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General Introduction

GENERAL INTRODUCTION

Uncooled infrared (IR) detectors have been stuthedcent years due to a wide range
of applications such as thermal cameras, nighonisameras, thermal sensors, surveillance,
etc. The IR detectors are generally classified ptioton detectors and thermal detectors. The
choice of detector type depends on the intendedcappin. Achieving higher performance,
like high response speed or high responsivity, sisoeiated to higher cost. Each type of
detector has its specific characteristics dependimghe detection mechanism and material
properties. This result in advantages and disadgast for each type of detector when it is

used in field applications.

Photon detector converts photon energy directly iatectrical signal. Thermal
detector, on the other hand, has a temperaturétisenslectrical property. The photon
detectors have high signal to noise ratio and Vasy response, but most of them require a
cooling system, which is heavy and expensive. imtrast, most of thermal detectors operate
at room temperature even for far IR radiation, thecucing the cost of operation and then
they can be used for commercial hand-held infragalications. Even if their response time
is still larger than that of photon detectors; thegve no limitation on the wavelength
response. Thermal detectors achieve lower respongivan photon detectors, but they
exhibit lower cost and better ease of use. They Hauad widespread use in low cost
applications, which do not require high performaand speed.

Thermal detectors are based on three differentoagpes, namely, bolometers,
pyroelectric and thermoelectric effects. Uncoolettrabolometers take a large part of
infrared imaging application business. A bolomeatela thermal detector whose electrical
resistance changes as a function of radiant en&gythe larger the resistance changes, the
higher the Temperature Coefficient of Resistanc@R]), and the higher the responsivity.

The present efforts in infrared detector researeanedirected towards improving the
performance of room temperature infrared detecidngs includes elaborating a new sensing
material and developing enhanced pixel geometried #hermal isolation. The recent
advances in microelectromechanical systems (MEM&)rology allow fabricating sensitive
thermal bolometric detectors. Since the discoveohghe first bolometer in 1880, many
materials have been investigated as IR active lajghe bolometer. The most commonly
used materials as thermometer in uncooled bolometer metals (like Pt and Ti), vanadium
oxides (VQ), and the amorphous semiconductor films.
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Other existing promising bolometer materials arengamese oxides. It has been
realized that these materials have a promisingnpiatfor bolometric infrared detection. The
large change of their electrical resistance at rttetal-to-insulator transition, which takes
place for some materials at or around 300 K, makesn potential materials for the
fabrication of uncooled thermal detectors. Thusnynaxperimental and theoretical efforts
have been recently devoted to the study of thederrabs.

Preliminary results in our laboratory, GREYC, shdwiat the manganese oxide
Lag 7Srh.sMnO3z (LSMO) is a competitive candidate for uncooledrh@ detector. Even if it
does not exhibit the highest TCR values at roomperature, compared to other possible
manganite compositions, we study LSMO because ivsHow 1/f noise at the metal-to-
insulator transition. In addition, good quality L&Mfilms deposited on silicon substrates
were realized, which enables the compatibility wiicon microelectronic fabrication

process and makes possible development of morelegmypstems.

The aim of this thesis is to evaluate LSMO thim8l as room temperature radiation
detector, and then optimize its performance in seofngeometry. | will first try to propose a
detailed thermal model of “thin-film-on-substratstructure, which has to interpret the
variation of the optical voltage responsivity vesshe modulation frequency of a heating
radiation power. This model will be then analyzedl avalidated using the measurement
results of many detection surfaces and substraterialg. 1 will try here to investigate the
effect of film-substrate interface thermal resis&on this performance, and try to estimate its
value for different substrate materials. Oncentfuglel is validated, it can be used to optimize
the detector geometry and estimate its performéorcany pixel surface, and maybe for other
substrate material. Then | will study the role etattor geometry and substrate material on
the detector’s performance, therefore, optimizimg detector geometry to achieve an optimal
performance for the intended application. Indeeathieving the measurement of the optical
responsivity of LSMO films implies design and realian optical measurement test stand.
This involves expertise optics, optoelectronicgnal conditioning, and instrumentation

knowledge.

In the first chapter, | will present the famdentals of infrared detectors, with
introducing the principle of IR radiation and detes. Then, the thermal detector types and
principle of operation will be given. Also, a dé¢ai discussion of bolometer (principle, types,
model, and figures of merit) will be presented.ill aiso introduce the different fundamental

properties of the LSMO material. This includessitsicture, transport properties, and thermal
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properties. Finally, a state of the art of the paerfance of uncooled bolometers will be

exposed.

Chapter 1l is devoted to present a detailed expiameof the measurement setup,
including the design considerations and backgropndciples. The characteristics of all
components of this setup, like the current sountethe amplification stage, will be explored
in details. This setup has been used during theisthe characterize the LSMO samples as
thermal radiation detector. This includes the mesment of the optical responsivity and the
noise for each sample in order to estimate thesidals figures of merit such as noise
equivalent power and specific detectivity. At thelef this chapter, | will provide a detailed

list of all the tested samples, including sampésitating using the old and the new mask.

In the beginning of chapter Ill an explanation bk tused practical method to
characterize a thin film bolometer made on a sabstwill be presented. This methodology
intends to explore thermal and electrical pararsateeded to qualify the performance of the
bolometer by indentifying the figures of merit. Thea detailed discussion on the thermal
model of thin film on substrate will be offered. i$hncludes presenting the heat diffusion
into substrate, the thermal boundary resistancevdmet film and substrate, the thermal
properties of the different materials that wereduse our samples. Finally, analysis and
experimental validation of the proposed model fionfon-substrate structure will be given. |
then will study the influence of substrate mateoal the parameters that characterize the
bolometer. Thus, a whole paragraph of this chagtelevoted to analyze the effect of pixel
geometry on the performance of a bolometer, usiegnieasurement results and calculation
data issued from the proposed thermal model. Thengey parameters include pixel surface,

film thickness, and number of strips.
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CHAPTER I. Uncooled Infrared detectors

1. Fundamentals of Infrared detectors

1.1. Infrared radiation

1.1.1. I nfrared spectra

The Infrared (IR) radiation is an electromagnetidiation in the wavelengtiA) range
between visible radiatiorh (= 380-780 nm) and microwave radiation (see Fidulg. It was
discovered in 1800 by the British astronomer Whllidderschel [1]. He passed sunlight
through a prism to separate the light into its sjp@c as usual. Then, he observed that when a
thermometer is placed below the red light regibe,temperature increases. He thus predicted
that the reason was an invisible radiation, whichcalled “infrared” using the Latin word
“infra” for “below”. After that, many researchesdbeen attempted to detect the IR radiation

energy.

In 1821 Seebeck discovered the thermoelectric ef8aebeck efféctrom the ends of
connection of two different wires, later calledfnecouple. Later, using this thermoelectric
effect, the first thermopile was demonstrated byiNan 1829 by connecting a number of

thermocouples in series.

Visible

10° 10* 10 10 10" 1 10’ 10° 10° 10*
A (um)

Figure 1-1.  Spectra of electromagnetic radiation [2]

1.1.2. Infrared |ight types

The infrared range covers all electromagnetic tamialonger than the visible and
shorter than millimeter waves (see Figure 1-1). Waroposals in the division of IR range
have been published, and these shown in Tablerg-based on limits of spectral bands of

commonly used IR detectors [3][4]. The wavelengthloum is a sensitivity limit of Si
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detectors. Similarly, the wavelengthpdn is a wavelength sensitivity of PbS and InGaAs
detectors. Wavelength @@n is a sensitivity limit of InSb, PbSe, PtSi detest and HgCdTe
detectors optimized for a 3+m atmospheric window. Finally, wavelength fB is the
wavelength sensitivity limit of HgCdTe detectordiopzed for 8—14um range [1].

The near infrared is used in telecommunicationsiarnidelf subdivided into several regions.

Short and medium wavelength infrared can be usetktect some gases. Long wavelength

infrared finds its main use in thermal imaging.

Table 1-1.  Division of Infrared radiation [3]
Region (Abbreviation) WavelengthA(um)
Near Infrared (NIR) 0.78-1
Short wavelength Infrared (SWIR) 1-3
Medium wavelength Infrared (MWIR) 3-6
Long wavelength Infrared (LWIR) 6-15
Very Long wavelength Infrared (VLWIR) 15-30
Far Infrared (FIR) 30-100
Submillimeter (SubMM) 100-1000

1.1.3.

At nospheric Transm ssion

Infrared radiation emitted by distant objects galigrhas to traverse through some
distance in air before being detected by infraretectors. However, being influenced by

dispersion and absorption of air molecules@HCQ,), the energy that can be detected

decreases as distances increase.

100
__sop M e
= i [ |‘ \ W
sl ] » M
2 / [ |
5 a0p | \ ‘ q / 1 / w|
£ \ ‘ J
G | J ] I
il \ i L i z
| | |\ t
0 L I L0 1 1 | 1 I
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15
Wavelength (um)
A N t | f
0: o colkC €O, H,0 €0, CO, H,0 CO, co,
2 2 2 Absorbing molecule
Figure 1-2.  Atmospheric transmission spectra [3]
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Figure 1-1 shows the transmitting characterisbésvisible to infrared radiation
through the atmosphere as a function of wavele[8]thiSpecific absorption bands of water,
carbon dioxide, and oxygen molecules are indicatdith restricts atmospheric transmission

to two windows at 3-5 pum and 8-14 um.

1.1.4. Radi ati on | aws

In 1879, Joseph Stefan concluded from experimetatd that the power transferred
between two bodies was proportional to the edéhce of the fourth power of their
temperature, a result later theoretically provenLbgwig Boltzmann in 1884 [5]. In 1896,
Wilhelm Wien experimentally found that the waveldngf maximum radiation\max Of @
blackbody is inversely proportional to its absolteéenperature [6]. This relation, known as

Wien's displacement law, is given by:
Amax T = 2898 [um-K] (I-1)

In 1901 Max Planck had published the correct bladkbradiation law. It describes
the spectral radiance of the electromagnetic radiaémitted by a perfect blackbody as
function of its temperature (T) and the wavelen@thof the emitted radiation, and is in the

form,

6= 208 e ()] =

Where h is the Planck’s constang, is the velocity of light in vacuum,gkis the
Boltzmann’s constant. According to the Planckdiation law, all objects having a surface
temperature above 0 K emit infrared radiation. Posver and the spectral content of the
emitted radiation are determined by the temperatfithe object. With an increasing object
temperature, the peak of the emitted radiationtshibwards shorter wavelengths. The
blackbody is an ideal object that absorbs all tamhia which is incident on it, and the
radiation thus emitted is known as blackbody raoia{Figure 1-3). For example, a normal
light bulb emits radiation with a color temperatafeabout 3000 K, which corresponds to a
peak wavelength of 970 nm. A normal human has ¥ beaperature of about 37 °C and a
skin temperature of about 34 °C. Maximization of theiation emitted by a human will

therefore occur at wavelengths of aroundutr©[4].

The total radiation energy of a blackbody can heressed by Stefan-Boltzmann law:
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Ep(T) = f ooM(x,T) dh = ogg T*  [W-m™?] (I-3)

whereosg is called the Stefan—Boltzmann constant and hagpanoximate value of
5.67x10° W ?K ™. From Equation (I-3), total radiation energy candalculated given the

absolute temperature T.
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Wavelength 4 [um]

Figure 1-3.  Blackbody radiation versus wavelength. The dasimedrharks Wien’s
displacement law [4]

1.1.5. | nfrared applications

Infrared detection technology is employed in a wiglege of applications in a variety
of areas, like medical, industrial and military.draion can be detected either quantitatively
or qualitatively. Radiometry is the quantitativetatenination of the absolute amount of
radiation present via temperature (pyrometry) oraaspectral distribution (spectroscopy).
Thermal imaging, on the other hand, typically relen qualitative detection of radiation, in

which images are obtained using thermal contrast.

Applications of thermal imaging systems are vasilitddy applications include
battlefield surveillance, minefield detection. hetmedical field, IR detection can be used to
analyze blood flow, observe muscular functionsgioysical therapy, image wounds or burns,
determine body temperature, or locate tumors. lmiddisapplications include monitoring

equipment, circuit boards, piping, furnaces, insafa coverage [1],[3]-[5]. Finally, other
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important infrared techniques and devices are: gwriact thermometers, radiometers, and

NDIR gas sensors.
1.2. Radiation detectors

1.2. 1. Brief history

Many materials have been investigated as IR dete&temmple theorem, after Norton
[1], can be stated: “All physical phenomena in thege of about 0.1-1 eV will be proposed
for IR detectors”. Among these effects are: therexe&c power (thermocouples), change in
electrical conductivity (bolometers), gas expangi@olay cell), pyroelectricity (pyroelectric
detectors), fundamental absorption (intrinsic phetedtors), impurity absorption (extrinsic
photodetectors), low dimensional solids (supedaitiquantum well and quantum dot

detectors), different types of phase transitiotts, e

w m&n & %)
E < F <
g 8 E bs v Lo
3] on Q o = = (o
g @ e QO g o 0 s g Eh
° [y = ° = 00 T T < o ET 9 = &
T % 2% o ® % g X 3 % & = 35 ¢ Ju
E £ oo (o= T oo ha £ £ E &8 £ 2=
2
=
L | I | 1 | | | 1 1 1
1940 1950 1960 1970 1980 1990 2000

Figure 1-4.  History of the development of infrared detectors systems [1]

Figure 1-4 gives approximate dates of significatedlopment efforts for the materials
mentioned above. The birth of modern IR detectonielogies was during the World War 11.
The development of high performance infrared detschas been made over the last six
decades. Photon IR technology combined with serdiector material science, and the
development of photolithography technology for greged circuits, have boosted many

advances in IR capabilities within a short timeigeiduring the last century [1].

1.2. 2. Classification of infrared detectors

A radiation detector must have the ability to cabhvwhe energy associated with
incident electromagnetic radiation into an eleefrisignal. Infrared detectors are generally
classified into two main groups, namely photon detes (also called quantum detectors) and

thermal detectors. The choice of detector very nagbends on the intended applications.

{9}



CHAPTER I. Uncooled Infrared detectors

Some applications require a high response speedighdresponsivity, whereas others can
settle for lower speed and responsivity, but aveel cost.

Photon detectors convert photons energy directlp iftee current carriers by
photoexciting electrons across the energy bandgapeodetector material. This produces a
current, voltage or resistance change of the de®clTo achieve this, the received photons
energy must be greater than the energy bandgapi@kefore, the energy bandgap of the

detector material determines its cut-off wavelength.

Photon detectors depend on the wavelength of ttident radiation. Hence, it has a
narrow and selective spectral response. In contthsirmal detectors are wavelength
independent because the signal does not depenldegohbton nature of the radiation, thus
they have flat and wide spectral response. Furtbhexmphoton detectors have a higher
sensitivity and faster response in comparison widgimal detectors (see Figure 1-5). Indeed,
most photon detectors require a cooling systemlewhost thermal detectors operate at room
temperature even for far IR radiation. The coolifigletectors reduces thermal generation of

charge carriers, but adds to the system bulk anghiveand tends to increase system cost.

Photon
detector

Thermal
detector

Relative spectral response

Y

Wavelength

Figure 1-5.  Relative spectral response of thermal and photdeater [9]

Depending on the detection mechanism, nature efantion and material properties,
the various types of detectors have their own dtaristics. These characteristics result in
advantages and disadvantages when the detectorssedein field applications. Table 1-2

shows a comparison of various IR detectors.
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Table 1-2. Comparison of infrared radiation detectors; adapfeain[3]
Type Principles Materials Advantages Disadvantaep
thermocouple induced BiTe-TiSbTe
T . thermoelectric V-Si
H /thermopile voltage poly-Si - low cost .
- - slow response time
E _ change of (Ba,SnTIiG (order ms)
R pyroelectric polarization or Pb(S@sTas)Os, - operated in room
charge LiTaO; temperature o
M Vo) - low detectivity at
A electrical a—SXi - rugged system high frequency
bolometer conductivity .
L SiGe
change ; :
manganite oxide
- high thermal
expansion
IV-VI coefficient
(PbS, - large permittivity
PbSe,PbSnTe) - Nonuniformity
T [1-VI . over large area
Intrinsic (HgCdTe) - stable material - High cost in
n-v growth & processing
(InGaAs, InAs, - Surface instability
InSh, InAsSb) - Heteroepitaxy with
large lattice
mismatch
N - high thermal
) o S'.jGa - detect long generation
P extrinsic optical excitation SIAS wavelength
H of free carriers ge:ﬁu - simple technology| - operated at very
') (electron or hole) eng low temperature
T . PtSi - low cost - low efficiency
o) fre.e photr(])ctondlljtct.lve PLSi - Large 2D arrays - low temperature
N carrier gfr_fgcto ovoltaic IrSi - high yield operation
- matured material
(Ga;sy/&el(;aAs - Good uniformity high th |
InGaAs/AIGaAs) | Overlarge area | - B EETTA
- multi color generation
quantum - low Auger - complicated desigr
wells recombination rate
Type ll - easy wavelength
(InAs/InGasSb, Con)t/rol 9 - _fil_ms growth
INAs/InAsSb) - Multicolor difficulty
detectors
- low thermal - complicated desigr
quantum |n|(22/sx/s(?|igsap generation .
dots Ge/Si - Normal incidence | - films growth
of light difficulty
1.3. Performance parameters

There are many parameters that are used to deshaldetector performance. These
parameters are usually defined in terms of radidmé@iputs and detector outputs. These

parameters are [3][8]: responsivity, noise, speadifetectivity, and noise equivalent power.
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However, to provide ease of comparison betweercttet certain figures of merit, computed
from the measured data, will be defined in thigisac

1.3. 1. Responsi vity

The responsivity of an IR detector is defined asrttio of the value of the electrical
output signal of the detector to the value the irmpdiation power. The units of responsivity
are volts per watt (V') or amperes per watt (IW}). The responsivity is usually a function

of the bias voltage or current, the operating fesguy, and the wavelength.

1.3.2. Noi se & Noi se Equi val ent Power

In this document, noise refers to an electricahaighat perturbs the desired signal.
The ability of a radiation detector to detect acoiming light signal is limited by the intrinsic
fluctuations, or noise, both of incoming light ifsand of the background electrical current
fluctuations generated by the detector. If the eagnal is too high, it can obscure or
completely hide the signal.

The noise equivalent power (NEP) is the incident groan the detector generating a
signal output equal to the rms noise output. Statemther way, the NEP is the signal level

that produces a signal-to-noise ratio (SNR) ot tah be written in terms of responsivity as,

i tral densit
NEP — noise spectral density (1-4)

responsivity

The NEP is quoted for a fixed reference bandwidthich is often assumed to be 1

Hz. This “NEP per unit bandwidth” has a unit of tegter square root hertz (fz™/?).

1.3.3. Signal to noise ratio and detectivity

The signal to noise ratio (S/N) is a simple wayléscribe the “cleanliness” of a given
signal level. It is simply the signal voltage diedl by the root mean square noise voltage.
However, the S/N does not characterize the detéstlf: we can get a better S/N for same
detector just by applying a higher incidence levgle most commonly used parameter to
characterize the minimum power a sensor can dstélcé specific detectivity (D*). D* is the
signal to noise ratio that would result if the penmiance of detector were scaled to a detector

of standard size, under standard test conditions:
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vdetector area

(I-5)
NEP

D* =

The significance of D* is that this figure of mepérmits a comparison of detectors

that have different areas. D* is expressed by thie amBz"’W™, which has also been
called a “Jones.” [3], where the detector arexessed in cm?2.

1.4. Comparison of radiation detectors

Spectral detectivity (cf. paragraph 1.4.3) curves & number of commercially

available IR detectors are shown in Figure 1-6erkdt has centered mainly on the

wavelengths of the two atmospheric windows 3-5 poch &-14 pm, though in recent years

there has been increasing interest in longer wagéhs stimulated by space applications.

12 . - " : . —
10 chﬂ\(‘ ~~—+Jldeal photovoltaicF 2n FOV
— T — 300K background
' 'r\\ [InAs(PV)193K] - I
Nk~ |
[HgCdTe(PC)7 7K (ldeal photoconductor|
_ar - [deal thermal detector]
s “\l—“h‘ - [HoCdTe(PV)77K——=—=
B N = ===+ ]
FOE T et e
N ==\

e

1

I

L
GaAs QWIP
+4_ 77K 3

Au(PC)77K
108 1
1 15 2 3 4 5 6 78 910

15 20 30 40
Wavelength (um)

Figure 1-6. Comparison of specific detectivity, D*, of variczmmmercially
available infrared detectors when operated at tidicgated temperature. Chopping
frequency is 1000 Hz for all detectors except kteerhopile (10 Hz), thermocouple
(10 Hz), thermistor bolometer (10 Hz), Golay c&b {Hz) and pyroelectric detector
(10 Hz). Each detector is assumed to view a heraiggai surrounding at a
temperature of 300K. Theoretical curves for thekgaound-limited D* (dashed lines)
for ideal photovoltaic and photoconductive detestand thermal detectors are also
shown. PC-photoconductive detector, PV-photovotletector, and PEM-
photoelectromagnetic detector. [4]
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As seen in this figure, a color code was used #timdit working temperature of
detectors. Indeed, cooled detectors show the lm&irpmance. Room temperature detectors
(rose color) are centered mainly in short wavelengtrared. For higher wavelength, cooled
detectors are still dominant. The best uncooleedet (PbS) achieves a specific detectivity
more than 18 cmBz"W™? in 1.5-3 um wavelength range. Thermal detectoes less
sensitive and slower than photon detectors, byt ey have a sensibility over a wide range
of wavelengths.

