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Abstract

This thesis presents results on nano- to microscopic bolometers. They are made of
polycrystalline metallic thin-films shaped into narrow wires that sense infrared radia-
tion in the near- to mid-infrared (IR) range. Using state-of-the-art e-beam lithography
and metal deposition, the wires were fabricated on Si/ SiOy wafers. The central part
has lateral dimensions ranging from hundreds of nanometers to several micrometers,
while the metallic thin-film has a thickness between 2 and 80 nm. By illuminating the
bolometers with light from a ceramic blackbody infrared source (1060 K, peak wave-
length at 2.74 pm), we monitor the change in resistance AR in the structures. The
resistance change is a direct result of infrared heating and the corresponding tempera-
ture change AT can be characterized thanks to the approximately linear relationship
between resistance and temperature characterized by «, the temperature coefficient
of resistance (TCR) of platinum wire. Based on the extracted temperature change of
the bolometers, we calculate two figures of merit to characterize the sensitivity of our
devices: the responsivity () and the specific detectivity (D*).

The performance of our bolometers has been optimized through multiple experiments
carried out for several years. We studied the influence on performance of physical
and operating parameters such as oxide thickness, bolometer dimensions, platinum
thickness or drive current. Depending on sample dimension and surroundings, a re-
sponsivity of 10* to 10° V/W was achieved, as well as a detectivity of 107 to 10%
cmHzl/Q/W, which is comparable to the latest literature results in the field of thermal
detectors.

At the size range of our bolometers, changes in absorption properties due to sample
dimensions were observed. Antenna-like resonances in IR absorption and enhanced
responsivity for narrow wires have been revealed and discussed. It is also suggested
that as the width is reduced, the wires become selective to the polarization of light they
absorb. Bolometers thinner than 40 nm present altered electronic properties, such as
a lower TCR value and a higher resistivity. Detectivity is maximized for thicknesses
equal or larger than 40 nm. A silicon dioxide thickness of 350 nm or 1 um leads to
an improved infrared sensitivity. For the latter thickness value, interference effects of
infrared light reflected at the interface between silicon dioxide and silicon contribute
to the sensitivity.

Finally, the time response of our thin-film bolometers has been calculated to be less
than 4 ns, which is a great improvement compared to the general time response of
thermal detectors. This value can be further reduced by reducing the metallic film
thickness. Similarly, the sensitivity can be improved by reducing the 1/f noise com-
ponent.



vi



Utdrattur

I pessari ritgerd eru settar fram nidurstodur meelinga & smasajum varmageislunar-
malum. Mealarnir eru bunir til ar fjélkristalla platinupynnum sem eru mynstradar i
granna vira, sem nema innrauda geislun 4 neer- til midinnrauda bylgjulengdasvidinu.
Virarnir hvila &4 Si/SiO5 undirlagi og eru mynstradir med rafeindaprentun. Midhluti
virsins er allt fr4 hundrudum nanémetra upp i nokkra mikrémetra ad breidd, en pykk-
tin er & bilinu 2 til 80 nm. Lyst er 4 varmageislamealana med svarthlutsljosgjafa (1060
K, hamarksljosafl vid bylgjulengd 2.74 um) og fylgst med vidnamsbreytingum virsins.
Breyting i vionami svarar til hitabreytingar i virnum, en par & milli er i mjég godri
nalgun linulegt samband sem lyst er med hitavidnamsstudli platinuvirsins, a. Fra
nidurstédunum ma reikna Ut neemni varmageislameaelising, sem er gefin til kynna med
tveimur kennisteeroum, naemi (R) og sértaeku vidtaki (D*).

Ahrif ymissa breyta a4 frammistédu varmageislunarmaelanna hafa verid rannsokud,
svo sem oxiOpykktar, steerdar meelis i plani, platinupykktar og straumalags. Bestu
melarnir hafa synt nsemi upp 4 10* til 10° V/W, og sértaekt vidtak 107 til 10%
cmHzY/2 /W, sem er sambzerilegt vid nylegar nidurstédur fyrir adrar gerdir skyldra
varmageislunarmaela.

Ahrif staerdarskala varmageislunarmeaelanna koma fram i isogseiginleikum peirra. Ein-
nig sjast merki um loftnets-likar hermur { innraudu isogi og aukningu i naemi grannra
vira. A0 auki eru leiddar ad pvi likur ad begar virarnir verda négu grannir ba
vixlverki beir eingdngu vid dkvedna skautun ljéss sem & peim lendir. Varmageislu-
narmélar bynnri en 40 nm eru med laegri hitavidnamsstudul og heerra edlisvionam.
Sértaekt vidtak er hdmarkad i virum sem eru pykkari en 40 nm. Kisildioxidlog upp a
350 nm annars vegar og 1 pum hins vegar gafu aukna nsemni fyrir innraudri geislun.
Vid sidarnefndu oxidpykktina leggja vixlhrif vegna speglunar innraudrar geislunar fra
morkum kisildioxids og kisilundirlags sitt af moérkum til aukinnar neemni.

Ad lokum er synt fram & med ttreikningum ad varmageislunarmaelarnir settu ad hafa
viobragdstima undir 4 ns, sem er moérgum staerdargradum hradari svérun en adrir
skyldir, en steerri, nemar. Svoruninni mé enn flyta med pvi ad pynna filmurnar. Eins
mé auka nseemnina med pvi ad minnka framlag 1/f suds.
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Nobody’s easier to fool,

than the person who is

convinced that he’s right.

- HARUKI MURAKAMI (1949 - )
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1. Introduction

Infrared radiation is everywhere. It provides us warmth, coming from artificial heating
systems or simply from the sun. Our body absorbs and emits it. The first temperature
sensor is the human eye, with which we can determine the temperature of an object
by assessing the wavelength of its emitted radiation. Calibration of the human eye
is based on experience, and one quickly learns that a glowing red metal shall not be
touched (hence the term “red-hot”). From antiquity to the present time, craftsmen
have employed their vision to discern when heated materials are ready to be cut or
shaped. Nowadays, glass makers still visually assess the temperature of melted glass
to know if it is ready to be molded.

And yet, it was not until the 19*" century that the infrared spectrum was discovered.
In 1800, Sir William Herschel was studying the temperature of the visible spectrum,
by moving a thermometer along the prism-decomposed light on a table (see fig. 1.1).
Much to his surprise, as he moved the thermometer towards the red-end of the spectra,
not only was the temperature increasing, but furthermore no maximum was obtained
until the thermometer was moved beyond the limit of the visible spectrum (Herschel
1800).

During the next thirty years little progress was made in characterizing the infrared
radiation, mostly because no detector other than the thermometer was available. In
1830, Nobili invented the thermocouple, a much more precise device that enabled
Herschel and other scientists to make further progress in characterizing the infrared
radiation. Finally Langley invented in 1880 a bolometer simply designed as a Wheat-
stone bridge with two arms made of platinum wires (Langley 1880). A change in
temperature of the Pt wires caused by incoming infrared radiation would change the
resistance of the bridge. Since this advance in detection, infrared sensors have been
exhaustively researched and improved.

It was only after the Second World War that the first modern radiation thermometers
became available. Military institutions were investing in infrared sensing technology,
specifically in the range of the infrared spectra emitted by humans (around 10 pm).
A great emphasis was made on cooled photon detectors until the 1990’s. Due to their
higher performance and fast response compared to thermal detectors, they seemed very
promising. Between 1980 and 1990, major companies in the USA developed successful
sensors based on thermal detection (Wood et al. 1992). This prompted DARPA,
the national agency for defense-oriented research, to change its funding policy and
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invest more towards uncooled technology. Nowadays, there is still a strong demand
for infrared detectors for military and space applications, but also for astronomy and
telecommunications. There are also an increasing number of commercial applications
that require infrared detectors. These include medical instruments, industry processes
(e.g. nuclear power plants), earth resources and energy monitoring, etc. The demand
from the civilian field is quickly growing, and brings new challenges for researchers.

Since their invention by Langley in 1880, bolometers have been extensively studied and
developed. Several categories can be defined, as very different types of materials can
be used as bolometric material. The core principle stays the same: upon encountering
infrared radiation, the temperature of the material rises, leading to a measureable
change in electrical resistance in the device. Metallic bolometers are common, made
of bismuth, platinum, titanium or nickel (Block & Gaddy 1973, Kuzmichev et al.
2004, Liddiard 1984, Mei et al. 2002, Saxena, Bhan, Jalwania & Khurana 2008, Shie
et al. 1996, Yoneoka et al. 2011, Zhang et al. 2005). Also, metallic antennas can be
coupled to the infrared-sensitive element to enhance radiation collection (Bean et al.
2011, Grossman et al. 1998, Krenz et al. 2012). There has been recent improvement
in semiconductor-based bolometers, specifically made of vanadium oxide (Aliev &
Bortnikov 2011, Chen et al. 2007, Chi-Anh et al. 2005, Han et al. 2005, Ozcelik et al.
2013). Silicon slabs can also be used as bolometers (Boragno et al. 1987), but more
recently poly Si-Ge structures (Sedky et al. 1999, 1998) or amorphous alloys (Kosarev
et al. 2008, Torres et al. 2003) have also appeared. Finally, with the emergence of
graphene technology and optical metamaterials, a wide range of novel bolometers
have been proposed, made of diamond (Galkina et al. 2007, Klokov et al. 2010), carbon
nanotubes (Aliev 2008, Lu et al. 2009, Mahjouri-Samani et al. 2013, Xiao et al. 2011),
graphene (Xia et al. 2009) or metamaterial (Niesler et al. 2012). Also, some bolometric
devices are based on the hot-electron effect (Dobrovolsky & Sizov 2007) or quantum
wells (Forsberg et al. 2013). However, even if these new devices present some peculiar
advantages, their sensitivity usually needs improvement.

The present thesis summarizes the work that has been done on fabricating and op-
timizing metallic bolometers made of platinum. The idea behind this Ph.D. project
comes from a previous characterization of thermal emitters carried out in our lab.
Such samples were made of a thin-film of platinum, usually thinner than 100 nm,
that emits infrared radiation when biased by a DC current. They are designed as a
rectangular or square central part attached to four leads connecting to contact pads.
Through several studies, it has been shown that such samples exhibit peculiar infrared
emission properties, especially as the dimensions of the central constriction are varied
(Au et al. 2008, Ingvarsson et al. 2007). The coherence of the emitted infrared spectra
is also affected by the dimensions of the central part (Klein et al. 2008) as well as
its polarization (Klein et al. 2009). With Kirchhoff’s principle in mind, we became
interested in testing such devices not as infrared emitters but as infrared sensors. By
biasing them with DC current and measuring the change in electrical resistance of
the central part as the sample is under infrared illumination, their performance as
bolometers was characterized. A ceramic heater at a temperature of 1060 K was used



as a blackbody source, with a peak wavelength of 2.74 um. Several peer-reviewed
papers were published during this Ph.D. project, describing the influence of different
parameters on the bolometers’ responsivity and detectivity. Renoux et al. (2011) con-
cerns the evolution of the bolometer performance with its central part’s length and is
included at the end of this thesis as Paper 1. Later, the influence of the insulating
layer of the device (SiO2) and of the bias current on responsivity and detectivity were
investigated (Renoux et al. 2012). This article is referred as Paper 2. Renoux et al.
(2013) shows how the metallic film thickness affects several electronic characteristics
of the device as well as its sensitivity (Paper 4 at the end of the thesis). Recently
published, Renoux & Ingvarsson (2013) focuses on the effect of the samples’ lateral
dimensions on the responsivity and detectivity. It is included as Paper 3 in this work.
Also, the noise sources in the samples as well as their self-heating mechanisms were
constantly monitored, and conclusions were drawn about their impact and effects.
The time response of bolometers was modeled and studied as a function of the film
thickness.

This project has unveiled specific absorption properties due to the reduced size of the
bolometers studied. Depending on their lateral dimensions, some of them are smaller
than the wavelength that they sense. In this size range, surface effects can become
dominant compared to volume ones. This significantly affects their absorption mech-
anisms, for example via boundary scattering or antenna resonance. This thesis work
shows that the performance of such bolometers can be tailored according to specific
needs (fast response time, absorption at a specific wavelength, etc.) by tweaking fab-
rication processes and bias. The sensitivity achieved by our devices is comparable to
current state-of-the-art, and we give suggestions about how to improve it. We believe
that these bolometers are very promising, as they are simple to fabricate and use. They
do not need any encapsulation nor cryogenics, and no side circuits such as Wheatstone
bridges. Moreover, a key advantage is their micro- to nanoscopic size, which enables
their embedding on MEMS structures like waveguides. With their high sensitivity
and expected fast response, they offer a promising solution to the requirements of
both defense and civilian infrared sensing market.
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e rens ot rate KL e g

Figure 1.1: Herschel's experiment from 1800 that led to the discovery of the infrared
radiation. The incoming solar radiation is decomposed by the prism into the visible
spectrum. The violet end of the spectrum is located at the edge of the table, and the
red end closer to the thermometers. Thermometers are located on a moving platform,
to measure the temperature of each part of the spectrum. lllustration from Herschel
(1800).



2. Fundamentals of infrared
engineering

This chapter will introduce the reader to the fundamentals of the physics related to
infrared detection. The general classification of infrared detectors is also presented, as
well as the figures of merit used to evaluate their performance. We will then focus on
the type of detector studied in this thesis, namely the bolometer. Its characteristics
are described, thereby setting out the key requirements for a sensitive detector.

2.1. Fundamentals of radiometry

2.1.1. Radiance and irradiance of a light source

There are two ways of describing and measuring the propagation of electromagnetic
waves radiated by light sources. Radiometry is based on the entire radiant power
produced by the source, whereas photometry refers only to the light perceived by the
human eye. These two systems carry their own sets of units that are analogous, but
which should not be mixed up. The relationship between photometric and radiometric
units is linked by the established value of spectral luminous efficacy for human vision:
683 lumens/watt. Radiometry uses units like radiant flux, irradiance or radiance. A
brief description is given here.

Every light source is characterized by its radiant flux, also known as radiant power.
It is expressed as the energy ) in Joules radiated by a source per unit of time:

_ @

= (2.1)

The unit of the radiant flux is Watt. Radiant intensity is the radiant flux emitted
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from a point source per unit solid angle in a given direction, expressed as:

do

= —
dQ

(2.2)

where d® is the radiant flux leaving from the source, propagating in the element of
solid angle d©2. The unit is Watt, but is often expressed in W/sr. The solid angle is
itself expressed as:

dA

r2

dQ (2.3)

Finally, the irradiance is expressed in W.m ™2 and indicates the density of incident flux
received by the surface A of an object at a certain distance r from the radiant source,
as illustrated by fig. 2.1. It is expressed as:

v 9*Q

0A ~ OtdoA

Irr =

(2.4)

with 0® is the radiant flux incident on A, an element of the object’s surface. Com-
bining eq. (2.2), eq. (2.3) and eq. (2.4) one can find the irradiance falling off by 1/72:

d I
== (2.5)

Figure 2.1 below illustrates the irradiance fall-off with the distance r from the source.
Irradiance is a value used in infrared sensing to characterize IR sources. Combined with
the area of the detector, it will give the power received by the sensor (see eq. (2.17)).

2.1.2. Blackbody radiation and spectra

All objects are composed of atoms that continually absorb radiation and vibrate. The
more energy these atoms have, the more they vibrate; the vibration of all charged
particles generates electromagnetic waves. The higher the temperature of the object
is, the more its atoms vibrate, thus the higher radiant energy they generate. This
means that every object continuously emits radiation at a rate with a wavelength
distribution that depends on its temperature and spectral emissivity, e()\).

The concept of blackbody is very important in radiometry. A blackbody is defined as
an ideal object that absorbs all incident radiation, and, according to Kirchhoff’s law,
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Figure 2.1: Irradiance from a point-like source, falling off as 1/72.

.

is also a perfect radiator. Thus, the energy emitted by a blackbody is the maximum
theoretically possible at a given temperature. Blackbody radiation is considered as
incoherent and unpolarized, and its spectrum is described by Planck’s law. The fol-

lowing equations describe the spectral radiant exitance of a blackbody as a function
of its temperature and frequency or wavelength:

1) = 2 oy (1) ] 2
M, (T) = 2”6};”3 [exp (&) - 1] - (2.7)

where ) is the wavelength, v the frequency, T the temperature, h is Planck’s constant,
c is the velocity of light and kg is the Boltzmann’s constant.

Figure 2.2 depicts several emission spectra of blackbodies at different temperatures. As
the temperature increases, the amount of energy emitted at each wavelength increases
too. Also, the wavelength of the peak emission decreases. The peak emission wave-
length corresponds to the solution of the derivative of the spectral radiant exitance
function set to zero:

dAM(\, T)

=0 (2.8)
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Figure 2.2: Spectral radiance (arbitrary units) of blackbodies at different temperatures,
calculated from Planck’s law (license GFDL).

The solution provides the relationship between the peak emission of a blackbody and
its temperature, called Wien’s displacement law.

AmazT = 2898 umK (2.9)

Integrating the spectral exitance of a blackbody at temperature T over all wavelengths
gives the total radiance exitance. It is called the Stefan-Boltzmann law and is expressed
as below, per unit time:

2mhc?

d\ = oT* (2.10)
exp(355 — 1)]

M,\(T):/OOOMA(A,T)d)\:/OOO ]

where o = 275k* /15¢2h3 is the Stefan-Boltzmann constant with an approximate value
of o = 5.67x 10712 W/cm?K*. Basically this equation can be viewed as the area under
the spectral exitance curve as seen in fig. 2.2, for a given temperature. In radiometry,
radiant emissions are often treated in terms of the idea of a blackbody. Most sources of
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radiation emit energy in a way that can be described as a blackbody emitting through
a filter. Thus this concept is of crucial use in radiometry.

2.1.3. Emissivity

The blackbody represents a perfect emitter and absorber, but most real sources are
not perfect. Some of them are called graybodies, i.e. they emit radiation with the
same spectral distribution as a blackbody, but the intensity of the radiation is reduced.
In this sense, the blackbody radiation can be seen as a reference, and the emissivity
of an object can be defined as:

M(Aa T)source
E= —> —F 2.11
M (X, T)blackbody (2.11)

where € is dimensionless and less than or equal to 1. Of course the emissivity of
a perfect blackbody is € = 1. The emissivity of a graybody is independent of the
wavelength, but dependant on temperature, and the emissivity of a selective source
depends on both. Figure 2.3 below illustrates the three concepts of radiators.

black body £, =
gray body &, <1
selective radiator &, = f("l)

spectral radiance L, W/ m? nm sr]

wavelength A [nm]

Figure 2.3: Spectral radiance L of blackbodies of three different types of emittors (from
Schépp et al. (2012)).

For a greybody, the Stefan-Boltzmann equation can be modified with eq. (2.11) and



2. Fundamentals of infrared engineering

thus be expressed as:

M(T) = eaT* (2.12)

It is of common knowledge that when radiant energy is incident on a surface, a part of
it « is absorbed, another part r is reflected, and the rest ¢ is transmitted. This leads
to the following energy conservation relationship:

a+r+t=1 (2.13)

Kirchhoff observed that the ratio of the radiant exitance of a source to its absorption
coefficient is equal to the radiant exitance of a blackbody, i.e.:

M(Aa T) source

o = M()‘7T)blackbody (214)

Thus it follows from eq. (2.11) that ¢ = «. This means that the emissivity of any
materials at a given temperature is equal to its absorptance at this temperature. In
the case of an opaque material that does not transmit any energy (¢t = 0), we have
a+r=1and:

e=1—-r (2.15)

In the literature it is possible to find tabulated emissivity values for different tem-
peratures. Many materials have different emissivity depending on the wavelength of
radiation. At certain wavelengths some have a low absorption hence a low emissivity,
whereas they can be totally absorbent at others. For many substances, the emissivity
decreases as wavelength increases. Generally, for metallic substances, emissivity is low
at room temperature and increases linearly with temperature. As for non-metallic sub-
stances, they often have € > 0.8 at room temperature, and it decreases as wavelength
increases (see table 2.1).

10
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Table 2.1: Examples of emissivity values for metals and non-metals, from Omega Engi-
neering (2002).

Metal Temperature | Emissivity
Platinum (Pt) 260°C 0.05
540°C 0.1
Chromium (Cr) 38°C 0.08
540°C 0.26

Non-metal Temperature | Emissivity
Paper 38-371°C 0.93
Glass, opaque 299°C 0.92
838°C 0.68

2.2. Classification of infrared detectors

The infrared wavelength region spans from 0.78 pum to 1000 pum, and is divided into
three ranges: near-infrared ([0.78 - 3] pm), mid-infrared ([3 - 50] pm) and far-infrared
([50 - 1000] pm). However in infrared detection, the area of interest is commonly
between 1 pym and 40 pm. This leads to another classification of infrared regions, as
there are two spectral windows of great importance in infrared detection. One is from
3 pum to 5 pm, called MWIR (middle wavelength IR) while the other spans from 8 pm
to 14 um, called LWIR (long-wavelength infrared). The MWIR range encompasses
the thermal signature of jet-engines, but also the absorption peaks of some gases (e.g.
CO; or CO, see Siebert & Miiller (2005)). From eq. (2.9) one can see that this range
of peak wavelengths is associated to the temperature span [500 - 1000] K. The LWIR
range however includes lower-temperature emitting bodies such as humans, animals,
but also some celestial objects; as its associated temperature range is [200 - 350] K.
Recently, interest towards longer wavelength in detection has increased, motivated by
potential space applications. Infrared detectors are usually divided in two categories,
photon detectors and thermal detectors. The underlying principle of operation, as well
as their advantages and drawbacks as detectors, are utterly different. Historically, the
first detector was made by Langley in 1880 (Langley 1881), a platinum thin wire in
which electrical resistance would change when being heated by incident radiation. In
1930, photon detectors were brought forward, and the infrared detection in general
has been an active research area since the Second World War.

In photon detectors, the incoming radiation is absorbed by the material through the
interaction with electrons bound either to lattice atoms or impurity atoms, or free
electrons. This induces a change in the electronic distribution, which leads to a modi-
fied electrical output signal of the detector. They are mostly semiconductors, and the
diverse optical excitation processes in such photon detectors is illustrated in fig. 2.4.

This involves a strong dependency of the sensitivity to the wavelength of the detected

11
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Figure 2.4: Fundamental electronic transitions in semiconductors : (a) intrinsic absorp-
tion (b) absorption by impurities or dopants (c) free carrier absorption (from Rogalski
(2003)).

signal. However, photon detectors exhibit a good signal-to-noise ratio, leading to over-
all good sensitivity. They also have a very fast response (below milliseconds). Photon
detectors for infrared radiation often require cryogenic cooling to prevent thermal gen-
eration of charge carriers. This class of detectors is further divided according to the
nature of the interaction with the incoming light. Table 2.2 gives all the classification
details, examples of detectors and a summary of the advantages and drawbacks of each

type.

In thermal detectors, the incoming radiation is absorbed by the material, changing its
temperature. This leads to a modification of its electronic properties that affects the
output voltage of the device. Thermal detectors are subdivided according to which
electronic property is modified by the temperature change, see table 2.3.

Because the principle of operation of thermal detectors lies in the change in temper-
ature caused by the incoming radiation, they are generally wavelength independent
in the infrared range. Thus the output signal depends on the radiant power rather
than on its spectral content. Thermal detectors have then a broad spectral response;
however they usually exhibit a lower sensitivity and a slower response than photon
detectors. They do not need cryogenic cooling and are generally operated at room
temperature, making them cheap and easy-to-use devices. Rogalski (2012) gives a
detailed overview on the state-of-the-art of infrared sensors. Dillner et al. (2013) de-
scribes the figures of merit used for bolometers and thermopiles (see table 2.3), while
Bhan et al. (2009) focuses on the state-of-the-art of bolometers with a special empha-
sis on Ti microbolometers arrays. Finally, Boreman (2012), Talghader et al. (2012)
reviews the latest progress made on spectral detectivity in IR thermal detectors.

12



2.2. Classification of infrared detectors

[IM0I3 pue $70p wWnjuopNbh
udrsop pojesrdwio))  [0IIUOD [)TUS[OARM ASBO ‘BT 9FIR[ I9A0 AJTULIOJIUN POOL) | Ppuv S)Jom wnijuvnd)
uoryerado 184 15 d
oInjeroduwoy MO SpIRIA YSIY ‘4500 MO 09 1SU9U4ADI  9O4]
uorjyerado
arnjerodwo)  MO|
APwonxe ‘uoneIo n):aH ‘vHAG
-ue8 [euLIvy) YSIIH A3o1ounoe) ordwrs A[oaryeror ‘uoryersdo yjdusppsem 3uory ‘b9 J01SULITST
UDYRUISTUL D13} (qsur “672) A-IIT
931e[ JO Ys1I ‘SuIsSsao ‘(aLPObH ‘6-2)
-oxd Jo 19s0o USI uorRIZelUI oIyjIoucw o[qissod pue Juriore) dedpueq Asedq | JA-IT 1018ULIIUT
JUDIOIJO0D
uorsuedxo [ew
-y} ysy  pue (S4d 6-3)
Lyayruared  o8r1e] srettojew o[qe)s ‘oredord 09 Asery IA-AI 2015ULLUT uojoyJ
(sur) osuodsar mo[s 0243
‘Aouenbory ydy e -09ppoufig  ‘opdow
K91A130030D \Nelg| uorjerado anjerodura) WOOI ‘3800 MOT ‘D[qer[ad ‘IS -4AY [, ‘sudgouiojogg [euLILY T,
syoeqmeI(q soSejueApy adfiqng oadA) 10310939(Q

"(1102) Mis|eSoy wouy
paidepe ‘syoeqmelp pue seSelueApe Jisyl Ylim 51019919p paJedjul Jo uosiiedwo?) g g a|qel

13



2. Fundamentals of infrared engineering

Table 2.3: Sub-division of thermal infrared detectors, adapted from Rogalski (2011).

Detector Method of Operation

Bolometer Change in electrical conductivity
Metal
Semiconductor
Superconductor
Ferroelectric
Hot electron
Thermocouple / thermopile | Voltage generation caused by change in temperature
of the junction of two dissimilar materials

Pyroelectric Changes in spontaneous electrical characterization
Golay cell / gas microphone Thermal expansion of gas
Absorption edge Optical transmission of a semiconductor
Pyromagnetic Changes in magnetic properties
Liquid crystal Changes of optical properties

2.3. Figures of merit for infrared sensors

The essential way to characterize a sensor is to evaluate its sensitivity, i.e. the ratio
between the output signal and the measured property. Ideally the output signal has an
amplitude as large as possible, and the sensor stays insensitive to any other stimulation.
In practice a sensor always presents a drift in the signal. This and several noise sources
affect the quality of its performance. In infrared detection there are two main figures
of merit that evaluate the performance of a sensor.

2.3.1. Responsivity

Responsivity, usually denoted R, relates to the amplitude of the output signal gener-
ated compared to the incoming detected radiation. This evaluates the sensitivity of
the sensor. The output signal can be current or voltage, in which case responsivity
is expressed respectively in A/W or V/W. In our case, where we detect an output
voltage, it can be written as:

(2.16)

with Vi the signal voltage due to Pj,., the incoming power received by the detector
sensing area. The output signal voltage will be expressed differently depending on
the class and type of the detector, as it relies on its physical mechanism. In the
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case of thermal detectors, V; is caused by the change in temperature AT caused
by the incoming radiation. In photon detectors, it is the photon absorption in the
semiconductor that will generate the output signal V.

In this work we studied bolometers, where the infrared radiation causes a change in
temperature, leading to a measureable rise in electrical resistance. Thus we can express
Vs = AR X Ij;qs and the responsivity can be expressed as:

- AR x Tvias

= A x Irr (2.17)

with Ip;,s the current biasing the sensor, A the area of its sensing core, and Irr the
irradiance of the infrared source (see section 2.1.1). It is clear that the responsivity is
directly proportional to the bias current. The area of the sensing core will also play a
role, influencing both AR and A.

2.3.2. Detectivity

Specific detectivity D* links the sensitivity, expressed by R, to the noise sources. It is
expressed in cmHz!'/2 /W, this unit also being recently called “Jones”. Tt is expressed
as (Chen et al. 2001):

_Rx VA

D *
Vi

(2.18)

with V,, the root mean square (RMS) voltage fluctuation caused by noise sources.
For a thermal detector operated at room temperature, its theoretical maximal specific
detectivity has been calculated as D¥,,. = 1.98 x 10° ecmHz'/2/W (Rogalski 2011).
This fundamental limit is obtained when the sensitivity of the sensor is limited by

temperature fluctuation noise (TCN).

