisauskas et al. (2009) for imaging at 0.65 THz. Responsivity of 80 KV/W and a NEP
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Fig. 10. (a) Visible and (b) terahertz image of a VISA card.

of 300 pW/+/Hz was obtained. Recently, terahertz imaging was performed using a nMOS
field effect transistor with an integrated bow-tie coupling antenna with a responsivity above
5kV/W and a noise equivalent power below 10 pW/+/Hz, Schuster et al. (2011). Asymmetric
doubly interdigitated grating gates structures with theoretical values of the responsivity in
excess of 5 KV /W are under consideration (Otsuji et al., 3 December 2010; Popov et al., 2011b).
Recently, a responsitivity up to 2.2 KV/W at 1 THz has been reported by using asymetric
grating gate structures Otsuji (November 2011).

7. Conclusion

We demonstrated the capability of submicron Strained Si/SipsGep4 n-MODFETs transistors
for the detection of terahertz radiation. Resonant detection has been observed at low
temperature and related to the plasma oscillations in the channel. A broadband (non
resonant) detection has also been reported using the devices under continuous and pulsed
excitation. We have shown the capabilities of those transistors in real terahertz imaging at
room temperature. We believe that strained-Si transistors could play an important role in
different terahertz applications in the near future.
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1. Introduction

The thermonuclear fusion is one of the most seriously pursued alternative sources of energy
for the future of mankind. The fusion energy is safer and cleaner compared to fission
energy, produces no greenhouse gases and, the nuclear fuels are evenly distributed
throughout the globe. Nuclear fusion is responsible for heat and radiation generated by the
Sun. In the Sun, two atoms of hydrogen fuse together to produce helium. It has been
determined that the fusion of the two hydrogen isotopes, namely deuterium (D) and tritium
(T) that produces 17.6 MeV (mega electron-volt) of fusion energy, is feasible in a laboratory
setting (Wesson, 2004). The D-T fusion however takes place at fairly high temperature of 10-
30 keV or, (1-3) x 107 K, which is necessary for deuterium and tritium nuclei to come close
together to overcome electrostatic repulsion. At these thermonuclear temperatures, the
atoms get stripped of all the electrons and form a plasma (electrically charged gas). Such
plasmas can be confined in a desired region by using strong magnetic fields. The magnetic
fields force the particles to spiral along the field lines thus confining them. The most
promising magnetic confinement systems are toroidal in shape. Among the toroidal shaped
plasma devices, tokamak is the most advanced one. Presently, ITER (International
Thermonuclear Experimental Reactor) is the largest tokamak under construction at
Cadarache, France, and JET (Joint European Torus) in Culham, UK is the largest operating
tokamak. Other non-magnetic confinement systems are also being investigated. For
example, the laser induced inertial confinement systems.

One of the main requirements of the fusion plasmas is to heat the plasma particles to very
high temperatures. The typical power required to attain the thermonuclear temperatures in
ITER is approximately 50 megawatt (Shimada et al., 2007). The heating methods employed
to heat the plasma to these temperatures are ohmic heating, neutral beam heating, and
radiofrequency (RF) heating. In order to ohmically heat the plasma, a current of the order of
millions of amperes is induced in the plasma. The current heats the plasma through the
acceleration of charged particles and provides few megawatts of power. In the neutral beam
heating method, a beam of energetic neutral particles of the working gas heats the plasma
particles by momentum transfer. This provides power of the order of tens of megawatts.
Radio frequency heating involves injection of RF power, either matching with the ion
cyclotron frequency or the electron cyclotron frequency. This method also provides heating
power of the order of 10 megawatts. Apart from temperature, there are other conditions on
the density and the confinement time of fusion plasma, which comes from the breakeven
criterion for the feasibility of nuclear fusion for energy production. The required conditions
are ion density of 1-2 x1020 m-3 and confinement time of 4-6 seconds. The confinement time
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depends on several loss mechanisms through which the power is lost from the plasma. For
example, plasma energy is lost through fast neutrals resulting from the charge exchange
processes of plasma ions that cannot be confined by the magnetic field, through the cross-
field diffusion of charged particles, and through radiation from the impurities present in the
plasma. The radiation power loss is a significant fraction of the total power loss and reaches
100% in certain plasma regimes.The impurities that contribute to the radiation power loss
from the plasma are low z (hydrogen, carbon, and oxygen), medium z (iron, molybdenum
and silicon), and high z (tungsten). The low z impurities enter the plasma by low energy
detachment processes of molecules adsorbed on the machine walls. Whereas, sputtering,
arcing and evaporation processes from the wall or plasma facing components release
medium and high z impurities. If the concentrations are large enough, these impurities may
radiate enough power through spectral lines of incompletely stripped ions to degrade the
plasma energy confinement. Ignition of D-T plasmas can be prevented by the presence of
only 3% of low z-elements (oxygen), 1% of intermediate z element (iron), or 0.1% of high z
element (tungsten) (Jensen et al., 1997). So it is essential to measure and control the radiation
power loss in fusion plasmas. The radiated power measurement is also needed in power
balance calculations, in the study of ion and electron transport processes, and also to study
the interaction of plasma with walls and limiter. Some physical phenomena, for example,
plasma disruptions, radiative instabilities, and detached plasmas are studied using the
power loss measurements.

The radiation power loss from tokamak plasma is measured using bolometers. Bolometers
are detectors that can measure radiation over a broad spectrum, from the soft x-rays to the
infrared, with a nearly uniform responsivity at all wavelengths. The bolometers are used in
two types of configurations in tokamaks. In the first type, a single bolometer is placed
behind a pinhole and it views the whole poloidal section of the plasma from one toroidal
location. This gives the total power radiated from the plasma since the tokamak plasmas are
toroidally symmetric. In the second configuration, a linear array of bolometers is placed
behind a single pinhole, each bolometer looking at different region of the plasma. These
measurements are inverted to obtain the radiation emission distribution in the plasma.

The operational requirements of bolometers in tokamak plasmas are high sensitivity, small
area for optimal spatial resolution (few mm in edge plasmas), in-situ calibration, fast time
response (less than few ms), ultra-high vacuum compatibility, and high electromagnetic
fields and high temperature compatibility. The tokamaks are equipped with huge systems
like magnets both for confinement and for equilibrium, limiters, diverters, heating systems,
and gas puff systems. These systems are spread on and around the tokamak. This renders a
very limited space for diagnostics and a limited access to the ports. Difficulty to access the
bolometers after mounted inside requires bolometers to be reliable over a long period of
operation. The bolometers should also meet radiation hardness requirement to prevent
damage by neutron and gamma radiation in present and next generation fusion devices.

Different kinds of bolometers have been tested in tokamaks for radiation power loss
measurements. Bolometers used in currently operating fusion plasmas have evolved from
the ones used in other non-fusion plasmas. These bolometers need some changes to adapt in
future fusion devices. Following section briefly discusses all kinds of radiation
sensors/detectors that have been used in the plasma devices for radiated power
measurements. It describes in detail the detectors that are used in currently operating
devices. The section also evaluates feasibility of such detectors for use in next generation
fusion devices.
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2. Types of bolometers

In the earlier tokamaks, the radiation was measured using thermal detectors. A thermal
detector absorbs radiation that in turn changes its physical property. It is also sensitive to
the particle flux. So, in addition to the radiation, thermal detectors also measure the energy
loss from neutral and charged particles. Thermopiles and pyroelectric detectors are two
types of thermal detectors that have been used in tokamaks. Bolometer refers to the kind of
thermal detector in which the temperature change produced by the absorption of radiation
and particle flux causes a change in the electrical resistance of the detector material.
Thermistor, semiconductor, and metal foil are the types of bolometers that have been used
in tokamaks. AXUV (Absolute Extreme Ultra Violet) detectors and IR (Infra Red) detectors
are fairly new techniques for measuring the radiated power. AXUV detectors are
photodiodes that measure the current induced by the incident radiation. Whereas, IR
detectors measure the IR radiation emitted by the metal foil placed in the line of sight of the
incident radiation.

2.1 Thermopiles

Thermopiles have several thermocouples, connected in series. Its principle of operation is
same as of a thermocouple. The most commonly used materials for a thermopile are
antimony and bismuth, which give the best seebeck coefficient. The responsivity of a
thermopile is given by,

Ry = hoe 1)

K

where, n is the number of thermocouples, a is the seebeck coefficient, € is the detector
emissivity and « is the thermal conductance. The typical responsivity is 5-15 V/W and the
time response is few milliseconds (Sharp et al., 1974). They have been used in ORMAK
(Edmunds and England, 1978) and DITE tokamaks. Although the responsivity of
thermopiles is high, it has a slow response time and very sensitive to radiation damage.
Therefore, thermopiles are not suitable for use in fusion plasmas.

2.2 Pyroelectric detector

Pyroelectric detectors are made of ferroelectric single crystals that have permanent electrical
polarization. The temperature of the material affects the degree of this polarization, and a
change in the surface charge results from a change in temperature, which can be measured
through an external circuit. Lithium niobate or tantalate (LiNbO3 or LiTaOs), deuterated
triglycine sulfate (DTGS), strontium barium niobate, and polyvinylidene fluoride are some
of ferroelectric materials. The current induced is given by,

_ dr 2
I=p(T)A— )

where, p(T) is the pyroelectric coefficient, A is the sensing area, and dT/dt is the rate of
temperature change. Pyroelectric detectors can directly measure differential radiation
power. But there is a need for a preamplifier near the detector. Also it is sensitive to
radiation damage, which begins to take effect from a 1 MeV neutron fluence of ~ 5 x 1014 n-
cm? (Orlinskiz and Magyar, 1988). These detectors have been used in DIVA (Odajima et
al.1978), ISX-B (Bush and Lyon, 1977) and TER (TFR groups, 1980) tokamaks.
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2.3 Thermistor

Thermistors are made of materials that have a high temperature coefficient of resistance.
They include germanium and oxides of manganese, cobalt, or nickel. The absorbing element
is made by sintering wafers of these materials together and mounted on an electrically
insulating but thermally conducting material such as sapphire. The incident radiation
increases the temperature of the thermistor, hence, decreasing the resistance. Thermistors
are highly sensitive and have been used in Alcator A (Scaturro and Pickrell, 1980), PBX
(Paul et al., 1987), and ATC (Hsuan et al., 1975) tokamaks. But they are damaged by even a
relatively small dose of neutrons and gamma rays (~107 rad) (Schivell, 1982).