2. Infrared thermal detectors

Up until the 1990s, thermal detectors have been iderably less exploited in
commercial and military systems in comparison witioton detectors. In the last decade,
however, it has been shown that extremely good émagystem can be obtained from large
thermal detector arrays operating uncooled at Tamé& rates [1]. The use of modern
microelectronic and micromechanical manufacturingthmmds has resulted in a rapid
development of miniaturized and high-resolutioned&drs that are inexpensive and open up

an ever increasing number of new application aad) as thermography.

2.1. Principe and operation

In a thermal detectorthe incident radiation is absorbed to change traenal
temperature and the resultant change in some g@hyproperty is used to generate an
electrical output. The signal does not depend ug@n photonic nature of the incident
radiation. Thus, thermal effects are generally wength independent (see Figure 1-5); the
signal depends upon the radiant power (or its eatghange) but not on its spectral content.
Attention is directed toward three approaches llzae found the greatest utility in infrared
technology, namely, bolometers, pyroelectric, amermoelectric effects [1][3]. In contrast
with photon detectors, thermal detectors are tYlyicgerated at room temperature. They are
usually characterized by modest sensitivity and sksponse (because heating and cooling of
a detector element is a relatively slow processi ey are cheap and easy to use. They have
found widespread use in low cost applications, Wwhdo not require high performance and
speed. Being unselective, they are frequently usellR spectrometers. A list of thermal
effects related to each thermal detector is ligiethble 1-3.
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Table 1-3. Infrared Thermal detectors [3]

Detector Method of operation
Bolometer Change in electrical conductivity

Voltage generation, caused by change in temperafyre
the junction of two dissimilar materials

Pyroelectric Change in spontaneous electrical polarization
Golay cell Thermal expansion of a gas

Thermocouple/thermopile

The simplest representation of the thermal deteigoshown in Figure 1-7. The
detector is represented by the thermal capacit@noeupled via the thermal conductance G to
a heat sink at the constant temperatu.é/lhen a radiation input is received by the detecto
the rise in temperature is found by solving thethealance equation. The change in

temperature of any thermal detector due to incigenibdic radiant power &T.

Detector

Thermal capacity C
Absorbance 1) O

AD (1)

Thermal isolation Bl
Thermal conductance (3

Heat sink R

(a) i (b)
Figure 1-7. Simple model of a thermal IR detector. (a) Pringjgb) thermal
model; adapted from [4]

Here,AT presents the temperature difference due to meetul® radiation signab=

®o Exp(jut), of power amplitud@, , and is given by [3][5]:

1 Po (- 6)
(Gz + 0)2(:2)1/2

AT (o) =

Equation (I- 6) illustrates that, at low frequenaymore sensitive thermal detector can

be achieved if its thermal coupling to its surrougdi (G) might be as small as possible.

A characteristic thermal response time for the atetecan therefore be defined as:

r=C (I-7)
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Typical value of thermal time constant for therndgtectors is in the millisecond
range, which is much longer than the typical tinhglooton detectors (microsecond range).
There is a trade-off between sensitivityl, and frequency response. If one wants a high

sensitivity, then a low frequency response is fdngpon the detector.

Several physical mechanisms can be used to metissirehange in temperature. The

main types of thermal detectors are briefly desdriedow.
2.2. Thermocouples/Thermopiles

The thermocouple was discovered in 1821 by the Genomysicist, J. Seebeck [3]. He
discovered that at the junction of two dissimilanductors a voltage could be generated by a
change in temperature (see Figure 1-8). Then, ir8,1B&lloni produced the first bismuth
cooper thermocouple detector. But the output veltafjthermocouples is still small, thus
preventing the measurements of very small temperatlifferences. Nobili, in 1829,
connected several thermocouples in series to genarhigher and consequently measurable

output voltage [3].

ho Radiation
absorber Reference
Measure junction
Lead b Lead a Lead b
e AV o

Figure 1-8. Principle of thermocouple [3]

The output voltageAV) of a thermocouple is directly proportional to tieenperature

difference between the two junctiosT(), and is given by the relation:
AV = ag AT (I-8)

Where a5 is the thermoelectric (or Seebeck) coefficient loé thermocouple, commonly

expressed in &, which is a material constant (see Table 1-4).
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Table 1-4. Thermoelectric coefficient of some thermocoupleeneds; adapted from [3]
Material | as (UV/K) | Material as (UVE™
p-Si 100-1000 | Ni -19.5
p-poly-Si 100-500 | Constantan -37.25
p-Ge 420 Bi -73.4
Sb 48.9 n-Si -450
Cr 21.8 n-poly-Si -100 to -500
Fe 15 n-Ge -548

The thermopile is one of the oldest IR detectorsiesults from connecting many
thermocouples in series in order to achieve be#eperature sensitivity [9]. Even though
thermopiles have relatively low sensitivity andveloesponse, it can be optimized of specific
application. In addition, the development of semdrmtors produced materials with much
higher Seebeck coefficients offers the possibibityconstructing thermopiles with increased
sensitivities. Although thermopiles are not as #ems as bolometers and pyroelectric
detectors, they can replace these in many apmitatiue to their reliable characteristics and
good cost/performance ratio [3].

2.3. Pyroelectric detectors

The first theory of the pyroelectric detector wassented by Cooper in 1962 using the
barium titanate material. Also in the same yeand_proposed the use of pyroelectric devices
for measuring temperature changes as small agkd.Afterward, a lot of research activities

towards the pyroelectric infrared detectors hadubdg].

Pyroelectric detectors utilize dielectric materjgparticularly crystalline materials,
which exhibit temperature dependent spontaneouaripation. Most of the pyroelectric
materials used as thermal detector are the leasdbgserovskite” oxides. These materials
have the basic formula ABQvhere A is lead, O is oxygen, and B may be one mixture of
cations. Examples of these materials are: leacbzate titanate PbZrTD(PZT), barium
strontium titanate BaSrT#XBST), and lead scandium tantalate PbSgI@3T) [4]. Above
Curie temperature, J these materials becomes paraelectric and do Rrbibie any

pyroelectric activity.

The current flowing into or out of a pyroelectrictelgor, made of two electrodes and

a pyroelectric material between them, is given by:
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I:TCpA E

Where Ais the area of the electrodes, is the pyroelectric coefficient which is

material specific (see Table 1-5) and dT/dt the cdttemperature change.

Table 1-5. The most known pyroelectric materials; adapted ff8m

Pyroelectric Curie
Type Material coefficientry, | temperature
[UC 2K Y Te [K]
TGS 280 49
(triglycine sulphate)
_ DTGS 550 61
Single crystals | (Deuterated triglycine sulfaje
LiTaO3 170 603
LiINbO3 80 480
PZT 400 230
Ceramics BST 7000 25
PST 3500 25
PVDF
Polymer (Polyvinalidene Fluoride) 27 80

2.4, Golay cell

In 1936, Hammond Hayes published a paper proposeavaype of thermal detector
based on the principle of gas expansion [10]. Basedhe same idea of gas expansion,
Harold Zahl and Marcel Golay fabricated a “pneumatfrared detector” in 1946 [11]. Later,
in 1947, Golay published another paper presentmign@roved version using light deflection
from a flexible mirror as a way to detect the gagamsion [12]. Even though he was not the
first to use gas expansion as a way to detectredréight, this type of infrared detector is

known as a “Golay Cell”. They are still commergyadivailable today.

A Golay cell consists of a closed, thermally weltated gas volume (cell) that
increases its temperature due to the absorptioadition [4][12]. Usually, we measure the
deflection of the cell wall that is deformed due thereased pressure and consequently we

can calculate the temperature change of the gas.

The performance of Golay cell is only limited byetkemperature noise associated
with the thermal exchange between the absorbimg &ihd the detector gas. Therefore, the

detector can be extremily sensitive with D* aroBxd.0° cmBizYW™ and responsivity of
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10°-10° VIW™. In contrast, the response time is quite long,caipj about 15 ms. Also, the
detector is fragile and very susceptible to vilamatiand is only suitable for use in controlled

environement such as a laboratory [1].

2.5. Bolometers

Another widely used thermal detector is the bolanethe bolometer is a resistive
element constructed from a material with large terafure coefficient, so that the absorbed
radiation produces a large change in resistanceontrast to the thermocouple, the device is
operated by passing an accurately controlled hia®iot through the detector and monitoring
the output voltage. The basic detection mechansrthat a radiant power produces heat
within the material, which in turn produces a r&sise change. There is no direct photon-
electron interaction. More details on the principfetypes, operation and thermal model of

bolometer will be presented in section 3.
2.6. Comparison of thermal detectors

The several types of thermal sensors can only Hereitiated by the way they
convert temperature chandgd into an output signal, mainly voltagsv/. Therefore, the
design of thermal detector intends to reach a mawxinof AT, which can be achieved,
according to Equations (I- 6), by a maximum therisalation of the sensor elements. In
other side, to achieve a small thermal time comnstaninimum thickness of detector element
is needed. Table 1-6 provides a comparison of tlst nmportant characteristics of the

thermal detectors presented before.

Table 1-6. Comparison of uncooled thermal detectors; adaptechf4][13]

Thermopile | Pyroelectric | Golay cell | Bolometer
Principle Energy converter Parametric converter
Physical effect Seebeck effect Dlelgctr!c Gas_ Carrier .d_enS|ty
polarization | expansion mobility
Obiect Temperature | Temperaturel Temperaturg Temperature
: gradient AT | change dT/dt T T
Signal Voltage Polarization| Volume Resistance
Material parameter Os T, TCC TCR
Temperature control unnecessar Unnecessary necessar necessar
b y necessary y y
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Figure 1-9 shows the performance of a number afitakbdetectors operating at room
temperature. Typical values of detectivities ofrthal detectors at 10 Hz change in the range
between 1Bto 10 cmBiz“ W™ [3]. Pyroelectric TGS detectors show the highertdDt with

high decreasing slope relative to frequency. Thé&ahuwxide bolometer shows lower D* and

wider pass band.

1011 C

Ideal thermal detector

1010 i

107

P* {emHz" 2w

108 |-

107 L L vl L £l iy
10° 10! 10 103
Frequency (Hz)

Figure 1-9.  Performance of uncooled thermal detectors. 1- aaloped TGS
pyroelectric detector (1.5x1.5 mm?2); 2- spectroscapermopile (0.4 mm#,=40
ms); 3- Golay cell; 4- TGS pyroelectric detectoruggedized encapsulation
(0.5%0.5 mm?); 5- Sb/Bi evaporated film thermogdel2x0.12 mm%=13 ms); 6-
immersed thermistor (0.1x0.1 mmg=2 ms); 7- LiTaQ pyroelectric detector; 8-
Plessey PZT ceramic pyroelectric detector; and @tdVloxide thin film
bolometer(0.5mm#%;,=1 ms) [3]

3. Basics of Bolometers

The first bolometer was designed in 1880 by Ameriaatronomer S. P. Langley. It
was consisting of blackened platinum absorber eténfig]. Langley was able to make
bolometers that were more sensitive than the theooqmes available at that time. Although
other thermal devices have been developed sintditia, the bolometer remains one of the
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most used infrared detectors [3]. Many materialsehaeen investigated as bolometers. The
first thin film resistive micobolometers were prged by R. Hartmann and K.C. Liddiard in
1982 and 1984 respectively. Today, the most comrbolometer temperature sensing

materials are vanadium oxide (Y)@nd amorphous silicon (a-Si).

The key factor is to find a high performance terap@e sensing material, in terms of
responsivity and signal to noise ratio, togethethwiigh thermal isolation in the smallest
possible area. At the same time, it must be passiblintegrate this material together with

signal readout electronics.
3.1. Principle of operation

The basic detection mechanism of a bolometer ichiagge of electrical resistance R
as reaction to absorption of radiant power. Theupater used to quantify the temperature
dependence of electrical resistance R is the Temtyoer Coefficient of Resistance (TCR)
expressed in K, defined as seen in equation (I-10). It is indejeen of geometry, so it is
useful to compare resistive materials. The largerelectrical resistance changes, the higher
the TCR and the higher the responsivity (cf. paapgr3.5.1).

1 dR
B =TCR = =TT (I-10)

When biasing the bolometer with a constant cur(ghtthe change of voltage across

it will be,
AV =1, x AR = I, RB x AT (I-11)

In steady state, when the bolometer material absambsmount Pof radiated power

from a light source, a temperature chaAgeoccurs:

P

eff

AT =1 (I-12)

where Gy is the effective thermal conductance of bolometeterial (expressed in W
andn is the absorption coefficient (dimensionless) S related to the self-heating effect and

given by the relation:

dR .
Gefr = G — Iﬁﬁ (I-13)
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where G is the geometrical thermal conductancehef holometer. The variation of the
temperature causes a change in the electricaltaeses R of the bolometer material, and

therefore a variation of voltage across it will be:

AV = Bl RB (1-14)
Getr

3.2. Types of bolometer

Bolometers may be divided into several types. Thetrnommonly used are the metal,
the thermistor, and the semiconductor bolometerdousth type is the superconducting
bolometer [3]. This bolometer operates on a condittransition in which the electrical
resistance changes dramatically over the transteomperature range. These materials will
not be described in this thesis since there is ugh ne at 300 K. Figure 1-10 shows
schematically the temperature dependence of alattresistance of different types of

bolometers.

----- Superconductor

Resistance

Metal .~

Semiconductor

TL‘ITlpC rature

Figure 1-10. Temperature dependence of electrical resistantmlaimeter material
types [9]

3.2. 1. Met al bol oneters

Typical materials used for metal bolometers ar&eljdismuth, platinum, or titanium.
The metal bolometers are easy to integrate with S\p@cess and have low noise, but their
TCR value is relatively very low (e.g. Titanium @@ 0.35% K%), which results in low

performance detectors. Most metal bolometers amddras film strips, about 100-500 A
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thick, via vacuum evaporation or sputtering. They aften coated with a black absorber such
as evaporated gold or platinum [3].

Metal bolometers have a positive temperature cmefft with typical value of about
0.3% K. Giani [14] has reported a TCR value of 0.33% #r Pt thin films on SiNSi
substrates, and Liddiard [15] has proved a TCR%.83"' for same the material. The metal
bolometers operate at room temperature and hawfispdetectivity of the order 1xf0
cmBzY2wv [3][15] with response times of approximately 10 ramfortunately, metal in
thin film form has a TCR value of 0.4%Y much lower than for competitor materials, which

causes it to be of little use in uncooled bolomateays.

3.2. 2. Sem conduct or bol oneters

Semiconductor bolometers are the most highly deeelapermal detectors for low
light levels. They present the best choice detsctor many applications, especially in the
infrared and submillimeter spectral range [3]. Owsost of the far infrared spectrum, the
performance of a germanium bolometer is compartblihat of the best photon detectors
with the added advantage of being a broadband el¢djc More attention has been recently
given to the use of amorphous Si (a-Si) as anratere to Ge. In comparison with Ge, Si has
a lower specific heat (by a factor of 5), easiertanals preparation, and more advanced
device fabrication technology. An alternative tdSiaare different types of amorphous
germanium-silicon-oxygen compounds (Sg.,Oy), and poly crystalline silicon germanium
(SiGe). Table 1-7 states some typical TCR valuesdftferent metals and semiconductor
materials. Note that the TCR values of semicondacte heavily dependent on the

manufacturing process.

Table 1-7. Comparison of uncooled thermal detectors at roampierature. Adapted

from [4]
Metals Semiconductors
Material TCR (% K% Material TCR (%K™

Ag 0.38 VO -2.7
Au 0.34 YBCO -3.5
Cu 0.39 GaAs -9
Ni 0.60 a-Si -3.0
Ni-Fe (thin layer) 0.23 a-Ge -2.1
Pt (thin layer) 0.18 Poly-Si :Ge -14
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3.2. 3. Ther m st or bol onet ers

Thermistor bolometers are constructed from a sdtemixture of various
semiconducting oxides that have a higher TCR thatal® (2-4% K). The negative TCR
value depends on the bandgap, the impurity statesthe dominant conduction mechanism.
This coefficient is not constant but varies a§ Which is a result of exponential dependence
of semiconductor resistivity [3]. The sensitive aradl in a thermistor bolometer is typically
made of wafers of manganese, cobalt, and nickelesxiThey can be made in sizes ranging
from 50 um2 to 5 mmz2. Thermistors have a time aotstalue in the range of 1-10 ms. They
exhibit a large value of 1/f noise. Therefore, thistor thin films were not practically used

for uncooled bolometer thermal imaging arrays.

3.2.4. Sensitive materials for bol oneters

Uncooled bolometers have dominantly taken over HRemarket. A variety of
materials have been used as thermo-sensing elememisrobolometers, such as vanadium
oxide, polycrystalline and amorphous semiconductdext, we will present an overview of
these materials. More details on their propertiad performance will be presented later in

paragraph 5 of this chapter.

Vanadium Oxides

Vanadium oxides are the most popular thermistoerradtin fabrication of today’s IR
detectors. Early tests of TCR, electrical resistjvand I/f noise indicated that this material
would perform better than a metal resistor [13]. 8@hthe vanadium oxides, like,&; and
VO,, show semiconductor to metal phase transition wisignificant change in electrical and
optical properties. The electrical resistivity changnd optical properties of \\Cfilms
strongly depend on the fabrication conditions drelresulting crystallographic structure and
stoichiometry. For film thickness of 100-300 nm &R value of -3% to -5% K were
reported at 300 K [1]. Finally, vanadium oxides @mansparent in the infrared range of the
wavelength; they therefore require the additionanfabsorbing layer. Also, \\Omaterial
show a hysteresis phenomenon related to a phasstima which occurs near 50 °C [16],

thus it must be heated.
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Amorphous Semiconductor films:a-Si, a-Si: H, a-Ge: H, a-Si«Ges: H et a-Sii N

The amorphous silicon (a-Si) appears to be the mashising material. TCR values
for a-Si range from -2.5% Kfor doped, low electrical resistivity films at rocmperature,
to -8% K* for high electrical resistivity materials [1]. Albugh high TCR values are
achievable, they are accompanied by high levelfaifidise.

Hydrogenated amorphous silicon (a-Si: H) is venyaative to be used as thermo-
sensing material for uncooled microbolometers, esim@rovides a very large TCR value of
about -13% K [17]. However, it has a very low room temperatuteceical conductivity
resulting in a very high pixel electrical resistarfe10’ Q). For commercial microbolometers,
boron doping is commonly used in order to decrésaindesirable resistivity, but this also
results in a reduction of the TCR (-2.8 %/K). Insic a-GgSi,: H has better performance
characteristics than a-Si: H,B when is used asrbesensing element, since it has a high
TCR (-4.7% K%, a moderated room temperature electrical condtictand therefore a
moderated pixel electrical resistanca@ Q) [18].

In general, films of a-Si: H, a-Ge: H, a:§be: H and a-Si: N have comparable
relative sensitivities with variable 1/f noise cheteristics depending on the manufacturing

process and imperfection contacts.

Semiconductor YBaCuzOg.x

The electrical resistivity of this compound hasemgonducting behavior at room
temperature. These thermometers are very interelstioguse of their relative sensitivity and
are potentially compatible with CMOS technology.ri¥encouraging results have also been
obtained using semiconducting Y&akOs., (YBCO) thin films on silicon. This material has
a high and relatively constant TCR value of -3% & room temperature. Amorphous YBCO
thin films deposited on silicon wafers with MgO tarflayer have exhibited TCRs as high as

-4% K [19]. Unfortunately, these compounds have a vegj Hif noise.

Manganese oxides LM 1,MnO 5

Manganese oxides are compounds based on manganéselaxthanide Ln = La, Pr,
Sm, Nd, Gd, Y and alkaline earth metal or divalens M = Ca, Sr, Pb, Ba. The remarkable
electronic and magnetic properties of rare-earthgaaite oxides have raised lot of interests

for applications. Manganite thin films showing aglka change of electrical resistivity at the
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metal-to-insulator transition, which takes place $ome materials at or around 300 K, also
makes them potential material for the fabricatidruncooled bolometers (see Figure 1-11)
[20]. They may have a TCR coefficient of about 8% & 300 K [54], so can be a good
candidate as room temperature thermal detectorse Metails on the bolometric performance

of these materials will be presented later in paaaly 5 of this chapter.