2.3.3. Noise mechanisms

To be able to determine the detectivity D*, it is necessary to evaluate the noise in the
device. For any detector there are a number of noise sources that will impose limits
on the detection sensitivity. One noise source for thermal detectors is the Johnson-

15



2. Fundamentals of infrared engineering

Nyquist noise, expressed as:

V#y = 4kpRTAf (2.19)

where kg is the Boltzmann constant and Af is the frequency band. This noise has
a white character (i.e. spectrally flat) and is due to thermal equilibrium resistance
fluctuations. Johnson-Nyquist noise can be strong in metallic thin-film conductors
where their electrical resistance is high compared to the bulk. Another source of noise
is the thermal conductance noise. It arises from the statistical nature of thermal
equilibrium. The temperature of a body is determined by a statistical exchange of
energy between the body and its surroundings. This causes temperature variations
in the detector around a mean value T. This noise depends strongly on the thermal
conductance between the sensor and its surroundings, and is written as:

4kgT?A
Viow = SE A (220)
with AV the output voltage caused by a change in temperature of AT, and Gy, is the
thermal conductance from the conductor to its surroundings, measured in W/K. To
a good approximation, the electrical resistance in a bolometer changes proportionally
with its temperature. This holds in our temperature range. According to (Smith et al.
1957), one can express it as:

R = Ry(1 + aAT) (2.21)

with a known as the temperature coefficient of resistance (TCR), expressed in K1
(see section 2.4.2), and Rg is the resistance at the base temperature of the sensor.
From eq. (2.21) and Ohm’s law, the thermal conductance noise can be expressed as:

4kpT?I2R202
Vioy = —25 -~ 0% % 0= Af (2.22)
th

In addition to the two fundamental noise sources described above, 1/f noise (also
called flicker noise or pink noise) is a noise also present in thermal detectors. In
metals, it stems from random hopping motion of scattering centers, i.e. impurities
and defects (Kogan 1996). It is a low-frequency, non-equilibrium phenomenon related
to DC current. Hooge’s empirical law describes it as:

V23

2
Vl/f - Nfa

(2.23)
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where N is the numbers of carriers in the thermo-sensitive layer of the bolometers, «
is a dimensionless constant and 3 is the Hooge constant for the given material. In
the case of platinum films, the Hooge constant typically used is 5 = 0.002 (Fleetwood
et al. 1983). The number of carriers N depends on the active layer volume, therefore
it is defined as N = Ny x V', where Ny is the free carrier density and V the volume.
The free carrier density Ny is a sensitive parameter to determine, and it is discussed
in section 2.4.1 below.

There has been a thorough discussion on 1/f noise in platinum films over the past
decades, especially with regards to whether this noise contribution is of an intrinsic
or extrinsic nature. Numerous experiments and models have been designed and at-
tempted, to no definite conclusion. Hooge and co-workers have defined the 1/f noise as
an intrinsic noise of bulk origin, coming from lattice scattering (i.e. electron/phonon
scattering). However, Fleetwood (Fleetwood et al. 1983) and Scofield (Scofield et al.
1985) claimed that it is a noise of extrinsic origin, caused by conduction electrons scat-
tered by impurities or defects in the film, or even defect motion. Some experiments
with antimony and indium films even suggested that the substrate or the nature of
the surface layer between the film and the substrate could influence greatly the 1/f
noise. Although both works agree on the extrinsic nature of the noise, a model that
could fit all cases could not be defined. 1/f noise is therefore hard to predict and to
understand. In nominally identical metallic samples, it has been found that it can
vary as much as a factor of 10 (Fleetwood et al. 1983).

It is widely accepted that the 1/f noise in metal films at room temperature is in order-
of-magnitude agreement with the Hooge formula. However, it has been questioned
whether this law is the most appropriate model for metals. As an example, the Hooge
constant for platinum thin-films has been found to be ranging from S = 107° to
B = 1073 (Scofield et al. 1985). It comes from the fact that in such films, as introduced
before, most of the noise arises from elastic scattering as opposed to phonon scattering.
Therefore it depends strongly on the quality of the film, leading to variations in the
measured Hooge constant. Also, Pt films usually exhibit a lower 1/f noise than other
metals due to their higher resistivity.

Several factors play a major role on the amplitude of the 1/f noise in metallic films.
As it is influenced by the number of defects and impurities, the quality and method
of deposition are of importance. A smooth and continuous film is likely to present a
lower noise than a rougher one, due to less carrier scattering. Ideally, a metal film
of sufficient quality should be dominated by lattice scattering; hence in this case the
Hooge law shall be applicable.

Also, as it is evident from either eq. (2.23) or eq. (2.24), 1/f noise is greatly reduced
when the device is operated with an AC bias. The name itself indicates that 1/f noise
drops considerably as the frequency increases. This means that 1/f noise can be as
dominant as the Johnson-Nyquist noise in small resistors biased by a DC current.
Resistivity affects the Hooge constant, as it decreases for highly resistive films. In this
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case, ultra-thin (3 nm-thick maximum) and thin-films are likely to have a lower Hooge
constant than literature values.

It is therefore quite complex to find the best model for each specific experimental case.
Fleetwood et al. (Fleetwood et al. 1983) assert that for a given metal, the minimum
level of 1/f noise can be fairly well-defined. As this minimum level is exhibiting a
dependence on resistivity, they proposed a revised Hooge law expressed as:

po V?
V2 b rovised = —
1/ f,revised p Nfa

(2.24)

where pg is a constant with a value of around 6 x 1072 pfem. This formula omits
the Hooge constant while incorporating the resistivity of the film. Which formula to
use depends upon the experimental conditions and properties of the samples under
study.

Usually the thermal detectors are Johnson-Nyquist-noise limited, with the thermal
conductance noise being negligible. The 1/f noise depends on operating conditions
such as the bias current: from eq. (2.23) one can see that V12/f o IZ,,. It can also
be reduced with higher operating frequencies. Thus, 1/f noise can sometimes be the
dominant noise source. Rahman et al. (1996) reports a niobium bolometer coupled
with gold antennas where 1/f noise is dominant below 3 kHz. Above this frequency,
the device is Johnson-Nyquist limited.

2.3.4. Thermal conductance and heat capacity

Thermal conductance Gy, is a crucial factor, conveying the quality of thermal and
electrical insulation of the sensing part from the substrate. Heat capacity C;, shows
the amount of heat needed to change the temperature of an object by one degree,
expressed in J/K. When an external radiation hits the detector, the rise in temperature
can be found by solving the following heat balance equation:

ar

Cp,—
thdt

+ G (T —Tpy) = Wy + AW (2.25)

with T the steady temperature of the bolometer, higher than T the temperature of
the surroundings. W), is the heating due to DC biasing and AW the power absorbed
from the external source of radiation. Gy, (T — Tp) is the rate of flow of heat from the
element, by conduction and radiation. Conduction loss is dominant in our case, and
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Gy, can be expressed as (Smith et al. 1957):

W,  RI?
T-T, T-T,

G = (2.26)

This equation was used for thermal conductance noise calculation (eq. (2.22)) and time
response (eq. (2.28)). Concerning the heat capacity, it is evident that the amount of
required heat will be proportional to the mass to be heated. Hence Cyy, is proportional
to volume and can be expressed as:

Cin = CppV (2.27)

where C), is the specific heat, p the density and V the volume of the object of interest.
For metals, the difference between C), and C, can be neglected. The specific heat
capacity for most metals, gases or other materials is available in tables. To our knowl-
edge, there is no data available for specific heat capacity of thin-films for platinum,
therefore the bulk values were used. Commonly, Cl'* varies from 130 J.kg™'K™! to
150 J.kg7'K~! as temperature increases from 300 K to 900 K.

2.3.5. Time response

The time response of infrared detectors relates to the speed at which the sensor re-
acts to changes in the incoming infrared radiation. Typically photon detectors are
faster than thermal detectors, the latter having a time response of some milliseconds
(Rogalski 2003).

However, fast-response thermal devices have been fabricated and characterized. Dur-
ing the 70’s, such fast thermal detectors were investigated; Block & Gaddy (1973)
presents a 60-nm thick bismuth sensor with a time response on the order of tens
of nanoseconds. The time response was found to increase with the film’s thickness.
Similarly, Contreras & Gaddy (1970), Day et al. (1968) introduce metallic thin-films
operating at room temperature with time response down to 15 ns. In the 80’s, Bor-
agno et al. (1987) studied semiconductor bolometers made of P-doped silicon with
response times faster than 60 ns, operating in liquid helium. Recently, Boreman et al.
(Gonzalez et al. 2004, 2000) proposed microbolometers achieving a time response of
around 100 ns, but with reduced bolometric performances. Also, Galkina et al. (2007),
Klokov et al. (2010) presented a bolometer made of diamond with a time response of
25 ns, although its responsivity is not known.

Time response is strongly linked to the ability of the thin-film to conduct the heat
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generated by the incoming IR radiation to the heat sink. It can be written as:

T = % = Cin Ry, (2.28)
Gin

where Cyj, is the thermal capacity of the detectors and Gy, is the thermal conductance
to the surroundings. Ry, = 1/Gy, is the thermal resistance, in K.W~!. From this
equation, it is straightforward that the thermal conductance must be as high as possible
to have a rapid time response. However, Gy influences both the responsivity and the
thermal conduction noise (see eq. (2.22)). The more the sensing core of the detector
is thermally insulated from its surroundings, the greater AT will be generated by the
infrared. This means that the optimization of the responsivity calls for a small Gy,
value. There is thus a trade-off to be made between sensitivity of the detector and
its time response. Also, the thermal capacity is directly proportional to the sensing
core volume. Hence a small device will reduce the time constant, although a reduced
active area induces a smaller responsivity.

2.4. Optimization of metal bolometers

Some common metals used for bolometers are nickel, bismuth, platinum, titanium
or antimony. They have the advantage of a high resistance to corrosion and long-
term stability, which is a valuable criterion for quality devices. Usually these types
of bolometers are small, in order to limit the heat capacity and thus allow reason-
able sensitivity. They typically come as thin-film strips, with a thickness of tens of
nanometers. Such structures can be rather fragile, especially when suspended, though
platinum can be shaped in fairly strong thin strips (Smith et al. 1957).

2.4.1. Electronic properties of platinum

Platinum is a noble metal, located in the d-block of the periodic table of Mendeleev,
group 10, period 6. It is a dense, ductile transition metal with a face-centered cubic
(fcc) crystalline structure. Its symbol is Pt and its atomic number is 78. Platinum
is the least reactive metal, has an excellent resistance to corrosion and oxidation and
has stable electronic properties. This makes platinum a very good choice for open-air
engineered devices, compared to other metals that will be quicker to oxidize. The
electron configuration of platinum is [Xe] 6s'4f'45d%, hence each atom has two incom-
plete orbitals resulting in 10 valence electrons. Figure 2.5 illustrates the electronic
configuration of platinum, with the distribution of electrons on each energy level.
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Figure 2.5: Electronic configuration of an atom of platinum (license GFDL). Each circle
represents an energy level, from 1 to 6 starting from the circle closer to the nucleus. Each
circle bears the total number of electrons in each energy state, e.g. the 4" circle from
the nucleus represents the 4! energy level filled with 32 electrons in total (4s24p%4d1?).

In the 1970’s and 1980’s, a lot of studies were published about mapping and describing
the electronic configuration of transition metals, including platinum. Both theoretical
methods, such as Andersen (1970) with the RAPW (relativistic-augmented-plane-
wave) model, or experimental (de Haas-van Alphen effect, cyclotron resonance, ESCA
(electron spectroscopy for chemical analysis), etc.) were used to determine such pa-
rameters as for example the density of states or the band diagram. The Fermi energy
of platinum has been determined at 8.9 eV. Transition metals have peculiar conduction
bands, and platinum is a two-band conductor according to Windmiller et al. (1969).
When aggregating to form a bulk, orbitals of platinum atoms split into molecular
orbitals and form two conduction bands: one an s-like band and the other an s-d
hybridized band. D-carriers are more strongly linked to the core than s-carriers, and
the d-band is lower in energy range than the s-band. This will lead to an almost full
d-band while the s-band is only partially filled. Dosdale & Livesey (1974) confirm
that d-carriers in platinum films have a low velocity and a high contribution to the
electrical conductivity, while Sekiyama et al. (2010) has similar results for Au.

One of the parameters that are important for our study is the free electron density of
platinum. As presented in eq. (2.23), it is necessary to know as precisely as possible the
fraction of carriers that participate in the electrical conduction in platinum films. In
one of his paper, Andersen (Andersen 1970) states that there are 0.405 free electrons
per atom in bulk platinum. This is confirmed by Ketterson & Windmiller (1970)
who experimentally find a value of 0.426. However, experiments by Fischer et al.

21



2. Fundamentals of infrared engineering

(1980) indicate that for ultra thin films (3 nm-thick maximum) this ratio falls to
0.24 free electrons per platinum atom. In ultra thin films, one of the two bands gets
either filled up or emptied, leading to a one-band conduction mechanism. In other
words, the effective free electron density is affected by the thickness of the film below
a certain thickness value (Vancea et al. 1984). Below this value, the free electron
density decreases with the thickness. This comes from the fact that as the grain size
reduces, more electrons are elastically reflected from the grain boundaries. Thus, the
number of charge carriers that pass over all the boundaries and then contribute to the
electrical conduction reduces. As the grain size generally reduces with the thickness
of a metallic film (Xin et al. 2010), so does the free electron density.

During this Ph.D. project, we have been fabricating bolometers made of metallic films
of different thicknesses. While usual samples have a thickness of 50 nm of platinum
plus 5 nm of adhesion layer (chromium or titanium), samples as thin as 3 nm have
been fabricated and measured. The question then arises as to how to determine the
free electron density in our samples? Are the thinnest samples one-band conductors?
One way to look at it is to check the evolution of the electrical resistivity as a function
of the film thickness. Figure 2.6 displays the resistivity of samples as a function of the
inverse of their thickness. Data is from Paper 4.
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Figure 2.6: Electronic resistivity of bolometers as a function of the inverse of the film
thickness. Thickness ranges from 82 nm to 3 nm.

From eq. (2.30), one can see that the resistance of samples with the same lateral
dimensions is expected to be proportional to the inverse of film thickness h. Figure 2.6
shows that for the range of film thickness studied in this work, this is the case. We
believe that as there is no disruption in the resistivity, we can assume that there is
no severe change in the conduction properties of the platinum films from 82 nm to
3 nm thickness. Hence it is realistic to use the value of 0.405 electron per atom of
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2.4. Optimization of metal bolometers

platinum participating in the electrical conduction. The atomic density of platinum
is n = 6.62 x 10*2 /ecm3. Therefore, its free electron density, or in other words the
density of carriers in the film Ny = 0.405 x n, thus Ny = 2.68 x 10?2 /cm3. This
value is used in our calculations for 1/f noise.

2.4.2. Temperature coefficient of resistance

The change in electrical resistance upon heating depends on the quantity «, as dis-
cussed above. It is measured in K—! and defined by:

1dR
a=por (2.29)
where R is the resistance of the element at a temperature T. Typical TCR for met-
als used as bolometric materials is around 0.003 K—!, which is much smaller than
other materials used for infrared detection (see section 3.2.5). For most thicknesses
of platinum, the TCR value was measured as o = 0.002 K~1. Typically TCR values
of thin-films are drastically smaller than bulk ones; as an example the TCR value of
bulk platinum is 0.0039 K~!, thus twice the thin-film value (Serway 1998). The TCR
is a function of the resistivity and of the micro-structure of the film (e.g. grain size),
therefore the deposition method will affect it. For our films, we measured a consistent
drop in TCR when the thickness was below a threshold value of 40 nm. Thus, the
thickness of the sensing layer can affect the TCR value of thin films, as developed in
section 4.3.

2.4.3. Optimization of performance

The incoming radiant power produces heat within the bolometric material, which leads
to a change in resistance. There is no direct photon-electron interaction, unlike in
photon detectors. The general conceptualization of a thermal detector is as presented
in fig. 2.7.

The incoming radiation is absorbed by the detector, causing a change in temperature
AT'. This temperature rise is dissipated from the metallic core to the heat sinks, cou-
pled to the detector by Gy,. By definition, heat sinks stay at a constant temperature
Ts. Therefore, the time response can be defined as the time it takes for the metal core
to come back to its initial temperature, i.e. time for AT to dissipated through the
heat sinks.

There are two main factors to improve, in order to increase the performance of bolome-
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Figure 2.7: Schematic of thermal detectors, from Rogalski (2012).

ter. The key to high sensitivity is high temperature coefficient of resistance o and a
low thermal conduction Gy, insuring good thermal insulation. A low heat capacity
CYyyp, is also preferable.

These requirements often lead to complicated structures made of multiple layers,
though with today’s advances in micro/nano-fabrication, building such structures has
become easier. A straightforward way to increase the thermal insulation is to sus-
pend the detector. The bolometric material is then supported, e.g. by a suspended
membrane over an etched substrate (Chen et al. 2007, Eriksson et al. 1997, Shie et al.
1996, Zhang et al. 2005). However, in the work presented here, the bolometric ma-
terial is directly sputtered on top of a Si/SiOy substrate. We also looked for other
means to improve the sensitivity. Chapter 4 summarizes the outcome of optimizing
the performance of our bolometers.

2.4.4. Si/SiO, as substrate for bolometers

Silicon wafers topped with native oxide SiOy are the most common device substrates
in the semiconductor industry. Reasons for its extensive use are that silicon remains a
semiconductor below 300°C, is relatively inexpensive, and silicon dioxide is easily grown
in furnaces. Figure 2.8 presents the transmittance of silicon to infrared radiation.

Although silicon is transparent to infrared, there is a loss in transmittance due to

reflection from two interfaces (air/SiOs and SiO3/Si). This results in a transmit-
tance of silicon is around 0.5 for wavelengths in the range of [1.5 - 6] pm. For longer
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Figure 2.8: Transmittance through a slab of silicon in the infrared range, from Almaz
Optics.

wavelengths, transmittance is lower than 0.5, which leads to a high interaction of the
substrate with the incoming radiation. Ideally the substrate would have a transmit-
tance close to 1, i.e. without any interface reflections. Silicon can be made conductive
or resistive through doping; but in general, silicon is a good thermal conductor. How-
ever, the bolometric material is rarely in direct contact with the silicon. It is the layer
of silicon dioxide SiOs that plays the role of electrical and thermal insulation layer.

Silicon has a native oxide thickness of around 10 A, which can be increased by different
oxidation techniques (see section 3.2.3 for our method). It is an essential layer in our
detector as it provides both electrical and thermal insulation from the silicon substrate.
The electrical resistivity of SiOs can vary depending on the growth methods. Its
electrical resistivity is many orders of magnitude larger than that of the silicon. Hence
it provides a very good electrical and thermal insulation. Figure 2.9 and fig. 2.10
display the transmittance of two types of SiO5 to infrared radiation.

Figure 2.9 presents the transmittance of a slab of SiO5 tailored for maximum trans-
mittance to optical wavelengths, while fig. 2.10 is for silica optimized for infrared
wavelengths. In both cases SiO2 is mostly transparent for wavelengths smaller than
2.5 pum, while for wavelengths longer than 3 — 3.5 pm transmission drops. The silicon
dioxide will absorb and emit infrared in this range, even for the infrared-tailored silica.
The quality of the thermal insulation is then lowered. This is not desirable, as ideally
all the heat produced by the incoming radiation should be confined in the bolometric
material.

One could think that Si/SiO, wafers may not be the best suited as substrate for
bolometers as it interacts with infrared radiation with wavelengths above 4 pm. A
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Figure 2.9: Transmittance through a slab of optical grade fused SiO5 in the infrared
range, from Almaz Optics.
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Figure 2.10: Transmittance through a slab of infrared grade fused SiO in the infrared
range, from Almaz Optics.

lot of different types of substrates have been used for bolometric applications, such
as silica aerogel. The thermal conductance of aerogel can be tailored by varying
its porosity, and can even be lower than the thermal conductance of air (Fricke &
Tillotson 1997). Such material has been used as a very insulating thermal substrate,
leading to improved bolometric performances (Gonzalez et al. 2004, Ruffner et al.
1998). However, aerogel generated more noise in the sample, due to surface roughness
and its low thermal conductance. Since 2005 the interest in using aerogel as a substrate
for infrared sensors seems to have waned. Silicon nitride (SiN) can be used to improve
the TCR of metallic films (Tsutsumi et al. 2002), or mechanical stability (Eriksson et al.
1997, Gonzalez 2006b) when fabricating suspended structures. Quartz provides high
thermal insulation and can be used as a substrate (Bumble & LeDuc 1997). Sapphire
is often used for super-conducting THz bolometers for its high Debye temperature and
mechanical strength (Karasik & Cantor 2011, Verghese et al. 1991). Some other works
include BeO substrates (Contreras & Gaddy 1970), NaCl (Gehrer & Hayek 1984), or
even KCl, ZnSe or CdTe (Jonsson 2009).
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2.4. Optimization of metal bolometers

2.4.5. Evolution of performance with dimension

In this work, we present a study of the performance of metallic bolometers, depend-
ing on several characteristics. Among those, the dimensions of the sensing core (the
“wire”) were modified. It was shown that « is independent of the wire size within
our size range. However, it affects directly the two figures of merit characterizing the
bolometric performance. First, the wire resistance can be written as:

L
= — 2.
R = pra- (2.30)

where pg is the resistivity, o the TCR and L, W and h respectively the length, width
and thickness of the wire. Thus, combining eq. (2.21) and eq. (2.30) gives a change in
resistance as:

poaL

A
R x AT

AT (2.31)

We chose to include the film resistivity and the TCR in the model. However, pg and
« are only expected to change with the film thickness. Even in our smallest samples,
the wire width is at least two orders of magnitude larger than the electron mean
free path. Thus we do not expect to see contribution from sidewall scattering in the
resistance. We take into account that the irradiance is constant, that A = L x W
and AV = AR x I, for a fixed bias current. Entering eq. (2.31) into eq. (2.17), one
obtains:

poal

e

AT (2.32)

for the responsivity. One can note that the energy absorbed from the incoming ra-
diation is expected to be proportional to the sample area L x WW. Also, the thermal
conduction to the surrounding scales in the same way, hence it is reasonable to assume
AT is constant for samples of different area. The previous equation can be rewritten
as:

poal

o e

(2.33)

Metal film resistors like our bolometers are affected by several noise sources, as de-
scribed in section 2.3.3. Depending on the dominant noise source in the sample, the
detectivity may or may not be affected by its dimensions.
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If the bolometers are Johnson-noise limited, by combining eq. (2.18) and eq. (2.19),
the detectivity can be expressed as:

hW

D¥ xR x VLW x
poaL

(2.34)

This leads to:

I./pocx
D* x 2.35
VAW (2.35)

However, if 1/f noise is the dominant source, by combining eq. (2.18) and eq. (2.23),
the detectivity can be expressed as:

1 313
D* xR x VLW x Woh (2.36)
Ippc L
This leads to:
D* x Vh (2.37)

Responsivity is directly proportional to the bias current and is affected by the thin-film
thickness, the resistivity, the TCR and the width. Detectivity can be affected or not
by such parameters depending on the nature of the dominant noise source. In case
of Johnson-Nyquist dominant noise, D* shares the same dependence to bias current,
resistivity, TCR, width and thickness as ®. However if 1/f noise is dominant, D* is
only affected by the film thickness. It is interesting to note that neither ® nor D* is
dependent on the length of the wire. The evolution in performance as a function of
the samples’ lateral dimensions has been characterized (see section 4.2). The influence
of film thickness on resistivity and bolometric performance is presented in section 4.3.
The evolution of performance with bias current is presented in section 4.5.
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3. Fabrication and characterization

Our samples were fabricated in the class 100 cleanroom of the University of Iceland.
We used standard fabrication techniques, such as e-beam lithography, DC magnetron
sputtering and rapid thermal annealing. In this section we describe the process of
fabrication, from design to metal deposition and lift-off. The electrical characteristics
of the samples are also presented, as well as the setup used to measure them.

3.1. Sample design

There are several conditions that must be met in order to fabricate a high-sensitivity
bolometer. First, it is important that the sensing film’s resistance has the largest
possible TCR, value. The higher the TCR is, the bigger the output amplitude will
be, leading to high responsivity and detectivity (see section 2.4.2). Another critical
parameter is the quality of the thermal insulation of the sensing layer to the surround-
ings. The better the insulation is, the more heat will be confined in the sensing layer,
hence increasing the output signal amplitude. However the quality of the thermal in-
sulation also plays a direct role on the time response of the bolometers, see eq. (2.28).
It is also important to think about fabrication costs and device size in order to later
realize low-cost, high-quality devices. This is why the perfect bolometer would have a
simple design, but also be small, sensitive and easy to use. We worked on our samples
with these desiderata in mind.

In the literature, bolometers are based on different designs, often depending on the
material used. Different shapes and structures can improve sensitivity or change ab-
sorption properties. It is common to suspend the absorbing film, in order to improve
the thermal insulation to the substrate or the microcircuit underneath. This config-
uration is found in microbridge structures, where the detector is supported by side
legs connecting it to the read-out circuit, and in pellicle-supported detectors, where
the absorbing layer rests on a thin dielectric film coplanar to the substrate, but with
an etched volume underneath (Saxena, Bhan, Jalwania, Rana & Lomash 2008, Shie
et al. 1996). In Yoneoka et al. (2011)the platinum is deposited on an aluminum oxide
membrane, whereas in Tanaka et al. (1996) the titanium membrane stands by itself
and even supports a dielectric diaphragm. Other bolometers include a small sensing
core coupled to antennas. In this case, the antennas help collect and transfer IR ra-
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diation to the sensing core. They can also be tailored to make the detector selective
in wavelength or polarization (Gonzalez & Boreman 2005). We chose to work with a
thin-film of platinum acting as a sensing layer, on top of SiO5 to ensure thermal and
electrical insulation from the substrate.

As noted previously, the idea behind this doctoral project stemmed from previous
experiments on thermal emitters. Hence we kept the same design as a basis for our
experiments, later improving it to increase its sensitivity to infrared light. We used the
software ELPHY Plus developed by RAITH to design the samples. Each structure
is defined within a square of 1 mm?, and is composed of a rectangular core part,
usually called the wire. This rectangular core of various dimensions is attached to four
connecting lines that broaden to contact pads, as shown in fig. 3.1.

Figure 3.1: General structure of the bolometers and zoom on a 20 um-long wire. The
core part (blue) is a rectangle of variable dimensions attached to four lines broadening
to contact pads (green) for 4-point measurements.

The idea is to use the two external pads to bias the wire with a DC or AC current,
while measuring the voltage drop across it through the two internal pads in a 4-point
measurement technique. In this way the measurement of the wire resistance doesn’t
include the contact resistance of the points used to connect and bias the sample.
Throughout the doctoral project, we used this design as a template for our samples.
The pads have constant lateral dimensions of 180-200 pm.

As this design is kept simple, it does not require complicated fabrication processes
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3.2. Fabrication process

in the cleanroom. Typically one day and a half would be needed to make a chip of
samples. This is one of the advantages of our approach. Figure 3.2 below describes
the general fabrication process of our samples.

(a) (d)

(b) (e)

(c) (f)

Figure 3.2: Step by step schematic of the lithography process: (a) clean Si/SiO5 sub-
strate, (b) spin-coat with PMMA resist, (c) e-beam lithography patterning of the sam-
ple, (d) development of the resist, (¢) DC sputtering of adhesion layer and platinum,
(f) lift-off with acetone.

3.2. Fabrication process

3.2.1. E-beam lithography

Given that our structures contain features smaller than a micron, patterning by 365-
nm photolithography was ruled out. We used state-of-the-art e-beam lithography
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techniques during our fabrication process.

Standard polished Si(100) commercial wafers with a typical thickness of 0.5 mm were
used as substrates. We mostly used thermally oxidized wafers with a thickness of
SiO5 of 100 nm, but for some specific experiments we used SiOy of 1 um or SiOg
of 10 A ie. just native oxide. Several other SiO, thicknesses were grown by RTA.
Since silicon wafers are used extensively in optical and semi-conductor research and
industry; they have been well characterized and are both relatively inexpensive and
easy to manipulate during the different cleanroom processes.

The first step is to get the wafer surface as clean as possible. In most cases we used
fresh wafers from the box; in this case a pre-bake for 5 minutes on a 170°C hotplate
is enough to eliminate any water or other loosely bound contaminants. If the wafer
had been used before, we usually left it in acetone for 2 to 3 minutes in an ultra-sonic
bath. It is then followed by a rinse in methanol and isopropanol and blow drying with
Nj. As a resist for e-beam lithography, we commonly used a 4% solution of 496K
poly-methyl-methacrylate (PMMA) spun on the wafer at a maximum speed of 4000
rounds per minutes for 40 seconds. Following this, the wafer is post-baked at 170°C
for 5 minutes and ready for e-beam lithography.