2.4 Semiconductor foil bolometer

Semiconductor foil bolometers consist of a metallic absorber foil and a semiconductor
detector film connected together by a thermally conducting and electrically insulating
substrate. Under normal operation, an accurately controlled bias current is passed through
the resistor element. Thus for a radiation input causing a change in the bolometer resistance,
there is an output voltage,

AV =1IR(1-exp(—aAE /C)) 3)

Here, Ry is semiconductor resistance at 0 °C, o is temperature coefficient of resistance (4-5 %
K-1), AE is absorbed energy, and C is heat capacity of the multilayer foil. These bolometers
have been used in TM-2, TM-3 (Gorelik et al., 1972), JFT-2 (Maeno and Katagiri, 1980), and
TCA (Joye and Marmillod, 1986) tokamaks. Despite their high sensitivity, these bolometers
are prone to radiation damage.

2.5 Metal foil bolometer

A typical metal foil bolometer is composed of three layers: a metallic absorber layer, a
thermally conducting but electrically insulating substrate layer, and a metallic resistor layer
(see figure (1)). The absorber layer absorbs the incident radiation, which causes a rise in its
temperature. The heat is conducted through the substrate layer to the resistor layer, which
increases its temperature and hence the resistance. The change in resistance is measured
electrically and is related to the incident power.

Absorber

“Resistor

Substrate

Heat Sink

Fig. 1. Schematic of metal foil bolometer configuration, showing the measuring and the
reference bolometer.

The absorber layer is made of metal, which is either gold or platinum. These metals have
nearly constant absorption from 2000A up to soft x-rays and a high reflectivity for
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wavelengths below 2000A (Sabine, 1939). The substrate layer made of either mica or kapton
provides mechanical strength to the bolometer and electrically insulates the absorber layer
from the resistor layer. The resistor layer is of the same metal as the absorber layer and is
made in the form of a meander to have a high resistance (~ few kQ). The whole foil is in
contact with a lateral heat sink.

The thickness of the metal foil bolometer is a compromise between two opposing
requirements: (1) the absorber layer has to be thick enough to absorb the highest energy
radiation expected from the plasma, and (2) the total thickness of the bolometer has to be
small in order to increase sensitivity and decrease response time. The typical thickness of the
absorber layer is 3-4 um, of the substrate layer is around 7 um, and that of the resistor layer
is around 0.01pm.

To compensate for temperature drifts and electromagnetic interferences, a second reference
bolometer, shielded from incident plasma radiation, is used. A reference meander and
another measurement resistor are coupled in a bridge circuit such that the output voltage is
proportional to the temperature change of the measuring bolometer.

2.5.1 Metal foil bolometer signal analysis

If a radiation power P is uniformly incident on bolometer foil, the temporal evolution of the
temperature is governed by the differential equation (Mast et al., 1991),

ar T
P:C[(it+r} @

c

Here, C (= A cppd) is heat capacity of the foil and . is the cooling time constant, which is a
measure of heat loss rate to the heat sink. The radiation losses have been omitted since the
detector temperature is close to the ambient temperature for most of the cases. Also, a
uniform profile has been assumed on the foil.

The frequency response of the bolometer is given by,

T(o)=—2 ¢ 5
© 1+0)21C2 ©)

Thus, at a fixed incident power P(w), the temperature is inversely proportional to the heat
capacity. So the bolometer thickness should be minimum for a higher signal level. Also,
when the frequency is low i.e. ©t. << 1, the temperature amplitude is given by,

T(0) == ©)

Thus, the temperature grows linearly with 1. at low frequencies. At high frequencies of the
input power (ot.>> 1)
P(o)

T(w) = o @)
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In this case, the temperature is inversely proportional to the input frequency and the
thermal insulation of the bolometer foil has no effect on the signal to noise ratio.

In equation (4), a uniform incident power as well as uniform temperature distribution on the
foil was assumed, which is not true in the actual case. The heat conduction to the sink
results in losses and a non-uniform temperature distribution. This heat conduction is in X-Y-
Z direction but since the thickness of the bolometer is very small compared to the area, a
two-dimensional treatment of heat conduction is sufficient. The heat diffusion equation for
the bolometer can be written as (Mast et al., 1991),

6T(x,y,t)_D[ e ]T(X'y't)l (8)

P(x,y,t)=C
(x,yt) = o oy

Here D, is the thermal diffusivity. For a square foil of side 2a, T can be expanded in terms of
double Fourier series, with mode numbers (1, m).

T(x,y,t) =Y 3T 1 (t)cos| (21 + 1)75—X x cos| (2m + 1)ﬂ )
Im L 2a | L 2a |
Similarly, we can write P as,
P(x,y,t)= S3P . (t)cos| (21 +1) = |x cos| (2m +1) 2 (10)
Im L 2a | L 2a |

Using above equations, we get the following solution for equation (8),

T,
Bm(o—C{dTl,ﬂ(t)Hm(ﬂ (1)
: ar T
where,
Too
Thn = 12)
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Time constant tp corresponds to the fundamental mode of the series expansion. The
fundamental Fourier mode (0,0) contributes maximum to the solution with rest of the modes
up to (2,2) making some contribution (up to 3%) to the sum. Considering only the fundamental
mode and assuming constant radiation power, the solution is same as equation (4).

Using equation (4), the temperature of the foil can be written as,

Pr, -
r=glimet )
The temperature increase causes an increase in the resistance of the metal given by,
AR = RyaAT (14)

which is measured using a standard Wheatstone bridge (Schivell et al., 1982).
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2.5.2 Calibration procedures

A well developed method is required to calibrate the detectors in order to determine their
physical properties of use. The aim of the calibration procedures in the metal foil bolometers
is to determine the value of the heat capacity C and the cooling time constant t.. This is done
in two stages. First, a known constant power P is made incident on the detector, which
raises the temperature of the foil to a saturation value, Ts. The power and the Ty
measurements give the value of ratio t. /C, which is also called the thermal resistance (z) of
the bolometer,

z=—C - —sat (15)

In the second stage, the bolometer surface is uniformly irradiated by using a radiation pulse
and then the radiation power source is turned off. This results in the exponential decay of
the temperature, known as the cooling curve. From the cooling curve of the bolometer, tcis
determined using Eq. (13). Using the measured values of tc and z, the value of C is
determined.

The metal foil bolometer is presently the most widely used detector in tokamak plasmas. It
has been used in TFTR (Schivell et al., 1982), ASDEX (Muller and Mast, 1984), JET (Mast et
al,, 1985) and TEXT (Snipes et al., 1984) tokamaks. Table 1 lists the metal foil bolometer
characteristics for JET and ASDEX tokamaks. Metal foil bolometer has been used in D-T
plasmas and has shown resistance to radiation up to 10 Grad. The metal foil bolometer is the
potential candidate for ITER tokamak, and it is being tested for the expected radiation and
neutron flux levels.

Bolometer foil characteristics JET (Mast et al., 1985) (Mauller aAnS;)II\E/Iﬁst, 1984)
Heat capacity C (m] K) 2.2 2
Cooling time constant tc (s) 0.2 0.173
Heat resistance z = 1¢ /C (K/W) 90 90
Detection limit (W /cm-2) 70 100
Response time (ms) 1 1
Resistance R (kQ) 4.8 5
Resistance temperature coefficient o
Y APTX /R 27x103 25x103
Response dV/dP
a P ) (V/W) 0.5 1.2
Integration time T ju¢ (ms) 20 10
Foil size 11 x 11 (mma2) 10 x 10 (mm?)
Baking temperature (°C) 150 150
Neutron fluence cm -2 2.5 x 1014 2.5 x 1014
Radiation dose (rad) 1 x 1010 1 x 1010
Foil /substrate Gold/Kapton Gold/Kapton

Table 1. Metal foil bolometer parameters in JET and ASDEX.
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2.6 AXUV detectors

AXUV detectors are special kind of photodiodes that have a uniform response from the
ultraviolet up to the soft x-ray energies. Their basic operation is similar to a photodiode.
When a photon of energy hv > Eg (band gap energy) is incident on a photodiode, electron-
hole pairs are produced and are swept apart by the internal electric field at the p-n junction.
This generates a current, which is called photocurrent. The upper wavelength detection
limit is determined by the attenuation coefficient of the material of the photodiode and the
thickness while the lower limit is governed by the reflection and the absorption in the oxide
layer at the top.

AXUYV detectors are n- on p- type photodiodes with a thin silicon dioxide (SiO») layer and a
fully depleted active region. This configuration has an advantage over the p- on n-
configuration. Radiation also generates electron-hole pairs in the oxide layer. These holes
accumulate close to the SiO,/Si interface, leading to a positive charge of the oxide. This
charge attracts electrons created in the bulk towards the p-doped layer adjoining the SiO»/Si
interface, where the recombination probability is higher. This results in lower responsivity.
To avoid this loss, the diode structure is inverted (n on p). The positive oxide charge created
in irradiation repels the electrons from the SiO/Si interface, thus supporting the charge
carrier drift in the n-p junction when the oxide is attached to the n doped layer.

The cross section of AXUV photodiode is shown in figure (2) (Korde, 2007). The top-most
layer of the device is an active oxide region (SiO.), which acts both as an antireflection
coating and a passivation layer to protect the diode. This layer is made very thin (3-7 nm) in
order to reduce losses at lower wavelengths. This is very crucial since below 700 eV, a great
part of the incident radiation is absorbed in the first several hundred nanometers of a
semiconductor detector (Krumery and Tegeler, 1990). If a photon is absorbed in the oxide
layer, possibly there is no contribution of the charge generated to the external current due to
the absence of an electric field. A thin oxide layer minimizes these losses. The oxide layer in
AXUYV detector is also nitrided for radiation hardness of 1 Grad.

ACTIVE REGION |
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Fig. 2. The cross-section of AXUV photdiode.