We did choose the manganite oxide %1 3MnO3; (LSMO) as thermometer in this
thesis to realize and characterize an uncoolednietier. Even if it does not exhibit the
highest TCR values at room temperature, comparedotteer possible manganite
compositions, we study LSMO because it shows lofvnbise at the metal-to-insulator
transition [21]-[24].
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=}
400
20 x
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Figure 1-11. TCR values versus electrical-resistivity-peak terajpee, T, for many
manganite oxides materials. Inset shows temperatependence of electrical
resistivity for La /CapsMnO; (LCMO) thin film [20]

Other Materials:

Recently, the carbon nanotube has been studieaf@sed uncooled detectors. It
shows a TCR value of -0.2%25]. Karanthet al [26] proposed the material Mn-Ni-Co-O
material as infrared detector which has a sped#iectivity value of 4410° cmBiz* W at
10 Hz. In other hand, Fobes al [27] proved the potential application in bolomettietection
in doped CgRuO, material at the metal-insulator transition. It wisoa high TCR value of
about -40% K.
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3.3. Basic thermal model (RC model) of bolometer

A simple model describes a bolometer as an abseritierheat capacity C connected
to a thermal bath at temperaturgby a thermal conductance G. The temperature of bbsor
changes in response on changes in incident poweseltemperature changes are converted
into voltage changes by means of a current biasednometer. The thermometer is a thin
layer of material possessing a high temperaturdficmmt of resistance (TCR). Relation
between temperature changes and incident powerbeafound from the energy balance

equation:

c@ + G(T — Ty) =P, + B(T) (I-15)

where T is the absorber temperaturg,isTthe temperature of thermostat,i$the incident
radiation power, R is the thermometer resistance R(0) is the energy released in the
absorber due to the Joule heat. The thermal coadcetG describes the heat conduction from

thermometer to the surroundings.

IR Radiation (Pi )

74

Bias Current (I},) n

4— Absorbing layer

4— Sensing element

G

Thermal link

Thermostat, T,

Figure 1-12. Schematic representation of simple bolometer themualel

Within the linear approximation the electrical stance of thermometer in the
presence of small temperature changes could béewrds R(T) = R+ (dR/AT)(T-Ty).
Thus, with this approximation, the dissipated poRg) can be presented:

dR ]
B(T) = 5 R(T) = [§Ro + 1§ = (T = Ty) (I-16)
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Thus, using equation (I-13), the final energy beéaaquation will be:

4T = To)

T Gerr(T—To) =nPi + By (-17)

where B=In?’Ry and R presents the thermometer electrical resistanteeaemperaturel

If the incident radiation is harmonically modulatedh modulation frequencgo=2rt,

P=P,e*, then equation (I-17) gives the solution for therthometer temperature:

jot
nboe™® (1-18)

T=T,+ ,
O 7 Gegr(1 + jwTesr)

here the termie presents the effective thermal time constant, wisgiven by the relation:

C

Tort = (-19)

eff

The thin film detector element with area @&nd thickness,thas a heat capacitance C given
by:

C= Cp Pv Af tf (I'ZO)

where g is the specific heat capacity at constant pressypeessed in Rg'K™?, py is the

mass density of detector material expressed i Rg
3.4. Figures of merit

In order to characterize and quantify the perforoeaaf bolometers, we used some
common figures of merit which are the temperaturefftcient of resistance TCR [,
optical voltage responsivity(k,), Noise Equivalent Power (NEP), and specific diteyg
(D*). All of these parameters are inter-relatedeylalso depend on some parameters such as
thermal conductance (G), heat capacitance (C) #fiedtige thermal time constantcf).
Although these parameters enable us to compareelive detector performance, only one
figure of merit cannot completely characterize bobber performance, except perhaps for
specific detectivity. However, in order to calcelathe specific detectivity of bolometer
optical responsivity and noise equivalent powerehtvbe known. Next, we will describe all

these parameters in more details.
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3.4.1. Optical Responsivity (0,)

The voltage optical responsivityl() of a bolometer is defined as the output voltage
per radiated power when a bias currgns lapplied to the bolometer device. It has thesuoii

volt/watt [VIW™], and is written as [28]-[30]:

AV I,.R.B _ R1,(0)

— =" = (-21)
AP
! G /1 + 0% T 1+ w® g

Thus the responsivity is frequency-independentoat modulation frequencies and

Ry () =

rolls off with frequency at higher frequencies. slhiows that the responsivity bolometer
exhibits a first-order frequency response. The&aluresponsivity at zero frequenicy(0) is
controlled by Gg¢. Thus, bolometers with a high thermal conductaace fast, but their
responsivity is low since+=C/Ger. The key factor to developing highly sensitivedmkters

is having a high temperature coefficigfitand excellent thermal isolation (low thermal

conductance G) [3].

In order to maximize the responsivity a main consitien, especially for bolometers
with positive TCR, is to do not exceed a certaiashturrent value which is set by "thermal
runaway" inequality: 2< 12.mp= G (dR/dT)". Above this current value, the bolometer can be
destroyed. Therefore, to avoid damage, the maxumaal current [28] is set by the equation (I-

22), which is called the optimal bias current.

/ G
_ _ 1-22
lopt = V03 Lemp = (0.3 Tt (I-22)

The power dissipated by Joule heat leads to a Eikmiemperature increas&T( usually

called "thermal overheating”), which can be fourmhf steady state solution of equation (I-

15) in the absence of incident radiation:

2
ar = Jo _ 1oRo (1-23)
Gefr  Gerr

The basic model, presented in the previous paragregn well explain the optical
voltage responsivity of bolometer at low choppinggliency regions. However at very high

frequencies, an advanced model has to be takemaactmunt, as we will see in chapter 3.
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3.4.2. Response tine

The response time constant of a detector, expresssztonds, reflects its rapidity of
converting the light signal into an electrical sigrtacan be extracted from the dependence of
the optical responsivity to the modulation frequentthe radiant incident signal. The -3 dB
value (0.70%0,(0)) is determined by the conditiaorte = 1 for first order system. The basic
model of bolometer incorporates equation (I-19)dafinition of response time, or is the

effective thermal time constant.

We sometimes call it time constant or response bgnabuse of language. It actually
indicates the minimum time that must elapse betvi@enconsecutive signals so that they are
differentiated by the detector. This is a limitifagtor of the flow of information that can be

received by the sensor.

3.4.3. Noi se Equi val ent Power ( NEP)

The NEP of the bolometer is calculated as the mtithe square root of the voltage
noise spectral density,,(®) expressed in \Biz', over the bolometer responsivity,(w)
expressed in WV, The NEP thus is expressed in the uni*2 In order to determine the
noise equivalent power of a bolometer, we have fwsdetermine the noise sources that

influence the bolometer.

Noise is the undesirable random electrical signdapwuwhich contributes to the
desired electrical signal from various sourcess Ihot possible to eliminate noise from the
system entirely, also it is not easy to measure quahtify noise. Although elimination of
environment noise sources is relatively easy, tiere possibility to get rid of noise in the
material because some of it depends on crystaltsteuand device fabrication quality, while
others such as Johnson noise is a fundamental plegoom Some known sources and
mechanisms of noise are widely investigated botlpesmentally and theoretically
[28][30][31][32]. There are several main noise s@sr which limit detector performance:
photon fluctuations, phonon fluctuations, thermiictuations, low frequency noise (1/f

noise), and the preamplifier noise (noise of maagwsystem itself).

Photon noise. According to Stefan-Boltzmann law, all objects cadiate photons at
any non-zero temperature. Energetic photons that randomly exchanged between

environment and detector cause photon noise. lerdodreduce this type of noise the detector
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needs to be shielded from environment and mustelp¢ gufficiently cold. In practice, this
noise is negligible for not ultimate bolometers.

Phonon noise. Most of this noise is due to the random exchangenafrgy carriers
between absorber element of bolometer and heatttwathgh thermal conductance (G). This
energy is quantized in the form of phonons. Thedoam exchange of energy leads to
fluctuations in temperature, thus fluctuations oflobteter electrical resistance. Noise

equivalent power for phonon fluctuations is given®1]:

SPRORO () (1-24)
P .
NEPynonon(®) = S = /45 T7G

Ry ()

whereSP"*™" = R_(©) \/4kgT2G is the phonon voltage noise spectral density. edels

on temperature, voltage optical responsivity, dtrhal conductance of the system.

Thermal noise. All resistive materials exhibit thermal (or Johnsan)se. The random
scattering of electrons from the core ions or irfgiions in the crystal causes thermal noise
as they are moving in the direction of the currévibise equivalent power for thermal

fluctuations for bolometer of electrical resistaftes given by:

_ ySthem(w) _ /4ksTR (I-25)
NEPtherm((D) - SRV(Q)) B SRV((’O)

where Sthe™  is the thermal voltage noise spectral density.dpahds on temperature,

bolometer electrical resistance, and is indepenaeineéquency.

1/f noise. It strongly depends on the material used for thtealer. Indeed, the origin
of this noise is still not completely known. Gergrahe quality of material (epitaxial growth
of thin film) and of electrical contacts, with ugisuitable measurement technique, allow to
reduce this noise. In addition to the structurettoh films, the operating frequency also
affects this type of noise, because it is invergebportional to the frequency. The empirical
relation of Hooge [32] normalizes the density afctuations relative to the total carrier

number § and a normalization parametay by the relation:

/@ _an 1 oy 1 (-26)

V2 Ny, (o/z)  n X o/2m
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Where the carrier number,Ns defined as the product of carriers concentnatidoy
the real volume of the sensitive elemddt(in m®). The parameteny/n is called the

normalized Hooge parameter, which has a unitbf m

Noise equivalent power for 1/f fluctuations for bwleter is given by:

sy (o) (1-27)

NEP ¢(0) = EROR

Measurement system noise. This noise contributes to the total measured ndigeit
can be clearly identified. We can subtract its gbaotion to retain only the specific detector
noise. A good choice of measurement system parasnead reduce this noise. In the model
en-in Without sources correlation, the noise equivaleoiver of the measurement system

NEPamp associated to source resistance R is equal to:

Amp
NEPmp(©) = S ) _ Yena(@) + R ina (@) (1-28)
Amp Ry () Ry ()
whereSAmp is the amplifier voltage noise spectral density, eja@nd ha are the voltage and

current noise sources of the amplifier.

The noise equivalent power of the bolometer NEP @&aally be written as
the quadratic sum of the different major noise eesy since they are statistically

independent:

NEPt%t(CO) =

E ; NEPY¢() + NEPF e (@) + NEP o000 (@) + NEPZy, (©) (1-29)

Further optimization of bolometer material requiragimizing the magnitude of electrical
fluctuations down to the ultimate limit, which ihe ideal case is set by photon fluctuations
[33].

3.4.4. Specific detectivity D and i npul se
detectivity D

The specific detectivity D* (expressed in cm*a4W?) provides information that is

equivalent to NEP, but with the possibility to ccamg bolometer pixels of different areas. It

{32}



CHAPTER I. Uncooled Infrared detectors

is calculated as the ratio of the square root fedcéive area of bolometer (expressed in cm?)
over the NEP,

VA (1-30)

D" =Nep

The specific detectivity of an ideal thermal detec{absorption coefficient and
emission equal to one) only depends on the dete¢etoperature g and the background
temperature d. If the detector is only limited by the photon smiof the environment, then
it's the case of BLIP (Background Limited InfrarBthotodetector) detector. If the receiving

surface can detect under a solid anglero§t2radians, we obtain [34]:

n
Dhiip = (I- 31)
BLIP j8 kgosp(Ts + Tg)

where T is the detector temperatures iB the background temperature, ang=5.6710°

WI2K™* is the Stefan-Boltzmann constant.

For an ideal uncooled detectop=TTz=300 K andh=1, we geD §;;p=1.8x10'"° cmHBz*2W?,

which presents the maximal detectivity of an ideatooled thermal detector.

Finally, another important figure of merit is thepulse detectivity [35], which is

defined as:

D*
D, = (-32)

+/ Teff

It is expressed in cmi*JThis parameter illustrates the necessary comg®inetween optical

responsivity and effective time thermal constant.

4. Properties of Lag 7Sr,.z;MnO; (LSMO)

Recently, considerable experimental and theoreétfarts have been devoted to the
study of perovskite manganites. The term mangamné&ss to a whole range of perovskite
manganese oxide compounds of the generic formufa BInO; (0 < x < 1), where B is a
rare-earth atom (e.g., La, Pr, Nd) and A is anlaiksearth metal atom (e.g., Ca, Sr, Ba). The

doping parameter x is equal to the density of eesrj38]. Indeed, the interest in manganites
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originated from the discovery of their ferromagaeti and its correlation with electrical
conductivity by Jonker [39]. Then, the discoveryaofolossal magnetoresistance CMR effect
in manganites [40], as well as the metal-insulptwase transition (observed in the vicinity of
the Curie temperature;)land granular magnetoresistance [41]-[43], gaiseanore interest

in these compounds for their potential applicatidite room temperature bolometers and
magnetic sensors [44]-[46].

A brief description about the different fundamenpbperties of the manganite
Lap.7SrhsMnO3 (LSMO) is presented in this paragraph. This inekudts structure, transport
properties, and thermal properties.

4.1. Crystal structure

The LSMO, like all manganese oxides, has a Pertvstructure (which is named
after Russian mineralogist L. A. Perovski), as seeRigure 1-13. The trivalent La and the
divalent Sr are located at all corners, and thegeryions occupy the center of all the faces in
the unit cell. The smallest Mn (transition metadps exist in the center of the octahedral
oxygen ions. The perovskite structure is ideallypicuBut for LSMO, with x = 0.3, the
structure is rhombohedral, with a = 0.549 nm ard £.3356 nm. Deposited as thin films,

structure becomes pseudo-cubic with a = 0.38894h [

(:) La or Sr

© Mn

O o

Figure 1-13. Schematic crystal structure of LSMO manganite [2]
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Traditionally, LSMO has been grown on substrated g strontium titanate (STO),
lanthanum aluminate (LAO), and magnesium oxide (MdGBMO Films grows epitaxially
(The term “epitaxy” describes the phenomenon ofttie crystalline films grown in a well-
defined orientation on a single crystal substrate term epitaxy comes from the Greek roots
epi, meaning “above”, and taxis, meaning “in ordemeanner”’[38]) with (001) orientation on
(001) oriented substrates due to the cubic symmet constraints imposed by epitaxy.
However, the small lattice mismatch between the C5Mim and these substrates cannot be
released easily and built-in stresses are produbed,might lead to interesting effects on

transport and magnetic properties [38].

Figure 1-14 shows the electronic phase diagramapf3r,MO3 with the evolution of
transition temperature as function of doping cotra¢ion x [36]. This graph reveals that it
has an ferromagnetic insulating (FI) behavior & oping concentration (0.4 x < 0.15)
values and ferromagnetic metallic (FM) behaviotthe high-doped region (x > 0.15). The
ferromagnetic transition temperature, or Curie terajpee T (filled triangles), increases with
x and reaches the maximum (about 370 K) around x=@3t is considered for the use in
various devices such as magnetic field sensorsnaaghetic random access memories and
magnetic sensors [46][49]. Also, above the magnediasition temperatures (Tand Tc) the
insulator (PI1) to metal (PM) transition appearstour around x = 0.3. This is the reason why
LSMO (x=0.3) is considered as a good candidateréom temperature applications, like

uncooled detectors.
4.2. Transport properties

The temperature behavior of the electrical restgtidepends strongly on the doping
level (Figure 1-15 (a)). As we can notice in thiagh, for x=0.3 we have a large variation of
electrical resistivity near 300K, so that this camsiion considered as potential material for
room temperature thermal detector. This variatomore evident in Figure 1-15 (b), which
shows the electrical resistivity curve as a functiof the temperature for x=0.3. This
composition has Curie temperature of about 370 Kclvis the highest value for the family
La;-xSKMnNOs.
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Figure 1-14. Phase diagram of LaSrMnO;. Open circles and filled triangles are
the Neel () and Curie () temperatures, respectively. The abbreviationsrmea
paramagnetic insulator (PI), paramagnetic metal (PMpin-canted insulator
(CNI), ferromagnetic insulator (FI), and ferromadizemetal (FM) [36]
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Figure 1-15. (a) Temperature dependence of the electrical riegigin crystals of
La;xSKMnO;. Arrows indicate the respective Curie temperaflicd37],
(b) electrical resistivity versus temperature fei0x3 [36]
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4.3. Thermal properties

Up to now, although a large number of investigatidmcused on the electronic and

magnetic properties of the LSMO compounds, onlgva $tudies regarding thermal properties
were reported in the literature. Waegal [49] and Kuoet al [50] have reported a throughout
investigation of, between many others, the spedifeat and thermal conductivity of
Lag 7/Srh.aMn;xRuO3. Also, Khlopkin et al [51] have investigated the specific heat of
Lao.7Srh.3MNnO;3 single crystal. We can notice that the specifiathedf LSMO (x=0) increase

almost linearly near 300K with a value of 568gI'K™. It reaches its maximum value at

ferromagnetic-paramagnetic phase transition (370K).
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Tx T x
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Figure 1-16. Temperature dependence of specific heats fog7%83Mn-xRUO;3
with 0 =x<0.25 (a) [49] and for 1- LaMng) 2- La St MnOs, and 3-
Lap 7/Srp.s3MNnO; single-crystal samples(b) [51]

The variation of thermal conductivity of LSMO as @tion of temperature has been

reported by Wangt al [49] and El-Kassalet al [52] (see Figure 1-17). It is almost constant

near 300 K, with a value of 2.5 M 'K ™.
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Figure 1-17. Temperature-dependent thermal conductivities for-8& sMn; xRUO3
with 0sx<0.25. The inset shows the blow-up plot near phasesitions [49]

Another important property, which is important foolometric radiation detector
application, is the value of LSMO optical absorptidndeed, few studies have tried to
investigate this property. Okimotet al [37] studied the reflectivity of LSMO at various
temperatures (Figure 1-18). For wavelength of 685(s0, a photon energy of 1.95 eV), the
reflectivity equals 16%, thus the absorption plus transmission equals 84%. Meckinal
[21] have measured independently an absorptionficeeft of 85% for LSMO at 533 nm
wavelength. At 635 nm wavelength, Liu [53] has mpd an absorption coefficient of around
90% for suspended LSMO microbridge.
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Figure 1-18. Reflectivity spectra at various temperatures ig 1S3 sMnO; [37]
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5. Uncooled bolometer: state of the art

Infrared (IR) radiation detectors have absorbedrgel attention during the last two
decades due to its application in both civil anditary applications. Thermal detectors are
presently taking more interest in the IR technoldigid. One of these detectors is
microbolometers, which are manufactured throughronm@ching of many temperature
sensing materials. The requirements for the termyerasensing materials used in
microbolometers are: high temperature coefficientredistance (TCR), low noise, and
compatibility with standard microelectronic fabticem processes. Modern bolometer
technology development started in the early 198flis the work of Honeywell on vanadium

oxide (VQ,) and Texas Instruments on amorphous silicon (§3%i)

Other existing promising bolometer materials arengaamese oxides, which have high
TCR in the vicinity of metal-to-insulator phase rséion. This makes them suitable for
uncooled radiation thermal detectors. We report aestate of the art of the performance of

these bolometers at room temperature.

5.1. Manganites based bolometer

In the past two decades, there has been increasiagest in doped manganites
because of their extraordinary electrical and magmeoperties. In addition, to the observed
colossal magnetoresistance (CMR) effect near thee@emperature, their large temperature
coefficient of resistance (TCR), which is closethe insulator-metal transition temperature,

Tc, makes the manganite materials suitable for iattatetector applications [20].