Electron beam lithography opens up a new range of possibilities in lithography by
overcoming the Rayleigh criterion that limits the traditional photolithography, and
most importantly as the wavelength of electrons (in the pm range) is much smaller
than the wavelength of UV photons (around 400 nm). The use of a focused beam
of electrons reduces the writing limit to 10 nm or smaller compared to around 1pm
with photolithography available in our cleanroom (the current industrial state-of-the-
art is down to 32 nm). However, this is a serial/raster way of patterning, while
photolithography is parallel. Using this machine also calls for a sometimes painstaking
optimization of exposure parameters. As a consequence, it takes much longer time to
write patterns and hence is quite a costly tool. It is not suited for large-scale production
and its use is currently limited to research and development labs, as well as specific
uses like photomask-making for photolithography.

The University of Iceland co-owns a SEM machine equipped with an e-beam lithogra-
phy module, located at Nysképunarmidstod Islands. It is a Supra 25 SEM from Carl
Zeiss AG, with a Schottky emitter made of tungsten tip coated by zirconium. The sys-
tem is equipped with an ELPHY Plus e-beam writing module from RAITH. Thanks
to this module, the beam motion can be controlled to scan the surface of the wafer
in desired patterns. There, at the surface of the resist-coated wafer, the high-energy
electrons will break the PMMA polymer chains, making them more soluble.

As mentioned above, the minimum dimension of our structures is down to 300 nm.
This calls for a careful focusing of the beam, achieved by adjusting the alignment aper-
ture, stigmation and focus wobble to correct the aberrations caused by the different
electronic lenses inside the SEM. This focus optimization is done on a dummy sample
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covered by gold nanoparticles with a diameter of 50 nm. . This correction step is done
for each beam aperture used during writing. Figure 3.1 presents the general design
of our samples. The contact pads and connecting lines (in green) have dimensions
almost a factor of 100 larger than those of the sensing core (in blue). It was then
necessary to use different apertures for the writing. Using a smaller aperture improves
the pattern resolution, but increases the writing time. It is therefore used for writ-
ing small structures with high precision, like the sensing part of our bolometers. For
this we used a 30 pm beam aperture. For the pads and connecting lines, we made a
compromise between writing time and resolution using a bigger aperture of 120 pm.
We usually wrote several series of samples on a single chip to save time. In this case,
shifts are likely to occur when writing multiple samples, resulting in disconnected and
useless structures. To avoid this, we designed the structures with an overlap between
the connecting points between the blue and green parts. Also, we wrote the structures
line by line, starting writing the wires from the left to the right with aperture 30 pm
and then, from the right to the left writing the pads with aperture 120 pym. This
method proved to be the most successful one to have a maximum writing yield.

After writing, exposed areas were removed as the sample was immersed in an organic
solvent mixture of Methyl-Isobutyl-Ketone and isopropanol (MIBK:IPA — 1 : 3) for 45
seconds. The sample was rinsed in isopropanol for 30 seconds to stop the development
and blow-dried with nitrogen. The quality of the written structures was then checked
under optical microscope and SEM.

3.2.2. DC sputtering

Direct current (DC) sputtering is a material deposition process used to coat substrates
with thin films of one or different materials of choice. This process is done by bom-
barding plasma ions on a target. Noble gases are used to form the plasma. Argon
is often used as it has high sputter yields for most metals, is relatively inexpensive
compared to krypton or xenon, and is chemically inert and non-toxic. To trigger the
deposition process, a high DC voltage (from hundreds to thousands of volts) is applied
to the target (cathode). This causes the ionization of the argon gas molecules, cre-
ating plasma between the target and the sample substrate. Art ions are accelerated
towards the target and strike its surface, displacing the target atoms and creating
secondary electrons. The freed target atoms move in every direction in the chamber,
some striking the sample and forming a thin-film at its surface. Figure 3.3 displays
the general physical process of DC sputtering.

The secondary electrons released around the target surface will sustain the plasma,
ionizing argon atoms as they approach the target. This is possible only if their density
is high enough. Magnets around the target help confine these electrons so that the
stability of the plasma is increased as well as the process efficiency.
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Figure 3.3: Diagram of DC sputtering process. The argon plasma hit the cathode,
displacing atoms. Some of them will strike the sample and form an even thin-film on
its surface (license GFDL).

Many parameters influence the deposition, such as the argon pressure, the voltage
applied to the cathode, and the current passed through the plasma by the ions. In
our case, we typically applied 50 W to the targets. Base pressure of the chamber was
around 1.0 x 107 mbar, provided by a cryopump. Depositions were made with an
argon pressure of 3.3 x 1073 mbar.

Our bolometers are made of films of platinum (Pt), typically with a thickness between
10 nm and 100 nm. This range of thicknesses ranks our samples in the ultra-thin to
thin-film categories. We chose platinum as bolometric material for several reasons.
Firstly, it proved reasonably effective in terms of infrared thermal emission, as seen in
previous works from our group (Au et al. 2008, Ingvarsson et al. 2007). By Kirchoff’s
principle, we expect platinum to also be effective as an infrared sensing material. Also,
platinum has a high absorptivity compared to gold, silver or copper. It is resistive to
corrosion and oxidation, making it reliable for long-term uses. Also, it has a lower 1/f
noise than other bolometric materials (Yoneoka et al. 2011).

An adhesion layer needs to be deposited before the platinum to avoid any delamina-
tion during the lift off process and subsequent measurements. For this purpose we
deposited 5 nm of chromium before platinum. After deposition, the chamber is vented
to atmospheric pressure and the samples are immersed in acetone to do the lift-off.
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3.2. Fabrication process

After all sacrificial resist is removed, the sample is rinsed in isopropanol and deionized
water, then checked under the optical microscope. The final structure is as displayed
in fig. 3.4 and fig. 3.5.

ignal A = InLens Date :19 Oct 2010
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Figure 3.4: SEM picture of the whole structure after fabrication. The sensing part is
attached to four lines broadening to contact pads for 4-points measurement.

3.2.3. RTA furnace

RTA machines (Rapid Thermal Annealing) are ovens with monitored gas flow, either
to anneal samples or to grow oxides on top of them. The cleanroom at the University
of Iceland is equipped with a RTA furnace (Jipelec Jet First 100C) which can reach
a maximum temperature of 1200°C, using heating by halogen lamps. Among others,
gas inputs are No and Oy. We mainly used the furnace to grow silicon dioxide up to a
desired thickness on top of native oxide wafers. During the dry-oxidation process, the
thickness of SiQ; is increasing logarithmically with time: at the beginning the growth
is very fast (e.g. 2 minutes are needed to achieve 50 nm of oxide at 1100°C) and slows
down with increasing thickness (e.g. 60 minutes for 220 nm). Special care had to be
taken in the ramping of temperature to protect the halogen lamps from failure. After
the process, the SiOs thickness was measured by ellipsometry.

This oxidation process usually creates a gradient of thickness on the substrate, as the
temperature of the sample tends to be lower at the edges, where cooling is more effi-
cient. In our case we oxidized small pieces of wafers. Experimentally, we measured a
difference of thickness from edge to center of less than 10%. Therefore, the SiO thick-
ness variation underneath the samples is much less than 10%, as they are patterned
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Figure 3.5: SEM image of the sensing core of our samples. Here the wire is 4 um long
and 300 nm wide, and attached to four connecting leads. During measurements, the
outer lines are used for biasing the wire while the inner ones for sensing the voltage
across it.

in a small area of the oxidized wafers.

3.2.4. Thickness and quality assessment

Knowing the microstructure of our samples precisely is of prime importance for our
experiments. Several tools are available through the labs to characterize physical
parameters such as thin-film thickness, lateral dimensions, etc.

The ellipsometer is a versatile tool widely used to find dielectric properties of thin
films. It is also often used as a fast and easy way to measure SiOs thickness. Our
ellipsometry system is composed of a monochromated light from a Xenon lamp that
strikes the surface of the sample and a detector that senses the reflected beam. The
reflected beam will have a polarization state different from the original one. Through
the analysis of the polarization of the reflected light, it is possible to find the thickness
of the studied layer. Our ellipsometer is reliable for measuring SiOs thicknesses down
to a few nanometers, although it is preferable to double-check the result with X-ray
measurements for thicknesses below 50 nm. X-ray characterization technique uses a
similar physical phenomenon. In this case, the incoming beam is an electromagnetic
radiation with wavelength on the order of Angstrém. The beam is reflected from the
air-metal and the metal-oxide interfaces, and the interference of the waves creates a
pattern that contains information about the film structure. We used the PANalytical
X’Pert Pro machine to measure the roughness and thickness of our Cr and Pt thin-
films.
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We also used scanning electron microscopy tools to check the structural properties
of our samples. With the Supra 25 SEM we measured the final dimensions of our
structures and checked their quality. We also measured the thickness of our metallic
layers with a XEI AFM (Atomic Force Microscopy) from Park Systems. In this case
we used optically patterned structures instead of e-beam-patterned ones. Through
this method we have larger structures, making it easier to align the AFM head onto
them, but also with edges sharp enough to ensure reliable results.

3.2.5. Physical properties of our samples

During this Ph.D., close to 50 chips were fabricated. They all have the same basic
design presented in fig. 3.1, fabricated with Pt on top of Si/SiO5. The adhesion layer
between the oxide and the metal thin-film is either made of titanium or chromium,
always having a thickness of several nanometers. We varied the size of the sensing part
(the so-called “wire”) and the thicknesses of some layers (results of these experiments
are detailed in chapter 4). The resistance of our samples, that is to say of the sensing
part, varies between several ohms to hundreds of ohms. This is quite modest compared
to most of the bolometers that have a resistance in the k{2 range (e.g. Kosarev et al.
(2008) or Mei et al. (2002).) Our bolometers had a measured TCR value of 0.002 K—1.
This value is within range of typical metallic thin-film TCR values (Mei et al. 2002).
However oxides like VO, or semiconductors have higher TCR values, usually around
0.03 K—1.

In case of metal bolometers, ohmic loss is the predominant heat dissipation mechanism.
During illumination, the heat caused by the infrared light will be concentrated in the
wire, dissipating quickly out of the wire through the substrate but also with lines and
pads acting as heat sinks. This is supported by numerical calculations as presented in
Ingvarsson et al. (2007) and Jonsson (2009).

3.3. Characterization of bolometers

In this section we will provide a description of our measurement setup, as well as the
choices we made concerning the techniques used. As platinum is extremely resistant
to corrosion or oxidation, and our samples sensitive enough to infrared radiation at
room temperature, it was not necessary to use any kind of cooling nor encapsulation.

Figure 3.6 below gives a schematic of our measurement bench. The chip of samples (1)
is on a probe station (2) with four probes connected to a Keithley 2400 source-meter
(3). This source-meter biases the sample with DC current through its outer probes,
while monitoring its voltage across the wire through the inner pads. The Keithley
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3. Fabrication and characterization

itself is connected through GPIB connection to a laptop (4) running a Labview pro-
gram specially designed for our measurements. This program records the change in
resistance in the sample‘s wire when illuminated by the ceramic heater (5) used as
a blackbody source. From this experimental setup we are able to characterize the
performance of our samples. Risks of damage due to static electricity or vibrations
are minimized by installing the measurement bench on an air-cushioned optical table
and carefully programming the instruments to avoid current peaks.

+ 2 - Probe station
Power

Supply (10-50W)

I

3 —Keithley

Figure 3.6: Schematic of the bolometer characterization setup. Detailed explanation is
found in the text.

3.3.1. Probe station and source-meter

The sample is installed on a Signatone H100 probe station. It is equipped with a
standard optical 10x microscope that allows us to precisely lower each of the four
tungsten probes onto the sample’s contact pads. We moved up and down the sample
platform to connect or disconnect all the probes simultaneously, hence minimizing the
risk of damage by static electricity, as compared to lowering the probes one by one.
The probes are connected to a Keithley 2400 source-meter, in a 4-wire sensing setup.
This allows us to electrically characterize the central part (“wire”) of our samples
without any contribution of the wiring and contact resistances. The sampling rate of
the Keithley is 1 second. This will allow us to precisely measure the change in the
bolometer’s electronic properties under IR illumination.
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3.3. Characterization of bolometers

3.3.2. Infrared source

We use a commercial radiator as an infrared source, as shown in fig. 3.7. The heating
part is made of ceramic and coated black to increase its radiative power. This device
can reach a temperature between 900°C and 90°C with the proper power supply. Thus
the maximum wavelength of its infrared radiation can be tuned between 2 pm and
8 um. It radiates a continuous infrared thermal spectrum, and is a good approximation
to a blackbody source. Its irradiance was carefully characterized for different operating
powers.

)

11(10)

14

| 21
(20)

Figure 3.7: Schematic of the ceramic radiator used as an infrared source, with its dimen-
sions (mm).

3.3.3. Labview program and data process

The Keithley multimeter is connected via GPIB to a laptop running Labview. We
designed a special Labview program to control and automize our measurements. Before
any infrared illumination, the IV characteristics of the sample are taken. This will give
information on its integrity and base resistance. If the sample is sound and behaving
properly, a DC current (from hundreds of pA to several A) is run through the sample.
The live monitoring of the voltage allows us to record the change in voltage when the
sample is exposed to the IR lamp. Later, the data is used to determine the responsivity
and detectivity of our bolometers.

Thus, our measurement setup records the increase in resistance of the bolometers under
infrared illumination, provided by a lamp with characterized irradiance. This will
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allow us to calculate the related responsivity, as expressed by eq. (2.17). The area A
is defined with the sensing wire‘s lateral dimensions. As stated before, the sensing wire
is attached to DC leads and contact pads. These are heat sinks where heat dissipates
quickly to the substrate due to their large dimension. Hence the temperature rise is
strongly localized in the wire part of our samples. Moreover, when recording the rise
in temperature due to IR illumination, the 4-point measurement setup allows us to
record the rise in resistance in the wire part alone.

In order to further determine the detectivity of our wires, the noise sources in our
samples need to be characterized. As introduced in section 2.3.3, there are three rel-
evant noise sources: Johnson-Nyquist noise (eq. (2.19)), thermal conductance noise
(eq. (2.22)) and 1/f noise (eq. (2.23)). We chose to numerically calculate the con-
tribution from these noise sources as the resistance of our samples is low (maximum
hundreds of Ohms and typically less than 50 Q).

While it is technically possible to measure directly the noise contribution, it calls for
specialized setup and careful measurements. As an example, commercial low-noise
preamplifiers typically have noise floors in the vicinity of 4 nV.Hz~ /2 (e.g. the Signal
Recovery 5113), which is too high to measure Johnson noise of 300 2 resistors directly.
Yet we expect our Pt wire samples to be Johnson-Nyquist noise limited, except at
very low frequency where 1/f noise becomes important. One is forced to employ
more involved techniques, such as cross-correlation with two identical amplifiers or a
bridge technique (Ingvarsson 2001, Scofield 1987). Gonzalez (2006a) used a special
circuit with an ultra-low-noise op-amp TL1028, useful down to resistance of about
200 Q. However as the electrical resistance of our samples is typically under 50 €,
this solution is not feasible. We believe it is fair to expect the wires to be Johnson
noise limited over most of the spectrum of interest, and chose to base our arguments
on calculation of the noise level rather than direct measurement.

3.3.4. Effects of the bias current on the film microscopic structure

Before starting any study of the bolometric performance of our samples, their electrical
properties had to be characterized. As they are biased with a DC current, special
attention was given to microscopic phenomena that occur inside the thin-films due
to self-heating. Self-heating is inherent to any conductor submitted to an electric
current, and is also known as Joule heating. This internal rise in temperature is due
to the increase of collisions between charge carriers and atomic ions with bias current.
This well-known phenomenon is harmless for our work if its intensity is kept under a
certain threshold. If the self-heating becomes too high, it influences significantly the
resistivity of the films and can even change their microscopic structure.

First, there is an annealing effect, due to the diffusion of atoms. The increased tem-
perature caused by self-heating increases the rate of diffusion, augmenting the grain
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size and thus lowering the resistance of the wire. Annealing is sometimes witnessed
the first time we bias our samples. After a second bias, the resistance is lower but
constant, and experiments can start. One could post-bake the samples to avoid this
first current-induced annealing. In any case, it is important to avoid further annealing
when the bias current is too high, as this leads to a permanent change in the resistivity
of the film, which can disrupt our measurements.

The second effect occurring in the samples is electromigration. This is caused by
the movements of ions when the sample is biased, resulting in displacement of mate-
rial. Eventually, this leads to the physical destruction of the sample, as illustrated by
fig. 3.8. Both of these phenomena lower the lifetime of the samples. They must be
avoided by limiting the self-heating and choosing an adapted bias current value. Ex-
periments (Eliasson & Ingvarsson , to be submitted) have shown that both phenomena
are avoided if the current density in the wire is kept under 107 A.cm~2. Saxena, Bhan,
Jalwania & Khurana (2008) presents the effect of excessive bias current on titanium
bolometers, and the conclusions are similar to what we have witnessed in our samples
when the current density is high.

Figure 3.8: SEM picture of a metallic sample, destroyed after excessive bias current.
The electromigration phenomena led to the transport of metal ions, eventually causing
device failure.

It is possible to reduce the electromigration effect by biasing the sample with an AC
square-wave current instead of DC. This idea was introduced in Jénsson (2009) and
developed in Eliasson & Ingvarsson. Concerning our samples, extensive studies have
shown that their thermal resistance remains constant, despite changes in electrical
resistivity due to the aforementioned effects. This is also in agreement with numerical
simulations that showed a weak dependence of the thermal resistance on the thermal
conductance Gy, of the wire. This is because the heat dissipation away from the wire
is governed by the thermal properties of the surroundings and not by the properties
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of the wire itself.
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4. Optimization of performance for
metallic thin-film bolometers

This chapter presents the experimental results on bolometer performance obtained
during this doctoral work. Each section of this chapter presents an evaluation of the
performance of our bolometers as we vary a specific parameter. We have focused
on physical parameters, such as the dimensions of the sample, as well as on driving
parameters, such as the bias current. For each experiment, we first present its aim
and expectations, based on a scaling model from the theoretical equations of figures of
merit. We then introduce experimental results and discussions, summarized from our
published papers. The full papers (Renoux et al. 2012, 2013, Renoux & Ingvarsson
2013, Renoux et al. 2011) can be found at the end of this thesis.

In section 2.4 several factors influencing the performance of bolometers were discussed.
In this chapter, we present the results of experiments pertaining to these arguments.
Section 4.2 summarizes the results on changing the length and width of the bolometer’s
sensing area. Deviations from models derived from macroscopic formulas presented in
section 2.4.5 are shown, hinting that at some dimensions the absorption is enhanced
in our wavelength sensing range. The results in section 4.3 present the influence of
the thickness of the metallic sensing layer on the bolometers’ electronic properties and
sensitivity. It reveals that there is a local peak of responsivity for a certain thickness,
although more generally a trade-off has to be made between high responsivity and
detectivity. As detectivity is affected by noise in the sample, we carry out a discussion
on several noise sources. The influence of the SiOy layer on performance and time
response is discussed in section 4.4. Section 4.5 presents the effect of the bias current.
This parameter is of great importance, as it influences the responsivity, noise and
detectivity of bolometers, but also potentially affects their microstructure. Finally,
section 4.6 introduces the evaluation of the time response of our samples as a function
of several parameters, and gives a general picture of what is expected from such samples
in terms of detection speed.
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4.1. Notes on the measurement protocol

We adopted a measurement protocol using DC current to bias our samples. As ex-
plained before in section 3.3.4, biasing the samples with current induces some amount
of self-heating, due to the Joule effect. This resistive heating increases with the bias
current value, and can lead to important modifications of the microscopic structure of
the sample, and even to its total destruction. In order to avoid these phenomena, it
is necessary to choose a bias level causing an acceptable power dissipation so as not
to cause annealing or electromigration. With this in mind, we chose to operate with
a constant Joule dissipation power P; in all our samples. Referring to earlier studies
(Jomsson (2009)), P; = 24 uW was chosen as a reference value, where it is certain to
limit the self-heating to an acceptable value, usually less than several K.

With this in mind, we set the bias current for each sample to be:

_ 2
I= \/;0 (4.1)

with Py the Joule dissipation power and Ry the base resistance of the sample, obtained
after the initial IV characterization. This leads to different bias current values when
the samples have different dimensions or thicknesses. By using this method we are sure
to limit the effect of the resistive heating. However, a wide range of bias current values
could bring some difficulty in comparing bolometric performances, as the responsivity
is directly proportional to I,. Hence there is a choice to be made between choosing
a constant Joule dissipation power (thus controlling the amount of self-heating) and
choosing a constant bias current value (easier for comparison but different degree of
self-heating among the samples). In this last configuration, depending on the selected
current, value, the self-heating induced could go up to tens of kelvins for the smallest
samples.

In our papers we have used both methods, and the reader should be aware of this fact.
In this chapter where our work is summarized, we will sometimes replot the published
data in order to facilitate the comparison between samples and the discussion of results.

4.2. Optimizing the performance by tailoring the
sensing area

This section summarizes the work presented in Paper 1 and Paper 3, on how the
size of the sensing core of the bolometer could influence its performance. Also, it
was interesting to see if there could be a relation between the sensed IR wavelengths
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and the dimension of our bolometers’ active area. Several samples with a central
part of various dimensions were fabricated and studied. Since only the central metal
constriction was modified, the overall size of our devices (including the contact pads)
was not changed.

The central part of our devices is the active area, where the metal constriction un-
dergoes a change in temperature upon IR illumination. This change in temperature
triggers a jump in resistance that is proportional to the intensity of the incoming IR,
radiation. As described earlier in this thesis (section 3.2.5), the area heated up is
limited to the central constriction. As the heat quickly dissipates from the leads to
the heat sinks, the sensing core of our bolometers is truly defined by the central wire.
It was therefore interesting to investigate how the geometry of the wires could affect
the sensing performance.

4.2.1. Influence of bolometer length on sensing performance

For this study, samples with an active area of a fixed width but different lengths
were made in two different laboratories, with a similar process. Both sets of samples
were measured and their performance was compared to study the influence of the core
dimensions on bolometric performance. Specifications of fabrication are summarized
in table 4.1.

Table 4.1: Fabrication details of samples used for the study of the effect of samples’ core
dimension on bolometric properties.

Set A Set B
Place of fabrication | IBM Research Yorktown Heights | University of Iceland
Width 300 nm 300 nm
Length range 300 nm - 17um 300 nm - 19um
Pt thickness 50 nm 50 nm
Adh. material Titanium (5 nm) Chromium (5 nm)
Substrate Si/Si1042(100) Si/Si04(70)
Presented in Paper 1 and Paper 3 Paper 2 and Paper 3

At the University of Iceland, we measured the responsivity and detectivity of both sets
of samples using the same setup. All the samples were biased with DC current in order
to keep a constant Joule dissipation power (P; = 24 uW), as explained in section 4.1.
Our results indicate an effect of the length on the bolometric performance, with an
increase of the responsivity as the length of the active area is reduced. However, these
results need to be put in perspective. A constant Joule dissipation power leads to
increasing bias current values as the sample’s length is reduced. As the bias current
directly affects the responsivity, the results ought to be compared in order of bias
current, instead of bias power. Figure 4.1 displays the responsivity of Set A samples
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as a function of their active core’s length.
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Figure 4.1: Responsivity of platinum bolometers as a function of their active parts’ length.
Samples are from Set A, with lengths ranging from 300 nm to 17um. Joule dissipation
power is constant at 24 W and the SiO5 thickness is 100 nm. Log-log scale is used for
visualization purposes only.

As illustrated by this figure, shorter samples reach a better responsivity than longer
ones. The sample with a dimension of 300 nm x 300 nm displays a responsivity of
3.1x10* V/W. The longer one has a responsivity of 2.8 x 10° V/W and has a collection
area of 17 pym x 300 nm.

Keeping a constant Joule dissipation power of 24 pW in all samples limits the self-
heating between 0.3K and 8.6K, depending on the electrical resistance of the sample
(hence its length). As the IR source is providing a rise in temperature of around 1K,
bolometers are actually detecting a change in temperature that is down to a tenth of
their own self-heating temperature rise. However, by using a constant Joule dissipation
power, the samples have been biased by different current values. As the current value
to apply was calculated with eq. (4.1), and knowing the relation between electrical
resistance and sample dimension eq. (2.30), the current follows:

I \E (42)

for samples with varied length (L), but same width and resistivity. Hence, larger
current values were applied to shorter samples. Bias current value ranges from 1.9 mA
to 0.3 mA. Therefore it is also interesting to plot the resistivity as a function of the
bias current. From eq. (2.33), the responsivity is expected to increase linearly with
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the bias current for samples which have the same width and thickness. In attempt to
account for bias current affect, Figure 4.2 shows the responsivity of Set A this time
as a function of the inverse of the sample length.
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Figure 4.2: Responsivity of platinum bolometers as a function of the square root of
the inverse of their length. The orange line is a linear fit representing the expected
responsivity from the scaling model. Samples are from Set A, with lengths ranging
from 300 nm to 17 um. Joule dissipation power is constant at 24 uW and the SiO,
thickness is 100 nm.

The responsivity is thus increasing with the square root of the inverse of the samples’
length. Longer samples with a width between 17 ym and 8 pm have their responsivity
increasing linearly with the applied current. Due to their macroscopic size, they are
more likely to adhere to the simple scaling model introduced above. With these data
points, we build the linear fit represented by the orange line, and extend it to find
the responsivity expected for samples with smaller lengths. From fig. 4.2, it is clear
that the measured responsivity of our samples agrees with the theoretical scaling.
This means that the high responsivity displayed by shorter samples is mainly due to
their higher bias current. However, one can see that the experimental results are not
always fitting closely the scaling predictions. There are visible deviations of measured
responsivity for samples whose length is between 800 nm and 2 ym. A local maximum
responsivity is reached by the sample with a length of 1.2 ym, as seen also in fig. 4.1.

The same phenomenon was found in another set of samples made at the University of
Iceland, Set B. The only differences between the two sets are a different material for
adhesion layer and a slightly thinner silicon dioxide layer. Like Set A, the samples
of Set B have been biased with different current values depending on their length.
Figure 4.3 displays the responsivity of Set A samples as a function of the square root
of the inverse of their length.
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Figure 4.3: Responsivity of platinum bolometers as a function of the square root of
the inverse of their length. The orange line is a linear fit representing the expected
responsivity from the scaling model. Samples are from Set B, with lengths ranging
from 300 nm to 19 um. Joule dissipation power is constant at 24 uW and the SiO,
thickness is 70 nm.

Asin fig. 4.2, we build a scaling model from longest samples representing the expected
responsivity from eq. (2.33). The same conclusions can be drawn from the evolution
of responsivity with the device length for the two sets of samples, confirming the
scaling arguments. There is also a deviation of experimental data from the linear fit
for samples, with a local maximum in responsivity centered at 1.1 ym. This local
maximum of responsivity for Set A and Set B represents an increase of 29% and
36% respectively, compared to the expected responsivity value given by the linear fit.

From the deviations displayed in fig. 4.2 and fig. 4.3, it can be deduced that the length
of the active area has an impact on bolometers’ responsivity, when this length is
roughly between 600 nm and 2 ym. We believe these local enhancements to be related
to an antenna resonance. The infrared lamp used in our setup is a blackbody with
a Apeak = 2.74 pm, meaning that we are at the threshold between optical and near-
infrared frequencies. Following the classical antenna theory (Novotny & van Hulst
2011), the half-wavelength resonance would occur at L = A/2 = 1.37 um. However,
our experimental resonant lengths, 1.1 um and 1.2 pum, are respectively 20% and 12%
shorter. Some recent experimental studies show that antenna resonances in metallic
antennas occur at lengths 20% shorter than predicted by the classical antenna theory
(Bryant et al. 2008, Codreanu & Boreman 2002, Miihlschlegel et al. 2005, Neubrech
et al. 2006). Novotny (Novotny 2007) introduces a new model for a revised effective
wavelength scaling that takes into account these latest experimental results. This
revised scaling is for metallic rod antennas in the optical frequency regime, and our
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experimental results seem to be in agreement with it. However, this model is defined
for ended antennas, whereas our samples are “open-ended”. This could result in a
slightly longer effective “optical length” compared to the physical length we identify
them by. Also, one has to take into account the optical properties of the surroundings,
as it was demonstrated in both experimental and theoretical work (Au et al. 2008,
Fumeaux et al. 2000). In our case, the metallic films are deposited on a thin SiO»
layer (100 nm or less) which will affect the antenna resonance condition. The presented
experimental results, backed up by a revised antenna resonance theory, suggest that
the incoming IR radiation gives rise to plasma oscillations in our samples. This leads
to an additional contribution to the absorption within a specific bandwidth. The
detectivity of Set A was also calculated from the measured responsivity. Figure 4.4
displays the evolution of detectivity as a function of the sample’s length.
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Figure 4.4: Detectivity of samples as a function of their active area's length. Samples
are from Set A, with lengths ranging from 300 nm to 17 um. Joule dissipation power
is constant at 24 pW and the SiO4 thickness is 100 nm.