2.6.1 AXUV photodiode characteristics

A photodiode performance is characterized by two parameters: the quantum efficiency (n)
and the responsivity (Rrs). Quantum efficiency is the number of electron hole pairs
generated per incident photon. It is given by,
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n=-E (16)

where, Epn is the energy of the incident photon and E; is the band gap energy. Since the
band gap energy (also called mean electron hole pair energy) is independent of the energy
of the absorbed radiation, the quantum efficiency of an ideal semiconductor should linearly
increase with the photon energy. A typical quantum efficiency plot of AXUV diode is shown
in Figure 3. As shown, 0 is linear for energies above 100 eV (Check this number, as SiO2
band gap is below 20). This value can be derived theoretically from equation (16) using
E; - 3.66 eV for silicon (although the band gap energy is 1.1 eV in silicon, since it is an
indirect semiconductor, an electron in the valence band goes to conduction band only if a
phonon participates in the process. Hence the energy needed for creation of one electron
hole pair is 3.66 eV). Below 100 eV, there is a significant loss in the quantum efficiency due
to absorption of radiation in the oxide layer and reflection from the surface.

The second and important characteristic of a photodiode is its responsivity. It is defined as
the current produced by the photodiode per unit incident power, and s given by:

I

Ries = F

17)
Here, I is the photocurrent produced by incident power, P. The quantum efficiency and
responsivity are related to each other as,

ne
R, . =—— 18
res hV ( )
The responsivity curve of the AXUV photodiode is also shown in figure 3. The diode has a
high reponsivity (0.27 A/W) at high energies and an average responsivity of 0.24 A/W
above 100 eV. Below 100 eV, Ryes varies significantly and drops down to 0.12 A/W at 10 eV.
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Fig. 3. Quantum efficiency (left) and the responsivity curve (right) of AXUV photodiode
(Korde, 2007).

Because the response of the AXUV photodiode varies significantly at low energies, for the
estimation of total radiated power from a tokamak, an effective responsivity value is
determined. For this purpose the power contribution of different wavelengths to the
measured is determined using different filters (Gray et al., 2004).
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The response time of an AXUV bolometer is of the order of a fraction of us. The AXUV
photodiodes are ultra high vacuum compatible and can survive high baking temperatures
without any significant change of properties. They can be miniaturized and made into arrays.
They are also radiation hard and can survive up to 1 Grad. AXUV photodiodes have been
used in TEXT-U (Wen and Brevenec, 1995), TCV (Ferno et al., 1999), and DIII-D tokamaks.

2.7 IR video bolometer

An alternative method of measuring temperature of the metal foil is to measure the infrared
(IR) radiation emitted by it. The IR radiations emitted by a metal is a function of its
temperature and changes as the temperature change. The IR radiations are measured using
an IR camera. A prototype IR video bolometer has been successfully used in Jt-60U
(Peterson et al., 2008). It has all the advantages of the metal foil bolometer, but without any
electrical connection. The disadvantages of IR bolometers are slow response time and
significant involvement of optics.

3. Review of bolometer diagnostic measurements

Bolometry is one of the basic diagnostics in all fusion devices. The radiation power loss
measured using bolometers is crucial to the understanding of power balance of the plasma
and its confinement. It also is an indication of the purity of the plasma. The radiation
emission distribution and its time evolution obtained from arrays of bolometers provide
information about the nature of the impurities and their transport. They can also be used to
determine the nature of specific modes of operation, namely, radiative mode, detached
plasmas and Marfes (multifaceted asymmetric radiation from the edge). A review of the
studies carried out with bolometers is given in the following sub-sections.

3.1 Power balance of the plasma

The input power into a fusion device like tokamak can be accounted as the sum of the stored
power in the hot plasma, the power conducted to the limiter/divertor or the plasma facing
components and the power radiated isotropically by the hot plasma. The radiated power
loss in most of the devices has been found to be a significant fraction of the input power and
equals the input power in some cases. This fraction depends on the plasma parameters and
also on the material of the vessel in which the plasma is contained. The parametric
dependence of radiation power loss has been studied in various devices. Although no
universal scaling laws have been established, general trends have been seen in many
tokamaks. The radiation power loss is directly related to the plasma electron density and
inversely to the toroidal magnetic field. It also has a strong dependence on the vessel
conditioning and vessel material. Also, the radiation power loss data from different
machines indicate variation with the size of the plasma. The larger the plasma size, the
higher is the radiation power loss from it.

3.2 Radiation emission distribution

The emission of radiation is non-uniform in the plasma. The plasmas with similar total
radiated power and similar conditions behave differently when the emission distributions
are different. This spatial variation in emission results from the difference in the electron
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temperature profile and in the type of the impurity present in the plasma. The emission
distribution is obtained by using two or three arrays of bolometers that cover the entire
plasma cross-section. The bolometers in the array measure line integrated radiation along
different lines of sight. These measurements are then inverted using a suitable inversion
algorithm to determine local emission value. In case a single array of bolometers is used, one
has to make an assumption of circularly symmetric distribution. The emission distribution
combined with the spectroscopic measurements give a complete picture of the impurity
distribution and the behavior of the plasma.

The plasmas that have a high concentration of low-z elements (carbon, oxygen) radiate
strongly at the plasma boundary. The strong emission cools the edge and hence the
temperature is low near the walls. This reduces the sputtering and arcing from the wall and
hence the metal concentration in the plasma. So the temperature is high in the center and the
plasma channel is narrow. Such discharges have good confinement. In contrast, only high-z
impurities can reach the plasma core and when the concentration of high-z impurities is
significantly high, it gives rise to core cooling. As a result the temperature profile is hollow,
double-tearing plasma instability arises and plasma confinement is poor.

The anomaly in the radiation profile has been seen as a precursor to the density limit
disruptions in some tokamaks. In both ohmic and auxiliary heated discharges, the plasma
density can only be increased up to a point when the radiated power equals the input
power. As the density is increased, the radiated power also increases and hence the
plasma channel shrinks. This can give rise to thermal/radiative instability and Marfe
(multifaceted asymmetric radiation from edge). They have been observed in several
tokamaks, for example, Textor (Rapp et al., 1999), ASDEX (Stabler et al., 1992), and JET
(Behringer et al., 1986).

3.3 Physics of Marfe and detached plasma

Marfe is a radiation instability that occurs when the density of a discharge is increased in
plasmas with low impurity content. The increase in the density increases the radiation
power (P = L, (T¢) n,ne), which causes edge cooling and further increase of radiation power
loss. The empirical scaling shows that there is a limit to the maximum achievable density at
given plasma current, which is known as the Greenwald limit, ngw (m3) =1 x 10 V7 I, / ma?
(kA/m?). When the density of the plasma is raised towards this limit, a Marfe appears.
Large amount of radiation is emitted from a small region on the high field (inboard) side of
the plasma edge during a Marfe. Marfe has a certain poloidal extent (~30°) above the
midplane and is present at all toroidal locations. An array of bolometers that views the
plasma from the top shows asymmetry in the radiation. The exact location and extent of
marfe is obtained by inverting the bolometer data from bolometer arrays that view the
plasma from top and side. The radiation profile gives an unambiguous picture of the Marfe
location and the time profile gives its evolution. Marfes have been studied extensively in
Alcator C (Lipschultz et al., 1984), JT-60 (Nishitani et al., 1990) and TFTR (Bush et al., 1988).

Detached plasmas result from a drop in the edge electron temperature below the threshold
for ionization of all the plasma species. Hence, cold neutrals surround the plasma and the
radiating layer is shifted to a smaller minor radius. In detached plasmas, most of the input
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power is radiated from a shell at the boundary of the plasma and the power and particle
fluxes to the walls are greatly reduced. Detached plasmas can be used to validate the
accuracy of the bolometric diagnostics on a tokamak since the only loss channel is the
radiation power loss. Another bolometric signature of detached plasma is a very steep rise
in the radiated power at the plasma edge. The detached plasma regimes have been studied
extensively in TFTR (Bush et al., 1988), Textor (Tokar, 1995) tokamaks, and they can be
induced in order to reduce the power load on the plasma facing components.

3.4 Impurity injection for reducing heat load on the limiter and divertor

The high temperature in the thermonuclear fusion also raises the question of power exhaust
at the divertor. The conducted heat loads on the limiters/divertors of the present operating
devices are enormous and the ones that are expected in the next generation devices are
much higher (~20 MWm-?2) that are impractical for any material. Thus, it is essential to
device a method to reduce the heat loads. In many tokamaks, this is done by injecting trace
impurities (n,/ne ~103) of gases with z > 10 in the periphery of the plasma without affecting
the core plasma parameters and stability. In TEXTOR (Samm et. al., 1993) and Tore Supra
(Grosman, 1995), it has been demonstrated that the injection of neon enabled establishment
of quasi-stationary layer that radiated 90% of the input power (Pospieszczyk et. al., 1995)
from the edge. In TFTR neutral beam heated discharges trace impurity of xenon, and
krypton were used to generate discharges with increased radiation power loss and
decreased conduction and convection power losses to the limiter (Hill et al., 1999).

4. Examples from Aditya tokamak

We now present examples of radiation power measurements on Aditya tokamak. It is a
medium sized tokamak of major radius 0.75m and minor radius 0.25m (Bhatt et al., 1989). It
is in operation for two decades, and during this period various experiments have been
conducted to study the edge fluctuations, turbulence and plasma instabilities. The typical
operational parameters of Aditya plasmas are as follows: toroidal magnetic field on axis
Br = 0.75 T, plasma current I, = 75-100 kA, central electron density n. = (1-3)x10% m3 and
central electron temperature Tep = 300- 400 eV. It is equipped with all the standard
diagnostics.