Next, as seen in Table 1-8, we have extracted thie oharacteristics of manganites
based bolometers using the figures of merit thasculee these detectors. The N/A
abbreviation will be used for all not available wes.
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Table 1-8. Thermal detectors based on manganites materials

. Area/ Time D*
Composition/ TCR G Rm (Q)/ My NEP
Ref. For constant cm [ z1/2
Substrate o %K) | (WK1 | p(QG) o | VIV | Wiz ( Wi
3x10°
2.5x3 mmz/ 3 1.1k / 1,=500 0.6
[54] | soorPeoalM | rectangulars @:53'50K @3x21g5K 4.1x10* =19 | @ 1.2mA, Ci"bgomHAz’ 0.9x10/
450 nm @ 300K 13=0.09 295K 2.95K,
4.2 @ 2mA 8.1x10%
300x100 um?/ 3 390/
Lay/sSrsMnOs/ 1.7 1.6x10 5 104 @ @30Hz,
[21] SO, rzeoc(';annngqular/ @335K | @ 335K (2@6):;%)%K N/A 5mA 5mA. 1.64x10°
@ 335K 330K
9
(Bi,La)s« 38x38 pm2 / a1 L3107 250k / 4.8:10° 523"0152
[55] | SLMnO4/ Si rectangular/ @360K @ 300K 4x102 N/A @ EmA. N/A
(x>0.2) 160 nm @ 300K 323K '
300K
11 22
3x6 mmz2/ 3 1.8k /
[56] La, MnOy/ rectangular/ @218K 4x10 35x10° N/A @ 50mHz, N/A N/A
LaAlO, 250 nm 1.1 @ 300K @ 300K 0.5mA,
@300K 218K
7.9 34 pv
Lag.67Ca 3MnO4/ @260K 950 10 @100pA,
571 LaAlO, N/A -0.84 N/A @300K @255K 255K, N/A N/A
@300K 20Hz
9x10° 685 2.92x104! 2.76x10°
ag 67Cay 3Mn : i 1.8 to 125k/5 @ 5Hz, @ 5Hz, @ 5Hz,
58] | LPoe7CasMnOJ oriiger 96x10 N/A
SrTiO; (500pm) ‘2‘00 n?n @260K | ox10* @ 223K 0.1mA, 0.1mA, 0.1mA,
223K 223K 223K
N/A 33 kv
Lay;3CaysMnOs/ 4k 0.45 @400uA,
59 | | aai0, g'ég - N/A N/A @240K | @300K | 300K, N/A N/A
60Hz
lcmx0.5mm 50 pv
La2,3Ca1,3Mn03/ or 1cnmxlmm/ 1.8 1.6k 0.43 @SOIJ.A,
©01 | NdGaqy rectangular/ | @230k | VA @230K | @188K | 188K, NIA N/A
300 nm 74Hz
LCMO/Si 6 7 1
4x10%cm?/ 3 1.5x10 1.3x108
[61] 200 N @300K N/A 8.6x10 N/A 6.3x10* @ 30Hz @ 30Hz
[61] | LBMO/ Si 4x10° cme/ L5 N/A 5.8<10° N/A 1.4x10" 2.010™ | 1.040°
200 nm @300K : : @ 30Hz @ 30Hz
150x4 pm?2 / 24 30k @330 K/ 28.310° 2x10™ 1.1x10'°
[53] | LSMOI/CTO/Si sus. pbridge @3'25K 7x10% 2x10° @ 3.12 @ L @330K | @330K
50 nm 300K timit @30Hz | @30Hz
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5.2. Other material bolometer

Several materials have been used as thermo-seglgimgnts in microbolometers, but
the most employed are vanadium oxide (YO amorphous and polycrystalline

semiconductors, and semiconducting YBCO.

Vanadium oxide presents a high value of TCR, bid itot a standard material in IC
fabrication technology. Hydrogenated amorphousaili(a-Si:H) have shown a high value of
TCR (13% K% and are fully compatible with the silicon techmgy, but intrinsic amorphous
semiconductors have a very high electrical resistaeanorphous germanium-silicon (a-
GeSiy:H) thin films deposited by plasma (PECVD) is amstimaterial alternative for
bolometer application. Intrinsic a-G&i,:H has better performance characteristics thanta-Si
since it has a high TCR (-4.7%%and a moderated room temperature electrical aziivily

and therefore a moderated pixel electrical rest&tan

In the next Table 1-9, a state of the art summanyecformance characteristics of all
non-manganite based uncooled bolometers is praekente

5.3. Comparison

The present efforts in infrared detector researenedirected towards improving the
performance of room temperature infrared detecidngs includes elaborating a new sensing
material and developing enhanced pixel geometnestlzermal isolation. Many thermometer
materials have been investigated as uncooled thedetactors, which have theoretically
unlimited spectral band response. The most popldamometer materials used in fabrication
of the micromachined bolometers are vanadium dmx\d>,, and amorphous silicon, a-Si.
Other material has been studied in the last twadies. We can cite here semiconducting

YBCO, SiGe oxide, and manganite oxides.
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Table 1-9.  Uncooled thermal detectors based on non-mangamtgsrials
fpe Film Area/ Time D*
Compositio TCR G Rm (2 ] NEP
Ref. Su bSIt)rate v/ Form/ @K | (WK | p( S:l]:ll/) constant (VI]‘\I/'l) (WHz7) (cm[Hz1/2
thickness T(ms) V1)
. 200 pm?/ 8.6x10%
[65] g-isu planer/ | -28 | NA | 105M 13.3 (%SEéOHS @5V, | 1.2x10°
500 nm 2 | @30Hz
2
asil /sus. pbticge 8710 | 610"
[66] | o /“ %€ N/A N/A 600k 4.76 @5V, @5V, | 2.5<10°
200 nm @ 30Hz @ 30 Hz
] . 40%x40 pmz / 9890
67] | 2% | sus. pbridge /) - 4.67 | >8310 6343%4 518 | @2pA | 1.2510° | 3.1540°
P 200 nm : @ 5 Hz
. 100100 pm?
G&Siy O,/ ; ) 6 380 10 .
[68] | o, / sus. /ubrldge 421 | 3x10 640k 1.8 @6.75v | 2210 4.8x10
, 50x50 pmz/ | 7 1x10°
[69] | GeSiyxO, sus. ubridge/ 4.8 | 1.4x10 700k 13 @ 250Hz N/A 6.7x10°
Cica- 70x66 pm?/
7oy | 251G H ) s pbridge | 43 | NA | 500M 125 | 7.2a0° NA | 2540
SiO.)/Si
500 nm
Polv-SiGe/ 50%50 um? / 15x10° 1.9<10" | 4.7x10°
[71] Sj y sus. pbridge /| -1.91 N/A 350k 16.6 @5V, @5V, @5V,
500 nm @ 10 Hz @30Hz | @ 30 Hz
a-SiGe:H,F/ 7 1.9x10°
[72] SiO/Si 100x100 pm2 | 3.7 | 2x10 30M 300-500 @ 0.55 UA N/A 1.0x10°
a-Ge:F/ 60x60 pumz2/ 7 ) 9
[73] Sioy/Si sus. bridge / 5 2x10 1000M | 100-800| 4.2x10° 2.6x10° | 2.6x10°
70x70 umz / 5000 10 ;
[74] \S/?NOX/ sus. ubridge/| -2.98 | 1.210° | izlldo?' 0723 | @ 58 A, ?T']‘i‘;‘iln?al éj}’(‘#)al
40 nm ) @ 12 Hz
VO./ 100<10 pum2 / 9000 1.7x10** 1'(;" ;gs
[75] | g 2 sus. pbridge/| - 1.86 N/A 23.2k 11 @ 22 pA, | @ 22 pA, HA
200 nm @30Hz | @30Hz @ 30 Hz
100x100 pm?/
a-YBCO/ 14M 100 "
[76] Si0/Si planner / 3-4 N/A 135 5.7 @ 10Hz | 1410 6.95x10°
250 nm
1x1 mma2/ 3.4x10 8
o] | (29O meander/ | -32 | 2.3a0° 21i§2/|o/r2 5.3 SAIW Zé?”fgz 3.6x10°
9 900 nm : @ 1 Hz
- YBCO/ 60x60 um?/ 3.9x10'
771 | g sus. ubridge /| -3.4 | 4x107 3.29M 5.68 @ 1pA | 4.1x10" | 1.1x10°
400 nm @ 11Hz
. 100x75 pm?/ 6 50
[15] | PUSI sus. pibridge 0.08 | 2x10 360 0.7 @ 750 pA N/A 1.6x10°
(78] | Tissi SO50 UM/ |5 56 | §.3¢107 | N/A 12 1,610 N/A 5x1CP
sus. pbridge /
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To make in evidence the performance of these urdotiiermal detectors, we will

plot their specific detectivity as function of thénermal time response, shown in Figure 1-19.

1011§ T LI L LR T LI R LR | T T T T T
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10" - v 4| 1531 Lsmo
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Figure 1-19. Specific detectivity of uncooled bolometers versgponse time

The a-SiGe material [70] has proved the maximumbetween the non-manganite
materials, but in contrast it has a long respoime.tin contrast, the metal Pt bolometer [15]
presents the shortest response (cf. Table 1-9adtition, LSMO material [53] shows the
highest D* with a value close to that of BLIP detec This graph shows that these materials
have an average D* value of20° cmBz’W™ and a response time in the range of 1-20 ms.
Also, these materials have an average specifictidty, D;, value of ¥10° cmiJ. The main
objective of developing a detector is to achieghlr specific detectivity and lower response
time. In this thesis, we will explore the performarof LSMO manganite oxide as uncooled
infrared thermal detector, because it has been shbat this material is potential candidate
for uncooled thermal detector [20][21][22][23].
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6. Chapter conclusion

Infrared (IR) detectors are broadly classified imghoton detectors and thermal
detectors. Photon detectors are fast and moretisensompared to the thermal detectors. The
appearance of uncooled detectors has opened neartopipies for IR detection for both
military and commercial applications due to thewadl size, less power consumption, and
they are less expensive. The recent advances iroeectromechanical systems (MEMS)
technology allow fabricating sensitive thermal bo&iric detectors on thermally isolated
hanging membranes. A bolometer employs a charatitenof thermally sensitive layer that
changes its resistance according to the changampdrature. Many materials have been used

for IR active layer of bolometer, such as metal$ semiconductors.

In this chapter we presented the fundamentals ohred detectors, with introducing
the principle of IR radiation and detectors. Thire thermal detector types and principle of
operation have been given. Also, a detailed disonss bolometers (principle, types, model,
and figures of merit) was presented. We also inited the main properties of the developed
used material in this thesis, LSMO. Finally, aetat the art of uncooled bolometers has been

exposed.
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CHAPTER Il. Design, realization and characterizaion of measurement setup

One objective of this thesis was the design andize¢en of an optical set-up to
characterize the LSMO (or other similar materiad)dmeter samples in terms of radiation
detector. This test-stand aims to be flexible, allmivs trustful and repeatable measurements
over a large range of frequency. In this chapteilll present a detailed explanation of the

used measurement setup, including design consioieseand background principles.
1. Block diagram and measurement principle

1.1. Block diagram

The overall total measurement system is present&agure 2-1. The system consists

of four main blocks, which will be described in aiét in the next paragraphs.

e —— o I e 1 5 T 1
:V [IL‘ Vacuum chamber, : | L Cube B 3: i Llja»'Tl Laser driver B :
|';,, Current I i : : Ptl‘ (] PL[) | :oce Q Vi, :
source 7 } |
| ! mT 'Rlli)]:l] I I B Em—— .&E | | N %S :
| Ampli. mlmn Ji : : : : ptioo |
I l/ l/ - : : “} Praf : : Read-out Vinod :
Vout_de heat | f=225 - . v "QU" !
. | E =100 2 | T |
{ Vout ac | L ____ & T JI Lo == J
- | - T T T T T T T T q
Tptioo AN
: ’ : : Photodiode B :
| Temperature controller ! PPD - |
[ ! 1/v Ampli. |
| (LakeShore 330) | : I
| b | | —Il— |
:_ B 4J| ! j D Vep (Ppp) :
________________ |
Lo ]
Figure 2-1. Block diagram of the measuring test-stand setupsBdser diode and

its driver, B2 is the photodiode and its amplifpgwer measurement unit, B3 is the
optical elements, B4 is the sample installation aondtrol equipment

The first block B1 consists of the radiation souf@emiconductor laser diode) and the
necessary electronic driver circuit. Its role igptovide a stable modulated power of the laser
diode to heat the tested sample. The laser spotbailprecisely identified, in order to
calculate the received power by the tested saniies. block will be detailed in sections 2
and 3. The block B2 is used to measure simultarietes radiated power. Thus, it includes a
high speed photodiode and current/voltage amplifdirthe optical elements are included in
block B3, which consists of beam splitter and cogeat lenses. A detailed characterization
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of B2 and B3 will be given in section 4. The bloBK, detailed in section 5, contains the
necessary equipments for installing the tested saipdl controlling the temperature of the
sample holder. Also, this block includes the homdeneeadout electronics that is used to
measure the electrical resistance of the sampteatso to measure its intrinsic noise. More

details on this block will be presented in sectoof this chapter.

All the equipments of this system are homemadetreleic boards, except the
temperature controller and the optical elementihénblock B3. These homemade electronic
boards include: Read-out electronics, sample ilasi@ah equipments, readout electronics

(current source with amplification stage), lasevel;, I/V converter.

The tested sample, which electrical resistancenssRglued to a copper plate, having
a resistive heating element (), then fixed into a vacuum chamber equipped witloptical
window. The chamber is evacuated by a mechanigalppand no cooling system was used.
A temperature controller was used to maintain teatpee stability of 15 mK during
measurements at fixed temperature. The contralseg, provides the possibility of heating

the sample in the range 300-350 K.
1.2. Measurement principle

In order to characterize the performance of bolemats uncooled radiation thermal
detector, we need to measure its optical respdpdivia radiation heating source. So that a
semiconductor laser diode (635 nm, 5 mW), in tleekbIB1, is biased to a DC working point
(by Vg and then electronically modulated at differergqitencies (by Moq). The output
radiated power (RB) is finally used to optically heat the deviceeafpassing through many
optical elements of block B3 (Cube, L1, L2). Thedabeam was collimated and passed
through a 1:1 beam splitter with one beam reachipfotodiode (f) and the other reaching
the studied sample jPThus, by knowing the transmission coefficienafifoptical elements,
the power of the incident light on the samplg @&n be directly obtained by measuring the
photodiode output signal @4). Moreover, the laser diode spot shape and sizeblegn

identified and measured.

The LSMO sample was current biased using a quasi-iDC current source, which
exhibits very high output impedance and a neglegitmise contribution [1]. A standard four-
probe technique was used to provide bias currethtraasure the voltage signal of the LSMO

sample (). The output voltage of the sample was read outabljomemade voltage
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amplifier, which provides two outputs: one DC vgkameasurements, and one AC voltage
measurements with amplification and filtering. Tdh@amic optical response and electrical
noise measurements were carried out using a spectoalyser (HP3562A). The

measurement setup is equipped with a laptop compuitie GPIB interface to read and store

the measured values.
2. Laser Diode Characteristics

2.1. Fundamental of laser diode

The light emitted by a semiconductor diode arisesfthe recombination of electrons
and holes at a p-n junction as current flows thhoitign the forward direction. An electron
from the n-layer conduction band recombines witioke from the p-layer emitting a photon.
This mechanism was first proposed by Watanabe askiZzdwa in 1957 [2] and eventually
realized in 1962 with the first homojunction dioldeser [3][4]. The detailed theory of the
semiconductor laser has been extensively discussadaever, it is useful here to focus on
specific features of these devices to understagid tble in the work herein.

2.2. Electro-optical characteristics

The most common of the laser diode characterissidbe P-l curve [5], as seen in
Figure 2-2(a). It plots the output light power agsithe drive or forward current applied to
the laser. This curve is used to determine the’&88C operating point (drive current at the
rated optical power) and the threshold currgricurrent at which lasing begins). This current
distinguishes the LED light emitting region A frothe laser oscillating region B. They |
current is a current in the forward direction thetrequired to generate rated light output
power R. Another important characteristic is the efficigifg) expressed in B ™. This is the
increase in light output power per unit of driveremt, in the laser oscillating region. As can
be seen in Figure 2-2(b), the threshold and thieieficy of the laser are affected by the

laser’s temperature.

The laser diode driver must maintain a fixed dicuerent to get a fixed output power,
or employ a real time regulation of the output powalso, the stabilization of laser
temperature must be considered and optimized. Etailed design of laser diode driver

circuit will be presented in the paragraph 3.2hig thapter.
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Figure 2-2. A schematic laser diode characteristics: power-eatrcurve (a) and

influence of laser temperature (b)
2.3.  Spatial characteristics

Another important characteristic of the laser digée output light intensity profile.
Indeed, laser diodes emit a cone of light, typicalliptical in cross section [5][6], as seen in
Figure 2-3(a). The divergence angles of this core raeasured by the full width half
maximum light power in the axes perpendicular t@xXis) and parallel to (y axis) the laser’s
active region [7][8]. To overcome this problematcie can use collimation optics to get a
non divergent parallel beam. The light intensitgtadbution profile of semiconductor laser
diode output is roughly Gaussian in the perpendicplane [6][7][9], as seen in Figure 2-
3(b). If a circular beam profile is required, beahaping optics can be included in the optical
system using prisms or cylindrical lenses.

(a)

Laser chip

PN junction

Beam divergence intensity distribution profile

Figure 2-3. Laser beam divergence (a) and intensity distribupoofile
(b);adapted from[6]
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The Gaussian laser beam has an intensity or imaeiédefined as the power incident
on a surface, expressed inf#/) distribution, as a function of the Cartesian ctioates (x
and y) measured from the beam center perpendituthe axis of propagation (z axis), given
by [9][11]:

2P 2x% + 2y?
E(X, y) = n‘;ozt X exp (— —2}’) (”_ l)

w

where Ry is the total power of the laser beam and w is asme of the beam width where the

irradiance drop to &f of its maximal value.
2.4, Laser diode spot size

Knowledge of beam profile parameters, such as bdgiameter, shape, and intensity
distribution, is essential for the effective use lasers in many scientific and industrial
applications. The beam diameter, so the spot sizee most important basic parameter of the
laser beam profile to quantify the radiated powdrus, a correct measurement of the laser
beam profile, and so on the beam diameter, is gakéor estimating the incident laser power

on the tested sample, especially for samples tieadraaller than the laser spot size.
2.4.1. Beam profile estimation nethods

Many beam profilers, with different techniques, acenmercially available for beam
profile measurement. There are four main typespatial beam-profiling instrumentation:
camera-based systems, pinhole scanners, knife-esiggnners, and slit scanners
[9][11][12][13][15]. Other techniques have been deped recently, like the photoacoustic
technique [14]. Each method has specific advantagesdisadvantages and may result in
slightly different measurements. In addition, eacéthod has its own speed and accuracy
characteristics. The criteria for selecting thet lsegted measurement technique depend on the

nature of the laser source and the requirementhéomeasurements.

a) Caner a- Based net hod

Cameras use a two dimensional array of squarectargular pixels as the imaging

device. The intensity distribution of a laser seui€ thus recorded pixel by pixel. The main
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advantage of such method is that it can detectdasplay any profile structure, and it can be
used with both continuous wave (CW) and pulsed$dé].

The main disadvantage of this method is that thasomement resolution is limited by
pixel size; therefore it is not useful for measgrirery small beams. The pixel size depends
on the camera technology (minimum of about 5pm)edal] the minimum beam size for these
instruments will be typically on the order of pth to 60um. Although silicon CCDs (Charge
Coupled Device) arrays are quite inexpensive, tBpectral response is restricted to the
visible range. For higher wavelength, it is necgs$a use InGaAs arrays. These are very
costly and have fairly large pixel sizes (>30 pwhjch limit their spatial resolution. Another
disadvantage of camera-based method is its lowatatnrand damage threshold levels, thus,

the use of attenuation element are often required.

b) Scanni ng Based net hods: Knife-edge, Slit, and Pinhole
met hod [9][11][15][ 16].

Knife-edge, slit, and pinhole scanners generateoéilep by mechanically moving a
knife-edge or an aperture (slit or pinhole) acithesbeam in a plane orthogonal to the optical
propagation axis. The light passing through is messby a detector and correlated with the
position of the aperture as it crosses the beaniiké&Jramera based method, scanners
measure only one or two dimensions at a time. Cuesdly, three dimensional
representations generated by these systems ardatat; not measured. The pinhole/knife-
edge methods are accurate techniques and havelaties closer to 1 um, but they are time-
consuming and difficult and do not operate in rgale for pulsed lasers with a pulse
repetition frequency of less than 100 kHz [13][Ijus, typically, these methods can only be

used with CW lasers.
2.4. 2. Beam di aneter definitions

Optical beams do not actually have sharp physicijes. Hence, the common
methodology is to consider the beam diameter thamade between two opposite points at
which the intensity equals a specified fractionthed beam's peak intensity [17]. When beams
are Gaussian, or approximately Gaussian, the convaloe of this measurement is at the 1/e2
diameter. This is the point at which the beam isitgrhas fallen to 1/e? (13.5%) of its peak
value when measured in a plane orthogonal to thecabpaxis. Another common

measurement is at the full-width-half maximum (re¢d to as FWHM) level, where the
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intensity drops to one half of its maximum valuegsFigure 2-4). The beam diameter
measurement, by either method, allows one to daterrather important features of the

spatial irradiance pattern of the beam.

T T T T T
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9 |
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————1/¢? Diameter ———=
X (or Y) axis
Figure 2-4. One dimension diagram of a Gaussian laser beam isigolAWHM

and 1/e2 diameter

For a Gaussian beam, the relationship betweehdlzeneter (De:= 2w) and the FWHM

diameter (Rwnv) can be deduced from equation (II- 1), and given b

\/E DFWHM

2 = 1699 X Drwi (II-2)

D1/62 = ZW =

A more recent definition of beam width or diameatecalled the second moment [18].
Recent ISO standards have defined a second moreant fidth, abbreviated 34 which,
for many cases, gives the most realistic measutbeofctual beam width. B4s shorthand
for the diameter that is 4 times, wherec is the standard deviation of the intensity
distribution. The D4 is the ISO international standard definition feam width. For an ideal
single-mode Gaussian beam, thecDand 1/ width measurements would give the same
value.[16][18][19][20].
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3. Radiation source and driver

| will explain in this section the detailed designd functionality principles of our
laser diode driver circuit. Also, the electro-optiand special characteristics of the used laser
diode as radiation heating source will be givemahy, | will present the estimation method

of the received power by the studied sample.