Although theoretically, the detectivity should not be influenced by the sample length
when the 1/f noise is dominant (see eq. (2.37)), there is some visible effect of the length
on the detectivity of the samples displayed in fig. 4.4. One can see that shorter samples
display a relatively higher detectivity than others. Samples with a length of 1.3 um
and 1.7 pm almost reach a detectivity of 2.2 x 107 cmHz'/2/W, when longer ones
see their detectivity dropping from 1.6 x 107 ecmHz'/2/W to 1.2 x 107 cmHz'/2/W.
Detectivity is the ratio between responsivity and the noise, and usually when the 1/f
noise is dominant, it flattens out all the features displayed by the responsivity. In this
case, the 1/f noise is certainly dominant, but it is constant for all sample lengths. This
could be the reason why the detectivity displays here some influence by the sample
length.
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4.2.2. Influence of bolometer width on sensing performance

Secondly, we studied the possible influence of the bolometer’s active part’s width on
its performance. Several samples with active parts of different widths and lengths
were designed and fabricated at the University of Iceland. Lengths were ranging from
300 nm to 15 pum and widths from 300 nm to 4 um. The samples are made of a
thin-film of platinum with a thickness of 50 nm and 5 nm of chromium on top of
commercial Si/SiO2(100 nm) wafers. The length values were specifically chosen in
order to avoid the resonant range, presented in the previous section section 4.2.1.
Between fabrication and measurement steps, the physical dimensions of the samples
were measured by SEM imaging. On average, there was a slight deviation of measured
dimensions from nominal values, due to aberrations or other e-beam lithography error
sources. In our calculations, we used the measured values. However in this summary,
as well as in Paper 3 where these results were reported, we refer to the samples by
their nominal values.

Previously, the influence of the width of similar samples on their thermal emission
properties was studied by our group, in particular by Dr. Yat-Yin Au. Several papers
describing the impact of the active area dimensions on the thermal emission properties
have been published (Au et al. 2008, Ingvarsson et al. 2007, Jonsson 2009, Klein et al.
2008). The samples studied are also made of platinum, usually 50 nm thick, with a
chromium adhesion layer, and their design has the same concept as ours: a central
metallic constriction that will emit infrared radiation as it is biased with DC current
via contact pads. In Au et al. (2008), the infrared radiation spectra of such samples
(usually referred to as “heaters”) as a function of their active parts width was studied.
Samples had a constant length of 8 ym and a width between 200 nm and 8 pm.
Their infrared spectrum was detected and analyzed by FTIR for two polarizations:
one oriented parallel to the active part’s long axis and the other perpendicular to
it. These polarizations are thus called respectively “paralle]” and “perpendicular”.
Figure 4.5 displays the evolution of the emitted infrared spectra with the width of the
samples. There is a spectra cutoff below 2000 cm~! due to the spectral response of
the InSb detector.

In fig. 4.5, the emitted spectra along the parallel polarization for each width have
been normalized so they will have the same intensity. The normalization coefficients
have then been applied to the corresponding perpendicularly polarized spectra. Sev-
eral interesting conclusions can be drawn from this figure. Mainly, there is a visible
effect of the width on the thermal emission of platinum heaters. Albeit the shapes
of the spectra of the parallel-polarized emission seem unaffected as the width of the
heater is reduced, the perpendicularly-polarized emission shows drastic changes both
in frequency and relative intensity. With decreasing width, the peak wavelength of
emission shifts towards shorter values. It is well-known that Stephan-Boltzmann law
can hold only for macroscopic samples. Therefore, in the case of thermal emitters,
1 pm seems to be the threshold between macroscopic and sub-macroscopic regime.
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Figure 4.5: Evolution of emitted infrared spectra with active area’s width of platinum
samples, from Au et al. (2008). (a) For polarization parallel to heater long axis and
(b) perpendicular to it. For each width, the intensity for both polarizations has been
normalized with a same factor, in order for the parallel polarized peaks to have the same
height. Reprinted figure with permission from Au, Y.-Y., Skulason, H. S., Ingvarsson,
S., Klein, L. J. & Hamann, H. F., Physics Review B 78, 085402, 2008. Copyright 2013
by the American Physical Society.

Also, the general intensity decreases, finally fading away to below the detector limit.
This suggests that samples with a width narrower than 600 nm emit mostly infrared
light with a polarization parallel to their long axis. It would be very interesting to
verify this by measuring the absorption of the samples for different IR polarizations.
However, we do not possess such IR polarized source at the lab.

This study gave us an insight into what could be expected when reducing the width of
bolometers’ active areas. By Kirchoff’s law of thermal radiation (Smith et al. 1957),
a link can be made between emission and absorption properties. One can then expect
to find an influence of the width on bolometric performance. We measured change in
electrical resistance (AR) of each sample under IR illumination. This time, we chose
to bias each of them with fixed DC currents, several times, from 0.5 mA to 4 mA with
a step of 0.5 mA. The responsivity is then calculated. Figure 4.6 displays the evolution
of the responsivity of samples with a fixed length of 9 ym and various widths, as a
function of bias current. From eq. (2.33), we expect a linear increase in & x W? with
bias current, as the samples have the same thickness, and assuming the resistivity is
constant. However, this model is not expected to hold below a certain width value,
as for the thermal emitters exhibiting a shift in emitted spectra when their width is
below 1 pm.

The responsivity displayed in fig. 4.6 seems to adhere to the scaling, with a linear

o1



4. Optimization of performance for metallic thin-film bolometers

5x1 07B T T T T
Width (nm)
e 300 o o
g 4x10°41 = 400 -
" 600 A
c 800 . "
= 3x10°] = 1000 . a O
s o 2000 N
> 2 4000 * 5
. 2x10°1 -
s 2 9
2 L
§ 1x10°1 g -
é’ 8
O T T T T
0 i 2 3 4
| bias (mA)

Figure 4.6: Responsivity x W? of 9 um-long samples as a function of their width and
bias current. The samples’ width ranges between 300 nm and 4 um.

dependence on bias current. There is an increase in responsivity with the bias current,
and also with decreasing width. At 4 mA, samples with a width of 300 nm reach a
responsivity of 4.9 x 10* V/W, while ones with a width of 4 um have a responsiv-
ity of only 230 V/W. Thus there is a drop of more than two orders of magnitude
for the responsivity when the bolometer’s width varies from 300 nm to 4 pym. It is
therefore clear that width plays a major role in the bolometers’ performance. This
could be expected, as responsivity is directly proportional to active area dimension,
see eq. (2.17). But as fig. 4.6 shows, there is something more than this. Samples that
have a width of 300 nm stand out compared to broader ones, that tend to have the
same evolution of ® x W2, This suggests that the higher responsivity displayed by
these narrow samples is not only due to their reduced active area value when using
eq. (2.17). From this figure, there are two important conclusions to be made: first, an
overall higher responsivity of samples with a width of 300 nm, and second, a departure
from the scaling theory in this width range. In other words, the area is not the only
factor influencing the responsivity for such reduced dimensions.

The same measurements were carried out for all the samples, with various lengths and
widths. The different lengths of our samples are out of the resonant range presented
previously in section 4.2.1. From eq. (2.33) one can see that the responsivity is inde-
pendent of the sample’s length, for a fixed bias current. Also, from our experimental
data we do not see any dependence. Therefore, for each specific width and bias cur-
rent value, the experimental results of all lengths were averaged in order to reduce
fluctuations. Figure 4.7 shows the product of averaged R x W? as a function of bias
current, therefore encompassing data for all samples.
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Figure 4.7: Responsivity x W?2 of samples with various lengths, as a function of their
width and bias current. Length ranges between 900 nm and 15 um, and width between
300 nm and 4 um. Data from samples with various lengths but same width and bias
current was averaged. Plot for the 300 nm width has error bars representing maximum
and minimum values of the data averaged.

In fig. 4.7, one would expect to see the same linear increase for all samples and all
widths. Albeit the product & x W? of all widths tend to increase linearly with the
bias current, some narrow width increase faster than the main trend. As in fig. 4.6,
samples with a width of 300 nm are obviously apart from the main trend. Thus, the
width effect seen previously with the samples with a length of 9 um is confirmed in
samples with different lengths. Also, samples with widths of 400 nm and 600 nm are
slightly breaking away from the main cluster. Samples of width more than 800 nm or
more, are intertwined together in a same trend. This suggests that samples of width
superior or equal to 600 nm do not have the same behavior as narrower ones, the
responsivity of which is enhanced beyond the scaling predictions.

If samples with a width of 600 nm or less are breaking away from the expected scaling
model, one has to understand what makes their responsivity better. When looking
at the data, we see that the change in electrical resistance (AR) triggered by the
IR illumination is higher for 300 nm-wide samples than for broader samples. As
responsivity is directly proportional to AR, it leads to a higher responsivity for such
samples. There can be two main reasons for such a difference in AR: either from
a difference in electrical resistance between narrow and wide samples, or a difference
in absorption properties. According to eq. (2.30), electrical resistance of samples is
proportional to p/W. Indeed, our samples have an electrical resistance spanning from
hundreds of ohms for samples with a width of 300 nm to tens of ohms for those with
a width of 4 um. To better understand this difference in resistance, one must look at
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the effective resistivity. The calculated resistivity of samples with a length of 9 pm
and various width is displayed by fig. 4.8.
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Figure 4.8: Effective electrical resistivity of 9 um-long samples as a function of the inverse
of their width.

The resistivity is constant for samples with a width higher than 600 nm, and then is
increasing linearly for widths from 600 nm to 300 nm. The slightly higher resistivity
value displayed by the wider sample (4 pm) can come from its low aspect ratio, cre-
ating non uniform current distribution in the device, hence a higher resistivity. From
eq. (2.33) we know that responsivity depends on the resistivity. Therefore, samples
with a width higher than 600 nm, which have a constant resistivity, will see their
responsivity only influenced by width. From eq. (2.33) we can express this as:

Rx W? o I (4.3)

However, samples with a width smaller than 600 nm have their effective resistivity
vary linearly with 1/W. This extra dependence on W for samples with a width smaller
than 600 nm explains why they stand out of the main trend in fig. 4.7. A higher value
of AR can also come from better absorption from the sample. In this case, samples
with a width smaller than 600 nm may absorb more infrared radiation than their
wider counterparts. However, if both higher film resistivity and enhanced absorption
contribute to a higher AR in narrow samples, the influence of each is not clearly
defined yet.

As discussed above, a similar study has been carried on by our group about the
effect of samples’ width on the infrared emission. Figure 4.5 shows that the width
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4.2. Optimizing the performance by tailoring the sensing area

has an impact on the emission polarization. We saw that the width also has an
impact on the responsivity of similar samples. Also, in terms of infrared emission, its
total intensity should scale with the sample’s surface area, according to the Stefan-
Boltzmann law. The work done by Au et al. (2008) measured the intensity evolution
of the emitted spectra for both polarizations, and reveals that the law does not apply
for smallest samples. Actually, larger samples adhere to the Stefan-Boltzmann law
as the emitted intensity for both polarizations decreases with the width, from 8 pm
to 1 um. But for narrow samples, the intensity along the perpendicular polarization
drastically decreases, while the intensity along the parallel one stabilizes at a constant
value. This is an indication that at this dimension scale, the sample’s active area
is not the only factor influencing the radiation intensity. A connection can be made
between our two studies, as Dr. Au’s work show that at subwavelength widths, the
emission properties are modified, whereas here we demonstrate the same thing for the
responsivity of similar samples. However, the threshold width below which samples
depart from theory, is different in the two experiments. In our case, bolometers depart
from the model when their width is smaller than 800 nm. For thermal emitters, the
threshold width is 1 pm. This difference can come from the different temperature of
the samples. Bolometers are picking up IR radiation from a blackbody-like source at
1064 K when the thermal emitters have a temperature of 750 K. Therefore, bolometers
are picking up an IR radiation with a peak wavelength of 2.74 pm, while the thermal
emitters spectra have a peak wavelength of 3.86 ym. This longer peak wavelength
could explain why thermal emitters depart from theory when their width is smaller
than 1 gm when bolometers do when width is smaller than 800 nm.

In this study the polarization of the incoming infrared light is not taken into account,
but the earlier study by Dr. Au sheds a light on how the absorption properties of our
samples are modified by their width. We believe that bolometers studied here get more
and more selective in the polarization of infrared light they absorb as their width is
reduced. For samples with a width equal or larger than 800 nm, the same amount of
perpendicular- or parallel-polarized infrared light would be absorbed. However as the
width is reduced, the amount of absorbed perpendicular-polarized light is expected to
remain constant, despite the fact that the sensing area is getting smaller. For samples
with a width of 300 nm, very little or no infrared radiation with a polarization parallel
to the long axis of the bolometer would be absorbed. If this is verified, that makes the
enhanced responsivity of 300 nm-wide samples quite remarkable as they absorb only
part of the incoming radiation.

The detectivity of these bolometers was also studied. Figure 4.9 displays the detec-
tivity of all samples, following the same method as for fig. 4.7. For each bias current
value and width, detectivity for samples with various lengths was averaged.

The detectivity does not show any clear dependence on the bias current or on the width
of the samples. The average detectivity is around 1.7 x 107 emHz'/2/W. Wider samples
exhibit a somewhat higher detectivity for low bias current values; this comes from less
data points to include in the averaging and their low aspect ratio. From the scaling
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Figure 4.9: Detectivity of samples with various lengths, as a function of their width and
bias current. Length ranges between 900 nm and 15 um, and width between 300 nm
and 4 pm. Data from samples with various lengths but same width and bias current
was averaged.

model of detectivity presented in section 2.4.5, we do not expect any influence of the
width on the specific detectivity (see eq. (2.37)). This is confirmed by our experimental
data. However, if 1/f noise could be reduced to the point where the samples would
be Johnson-Nyquist limited, the detectivity would be affected by sample width (see
eq. (2.35)).

4.2.3. Conclusion on the effect of the active area’s lateral
dimensions on bolometric performances

The bolometric performance (responsivity and specific detectivity) of several samples
made of 50 nm-thick platinum films was studied, as a function of the dimension of
their active area. The study shows that both length and width have an impact on the
performance. However with our measurement protocol, this effect has been demon-
strated only on the responsivity. From macroscopic models, we defined expectations
for the evolution of responsivity along bias current, lengths and widths. Our measure-
ments suggest a range of lengths to be more sensitive to infrared illumination. Samples
with a length between 600 nm and 2 pm show enhanced IR absorption attributed to
antenna-like resonances. This is in accordance with relatively recent experimental find-
ings (Bryant et al. 2008, Neubrech et al. 2006) and subsequent theoretical modeling
(Novotny 2007). The width is also playing a strong role on the responsivity. Indeed,
responsivity increases as the width is reduced from 4 pm to 300 nm. Also, bolometers
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with a width below 800 nm departs from the macroscopic scaling relations, meaning
that the area is not anymore the dominant factor on sensitivity. Narrow samples
see their responsivity amplified due to increased resistivity and enhanced absorption.
Based on an emissivity analogy, it is also believed that as the width is reduced, only
a certain polarization of the IR irradiation is picked-up by the bolometer. However,
such small samples display a responsivity of 10* V/W and a specific detectivity of 107
cmHzY/2/W.

4.3. Influence of the Pt thickness on electronic
properties and sensitivity of bolometers

Thin films are defined as sheets of material that have a thickness ranging from an
atomic layer to a few micrometers. They have been extensively studied as they exhibit
peculiar properties as the thickness is reduced. The thickness of a metal film changes
its electronic properties, specifically its resistivity and TCR. As these two parameters
have an influence on the responsivity and detectivity of our bolometers, it is interesting
to study samples with a varying thickness. Contreras & Gaddy (1970) and other
studies have shown an impact of film thickness on the device bolometric performance.
In our case, we have studied samples with a total thickness (adding the platinum film
and the chromium adhesion layer) of less than 100 nm. The experiments described so
far were carried on samples with an average total thickness of 55 nm. As platinum
possesses a skin depth of 50 nm for A = 2.5 ym (Cuadrado et al. 2013), a film thickness
of 55 nm is considered optimum: the incoming IR radiation penetrates through all the
film, leading to a better coupling between the IR radiation to the metal. Later, we
fabricated and measured samples with a total thickness ranging from around 3 nm up
to 80 nm. In this case, the IR radiation either penetrates through all the film and into
the silicon dioxide, or through only a part of the film.

Paper 4 presents the results of the study on the influence of the metal film thickness
on bolometric performance. Up to 70 samples were fabricated during 18 deposition
rounds in order to have sufficient data. As the focus was on the thickness effect, all
samples had the same dimension, i.e. 300 nm by 1000 nm. A first batch of samples
was fabricated with a constant thickness of 5 nm for the chromium adhesion layer,
with a platinum thickness varying from 10 to 77 nm. Measurements hinted that as
the thickness is decreasing, the responsivity is increasing. A second batch of samples
was therefore fabricated, this time with platinum thicknesses from 2 nm to 12 nm.
Because of such low thickness values, we decided to use only 1 nm of chromium as
adhesion layer, to keep platinum dominant in the metallic layer. The thinnest sample
studied is composed of 1 nm of chromium and 2.3 nm of Pt, hence in this case the
metallic layer is at minimum constituted by more than 60% platinum. Preliminary
experiments showed that using only a nanometer of chromium was enough to ensure
adhesion of platinum on the substrate. During the deposition of metal on patterned
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4. Optimization of performance for metallic thin-film bolometers

substrates, we also deposited unpatterned wafers for X-ray evaluation of the platinum
thickness. In the following summary of our results, as well as in Paper 4, we refer to
a sample’s thickness as its total thickness, i.e. the measured platinum thickness of the
sample plus its chromium layer (either 1 nm or 5 nm).

4.3.1. Temperature coefficient of resistance and resistivity
dependence on thin film thickness

As the film thickness is reduced, the ratio between surface and volume increases. This
implies a growing significance of surface effects compared to bulk ones, and changes the
electronic properties of films. In our study, we specifically investigated the evolution of
the temperature coefficient of resistance (TCR, see section 2.4.2) and resistivity with
decreasing thickness.

TCR directly affects the sensitivity of bolometers, as it conveys the amplitude of
resistance change upon IR illumination. From eq. (2.17) it is evident that a large AR
is desirable to obtain a maximized responsivity. The TCR, of patterned samples with
various thicknesses was measured using a hot plate and our usual 4-probe setup. The
increase in resistance caused by the change in temperature was measured, from which
we could extract the TCR value proper to each thickness, according to eq. (2.21).
Results are displayed in fig. 4.10.
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Figure 4.10: Evolution of the temperature coefficient of resistance of bolometers with
thickness of the metallic thin film. Red squares and blue circles corresponds to samples
with a chromium adhesion layer of 1 nm and 5 nm, respectively.

Figure 4.10 shows that the TCR of our samples is greatly affected when the film
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4.3. Influence of the Pt thickness on electronic properties and sensitivity of bolometers

thickness decreases below 40 nm. Samples that are 40 nm-thick or more display a
constant TCR value of 2 x 1073 K~!. This experimental result is consistent with
values found in literature concerning platinum thin films (Tsutsumi et al. 2002). Our
thin film value is also half of the platinum bulk one, reported as 3.85 x 1073 K~}
(Iniewski 2013). For films having a thickness below 40 nm, the TCR value decreases
substantially. The thinnest sample that could be measured (4.8 nm thick) displays
a TCR of 4 x 107* K~'. This is lower by a factor of 5 compared to the constant
value reach by samples with a thickness of 40 nm or higher. There is also a change
in the resistivity of our samples, which increases considerably when the thickness is
lower than 40 nm. We calculated the resistivity after performing I-V measurements,
measuring lateral dimensions and film thickness of samples with various thicknesses,
and using eq. (2.30). Figure 4.11 displays the resistivity as a function of the inverse
of sample thickness.
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Figure 4.11: Resistivity of bolometers' thin films as a function of their thickness. Red
squares and blue circles corresponds to samples with a chromium adhesion layer of 1
nm and 5 nm, respectively.

Just as for the TCR, the measured resistivity of thin films is strongly affected by their
thickness. It is well known that resistivity increases as the film thickness decreases,
and fig. 4.11 illustrates this. Again, 40 nm represents a threshold in the evolution of
electronic properties of our samples. Thin films with a thickness of 40 nm or above
presents a constant resistivity of 23 u).cm, which is about twice the bulk value of
platinum (10 pQ.cm). The resistivity increases rapidly as the thickness decreases
below 40 nm, up to 114 u.cm for the thinnest sample at 3.3 nm.

As a result, our samples display a large range of electrical resistance; from 10€2 for the

thickest to 1 k2 for the thinnest. This increase in resistivity, and thus resistance, for
thin samples is linked to the reduction of the grain size with the thickness decreasing.
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In a previous work done in our lab, the grain size of similar samples but of different
series with a thickness of 55 nm was estimated to be around 14 nm (Eliasson &
Ingvarsson , to be submitted). As the thickness is reduced, the grain size decreases.
This leads to an increased contribution of grain boundary scattering to the overall
electron scattering rate.

As the resistivity and TCR are constant for samples of thickness 40 nm or above, it
is plausible to say that below 40 nm surface effects are becoming important compared
to bulk ones. As the film gets thinner, the ratio between surface effect and bulk
effect increases, leading to an increase/decrease of resistivity/TCR. This threshold
thickness value of 40 nm is specific to our samples. A similar pattern in TCR and
resistivity was found in Zhang et al. (2006), where they study the influence of the
thickness of platinum thin films on their electronic properties. It is interesting to see
that in their case, the thickness threshold value is 30 nm, below which the TCR is
decreasing and resistivity is increasing. Also, their samples display a higher resistivity
of about 100 uf.cm while their TCR is around 1 x 1072 K—1. This difference can
be attributed from the different coating method, as they use e-beam physical vapour
deposition, which produces denser films.

4.3.2. Influence of the thin film thickness on bolometric properties

The responsivity was calculated for our samples with different thicknesses. From
eq. (2.17) it is evident that DC bias current directly influences the responsivity value.
Hence it is desirable to bias the samples with the same current. However, the current
must also be kept under a certain value to avoid any excessive Joule dissipation-induced
self-heating. We used a maximum current density value of 107 A /cm? as a reference
to prevent electromigration. Thus most of the samples were biased with 1 mA, except
the two thinnest. As they have an electrical resistance higher than 500 €2, we biased
them at 0.5 mA (thickness 4.8 nm) and 0.3 mA (thickness 3.3 nm) instead of 1 mA to
avoid any self heating.

It is useful to define an expected evolution of responsivity with decreasing thin film
thickness. From eq. (2.33) one can see that as the width is constant, and for the same
bias current, the responsivity is expected to be directly proportional to the inverse of
the film thickness. Figure 4.12 displays the measured responsivity as a function of the
inverse of sample thickness.

For samples that have a thickness higher or equal to 12.2 nm, the responsivity increases
linearly as their thickness is decreasing. However, as the thickness is further decreased,
there is a large increase of responsivity, with the 7.5 nm-thick sample reaching a
peak responsivity of 2 x 10> V.W~1. Then, the two thinnest samples display a lower
responsivity compared to the peak one, even when considering that they were biased
by a current at least half lower than their thicker counterparts. If they were biased
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Figure 4.12: Responsivity of bolometers as a function of the inverse of the thin-film
thickness. Red squares and blue circles are for samples with a chromium adhesion layer
of 1 nm and 5 nm respectively. Bias current is set at 1 mA for all samples, except
the two thinnest samples (4.8 nm and 3.3 nm) that were biased with 0.5 and 0.3 mA
respectively. Responsivity of these samples if biased with 1 mA is displayed by the purple
diamonds.

with 1 mA, we expect that they would display a larger responsivity, but not exceeding
1.2 x 10° V.W~!, and also the samples would be subjected to high current density
(see section 3.3.4). Through this result it is interesting to see a global improvement
of responsivity when the thickness is decreased from 77.3 nm to 7.5 nm. For lower
thicknesses, it is likely that the responsivity deteriorates. This would indicate that
7.5 nm is an optimum thickness for our bolometers’ responsivity. Block & Gaddy
(1973) similarly reports an optimum thickness below 10 nm bolometers made of various
metals. Also, this peak responsivity at a thickness of 7.5 nm of oxide could be due to
a plasmon resonance, although numerical calculations are needed to confirm it.

Detectivity is calculated from responsivity and the calculated noise contribution. As
the studied samples presented a wide range of resistivity, it calls for a revised Hooge
formula when calculating the 1/f noise. How to calculate the 1/f noise contribution
is discussed in section 2.3.3, where we present a revised Hooge formula taking into
account the resistivity of the thin film. To calculate the effect of thickness on detec-
tivity, we have been using eq. (2.24). From eq. (2.37) the detectivity is expected to
be proportional to the square root of the film thickness. Figure 4.13 thus displays the
specific detectivity as a function of the square root of thin film thickness.

The results present a general increase of detectivity with the thin film thickness. Al-
though the detectivity values are quite scattered for certain thickness values, the evo-
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Figure 4.13: Evolution of detectivity with bolometer film thickness as a function of the
square root of film thickness. Red squares and blue circles are for samples with a
chromium adhesion layer of 1 nm and 5 nm respectively. Bias current is set at 1 mA
for all samples, except the two thinnest samples (4.8 nm and 3.3 nm) that were biased
with 0.5 and 0.3 mA respectively.

lution of detectivity with film thickness seems to agree roughly with eq. (2.37). Maxi-
mum detectivity is reached by the thickest samples, around 6 x 107 cmHzl/z/W. As the
thickness decreases, detectivity is deteriorating. Thinnest samples display the lowest
detectivity, at 3 x 10 cmHz'/2 /W, despite large electrical resistance and responsivity
values. Between the two extremes of the studied thickness range, namely 2.3 nm and
82.3 nm, there is an increase of a factor 20 in detectivity.

This conclusion can be quite surprising at first glance, bearing in mind our previous
study on responsivity and knowing that detectivity is directly proportional to it. The
answer lies in the noise behavior of our samples. This loss in detectivity with low
thicknesses comes from a large increase of the 1/f noise as the thickness is reduced.
The 1/f noise contribution is larger than the Johnson-Nyquist one for all thicknesses.
For the thickest sample, the 1/f noise contribution is 10? higher than its Johnson
counterpart. This factor is up to 10° in the thinnest ones. Hence the 1/f noise is the
dominant factor noise in such samples, partly because of their increased resistivity.

It would be useful to reduce the 1/f noise contribution, and one simple way to do so
would be to reduce the bias current. However, using 0.1 mA instead of 1 mA would
only reduce the 1/f noise by a factor of 102. In this case, 1/f noise and Johnson noise
will have an equal contribution in thick samples, but in thin samples the 1/f noise will
still be dominant. A more efficient way to reduce 1/f noise would be to use AC current
instead of DC current.
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4.4. Effect of the silicon dioxide layer on bolometer
performance

The properties of Si/SiO9 substrates are detailed in section 2.4.4. While silicon is
a good thermal conductor, SiOs provides both electrical and thermal insulation for
the metallic film deposited on top of it. Also, as illustrated by fig. 2.9 and fig. 2.10,
SiO; has a varied transmittance over optical to mid-IR wavelengths. It is transparent
to wavelengths shorter than 2 pm, the transmittance drops for wavelengths between
2 pm and 4 pm. Finally, the transmittance is almost none for wavelengths longer than
4 pm, making SiOs absorbing and emitting infrared in this spectral range. In our
experimental protocol, the blackbody lamp has temperature of 1064 K, thus a peak
wavelength of 2.74 ym. Therefore the IR emission spectra ranges mainly from 1 pm
to 12 pym. The spectra of a blackbody with a temperature of 1064 K is displayed
in fig. 4.14. The thickness of SiO, also influences the bolometric properties of the
device through constructive or destructive interference between the reflected infrared
radiation at the Si/SiOs interface. Depending on several distinct parameters, such as
the incoming IR peak wavelength or its angle of incidence, there is an optimum SiO9
thickness that improves the absorption of the sensor (Cuadrado et al. 2013).
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Figure 4.14: Blackbody spectrum at a temperature of T = 1064 K. The maximum
intensity will be at wavelength A\peqr = 2.74 um.

As SiO; defines the thermal insulation of the metallic film to the substrate, it is directly
influencing the bolometer’s thermal conductance Gy. In turn, Gy, affects the time
response of the bolometer, 7 (see section 2.3.5 and section 2.3.4). Thus, SiOs is an
essential layer in our bolometers, as was already pointed out in section 4.2.1. We have
been further studying the influence of its thickness on the bolometric properties of our
samples and some of the results have been published in Paper 2.
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Several thicknesses of SiOs have been grown in an RTA furnace at the University of
Iceland (see section 3.2.3) from Si wafers with native oxide. After each SiOs growth,
the actual thickness of the oxide layer was measured via ellipsometry (see section 3.2.4).
Six wafers with SiOs thicknesses ranging from 50 nm to 600 nm were compared, as
well as commercial wafers made of Si/SiO2(100 nm) and Si/SiO3(1 pm). Platinum
bolometers made of 50 nm of platinum and 5 nm of chromium were patterned on top of
these wafers. Their active part has a fixed width of 300 nm, and lengths ranging from
300 nm to 19 um. All samples were biased by a DC current corresponding to a constant
Joule dissipation power of 24 pW, as introduced in section 4.1. The responsivity of
several samples with various lengths, as a function of the SiOs thickness is displayed
in fig. 4.15.
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Figure 4.15: Responsivity of several samples as a function of the SiO- layer thickness.
Measurements were made on four samples with various active part’s length, from 300
nm to 15 um. Solid lines are guides to the eye.