4.1 Bolometer system

There are two cameras for the measurement of the radiation power loss and radiation
emission distribution in Aditya. One is a single channel collimated bolometer (AXUV-5),
mounted on the top port that views the whole poloidal plasma cross- section (solid angle
0.16 sr). A second camera that has an array of 16 detectors (AXUV-16ELO) is mounted on
the radial port and views the whole poloidal cross section of the plasma through a pinhole.
The spatial resolution of this camera is 10 cm at the vessel mid-plane and the temporal
resolution is 0.2 ms. The detector array and the single detector are mounted in UHV
chambers and connected to the electronics in a compact housing mounted on the machine
port. The electronics includes current-to-voltage convertors, amplifiers, filters and drivers
for all photodiodes. The fully differential output from the electronics card is then
transmitted to the data acquisition system (Tahiliani et al., 2009).
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4.2 Bolometer data analysis

The AXUYV detector signal (S) is related to the radiation emission in the plasma and can be
written as,

S=GR E[g(r)dl (19)

Here, G (V/A) is amplifier gain, Ries (A/W) is AXUV responsivity, E (m?) is etendue of the
system , and g (Wm-3) is the emissivity, which is a function of the electron density, impurity
density, and the electron temperature. The integral is along the line of sight of the detector.
The line-integrated emissivity, is also called the brightness, B.

The radiation power loss Praq (W) can be obtained from the measured value of B. For the
single channel detector Pr.q is given by,

P, =27R, 2a B (20)
It can also be determined from the array measurements by the following equation:

Prad = ZTCRO Z BiAri (21)
i

Here Rp is major radius of the tokamak, a is minor radius, Ar; is chord width at the mid-
plane, and the summation is over all detectors of the array.

The line-integrated measurements B of the array detectors can be inverted using a suitable
inversion algorithm to obtain emissivity (g) distribution in the plasma. In Aditya, ART
(Algebraic Reconstruction Technique) is used (Tahiliani et al.,, 2009) along with an
assumption of circular symmetry.

4.3 Experimental results

An example of measured B-profile is shown in figure 4. It is observed that radiation power
loss from Aditya tokamak ranges from 20% - 40% of the input power during the current flat
top and is close to the input power at the end of the discharge. It has been shown separately
that the radiated power fraction (Praqa /Pin) decreases linearly with increasing current
indicating that the low-z impurities are dominant since they radiate less at elevated
temperatures. The variation of radiation power loss has also been studied with the electron
density. It is seen that the radiated power remains constant with increasing density up to
[1,] ~1.6 x 1019 m3 and thereafter it increases with the density.

The radiation emission profiles are found to be hollow with little radiation from the central
part of the plasma column and a radiation peak at the edge. This is in line with the presence
of low-z impurities and a very low metal concentration. With the central electron
temperature of 300 - 400 eV in Aditya we expect the low-z impurities to be fully ionized.

We have further carried out radiation power measurements in discharges with additional
short pulses of the working gas (Gas Puff, GP) as well as MBI (Molecular Beam Injection). It
is observed that GP leads to an increase in the edge radiation while MBI reduces the
recycling in the edge. This may indicate that GP may be used to cause radiation cooling of
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the plasma edge and thereby reduce plasma instability drive that is responsible for edge
fluctuation (Jha et al., 2009). On the other hand, MBI can also be used for edge modification,
probably by causing velocity shear suppression of fluctuation because both seem to reduce
edge recycling.

Radiation power measurements in discharges with DLD (density limit disruptions) have
also been studied. It is observed that the edge detector signal increases during the
disruption phase and becomes comparable to that of the central detector indicating
contraction of the plasma channel. In the DLD induced by GPs we observe that the edge
line-integrated radiation is about an order of magnitude higher than the core line-integrated
radiation. However, because of the fact that during DLD the edge detectors saturate and
there may be significant radiation loss in the wavelength range 1200 - 1500 A, in which
detector sensitivity is poor, it is not possible to estimate the radiation fraction accurately.
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Fig. 4. (a) The brightness (B) profile of the array detectors for Aditya discharge number
14400, (b) plasma current (I) and loop voltage (Vi) that gives input power Pin=I, Vi, and (c)
the fraction of the radiated power (Praq) to the input power Pin.

5. Bolometers on ITER tokamak

ITER is an international collaboration to test the feasibility of fusion and it is under
construction in Cadarache, France. ITER aims to demonstrate that it is possible to produce
commercial energy from fusion. The scientific goal of the ITER project is to deliver ten times
the power that it consumes. From 50 MW of input power, the ITER machine is designed to
produce 500 MW of fusion power — the first of all fusion experiments to produce net energy.
During its operational lifetime, ITER will test key technologies necessary for the next step:
the demonstration fusion power plant that will prove that it is possible to capture fusion
energy for commercial use. The physics design of ITER is completed (Perkins et al., 1999)
and its construction is underway.

In ITER, the use of bolometer diagnostic is two folds. The first is to measure and control the
radiation power loss from the divertor region. For the sustenance of the preferred operation
at high density, it is critical to control and enhance the power that is radiated from the edge
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of the plasma, especially from the divertor legs and the X-point. The second is to measure
the spatially resolved radiation power for the study of the power balance of the discharge. A
spatial resolution of 20 cm in the main plasma and 5 cm in the divertor and X-point region is
required for these tasks. Also, the proposed method for the inversion of the bolometer data
is sparse data tomography, which would require 340 lines of sights of measurements
(Young et al., 1999). The bolometer arrays will be installed in the equatorial and vertical
ports and in the specially instrumented divertor diagnostic cassettes. From each of these
locations, several arrays of detectors will observe the plasma. From the equatorial port, the
inner divertor leg (high resolution) and the main plasma are viewed; from the vertical port,
the main plasma, the area of the X-point, and the largest part of the divertor legs (high
resolution) can be seen. This view can give the total radiation power loss.

Efforts are being made to develop and test a suitable bolometer detector that could
withstand the high neutron flux and the temperature expected in ITER. The typical values of
the expected neutron flux and radiation dose (mostly gamma ray) are listed in table 2. It is
seen that neutral flux is five times, neutron flux is ten times and neutron fluence is 10,000
higher compared to the existing machines.

Parameters First wall Blanket gap (VV)
Neut(rfél flhlj{); g;l‘ZS‘l] 3x1018 (0.2-1) x 10V
(14 MeV) 8x1017 (0.8-4) x 1016
Fl >0.1 MeV
uence (>0.1 MeV) 3x1025 (0.4-2) x 1024
[m~]
Dose rate
(Gy/s = 100 rad /5] 2000 20-100
Neutral pgr-tllcle flux 551019 1x1018
[m?s]
Plasma radiation
1
(KW m?] 500 0
Time varying mag. field
[T] 1 ~1

Table 2. The estimated particle and radiation load in ITER.

The most eligible candidate for ITER is the metal foil bolometer. The metal foil bolometer
used on JET has a proven performance in an ITER like environment. The metal foil
bolometers presently being used on JET tokamak (see table 1) have been tested and the
neutron irradiation tests show that they can’t survive a full lifetime of ITER due to the
transmutation of gold to mercury, embrittlement of the mica or kapton foil, and the failure
of the contacts. The gold has been replaced by platinum as the thermal neutron capture
cross section of platinum is a factor of 10 smaller than that of gold. A new bolometer with
platinum absorber (3pm) on SiN foil has been produced and tested successfully (Meister et
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al., 2008). But for ITER, a bolometer foil thickness of 12pm is required to ensure absorption
of X-rays with energies up to 25 keV. So efforts are being done to develop a bolometer with
a thickness of 12 pm.

6. Conclusion

The bolometers are essential diagnostic for the measurement and control of the radiation
power loss from the fusion plasmas. This diagnostics is used extensively both for physics
studies and for operation and control of fusion plasma devices. Over the last thirty years,
this diagnostics have been developed from the early use of thermister and thermopiles to
the present use of absolute photodiodes and radiation hard metal foil bolometers. The
present day bolometers can withstand neutron fluence up to 2.5 x 104 cm2 and radiation
dose up to 10 Grad. However, the next generation fusion devices will have much higher
levels of radiation doses and neutron fluence, and therefore new bolometers that work in
such harsh conditions may have to be developed.
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1. Introduction

The content of this chapter refers to uncooled resistive bolometers and the challenge that
consists in their integration into monolithic devices exhibiting smart functions. Uncooled
resistive bolometers are the essential constitutive element of the majority of existing
uncooled infrared imaging systems; they are referred to as microbolometer pixels in that
type of application where matrixes of such elementary devices are used. Uncooled
bolometers represent more than 95% of the market of infrared imaging systems in 2010
(Yole, 2010) and infrared imaging systems are required for more and more applications.

Mature industrial applications of uncooled IR imaging are non-destructive test and process
control in production lines. Booming applications of uncooled IR imaging are in two main
fields: security and environment. Application to security involves the conveyance security
controls on one side and on the other side the emerging market of automotive security
systems. In that case, infrared imaging is applied to the detection of pedestrians, animals or
black ice on roads. At the present time, the high cost of IR imaging equipments prevents
their broad distribution and restricts their market to luxury cars. The huge and dynamic
market of automotive industry promises cost reduction in the next years. Besides,
strengthening of safety norms such as Euro-NCAP in Europe will someday turn pedestrian
detection systems into standard equipments. Environment is the second booming
application field. It is driven by the environmental and ecological concern to track heat leaks
in buildings and to allow for thermal budgeting of buildings. Driven by thermal regulation
laws that limit the maximum power consumption of buildings, such as the RT 2012 in
France, standard applicable from 2013, this field is to grow substantially in the coming
years. According to recent market research, the volume of sale of uncooled infrared imaging
system is to triple by 2015 (Yole, 2010) that is to say a 23% annual growth rate.

Such markets drive the research and development of uncooled infrared systems. Two main
ways of development are investigated: (1) improvement of the bolometer pixel through
appropriate choice of material and structure design, (2) optimization of the readout
electronics. Amorphous silicon and other silicon based materials begin to challenge the
historically dominant vanadium oxide (VOx) because their manufacturing is easier and
cheaper. On the other hand, new packaging and microfabrication solutions such as through
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silicon via are considered for further integration and cost reduction. Concerning the second
point, now, most of the readout electronics has been moved onto the chip where it is
referred to as the readout integrated circuit (ROIC). The ROIC incorporates parallel column
circuitry, consisting of amplifiers, integrators and sample-and-hold circuits with a column
multiplexer which provides a single channel output. Most of the approaches today employ
CMOS silicon circuitry for which the power dissipation is much lower than that of bipolar.
Research works are still going on to improve this electronics, mainly for noise
considerations (Chen et al., 2006; Lee, 2010; Lv et al., 2010). However, that electronics only
enables the readout of the measured signal and cannot be directly derived to implement
smart functions or operate the bolometer with feedback.