3.1. Laser diode driver: theory and principle

The aim of this paragraph is to present a concéppaoach to the design of a basic
semiconductor laser diode driver. Since the lasgpud power depends on both the diode
junction temperature and drive current, stablerlaperation requires that these quantities be
precisely regulated. Basically, there are two fundatal methods, ACC and APC, which can
be used to control the operation of laser diod[g§]22].

3.1. 1. Automatic Current Control (ACC

A laser diode is a current-driven device, and thestmfundamental method for
operating a laser diode is in a constant currerdengsing Automatic Current Control (ACC)
method. This approach maintains a precise and aonsurrent through the laser diode
regardless of impedance changes in the deviceher external factors such as variations in

the power supplied to the driver itself.

One drawback to constant current operation isttf@butput power of the laser diode
changes inversely to its operating temperaturerefbee, ACC works best in conjunction
with some sort of temperature control on the laBede. An advantage of constant current
operation is that unlike Automated Power ControP@ mode, the laser diode is not inside

the control loop, making modulation and pulsingha laser's output power much easier.
3.1.2. Automatic Power Control (APC

As previously mentioned, ACC mode has a limitatiorthe fact that laser diodes are
susceptible to changes in operating temperature. ddn be overcome by operating the laser
diode in constant power mode using APC method.dkes use of a current provided by a
photodiode, which is directly proportional to thetmut power of the laser diode. The
photodiode can either be external to the laser davdmtegrated into the rear facet of the
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device. When operating in APC mode, the photodmdeent becomes a feedback signal to
the current source, thereby placing the laser diodele of the control loop. Instead of
regulating the laser diode current, the systemladgs the photodiode current and indirectly

regulates the output power of the laser diode.

A significant drawback to APC driver is that it Weea means to limit the current
through the laser diode, which could complicate dhger. Another drawback is, in cases
such as simply forgetting to connect the photodiatiat it would cause an open loop

situation that would be catastrophic to the lasedeli

Finally, choosing one method or the other depetdsgly on the application itself,
and the final implementation of the driver. In aiase, | did use the ACC mode to get a
simple driver circuit. Using the real time measueeinof radiated power by a photodiode (cf.

section 4), we can overcome the problem of theaiey temperature of laser diode.
3.2. Laser diode driver: design and characterization
3.2.1. The desired functionality

The primary function of the wanted laser drivetasprovide appropriate currents for
bias and modulation of the laser diode (Figure.ZF&g bias current {J) is a constant current
that pushes the laser diode operating range beysiidreshold value ) and into the laser
emitting region. In contrast, the modulation cutr€h,.q iS an alternating current that
modulates the output laser power (P) in the reduirequency rang. Thus, the driver design

has to achieve the functionality presented in Fedisb.

Output Power

> |

Ith 5 Drive Current

Idc » [0d
<+“—>

Figure 2-5. The desired functionality of the laser driver
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3.2.2. The basic driver design

The objective of this paragraph is to describediheuit design that has been used to
drive the continuous wave laser diode. The basiedrcircuit is shown in Figure 2-6. A
detailed electronic circuit is given in appendix\8e make the choice of ACC mode to drive
the laser diode because we want to make the mantulat the laser's output power much
easier. For the drawback of this mode related ngoezature, | have analyzed this parameter

(cf. Figure 2-9 and related discussion), and agargon will be considered to overcome it.

Laser Diode Driver

Standard tension
SDST 60.15 LPF\ /—\
SODILEC v N
dc T !
A
[HPF
Laser
+ 15V diode
Alimentation source
HAMEG 8040-2
Vlno(l
&)
Function generator
Figure 2-6. Basic representation of laser diode driver electearircuit

The circuit is a voltage-to-current converter cgafation whose objective is to
provide a regulated current (bias and modulatedhedaser diode. This regulator consists of
operational amplifier SA and current sensing resi$ense0f 50 Q. The SA amplifier
(LT1206) can provide a maximum current of 250 mAhwa very high slew rate value of 900
Vs® It has a nominal bandwidth of 60 MHz, which wi# limited to about 10 MHz for the

used configuration.

The output is DC biased using a non-inverting inguat DC drive current value of
V4dRsense This is true since the dynamic resistance ofdier diode is low, about few ohms,
compared to Rnse The Vyc is a regulated voltage coming from specializediddiad voltage
source. A Low Pass Filter (LPF) with about 1 Hzofufrequency has been used to reject the
unwanted perturbations in theMnput. The modulation input (Vg is coupled to the non-

inverting input via the High Pass Filter (HPF) waltoff frequency of about 1 Hz.
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The characterization of this driver as current fagon will be presented later in
Figure 2-9. Also, the dynamic behavior will be azad later in Figure 2-16 and its related

discussions.
3.3. Laser diode characterization
3.3. 1. El ectro-optical characteristics

As a radiation source used to heat the studied lssmpve selected a red
semiconductor continuous wave laser diode refeteiase ADL-63058TL (635 nm, 5 mW)
from Arima Lasers Company. In order to optimize tise and functionality of this radiation
source, we need to characterize its electro-opéindlspatial properties. So, | will employ the
measuring schema seen in Figure 2-7. Here | usethdmemade laser driver (described in
paragraph 3.2) to develop a fixed current thatedrithe laser diode. This current will be
changed by varying the input voltage-.vVand measures using the Wbltage. The output
power of laser light (relative togy will be measured using the photodiode PD300 anata
meter NOVA Il. The PD300 size is 10x10 mm? with @ity range from 500 pW to 300
mW into the wavelength range 350-1100 nm. To sthéytemperature stabilization of laser
diode, a Pt100 sensor was glued on the laser tioxlédy using silver paste. This temperature
will be acquired by homemade read-out electrorassa function of Y voltage. This is a ¥
DC Wheatstone bridge circuit with three-wire configtion for connecting the Pt100. Also, |
did use a type K thermocouple (positioned in theaanext to the laser source) with a
dedicated read-out (referenced as TA-DT-9610Y)n@asuring the ambient temperature. A
data logger Yokogawa MV100 has been employed toestdl measured data during
measurement time, with acquisition speed equals samples per second. To eliminate the
variations in outdoor lighting, an opaque tube haen used in face of the photodiode, so

reducing the solid angle.

| apply a voltage ¥ step by step and wait each time to stabilize yiséesn, and then
save the instantaneous values of the radiated lpserer (equals 0%6/p for 3 mwW
measurement range, and 5 volt analog output rangetimeter), the control voltage Y,
the laser drive current (equals t@'Réensd, and the temperature of the metal box of the diode

laser (equals 10X}/ 1+ 25.85) as function of time.
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Figure 2-7. Laser diode characterization measurement setup

The Figure 2-8 shows the radiated laser power fam@ion of laser drive current. It
presents the measured characteristic values at 2WHi€h are ideally coherent with the
nominal values given in the datasheet at 25 °CndJgiis graph we can identify the working

point, so on the dc power, of the laser diode.
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0.0—- = o o ]
B e e e e L s S e e e L m
0 3 6 9 12 15 18 21 24 27 30
Laser drive current (mA)
Figure 2-8. The measured laser diode power versus laser duwent at 21 °C.

The legend shows the measured and datasheet chastics

Another important characterization is the stabii@a of laser power during the time

and as function of laser box temperature. To aehtbat, we apply at starting time (t=0 s) a
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sufficient Vg voltage in order to get an output laser power EganW. In the same time |
start saving the instantaneous values of laser pfweVp), laser drive current (by ), and

the laser box temperature (by)\as seen in Figure 2-9.

28.0 T S Y S 512  ~216
1215
27.8 - :

L 21.4
— V/ —_
< Y. L 5_)
E76 Y s F213 o
s Q E]
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5 2 ®m  Laser drive current L5025 L2912 ©
3 A O Laser power L g g'
227.4 4 N “fj}%\ A Laser box temperature L5002 [ 9
o© A\ — —Exponential fit L o 211 %
§ A R ReYry 2 2
£ 2 L21.0 &
27.2 - I 8

L 20.9

27.0 T T T T T T T T T T T T 4.92 L20.8

0 10 20 30 40 50 60
Time (min)
Figure 2-9. The measured power, temperature, and current ofatber diode

versus time (100 skipped data points was useddaty)

From Figure 2-9 we note that the used laser drjwdrich will be explained later)
maintains a very good stability of the laser droxgrent, so the variation of laser power
comes from the variation of temperature (self mgatiThe operating current equals to 27.6

mA, knowing that the typical nominal value is 28 m25°C.

The laser power shows an exponential decay (Figt8from its initial value (5.14
mW), with a first order time constant equals to fhh by using the exponential fitting. In
contrast, the laser temperature shows an expohgnia from its initial value (21.0 °C) with
a first order time constant equals to 8.8 min bhingishe exponential fitting. Both power and
temperature have almost the same time constarniegovariations are strongly related. The
laser power stabilizes after about 30 min to a vafugbout 4.95 mW. Thus, the power drop
equalsAP = 180 uW, so a total power drop of about 3.5%s Top is in the range of

nominal maximum drop 10%.
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Figure 2-10. Laser diode power versus laser box temperature

As seen in Figure 2-10, we have two linear relaibatween power and temperature
of the laser diode. The solid line, with a highlepe, presents indeed the self heating effect
and is related to the thermalization of the lager temperature with the ambient temperature.
The duration of this regime is about 20 s, whichswevaluated using the power and
temperature measurements as function of time. Thk biae presents the variation of laser
power with the ambient temperature, with a rate366 pWI{PC)™. It is large dependence, but
knowing that the duration of an AC optical respeitgimeasurement takes practically about
1.5 min, this means about 3 puW of DC radiated poxagiation during this time. This is true
by maintaining the same environment conditionsth@osame rate of temperature variation.
Anyway, this drawback is resolved by a real timeasugement of radiated laser power (so on
the sample received power) by using a high speetbdlode (cf. paragraph 4.1).

As a result, our laser driver will not incorporatdemperature controller to regulate
the laser temperature, which is usually done by eypd a Peltier element. This decision has
been made to simplify the driver, knowing that thegulation is not needed to achieve our

measurement of optical responsivity of LSMO samples
3.3.2. Spatial characterization

In order to quantify the incident laser power oa studied sample, we need to identify
the beam profile and irradiance (or intensity) ritisttion of the used laser diode. Depending

on the availability, advantage, and disadvantagd@known methods to identify the profile
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of the laser beam, | chose to use a CCD camerahwgdives a true 2D image of the beam.
The CCD array sensor can just accept very smallepoin order to avoid saturation. This
means that it is necessary to use external attersuet control the amount of light hitting the

array.

To identify the laser diode profile, and then estienthe beam diameter and surface, |
did employ the measurement setup seen in Figurk Zvio polarizers were used to attenuate
the laser beam intensity to not saturate the cameager. Also, | removed the camera lens to
get the real size of the spot. Also, a plastic tbas been used in front of the the camera to
remove the outdoor lighting. The spot image wadwag by a Hauppauge 42019 adapter and
special software installed on the laptop. The usmaera (Watec 221S) has a number of

effective pixels equals 75882 pixels, and a pixel size equalsX@& pm2.

Laser c
Standard . ser Attenuators
tension Laser diode .'
driver — é i | 1]|CCD Camera
SODILEC
l (Watec 2218)
PC
USB ( Hauppauge | Video out
ey l Model-42019 ’
Figure 2-11. Measurement setup for laser diode beam profile

First, | fix the laser current in the laser operatdomain. Then, the attenuators are
adjusted to get an image of the laser spot witlsattiration (without white color zones).
Now, the image is saved as a jpg file format. Usheyimage processing software, ImageJ,
we can extract the gray scale intensity level {8, lthus 0-255) along both X and Y spot axes.
Therefore, using Origin software, we plot the csreé variation of the intensity according to
X and Y spot axes. We can now estimate the dianfptar X and Y axis) of the laser spot
using a Gaussian fitting, and then calculate itfaseras an ellipse (see Figure 2-12).
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Figure 2-12. Intensity measurement following the X and Y axtb®fpot of LD-1
laser diode

The background intensity is not ideally black, whis clear also in the spot photo, so
we got an intensity of about 80 in gray scale gradiTable 2-1 resumes the results for the
used laser diodes. Indeed, more than one lasee ciad been used because of burnouts
during the manipulations. The FWHM diameter estiommwas obtained from Gaussian
fitting, and the 1/e? diameter (equals d4liameter for Gaussian beam) estimation was
calculated using equation (lI- 2). The surface walbon is based on that the spots have

almost an elliptical form, thus its surface equal§v4)xXY.

Table 2-1 Diameter and surface estimation of used lasedeso

FWHM diameter (Pwum) 1/e? diameter (Be?)

X Y Surface X Y Surface
(m) | (um) | (10° um?) | (um) | (um) | (10° pm2)
LD-0| 182 | 267| 382 | 31d 454 1105
LD-1| 152 | 176 21.0 | 258 300  60.8
LD-2| 125 | 105| 103 | 214 180  30.3
LD-3| 167 | 138| 181 | 290 236  53.8

Indeed, | have many samples with different surfatless knowing the laser spot
surface is needed to calculate the power receiyatidosample. At first glance, | think to use
the ratio between sample surface and laser spfaiceurThe surface of spot can be calculated
by considering the elliptical form of the spot ahé estimation of its diameter over the two

axes X, Y.
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Practically, and during measurements, | adjustfithe position of the laser spot in

order to have a maximum response of the samples Weans that the spot center is

coincident with that of the sample. In fact, usthg surface ratio method will results in over

estimation of the received power for the small ezaaples (like 5660 um?2) because it will

receive the portion of spot with the higher intepsas shown in Figure 2-13. Therefore, the

bigger area sample (like 28B00 pum?2) will be under-estimated for the received/igr. Thus,

using this method is correct when the spot intgnisituniform. This leads us to think about

another correct estimation of the power receivethibysample, which will be explained in the

next paragraph.

Intensity (gray scale)

Figure 2-13.
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Estimation of received power by the studied samples

This estimation is based on the calculus of thie taétween the incident laser power
(P) and the power received by the studied sampig. (Phe total power calculated by the
integration of the laser diode intensity profile atjon, and the received power calculated by

the integration of intensity equation in the intér¥efined by the sample size.

We assume a beam propagating in the z-directidm avibaussian intensity profile given by:

E(x,y) = E, exp <

2x2 2y?
—wz)er e
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where w and w, are the 1feradius of the beam in the x and y directions respaly. & is
the peak intensity expressed iri.

The total power in the beam is given by:

+00 +oo
2x* 2y* T Il- 4
P, = E, j exp <—W—)2(>dx f exp (_w_§>dy =3 Eo wy wy (1- 4)
If the laser diode spot size is bigger than thahefstudied sample, then we need to calculate
the portion of power that is received by the sanfplg. We assume that the studied sample
has a rectangular form of dimensionx2bh. We will consider that the laser beam passes
through a rectangular aperture with the same diroeres the sample. Therefore, the power

received by the sampleg,FAs given by the equation (II-5):

+a 5 ) +b ) 2
B X y -5
Pm = EO f exp <— W_§> _{ exp <— W_}2,> dx dy ( )

—a

Since this integral cannot be solved in closed fdhma Error function can be used, which has
tabulated values available in books of mathematatzles and on various web sites. The error

function is defined as follows:

t

erf (t) =% f exp (—t?)dt (Il- 6)
TT

0

and has the properties that:
erf (+0) =1 and erf (-t) = - erf (t)
To calculate R we have to cast the integral of equation (ll-rbaiistandard form. Making the

substitutions ti= 2X/w, , V¥ = 2yf/w,® so that dx = wdu~/2 , dy = wdvA/2 and making

the necessary change to the limits of the intdgeals to:

+‘/7211 +@
Wx y
Wy W _
P, = E, X2 4 f exp (—u?) f exp (—v?)dudv (I1-7)
_y2a _¥zb
Wy wy
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Using the standard definition and properties of Eneor function listed in equation (lI- 6),
and the symmetry and additive properties of thegrdl, we get the final result:

Pn =R el‘f(\/z_a> erf (@> (1I- 8)

Wy wy,

Therefore, this relation provides the possibilaypractically calculate the power received by
a sample, B, of dimensions 2e2b by knowing the total incident power, Bnd the radius of
the laser spot following the X axis {nand the Y axis (V).

Actually, the studied samples have a meander sfthpgection 8). Hence, the portion
of the received power that is laid between meamstigps has to be considered, therefore
introducing the concept of fill factor. The filldeor is defined as the ratio of the light sensitive
area to the total photosite area. Finally, we adautate the portion of total laser power that is

absorbed by a sample of rectangular form with dsreers 2&2b, which is given by:

1] B Fill factor _F
Pn <\/2—a> (\/2—b>_ ‘ (- 9)
erf W erf

X Wy

This way, the real received power by the studiechpda can be directly deduced from
equation (II- 9). Values ofFor all the studied samples will be given lateTable 2-5, Table
2-6, and Table 2-7.

4. Measurement of radiated power

4.1. Photodiode and driver

| employ a high speed Si photodiode (Hamamatsu &0 his photodiode provides
high sensitivity (0.45 AV Typ. at 650 nm) with large response band (300 Mi#z. at 650
nm). Also, | elaborated a homemade Current-to-\galtél/\V) amplifier (cf. Appendix B) to
simultaneously measure the radiated power of tkerlaiode, then estimate the incident

power on the studied sample.

To characterize the photodiode with the I/V ametifin DC and AC mode, | will
employ the setup seen in Figure 2-14. A convergéntens (f = 100 mm) has been used to

focus the laser spot over the active surface ofptitodiode, and therefore to measure the
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total radiated power of the laser diodeP The Rp was measured simultaneously by the

photodiode PD300 and a wattmeter (NOVA 1) aftex kans to elimi

nate its attenuation.

Laser driver L2

Standard tension V(lc
SDST 60.15
Sodilec

1/vV Ampli.

ano(l
A f=100mm
Function Generator
Philips PM5193
Figure 2-14. Characterization setup of the photodiode

The tension Vg IS a sinusoidal voltage of fixed amplitu

and \bp is the output voltage of the I/V converter which proportional to the power
measured by the photodiode, then to that radiayeitidolaser diode (B). | have to mention

here that with the used type of operational anwlifthe I/V converter has a band-pass

response of 20 MHz.

de andiatale frequency,

T T H T H T
304 | Calibration @ 635nm |

T T T T T T T T
0.0 0.5 1.0 1.5 20 25
Photodiode received power P, (mW)

Figure 2-15. Static calibration of S10784 photodiode with I/V@#ifier at 635 nm
and 785 nm wavelength. The legends show measudedaaasheet characteristics
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The Figure 2-15 presents the static calibratiothf photodiode at 635 nm and 785
nm laser diode wave length. It shows a linear i@tahip between g3 and \bp, with a slope
value close to the typical manufacturer value fathbwvavelengths. Indeedl, was calculated
from the measured]; and using the feedback resistance value (22dt measurement at
635 nm, and 1 ® for measurement at 785 nm) of I/V amplifier (cfpgendix B). The
relation (II- 10) mentions the overall responsivily the photodiode and the I/V amplifier.

This relation is essential for the estimation afiated laser power, as we will see later.

Vpp = (943 £ 1)Ppp [VW™'] @ 635nm (II- 10)

Another important characterization is to find otie tfrequency response of the
photodiode with I/V amplifier. So, | used a functigenerator to get a modulated laser power
at different frequencies. This way we can plot ¥he/Vmog as function of laser modulation
frequency (see Figure 2-16). This dynamic respagevs a pass-band behavior with low
pass frequency of £0.7 Hz and high pass frequency @£2.6 MHz. The low pass frequency
is related to the high pass filter in the lasevelti Therefore, in the studied frequency range,
from 1 Hz to 100 kHz (cf. chapter 1ll), the photode and its amplifier stage do not present

any limitation for the frequency response.

mod

0.8

0.6

Normalised VPD IV

0.4 1

0.2 1

00 MR | Ty Ty T MR | MR T T T
10" 10° 10' 107 10° 10°* 10° 10° 10
Frequency (Hz)

Figure 2-16. Dynamic characterization of the S10784 photodiodk itV Amplifier

{69}



CHAPTER Il. Design, realization and characterizaion of measurement setup

4.2. Characterization of optical elements

To calculate the overall of the incident power twe studied sample, we need to
measure the transmission rate of the used optiealests (B3 in the block diagram). | have
used two convergent lenses: L1 with focal dista2&8mm and L2 with focal distance 100
mm, used to focalize the laser beam on the studeuple and on the photodiode,
respectively. The glass window of the vacuum charhlas been employed to pass the laser

beam inside the vacuum chamber and hit the stisdietble.