Figure 4.15 shows the same data as presented in Paper 2, with the addition of some
new data. The way of plotting responsivity values is also different: responsivity is
plotted as a function of the SiO5 thickness instead of length. From this figure, one
can see that increasing the SiOs layer from 50 nm to 350 nm increase the responsiv-
ity. However, a strong decrease in responsivity is observed for samples with a SiO9
layer thicker than 350 nm. Finally, samples with a SiOs thickness of 1 pym display a
responsivity comparable to when the SiOs layer is 350 nm thick. Responsivity is also
higher for shorter samples. This comes mainly from the fact that in these experiments
we used a constant bias power. Therefore, shorter samples have been biased with a
higher current value. For all lengths, however, it seems that there is an optimum SiO»
thickness value between 155 nm and 530 nm, and another maximum at 1 gm. For the
four samples displayed on fig. 4.15, there is a factor of 2.3 between the maximum (i.e.
either for a SiOs thickness of 350 nm or 1 pm) and minimum (i.e. either for a SiOs
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thickness of 50 nm or 600 nm) value. A maximum responsivity of 4.8 x 10* V/W is
achieved by the shortest sample, patterned on a 1 pm thick SiOs substrate.

An increased thickness of SiO9 provides better thermal and electrical insulation of the
metallic film from the silicon substrate. In other words, the heat produced by the
absorption of the incoming IR radiation conducts more slowly to the substrate. This
heat confinement in the active area leads to an increase of AT, hence of AR. Therefore,
the electrical output of the bolometer is larger, and so becomes its responsivity. Our
experimental data confirms this, as AR displays the same evolution with SiOs as the
responsivity does. However, it is interesting to see that both AR and responsivity
drop when the SiO, layer is thicker than 350 nm. The detectivity of all these samples
was calculated, and fig. 4.16 displays its evolution with the thickness of SiO5 for four
samples with different lengths.
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Figure 4.16: Detectivity of several samples as a function of the SiO- layer thickness.
Measurements were made on four samples with various active part’s length, from 300
nm to 15 um. Solid lines are guides to the eye.

Detectivity shows the same evolution with SiO5 thickness as the responsivity. From
50 nm to 350 nm of SiOs, the detectivity increases, but samples with a SiO5 thickness
of 530 nm or 600 nm display an extremely reduced value of detectivity. However, the
specific detectivity for samples with a SiO5 thickness of 1 pum is high, almost 2 times
higher than for Si02(350 nm). Overall, there is a factor of 103 between the maximum
and minimum detectivity values. Finally, the detectivity appears to be independent of
the sample length. This is in accordance to eq. (2.37), when the 1/f noise is dominant
in the samples. Maximum detectivity is reached by samples on a 1 ym thick SiO9
substrate, with D* =4 x 107 ecmHz'/2/W.

This oscillating pattern in both responsivity and detectivity could come from two
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Figure 4.17: Resistivity of several samples as a function of the SiO5 substrate thickness.
Measurement were made on four samples with various lengths of the active part. Solid
lines are guides for the eye.

reasons. First, the resistivity of the samples varies with film thicknesses, due to the
fact samples have been fabricated in several deposition rounds. The resistivity ranges
between 16 and 42 u).cm, with a maximum for the Si02(350), as displayed in fig. 4.17.
The resistivity plotted against the SiO5 thickness shows a maximum for 300 nm oxide
thickness, as seen for the responsivity and detectivity. This fluctuation in resistivity
is also found in the evolution of AR/R with SiOq, shown in fig. 4.18.

Samples with higher base resistance will display higher AR compared to samples
with lower base resistance, under the same IR illumination. Plotting the ratio AR/R
allows to see the relative increase in resistance AR due to IR light, whatever the base
resistance of the sample. As AR directly influences the responsivity, its variation might
explain the oscillation in fig. 4.15 and fig. 4.16. However, one can see in fig. 4.17 that
if the resistivity is dropping for samples patterned on a 1 pm-thick SiO5 substrate, the
respective AR/ R value do increase (or stay the same for the 15 ym-long sample). This
means that another phenomenon is influencing the absorption of IR in the bolometer
in this case. This could come from the interference effects of IR light reflected at
the interface between silicon and SiOs, affecting the total amount of absorbed IR.
Taking into account the refractive index of silicon oxide at A = 2.74 um, the IR light
inside the SiOy has an effective wavelength of A.¢y = 2.74/1.5 = 1.81 pm. The first
two interference minima can be expected to occur around Acy¢/4 and 3X.rf/4, which
are around 500 nm and 1500 nm respectively. Such values are consistent with our
observations. Also, preliminary FDTD calculations also support our experimental
results. However, a more detailed calculation taking into account e.g. the internal
reflectivity at the Pt/SiO4 interface would be needed to obtain more precise values.
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Figure 4.18: Increase in resistance (AR) over base resistance of several samples under IR
illumination, as a function of the SiOy substrate thickness. Measurements were made
on four samples with various lengths of the active part. Solid lines are guides for the
eye.

As a conclusion, there is choice to be made about the optimal thickness of SiOs for
our samples. Thicknesses around 350 nm and 1 pm are linked to a maximum in
responsivity and detectivity. However, a thicker SiOs layer implies a slower device in
terms of time response. Therefore, it can be wiser to choose a thickness around 350
nm. Samples patterned on a SiOs layer of 350 nm exhibit a fairly good performance,
with a responsivity of 4.5 x 10* V/W and a detectivity of 2.7 x 107 cmHz'/2/W.

4.5. Changing the bias current to optimize
performance

The bias current is a crucial factor in the operation of our bolometers. It directly influ-
ences the responsivity, but also affects the detectivity via the noise sources. Moreover,
it can have in extreme cases a significant effect on the microscopic structure of the
device through Joule dissipation, leading to annealing and/or electromigration. There-
fore, it is important to study the evolution of both figures of merit as well as the noise
with bias current/bias power. Some conclusions have been presented in Paper 2. We
used samples made of 50 nm of platinum on top of a 5 nm of titanium for adhesion,
on a commercial Si/SiO2(100) wafer. Bolometers with an active area of width of 300
nm and various lengths ranging from 600 nm to 10 ym were fabricated and measured.
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4. Optimization of performance for metallic thin-film bolometers

Four samples were biased with increasing DC current values, until their eventual de-
struction. The DC bias current values have been calculated to correspond to Joule
dissipation power values ranging from 20 W to 2 mW. Naturally, the intrinsic self-
heating also increases with the bias current. As an example, a sample with a length
of 600 nm was biased up to 9.7 mA, which corresponds to a temperature of 700 K.
However, even with such a self-heating contribution, the bolometer was able to sense
a change of 3 K brought by the external IR source. Figure 4.19 below displays the
responsivity of four samples as a function of their bias power and length.

Length

T T T 600 nm ®
° 1300 nm A
[ ] 4000nm ¥
5 10000 nm *
—4x10" ] .« * .
< .
> «?®
g .
®
2 ¢ A A
@2x10°1 o A 1
o A
[e X A
8 A
r vv x * *x *
Y:***
0 500 1000 1500 2000

Bias power (u\W)

Figure 4.19: Responsivity of four samples as a function of the bias power and length,
from 600 nm to 10 pm.

For all sample lengths, the responsivity is increasing sublinearly with the bias power.
As here we deal with bias power, we can express the responsivity as follows:

(4.4)

with P; the Joule dissipation power and R the resistance of the sample. This explains
the sublinear increase of responsivity displayed in fig. 4.19. For the same bias power,
samples display a higher responsivity as their length is shortened. This comes from
the fact that shorter samples have a smaller resistance, hence they are biased with
a higher current. As a consequence, the shortest sample studied (with a length of
600 nm), displays a maximum responsivity of 4.5 x 10> V/W when reaching a Joule
dissipation power of 1.7 mW (corresponding to a bias current of 9.7 mA).

It is also important to look at the evolution of the current density J when increasing
the sample bias. It reaches a maximum of 6.5 x 107 A /cm? for the 600 nm-long sample
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when biased at 9.7 mA. This is a rather high current density value, likely to induce
annealing and electromigration. Eventually, samples broke down around this current
density value, as noted before (see section 3.3.4). In a comparable study, Saxena, Bhan,
Jalwania & Khurana (2008) present the effect of excessive bias current on titanium
bolometers, and the conclusions are similar to what we have witnessed in our samples
when the current density is high.

Noise calculations for our samples suggest that the dominant noise source is 1/f noise.
Moreover, the 1/f noise becomes more important as the bias power increases. The
difference between Johnson-Nyquist noise and 1/f noise depends on the length of the
sample: shorter samples have stronger 1/f noise compared to longer ones due to their
larger bias current. This leads to the 1/f noise being between 10® and 10° larger than
the Johnson-Nyquist noise contribution. The detectivity of the four samples previously
studied is displayed in fig. 4.20.
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Figure 4.20: Detectivity of four samples as a function of the bias power and length, from
600 nm to 10 pum

In fig. 4.20, the detectivity is not affected by the length of the sample, as all detectivities
show the same decrease with the increasing bias power. This corroborates eq. (2.37),
which states that specific detectivity does not depend on length. As the bias power
(or bias current) increases, 1/f noise in the samples increases, leading to a decrease
in the specific detectivity. Thus detectivity is affected by the bias power, albeit not
tremendously within our studied power bias range (factor 1.6). In any case, it is
preferable to keep a moderate bias power in order to minimize the 1/f noise and
therefore maximizing the detectivity. However, as seen previously in fig. 4.19, the
responsivity is increasing with the bias power. Therefore, a compromise has to be
made between responsivity and detectivity, while keeping the current density below
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4. Optimization of performance for metallic thin-film bolometers

10" A/cm?. Consequently, the maximum bias power or current must be adapted
considering the geometry of the sample’s active part. It should be noted that over
the range of studied bias power, the responsivity can be increased by an order of
magnitude, while the specific detectivity decreases by a factor smaller than 2.

4.6. Time constant of Pt thin-film bolometers

One of the drawbacks of thermal detectors is their rather slow time response compared
to their photodetector counterparts. Typically, thermal detectors show a response
time in the millisecond range, while photodetectors react within microseconds (see
section 2.2). Section 2.3.5 presents the theory behind time response of infrared de-
tectors, and introduces the idea that a trade-off needs to be made between sensitivity
and time response. In eq. (2.28) one can see that the time response can be improved
(i.e. made shorter) if the thermal conductance Gy, is maximized. However, a larger
thermal conductance means more heat transferred from the metallic film to the sub-
strate, leading to a loss in AR created from the incoming infrared radiation. As the
size of the active area directly influences the thermal conductance, it is then of great
interest to study the time response of our microscopic bolometers.

Measuring the time response of thermal sensors can be straightforward when using
an AC-bias setup combined with lock-in amplifiers (Chen et al. 2001, Codreanu et al.
2003, Gawarikar et al. 2013, Gonzalez et al. 2004). However, we used a DC-bias setup,
therefore other solutions have been considered. An ultra-fast oscilloscope (Agilent
Technologies Infiniium DSO09404A) was used to build a new setup, combining DC
and high-frequency apparatus. Samples were redesigned in order to incorporate new
contact pads for the high-frequency probe. An 80 MHz pulsed super-continuum laser
was used as an IR source, and its internal trigger linked to the oscilloscope. So far,
several attempts to measure the time constant of bolometers have been made without
conclusive results. A bias tee was used to filter out the DC part of the output voltage
signal, but the signal amplitude brought by the external laser illumination is still too
low for the oscilloscope to detect. Given that the sensitivity limit of the high-speed
oscilloscope is 1 mV, the sample signal has to be electronically amplified.

It is also insightful to study the time response theoretically. Jonsson (2009) presents a
model of samples made of platinum with a design similar to ours, but used as thermal
sources instead of bolometers. Through finite element simulation, the time response of
thermal emitters was studied as a function of their width. From this study, it appears
that samples with a length of 8 ym and a width below 1 pym have a time response
equal to or shorter than 40 nanoseconds. The time response becomes quicker as the
width is reduced. This suggests that our samples could also possess a very short time
response to IR radiation, which would be a great advantage.
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4.6. Time constant of Pt thin-film bolometers

We have calculated the time response of bolometers as a function of the metallic film
thickness. According to eq. (2.28), time response depends on both Cj,, the thermal
capacity, and Gy, the thermal conductance. In order to calculate the heat capacity,
we used eq. (2.27), with C,, = 130 J.kg7'K~! and p = 21450 kg.m 3. Thermal
conductivity is calculated with eq. (2.26). For each thickness value, parameters from
several nominally identical samples were used. There are two sources of heat affecting
the bolometer: an external one, brought by the IR radiation, and an internal one,
caused by self-heating. However, the infrared radiation is a perturbation of our system.
It is then preferable to calculate the time response without taking into account this
perturbation. Therefore, Gy, will be calculated with only taking into account self-
heating induced changes in temperature. Thus, Gy, is the inverse of the dT/dP value
that is extracted from IV measurements of each sample.

The time response of samples of same width and length has been calculated, for
different metal film thickness and bias current. Each sample’s dT/dP value has been
extracted from IV measurements so the temperature elevation due to Joule heating
(ATsp) can be also calculated. Overall, dT/dP does not vary much with the film
thickness. The design of our samples leads to a stronger effect of the lateral area
(length and width) on dT/dP, while the influence of the film thickness is negligible.
This means that by calculating Gy, as the inverse of dT/dP, it will also be independent
of the thickness. This makes physical sense: as Gy, described the amount of heat
transferred from the film to the substrate via the interface between the two, it is not
expected to be influenced by the film thickness. On the other hand, with our sample
design, Cyj, depends only on sample film thickness. Finally, the time response should
not be affected by the bias current fed to the sample. This means that we expect the
time response 7 to be directly proportional to the film thickness. Figure 4.21 displays
the calculated time response of several samples with different film thicknesses, with a
bias current of 0.5 mA.

Generally, our samples have a thermal conductance value around 2 x 1075 W/K,
and a heat capacity between 8 x 10715 and 6 x 1071* J/K depending on the sample
thickness. This leads to a time response increasing with the thickness, as expected
from theory and previous experiments (Block & Gaddy 1973). As the thickness ranges
between 10 nm to 77 nm, the time response is increased by roughly a factor of 10. It
is also interesting to see that the time response is in the nanosecond range, as hinted
from previous modeling works. Figure 4.21 shows that the longer response time is
obtained by the thickest sample at around 4 ns, and the fastest time response by
the thinnest one at around 0.4 ns. Relaxation time of electrons in metals is typically
of 1071 s, therefore it is physically realistic. In any case, this nanosecond range
for the time response of bolometers is very promising, and would represent a huge
improvement, of performance. This short response time would also allow spreading
the use of bolometers in applications such as thermal vision, or any application that
requires a fast frame rate.
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Figure 4.21: Time response calculated for samples with various film thickness, from 10
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nm to 77.3 nm. Samples are biased with a DC current of 0.5 nm and are patterned
on a Si/Si02(100 nm)substrate. Full blue circles represent the average time response
of samples with the same thickness, red and green ticks are error bars related to the
maximum and minimum time response value of the set respectively. The orange line is
a linear fit of the averaged data.



5. Summary and conclusions

Bolometers made of platinum thin-films have been designed and fabricated at the
University of Iceland. They are active infrared sensors and their performance has
been characterized for blackbody radiation at 1060K. At this temperature, the infrared
spectrum has a peak wavelength of 2.74 um, which corresponds to the near- to mid-
infrared range. Bolometers are designed as a central active part attached to four
contact pads. As the central part is biased by DC current, the electric resistance change
brought by incoming infrared radiation is measured. Thus, the bolometric performance
of the device is assessed by calculating its responsivity and specific detectivity. Typical
lateral dimensions of the active area are between 300 nm and 17 pm in length and
between 300 nm and 19 pm in width, and the thickness of the thin-film between 3 and
80 nm.

The main aim of this project was to study how multiple factors, such as fabrication,
geometry and also driving parameters impact the sensitivity of our bolometers. There-
fore, we have fabricated and measured samples with an active area of different length
and width, and various thicknesses of the metallic thin-film. Also, samples with dif-
ferent silicon dioxide thickness have been characterized. Finally, the DC current bias
value has been varied to study its effect on both bolometers’ microscopic structure
and sensitivity.

Lateral dimensions of the central part play a decisive role on the infrared absorption.
When the size is reduced below 2 pm, samples stop following classical models and
the absorbed infrared light does not scale with the sensing area. Responsivity is
locally enhanced when the length of the central part is around 1.1 gm. This can be
explained by the revised theory of antenna resonance applied to open-ended metallic
antennas at optical frequencies. Also, when the width is reduced below 600 nm, the
area ceases to be the main factor influencing the sensitivity. From boundary scattering
and enhanced absorption, narrow bolometers display higher responsivity compared to
their wider counterparts. Interestingly, it also appears that as the width is reduced,
they may become more polarization selective, to the point where only 50% of the
incoming unpolarized IR is picked-up.

Bolometers with a thin-film thickness lower than 40 nm have degraded electronic
properties, such as reduced TCR and a large resistivity. Detectivity is also maximized
for thicknesses equal to or larger than 40 nm. However, the responsivity increases by
a factor of 3 for samples with a thickness of 7.5 nm compared to other thicknesses.
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Infrared sensitivity is also maximized when the silicon dioxide has a thickness of 350
nm and 1 pm, presumably because of interference effects due to infrared reflected at
the interface between silicon dioxide and silicon. Increasing the DC bias current causes
the responsivity to increase linearly. However, it also leads to a quick decrease of the
detectivity, as the 1/f noise is increasing. Therefore a trade-off has to be found between
responsivity and detectivity when the bias current is increased, considering the device
requirements. Finally, the expected time response of our thin-film bolometers has been
calculated to be less than 4 ns, which represents a great improvement compared to the
general time response of thermal detectors. This value can even be further reduced by
reducing the metallic film thickness.

Table 5.1 summarizes the sensitivity values reached by our bolometers, as well as their
physical properties. It appears that our samples are limited by 1/f noise, due to the
use of a rather large DC bias (on the order of mA). As the metallic thin-film is a good
electrical conductor, bolometers have a small resistance value. This prompts the need
for a large bias current to be able to have a measurable change in voltage upon IR
exposure.

Table 5.1: Summary of bolometer sensitivity and both thermal and electronic properties.
Values are from experiments and theoretical calculations and models. Bolometers were
exposed to blackbody spectra with a peak wavelength of 2.74 pm.

Responsivity 107 - 10° V/W
Specific detectivity 107 and 10® cmHz'/2 /W

Response time < 4 ns

TCR 2x 1073 KT
Resitivity 23 pm.cm

Electrical resistance 5 Q - 500 Q
Thermal conductivity 10° W/K

Heat capacity 10-% - 1074 J/K

Such bolometric performance is comparable to what is found nowadays in the litera-
ture. Furthermore, our devices present additional advantages: a reduced size, ease of
use, simple fabrication and a very fast time response to infrared illumination. Sub-
wavelength platinum thin-film bolometers are promising infrared sensors that ought
to be further developed in terms of sensitivity. This could be achieved by reducing
intrinsic noise. It would be also very interesting to work on their integration on ROIC
(Read Out Integrated Circuit) towards a commercial device. Due to their microscopic
size, they are a good candidate for integration with other platforms, such as coupling
them to optical waveguides.

To further improve sensitivity, the 1/f noise should be reduced, therefore rendering the
Johnson-Nyquist noise dominant (as it is the case for most bolometers). Detectivity
would be improved, and would most probably show the same features as responsivity
(local maxima, improvement with reduced width, etc.). A first approach should be
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taken by biasing the bolometers with AC current, and using lock-in amplifiers to pick-
up the voltage signal across the active part. Also, the bolometric performance should
be characterized for longer wavelengths. As an example, a COy laser could provide
coherent IR radiation at A = 10.6 pym and could also be used to characterize the
bolometers’ absorption as a function of IR polarization.
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Abstract: We present characterization results of microscopic plat-
inum wires as bolometers. The wire lengths range from 16 um down to
300 nm. Thus they are in many cases significantly smaller in size than
the wavelength of the radiation from the 1200 K blackbody source they
were exposed to. We observe a steep rise in both responsivity R and
detectivity D* with decreasing wire size, reaching X = 3.1 x 10* V/W and
D* = 2.7 x 10° cmHzY2/W a room temperature for a 300 x 300 nm?
device. Two significant advantages of such small wires as bolometers
are their low power requirement and fast response time. Our numerical
estimations suggest response times in the order of nanoseconds for the
smallest samples. They could help improve resolution and response of
thermal imaging devices, for example. We believe the performance may be
further improved by optimizing the design and operating parameters.

© 2011 Optical Society of America

OCIS codes: (310.6845) Thin film devices and applications; (040.6808) Thermal (uncooled)
IR detectors, arrays and imaging.
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1. Introduction

Microbolometers are widely integrated in various technologies for both military and civilian
applications. These include surveillance, security, and thermal imaging. They are made from
different materials, e.g. metals or semiconductors [1]. The basic operating principle relies on
the change of electrical properties of the device upon absorption of infrared (IR) radiation.
Two highly desirable technica attributes for many applications are good sensitivity and fast
response. Ease of use and cost can also play an important role for the end user. Semiconductor
detectors that rely on excitation of electrons across a small band gap by IR photons usually
have a high signal-to-noise ratio and a fast response time, but are selective in wavelength. Also
such detectors often depend on complicated fabrication processes. Further, due to the small
band gap they are operated at |ow temperature in vacuum, adding to inconvenience in use and
price. Thermal detectors however, make use of the heating effect of the IR radiation. These can
be as simple as a thin metallic strip or wire, thus quite straightforward to fabricate, low cost
and reliable. They also operate at room-temperature but usually have a slower response (in the
millisecond range) and alower overall performance[1]. A great deal of work has been done on
antenna-coupled microbolometers (see e.g. [2-5]) with time constants approaching 100 ns [6].
In this paper we present results of our study on thermal bolometers from lithographically pat-
terned platinum micro- and nanowires. The smallest elements have dimensions significantly
smaller than the wavelength of IR radiation being detected. They exhibit detectivity compara-
ble with or higher than other bolometers and we argue that their response time is in the order
of ten nanoseconds. Previously, we have studied thermal emission properties of such wires dur-
ing resistive heating by a DC current. We observed a significant increase in the radiated signal
for our narrowest wires [7, 8]. With Kirchoff’s law of thermal radiation in mind the question
naturally arose whether they would serve well as bolometers.

2. Characterization of responsivity, noise, detectivity and time response

2.1. Samples and experiment

We have fabricated two sets of platinum wires with different dimensions. Set A has widths
ranging from 8 um to 2 um and lengths from 16 um to 2 um. Set B has lengths ranging from
300 nm to 20 um with afixed width of 300 nm. Both sets were fabricated on Si/SiO, (105 nm)
substrates using photolithography and e-beam lithography respectively, then DC sputtering and
lift-off techniques. The SiO; layer acts as thermal insulation between the wire and the Si sub-
strate. Below the platinum we deposited 5 nm of chromium and titanium for set A and set B
respectively, in order to improve adhesion. The thickness of the platinum layer was 50 nm for
both sets. A typical sample isdisplayed in Fig. 1. It is designed with fine voltage sense leads,
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Fig. 1. Scanning €lectron microscope image of a4 um long by 300 nm wide wire showing
the four-lead sample structure.

and source leads that broaden at the heater ends. This allows us to bias the wire by passing an
electrical current through the outer source leads, and at the same time we monitor the resistance
through the two inner sensing leads. We carefully characterize the current-voltage properties of
our samples and record both their electrical and thermal resistance. The electrical resistanceis
approximated by:

R =Ro(1+ aAT), @)

where Rg isaconstant and o is the temperature coefficient of resistance (TCR) of the material.
The resistance of our wires ranges from 6 to 300 Q and their TCR is 0.002 K~1. Extensive
studies have revealed that the thermal resistance remains constant, despite changes in resis-
tance caused by e.g. changes in grain size if the wire is exposed to high temperatures. Thisis
in agreement with our numerical modeling that shows a very weak dependence of the thermal
resistance on the thermal conductance of the wire. Essentialy this is because the heat dissi-
pation away from the wire is governed by thermal properties of the surroundings, but not by
the properties of the wire itself. Thus, after careful characterization, we can tell the tempera-
ture of the wire quite accurately by measuring its resistance. To characterize our bolometers
we bias them at room temperature with a DC current source and we monitor their resistance.
Samples were biased within the range of 300 A to 1.9 mA. As areference we chose to keep
the Joule dissipation power constant at 24 u\W, in order to limit the self-heating contribution to
the temperature change, in comparison with the |R-heating. The self-heating contribution was
in most cases limited to within 2 K (for samples longer than 2 pum), but rose gradually up to
9K with decreasing sample length. With afixed bias current and with the resistance in a steady
state the bolometer is suddenly exposed to a NiCr-Ni blackbody source at a temperature of
1200 K. The corresponding blackbody emission spectrum isin the near-IR and has amaximum
at awavelength of 2.4 um. The irradiance of the source was 1 W/cm?. Exposure to the light
source causes an abrupt resistance change in the wire that is easily detected with a four-point
measurement without resorting to building the wire into a resistance bridge.

2.2. Responsivity

The performance of bolometersis characterized in terms of responsivity %R and noise. Respon-
sivity is defined as the ratio of the output signal generated to the incident power [1], hence can
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be expressed as:
R= v 2

k)
PII']C

whereV isthe voltage along the wire and Py, isthe incident IR power. In our case this can be
expressed as [9]:
AR x|
T =i ®
where | is the bias current, AR is the resistance change, Irr is the irradiance of the blackbody
IR source and <7 is the area of the wire. Figure 2 displays the responsivity as a function of the
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Fig. 2. Responsivity dependence on the area for the two sets of platinum nano- and mi-
crobolometers. Empty circles are samples from set A and filled ones are from set B.

surface area of the wire. From these resultsit is clear that as the dimensions of the wires are
reduced, responsivity increases. Thisis to be expected from Eq. (3). A maximum responsivity
of 3.1 x 10* V/W is reached for the 300 nm long sample. The larger, micron-scale, photolitho-

graphically defined samples from set A yield a more modest responsivity of around 10° V/W
or below.

2.3.  Noise and detectivity

A standard figure of merit to evaluate the performance of bolometers is the specific detectivity
D*, expressed as [10]:
_Rx N

D* . (4)

where V, is the root mean square (RMS) voltage fluctuation per unit bandwidth corresponding
to the total voltage noise power spectral density S, in the sample. It is evident from Eq. (4) that
noise can severely limit the performance of the device. Asiit is quite challenging to measure
noise in low resistance devices such as ours we estimate the contribution of the main sources:
Resistance noise (i.e. Johnson-Nyquist noise), thermal conductance noise (TCN) and 1/ f noise.
We use the results to calculate a detectivity for our bolometers. The resistance noise can be
expressed as:

Sy.aN = 4kgRT, ®)
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where S, gy is the voltage power spectral density due to the resistance fluctuations, kg is the
Boltzmann constant and T is absolute temperature. Thermal conductance noise arises from
temperature variationsin the detector caused by heat conductance fluctuations between the wire
bolometer and its surroundings (mainly the substrate). The power spectral density of voltage
fluctuations caused by thisis expressed as[11]:

4k T2I2R202
SyTCN = TO (6)

where we have used G = TRf'io for the thermal conductance to the surroundings. Excess, or
1/f noise in metals is usualy attributed to random hopping motion of scattering centers, i.e.
impurities and defects [12]. It is a low-freguency, non-equilibrium phenomenon related to DC
bias current. It can be expressed by Hooge's empirical law [12]:

V2
Svi/t = NT? (7)

where f3 is the Hooge constant for platinum films (8 = 0.002, see Ref. [13]) and Ng the num-
bers of carriersin the thermo-sensitive layer of the bolometer. Usually, the thermal conductance
noise is negligible, and the preponderant noise between the Johnson noise and the 1/f noise
depends on material properties and operating conditions. When evaluating noise according to
equations (5), (6) and (7), we chose f = 1 Hz in Eq.(7) as our measurements are done at
DC and 1 Hz is a commonly chosen reference point for frequency dependent noise. Figure 3
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Fig. 3. RMS noise voltage components and total noise dependence on length for set B
samples (constant width of 300 nm).

displays the total noise voltage dependence on length for set B samples. The results indicate
that under our measurement conditions the predominant noise source in our platinum thin film
bolometers is resistance noise, i.e. Johnson-Nyquist noise. Increase in wire temperature and
electrical resistance contribute to the increase in TCN with length. Even at the low frequency
of f =1 Hzthel/f noiseis an order of magnitude weaker than the resistance noise. Com-
bining these results with our data for responsivity gives a measure of detectivity according
to Eq. (4). The results are displayed in figure 4. It can be seen that the detectivity increases
significantly as area decreases. A maximum detectivity of around 2.7 x 10° cmHZzY/2/W was
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Fig. 4. Detectivity dependence on the area for the two sets of platinum nano- and mi-
crobolometers. Empty circles are samples from set A and full ones from set B.

reached for the sguare 300 nm long sample. Our platinum bolometers show high responsivity,
low noise, and thus high detectivity compared to other reported values, such asa VO, bolome-
ter (1.94 x 108 cmHZzY/2/W) [10], poly SiGe (2.3 x 10° cmHZY/2/W) [14] or even carbon
nanotubes (4.5 x 10° cmHz%2 /W) [15]. They also have asmaller size and a smaller resistance
than most typical bolometers.