Independently from material or readout electronics, we address here another type of feature
for uncooled bolometers that is the implementation of smart functions so as to derive
“basic” uncooled resistive bolometers into smart bolometers. The smart qualification is not
only a matter of readout circuit integration since it implies additional features compared to a
bolometer pixel associated to conventional ROIC.

This chapter deals with smart bolometers according to the IEEE 1451.2 definition of smart
sensors which states that smart sensors are sensors “that provide functions beyond those
necessary for generating a correct representation of a sensed or controlled quantity”. Test,
identification and configurability are some examples of functions beyond conventional use,
also called smart functions. Such smart functions contribute to an easier use of sensors and
allow the sensors to take into account parameters discrepancies or evolutions. For instance,
identification can be used to compensate for discrepancies between bolometers due to the
process variations during the technological fabrication. Identification can, as well, allow the
sensors to adjust to aging effects during their operating life. Combined with the
configurability, the identification function makes possible to satisfy a large number of
applications. The configurability takes advantage of the operation in a closed-loop mode to
overcome the traditional trade-off between time constant and responsivity (Rice, 2000) and
allows some flexibility in the choice of these characteristics.

The smart bolometers considered here consist in uncooled resistive bolometers associated to
an electrical substitution means that enables the implementation of smart functions. The
electrical substitution configuration chosen is the capacitively coupled electrical substitution
(CCES) (Denoual et al., 2009a, 2009b). The demonstration of the closed-loop operation of
resistive bolometers with this configuration has been performed with digital electronics
implementation (Denoual et al, 2010). The introduction of digital electronics and control for
feedback leads to new performance because of system linearization; in addition, it simplifies
the implementation of smart functions. This configuration has the potential to allow for a
fully integrated smart sensor, ie. a monolithic smart bolometer. Such integrated smart
bolometer is the ultimate goal of the work presented in this chapter and illustrated in Fig. 1
and Fig. 2. But before taking this rather large next step, it is important to understand the
configurations that are available, and their ability to provide a higher level of intelligence
and value to resistive bolometers.

For this purpose, prior to integration, high-level or top simulations are investigated as well
as experimental prototyping with microcontroller units. One role of the top-simulation and
modeling is to provide the designer with potential performance regarding various control
algorithm strategies based on current or coming resistive bolometer technologies. Top
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simulations are desirable to validate the algorithms that implement the smart functions.
Preferably, the validation of the algorithms should be performed in their operating context.
These considerations guide the designer toward standard VHDL modeling technique as a
solution. Such modeling technique exhibits indeed true interests including very fast
simulation without convergence issues and the validation of algorithms in their operating
context (Schubert, 1999; Staszewski et al, 2005). It is noticeable that this modeling technique
is applied here to a multi-domain system involving optical, thermal and electrical signals.

sensor

T_{ built-in }‘
stirr}ulus

O O
self-test  range select

Fig. 1. General functional block diagram of a smart bolometer. Smart functions require a
built-in stimulus generation. The feedback control and feedback path are optional and allow
closed-loop operation of the bolometer.

Fig. 2. Integrated smart bolometer pixels. Line of monolithic smart bolometer pixels. Part of
the conditioning and feedback electronics is integrated below the bolometer pixel.

Macroscale experiments with discrete components complete the knowledge acquired
through the top-simulations. Those experiments involve resistive bolometer prototypes with
capacitively coupled electrical substitution feedback means associated to microcontrollers
that implements the smart functions for proof-of-concept demonstration. That is the current
phase of development and one of the necessary steps to the next level: the monolithic smart
bolometer.

This chapter is organized as follows:

After this introduction, the second section describes the smart functions to be implemented
and stresses the need for built-in stimuli solutions. The third section includes top simulation
and experimental results. The contexts of those results are presented; especially the
modeling technique for the top simulation and the experimental set-up for the macroscale
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and discrete component based results are described. Based on these results, the expected
performance of a fully integrated smart bolometer is explored. The ultimate capabilities of
smart bolometers will be limited only by the performance of the integrated electronics and
the imagination of the designer. The fourth chapter highlights a particular solution for the
integration of the bolometer and its associated electronics for the implementation of smart
functions that would enable the realization of lines or matrixes of pixels for smart infrared
imaging systems.

2. Bolometer with smart functions

Referring to literature, functions performed by smart sensors in that role include correcting
for environmental conditions, performing diagnostic functions, and making decision (Frank,
2000). The smart functions implemented in the smart bolometer are described in this section
as well as the means required for their implementation.

Before getting further into the description of the smart functions and their implementations,
some notations and vocabulary are defined.

An uncooled resistive bolometer converts absorbed infrared (IR) radiation into heat, which
in turn changes the resistance of a sensing resistor. The sensing resistor or thermistor is
current biased. A bolometer can be modeled as an IR-sensitive element of thermal mass Cy
linked via a thermal conductance Gy, to a substrate acting as a heat sink (see Fig. 3).

\ \ \

. R
optical power R

~ ‘em s
p, oy
th ~\‘\ -\\ ~\‘\
Y ~
S S ¥ .
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Absorption coefficient 1

BIAS Thermal capacity Cth

Resistance Ry, ; TCR O l«— Sensing resistor

<«— Thermal link
Thermal conductance Gth

Heat sink TO

Vtemp

v

&
<

Fig. 3. Schematic of a resistive bolometer.

The performance of the bolometer is characterized by figures of merit such as its
responsivity (R), the temperature coefficient of resistance (TCR or «, positive or negative
depending on the material) of the temperature sensing resistor, its specific detectivity (D*)
and its effective time constant (t./=Cy/Ge, Gey is the effective thermal conductance and
depends on Gy, that takes into account the electro thermal effect (Richards, 1994)).

The responsivity (R) describes the variations of the output voltage signal (vieny) depending
on the IR input radiation (popt) and it is expressed by the transfer function of the bolometer
as follows:
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where 7 is the absorption coefficient of the absorption layer of the device, Ipias is the bias
current, Rp is the bolometer resistance (sensing resistor).

The trade-off between time constant (7.5 and responsivity (R) appears in the dependence of
those parameters according to the thermal conductance. A low G, is required to improve
the responsivity but this negatively increases the time constant.

2.1 Investigated smart functions

The smart functions of the smart bolometer described here are of two kinds: diagnostic
functions and correction functions. A third type of smart functions is decision making which
is not addressed here. Among the diagnostic functions, the first one is self-test. The self-test
feature allows the verification of the thermal and electrical integrity of the bolometer at any
time during its operating life. It provides the user with a qualitative result that informs
whether the bolometer is working or not. The second diagnostic function is self-
identification. The self-identification feature is more complex than self-test. The self-
identification allows the characterization of the sensor and its associated electrical circuitry.
This feature can be used at any time for monitoring the aging of the device and for deciding
if a calibration is required. This feature is useful if closed-loop mode operation of the
bolometer is considered in order to extract the forward path parameters (bolometer and its
conditioning electronics) for the evaluation of the parameters of the controller that would
drive the feedback path (Fig. 1.). Fig. 4. depicts the functional block diagram of an
adaptative identification algorithm. Adaptative algorithms are interesting in that they run in
real-time and do not require huge memory means since a few parameters and a few
coefficients are stored. The identification principle is to iteratively adjust the parameters of
the model to make the predicted output of the model converge towards the output of the
forward path. The adjustment is performed according to the stimulation input signal and
the error between the predicted output of the model and the current output. This
convergence enables the extraction of estimated parameters representing the device,
especially the time constant, the DC responsivity and the thermal characteristics of the
bolometer.

Self-identification refers to identification using a built-in stimulus. The same type of
identification algorithms can be used for calibration, in that case external optical stimuli are
used and identification results are used to derive coefficients stored in a calibration table.

After diagnostic functions, the developed smart bolometer implements a correction function
that is range selection. Open-loop and closed-loop operation modes should be
distinguished. In open-loop operation mode, the input range can be modified by changes of
the gain of the conditioning electronics or more rarely through the current bias of the
sensing resistor of the bolometer. In closed-loop mode, the input range is selected by the
gain of the controller and the gain of the feedback. The closed-loop mode, in addition,
allows input range selection around a user defined operating point.
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Fig. 4. Identification functional block diagram. With u(t) the stimulation input (Pstim),
y(t) the open-loop system output, é(t) the parameters of the model, ®(t) the observation
vector, é(t)Td)(t) the predicted output, &(t) the error between the system output and the
predicted output, éeﬁ,ém ,ﬁo the extracted estimated parameters representing the device.

Considering lines or matrices of pixels, the identification smart function associated to
closed-loop operation is a way of compensation of the spatial noise caused by the bolometer
resistance dispersion due to fabrication process. Bolometer pixels individually operating in
closed-loop mode would be able to compensate this spatial noise after external calibration or
built-in calibration thanks to built-in input stimulus.

2.2 Requirements

Addressed implicitly in the previous sub-section, a built-in stimulus means is the first
requirement to implement self-test or self-identification functions, the second one being a
digital core for the implementation of the algorithms of the smart functions. A built-in
stimulus implies being able to stimulate the sensor with a self-generated signal in the same
manner as an external optical power stimulus would do. The first and straightforward
solution is to use an optical power source. The major drawback of this solution is the
integration limitation, especially if lines or matrixes of pixels are considered. The second
solution relies on the electrical substitution principle (Rice, 2000) also referred to as electrical
equivalence principle (Freire et al, 2009). This principle states that Joule heating electrically
produced can be used to equivalently stimulate the sensing resistor of a bolometer
compared to optical incoming power.

The availability of a built-in stimulation source can lead fairly directly to the closed-loop
operation of the sensor. Indeed, only a controller has to be inserted in a feedback loop. The
advantages obtained through closed-loop operation of bolometers detailed in (Denoual &
Allegre, 2010) are rapidly recalled here. For instance, closed-loop operation mode enables to
increase the bandwidth and the range of the measurement. Closed-loop mode makes it
possible to work around a user-defined operating point. This feature is important for the
input range selection around a user-defined operating point.
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In practice, three ways exist for the realization of an electrical substitution stimulus and its
extension for closed-loop operation of the bolometer. There are all based on electrical Joule
heating generation and differ depending on whether the Joule heating is generated onto the
sensing resistor of the bolometer or at its vicinity. The Joule heating is either produced by a
current or a voltage. From now, voltage stimuli for the Joule heating generation are
considered. The three implementations of electrical substitution are schematically
represented in Fig. 5(b-d).