The beam splitter (cube, plate, or pellicle typepagates an incoming beam of light
into two separate beams: a transmitted beam armdlexted beam [8]. The beam splitting
surface must be mounted at a 45° angle to the imgprneam, as seen in Figure 2-17.
Consequently, the transmitted beam is paralleh¢aricoming beam and the reflected beam is
orthogonal to it. The used beam splitter is a ciygge with 50/50 nominal splitting

percentage. This rate has to be identified prabtibg measurements.

To estimate the transmission rate for all elabaratetical elements, | measured the
power before (incident power) and after each oneusipg the photodiode PD300 and the
wattmeter NOVA Il. Many measurement data have lokere for different values of radiated
laser power, and an average value with standardati@vi has then been extracted. The

measured transmission and reflection rates caedreia Figure 2-17(b).

2.4 T T T T T T T T T 24

Cubic beam splitter m

% 45° Incident 2.0+ 28 r20

Transmitted Light ot

<4 - | 2

0.8

% % !
Reflected l 0.4 g

0.8

T
N
Transmitted power (mW)

®
Reflected power

B Reflected Power

— — -Linear fitting (slope=43.4%)
® Transmitted Power

Linear fitting (slope=46.1%)

o
~

(@) (b)

0.0

0.0

T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 55
Incident power (mW)

Figure 2-17. Cubic beam splitter (a) and its characterizatior6&5 nm (b)

We note, for the cubic beam splitter, that therabisut 10.5% of the incident power absorbed

by the cube, since the total sum of passed anektefl ratios equals to 89.5%.
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The measured data for transmission rates for tteelénses (L1, L2) and vacuum
chamber window is given in Figure 2-18.

96 T T T T T 96
< 94+ B ~ 94+ Vacuum chamber window b
X X
£ | | ] \g
S 92 - = = E S 92+
] . ] .
© o * *
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Figure 2-18. The measured transmission rates for L2 lens (&) ydtuum chamber
window (b), and L1 lens (c) at 635 nm wavelength

Table 2-2 summarizes the measured average trangmisge values for all the used optical
elements at 635 nm wavelength.

Table 2-4: Transmission rates at 635nm of the optical eleen

Element Transmission rate Standard deviation

(%) (%)

Lens L2 TRf100=92.33 0.25

Lens L1 TRi25 =93.61 0.19

Vacuum chamber TRy = 89.35 212

window

Cube_ transmitted TRcy =46.13 0.01

Cube_ reflected TRc.s =43.38 0.02
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The dispersion of transmission rate of the windtverefore the standard deviation) is
higher than that of the other optical elements.sTiki due to measurement sensibility to

perpendicularity of the window with the laser prgaaon axe.

5. Sample installation and equipments

The studied sample has to be studied in vacuumitmmdvith the possibility of
temperature regulation of the sample. So, we needcaum chamber with temperature
regulation of the sample. These equipments, of ssguhave to provide the suitable
connectivity with the exterior electronics. In tlsisction | will explain the sample installation

equipments required to get the sample ready focaptharacterization.
5.1. Overall setup: holder, connections

The sample was glued to a copper plate, which para of the sample holder (see
Figure 2-19), by using the silver paste materidlisTsample holder consists of two copper
plates with an epoxy layer between them [23]. Atingaelement, which is a Constantan wire
(diameter of 0.2 mm, electrical resistance of IBM"), is twisted then rolled over the upper
copper plate. An epoxy disk with connection padglised on the upper plate. Ultrasonic
bonding with aluminum wire, of diameter 50 um, waed to connect the four gold pads of
the sample (Bias current: I+, |- ; Output voltaye:, V-) with the pads on as epoxy disk,
hence providing the connectivity with the extewdthe chamber.

Connections Disk
y
7

Pt100
Sensor

Sample Holder
Assembly

Figure 2-19. A photo of a tested sample glued on the samplesholdhe Pt100
sensor glued next to the sample. Connections magads of epoxy disk
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Then, the sample holder is fixed with the cold héadopper stem) by the silver past
and screws. The connection wires pass inside thelmraand tubes to make connection
between sample pads and connection jacks (seeeFigaf). A temperature controller was
used to maintain temperature stability during meaments at fixed temperature. The
controller, also, provides the possibility of hegtithe sample by using the heating element
and Pt100 sensor. | will characterize this tempeeatontroller in the next paragraph.

—— 1
Vacuum Chamber S i

y ; - - I
IConnection Jack

[ sample Holder|

= ~Cold Head ||

Figure 2-20. A photo of the vacuum chamber assembly showingotieection jacks
with the external equipments

5.2. Temperature controller

| did use the temperature regulator, LakeShore @Bfegulate the temperature of the
studied sample in the range 300-350 K. To achikierégulation, a Pt100 temperature sensor
has been glued beside the sample (see Figure 21i®) heating element (Constantan wire
of about 30Q) was rolled over the sample holder copper plate TakeShore 330 provides
three levels of heating power: Low (0.3 W/ Q), Medium (3 W/ 30Q), High (30 W/ 30Q).
The Medium level will be used because the low ley¢bo slow and need a lot of time, and
the high level may burn the wire of the heatingredat due to overheating. This instrument is
equipped with an integrated PID controller with wohstability of+15 mK. It will be used to
heat and regulate the temperature of the samgdiatd temperature where the sample will
be optically characterized. Hence, an accurate uneament of this temperature is required.
To achieve this purpose, | will try next to exploine accuracy of measurement readings. The
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temperature, coming up from the electrical resistaradue of Pt100 sensor, can be read by
the IEEE-488 interface integrated in the regulafde. can also read this electrical resistance
by a precision ¥ digits voltmeter (HP34401A). The Pt100 sensorigséd by the measured

1.0018 mA current source of the LakeShore temperatontroller.

Finaly, we note that we have an average deviatio0.812:0.044 K between the
temperature measured by the LakeShore regulatothahdneasured by the voltmeter. Hence,
all measurement of temperature will be done ushey direct measurement of the Pt100
sensor by this voltmeter. To achieve this measuneme will use the resolution of the
standard second order relation model (Callendar-Wasen model) of Pt100 resistance as
function of temperature, as seen in equation (ll-lt3 clear that the displayed temperature

has a 0.1 K resolution, so this will be used agatdr only.

R(T) = Ro[1 +A(T = Tp) + B(T — Ty)’] (I-11)

where R = 100Q (the electrical resistance a=D °C), A = 3.908810° K, B = -5.77%10"
K™

Figure 2-21 shows the measured electrical resistahG455 L300W100 sample and
of Pt100 sensor during regulating period of temjueeaat 319.6 K. Here, we need about one
hour to get stable temperature, so this will besaered during all measurements. Also, the
electrical resistance of the sample still changesneafter temperature stabilization. This
comes up from the higher temperature sensitivitthefsample, which is about 88K™ (cf.
section 1 of chapter Ill) in comparison with @K™ of the Pt100 sensor. Indeed, this will
not draw back the AC optical responsivity measur@s)esince that change the offset of the
AC measured values. Practically, | begin measuresnahtleast one hour after starting
temperature regulation. In addition, the AC opticdponsivity measurement is practically

achieved in relatively low time of about 1.5 miih. @@aragraph 1.3 of chapter Ill).
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Figure 2-21. The electrical resistance of the sample G455 L30WONANd the
Pt100 sensor versus time during temperature staiibn at 319.6 K

6. Readout electronics: design & characterization

To measure the optical responsivity and the nasé, then estimate the figures of
merit that characterize our samples as bolometdiatran detector, we need to elaborate
readout electronics. In principle, the bolometea igariable electrical resistance element as
function of temperature. When the laser hits thesnent its temperature increases, and then
its electrical resistance changes. So, to estirttagevariation of temperature we have to

measure the variation of its electrical resistance.
6.1. Overall block diagram

The objective of this electronic bench is to prevallow noise bias current to measure
the electrical resistance of the studied samplesillitry in the following to analyze its
performance and describe its features. The folloviggire 2-22 shows the block diagram of

the used homemade readout electronics.
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Amplification stage
Filter Current Source
—
Vout_de
—>  LPF b = Vi/Ro
Vi 3rd order
—
VOLII?'C{C
Ve
Figure 2-22. The block diagram of the homemade readout eleatsoni

As we can see in the block diagram, the homemaatiote: electronics consists df 3
order low pass filter, current source, and amg@iimn stage. The current source is a quasi-
ideal DC current source which exhibits a very haghput impedance and a negligible noise
contribution [1]. It will be used to bias the stedisample (R) by stable current (). Finally,
an amplification stage is used to measure the owpltdige of the sample (V- V.). In the
next paragraphs | will describe the design andadharization of each of these stages.

6.2. Characterization of the filtering stage

First, 1 will start by characterize the filteringage, which has an objective to purify
the input voltage (¥ of all unwanted perturbations. This filter hagbelesigned as%order
Tchebytcheff filter of cutoff frequency of 350 mHmd DC gain equals to 2, and -30 dB

attenuation at 1 Hz. The Figure 2-23 shows the areddrequency response of this filter.

20

-204 J

40 J

-60 3

i

¥
-80+ Gain = 1.993 ‘\‘ 1
f(-3dB) = 317 mHz

-100 4
© Gain=-31dB@ f= 1Hz

Transfer function of the filter (dB)

-120

T T T T
10 10" 10° 10’
Frequency (Hz)

Figure 2-23. The transfer function and the characteristics of 84eorder low-pass
filter
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This filter shows practically a DC gain of 1.993 amdain of -31 dB at frequency 1
Hz. The -3dB cutoff frequency is 317 mHz, therefare obtain a reasonable response time

for the DC measurement. These specifications agedavith those of the theoretical design.
6.3. Characterization of Amplification stage
6. 3. 1. DC out put

The amplification stage has two independent outpatmtinuous (Mu ¢ and
alternative (Mut a9, SO We can characterize each one separately. €&surne the gain of the
DC output, | used a metallic film 1dXresistance exhibiting a low temperature coefficn
50 ppni°C) " instead of the sample electrical resistange en | changed the input voltage
Vi to get many values of bias current (cf. paragraghod this chapter). By measuring the
voltage drops on Rterminals (M - V) and the DC output voltage &V 49 by two HP34401A
voltmeters, we can calculate the average gaineoDi@ output (see Figure 2-24).

35 U T | T U T T T T T T T

304 2 Measured
Linear Fit

2.5+

2.0 1

1.5 1

Vout dc (V)

1.0 1

0.5

0.0 T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8
Voltage across R, (V)

Figure 2-24. The measured gain of the DC outpu§\49 of the amplification stage

The design theoretical DC gain value equals tangd, laobtained a practical measured
value equals to & = 2.01. This gain will be used in all measuremearitsample resistance

(Rm) or sample voltage (V).
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6. 3. 2. AC out put

To measure the frequency response of the ampsiege and estimate its transfer
function, we apply a sinusoidal signal (as simwaample voltage ) between V+ and V-
terminals, and then we plot¥ adVm (as seen in Figure 2-25). The AC outpugk\49 is used
to measure the frequency response of the optisgbresivity and the electrical noise of the
studied sample, and then calculate the other figafenerit like NEP and D*.

& Measured
Pass-band filter fitting

10" 1 j

102 10" 10° 10 10° 10° 10"  10° 10° 10
Frequency (Hz)

Figure 2-25. The measured and fitted transfer function of AQou\Vou: acoutput)
of the amplification stage

The transfer function of the AC output is that opass band filter; one filter is 42
order pass high and another is*hatder pass low filter, as presented in equatibni@).
Using the non linear fitting in Origin software, wan estimate the three constants (Al, A2,

A3) of the mathematical model.

f 2
Vout_ ac Al (E) (- 12)

_ ' 2
"o 1+ ()

Where Al = G.= 221.4+ 0.2

A2 = (130.6+ 1.5)10" Hz
A3 = (705+ 4)x10°Hz
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This equation presents a very good fitting for teal transfer function, with 0.995 of Mean
Squared Error value. Indeed, the frequency ranggevitudied samples will be characterized

is 1 Hz-100 kHz, so the deviation noticed at fregues higher than 100 kHz will be
neglected.

6. 3. 3. Noi se of AC out put

In order to measure the intrinsic noise of eachpd@anwe need to measure the noise
level of the amplification stage itself. By conriagtthe AC output (Mu: ad With the spectrum
analyzer (HP3562A) and short-circuit the two diéfietial inputs (V+ and V-) with the ground,
we can measure the noise spectral density of thpdifagation stage. The graph seen in Figure
2-26 shows the noise spectral densitf)®bserved from 1 Hz to 100 kHz.
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Figure 2-26. The noise spectral density of the AC output:(M of the amplification
stage

The amplification stage shows a low noise levethwd white noise equals to 18178
V?Hz!, and low frequency noise equals t81@'° V2Hz* at 1 Hz. Therefore, we can

measure the noise level of any sample that hawesa fevel higher than this value.
6.4. Current source: Noise measurement

This is a quasi ideal DC current source dedicated terminals noise measurements

[1]. It shows an output impedance;, ¥alue of 3 M2 (for Ry=1 kQ) with maximum output
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current of 1.5 mA, with low noise contributioi}, of the order of 18* A2Hz™. The output
current j is controlled by the value of the input voltageavid the electrical resistance @&,

=V / Ry). To maintain high output impedance, one desigiditmon should be respected; it is
that Ry, is negligible in comparison withgR24]. Another design parameter is that the small
signal output impedance is at least one thousame tihe electrical resistance, Rt
frequencies up to one kHz. Next | will present iogse characterization of the current source,
because it's the more critical characteristic o$ thliectronics. A detailed noise measurement

will then be described.

Figure 2-27 shows a schematic representation ofoédle sources, which influence the

sample noise measurement, using 4 terminals teahimicine overall readout electronics.

[+ |€nRcl+ Repy  €nRCV+ Reyy | VH+

O— —0——
ins ZS enA
A V. ,
NP out_ac
& (] i
©h-out
e —0——
- ' €nRC- R €nRcv- Rey. | V-
Current source Tested sample Amplifier stage
Figure 2-27. Schematic representation of all noise sources in¢ladout electronics

using 4 terminals technique

The noise measurements can be performed in the sanfguration as electrical
resistance measurements, if the voltage fluctuatietaeen the voltage pads V+ and V- are
amplified by a differential voltage amplifier (Figu2-27). The voltage noise spectral density
e2_;, can then be calculated by measuring the outpserspectral densif_,,. by using a
spectrum analyzer connected at the amplifier stagput, as given in equation (llI-13). We
will consider that the amplifier has a very higlpuh impedance (by choosing a JFET based

operational amplifiers) so that its current noiaa be neglected.

Using Figure 2-27, and if £&is constant over all the measuring frequency rdofe
Figure 2-26) and &= Zs+ Rci+ Ry, we can write:
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2 2 p2 2 2
€n— 1Zs|*.R IR¢r + Zs| R
2 __“n-out _ 2 2 2 S m 2 CI S 2 m -
€h—in = G2 =eprcy T €na T 1ns —_— nRm—— 3 — T €hra > (” 13)
ac |Zeg| |Zeg| |Zeg|
Where:
* elpar = €%ras+ + €irci : The voltage noise spectral density of the curreontact

resistance B= Rci+ + Rei. (the electrical resistance of current pads takasepbetween Gold-

LSMO connection; see section 8 of this chapter)

*  elrcv = €%revs Tt €%rev- : The voltage noise spectral density of the veltagntact

resistance R, = Rev+ + Rey. (the electrical resistance of voltage pads takasepbetween

Gold-LSMO connection; see section 8 of this chgpter
e e2rn, . The voltage noise spectral density of the stid@mple (R)
e 2, : The voltage noise spectral density of the anaglifon stage

* i2.: The current noise spectral density of the cursentce

Following the design conditions of the current seyrl], we have:

Zs>> Rn= Zeg™>> Ry and 4%>>R;, then we gotthe next relation,
2 €7 —out 2 2 2 p2 2 (1-14)
€h—in = G2 = €nRrcv + €na + Ins Rm + €nRm
ac

From the equation (I-14), and to estimate theristc noise of the sample%z,,) we
need to evaluate the noise of the current soufck @s we will see next. In practice, the
voltage contact noise{rcy) can be estimated when no DC current follows th device

and can be subtracted from all the measuremerdrpgeti when a DC current is applied.

The noise of the current source is due to the thenaise of its resistances and to the
equivalent voltage noise of the two operational ireps, which all make up the circuit of the
source. The measured current noise spectral defi&ifyof the current source is plotted in
Figure 2-28 for three values ohfR,. For simplify the calculation, we will assume thia¢

voltage contact noise is neglected.
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Figure 2-28. The measured current noise spectral density o€tineent source for

three value of Ry,

The measured current noise shows a white nois¢ Evéndicated in the Figure 2-28,
and a low frequency noise which is due to the dmeral amplifier of the source. The value
of this noise decreases, eventually, for higheuealf R. To estimate the noise of the studied
sample for any value of Rve will use the relation that modelizes the curnehite noise
spectral density, as seen in equation (lI- 15)sThodel propose that the current white noise
equals the sum of white noise issues frognaRd the white noise related to other electrical

resistances and operational amplifiers in the cligeurce.

, _ 4kg TR, + Ctl (II- 15)

lns =
RZ
0

At low frequency, the only noise source will beuisd from the operational amplifiers,

and the model is presented in equation (II- 16).

, _ (2 (Il- 16)

ins =
RS

Using the measured data for the three valuescaRindicated in Figure 2-28, and the
fitting of equation (lI- 15), we can estimate theue of Ctl= 29.%10® VHBz" (see Figure
2-29(a)). Using the same methodology, we can adsimate the value of Ct2 = 180"
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V?Bz* at 1Hz (see Figure 2-29(b)). The value of Ct2sstee expected value of 210*°

V?Bz* due to the noise of the used type of operatiomdlifiers. This way, and whatever is

the value of B we can calculate the white noise and the low feeqy noise (at 1 Hz) of the
current source.

107 T

107 T
(a) (b)
~ 107 10 <
N & Measured —
iv‘ —— Y=(4«, TR +Ct1)/R fitting FvIu ;ng;';:ﬂ fitling
2 107 1 L qon ; 4
2 ¥
2 %
2 23 | ~_2 a2 il
g 10 10
10 * T 10 ‘ 3 4
10 R, () 10 10 RO @ 10
Figure 2-29. Estimation of current noise spectral density of¢cherent source (a)

white noise (b) low frequency noise

Finally, I could characterize the noise of all paof the readout electronics. Indeed,
the current source and the amplifier stage pregent low noise contributions. This will
provide the possibility of measure the intrinsicseoof the tested sample.

6.5. Overall characteristics of the readout electronics

I will try in this paragraph to summarize the maiharacteristics of the readout
electronics. It was designed to provide a low naiggent source to measure the electrical
resistance of the studied sample. In additionralvigles the possibility of achieving noise
measurement of the samples. The device measureatctdrsstics are:

* Providing a maximum of 5 V across the studied samgsistance R thus a
maximum bias current value of 5{Rwith respect to stabilization condition of curren
source (B= 2Ry).

* The measured current source noise exhibits a wigitee level and a low frequency
noise. The value of these noises can be calculetiag the models:

in? (White noise region) = (4K Ry + 29.7%10%)/R2
in (1/f noise region) = (1:8L.0%%)/R2

* The gain value of the DC output{Y¥ ¢J equals to @ = 2.01.
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* The transfer function of the AC output {¥ a9 is that of a pass band filter. The?2
order high pass cutoff frequency equals 0.7 Hz,taad®™ order low pass filter equals
131 kHz. The gain value equals tg:& 221.4 + 0.2

« The AC output has a white noise value equals teix1@*® V?HEz*, and low
frequency noise equals teT0° 2Bz at 1 Hz.

Therefore, the white noise and the low frequencge¢at 1 Hz) of the current source

can be estimated for any value ¢f R
7. Summary of measurement setup

7.1.  The overall optical responsivity measurement

| will describe in this paragraph the overall estiron of the incident power on the
tested sample, using the characterization of &lgarticipated elements in the optical axis
(optical elements) and the characterization otkdttronics (readout electronics, laser diode

driver) and measurement devices (photodiode).

Indeed, we are looking to find out the relatioratet! the incident power on the tested
sample (R) and the output voltage measured between sammpienis (V). Therefore, we

can calculate the optical responsivity.§ of the sample which equals\Pn.