2.4. Time response

Another important advantage of using small bolometers is their short response time. A sim-
ple estimation of the thermal RC time constant 7 is obtained by taking the ratio of thermal
capacitance C to the thermal conductance to the surroundings G [11],

T= G - (8
As an example, an estimation based on ¢, = 140 J(kg K) and asample with lateral dimensions
300 x 600 nm? gives C = 2.7 x 10~1* JK. With the measured value of thermal resistance
Zip = G~! = 150 K/mW this results in a response time of T = 4 ns. This estimation agrees
very well with our time dependent finite element simulation results [16]. Our previous results
have shown that emission spectra from heated wires in the size range of the smaller samples
reported here differs appreciably from the blackbody spectrum [8]. (Wires wider than ~ 1um
do however appear to emit like blackbodies.) Nevertheless our smallest devices do emit very
strongly in the energy range of interest, although thisislimited to light polarized along the wire
axis[7,8,17,18]. Therefore it is not surprising that they are sensitive as radiation detectorsin
the same regime athough this may indicate that they are wavelength selective. Consequently
we expect our devicesto act as polarization sensitive bolometers. We are presently investigating
the detectivity as afunction of polarization, the results of which shall be published shortly. We
believe that the performance can be improved by optimizing the bias current and the thermal
insulation of the wires. Increasing the thermal impedance of the bolometers can be achieved by
raising the thickness of the SIO,, using suspended structures or using substrates of low thermal
conductivity, e.g. silicaaerogel [6] or SizN4 [5].
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3. Conclusion

In summary we have investigated bolometric properties of Pt wires with dimensions in the
order of and smaller than the IR wavelength being detected. These are uncooled devices that
exhibit responsivity of 3.1 x 10* V/W and detectivity of 2.7 x10° cmHzY/2/W. The design
and fabrication of these devices is very simple and can be achieved with state-of-the-art pho-
tolithography. The resistance of our devices ranges from several Q'sto afew hundred Q. They
display comparable detectivity to many more complex bolometers. We estimate numerically
their time response in order of nanoseconds. This, together with their smallness should help
improve e.g. imaging devices such as scanning thermal microscopes or thermal cameras. Fur-
ther improvement in their detectivity could be made by optimizing the bias current and the
thermal insulation of the wires.
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ABSTRACT

We present novel nanoscale bolometers made of lithographically defined platinum wires. The cores of our structures are
narrow wires with fixed width of 300 nm and length ranging from 300 nm to 17 pm. Some are significantly smaller in
size than the wavelengths they are exposed to from a 1200 K blackbody source. The response of the wire’s resistance to
the external radiation reflects its temperature and can be monitored in real-time. Previously, we have reported a steep rise
in responsivity and detectivity with decreasing wire length under such infrared exposure, for a constant Joule power
dissipation in the wire (drive power). In this work, we aim to enhance the performance of the bolometers by changing
physical and driving parameters, i.e. the insulating layer thickness or the external bias. We find that after such
optimization, structures can reach a responsivity R of 4.5x10° V/W and a detectivity D* of 2.3x10'° cmHz"*/W. With a
reduced size and a high performance, these devices could improve the infrared sensors technology.

Keywords: Bolometers, Infrared sensors, Optoelectronic nanotechnology, Thin film devices and applications.

1. INTRODUCTION

Infrared detectors are widely used in infrared detection for various purposes in research and everyday life. Their basic
operating principle relies on the change of electrical properties of the device upon absorption of infrared (IR) radiation.
Two highly desirable technical attributes for many applications are good sensitivity and fast response. For the user and
the industry, ease of use and low cost are also essential. Within the classification of infrared sensors, bolometer devices
fall under the class of thermal detectors, with their resistance changing under IR absorption. Compared to photon
detectors, they have slower response times and lower overall performances, but are low-cost and reliable, due to simpler
design and use'. In a previous paper’ we presented results of a study on bolometers whose sensitive cores are
lithographically patterned platinum nanowires of different lengths. The smallest elements have dimensions significantly
smaller than the wavelength of IR radiation being detected. They proved to exhibit detectivities comparable with or
higher than other bolometers. Also, our numerical simulations suggest that their response time is in the order of ten
nanoseconds™. In this article, after developing our previous results, we present an optimization of the bolometers
performance by tuning their current bias and the thickness of the silicon dioxide layer.

2. FABRICATION AND DEVICE PHYSICS

We have fabricated 300 nm-wide platinum wires with lengths ranging from several hundreds of nanometers to several
micrometers. They are made by writing patterns in e-beam resist on Si/SiO, followed by a 50 nm thick DC-sputtering
platinum deposition and lift-off. A typical sample is displayed in Fig. 1.
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Fig. 1. Scanning electron microscope image of a 4 pm long by 300 nm wide wire (close-up of the center).

The SiO, layer acts as thermal and electrical insulation between the metallic film and the Si substrate and is a key factor
for the performance of the device. For the first part of this study we used commercial wafers with a SiO, thickness of 100
nm. Later, when investigating the influence of the silicon dioxide thickness on the performance of the samples, we grew
manually the desired oxide thickness at 1150°C in a RTA furnace from Si wafers with native oxide. We chose to use
platinum as bolometric material as it is non-reactive, has a rather low thermal conductance G compared to other metals
and a low 1/f noise. It has a temperature coefficient of resistance (TCR) of 0.002 K™'. Below the platinum was deposited
5 nm of titanium or chromium, in order to improve adhesion with the SiO,. Resistance of the samples ranges from a few
ohms to several hundred ohms.

The core function of bolometers is a resistance increase as they are subjected to infrared radiation that heats up the
sensitive, or sensing, area. Our samples are designed with a constricted part that we refer to as a “wire”, which is bound
by DC leads and contact pads at its ends. The pads can be viewed as heat sinks as heat distributes and dissipates quickly
to the substrate due to their large surface area. Therefore the temperature rise is strongly localized in the wire part of our
samples; this has been confirmed by numerical simulations® and thermal imaging®.

The structure includes fine voltage sense leads, and source leads that broaden at the wire ends. This allows us to bias the
wire by passing an electrical current through the outer source leads, and at the same time to monitor its resistance
through the two inner sensing leads. To characterize the performance, we bias the samples with a fixed DC current and
with the resistance in a steady state (Ry). The bolometer is subsequently suddenly exposed to a NiCr-Ni blackbody
source at a temperature of 1200 K. Its corresponding blackbody emission spectrum is in the near-IR with a maximum at a
wavelength of 2.4 um, with an irradiance of 1 W/cm?. Exposure to the infrared light causes extra heating in the wire and
an abrupt resistance change that is easily detected with a four-point measurement, without resorting to building the wire
into a resistance bridge. We carefully characterize the current-voltage properties of our samples at room temperature and
record both their electrical and thermal resistance with a Keithley 2400 source-meter.

The performance of bolometers is expressed in terms of responsivity R and detectivity D*. Responsivity is defined as the
ratio of the output signal generated to the incident power'. The change in resistance occurring in the bolometer due to the
incident radiation is expressed as:

AR = RyaAT )

where a is the temperature coefficient of resistance (TCR) of platinum and AT the rise in temperature caused by the
external IR radiation. Hence the responsivity in our case is:

m:ARXI/ﬂXIrr @

where 1 is the bias current, AR is the resistance change, A is the area of the wire and Irr is the irradiance of the
blackbody IR source.

Detectivity is the ultimate figure of merit to characterize the devices. It is expressed as™:
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D = RXVAL 3)

where V, is the root mean square (RMS) voltage fluctuation per unit bandwidth corresponding to the total voltage noise
power spectral density S, in the sample. It is evident from Eq. (3) that noise can severely limit the performance of the
device.

3. RESULTS AND OPTIMIZATION

3.1 On previous wire length dependency study

In early works we have studied the thermal emission properties of wires during resistive heating by a DC current, and
observed a significant increase in the radiated signal for our narrowest devices*’. Therefore it was interesting to see if
they could as well be efficient bolometers. In a previous paper from our group?, first bolometer characterization works
were carried on to study the influence of the wire length on the overall performance. We studied samples with a constant
width of 300 nm and varying length from 300 nm to 17 pm, made on Si/SiO, (105nm) wafers. We chose as a reference
point to keep the Joule dissipation power constant at 24 uW in all the samples, hence determining the corresponding bias
current after measuring the “cold” resistance Ry by IV characterization. Of course, as small samples have a lower
resistance than the larger ones (the resistance is ranging from 7 to 300 ohms), the current through the samples is
increased with their size decreasing.

As the Joule dissipation power is kept constant for all samples at 24 pW, the self-heating contribution is in most cases
limited to within 2 K (for samples longer than 2 pum), but rise gradually up to 9 K with decreasing sample length.
However this does not prevent us from observing large changes in wire resistance upon IR exposure. For all lengths in
our study, the noise calculation shows that the predominant noise source in our platinum thin-film bolometers is the
Johnson-Nyquist noise. Increase in wire temperature and electrical resistance contribute to the increase of TCN with
length. The 1/f noise is an order of magnitude weaker than the resistance noise in these operating conditions.

Generally speaking, the results of our study show both responsivity and detectivity presenting an exponential decrease
with the length increasing, meaning a higher performance for smaller samples. And yet, it could be argued that the high
performance of smaller bolometers comes from the fact that they are fed with a higher bias current. It is clear that from
Eq. (1) that the responsivity is directly proportional to the bias current, and so is the detectivity. Carrying on a simple
approximation, stating that AT changes little with the length of the sample, we have AR o< L. The same goes for the area,
with A « L. With the irradiance being constant for all samples, the responsivity can be expressed as R « I. Further, as
the bias current is set to keep the Joule dissipation power P; = R, constant, it follows:

ﬁRoc\/% @

The responsivity is then expected to be only dependent on the bias current, which scales with the square root of the
inverse of the length. For the detectivity, as Johnson-Nyquist noise is the main noise source in which only the resistance
varies, we have V; jy & Ry « L. Combining this with Eq. (4) it is possible to express the detectivity as follows:

D* \E )

Fig. 2 below presents the results from our previous paper” for different length sample at constant drive power plotted
against the square root of the inverse of their length (in this case it is essentially equivalent to plotting versus bias
current):
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Fig. 2. Detectivity plotted against the square root of the inverse of the length of the samples.

One can see that the detectivity is not totally fitting to the suggested trend line. A strong linear increase is visible;
however a deviation is evident for lengths ranging from 800 nm to 2000 nm. If not for this fluctuation, the linearity
would be achieved. The center of the deviation is characterized by a peak which occurs for the 1200 nm long bolometer,
and comes from a bigger temperature jump occurred in this particular sample. This denotes that even if the performance
of the samples is improved when the bias current is increased, it is not the only factor that influences the responsivity and
detectivity. Fig. 2 then shows that the responsivity of different length bolometers will be quite different, for a given
power value. In the following study, we kept the Joule dissipation power as a reference point.

3.2 Optimization of performance with bias power

From previous experiments, it is clear that our structures can sense a change in temperature of some Kelvin even if the
self-heating contribution of the wire lays the same range. Our interest with this study was to characterize the bolometer
performance in a higher bias current range and find its limits.

When increasing the bias current, the Joule dissipation power increases, leading to higher self-heating contribution of the
wires. As an example, the 600x300 nm’ sample is almost reaching 700 K when biased by 9.7 mA. Albeit this remarkable
rise in temperature, the bolometer is still able to detect a 3 K rise caused by an IR external source. According to Eq. (2)
the responsivity is directly proportional to the bias current. The resistance change AR caused by the radiation induced
temperature jump stays relatively constant as bias increases, resulting in a sublinear increase in responsivity when plotted
as function of power. This can be seen in Fig. 3, which displays the results of the characterization of samples of different
lengths, with increasing Joule dissipation power:
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Fig. 3. Responsivity dependence on Joule dissipation power for different lengths of platinum nanobolometers.

94
Proc. of SPIE Vol. 8261 826101-4

Downloaded from SPIE Digital Library on 28 Feb 2012 to 130.208.168.236. Terms of Use: http://spiedl.org/terms



As the Joule dissipation power (hence the bias current) increases, the responsivity reaches higher values. But high bias
current also leads to stronger electro-migration phenomenon and annealing processes in the nanowires, leading to
changes in structural properties and increasing the risks of device failure. The noise is also affected by the bias current,
particularly the 1/f noise component. As an example, Fig. 4 displays the evolution of the three main noise components
with the bias power for a 1400 nm-long bolometer:
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Fig. 4. Evolution of the main noise components with increasing bias power, for a 1400 nm-long sample.

We have not measured noise directly in our devices, as due to their low resistance it calls for specialized setup and
careful measurements. It is well known that metallic resistors are Johnson-Nyquist noise limited down to quite low
frequencies’. At low enough frequency the noise is dominated by 1/f noise (estimated here for 1 Hz, a commonly chosen
reference value for DC measurements). The 1/f noise has been well characterized in Pt resistors, but is quite sample
specific, so an estimate of noise from calculations will be accurate enough for our purpose. Therefore we estimate
numerically the contribution of the major noise components: resistance noise (i.e. Johnson-Nyquist noise), thermal
conductance noise (TCN) and 1/f noise, and use the results to calculate the detectivity of our bolometers. More detailed
definitions and models of these noise components were presented in our previous paper”. In this previous study the bias
current was set at a specific value for each sample, to keep the Joule dissipation power constant at 24 pW. This modest
power value was chosen to limit the self-heating contribution of the wire in comparison with the external IR heating.

As supposed, the predominant noise source in our platinum wire bolometers is the resistance noise, i.e. Johnson-Nyquist
noise. Its power spectral density is linearly proportional to the resistance of the wire, and thus changes slightly as self
heating of the wire raises its resistance. For this 1400 nm-long sample, the thermal conductance noise (TCN) stays
constant with increasing bias power, with a power spectral density of around 1.8x10?' V¥/Hz. However, the 1/f noise is
increasing drastically due to its dependence on bias. For a bias power of 3 mW it is has increased by 2 orders of
magnitude, reaching a value of 5x10™"° V¥/Hz, when the Johnson-Nyquist noise has a value of 6x10™° V¥/Hz. Therefore
for higher bias power values, the 1/f noise would become the main noise component in our devices.

The detectivity, Eq. (3), combines noise and responsivity for each sample. Using the results above, we plot in Fig. 5 the
dependence of detectivity on bias power:
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Fig. 5. Detectivity of platinum nanobolometers of different lengths for increasing Joule dissipation power.

One can see that the detectivity is increasing rapidly with the bias power, but levels off to a plateau for power values
between 500 and 1000 pW. It is clear that the rise in responsivity for high bias power is balanced by the 1/f noise
component, as detectivity is the ratio of responsivity and noise. Fig. 5 shows that smaller samples reach a better
performance, as pictured in Fig. 4: the smaller sample 300x600 nm? reaches a detectivity of 2.3x10'° cmHz"%/W for a
bias power of 1 mW, corresponding to a bias current of 7.9 mA. Comparing these optimal performance values to the

ones obtained at a fixed Joule dissipation power of 24 uW presented by Fig. 2, we have an increase of at least a factor
10.

3.3 Influence of the SiO, thickness on the performance

The SiO, layer plays an insulating role that is of major importance in the performance of bolometers. Increasing the
insulation between the metal sheet to its surroundings will reduce leakage of heat through the substrate, hence increasing
the amplitude of the response signal. Though better insulation increases the sensitivity of the device, it also slows down
its response time. This is well depicted by the time response equation:

=0/ (6)

where C is the heat capacity and G is the thermal conductance to the surroundings. As the SiO, layer becomes thicker,
providing a better thermal insulation, the thermal coupling is decreasing. This will cause the time response of the device
to be longer.

As described above, different thicknesses of silicon dioxide were grown on silicon substrate to study its effect on the
bolometer properties. Four wafers were fabricated, with SiO, thickness ranging from 50 nm to 350 nm, and a commercial
wafer with an oxide thickness of 100 nm was also used for this experiment. Platinum structures with wires of fixed width
300 nm and lengths ranging from 300 nm to 19 pm were patterned and fabricated on each of the five wafers. After
characterizing their electronic properties (with a constant Joule dissipation power of 24 uW), we calculated the

responsivity R and detectivity D” according to Eq. (2) and Eq. (3) respectively. Fig. 6 below displays the responsivity as
a function of the sample length and the silicon dioxide thickness:
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Fig 6. Responsivity of 300 nm-wide platinum wires of different lengths, patterned on Si/SiO, wafers
with different silicon dioxide thicknesses.

Comparing the responsivity values of our set of samples, one can see that the responsivity increases for wafers with
thicker SiO, layers. This graph also shows that shorter samples present larger responsivities between oxide thicknesses
than longer ones. As an example, with samples of length 300 nm, the responsivity for 350 nm-thick oxide is more than 2
times bigger than its 50 nm-thick counterpart, and reaches a maximum value of 4.5x10* V/W. Longer samples with
lengths from 5 to 19 um show a gain in responsivity of around factor 1,5 over the 50 nm-thick SiO,. After calculating the
corresponding noise components, the detectivity of the samples is presented in Fig. 7:
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Fig 7. Detectivity of 300nm-wide platinum wires of different lengths, patterned on Si/SiO2 wafers
with different silicon dioxide thicknesses.

The detectivity has the same general pattern as the responsivity. Large values of detectivity are obtained for smaller
samples on top of thick silicon dioxide wafers. Gain factors between SiO, thickness values for same length samples are
similar as the responsivity ones. A maximum detectivity of 3.6x10° cmHz"*/W is reached by 300 nm-long samples. It is
also interesting to note that samples on thin layers of silicon dioxide (from 50 nm to 100 nm) and with a length of 3 um
or longer have a similar value for responsivity. The same applies for detectivity. It is only when the sample length is
below or equal to 2 um that we have a significant effect of the SiO, thickness on the performance.

Better responsivity and detectivity are achieved for bolometers patterned on top of thick silicon dioxide layer (350 nm).
This is caused by an improved electrical and thermal insulation of the metallic wire from the silicon substrate.

Consequently the performance is improved: the output signal to the incident power, measured as AR, is stronger. This
comes from the insulation that prevents the heat produced by the absorption of the incoming IR radiation to dissipate in
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the substrate. As the silicon dioxide layer is thicker, the heat is confined in the wire, increasing the corresponding rise in
resistance.

4. CONCLUSION

In summary, we presented infrared sensors with two valuable assets: a reduced size of the order of hundreds of
nanometers, and a high responsivity and detectivity. In this work, a study of the drive power influence on the
performance showed that devices are limited by 1/f noise for higher bias currents. This leads to detectivity reaching a
maximum value: for a sample of dimensions 600x300 nm?, detectivity reaches 2.3x10'° cmHz"%/W for a bias power of 1
mW. The sensing performance of the devices can also be improved by thicknening the silicon dioxide layer. This
provides better electrical and thermal insulation of the metallic sheet from the substrate. Detectivity is increased by a
factor of 2.25 when the SiO, thickness is up to 350 nm: the sample 300x300 nm? reaches 3.6x10° cmHz"*/W. In the
future we plan to continue on improving the performance of our small-size bolometers, to provide new solutions for
infrared sensing.
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Abstract

This paper presents how reducing the width and length of a bolometer’s sensing core affects
its performance. Bolometer devices made of thin films of platinum with various lateral
dimensions—widths ranging from 300 nm to 4 ;m and lengths ranging from 300 nm to

19 um were tested. Some are significantly smaller in size than the wavelengths they are
exposed to, coming from a blackbody source with a Apeax of 2.74 um. A resonance effect is
revealed for samples of specific dimensions, where the performance is enhanced. Further, a

strong increase in responsivity appears when the sample’s width is narrowed, whereas specific
detectivity remains independent of any change in dimensions. We believe that some of these
features are due to plasmonic effects, which may explain the high performance reached by
smaller samples. It seems that graphene could be subject to similar geometrical effects to our

thin-film bolometers.

Keywords: infrared sensors, bolometers, optoelectronic technology, thin-film devices and

applications

(Some figures may appear in colour only in the online journal)

1. Introduction

Nowadays, uncooled infrared detectors are used in many
different applications, from industrial to private use, and
from civilian to military technologies. In this category fall
bolometers, which have been extensively studied in the past.
In these detectors, infrared radiation heats up a sensitive
layer, causing a rise in temperature that changes its physical
properties. As they are uncooled detectors, they present slower
response times and a lower overall performance compared
to photon detectors [1]. However, as their design can be
quite simple, they are low cost and reliable. Two highly
desirable technical attributes are good sensitivity and a fast
response. For the user and for industry, ease of use and low
cost are also essential. Different materials and techniques
have been investigated to produce high-sensitivity IR sensing
devices, from semi-conductors or vanadium oxides [2] to
metal strips [3]. Some metallic bolometers have a sensitive

2040-8978/13/1140114+07$33.00

core coupled to antennas, to optimize the IR collection [4].
Others use suspended metallic membranes to increase
thermal isolation [5]. Recently even metamaterials [6] or
carbon nanotubes [7] have been characterized as bolometers.
Graphene has also sparked a strong interest, as it displays
a good performance as a photodetector [8, 9] despite the
fact that it absorbs only 2.3% of the incident light. We have
developed metallic bolometers that have a simple design but
reach high sensitivity, at a submicron size scale. We present
here the effects of geometry on their performance. We believe
that graphene sheets should also be subject to similar effects,
i.e. the IR absorption properties should be dependent on the
in-plane geometry of the graphene sheet.

In previous work [10], we presented results of our
study on bolometers from lithographically patterned platinum
nanowires of different lengths. The smallest elements have
dimensions significantly smaller than the waveleniig of IR
radiation being detected. They proved to exhibit de fivities

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. SEM image of the general sample design (without pads).
Presented here is a 4000 x 300 nm bolometer.

comparable to or higher than other bolometers. The parameter
chosen to be the reference, and hence kept constant, was
either the Joule power dissipation or the bias current. In this
paper, samples of different dimensions were measured. Our
new and previous results are compared to study the influence
of the dimensions of the sensing part on the bolometers’
performance.

2. Sample fabrication and device physics

The sample design is presented in figure 1. We patterned
a rectangular ‘wire-like’ structure, the sensing core of the
bolometer, framed by four broadening leads with pads at their
ends. The two outer leads are used for current bias while the
two inner leads sense the voltage drop along the wire. We
often refer to these samples as ‘microheaters’, as some of our
previous work has focused on thermal emission from voltage
biased, and thus hot, wires. Under modest bias (and thus low
self-heating) the same samples work quite well as bolome-
ters [10]. We therefore refer to our samples alternatively as
heaters or bolometers, depending on the context.

Structures were patterned on photoresist-coated Si/SiO;
(usually 105 nm) wafers in a single writing, using a state-of-
the-art e-beam lithography system. Following development,
5 nm of adhesion layer and then 50 nm of platinum were
deposited by sputtering. After lift-off, samples such as the
one in figure 1 were obtained. We measured several sets of
samples that were fabricated in different vacuum chambers
and thus under slightly different conditions, both of them with
platinum as the sensing layer. In our earlier work we used
samples made at the Yorktown Heights laboratory of IBM.
These samples have titanium as the adhesion material, and
the wires have a fixed width of 300 nm for different lengths
ranging from 300 nm to 19 um. Another set of samples was
fabricated at the Science Institute of the University of Iceland.
These have chromium as the adhesion material, and the wires
have widths ranging from 300 nm to 4 pm, and lengths from
300 nm to 15 um. All samples from different sets have similar
electrical properties. Their electrical resistance ranges from
6 to 300 €2, depending on their lateral wire dimensions. The
electricqg resistivity has a value between 20 and 30 u2 cm,

a typical range for such metallic thin films. We chose to
use platinum as the bolometric material as it has a rather
low thermal conductance compared to other metals and a
low 1/f noise. It has a temperature coefficient of resistance
(TCR) of 0.002 K~1. The average thermal conductance of
our samples was calculated and we found an average value
of 2 x 1073 W K~ . The details of our measurement setup are
described in our previous paper [10].

2.1. Device physics

The performance of bolometers is expressed in terms of
responsivity R and specific detectivity D*. Responsivity is
defined as the ratio of the output signal generated to the
incident power [1], hence it can be expressed in our case as:

R = (AR D/(AxTIm) [VW 1] (1)

where I is the bias current, AR is the electrical resistance
change, A is the area of the wire and Irr is the irradiance of
the blackbody IR source.

Specific detectivity is the ultimate figure of merit to
characterize the devices. It is expressed as [11]:

D* = (R x VA)/V, [em Hz!/2 W] 2

where Vj is the root mean square (RMS) voltage fluctuation
per unit bandwidth corresponding to the total voltage noise
power spectral density S, in the sample. It is evident from (2)
that noise can severely limit the performance of the device.
Concerning our devices, the noise estimation shows that 1/f
noise is dominant. The calculation of the noise contribution
was detailed previously [10].

2.2. Dependence of the responsivity and specific detectivity
on sample dimensions

We can use (1) and (2) to study how the performance varies
with the dimensions of the sensitive part of the sample. Our
bolometers are essentially microscopic wires, as displayed in
figure 1, with a well-defined length and width. If the samples
are carefully designed then the change in temperature in the
wire due to Joule heating by the electrical current is almost
constant along the full length of the wire. In addition there is
a temperature rise due to irradiation. The change in electrical
resistance AR caused by these heating mechanisms may then
be expressed as

AR = Rya AT 3)

where AT is the total temperature change with respect
to a reference temperature with the corresponding electrical
resistance value Ry. In this case the reference state is the
biased wire and AT represents the temperature change due
only to radiative heating. Here « is the temperature coefficient
of resistance. We have found that « is independent of wire size
within our size range, but can differ, for example, between
different deposition techniques and thus film properties, or
change upon annealing, presumably due to changes in grain
size. However, for a given sample, after thermal cycling, o
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Figure 2. Responsivity of platinum bolometers, as a function of
length. The Joule dissipation power is constant at 24 «W. The
lengths of the samples range from 300 nm to 17 um. The SiO,
thickness is 105 nm.

remains constant. The wire electrical resistance can be written
as

pxL

Tdxw

where p is the electrical resistivity, L and W are the length and

width of the wire, respectively, and d is its thickness. Thus
change in electrical resistance scales as

“4)

L
AR x — x AT (@)
w

assuming the sample thickness and electrical resistivity are
constant. The former is fixed by sample design, the latter
is expected to hold, as even in our smallest samples the
sample width is at least two orders of magnitude larger
than the electron mean free path. Thus we hardly expect to
see a contribution from boundary scattering in the electrical
resistance. Entering this into (2), and taking into account that
the irradiance is constant and A = L x W, one obtains

R o (AT x 1)/ W? (6)

for the responsivity. Noting that the energy absorbed from
the incoming radiation is expected to be proportional to the
sample area L x W, and that the thermal conduction to the
surroundings also scales the same way, it is reasonable to
assume AT is constant for samples of unlike area. We are left
with the simple relation

Roc s )
Turning to the specific detectivity in (2), bearing in mind that
metal film resistors such as our samples are limited by 1/f
noise, we find:

3 2
W omx (s

D* = RVA/Vy x R x VLW x P 7

with V,, the root mean square voltage fluctuation per unit
bandwidth corresponding to the total voltage noise power
spectral density in the sample. This results in

D™  constant. 9

If the wire width is kept constant while its length is varied, the
responsivity will be directly proportional to the bias current,
as evident from (7). However, neither lateral dimensions of
the sample nor bias current affect the specific detectivity.
The evolution of performance with bias current has been
extensively studied in a previous work [12].

Lately, we used a fixed bias current instead of a
fixed power as reference values. Each of the samples was
powered successively with 0.5, 1, 1.5 mA, etc. In this case,
the self-heating contribution is not constant for all heaters
and rapidly rises up to tens of kelvin. Despite this strong
contribution of self-heating, a change in temperature is still
sensed by the bolometers when they are exposed to the IR
signal.

3. Influence of length on bolometer performance

It is interesting to compare the scaling relation (7) with results
from a series of samples of constant width W. Figure 2
displays our previous results [10] from one set of samples,
reproduced on a logarithmic scale. Note that the data look
almost the same, apart from a multiplicative constant. This
is in agreement with (7), which is directly proportional to /
when W is constant, with no explicit dependence as discussed
above. The length dependence appears through the current
dependence at fixed power, as discussed below.