Vaias Vsias Vaias
RBIAS RBIAS
~
IBIAS IBIAS STIM
Y
‘ VSTIM I_®
Ry mﬂ'@ Ry
IR source
(@) (b) © (d)
optical electrical

Fig. 5. Built-in stimulus means. (a) optical power source implementation. (b) electrical
substitution (ES) configuration type 1. (c) ES type 2. (d) ES type 3. With Rgias the bolometer
biasing resistor, Rp the sensing resistor of the bolometer, Ry an additional resistor for Joule
heating, Vpias the biasing voltage, Vsriv the voltage stimulus, Igias the DC bolometer bias
current, and igias the variable bias current.

In type 1 implementation, Fig. 5(b), the voltage stimulus, Vstiv, is added to the bias voltage
Vsias (Freire et al, 2009). The voltage stimulus produces Joule heating into the sensing
resistor of the bolometer. The voltage across the sensing resistor of the bolometer changes
according to the resistance variations of the sensing resistor due to both Joule heating
variations and bias current, ipias, variations. In that case, the thermal and electrical operating
points of the bolometer are intimately linked. This particular link makes the operation in
closed-loop mode tricky and commonly yields to stability issues and does not allow taking
advantage of the bandwidth increase due to closed-loop operation as pointed out in
(Williams, 1990).

The type 2 implementation, Fig. 5(c), uses an additional resistor (Ry) as a heater to produce
the Joule heating stimuli (Rice et al, 1998). It enables the separation between the electrical
and the thermal operation points at the expense of an additional resistor. This additional
resistor has to be close to the sensing resistor, which adds a constraint to the design of the
bolometer. Operation in closed-loop mode using this configuration is successfully
demonstrated in (Rice et al, 1998; Allegre et al, 2007).
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The type 3 implementation, Fig. 5(d), exhibits the advantages of the type 1 and of type 2
implementations without their disadvantages, i.e. no additional resistor but separation of
thermal and electrical operating points. This implementation is compatible with existing
resistive bolometer without any material or design modification but still allows separating
the electrical and thermal operating points (Denoual et al, 2009). The operating points are
separated according to frequency basis. The bial voltage signal, electrical operating point, is
a low frequency signal while the voltage stimulus signal for the thermal operating point is a
high frequency signal, typically tens of MHz. No additional heat source is needed, and
stability issues are fixed.

All this built-in stimulus implementations can be derived to operate the bolometer in closed-
loop mode (Denoual & Allegre, 2010). The four built-in stimulus solutions illustrated in Fig. 5
may be used to implement smart functions and derive a smart bolometer. However, the ease
of use and the flexibility of the type 3 implementation, Fig. 5(d), make it the best suitable
candidate for smart bolometer integration despites its extra electrical circuitry compared to
the other two electrically based solutions. This is demonstrated in the next section through
simulation results and experiments on macroscale bolometer.

3. Actual work

Before getting into the long and expensive design and fabrication process of the monolithic
smart bolometer, it is essential to perform validations to determine the feasibility and to
guide the design. Our validation procedure goes through top simulations and macro-scale
experiments with discrete components. Some results of both simulations and experiments
are presented in this section to demonstrate the potentialities of integrated smart
bolometers. As mentioned in the previous section, the integrated smart bolometer is based
on the capacitively coupled electrical substitution (CCES) technique for built-in stimulus
generation and closed-loop operation. Before getting into the results of simulations or
experiments, the key features of the CCES principle are recalled; more information can be
found in (Denoual et al, 2009; Denoual et al, 2010; Denoual & Allegre, 2010).

Capacitively Coupled Electrical Substitution (CCES)

The principle of the closed-loop mode operation using the electrical substitution (ES), also
involved in the CCES technique, is depicted through Fig. 6 and Fig. 7, and described
hereafter. With no external optical power applied, the thermal operating point (PBIAS) is set
by the VPbias value. Typically the bolometer is heated up a few Kelvin, at temperature Tpras,
over the room temperature, To. When an external optical power, Py, is applied, a change in
the resistance of the bolometer sensing resistor is sensed, and consequently the output signal
of the controller changes, decreasing the average power of the feedback Joule heating, Pg,.
The net effect is to produce a Joule heating to counterbalance the externally applied optical
power on the bolometer so as to keep the temperature of the sensing resistor of the
bolometer constant at Tpias.

Among ES techniques, the CCES technique presents several distinct characteristics.

The capacitively coupled electrical substitution dissociates the electrical and thermal
operating points according to a frequency basis as already mentioned. High frequency
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modulated signals are used for the voltage applied to the sensing resistor for the heat
feedback. Since the feedback is high frequency, the feedback signal does not end up in noise
signals in the bandwidth of the sensor.

opt bolometer amplifier r
R G
P
b
feedback
shaping
V.
Gfb mes feedback
controller
\Y% \
Ppias Thias

Fig. 6. Block diagram of a closed-loop implementation of a bolometer using electrical
substitution (ES). G is the amplifier gain and Gg, is the gain of the feedback shaping module.
Vmes is the output in closed-loop mode.

This implementation can be applied to any kind of uncooled resistive bolometer. The digital
implementation, involving pulse width modulation (PWM) or Sigma-Delta modulation, in
general terms pulse coded modulation (PCM), enables the linearization of the feedback path
as well as a direct digital output power reading (Denoual et al, 2010). Clocking for this type
of system is typically about 1-10 MHz. Fig. 8 depicts one example of such digital
implementation.

O] @

Fig. 7. Electrical substitution principle used for closed-loop mode operation. (1) without
external optical power, the thermal operating point is set by the bias power corresponding
to the Vpyias voltage. (2) with external optical power, the total amount of power dissipated
onto the bolometer is kept constant thanks to the variations of the feedback power.
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- BIAS

Fig. 8. Schematic of a digital implementation of the capacitively coupled electrical
substitution technique for closed-loop operation of a resistive bolometer involving a PWM
modulation with a duty cycle a.

3.1 Top-simulation and modeling

Generally speaking, the main specification for the environment used for the top-simulation
of a smart sensor is its ability to validate the algorithms implementing the smart functions in
their operating context, i.e. including the sensor and its associated electronics. Few
simulation environments address this specification because it implies mixed simulations
(analog/digital) and multiphysics simulations, here optical, thermal and electrical.
Environments commonly used address only one of each simulation type; for instance
ANSYS® or COMSOL® for multiphysics simulation widely used for MEMS sensor design
and simulation, SPICE-like environments for analog simulation and NCSim® or
ModelSim® environments for digital simulation.

Spice-like environments may be used for top-simulation of system combining electronics
and sensors through modeling of the sensor with equivalent electrical circuits (Jones et al,
2003). However, Spice-like simulators are not suitable for the validation of algorithms
because the algorithms implemented on the digital part cannot be run. Only snapshots
corresponding to specific and static configurations can be tested.

Long time simulations or huge processing requirements prevent the usage of coupled or
mixed environments for the type of simulation considered here.

Modeling using VHDL-AMS or Verilog-AMS has been proposed for the modeling and for
multi-domain simulation of MEMS devices in their functional environment (Chapuis et al,
2008). But as far as top validation is concerned, i.e. test of embedded algorithms in their
operating context, these techniques exhibit huge simulation times that are not compatible
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with the validation of the algorithms and usually suffer from convergence issues. Besides,
the set-up of that kind of simulations is often tricky.

Matlab with appropriate modeling of the analog blocks of the system can be used for this
kind of top-simulation, but no direct link exists between the electrical schematic and the
Matlab schematic. This is a disadvantage when the design of the integrated circuit and
monolithic device is considered.

The simulation environment chosen here is purely digital and enables fast simulation
without convergence issues. It is associated with a modeling technique already applied for
mixed integrated electronic circuits such as phase-locked loops (Schubert, 1999; Staszewski
et al, 2005) and uses the standard VHDL as a description language (Denoual & Attia, 2011).

Advantages of the used modeling technique come from: (i) the event-driven nature of the
simulation using purely digital environment and (ii) the properties of the standard VHDL
language. The event-driven nature of the simulation results in drastically shorter simulation
times compared to time-driven simulation using for instance Spice (Zhuang et al., 2006).
This modeling technique does not suffer from the convergence issues usually observed with
other techniques because it uses digital simulation environments (ModelSim, NCSim,...).
Finally, the standard VHDL syntax with user’s defined types enables implicit connectivity
check between the parts of the designed system since in VHDL two connected signals must
have the same type.

3.1.1 Modeling technique

The basic principle of this modeling technique is the discretization of the analog parts of the
design. An appropriate modeling of the analog parts of the design is desirable to overcome
the problematic induced by different time scales. This type of problematic exists in this work
involving low frequency thermal phenomena (< kHz), and high frequency electrical signals.
All the elements of the system are modeled using standard VHDL language. Those elements
are schematically presented in Fig. 9 corresponding to the testbench. The testbench also
includes the optical power stimuli and the stimuli process. In this example, the smart
function simulated is open-loop identification.

In the case of this study, the modeling of the analog blocks, illustrated in Fig. 10, is
performed in 3 steps: 1- definition of analog transfer function of the block; 2- discretization
of the analog model; 3- VHDL description of the discretized model.

The model for the bolometer corresponds to the VHDL transcription of the discretized
transfer function (1). The discretization is achieved using the bilinear transformation. The
conversion process is divided into two consecutive processes: the thermal process dealing
with power inputs and temperature, and the electrical process corresponding to the
temperature measurement. This divided structure would enable to take into account the
electrothermal feedback phenomenon (Richards, 1994) of the bolometer itself if necessary in
the simulation. At the present time, this phenomenon is taken into account through the use
of the effective thermal conductance (G.g) rather than the physical thermal conduction (Gg).

The models for the amplifier block merely consists in a gain since the bolometer voltage
output signal is in the bandpass of the filter.
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The model for the controller block in this case implements the equations of a digital
proportional integral (PI) controller. The operation mode input, op_mode, enables to choose
between open or closed-loop operation modes.