Referring to the total block diagram of measurensatup, shown in Figure 2-1, we

can illustrate the equation that relates all thasneement parameters as follow:

Vout_ac _ Vout_ac y V_m 9 P_m % i % PP_D (||- 17)

Vep Vm  Pn B Pep Vep

To calculate the optical responsivityly = Vn/Py, we need to identify the other
quotients. First, the relation betweepp\dndPpp has been identified by equation (lI- 10).
Also, the quotient M, ac/ Vm is already given by equation (lI- 12), and theord,/P, has
been calculated in equation (II- 9). Referring able 2-4, we can write:

P TRwin X TR X TRe_tp X B
el SR win f225 C—tr LD — (96.33 + 2.80) % (||- 18)
Ppp TRf100 X TRc—tr X Pip

The uncertainty was calculated using the uncestgrdgpagation law.
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Finally, the optical responsivity writes as,

(Vout_ac> - (%) () (II- 19)
" ) (- @

Thus, to calculate the optical responsivity we ngstito measure the ratio,) ac/ Vep. This

Vi
Ro(@) = 2=(0) =

can be done easily by using the signal analyzerSi8RA& (connecting ¥y to the first channel

input, and connectingM: acto the second channel input) in transfer functiwde.
7.2. The overall characteristics of the measurement setup

| will summarize in this paragraph the main chaggstics of the realized

measurement setup, except the readout electrohichwas given in paragraph 6.5.
* Provide DC drive currentyd (200 mA maximum) to operate the laser diode in the
emitting region (Mc=1.2 V = lgc = 24 mA).
 Provide AC bias currentybg to modulate the output laser power in the required
frequency range gbhg = 3MA < Ppog=11.8 mW).

» Operate the laser diode in a constant current nustdey Automatic Current Control
(ACC) method (R = 2.7 mW).

* Overall pass-band behavior of the laser driver Woth pass frequency 0.7 Hz and
high pass frequency 2.6 MHz.

* The laser power stabilizes after about 30 min, \&itiotal power drop of about 3.5%

of the initial value.

* Real time measurement of laser radiated power usigly speed photodiode with
voltage responsivitil, = 943+ 1 VIV @ 635 nm

« Temperature regulation of the studied sample irrdhge 300-350 K, with stability of
+15 mK.

» Estimation of laser spot size by CCD camera, withimmal resolution of about 8 um.
The maximum measurable spot size isx8.8 mm?, and minimum size aboutx3D

pum2 (about 10 times the pixel size).

» Usable in the visible wavelength, with the posgipilo extended to IR range by using

adaptable optical elements.
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8. List of tested samples

| will present in this section the design mask &aldricated tested samples in this
thesis. First we used a plastic mask, called mask#Ach has an optical resolution of 15 um.
Then, and to have a better optical resolution asgtdaromium mask, called mask-B, was
designed. It has an optical resolution of 2 um wag fabricated by PhotoData Company.
Actually, samples patterning was done by Cedri¢ 8BREYC technician, in the clean room

in GREYC. More Details on film deposition and patiag will be given in Appendix A.

8.1. Mask-A design

The mask-A design is based on fixed length (L) atrgbs width (W), and variable
number of strips (n). This way we will get a vatalwidth (L’), as we can see in Figure 2-30.
The parameter d presents the distance betweenuwessive strips, which is about 15 pum.

(A)

(B)

J{B l
- Hillln

Gold LSMO- STO Si -

Figure 2-30. (A) Optical photography of the mask-A CA656-7(L150Y\sample
with the measurement current (I+, I-) and voltayye-(V-) probes. (B) Schematic
cross-section of the sample.

The Table 2-5 shows all the tested samples faledcasing this mask (deposition and
patterning was done by C. Fur). It shows the genoagtdimensions for each sample, with
their fill factors. In addition, it presents the msponding beam radius ) of the laser
diode used during the optical characterizationhwite correction factor (Fof received
power by each sample (cf. paragraph 3.4). | usedotation that contains the main
information about sample’s dimensions. For examible,notation of the sample L150W50

means that it has length of 150 um and strips wofl&0 pum.
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Table 2-5 Tested samples fabricated with the mask-A

L xL’ W Thickness W W Fill
Geometry n | Film/sub. X y Factor | F

(umxum) | (Hm) (nm/um) (um) | (um) (%)
L150W50 | 150x230| 50 |4 | 100/300 | 155 227 91 |1.208
CA656-7 L250W50 | 250% 350| 50 | 6| 100/300 | 155 227 89 |1.133
LSMO/STO/Si | L320W20 | 320x110| 20 |4 | 100/300 | 155 | 227 74 | 2.013
L400W100| 400% 650 | 100 | 6 | 100/300 | 155 227 94 |1.061
G455 L220W20 | 220x 110| 20 |4 | 100/1000| 885 296 75 | 6.432
LSMO/STO | L300W100| 300% 870 | 100 | 8 | 100/1000 | 885 296 95 |2.104

| have to mention here that the film thicknegsf(ir all these samples is 100 nm, and
the substrate thickness was 300 um for LSMO/ST®48iples and 1 mm for LSMO/STO

samples.

8.2.

Mask-B design

The mask-B was mainly optimized to minimize the sugad noise of the sample. It

has been proven that this noise is in relation witlrent pad form, and with the relative

positioning of voltage and current pads from eattteio[25]. The mask design is based on

equal fixed length and width (L = L’), and variallamber of strips (n). This way we will get

a variable width of strips (W), as we can see guFe 2-31. The parameter “d” presents the

distance between two strips, which is about 2 pm.

LSMO

Gold
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Figure 2-31.

Table 2-6: Tested samples fabricated with the mask-B

Design, realization and characterizdion of measurement setup

Gold

meo [

Optical photography of the mask-B G623-L100M5 sampth the

measurement current (I+, I-) and voltage (V+, Vidlpes

L xL W Thickness W W Fill
Geometry N (um) n | Film/sub. ( r;) ( %) Factor | F
(wmxpm) | (W (nmypm) | M M) g
L50M7 50x50 5 | 7| 75/1000 | 129 | 150 77 | 4.927
L100M5 | 100x100 | 18.4| 5 | 75/1000 | 129 | 150 93 |1.489
G568
LSMO/STO L100M7 | 100x100 | 12.6 | 7 | 75/1000 | 129 | 150 90 | 1.553
L100CR | 100x100 | 100 | O | 75/1000 | 129 | 150 | 100 | 1.392
L200M7 | 200x200 | 27 | 7 | 75/1000 | 129 | 150 95 | 1.064
L50M5 50x50 8 | 5| 75/1000 | 145 | 118 86 | 3.907
G623 L50M7 50x50 5 | 7| 75/1000 | 145 | 118 77 | 4.436
LSMO/MgO L100M5 | 100x100 | 18.4| 5 | 75/1000 | 145 | 118 93 [1.413
L200M5 | 200x200 | 38 | 5| 75/1000 | 145 | 118 96 | 1.041
L50M5 50x50 8 | 5| 75/300 | 107 90 86 | 2.506
G621
LsMo/STo/si | -100M5 | 100x100 18.4| 5| 75/300 | 107 90 93 | 1.171
L200M5 | 200x200 | 38 | 5| 75/300 | 107 90 97 | 1.034
L50M5 50x50 8 | 5| 75/300 | 107 90 86 | 2.506
CAG60-8 107 | 90 97 | 1.128
LSMO/STO/S L100M3 | 100x100 | 32 | 3| 75/300
L100M5 | 100x100 | 18.4| 5 | 75/300 | 107 90 93 | 1171

The Table 2-6 shows all the tested samples faledc@teposition and patterning was

done by C. Fur) using mask-B. It shows the geowratdimensions for each sample, with

their fill factors. In addition, it presents the wEsponding beam radius (wny) of the laser
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diode used during the optical characterizationhwite correction factor (Fof received

power by each sample (cf. paragraph 3.4).

| used a notation that contains the main infornmaibout sample’s dimensions. For
example, the notation of the sample LLOOM5 meaatitthas a meander shape with length
and width equals to 100 um and number of stripslesgb. The notation L100CR was used
for square sample with length and width equalsG0 @m. | have to mention here that the
film thickness @ for all these samples is 75 nm, and the substinatkness was 300 um for
LSMO/STO/Si samples and 1 mm for LSMO/STO and LSM@D samples.

8.3. Suspended-structure samples mask

A suspended structure mask was used during ancgkearch study done by S. Liu
[25]. This mask was used to fabricate microbridg@gMO samples on STO buffered Si
substrate. The suspended microbridge is of lergthaidth (W), and thicknesssjtas we can
see in Figure 2-32(a). Indeed, | had tested twopszsnof length 50 um and 100 pm and
width 4 um. Figure 2-32(b) shows a representatiyéddm of the microbridge.

microbridge w

(b)

Figure 2-32. (a) Optical photography of the suspended-structuaskwith the
measurement current (I+, I-) and voltage (V+, Vedlpes. (b) Representative 3D
form of suspended sample.

The Table 2-7 shows all the samples fabricatedSbuiu [25]) using this mask and
tested by my setup. It shows the geometrical dimessfor each sample, with their fill
factors. In addition, it presents the correspondiegm radius (w wy) of the laser diode used

during the optical characterization, with the cotien factor (k) of received power by each
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sample (cf. paragraph 3.4). | used a notation dmmtains the main information about
sample’s dimensions. For example, the notatiom@iample L50W4 means that it has length

of 50 um and width of 4 um.

Table 2-7: Tested samples fabricated with the suspende#t mas

L xL W Thickness W W Fill
Geometry N (um) n | Film/sub. ( r;) ( r¥1) Factor | F
(umxm) | (1 (nm/pm) | (MM | M | o5
CA660-22 L50W4 50%4 4 | 1| 75/300 | 155 | 227 | 100 |73.923
LSMO/STO/Si | L100W4 | 100x4 4 | 1| 75/300 | 155 | 227 | 100 |44.293

9. Chapter conclusion

This chapter is devoted to present a detailed ghgor of the measurement setup,
including the design considerations and backgraqurittiples. The design objectives were to
achieve trustful and repeatable measurements ovarga range of frequency, with the
flexibility of manipulation. This setup has beeredsduring the thesis to characterize the
LSMO bolometer samples as thermal radiation dete¢tus includes the measurement of the
optical responsivity and the noise for each sanfiterefore, the other figures of merit (NEP,

D*) can be estimated.

The measurement setup is divided into four mainkdoche first block B1 consists of
the semiconductor laser diode and the necessartyaie driver circuit. Its role is to provide
a stable modulated power of the laser diode to theatested sample. The block B2 is used to
measure simultaneously the laser diode radiateceposing a high speed photodiode and
current/voltage amplifier. The block B3 contains the necessary optical elements (beam
splitter and convergent lenses) needed to driveatimted beam. The block B4 contains the
equipments for installing the tested sample androbimig the temperature of its holder. Also,
it includes the necessary readout electronics. Mbsiur used equipments are homemade
electronic boards, except the temperature contratld the optical elements.

In order to measure the optical responsivity of LKample a laser beam is used to
optically heat the device, after passing througimyr@ptical elements. Thus, the transmission
coefficient of all optical elements has been mesurhe power of the incident light on the
sample can be directly obtained by measuring theéopmde output signal. Moreover, the

laser diode spot shape and size has been iderdifiédneasured. In addition, the power really
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received by all studied samples, which is relatethser spot size and sample size, has been
estimated.

The LSMO sample was current biased using a quasi-iDC current source, which
exhibits very high output impedance and a neglgibbise contribution. A standard four-
probe technique was used to provide the bias duaramhmeasure the output voltage signal of
the LSMO sample. This voltage was read out by admate voltage amplifier, which
provides two outputs: one DC voltage measuremantsone AC voltage measurements with
amplification and filtering. The AC output is alsged to measure the noise of the samples.
The characteristics of the current source and thpliication stage have been explored in
details. These characteristics show a good consisteith the intended ones.

At the end of this chapter | provide a detailed ¢isall the tested samples, including
samples fabricated using the mask-A and mask-B. détailed used deposition technique,
and characterisation of unpatterned deposited LSNMfs on different substrates will be
given in appendix A.

Finally, I could design, realize, characterise aasueement setup that can be used to
achieve the optical characterisation of LSMO saspke uncooled radiation detector. Indeed,
this setup can be used for any other thermosensihterial. This was one objective of this
thesis that was achieved.
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CHAPTER Ill. Experimental results and analysis

In this chapter | will present the measurement tesathieved to characterize the
performance of LSMO bolometer samples. Then, tbegsed thermal model will be detailed
to understand LSMO film on substrate frequency easp. Finally, a detailed measurement

analysis will be presented to optimize the pixamgetry.

1. Bolometric characterization and measurement

results

The bolometer is a resistor sensitive to tempeeathange, and its operation is based
on the temperature increase of the thermo-sendmgbly the absorption of the incident IR
radiation. The change in temperature causes a ehands electrical resistance, which is
measured by an external circuit. Thus, it is neagsg characterize the electrical resistance
of the bolometer material as function of tempemtuiand then estimate its Temperature
Coefficient of Resistance, or TCR (cf. equation0)-1Another important parameter is the
thermal conductance of the bolometer material, Wwiméluences its optical responsivity and
response time. To characterize the performance bblameter as an uncooled radiation
thermal detector, its optical responsivity to a aiidn heating source has to be measured, and
then identify its bolometric (thermal) origin. lddition, noise measurement of bolometer is
one of the important characteristics for sensoriegipbn since the noise level determines its

performance.

In this section we will explain the practical methesked to characterize a thin film
bolometer deposited on a substrate. This methahast to explore thermal and electrical
parameters needed to qualify the performance obthemeter by identifying the figures of

merit (cf. paragraph 3.5 of chapter I).
1.1. Meander pixel geometry

In general, the meander geometry is used to hagkehielectrical resistance
comparing with square geometry having the sameaserfOne preliminary advantage of
getting higher electrical resistance is achievirghbr optical responsivity (cf. paragraph 3.5.1
of chapter I). We will assume a pixel of meandeorgetry with overall surface*L, a line

width “W”, thickness 4 and a lines spacing “d” (see Figure 3-1). Theamhd |- are the two
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current pads which indicate the current flow di@tt and V+ and V- are the measuring

voltage pads.

W, L
L
I+ I-
—> —=>|w
V+ V- lﬂtf
L

Figure 3-1. Presentation of the meander geometry structure #glrips (length L, width
L, thicknessst strips width W, and strips spacing d) and therent and voltage pads (I+, I-
and V+, V- respectively)

The basic relation that should give the electniealstance of a homogeneous conducting line,

at a given temperature, depends on the materiaeprep and the dimensions:

R P L (- 1)

wherep is the electrical resistivity of the line conductoaterial (inQQ-m), ¢ is the line length

(in m), and Wkt; is the cross section of the line conductor (fi). m

In fact, for a meander form resistor, the curremids to crowd at each of the corners,
i.e. more current flows nearer to the inner corf@an at the outer corner. As a result, the
measured resistance tends to be lower than thes \@lculated using the sheet electrical
resistance and the number of squares (where Welesiimate the electrical resistance, the
squares at the corners of the meander patteraime by 0.56 value [1][2]. As a consequence,
the total electrical resistance of the meander fengiven as follows (where “n” is the

number of strips),

_ P n(L—2W) + (n—1)d - 2
R= ¢~ = + 0.56><(2n)] (- 2)
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Using the relation L = nW + (n-1)d, we can elimmahe parameter W. Then, the electrical

resistance value will be given as follows,

L(n-2) + 3(n—-1)d
L-(n-1)d

R=2 xnx[ + 1_12] (- 3)

The last equation shows the relation that links e¢hextrical resistance of a pixel having
meander geometry with the parameter of this gegniétrn, d, ), and with the electrical
resistivity @) of the material. Once the electrical resistangemieasured, the electrical

resistivity can then be calculated by using thigagmpn.

| will show next the measurement process that wsesl uo achieve the bolometric
characterization of the studied samples, and thermobtained results will be presented. More
detailed analysis concerning the optimization of thain figures of merit of a thermal
detector [y, Te, NEP, and D) depending on pixel detector geometry and the tsatles

material will be presented later in section 3 of hapter.

1.2. Electrical characterization

The electrical characterization step includes tleasaurement of electrical resistance
of thin film bolometer material as a function offriperature, therefore extracts the value of the
TCR and of the electrical resistivity. Then, welveikplain the method used to measure the
thermal conductance of a thin-flm-on-substrate obwter, which represents the most

important thermal parameter of a bolometer.
1.2.1. Measur enent of TCR

The electrical resistance versus temperature (Bafg of the LSMO thin film sample
is measured using a standard four-terminal tecknigwacuum condition of about Tnbar.
This method uses separate pairs of current-cargimpvoltage-sensing electrodes. The key
advantage of the four-terminal technique is tha Heparation of current and voltage
electrodes eliminates the impedance contributicth@fviring and contact resistances. The R-
T data can then be fitted with a smooth polynoregliation and then the dR/dT and TCR
data can be calculated and plotted. Figure 3-2,r&igtB8, Figure 3-4, Figure 3-5, Figure 3-6,
and Figure 3-7 show the measupedR/dT, and TCR versus temperature for all theistl

samples.
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By knowing the thin film geometry (cf. equationl{IB)), we can plot the variation of
electrical resistivity as a function of temperatuféis way, we can calculate the electrical
resistivity (0) at room temperature, which has a nominal valugxaD® Q-m at 300 K for
LSMO thin films [3]. Samples show electrical resigy value changes in the range of 1.6—
7.6 x10° Q-m at 300 K. Indeed, most of the measypedhlues of the studied samples are
close to nominal one. But few samples show highemtecal resistivity values. This could be
related to the quality of the film, or to the namformity of film thickness all over the sample

surface.

Based on R-T measurements, Table 3-1 summarizelseatheasured and calculated
values of (dR/dTyax the optimal working temperatureJ), the TCR at J, the maximum
TCR values (TCRay, and the electrical resistivityp) at 300K for all the studied samples.
The temperature J presents the temperature where Tgfoccurs. The last column of this
table presents the lattice mismatéh lpetween LSMO film and the substrate (cf. Appendix
A).

The maximum TCR values obtained are in the sameroofl magnitude of that
reported in literature. The typical value for th8MO material is of the order of 2 %K
[3][5]. The measured TCR values for all the studiachples are in the range 1.6% - 3.0% K
for the studied temperature range. More detailedysisaof TCR values in respect to

resistivity and lattice mismatch will be given néxfparagraph 1.2.2.

Another important parameter to extract from R-T sugaments is called the optimal
working temperature @|y). It presents the value of temperature where we lize maximum
of dR/dJT. So, in order to get maximum responsi\itf, paragraph 3.5 of chapter 1), the
sample should be optically characterized g} TAs we can see in these last figures, the
optimal temperature is not the same for all samples example, in Figure 3-2(a), the
maximum dR/dT value equals 1168K™* at 330 K for the sample G568-L50M5, so this
sample has to be optically characterized at thism@b temperature (and not at the

temperature where TCR is maximal).
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Table 3-1 The measured values issued from the R-T measuréonati the studied
samples on different substrates, with the latticematchd between film and substrate
TCR
Geometry Area p @300K | Topt | (AR/AT)max at T TCRmax | Tm 3
(Hm?) (10°Qm) | (K) (QE ) (%K‘f'i‘) (%K™ | (K) | (%)
L50M7 50x50 2.6 330 1168 2.3 2.4 325 | 0.82
O | L100MS 100x100 1.7 334 374 2.7 2.7 333 | 0.82
VLW
§ O | L1o0M7 100x100 1.6 334 685 2.5 2.7 329 | 0.82
>
9 | L100CR 100x100 3.8 330 105 2.1 2.3 325 | 0.82
L200M7 200x200 2.2 330 716 2.3 2.4 331 | 0.82
L50M5 50x50 7.6 301 429 1.5 1.6 298 | 8.14
0
@ 2 | LsoMm7 50x50 2.6 319 577 1.7 1.9 305 | 8.14
© 5
O % L100M5 100x100 2.3 328 219 1.8 2.0 314 | 8.14
-
L200M5 200x200 6.5 302 303 1.5 1.6 298 | 8.14
» | L50M5 50x50 3.7 320 650 2.8 2.9 317 | 0.54
oy
@ g L100M5 100x100 3.1 321 412 2.5 2.7 317 | 0.54
5
2 | L200M5 200x200 4.1 318 508 2.6 2.7 315 | 0.54
@ | L50M5 50x50 2.8 320 318 2.0 2.2 313 | 0.54
(e}
s
§<8 g L100M3 100x100 3.1 320 91 2.1 2.2 313 | 0.54
=
% | L100ms 100x100 2.9 320 373 2.0 2.2 312 | 0.54
7 | L150W50 150¢230 2.4 318 94 2.6 2.9 311 | 0.54
'\ ~~
S g L250W50 250x350 2.5 324 328 2.7 2.9 319 | 0.54
O =
S g L320W20 320x110 5.2 300 657 2.0 2.1 299 | 0.54
(9]
— | L40OW100 | 400x650 6.3 300 219 1.8 1.8 299 | 0.54
O | L220W20 220x120 4.7 300 399 2.1 2.1 298 | 0.82
Lw
25
0=
¢ | L300W100 | 300x870 3.3 300 127 2.2 2.2 298 | 0.82
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1.2. 2. Ef fect of substrate material on TCR

Among the parameters that can influence the TCRBevad the substrate material and
film thickness. For manganites, just a few studiage been done to investigate the relation
between the substrate material and the TCR of betlenmaterial, which is one of the most
important parameter of a bolometer. It has beewgatdhat lattice mismatch causes bi- or
uni-axial strain that affects structural, electriaad magnetic properties of manganese oxides
thin films [6]. Therefore, to obtain high performanof manganite films one should control

the strain induced from substrate.