As illustrated in this figure, it is clear that shorter samples
reach a better performance than the longer ones. The shorter
sample of 300 x 300 nm? reaches a maximum responsivity
of 3.1 x 10* V W~!, an order of magnitude greater than for
the longer samples of the same width. Interestingly one can
see a local maximum of responsivity for the L = 1200 nm
sample.

These samples were biased at a constant Joule dissipation
power of Pjoyle = 24 nW. This value limits the self-heating
ATelf heating to between 0.3 and 8.6 K, depending on the
sample length. In comparison, the IR source causes a rise in
temperature of around 1 K, so in this case bolometers detect
a temperature change of less than one tenth of their own
self-heating temperature rise. The bias current was calculated
as follows:

[ = [ Ploute (10)
Ro

and the corresponding DC bias current was applied by a
current source. Since Pjgyle is kept constant, the bias current
can be expressed as I o 4/T/L. Hence for responsivity one
can find R o« 1/L. Shorter samples were then biased by
a larger current compared to the longer samples. The DC
current values ranged from 1.9 to 0.3 mA, respectively, for
the smaller sample, 300 x 300 nm?, and the longer sample,
17000 x 300 nm?. Figure 3(a) presents the data of figure 2 as
a function of L~1/2, in an attempt to account for bias current

changes.
In figure 3, the orange line represents the linear increase
of the responsivity as a function of L~!/2, as one would expect
from theory. The responsivity of longer samples, Wi&pl%ngths
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Figure 3. (a) and (b) Responsivity of platinum bolometers as a function of the square root of the inverse of their length [8]. Bias power kept
constant at 24 W. The orange line is a linear fit based on the longest samples’ data. (a) Length ranging from 300 nm to 17 um (data from
figure 2), with a width of 300 nm and a SiO, thickness of 100 nm. (b) Length ranging from 300 nm to 19 pm, with a width of 300 nm and a

Si0; thickness of 70 nm.

from 19 to 8 wm, does indeed increase linearly. Due to their
macroscopic size, they are more likely to adhere to the simple
scaling arguments made above. We used these data points to
build the linear fit, and then extended it to the smaller lengths.
This fit then represents the responsivity values expected
for shorter samples according to theory. It appears that our
measured data agrees with the suggested scaling. This means
that shorter samples display a larger responsivity, mainly
because of their larger bias current. Albeit this general fit
to the scaling, there is a visible digression of measured
responsivity for samples whose lengths range between 800 nm
and 2 pm. In figure 3(a), a local maximum in responsivity is
reached by the 1200 nm long bolometer.

We have repeated these measurements on another set of
samples, made at the University of Iceland. There are some
structural differences: the adhesion layer is Cr rather than
Ti, and the SiO, thickness is 70 nm as opposed to 150 nm
in figure 3(a). The responsivity for this set of samples is
presented in figure 3(b).

Data from figure 3(b) exhibit a similar linear trend as
before, confirming the scaling arguments, also with a similar
digression having a local maximum of responsivity centered
on L = 1100 nm. The responsivity at the local maxima is
improved by 29% and 36% compared to the linear fit in
figures 3(a) and (b) respectively.

The deviation from linearity in figures 3(a) and (b)
represents an impact of the length of the wires on the
bolometer performance in the wavelength range roughly from
600 to 2000 nm. We believe these local enhancements to be
an antenna resonance. With our blackbody IR lamp having a
Apeak Of 2.74 um, we are at the threshold between optical and
near-infrared frequencies. Classical antenna theory predicts
a half-wavelength resonance at L = A/2 = 1370 nm. Our
experimental resonant lengths, 1100 nm and 1200 nm, are
respectively 19.7% and 12.4% shorter. Recently, several
experimental studies [13, 14] on metallic antennas showed
that antenna resonances occur at lengths up to 20% shorter
than ila%icted by classical antenna theory. A new model

for a revised effective wavelength scaling for metallic rod
antennas in the optical frequency regime was introduced by
Novotny [15]. Our results seem to be in agreement with
other experimental findings and with this revised optical
antenna model. One should be careful in this comparison,
however, as our samples are ‘open-ended’ antennas. This
may result in a slightly longer effective ‘optical length’ than
the physical length we name them by. Both experimental
work [16] and the refined model [17] have demonstrated
the importance of taking into account the optical properties
of the surroundings. In particular we have a thin SiO;
layer (105 nm), which will affect the antenna resonance
condition in our samples. This suggests that the incoming
infrared radiation gives rise to plasma oscillations in our
samples, contributing within a specific bandwidth to the
absorption.

4. Influence of width on bolometer performance

We have also studied the influence of width on bolometer
performance. Following the same procedure as stated above,
samples with different lengths (between 300 nm and 15 pm)
and widths (between 300 nm and 4 um) were fabricated on
a commercial Si/SiO; (105 nm) substrate and measured. The
lengths were specifically chosen to avoid the resonance range
presented above. After fabrication, their real dimensions were
measured by SEM. On average, the measured dimensions
deviated slightly from nominal values, for example, due to
proximity effects in e-beam lithography. In all our calculations
we use the measured dimensions; however, we will refer to
the samples by using their designed size. Also, to simplify
the reading, a sample designed to have, for example, a width
of 300 nm and a length of 1500 nm will be referred to as
W300-L1500.

Each sample was measured several times with increasing
DC bias currents: 0.5, 1, 1.5 mA, etc. After measuring the
change in a sample’s electrical resistance change (AR) upon
exposure to IR illumination and using (1) and (2), one is
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Figure 4. (a) and (b) Responsivity and specific detectivity of L9000 bolometers as a function of width and bias current. The data are plotted
taking into account the width scaling expected according to (7) and (9) on the y-axes. The width ranges from 300 nm to 4 um and the SiO,

thickness is 105 nm.

able to calculate its responsivity and specific detectivity.
Narrower samples with a width of 300 nm and a length
of 9 um reach a responsivity of 4.8 x 10* Vv W~! when
biased with a 4 mA current, and a specific detectivity of
2.7 %107 em Hz!/2 W1, The results presented in figures 4(a)
and (b) for a representative series of samples of fixed length of
9000 nm (L9000) appear to adhere to the scaling in (7) and (9),
with a linear dependence on bias current for the responsivity.
As the sample’s width increases, its responsivity decreases,
whereas the detectivity stays constant. This is a fundamental
result of this study. Responsivity drops by more than two
orders of magnitude, as the width of the samples vary from
W300 to W4000.

As seen in figure 4(a), the larger samples tend to display
a similar responsivity for each bias current value (accounting
for the width dependence), but W300 samples appear stand
out by displaying a higher responsivity. In figure 4(b), the
specific detectivity is clearly not affected by either the bias
current or the sample’s width. This denotes two things: an
overall higher performance for samples with a width of
300 nm, and also a departure from the simple scaling theory
for such narrow samples. This suggests that for such reduced
dimensions, the area may not be the main factor influencing
the performance of the bolometers.

The same analysis was carried out for a large range of
samples, with varying lengths and widths. The width effect
observed for 9 um-long samples is confirmed for samples
of different lengths as well. Therefore, for a specific width
and current, the experimental results of all lengths were
averaged, to reduce fluctuations. (Samples with out-of-range
values were excluded from the calculations, such as the
W300-L300 and W2000-L3000 samples, which presented
an unexplained higher performance.) Figure 5 displays
the averaged responsivity, encompassing data for all our
samples. Narrower samples with a width of 300 nm reach
an averaged responsivity of 5.1 x 10* V W~! when biased
with 4 mA. Specific detectivity has an averaged value of
2.7 %107 em Hz!/2 W~!, with some samples reaching a value
of 3 x 10" em Hz'/2 W1

According to (7), figure 5 should display the same linear
increase for all widths. This is evidently not the case. All
the widths tend to fall together with the same linear increase
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Figure 5. Responsivity. W? of bolometers as a function of bias
current. Lengths range from 900 nm to 15 pm, and widths from
300 nm to 4 um. Data from several length samples with the same
width was averaged.

with the bias current, but some narrow widths tend to increase
faster than the main trend. In figure 5, W300 obviously stands
apart from the main trend, while W400 and W600 break
slightly away from the main cluster. The rest of the samples
whose width is 800 nm or larger are close together, with
the same trend. This suggests that samples with a width
lower than 800 nm do not have the same behavior as wider
bolometers, and that their responsivity is enhanced beyond the
scaling predictions.

The question arises as to why the responsivity is better
for samples with widths below 800 nm. When looking at the
data, one can see that the elevation in the electrical resistance
of W300 samples due to IR illumination (AR) is more than
for wider samples. As (2) states that responsivity is the ratio
of the generated output signal (AV = AR x I to the incoming
power (A x Irr), this leads to a high responsivity value for
W300 samples.

The electrical resistance of samples is proportional to
1/W, as presented in (4). Hence narrow samples present
a higher electrical resistance compared to their wider
counterparts. Our samples have an electrical R tance
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varying between hundreds of ohms for W300 samples to tens
of ohms for W4000. Plotting the wire electrical resistance
of same length samples as a function of 1/W reveals that
the electrical resistance is higher than expected when the
sample’s width is lower than 800 nm. This may come from
boundary scattering, which causes an increase in the wire
electrical resistance. As the width is reduced, carriers are
more and more scattered by the edges of the film, causing an
increase of the electrical resistance. In our case, we measured
an electrical resistance 30% higher than expected. This could
also contribute to the high AR of narrow samples. Further,
AR depends on the absorption properties of the sample.
This means that samples with a width lower than 800 nm
may absorb more IR than their wider counterparts. If edge
scattering and enhanced absorption both contribute to a higher
AR in narrow samples, the influence of each is not yet clearly
defined.

By Kirchoff’s law of thermal radiation, a parallel can
be made between absorption and emission properties. In a
previous paper [17] the thermal emission properties of similar
samples (called ‘heaters’) were thoroughly studied, and one
can compare those results with our findings on absorption.
In this paper, the heater emission was studied along two
polarization axes, either perpendicular or parallel to the long
axis of the wire. The samples had a fixed length of 8 um and
a width varying between 200 nm and 8 um. The experiments
show that when the width is below 2 um there is a blue-shift
in the perpendicular polarized part of the emitted IR spectrum.
Also, there is an extinction of emission along this polarization
as the samples are made narrower. This continues to the point
where, for samples narrower than 600 nm, there is almost no
detectable IR emission perpendicularly polarized. This means
that such samples mostly emit IR with a polarization parallel
to their long axis.

Also, one would think that in this case the general
intensity of emitted IR should decrease with the width, as
according to the Stefan—Boltzmann law the total radiation
should scale with the sample’s surface area. The previous
study [17] reveals that this is not the case. For larger samples,
the emitted intensity for both polarizations decreases with
the width, from 8 to 1 pum. For narrower samples, as the
intensity along the perpendicular axis decreases drastically,
the intensity along the parallel axis stabilizes at a constant
value. This clearly means that at this dimension range, the
sample size is no longer the dominant factor in the radiation
intensity. That work showed that, at sub-wavelength widths,
the emission properties of such heaters are modified, as we
present in this paper for the absorption properties of similar
samples.

Our present study does not take into account the
polarization of the incoming infrared light, but the work
mentioned above introduces the fact that the thermal emission
spectra are strongly polarized when the width is narrowed.
Hence we believe that the bolometers presented here become
increasingly selective in the polarization of light they absorb
as their width is reduced. This suggests that for samples with
widths larger than 800 nm, the same amount of light with
a pol&%tion parallel and perpendicular to their long axis

is absorbed. As the width narrows, the amount of parallel
polarized light absorbed stays constant, despite the fact that
the sensing area is smaller. Finally, W300 samples probably
absorb very little or no perpendicularly polarized light. If this
is verified, it is quite remarkable that W300 samples display an
enhanced absorption, despite the fact that they only partially
absorb the incoming infrared radiation.

5. Conclusion

As a conclusion, we have studied the performance of
thin-film bolometers of sub-wavelength lateral dimensions
and compared them using simple scaling arguments. Our
results show that both the length and width of the bolometer
sensing area influence their performance. From macroscopic
models, responsivity should be linear with the bias current,
whereas specific detectivity should stay constant. However,
there is an indication that a certain range of lengths is more
sensitive to IR illumination, when antenna-like resonances
enhance the infrared absorption. Furthermore, this study
demonstrates the critical role played by the width of the
samples. The performance is drastically increased when the
wire is narrowed, departing from the macroscopic scaling
relations. For bolometers with a width under 800 nm,
the sensing area is no longer the dominant factor on
sensitivity. Edge scattering and enhanced absorption amplify
the performance of narrow samples. Also, it is believed that
for this dimension range, only a part of the IR irradiation is
actually picked up by the bolometer. However, such small
samples display a typical responsivity of 10* V W~! and a
specific detectivity of 107 cm Hz!/2 W—!. This performance
is comparable to the latest achievements reported in the
literature. We believe these findings could lead the path
towards the improved engineering of graphene sheets for a
maximized infrared sensing performance.
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ABSTRACT

Electronic properties and sensitivity of metallic bolometers were studied as a function of thin-film thickness in the active
area. Our devices are made of platinum and chromium, with an active area of lateral dimensions 1 um by 300 nm. The
thickness of the metallic film was varied between 3.3 nm and 82.3 nm. Temperature coefficient of resistance and
resisitvity were characterized, and are respectively increasing and decreasing with the thickness increasing. A threshold
thickness of 40 nm is revealed where both parameters reach a constant value. Responsivity and detectivity were
evaluated, unveiling the importance of 1/f noise. Responsivity reaches a maximum value of 2x10° V.W™' for bolometers
with a 7.5 nm thickness. Detectivity keeps a constant value of 1x10° cmHz"*/W for samples thicker than 40 nm, before
dropping considerably as the thickness is decreased. This loss in detectivity is believed to be due to the prominence of 1/f
noise in such thin samples.

Keywords: Thin-film devices and applications, Thermal (uncooled) IR detectors, Micro/nano bolometers, Platinum

1. INTRODUCTION

Infrared detectors have been studied thouroughly during the last decades. Development of microfabrication and
lithography techniques has given new ways to improve their performance and selectivity. They can generally sense
wavelengths from near-infrared region (several um) to far-infrared one (up to 1 mm)'. Such versatile sensors are now
used in various areas, from military applications to everyday use. Although two very desirable qualities are a good
sensitivity and a fast response, the cost and ease of use play a role increasingly important.

The basic operating principle relies on the change of electrical properties of the sensor upon absorption of the infrared
(IR) radiation. There is two categories of devices, each one having advantages and drawbacks. Photon detectors,
composed of semiconductor active layers, rely on the excitation of electrons across a small band gap by IR photons.
They present a high signal-to-noise ratio and a fast time response, but are selective in wavelength. Typically they involve
a complex fabrication and packaging process that can lead to high prices and require careful use. Also, they are operated
in vacuum due to the small band gap, hence adding some inconvenience. Thermal detectors are based on a change of
electrical property (e.g. electrical polarisation or resistance) due to heating by the incident IR radiation. They have a
simpler design and can be operated at room temperature without any need of encapsulation or specific apparatus.
However, they often display a lower performance and slower time response. Bolometers are thermal sensors whose
electrical resistance changes upon IR radiation. They have been intensively studied and various materials and designs
have been tested, such as vanadium oxide?, semiconductors’, metals* or even graphene’ or carbon nanotubes’. Also they
can be coupled to antennas to improve selectivity "*.
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In this paper, we present thermal bolometers made of platinum litographically patterned as micro-stripes. They have a
very simple design and fabrication process. Previously, we studied the effect of several physical parameters on the
sensing performance: changing the active area’s in-plane geometry™', the thickness of the silicon dioxide underlayer or
the bias current'’. In this paper we studied the influence of the platinum’s thickness on several electrical parameters and
sensing performance. Thin-films down to only several monolayers of platinum were fabricated, leading to devices with
dimensions as Atomic Layer Deposited-based bolometers'2.

2. FABRICATION AND DEVICE PHYSICS

The active part of our metallic microbolometers are simple rectangular-shaped thin-films of platinum, framed by four
broadening leads with contact pads at their ends. Thanks to this design it is possible to bias the sample with a DC current
while measuring accurately its voltage.

TR

Fig. 1. SEM picture of a metallic bolometer patterned via e-beam lithography. Four microsized contact pads connected to biasing
and sensing leads are framing a central metallic constriction that is the active area of the device. Inset is a close-up of the metal
constriction.

Fabrication of such samples is quick and straightforward. Commercial Si/SiO,(100 nm) wafers were used as a substrate.
After a thourough cleaning procedure followed by a PMMA resist spin deposition, samples’ design was patterned using
state-of-the-art e-beam lithography. Developed chips were cleaned and inserted in a DC sputtering machine where they
undergo a deposition of chromium and platinum. After lift-off, we obtained several chips of samples with a uniform
metallic film on all the structure. The thickness of chromium and platinum layers for each deposition round was
measured via grazing incidence X-ray diffraction (GIXRD) measurements. Chromium is used here as an adhesion layer;
we used either 1 nm or 5 nm to secure the adherence of platinum on the substrate.

We deposited 14 chips with various thicknesses of platinum, ranging from 2 nm to 80 nm. On each chip, four identical
samples were patterned, hence 56 samples were measured in total. We designed the active part with lateral dimensions of
1 um long by 300 nm wide. The samples were exposed to a ceramic blackbody source at a temperature of 1060 K. This
corresponds to a broad near- to mid-IR spectrum spanning from 2 um to 8 um, with a peak wavelength of A, = 2.74
pm. Thus the dimensions of the bolometer’s sensing area are significantly smaller than the wavelength of the detected IR
radiation.

With a 4-probe setup, samples were biased with a DC current through the outer leads, while their voltage was measured
by a Keithley 2400 source-meter controlled by Labview. Upon IR illumination, a voltage increase is measured that
corresponds to the heating effect in the active area. Samples have a base resistance between 10 Q and 1 kQ, dependent
on their thickness. Measured thin film thicknesses and respective electrical properties are summarized in Table 1.
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Two main figures of merit are used to characterize and assess the performance of IR sensors, namely the responsivity
and the detectivity. Responsivity is simply the ratio between the output voltage of the device and the power received
from the IR source. Adapted to our experiment, it is expressed as’:

% =ARX I/cﬂ X Irr VW] )

where I is the bias current, AR is the resistance change, A is the area of the wire and Irr is the irradiance of the
blackbody IR source.

Detectivity is the ultimate figure of merit to characterize the devices. It is expressed as'’:
pr= Rx VA /Vn [emHz'>W™] ©)

where V,, is the root mean square (RMS) voltage fluctuation per unit bandwidth corresponding to the total voltage noise
power spectral density S, in the sample. It takes into account the intrinsic and extrinsic noise sources in the samples. It is
generally assumed that such devices are Johnson-noise limited. Measuring the noise level in low-resistance samples such
as ours can prove quite challenging. Hence we estimated the noise contribution by taking into account three main
sources: Johnson-Nyquist noise, thermal conductance noise and 1/f noise. Details on the two aforementioned noise
contributions calculation methods can be found in our previous work®. The calculation of the 1/f noise contribution is
further explained in the last part of this paper.

3. INFLUENCE OF FILM THICKNESS OF ELECTRICAL PARAMETERS AND
BOLOMETRIC PERFORMANCE

3.1 Temperature coefficient of resistance (TCR) and electrical resistivity

The temperature coefficient of resistance (TCR) directly affects the sensitivity of bolometers. It is expressed in K™ and
conveys the amplitude of resistance change upon IR illumination. It is evident from (1) that it is desirable to maximise
AR in order to reach a higher responsivity. Metallic bolometers typically have a TCR value in the 10 K™' range, a rather
low value compared to other types of bolometric materials. The TCR value is a characteristic of the film and is greatly
influenced by its thickness, thus one could find interesting to study the evolution of our samples’ TCR values. We
measured the resistance of each sample while heating it on a hot plate, from room temperature to 80°C. In this range of
temperature, the resistance can safely be approximated by the linear equation:

R =R, (1 + aAT) (3)

with R, the room-temperature resistance of the sample, AT the rise in temperature above room temperature, and o the
TCR. The TCR value of each sample with a specific thickness was extracted from the measurements, and Fig. 2 displays
the results:
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Fig. 2. Evolution of the temperature coefficient of resistance of bolometers with thickness of the metallic thin-film. Red squares
and blue circles are for samples with a chromium adhesion layer of 1 nm and 5 nm respectively.

One can see that the TCR is constant for samples with a thickness equal to 40 nm or more, where it has a value of about
2x107 K. This value is consistant with litterature for platinum thin-films'* This value for thin-films is around a half of
the bulk platinum TCR value, reported' as 3.85x10° K. However, as the thickness goes below 40 nm, the TCR value
starts to decrease. A lowest value of 4x10 K™' is reached by the thinnest measured sample, of a total thickness of 4.8 nm.
It is lower by a factor of five compared to the thin-film “plateau” value of 2x10° K™, for a film of one tenth of the
thickness. This pattern in TCR evolution with thickness was already reported by Zhang and al.'®, where the TCR of
platinum thin-films is increasing from 4x10™* K™ (Pt thickness 15 nm) to a constant value of 1x10™ K' (Pt thickness 30
nm and above).

As aforementioned, the TCR is strongly linked to the film thickness, i.e. to its grain size. In a previous work'’, the grain
size of similar samples with a thickness of 55 nm was estimated to be 14 nm. Although this value depends on film
thickness e.g., it gives an idea of the grain size obtained by our growth process. As the film thickness is reduced, the
grain size decreases. This leads to an increase of conduction electron scattering, when they strike encounter grain
boundaries. This phenomenon triggers a jump of the resistivity as well as a decrease of the TCR. In order to confirm this
effect, the electrical resistivity of all samples was also measured.

After measuring the IV characteristics of our samples, their electrical resistivity was calculated according to:

p=" 4)

L

with p the electrical resistivity, R the electrical resistance and L, W and h respectively the length, width and thickness of
the active area of the bolometer. Fig. 3 below displays the evolution of resistivity with thickness:
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Fig. 3. Resistivity of bolometers® thin-films as a function of their thickness. Red squares and blue circles are for samples with a
chromium adhesion layer of 1 nm and 5 nm respectively.

It is well known that the electrical resistance of thin-film increases greatly as their thickness decreases'®. In this
experiment, samples with a thickness of 3.3 nm have a resistance of 1 kQ whereas thicker ones present a resistance down
to 10 Q (see Table 1). Hence there is a strong increase in our experimental electrical resistivity for thinner samples, due
to increasing surface scattering. In Fig. 3, this is clearly seen. Resistivity is maximum for the 3.3 nm-thin sample, at 114
pnQ.cm, and then decreases with the thickness increasing. Resistivity for samples with a thickness of 40 nm or higher is
constant around 23 pQ.cm. This value is twice the bulk value of Pt, which is 10 pQ.cm, and has been previously
reported in previous experiments made by our group'”.

Table 1. Summary of thin-films dimensions (both nominal and measured) and corresponding electronic properties. Platinum
thickness was measured via GIXRD, and added to nominal thickness of the chromium adhesion layer to obtain the total thickness
h. TCR, resistivity and bias current are given for each chip.

Nominal Nominal Measured | Total h (nm) Ry () TCR (x107 | p (pQ.cm) I, (mA)

hp(nm) | he(nm) | hp (nm) K
2 1 2.3 33 1000 . 114 0.3
4 1 3.8 4.8 520 0.43 75 0.5
6 1 6.5 7.5 300 0.53 69 1
8 1 7.1 8.1 190 . 47 1
10 1 10.5 11.5 140 0.86 49 1
12 1 11.2 12.2 100 0.98 39 1
10 5 10 15 83 1.47 36 1
20 5 18 23 43 1.57 30 1
30 5 30.6 35.6 25 . 26 1
40 5 36.1 41.1 22 2.06 27 1
50 5 375 42.5 18 2.01 23 1
60 5 46.5 51.5 15 2.035 23 1
70 5 66 71 13 2.03 28 1
80 5 773 82.3 10 2.04 25 1

114

Proc. of SPIE Vol. 8868 88680C-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/28/2013 Terms of Use: http://spiedl.org/terms



3.2 Responsivity

Responsivity is directly influenced by the DC bias current, as shown in (1). Hence it seems logical to keep the same bias
current value for all the samples during the measurement of the bolometers’ response to IR illumination. However, the
current must also be limited in order to avoid excessive self-heating due to Joule dissipation. When samples are
subjected to high current density, they undergo annealing that will change their electrical characteristics. Furthermore,
they are damaged by electromigration, leading to their steady state destruction. Through previous experiments, it was
found that a current density lower than 107 A.cm™ is preventing any electromigration phenomena. With this in mind, we
could set a suitable bias current value of 1 mA for most of the samples. However, the two thinnest samples having a
resistance higher than 500 Q, they had to be biased with a lower current. DC bias current values used for each samples
are specified in Table 1.

Still from (1), we can define an expected evolution of responsivity as a function of the thin-film thickness. With both
length L and width W being the same for all samples, only AV = AR X I, is affected by the thickness h of the film. If I,
is constant for all samples, one finds that responsivity is proportionnal to the inverse of the film thickness (1/h).
Responsivity of all samples is displayed below in Fig. 4, as a function of the inverse of thickness:

2.0x10° - = 1nmCr
¢ 5nmCr
g 1 6x10° " .
< :
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=
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S 8.0x10 - = -
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Fig. 4. Responsivity of bolometers as a function of the inverse of the thin-film thickness. Red squares and blue circles are for
samples with a chromium adhesion layer of 1 nm and 5 nm respectively. Bias current is set at I mA for all samples except the two
thinnest samples (4.8 and 3.3 nm) who were biased with 0.5 and 0.3 mA respectively.

- T T
0.00 005 010 015

For samples with a thickness from 77.3 nm to 12.2 nm, responsivity is increasing linearly with their thickness decreasing.
However, there is an increase of responsivity when the thickness goes from 12.2 nm to 7.5 nm, with a peak responsivity
of almost 2x10° V.W™! reach by this last sample. The two finnest samples present a reduced responsivity compared to the
7.5 nm-thick sample, but one has to remember that they are biased by a lower bias current. It is likely that if powered
with a current at 1 mA, they would display a slightly larger responsivity value (without exceeding 1.2x10° V.W™' though).
Through this experiment one can conclude that 7.5 nm is an optimum thickness for such bolometers, having a maximized
responsivity.
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3.3 Detectivity

From (2), one can see that the responsivity is taken into account, as well as the noise in the device. Therefore, detectivity
is also influenced by the film thickness. In metallic samples, the Johnson-Nyquist noise is generally dominant, except
when at very low frequency operation. However, when dealing with such thin samples, the contribution of the 1/f noise
gets stronger. Calculation models for the 1/f noise in metal devices has been extensively studied in the past. While the
empirical formula introduced by Hooge'” is widely used, it doesn’t take into account the sample’s resistivity. Fleetwood
et al. introduced a revised Hooge formula defining a minimum 1/f noise level using the resistivity:

5, =PV
%,min - p Nfe

where pj is a constant value of 6x10™ pQ.cm, p the resistivity of the sample, N its number of free carriers in the active
area and V its output voltage. In our case, we set f = 1 Hz as we work in the DC regime. This is a standard procedure and
is commonly used when using frequency-dependant formulas while working with constant currents. Fig. 4 below
displays the detectivity of our samples as a function of their film thickness:
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Fig. 4. Evolution of detectivity with the thin-film’s thickness. Red squares and blue circles are for samples with a chromium
adhesion layer of 1 nm and 5 nm respectively. Bias current is set at 1 mA for all samples except the two thinnest samples (4.8 and
3.3 nm) who were biaised with 0.5 and 0.3 mA respectively.

Detectivity is increasing with the thickness of the thin-film, although for films of 40 nm thick and more, detectivity
seems to stabilize towards a max value of 1x10° cmHz"*/W. Thinnest samples display the lowest detectivity at 5x10°
emHz"*/W, despite a large electrical resistance value. This corresponds to an increase of a factor 20 in detectivity when
the thickness goes from 2.3 nm to 82.3 nm. The loss in detectivity with decreasing thickness is mainly due to the strong
increase of 1/f noise in thin-films.