The model for the feedback shaping block consists in a gain and saturation limitations
corresponding to the PWM modulation. It linearly gives the feedback power (Pg,) according
to the duty cycle a of the PWM modulated control signal (Vcontrol) following Py, =a-Gg,,

with Gg, the gain of the feedback shaping block. G, is a function of the amplitude of the
carrier (Vearrier) and the resistance of the sensing resistor of the bolometer (Rg). The high
frequency carrier that translates the feedback bandwidth is not taken into account.
Pragmatically, no signal at this frequency is generated for the simulations, only the feedback
duty cycle is considered.

The optical source block generates stimuli with parameterized frequency, amplitude and
shape.

The identification block implements a least-mean-square adaptative fitting algorithm which
role is to extract parameters in order to optimize the feedback controller and/or to monitor
the aging of the device; it corresponds to the functional block diagram of Fig. 4. Detailed
explanation of this algorithm and of the parameters involved can be found in (Landau, 1988;
Ljung, 1999).

The complete modeling of the bolometer and its associated conditioning and feedback
electronics as well as the modeling of the external optical source enable the validation of
algorithms implemented in digital parts. Identification is an example of such algorithms that
can be validated using this modeling technique and digital simulation tools.
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Fig. 10. Standard VHDL modeling procedure. (1) analog model of the transfer function of
the resistive bolometer, @ discretization of the analog model, @ VHDL transcription of the
difference equations.

3.1.2 Top-simulation results

This section illustrates the type of simulation that can be performed with this modeling
technique. The simulations were performed using the ModelSim® Altera 6.3 Quartus II 8.1
software, i.e. a purely digital environment. The figure Fig. 11 shows the three configurations
of the simulation sequence performed and illustrated in Fig. 12. First an open-loop operation
sequence, Fig. 11(1), illustrates the time constant and magnitude of a typical response of the
bolometer when exposed to an incoming square shape optical power Pop. The second
sequence, Fig. 11(2), corresponds to a built-in random stimulation to perform the
identification procedure. The adaptative least-mean-square algorithm illustrated in Fig. 4 is
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implemented using standard VHDL to extract the characteristic parameters of the bolometer
while the stimulus is applied. The duration of the identification procedure depends on the
time constant of the bolometer. To achieve the convergence of the identification parameters,
an identification duration of several hundred times the bolometer time constant is required.
A 10 ms time constant bolometer leads to an identification procedure of a few seconds.
Finally, in the last sequence, Fig. 11(3), the bolometer operates in closed-loop mode thanks
to a controller adjusted with the extracted parameters at the end of the identification
procedure. A standard factor 10 for the time constant reduction is applied in this simulation.
One should notice that the time scale is not mentioned since all the timing parameters
(sampling frequency, PWM frequency, carrier frequency) are adapted to the bolometer and
therefore scale up or down with the time constant of the bolometer. The useful time
reference is the time constant of the bolometer in open-loop.
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Fig. 11. Simulation sequences. (1) open-loop mode operation. (2) identification procedure
mode. (3) closed-loop mode operation. According to the operation mode, the location of the
output differs. Note that input may be either external and optical (1,3) or internal and
electrical (2).

Simulations in either open-loop or closed-loop are performed without convergence issues
within a few seconds. This enables fast parameters optimization for the control through
series of simulations. It shall be mentioned that equivalent simulations with analog
environments (spice-like, coupled or mixed simulators) would take hours if no convergence
problems occur. A simulation result is represented in Fig. 12. This simulation underlines the
ability of the modeling technique to validate algorithm supporting smart functions in their
operating context by top simulation.
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3.2 Macro-scale and discrete components experiments

Macro-scale experiments are important in that they validate the models of the top-
simulations presented in the previous section. The top-simulations validate the system
functionality and the smart function algorithms during the design phase, whereas the
experiments exhibit additional non-simulated factors such as noise or nonlinearities and
therefore exhibit the performance of the system. This section presents a macro-scale and
discrete components set-up and some results of characterization performed with it. The
major results are the successful reduction of the time constant of the system by at least two
orders of magnitude, and the practical demonstration of the self-test and range selection
smart functions.

3.2.1 Description of the macro-scale set-up

The set-up, depicted in Fig. 13, consists in a pair of resistive bolometers, Rp, and a digital
implementation of the CCES technique for the built-in stimuli generation and the closed-
loop mode operation. The resistive bolometers are connected in a bridge arrangement with
one sensing resistor in each leg of the bridge (Rpias and Rg). Only one is exposed to the
optical power stimuli for differential measurement.

i DAC DAC
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R, I Rgias Rgias open-loop
55 output
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Fig. 13. Set-up for the macro-scale and discrete components experiments. Two resistive
bolometers, Rg, under vacuum, are used for differential measurement. Only one is exposed
to the infrared optical power from a LED. The exposed bolometer in operated in closed-loop
mode through a digital implementation of the CCES technique.

The bolometers are macro-scale suspended bolometers made of 60 pm thick, 0.8 cm large,
6 cm long suspended PolyEthylene Naphtalate (PEN) membranes covered with aluminum
metallic layer. The aluminum layers are patterned to form the 700 Q resistors used as
sensing resistors. The active optical power absorption area is 0.5x0.5cm2. Global
characteristics of those bolometers extracted from measurements at 20 mTorr and room
temperature are:

TCR = 2.3x103/K; Gett = 550 pW/K, and 7,5 =110 s (cut-off frequency F.=1.45 mHz).
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The huge time constant, g=110s, is a consequence of the macro-scale nature of the
bolometer.

A microcontroller (PIC32) implements the closed-loop controller and the embedded
algorithms. Two digital-to-analog converters (DAC) drive independently the voltage of the
legs of the bridge to set the electrical bias point (Denoual et al, 2010). The operation mode
input (op_mode) is a logic signal that selects between open-loop or closed-loop operation
mode. The PWM modulated output signal for the feedback results in a linear dependency of
the heat power feedback on the control voltage (Pg). The frequency of the carrier is fixed at
1MHz while its amplitude changes between 100 mV and 200 mV depending on the
measurement range choice.

All the experiments are led at room temperature and under a primary vacuum of 20 mTorr
to limit convection effects.

The external optical power stimuli source is an infrared LED with a 1 mW power at
A=1.45 pm. The amplitude of the optical power is modified by duty cycle modulation (with
duty cycle d) of the voltage of the power driver as in (Denoual et al, 2010) and illustrated in
Fig. 14. The frequency, 1/ Tpww, of the pulse modulated signal is 10 kHz, i.e. several orders
of magnitude over either the open/closed-loop bandwidth. Consequently, the bolometer in
open-loop or closed-loop operation modes merely responds to the average value of the
applied power as illustrated in Fig. 14.

Popt stimulus frequency voltage applied to the LED driver

»
N N b I By 1111 11
—] 7
A0~ optical stimulus seen by the bolometer

PWM (10 kHz) dTpim mas power
—_— L ——
2 ¥
Tewn typical response of the bolometer

" 7

Fig. 14. IR LED supply principle. A double modulation enables to generate square shape
optical stimulus with controllable amplitude.

3.2.2 Macro-scale and discrete components experimental results
3.2.2.1 Time constant reduction

The first set of experiments, illustrated in Fig. 15, aims to demonstrate the possibility of
reducing the time constant by at least 2 orders of magnitude.

During this experiment, the bolometer successively operates in open or closed-loop mode.
During optical power ON sequence, 0.1 Hz frequency optical stimuli are applied from the
infrared LED of the set-up. During power OFF sequence, no optical power is applied.

The open-loop output signal during the open-loop operation phase illustrates the time
constant of the system in open-loop through its typical first order response. The system in
open-loop acts as a low-pass filter with a cut-off frequency of 1.45 mHz (te=110 s) that
filters the 0.1 Hz frequency input optical stimuli and only responds to the activation of the
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ON sequence of the optical power. On the contrary, during closed-loop operation zoomed in
the upper view of Fig. 15, as the bandwidth of the system is increased, the closed-loop
output signal is able to follow the 0.1 Hz variations of the optical input stimuli.
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Fig. 15. Experiment illustrating the time constant reduction in closed-loop operation mode.
The main graph represents the recorded output signals in open-loop (VT) and closed-loop
(Pfb). The open-loop output VT is in Volt (left axis) while the closed-loop output is in
percentage of the feedback power full-range (right axis). The optical stimulus sequence is
ON [0-s], OFF [0 s ; 1000 s], ON [1000 s ; 2700 s], OFF [2700 s ; end]. During the ON sequence
of the optical stimulus, in the center of the graph, the operation mode is successively open-
loop and closed-loop.

By operating the system in closed-loop mode, the bandwidth is increased from 1.45 mHz to
more than 3 Hz. This result highlights an improvement of the system bandwidth by more
than 200.

3.2.2.2 Smart function validation: Self-test

Although this function is rather basic, it may be useful for the user as a basic diagnostic
function to answer the crucial question: “is the bolometer and its associated electronics
working or not ?”. This feature requires the existence of a built-in stimulus input. The signal
Vpbias that sets the thermal working point of the system is used for this built-in stimulation
(see Fig. 1, Fig. 6 and Fig. 13). Typically, self-test is activated by the user with a logic high
level on the self-test input pin. During the logic high level, a Joule heating is applied onto
the sensing resistor of the bolometer equivalent to approximately 20% of full-scale optical
input power, and thus a proportional voltage change appears on the output signal, either
open-loop or closed-loop output depending on the configuration test. When activated, the
self-test feature exercises both the entire thermal structure and the electrical circuitry, and in
addition in closed-loop mode the feedback path. The results presented in the Fig. 16
illustrate this functionality both in open or closed-loop. In open-loop mode, the pulsed
stimuli on Vppias result in pulsed response at the output indicating that the bolometer is
working properly. In closed-loop mode, the pulsed stimuli on Vpyiss result in pulse response
at the closed-loop output while the feedback signal, P, is maintained constant so as to keep
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the thermal working point constant. The different time scales in each cases illustrates once

again the time constant reduction in closed-loop mode.
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Fig. 16. Self-test response in open-loop (a) and closed-loop (b) operation modes. Pulses on

Vrbias generate Joule heating onto the resistance of the bolometer through the feedback

shaping electronics so as to stimulate a response from the device.

3.2.2.3 Smart function validation: Range and operating point selection

The next experimental results illustrate the range selection ability as well as the possibility of
operating around a user-defined operating point. Fig. 17(a) shows the measured signal in
open-loop mode as a function of the input power while Fig. 17(b) shows the measured
power in closed-loop mode as a function of the input power. These transfer functions are
obtained with infrared LED source stimulation in the bandwidth of the device (10 mHz in
the open-loop mode configuration and 100 mHz in closed-loop mode configuration).
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Fig. 17. Transfer functions in open-loop (a) and closed-loop (b). The dashed lines (b) indicate
the two different slopes of the transfer functions in closed-loop mode. (1) and (3) exhibit a
slope twice as big as the one of (2). (3) is the transfer function in closed-loop mode around
70% optical input power.
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In open-loop the measured signal (Vr) is a function of the input optical power, responsivity
of the bolometer and the gain of the forward path amplifier. Therefore, the transfer function
can be adapted to various incoming power ranges by modification of the gain of the
amplifier. The modification of the responsivity through the bias current is not relevant
because the signal-to-noise ratio is negatively impacted if the responsivity is decreased. The
responsivity has to be as high as possible according to the fabrication technology.

In closed-loop mode, the output signal is a function of the input power and the feedback
shaping gain. The overall measurement range is then given by the pulse coded modulation
range, the ADC range and the feedback gain. Therefore the measurement range of the
device may be easily modified to measure lower power or higher power optical stimuli by
respectively increasing or decreasing the feedback shaping scale factor. Gg, stands for the
feedback shaping gain (see Fig. 6) involving the carrier voltage amplitude, the PCM voltage
amplitude and the filtering amplification gain. The feedback shaping scale factor specifies
the voltage change of the output per power unit of applied optical power. The selection of
the operating point achievable in closed-loop mode also enables to move the operating point
of the transfer function of the bolometer around a user-defined operating point, in order for
example, to measure optical power variations in an input optical signal of given mean
power value.

These possibilities in closed-loop mode are illustrated in the graph in Fig. 17(b). Two
transfer slopes resulting in two different measurement ranges are shown. In addition the
transfer curve (3) of Fig. 17(b) shows the transfer of the system to optical power variations
around an optical power mean value of 70% of the maximum IR LED power.

Such control of the measurement range shall allow the implementation of algorithm that
dynamically adjusts the scale to prevent saturation and optimize the resolution.

3.3 Experimental results section conclusion

The results section experimentally illustrates that a bolometer can be speed up by 2 orders of
magnitude. Such time response improvement gives freedom in the design constraint of
bolometers and especially for the conventionally responsivity/time constant tradeoff. For
example, standard micro-bolometers designed for imaging are designed to meet the frame
image refreshment rate of 20 Hz. This constraints the upper time constant limit for these
devices. On the other hand, the thermal capacitance of these micro-bolometers cannot be
boundlessly reduced because of material stiffness required to ensure self-sustention.
Consequently, time constant consideration rather than responsivity optimization determines
the thermal conductance. The demonstrated two orders of magnitude reduction of the time
constant opens the door for bolometers two orders of magnitude faster than existing ones
(200 ps compared to 20 ms) or bolometers exhibiting the same time constant but with a two
order of magnitude higher responsivity. In both cases, such devices characteristics are not
achieved yet. Currently the commercially available IR image sensors have detectivity,
proportional to responsivity, of the order of few 108 W-l.cm.Hz1/2 and image refresh rate of
10-30 frame/s. Two orders of magnitude improvement means detectivity and refresh rate
reaching 100 W-1.cm.Hz1/2 and several 1000 frames/s respectively. New application fields of
infrared-monitoring in chemical and entertainment fields for instance will be then possible,
while the existing applications fields will be reinvigorated. Faster frame rate of IR imager
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used for process control will allow increasing the speed of production line; the economic
impact is direct. In automotive safety applications, higher image data rate with optimized
algorithms will result in faster and more reliable detection. For thermal budgeting of
buildings, improved detectivity will enhance diagnostics. In all cases, the extra smart
functionalities facilitate the use of IR imagers.

4. Monolithic 3D smart bolometer

Results shown in the previous section, demonstrate the possibly of realizing bolometer
exhibiting smart functions such as self-test or range selection. The integration on one single
chip of such device would yield to monolithic smart bolometer following the example of
integrated accelerometers. Even though such devices might be interesting and competitive
compared to thermopile-based IR detectors applied to distance temperature measurement
(Texas, 2011), the real goal application of such devices is imaging. Imaging requires lines or
matrixes of pixels and consequently adds geometrical constraints to the integration of smart
bolometer pixels. The CCES technique enables closed-loop operation and smart functions
implementation with built-in stimuli at the cost of an electrical circuitry bigger than the
readout integrated circuitry of standard bolometer imaging devices. Consequently, the
integration with existing topology and fabrication processes of the CCES circuitry under
each pixel of an imaging device seems quite challenging. However, emerging
micromachining technologies might come as a rescue to provide a solution. This solution is
discussed in this prospective section.

The integration issue comes from the lack of space under the pixel to integrate the CCES
with actual planar conventional technologies, i.e. 2D technologies. Adding one dimension
gives some more space and design freedom. A 3D geometry, as illustrated in Fig. 18,
dissociates the sensing area of the pixel from the area needed for the electrical circuitry
implementation. While the electrical circuitry is designed onto the device surface as it is
common, the sensing area of the pixel is realized vertically in the bulk of the substrate.

Such 3D design is made possible by the emerging 3D micro-fabrication technologies. Fig. 19
illustrates the typical geometries and shapes available with submicron deep etching process.
Vertical 50 pm walls in depth with few hundred nanometer thickness are reported using this
etching process (Mita et al, 2006; Hirose et al, 2007). Such characteristics are fully compatible
with the realization of the vertical sensing area, the resonant optical cavity for absorption
enhancement and the folded legs behind, all together constituting the bolometer pixel. The
sensing area is typically 30 pm to 50 pm wide and few hundred nanometers thick. The
thickness of the sensing area is usually reduced in order to reduce the thermal capacitance
of the bolometer pixel. The operation in closed-loop mode can release this constraint
because of the bandwidth increase (time constant reduction) achievable in closed-loop
mode. The resonant optical cavity, which enhances the absorption of incoming optical
power, consists of a \/4 space between the sensing area and a reflective layer. Taking into
account the mid-infrared range object of such devices A/4 is a few microns distance fully
compatible with the submicron deep etching process. Usually, efforts to increase the fill
factor include reducing the size of the contacts and can use buried legs on an intermediate
level between the level of the sensitive area and that of the substrate. However the buried
legs must not interfere with the increased absorption provided by the resonant optical cavity
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(Kruse, 2001). In the proposed 3D configuration, the folded legs do not interfere with the
resonant optical cavity. The folded legs can be lengthened to reach a target thermal
conductance without negatively impacting the fill factor. Considering the etching
performances of the submicron deep etching process, the legs can be very narrowly folded.
Hence, the distance between the fold of the legs would not be limited by the fabrication
technology but by thermal transfer at submicron scale. Indeed, at nanoscale, the thermal
transfer mechanisms change and radiative heat exchange mechanism increases as the
dimension between surfaces decreases below 200 nm because of surface phonon polariton
mediated energy transfer (Rousseau et al, 2009; Shen et al, 2009). The space between the fold
of the legs should not be below 200 nm to ensure that the thermal conductance of the pixel is
only mediated by the conduction mechanism. Taking this into account and the actual pixel
geometry and thermal conductance (10-6-107 W /K), the same thermal conductance could be
achieved within a 30 pm space behind the pixel.

folded
legs

resonant
cavity

embedded conditioning
and CCES
feedback electronics

absorbing
layer

Fig. 18. 3D bolometer pixel. The pixel is micro-machined vertically into the substrate while
the conditioning and feedback electronics is on-plane.
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Fig. 19. SEM picture of submicron deep trenches in silicon. (Courtesy of Mita Lab., University
of Tokyo).

The 3D bolometer pixel and its association into matrixes to form a smart IR retina, depicted
on Fig. 20, as defined with Dr. Yoshio Mita of the university of Tokyo, represents a
technological breakthrough in the design, the fabrication and the use of uncooled resistive
bolometers for infrared imaging; a technological breakthrough leading to faster, more
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sensitive and smart infrared imaging devices. The 3D bolometer pixel consists in a resistive
bolometer pixel associated with its conditioning and feedback electronics. Within the smart
IR retina configuration, the processing means are shared between the 3D bolometers of the
same line, and lines are stacked to form the imaging system.

Such 3D design presents an additional advantage compared to current devices that is an
improved spatial resolution. Thermal infrared detectors since they are fabricated over the
same substrate in the classical fabrication process are not thermally independent. As a
consequence, the thermal diffusion between the pixels reduces the spatial resolution of the
imaging system. In the case of the proposed structure the sensing area of the 3D pixel are
physically isolated by empty spaces and each pixel will be thermally regulated, therefore the
thermal diffusion between pixel will be avoided and then the spatial resolution enhanced
compared to current devices.

Fig. 20. Smart IR retina. Several 3D bolometer pixels are associated with a common deported
digital core on a line, here 4 or 6 3D pixels illustrated per line. Several lines, here 5, are
stacked vertically to form the smart IR retina.

The fabrication technique is fully compatible with standard integrated circuit manufacturing
methods enabling all the signal processing (conditioning, control and feedback) circuitry to
be combined on the same chip with the sensor.

Even if the geometry principle and the fabrication technology are established, the fabrication
of such monolithic device is still challenging and will require several years of development,
but the work investment is worth.

5. Conclusion

The capacitively coupled electrical substitution technique is used to implement smart
functions for uncooled resistive bolometers. Top-simulations and macro-scale experiments
enable to derive the expected performance and functionalities of monolithic smart
bolometer. This work takes place at a time where the microfabrication technologies and
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smart function integration converge to give birth to what could be a technological
breakthrough in the field of infrared imaging.

“A rose with a microcontroller would be a smart rose”.
-Randy Frank
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