As an example, in the thickest sample the 1/f noise contribution is a 10* times higher than its Johnson-Nyquist
counterpart. In the thinnest ones, this factor is up to a factor of 10*, Thus the 1/f noise is the dominant noise factor in
such samples, partly because of their increased resistivity. One way to reduce the 1/f noise contribution would be to use a
lower bias current; however using 0.1 mA instead of 1 mA would only reduce the 1/f noise by a factor of 10% In this
situation, Johnson-Nyquist noise and 1/f noise would be equivalent for thick samples, and 1/f noise still larger by a factor
of 100 compared to the Johnson noise for the thin ones.
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CONCLUSION

In conclusion, electronic properties and sensitivity of metallic bolometers were studied as a function of their film
thickness. TCR and resisitivity respectively decreased and increased by a factor of 5 when the thickness was decreased
from 82.3 nm to 3.3 nm. Bolometers as thick as 40 nm or thicker display a constant TCR and resistivity of respectively
2x107 K and 23 uQ.cm. A maximum responsivity was acheived for a thickness of 7.5 nm (2x10° V.W™), although
detectivity only reach a constant maximum value (1x10° cmHz"?/W) for samples of thickness 40 nm or higher. Thus, a
compromise has to be found between high responsivity and high detectivity. A major degradation of noise properties
arises as the thickness is reduced, to the point that 1/f noise is the dominant the noise in the bolometers. Using AC or a
reduced value of bias current should be considered in order to minimize this noise contribution.

ACKNOWLEDGMENTS

This research was funded in part by the Icelandic Research Fund and the University of Iceland Research Fund.

REFERENCES

[1] Rogalski, A., [Infrared detectors], CRC Press (2010)

[2] Ozcelik, A., Cabarcos, O., Allara, D. L., & Horn, M. W., "Vanadium Oxide Thin Films Alloyed with Ti, Zr, Nb, and
Mo for Uncooled Infrared Imaging Applications," Journal of Electronic Materials, 1-5 (2013)

[3] Forsberg, F., Fischer, A. C., Roxhed, N., Samel, B., Ericsson, P., Stemme, G. and Niklaus, F., "Heterogeneous 3D
integration of 17 pm pitch Si/SiGe quantum well bolometer arrays for infrared imaging systems," Journal of
Micromechanics and Microengineering, 23(4), 045017 (2013)

[4] Liddiard, K. C., "Thin-film resistance bolometer IR detectors," Infrared physics, 24(1), 57-64 (1984)

[5] Xia, F., Mueller, T., Lin, Y. M., Valdes-Garcia, A., and Avouris, P., "Ultrafast graphene photodetector," Nature
nanotechnology, 4(12), 839-843 (2009).

[6] Chen, H., Xi, N., Chen, L., and Lai, K. W. C., "Carbon nanotube based multi-spectrum infrared detector array," Proc.
IEEE Solid-State Sensors, Actuators and Microsystems Conference (TRANSDUCERS), 16th International, 2566-2569
(2011)

[7] Mahjouri-Samani, M., Zhou, Y. S., He, X. N., Xiong, W., Hilger, P., and Lu, Y. F., "Plasmonic-enhanced carbon
nanotube infrared bolometers," Nanotechnology, 24(3), 035502 (2013)

[8] Krenz, P. M., Tiwari, B., Szakmany, G. P., Orlov, A. O., Gonzalez, F. J., Boreman, G. D., and Porod, W., "Response
increase of IR antenna-coupled thermocouple using impedance matching," Quantum Electronics, IEEE Journal of, 48(5),
659-664 (2012)

[9] Renoux, P., Jonsson, S. Z£., Klein, L. J., Hamann, H. F. and Ingvarsson, S. "Sub-wavelength bolometers: uncooled
platinum wires as infrared sensors," Opt. Express 19, 8721-8727 (2011)

[10] Renoux, P. and Ingvarsson, S. "Sample size effects on performance of sub-wavelength metallic thin-film
bolometers," Journal of Optics, to be published (2013)

[11] Renoux, P., Beauny, A., Klein, L. J., Hamann, H. F. and Ingvarsson, S., "Thin-film platinum nanowires as sub-
wavelength bolometers," Proc. SPIE 8261, 826101 (2012)

[12] Yoneoka, S., Lee, J., Liger, M., Yama, G., Kodama, T., Gunji, M., Provine, J., Howe, R. T., Goodson, K. E. and
Kenny, T. W., "Electrical and thermal conduction in atomic layer deposition nanobridges down to 7 nm thickness," Nano
Letters, 12(2), 683-686 (2012)

[13] Chen, C., Yi, X., Zhao, X. and Xiong, B., " Characterizations of VO2-based uncooled microbolometer linear array,"
Sensors ans Actuators A 90, 212-214 (2001).

[14] Tsutsumi, K., Yamashita, A., and Ohji, H., "The experimental study of high TCR Pt thin films for thermal sensors.
In Sensors," Proceedings of IEEE (2), 1002-1005 (2002)

[15] Iniewski, K., [Smart Sensors for Industrial Applications], (Vol. 14) CRC Press (2013)

117

Proc. of SPIE Vol. 8868 88680C-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/28/2013 Terms of Use: http://spiedl.org/terms



[16] Zhang, Q. G., Zhang, X., Cao, B. Y., Fujii, M., Takahashi, K., and Ikuta, T., "Influence of grain boundary scattering
on the electrical properties of platinum nanofilms, " Applied physics letters, 89(11), 114102-114102 (2006)

[17] Eliasson, O. and Ingvarsson, S., "Grain growth in Pt microheaters subjected to high current density under constant
power," to be submitted

[18] Yoneoka, S., Liger, M., Yama, G., Schuster, R., Purkl, F., Provine, J., Prinz, F. B., Howe, R. T. and Kenny, T. W.,
"ALD-metal uncooled bolometer," Proc. Micro Electro Mechanical Systems (MEMS), 2011 IEEE 24th International
Conference on, 676-679 (2011)

[19] Kogan, S., [Electronic Noise and Fluctuations in Solids], Cambridge University Press, (1996)

[20] Fleetwood, D. M. and Giordano, N., "Resistivity dependence of 1/f noise in metal films," Physical Review B, 27(2),
667 (1983)

118

Proc. of SPIE Vol. 8868 88680C-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/28/2013 Terms of Use: http://spiedl.org/terms



Bibliography

Aliev, A. E. (2008), ‘Bolometric detector on the basis of single-wall carbon nan-
otube/polymer composite’, Infrared Physics & Technology 51(6), 541-545.

Aliev, V. S. & Bortnikov, S. G. (2011), Bolometer at semiconductor-metal phase tran-
sition in VOg thin films, in ‘Micro/Nanotechnologies and Electron Devices (EDM),
2011 International Conference and Seminar of Young Specialists on’, IEEE, pp. 129-
131.

Andersen, O. K. (1970), ‘Electronic structure of the fcc transition metals Ir, Rh, Pt,
and Pd’, Physical Review B 2(4), 883.

Au, Y.-Y., Skulason, H. S., Ingvarsson, S., Klein, L. J. & Hamann, H. F. (2008),
‘Thermal radiation spectra of individual subwavelength microheaters’, Phys. Reuv.
B 78, 085402.

URL: http://link.aps.org/doi/10.1103/PhysRevB.78.085402

Bean, J. A., Weeks, A. & Boreman, G. D. (2011), ‘Performance optimization of
antenna-coupled Al/AlOx/Pt tunnel diode infrared detectors’, IEEE J. Quantum
Electron 47(1), 126-135.

Bhan, R., Saxena, R., Jalwania, C. & Lomash, S. (2009), ‘Uncooled infrared mi-
crobolometer arrays and their characterisation techniques’, Defence Science Journal
59(6), 580-589.

Block, W. & Gaddy, O. (1973), ‘Thin metal film room-temperature IR bolometers with
nanosecond response time’, Quantum Electronics, IEEE Journal of 9(11), 1044—
1053.

Boragno, C., Valbusa, U. & Pignatel, G. (1987), ‘Fast P-doped silicon bolometer for
detecting heat pulses’, Applied physics letters 50, 583.

Boreman, G. D. (2012), Infrared antennas and frequency-selective surfaces, in ‘SPIE
Optical Engineering + Applications’, International Society for Optics and Photonics,
pp. 84830D-84830D.

Bryant, G. W., Garcia de Abajo, F. J. & Aizpurua, J. (2008), ‘Mapping the plasmon
resonances of metallic nanoantennas’, Nano letters 8(2), 631-636.

119



Bumble, B. & LeDuc, H. G. (1997), ‘Fabrication of a diffusion cooled superconducting
hot electron bolometer for THz mixing applications’, Applied Superconductivity,
IEEE Transactions on 7(2), 3560-3563.

Chen, C., Yi, X., Zhao, X. & Xiong, B. (2001), ‘Characterizations of VOs-based un-
cooled microbolometer linear array’, Sensors and Actuators A: Physical 90(3), 212—
214.

Chen, S., Ma, H., Xiang, S. & Yi, X. (2007), ‘Fabrication and performance of mi-
crobolometer arrays based on nanostructured vanadium oxide thin films’, Smart
materials and structures 16(3), 696.

Chi-Anh, N., Shin, H.-J., Kim, K., Han, Y.-H. & Moon, S. (2005), ‘Characterization
of uncooled bolometer with vanadium tungsten oxide infrared active layer’, Sensors
and Actuators A: Physical 123, 87-91.

Codreanu, I. & Boreman, G. D. (2002), ‘Influence of dielectric substrate on the re-
sponsivity of microstrip dipole-antenna-coupled infrared microbolometers’, Applied
optics 41(10), 1835-1840.

Codreanu, I., Gonzalez, F. J. & Boreman, G. D. (2003), ‘Detection mechanisms in
microstrip dipole antenna-coupled infrared detectors’, Infrared physics & technology
44(3), 155-163.

Contreras, B. & Gaddy, O. (1970), ‘Nanosecond response time room-temperature in-
frared detection with thin-film bolometers’, Applied Physics Letters 17(10), 450-453.

Cuadrado, A., Alda, J. & Gonzélez, F. J. (2013), ‘Multiphysics simulation for the opti-
mization of optical nanoantennas working as distributed bolometers in the infrared’,
Journal of Nanophotonics 7(1), 073093—-073093.

Day, G., Gaddy, O. & Iversen, R. (1968), ‘Detection of fast infrared laser pulses with
thin film thermocouples’, Applied Physics Letters 13, 289.

Dillner, U., Kessler, E. & Meyer, H. (2013), ‘Figures of merit of thermoelectric and
bolometric thermal radiation sensors’, Journal of Sensors and Sensor Systems 2, 85—
94.

Dobrovolsky, V. & Sizov, F. (2007), ‘A room temperature, or moderately cooled, fast
THz semiconductor hot electron bolometer’, Semiconductor science and technology
22(2), 103.

Dosdale, T. & Livesey, D. (1974), ‘The electrical transport properties of platinum at
room temperature’, Journal of Physics F: Metal Physics 4(1), 68.

Eliasson, O. & Ingvarsson, S. (, to be submitted), Grain growth in Pt microheaters
subjected to high current density under constant power.



Eriksson, P., Andersson, J. & Stemme, G. (1997), ‘Thermal characterization of surface-
micromachined silicon nitride membranes for thermal infrared detectors’, Microelec-
tromechanical Systems, Journal of 6(1), 55—61.

Fischer, G., Hoffmann, H. & Vancea, J. (1980), ‘Mean free path and density of conduc-
tance electrons in platinum determined by the size effect in extremely thin films’,
Physical Review B 22(12), 6065.

Fleetwood, D., Masden, J. & Giordano, N. (1983), ‘1/f noise in platinum films and
ultrathin platinum wires: evidence for a common, bulk origin’, Physical Review
Letters 50(6), 450-453.

Forsberg, F., Fischer, A. C., Roxhed, N., Samel, B., Ericsson, P., Stemme, G. &
Niklaus, F. (2013), ‘Heterogeneous 3D integration of 17 um pitch Si/SiGe quantum
well bolometer arrays for infrared imaging systems’, Journal of Micromechanics and
Microengineering 23(4), 045017.

Fricke, J. & Tillotson, T. (1997), ‘Aerogels: production, characterization, and appli-
cations’, Thin Solid Films 297(1-2), 212-223.

Fumeaux, C., Gritz, M. A., Codreanu, I., Schaich, W. L., Gonzalez, F. J. & Boreman,
G. D. (2000), ‘Measurement of the resonant lengths of infrared dipole antennas’,
Infrared physics € technology 41(5), 271-281.

Galkina, T., Klokov, A. Y., Sharkov, A., Khmelnitskii, R., Gippius, A., Dravin, V.,
Ral’chenko, V. & Savel’ev, A. (2007), ‘Bolometric detector embedded in a poly-
crystalline diamond grown by chemical vapor deposition’, Physics of the Solid State
49(4), 654-659.

Gawarikar, A. S., Shea, R. P. & Talghader, J. J. (2013), ‘High detectivity uncooled
thermal detectors with resonant cavity coupled absorption in the long-wave infrared’,
Electron Devices, IEEE Transactions on 60(8), 2586-2591.

Gehrer, E. & Hayek, K. (1984), ‘Ultrathin epitaxial deposits of platinum of NaCl to
be used as model catalysts’, Thin solid films 115(4), 283-290.

Gonzalez, F. (2006a), ‘Noise measurements on optical detectors’, Revista mezicana de
fisica 52(6), 550-554.

Gonzalez, F., Ashley, C., Clem, P. & Boreman, G. (2004), ‘Antenna-coupled mi-
crobolometer arrays with aerogel thermal isolation’, Infrared physics & technology
45(1), 47-51.

Gonzalez, F. & Boreman, G. (2005), ‘Comparison of dipole, bowtie, spiral and log-
periodic IR antennas’, Infrared physics €& technology 46(5), 418-428.

Gonzélez, F., Fumeaux, C., Alda, J. & Boreman, G. (2000), ‘Thermal impedance
model of electrostatic discharge effects on microbolometers’, Microwave and Optical
Technology Letters 26(5), 291-293.



Gonzalez, F. J. (2006b), ‘Thermal-impedance simulations of antenna-coupled mi-
crobolometers’, Infrared physics € technology 48(3), 223-226.

Grossman, E., Koch, J., Reintsema, C. & Green, A. (1998), ‘Lithographic dipole
antenna properties at 10 pym wavelength: Comparison of method-of-moments pre-
dictions with experiment’, International journal of infrared and millimeter waves
19(6), 817-825.

Han, Y.-H., Kim, K.-T., Shin, H.-J., Moon, S. & Choi, I.-H. (2005), ‘Enhanced char-
acteristics of an uncooled microbolometer using vanadium—tungsten oxide as a ther-
mometric material’, Applied Physics Letters 86(25), 254101-254101.

Herschel, W. (1800), ‘Experiments on the refrangibility of the invisible rays of the
sun’, Philosophical Transactions of the Royal Society of London 90, 284—292.

Ingvarsson, S. (2001), Magnetization dynamics in transition metal ferromagnets stud-
ied by magneto-tunneling and ferromagnetic resonance, Ph.D. Thesis, Brown Uni-
versity.

Ingvarsson, S., Klein, L., Au, Y., Lacey, J., Hamann, H. et al. (2007), ‘Enhanced ther-
mal emission from individual antenna-like nanoheaters’, Opt. Express 15(18), 11249~
11254.

Iniewski, K. (2013), Smart Sensors for Industrial Applications, Vol. 14, CRC Pressl
Llc.

Jonsson, S. (2009), Nonlinear thermal electric analysis of platinum microheaters, Mas-
ter thesis, University of Iceland.

Karasik, B. S. & Cantor, R. (2011), ‘Demonstration of high optical sensitivity in far-
infrared hot-electron bolometer’, Applied Physics Letters 98(19), 193503-193503.

Ketterson, J. & Windmiller, L. (1970), ‘de haas-van alphen effect in platinum’, Physical
Review B 2(12), 4813.

Klein, L. J., Hamann, H. F., Au, Y.-Y. & Ingvarsson, S. (2008), ‘Coherence proper-
ties of infrared thermal emission from heated metallic nanowires’, Applied Physics
Letters 92(21), 213102-213102.

Klein, L. J., Ingvarsson, S. & Hamann, H. F. (2009), ‘Changing the emission of po-
larized thermal radiation from metallic nanoheaters’, Optics express 17(20), 17963~
17969.

Klokov, A. Y., Sharkov, A., Galkina, T., Khmelnitskii, R., Dravin, V. & Gippius,
A. A. (2010), ‘Fast bolometer built in an artificial HPHT diamond matrix’, Quantum
FElectronics 40(3), 269.

Kogan, S. (1996), Electronic noise and fluctuations in solids, Cambridge University
Press (Cambridge England and New York, NY, USA).



Kosarev, A., Moreno, M., Torres, A. & Zuniga, C. (2008), ‘IR sensors based on silicon—
germanium—-boron alloys deposited by plasma: Fabrication and characterization’,
Journal of Non-Crystalline Solids 354(19), 2561-2564.

Krenz, P. M., Tiwari, B., Szakmany, G. P., Orlov, A. O., Gonzdlez, F. J., Boreman,
G. D. & Porod, W. (2012), ‘Response increase of IR antenna-coupled thermocouple
using impedance matching’, Quantum Electronics, IEEE Journal of 48(5), 659-664.

Kuzmichev, V., Pogorelov, S. & Kohns, P. (2004), Transformation of the continuous
laser power on wavelength 10.6 microns with thin-wire bolometer, in ‘Laser and
Fiber-Optical Networks Modeling, 2004. Proceedings of LFNM 2004. 6th Interna-
tional Conference on’, IEEE, pp. 238-241.

Langley, S. (1881), ‘The bolometer’, Nature 25(14-16).

Langley, S. P. (1880), The bolometer and radiant energy, in ‘Proceedings of the Amer-
ican Academy of Arts and Sciences’, Vol. 16, JSTOR, pp. 342-358.

Liddiard, K. (1984), ‘Thin-film resistance bolometer IR detectors’, Infrared physics
24(1), 57-64.

Lu, R., Li, Z., Xu, G. & Wu, J. Z. (2009), ‘Suspending single-wall carbon nanotube thin
film infrared bolometers on microchannels’, Applied Physics Letters 94(16), 163110
163110.

Mahjouri-Samani, M., Zhou, Y., He, X., Xiong, W., Hilger, P. & Lu, Y.
(2013), ‘Plasmonic-enhanced carbon nanotube infrared bolometers’, Nanotechnol-
ogy 24(3), 035502.

Mei, T., Neuzil, P., Karunasiri, G. & Zeng, W. (2002), ‘Approach to measure thermal
efficiency of bolometer sensors’, Applied physics letters 80(12), 2183-2185.

Miihlschlegel, P., Eisler, H.-J., Martin, O., Hecht, B. & Pohl, D. (2005), ‘Resonant
optical antennas’, Science 308(5728), 1607-1609.

Neubrech, F., Kolb, T., Lovrincic, R., Fahsold, G., Pucci, A., Aizpurua, J., Cornelius,
T., Toimil-Molares, M., Neumann, R. & Karim, S. (2006), ‘Resonances of individual
metal nanowires in the infrared’, Applied Physics Letters 89(25), 253104-253104.

Niesler, F. B., Gansel, J. K., Fischbach, S. & Wegener, M. (2012), ‘Metamaterial
metal-based bolometers’, Applied Physics Letters 100(20), 203508-203508.

Novotny, L. (2007), ‘Effective wavelength scaling for optical antennas’, Physical Review
Letters 98(26), 266802.

Novotny, L. & van Hulst, N. (2011), ‘Antennas for light’, Nature Photonics 5(2), 83-90.

Omega Engineering, 1. (2002), Transactions in Measurement and Control, Vol. 1 -
Non-contact temperature measurement, Omega Press.
URL: http://www.omega.com/literature /transactions/volumel /trantocvoll.html



Ozcelik, A., Cabarcos, O., Allara, D. L. & Horn, M. W. (2013), ‘Vanadium oxide thin
films alloyed with Ti, Zr, Nb, and Mo for uncooled infrared imaging applications’,
Journal of Electronic Materials pp. 1-5.

Rahman, A., de Lange, G. & Hu, Q. (1996), ‘Micromachined room-temperature mi-
crobolometers for millimeter-wave detection’, Applied physics letters 68(14), 2020—
2022.

Renoux, P., Beauny, A., Klein, L. J., Hamann, H. F. & Ingvarsson, S. (2012), Thin-
film platinum nanowires as sub-wavelength bolometers, in ‘Proceedings of SPIE’,
Vol. 8261, International Society for Optics and Photonics, p. 826101I.

Renoux, P., Charpentier, D., Augé, S. & Ingvarsson, S. (2013), Optimization of per-
formance for platinum nanowires as sub-wavelength bolometers, in ‘Proceedings of
SPIE’, Vol. 8868, International Society for Optics and Photonics, p. 88680C.

Renoux, P. & Ingvarsson, S. (2013), ‘Sample size effects on performance of sub-
wavelength metallic thin-film bolometers’, Journal of optics 15, 114011.

Renoux, P., Jonsson, S. A., Klein, L. J., Hamann, H. F. & Ingvarsson, S. (2011),
‘Sub-wavelength bolometers: Uncooled platinum wires as infrared sensors’, Optics
express 19(9), 8721-8727.

Rogalski, A. (2003), ‘Infrared detectors: status and trends’, Progress in quantum
electronics 2'7(2), 59-210.

Rogalski, A. (2011), Infrared Detectors, Taylor & Francis.

Rogalski, A. (2012), ‘Progress in focal plane array technologies’, Progress in Quantum
Flectronics 36(2-3), 342 — 473.

Ruffner, J., Clem, P., Tuttle, B., Brinker, C., Sriram, C. & Bullington, J. (1998), ‘Un-
cooled thin film infrared imaging device with aerogel thermal isolation: deposition
and planarization techniques’, Thin Solid Films 332(1), 356-361.

Saxena, R., Bhan, R., Jalwania, C. & Khurana, K. (2008), ‘Effect of excessive bias
heating on a titanium microbolometer infrared detector’, Sensors Journal, IEEE
8(11), 1801-1804.

Saxena, R., Bhan, R., Jalwania, C., Rana, P. & Lomash, S. (2008), ‘Characterization
of area arrays of microbolometer-based un-cooled ir detectors without using roic’,
Sensors and Actuators A: Physical 141(2), 359-366.

Schopp, H., Sperl, A., Kozakov, R., Gott, G., Uhrlandt, D. & Wilhelm, G. (2012),
‘Temperature and emissivity determination of liquid steel S235°, Journal of Physics
D: Applied Physics 45(23), 235203.

Scofield, J. (1987), ‘Ac method for measuring low-frequency resistance fluctuation
spectra’, Review of scientific instruments 58(6), 985-993.



Scofield, J. H., Mantese, J. V. & Webb, W. W. (1985), ‘1/f noise of metals: A case for
extrinsic origin’, Physical Review B 32(2), 736.

Sedky, S., Fiorini, P., Baert, K., Hermans, L. & Mertens, R. (1999), ‘Characteriza-
tion and optimization of infrared poly SiGe bolometers’, Electron Devices, IEEE
Transactions on 46(4), 675-682.

Sedky, S., Fiorini, P., Caymax, M., Baert, C., Hermans, L. & Mertens, R. (1998),
‘Characterization of bolometers based on polycrystalline silicon germanium alloys’,
Electron Device Letters, IEEFE 19(10), 376-378.

Sekiyama, A., Yamaguchi, J., Higashiya, A., Obara, M., Sugiyama, H., Kimura, M.,
Suga, S., Imada, S., Nekrasov, I., Yabashi, M. et al. (2010), ‘The prominent 5d-
orbital contribution to the conduction electrons in gold’, New Journal of Physics
12(4), 043045.

Serway, R. (1998), Principles of Physics, Saunders College Publishing, London UK.

Shie, J., Chen, Y., Ou-Yang, M. & Chou, B. (1996), ‘Characterization and modeling of
metal-film microbolometer’, Microelectromechanical Systems, Journal of 5(4), 298—
306.

Siebert, R. & Miiller, J. (2005), ‘Infrared integrated optical evanescent field sensor for
gas analysis: Part I: System design’, Sensors and Actuators A: Physical 119(1), 138
— 149.

Smith, R., Jones, F. & Chasmar, R. (1957), The detection and measurement of infra-
red radiation, Clarendon Press.

Talghader, J. J., Gawarikar, A. S. & Shea, R. P. (2012), ‘Spectral selectivity in infrared
thermal detection’, Light: Science & Applications 1(8), e24.

Tanaka, A., Matsumoto, S., Tsukamoto, N., Itoh, S., Chiba, K., Endoh, T., Nakazato,
A., Okuyama, K., Kumazawa, Y., Hijikawa, M., Gotoh, H., Tanaka, T. & Teranishi,
N. (1996), ‘Infrared focal plane array incorporating silicon IC process compatible
bolometer’, Electron Devices, IEEE Transactions on 43(11), 1844 —1850.

Torres, A., Kosarev, A., Garcia Cruz, M. & Ambrosio, R. (2003), ‘Uncooled micro-
bolometer based on amorphous germanium film’, Journal of non-crystalline solids
329(1), 179-183.

Tsutsumi, K., Yamashita, A. & Ohji, H. (2002), The experimental study of high TCR
Pt thin films for thermal sensors, in ‘Sensors, 2002. Proceedings of IEEE’, Vol. 2,
IEEE, pp. 1002-1005.

Vancea, J., Hoffmann, H. & Kastner, K. (1984), ‘Mean free path and effective density
of conduction electrons in polycrystalline metal films’, Thin Solid Films 121(3), 201-
216.



Verghese, S., Richards, P., Char, K. & Sachtjen, S. (1991), ‘Fabrication of an in-
frared bolometer with a high T. superconducting thermometer’, Magnetics, IEEE
Transactions on 27(2), 3077-3080.

Windmiller, L., Ketterson, J. & Hornfeldt, S. (1969), ‘Experimental determination of
the fermi radius, velocity, and g factor in Pd and Pt’, Journal of Applied Physics
40(3), 1291-1293.

Wood, R., Han, C. & Kruse, P. (1992), Integrated uncooled infrared detector imaging
arrays, in ‘Solid-State Sensor and Actuator Workshop, 1992. 5th Technical Digest.,
IEEE’, IEEE, pp. 132-135.

Xia, F., Mueller, T., Lin, Y.-m., Valdes-Garcia, A. & Avouris, P. (2009), ‘Ultrafast
graphene photodetector’, Nature nanotechnology 4(12), 839-843.

Xiao, L., Zhang, Y., Wang, Y., Liu, K., Wang, Z., Li, T., Jiang, Z., Shi, J., Liu, L.,
Li, Q. et al. (2011), ‘A polarized infrared thermal detector made from super-aligned
multiwalled carbon nanotube films’, Nanotechnology 22(2), 025502.

Xin, Z., Xiao-Hui, S. & Dian-Lin, Z. (2010), ‘Thickness dependence of grain size
and surface roughness for DC magnetron sputtered Au films’, Chinese Physics B
19(8), 086802.

Yoneoka, S., Liger, M., Yama, G., Schuster, R., Purkl, F., Provine, J., Prinz, F.,
Howe, R. & Kenny, T. (2011), ALD-metal uncooled bolometer, in ‘Micro Electro
Mechanical Systems (MEMS), 2011 IEEE 24th International Conference on’, IEEE,
pp. 676-679.

Zhang, Q., Zhang, X., Cao, B., Fujii, M., Takahashi, K. & Ikuta, T. (2006), ‘Influence
of grain boundary scattering on the electrical properties of platinum nanofilms’,
Applied physics letters 89(11), 114102-114102.

Zhang, X., Xie, H., Fujii, M., Ago, H., Takahashi, K., Tkuta, T., Abe, H. & Shimizu,
T. (2005), ‘Thermal and electrical conductivity of a suspended platinum nanofilm’,
Applied Physics Letters 86(17), 171912-171912.












	Acknowledgments
	List of Figures
	List of Tables
	Introduction
	Fundamentals of infrared engineering
	Fundamentals of radiometry
	Radiance and irradiance of a light source
	Blackbody radiation and spectra
	Emissivity

	Classification of infrared detectors
	Figures of merit for infrared sensors
	Responsivity
	Detectivity
	Noise mechanisms
	Thermal conductance and heat capacity
	Time response

	Optimization of metal bolometers
	Electronic properties of platinum
	Temperature coefficient of resistance
	Optimization of performance
	Si/SiO2 as substrate for bolometers
	Evolution of performance with dimension


	Fabrication and characterization
	Sample design
	Fabrication process
	E-beam lithography
	DC sputtering
	RTA furnace
	Thickness and quality assessment
	Physical properties of our samples

	Characterization of bolometers
	Probe station and source-meter
	Infrared source
	Labview program and data process
	Effects of the bias current on the film microscopic structure


	Optimization of performance for metallic thin-film bolometers
	Notes on the measurement protocol
	Optimizing the performance by tailoring the sensing area
	Influence of bolometer length on sensing performance
	Influence of bolometer width on sensing performance
	Conclusion on the effect of the active area’s lateral dimensions on bolometric performances

	Influence of the Pt thickness on electronic properties and sensitivity of bolometers
	Temperature coefficient of resistance and resistivity dependence on thin film thickness
	Influence of the thin film thickness on bolometric properties

	Effect of the silicon dioxide layer on bolometer performance
	Changing the bias current to optimize performance
	Time constant of Pt thin-film bolometers

	Summary and conclusions
	Publications, presentations and posters
	Publications
	Published papers
	Conference proceedings
	Short communications

	Conference presentations
	Seminars

	Included Papers
	Bibliography