Daoudiet al [7] have discussed the effect of substrate oretbetrical properties of
Lag Ca3MnO;3 films on LSAT ([LaAlGs)os[SrAITaGs)o7) and STO substrates. They had
achieved a TCR value of 22%'K@248 K and 10% K @230K for lattice mismatch value of
0.2% and 1.12% between LCMO film and LSAT and ST®ssrate, respectively. Kiret al
showed that La@Sr 9MnO;3 films on SpsGey A Si and S§.9¢Co.0/Si have higher electrical
resistivity and low TCR values compared to Si samblie to excessive compressive and
tensile strain, respectively [8]. Also, they demoaied that TCR is inversely proportional to

electrical resistivity.

Based on Table 3-1, we can notice that the difie¥en the TCR values is related to
the strain induced by the lattice mismatch betwe8MO film and the different substrates.
The relation between TGRy of LSMO film and the lattice mismatcld)(between film and
substrate is investigated in Figure 3-8. The dlgaitresistivity of bulk LSMO material is
about X10°Q-m [3].

Figure 3-8 reveals that we obtained higher T&GRalue for lower value ob. This
way, to enhance the responsivity and NEP, it isebeébd choose a substrate that has lodver
with the film as in the case of the STO substrat@ddition, we have to pay attention here to
the thermal properties of the substrate materialerms of response time of the detector. So,
to achieve a faster response a substrate of higheenal conductivityK) will be needed (cf.
Table 3-4 in page 124). This is the case of STOebedl Si substrate, where we minimize the
lattice mismatch between LSMO film and Si substiataising a STO buffer layer, knowing
that Si thermal conductivity is higher than that $TO. Furthermore, this can be one
perspective to add STO buffer layer in the casevighD substrate in order to lower the

mismatchd.
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The maximum TCR value for LSMO samples is close38 K* near room
temperature. This value is fairly close to thatomgd for semiconducting YBCO and

vanadium oxides, but it is still lower than thatamhorphous semiconductor compositions (cf.
Table 1-9 of chapter I).

] T T ¥ LA S . ——— ]
] ¢ Measured ]
34 =1 |LSMOIST 5
1 R r_s_los ° Bulk LSMO ]
R 2R
I 1 i
I’l :¥|
[ 1
1 1
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X 2 [T 1o
s X | 1
% - | | |
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(@] | |
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LSMO/MgO
1 T
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Figure 3-8. The measured TGR«versus lattice mismatch for LSMO film on different
substrate materials

Figure 3-9 shows that TGR« value of the LSMO film decreases as the electrical
resistivity p increases with a linear behavior. This tenden@pissistent with the good quality
of the film, in terms of epitaxial structure. THendency has been also reported by Prasad
al for Lag ggSrp.1MnO;3 thin films grown on SrTi@substrate [9]. We have a data dispersion of
about 10%. This could be related to the film qyakispecially for G621 (cf. appendix A) and
to TCR andp estimation procedures. This also could be relatedhe lattice mismatch
between film and substrate, which has the highkrevior G623 sample.
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Figure 3-9. The measured TGR«Vversus electrical resistivity for LSMO film onfdient
substrate material

Another discussion can be made on the effect iof filickness on the value of TGR
and T, (temperature where we have maximum of TCR). Taifgldhis relation, we will
compare samples LSMO/STO/Si that were made undersdinee fabrication conditions
(MBE) and technology (CA660-8 and CA656-7) and thlhibit close electrical resistivity
(see in Figure 3-10). Also, we will use measurendatt issued from other thesis results
achieved on same samples technology in our labgrdi®]. We can notice that TGR
increases by changing the film thickness from 10tard00 nm (cf. Figure 3-10(a)), and so
does the |, (cf. Figure 3-10(b)). This result is consistenthwihat achieved by Prasad al
[9] for Lag.gsS1h.12MNO;3 thin film, and Neffet al[11] for YBaCuO; thin film.

Tsuchiyaet al [12] investigated the TCR value of Lg®xp MnO; film by changing
the film thickness. They found out that the filmthva thickness of 80 nm shows a maximum
TCR of ~ 24% at 290 K, which is higher than that of 40 ntrmfil~ 1.3%). The film with a
thickness of 120 nm indicates lower TCR than tHahe film with the 80-nm thickness. This

phenomenon could be caused by the insufficientairgsowth of the films.
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Figure 3-10. The measured TGR«(a) and T, (b) versus film thickness for LSMO film on Si
substrate

1.2.3. Measur enent of thernal conductance

In this paragraph we describe the procedure pegdrim order to obtain the voltage-
current (V-I) characteristics of thin film bolometand then using this measurement with R-T

data to determine the thermal conductance of bdleme

In order to obtain the V-l characteristics, thendt@&rd four-terminal technique will be
used. The V-1 measurements was achieved by elahgrtite precision parameter analyzer
HP4156B. We apply a sweep varying bias currghofi the film (using the two current pads:
I+, I-) and measure the voltage (Macross it (using the two voltage pads: V+, VHeTbias
current must be scanned by round trip in both tvas (positive and negative) to ensure the
absence of hysteresis act and the ohmic performadiig measurement has to be done at the
optimal temperature ¢f) which presents the regulated temperature of &mepge holder.
Also, the sample is fixed inside vacuum chambereliminate the heat exchange by
convection. The electrical resistance of the film Ban be calculated according to the
equation R=V/l, and then plotted. Then, a second order polynofitiddas been used to
model the variation of Ras function ofy, as seen in Figure 3-11. The noisy values at small

currents have been omitted.

The film electrical resistance,Rs not constant and increases nonlinearly as iumct
of bias current. This behavior is coming from Jos&df-heating effect. As a result, this
heating will raise the temperature of the film dahdn increases the value of,,Rvhich is in

agreement with R-T characteristics (see Figurea}).7Eor each point of V-l data we can
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calculate the electrical power dissipated in tha fiesistance by PV xl,. The temperature of
film can be calculated by fitting R-T data in theimity of T, using the linear approximation
(Rn=aT+b). This way, we can deduce the temperatur¢gheffiim T as function of its
electrical resistance, R Finally, by plotting Ras function of T, we can estimate the thermal

conductance of the film by G=@gBT (cf. paragraph 3.4 of chapter I), as seen gufa 3-12.

T T T T T T T T T 3600
8 —m— Film voltage
® Film resistance
—— Polynomial fit of film resistance | 3580
4
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— g
S 04 ~
£ o
> L 3540
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Bias current | (A)

Figure 3-11. Voltage-Current measured data and the deducedredattesistance at Jy
(318 K) and vacuum condition (0.1 Pa) for CA656-15Q0W50 sample
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Figure 3-12. Electrical dissipated power versus film temperatatd,, (318 K) and
vacuum condition (0.1 Pa) for CA656-7_L150W50 sampl
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From the slope at the origin (al,p), one can estimate the geometrical thermal
conductance (G) of the film-on-substrate structlitee slope estimation can be done for fixed
AP; or AT range. On the other side, the slope at other ¢eatpre values represents the
effective thermal conductance of the film, whiclgrgen by the following equation: &= G -

In? x dR/AT (cf. paragraph 3.4 of chapter I). Thus, éffective thermal conductance depends

on the bias current, and.£< G for non-zero bias current.

The measured values of thermal conductance fagakre samples will be given later
in Table 3-7, and for rectangular samples in T@® The estimation of G was done at the
origin (Topt, O) for a fixed range of temperature variation K. Due to the non linearity of the
measured G versus T, estimated value of G coulsobeewhat changed following the used
method. Thus, using the same method for all samel@surements tends to the same order of
uncertainty. A linear interpolation has been perfed between the point {& 0) and
(Topet0.1 K, B). The standard deviation has been used to estimatencertainties reported in
Table 3-7.

1.3.  Optical characterization

In order to characterize the performance of ouoimater as an uncooled radiation
thermal detector, we need to measure its opticgamesivity to a radiation heating source.
Thus, we measure the optical responsivity of the fusing an electronically modulated

semiconductor laser diode, and then we try to ifleit$ bolometric (thermal) origin.

In this section | will present mainly the methocdgo characterize the film in terms
of optical responsivity and response time, accordimgthe basic bolometer model (cf.

paragraph 3.4 of chapter I).

1.3.1. Optical responsivity and frequency

response

The calculation of the optical responsivity candmhieved (as explained earlier in
paragraph 7.1 of chapter Il and the equation ll{i¥@)neasuring the ratioo ac/ Vep USing
the signal analyzer HP3562A.

The dependence of the optical responsivity as atifum of the laser power
modulation frequency at different bias currentgIg,) for G568 (LSMO/STO), G623
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(LSMO/MgO), and G455 (LSMO/STO) samples are showhigure 3-13(a), Figure 3-13(b),
and Figure 3-13(c), respectively. We note that &izland 80 YA bias current we get an
optical voltage responsivity of 10 V-Wfor LLOOM5(LSMO/STO) sample, and of 1.3 VW
for LLOOM5(LSMO/MgO) sample. This comes up fromttttee thermal conductivity of STO
material is about 5 times lower than that of MgOtenal (cf. Table 3-4). More detailed
analysis on the role of substrate material wilgbaen later in paragraph 3.2.3 of this chapter.

In general, we observe a low-pass behavior fothal samples, but the tendency is
different following the sample surface. In addititime cut-off frequency (1/{2rsqs)) depends
on the sample surface and substrate material. Ifirftdwo decades the optical responsivity
is almost constant for small samples, but it'stna¢ for big ones. Therefore, the basic model
(cf. paragraph 3.4 of chapter I) cannot be useddémtify this behavior. Hence, another
detailed thermal model of thin-film-on-substrateusture should be developed to understand
this behavior. This model will be presented in detm section 2 of this chapter. Also, the

role of sample’s surface on the performance of meler will be detailed in paragraph 3.2.1
of this chapter.

T
| e568 (Lsmo/sTO)

:
| @623 (LsmMOMgO) |

vvvvvvvvvvvvv
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—e—L50M7 at 30 pA
L100MS5 at 80 pA
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Figure 3-13. Optical responsivity atqf: versus laser modulation frequency at different bias
currents for (a) G568 sample (a), G623 sampledhyl G455 sample (c)
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The dependence of the optical responsivity as etifum of the laser power modulation
frequency at different bias currents for LSMO/STO/Samples CA660-8_L50M5,
G621 L200M5, CA656-7_L150W50 is shown in Figuredd), Figure 3-14(b), and Figure
3-14(c) respectively.

We do not observe the low-pass behavior for all KBSITO/Si samples. Indeed, a
non-bolometrical contribution is identified at hifequency (more that 100 Hz). Therefore, it
is not possible to calculate the cut-off frequerit)(2rtsqg)) for these samples using the
measured frequency response. Indeed, we get aphggh-behavior for zero bias current at
high frequency. The increasing optical responsigityigher frequencies could be related to
the contribution of photo-induced effects in LSM®Oin the LSMO/STO/Si heterostructure
[6]-[15], or to the pyroelectric effect in the LSM®TIO/Si heterostructure, as reported by
Kreisleret al. for YBCO material [16]. Moreover, this behaviomist observed for suspended
structure (cf. Figure 3-49) where film and substrate not in contact. Further studies should

be done to characterize this non-bolometric comppraes one perspective of this work.
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Figure 3-14. Optical responsivity at g} versus laser modulation frequency at different bias
currents for G621 _L200M5 (a), G621 _L50M5 (b), amdb566-7_L150W50 (c)
LSMO/STO/Si samples
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The small sample (CA660-8_L50M5) has a higher aptiesponsivity in comparison
with the big one (G621_L200M5). Indeed, the therrmahductance is proportional to the
sample surface for the same substrate materiale Metailed analysis on the role of sample
surface will be given later in paragraph 3.2.1 lof tchapter. In general, LSMO based
bolometers show moderate responsivity. It is of ghme order of that for other manganite
oxides, but is still lower than that of other bolketer materials (cf. tables 1-8 and I-9 of
chapter 1), because they have suspended strucaravith a lower thermal conductance).
Indeed, the main advantage of LSMO material asrbeter is that it has a low 1/f noise level,

as we will see later in this chapter.
1.3.2. Linearity of optical voltage responsivity

In order to achieve an agreement with basic bolem®iodel (cf. Equation I-21) we
need to prove the linearity relationship betweendftical voltage responsivityl() and both
bias current ¢)) and received radiation power by the samplg.(Prom thell, measurements
at different bias currents, one can estimate tieslity of bolometer responsivity. Taking the
value ofl], in the frequency range where it is constant (atz]l &hd quite equal tal,(0), one
can plotlJ,(1Hz) versusy as shown in Figure 3-15 (cf. equation (I-21). As @an see in this
graph, a very good linear relation betwééilHz) and § is obtained for CA660-7_L150W50
(LSMO/STO/SI) sample. Indeed, this linearity hasrmehecked for all the studied samples,

thus validating the basic model of the bolometer.

CAB656-7 (L150W50)

0.8 4

Slope = 1950 V.W' A"
0.6

0.4 1

@ Measured data| |
Linear fit

0.2 4

Optical responsivity R at 1 Hz v.wh

0.0 T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550
Bias current, |, (nA)

Figure 3-15. The optical responsivity at 1 Hz angl{318 K) versus the bias current for
CA656-7_L150W50(LSMO/STO/SI) sample extracted Figore 3-14(c) measurements
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Using the slope of this measured data we can egtitha ratia)/G for small bias current (cf.
paragraph 3.4 and equation 1-21 of chapter I). ¢/ e estimated value of G for this sample
(cf. Figure 3-12) which equals to 4810 WK™, we can estimate the value of the absorption

coefficientn of about 84% for LSMO material.

Also, the linearity of sample’s output voltage{)versus the power received by the
sample (R) must be checked (cf. Equation I-21). So, we meaghe output voltage of the
sample at fixed temperatureqfy and at fixed bias currenty)) for each sample, as function
of the laser power received by the sample. Figeté 8hows that the sample’s output voltage
increases linearly with increasing the incident agetl power at a given bias current for each
sample, thus, validating the basic model of theoin@lter. The slope values are consistent

with optical responsivity measured earlier, as sadfigure 3-13 and Figure 3-14.
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Figure 3-16. The output voltage Y versus the received powerffat Top: for (a)
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identification

In order to identify whether the optical respongivis bolometric (thermal) or has

another origin, we need to perform a comparisonvéen the optical voltage responsivity

0y(1Hz) and dR/dT deduced from R-T measurementpé&hgraph 1.2.1) as functions of the

temperature. These two quantities are plotted gure 3-17, Figure 3-18, and Figure 3-19.

For the presented results, we notice that the dkgrexe of 1, on the temperature follows well

the variation of dR/dT versus temperature, and tleach a maximum value at the same

temperature. This suggests that the major compaidhe response at 1 Hz is bolometric for

all these samples.
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Figure 3-17. The normalized optical responsivity (at 10 pA aedjfiency 1 Hz) and dR/dT
(measured at 10 pA) versus temperature curves 5@8GLSMO/STO) samples
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Figure 3-18. The normalized optical responsivity (at 10 pA aredjfiency 1 Hz) and dR/dT
(measured at 10 pA) versus temperature curves 6@3GLSMO/MgO) samples
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Figure 3-19. The normalized optical responsivity (at bias cutré@ pA and 1 Hz) and
dR/dT (measured at 10 pA) versus temperature cliové€s621 L50M5 sample (a),
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1.4. Noise measurement and NEP & D* estimation

We have measured the voltage noise spectral def)tyf the sample for different
values of the bias current and agyTfor all the studied samples. Figure 3-20 shows
measurement results for four different samplesualty, this figure presents one geometry of
each sample having the same surface X200 pnf) when possible. There are two
components in the noise spectra: white noise (aliunefrequency), and excess noise (at low
frequency) parameterized by Hooge’s relation giwerequation (I-26). As expected, the
white noise level does not depend on the bias cume the contrary of 1/f noise. The
frequency where 1/f noise becomes non negligibleedds on different experimental and
material properties, such as the applied currdmg, oltage contact resistance, and the
intrinsic 1/f noise leveldu/n described later).
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Figure 3-20. The measured noise spectral density at differeast burrents () for
G568_L200M7 at &=332 K and at =50 k@ (a), G623_L200M5 ath:=303 K and at
Ro=50 k@ (b), G621_L200MS5 at}:=320 K and at B=50 k2 (c), CA656-7_L150W50 at

Topt=318 K and at B=10 k@ (d)
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1.4.1. Whi t e noi se

The total measured voltage noise spectral densitiesvas in equation (1-14) of
chapter Il. This way, and after having performea ttharacterization of the readout
electronics, that has been done in chapter lis@ftion 7 in chapter Il), we can identify the
value of all parameters involved in equation (11-14¥ing the estimation of sample’s white
noise at medium frequency kR,) and the total measured noise spectral densitheat
input of the amplifier, one can calculate the nosgeectral density of voltage contact
(4ksTRcy), thus estimate the voltage contact resistange Ror example, R, equals to 5.5
kQ, 1.3 KQ, 86 K, and 2.6 R in the sample G568 L200M7, G623 L200M5,
G621 L200M5, and CA656-7_L150W50 respectively. Vakie of Ry is mainly related to
the design of the mask: a long path between thendszaand voltage contact leads obviously
to high values of voltage contact resistance fef.rhasks design section 8 of chapter II).

1.4.2. Excess noi se estinmation

The excess (or 1/f) noise increases with bias otr@s seen in Figure 3-20. We
calculate [$(Ip)-S/(0)]xf to estimate 1/f noise at 1 Hz for each valuebdas current,
assuming an error bar equals to £10% [17]. Theraation S (at b) - S, (at b=0) is used to
eliminate the contribution of instrumentation nofsem the measurements. The relation of
Hooge (cf. equation I-26 of chapter I) gives an eio@l model of the voltage noise spectral

density (S‘l,/f) of the 1/f noise as a function of the frequency f.

We have then to verify the quadratic dependenceottage of the 1/f noise, thus
verify the agreement of our estimation with theatielh of Hooge. To do this we plot the
estimated 1/f noise at each current versus the une@s/oltage across the sample(N)-
Vm(0) and check that these points fit well with a lofeslope 2, as shown in Figure 3-21.

To estimate the 1/f noise at any bias current wednt® estimate the value of
normalized Hooge parametar{n). This is an important parameter that we wik Uster in
this chapter to estimate the optimal NEP (NEP atojptemal bias current) for our samples.
Using the intersection of the line of slope 2 wtile vertical coordinate, we can estimate the
value of apy/n. For examplegp/n equals to 1410%° m® in the sample G455 L220W20
(LSMO/STO), 2.%10°° m® in the sample G568 _L200M7 (LSMO/STO). Indeed, LKAG0
showsay/n value 5 times lower than that of L220W20 whheyt are both deposited on STO
substrate. Furthermore, L200M7 has 7 strips witlefiective surface of 38x<1L0° m?, and
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L220W20 has 4 strips with an effective surface 82410° m2. Getting lower value of 1/f
noise level is mainly related to the mask designgaragraph 8 of chapter 1) where B-mask
was optimized to reduce the noise.
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Figure 3-21. Voltage noise spectral density versus sample’sigelfor G568 L200M7 at
Topt=332 K and at =50 k@ (a), G623_L200M5 atq:=303 K and at =50 k@ (b),
G621_L200MS5 at &:=320 K and at =50 k@ (c), CA656-7_L150W50 at, k=318 K and
at R=10 k@ (d)

In addition, the estimated values of 1/f noise leugn equals to 2410°° m®, 7.2x10
2 m®, and 4.%10%®° m® for the sample G623 L200M5 (LSMO/MgO), G621 L200M5
(LSMO/STO/SI), and CA656-7_L150W50 (LSMO/STO/Sispectively. In generalgy/n
value for film of STO/Si substrate is higher mdnart one order of magnitude in comparison

with that for LSMO film on STO or MgO substrate.ud) this parameter depends on the type

of substrate.
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1.4.3. Eval uati on of NEP and D*

Using the values of the measured optical respagsand noise we can estimate the
values of NEP and D* as function of frequency g @s given in equations I-4 and I-5 of
chapter | as displayed in Figure 3-22. Actually,campare the performance of different
detectors, the values of NEP and D* are given fated frequency (usually 30 Hz). Due to
the non-bolometric effect observed in LSMO/STO/&inples, the presented graph of these
samples is still limited to frequency about 1 kid (Figure 3-22(c) and Figure 3-22(d)).
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Figure 3-22. The measured/,, NEP and D* versus the modulation frequency for
G568_L200M7 at §x=332 K and at =50 k2 (a), G623_L200M5 ato}:=303 K and at
Ro=50 k@2 (b), G621_L200MS5 at}:=320 K and at B=50 k2 (c), CA656-7_L150W50 at

Topt=318 K and at B=10 k@ (d)

The higher optical responsivity is achieved by LS00 sample (G568 L200M7)
with a value of 4.8 V! at 1 Hz and at 35 pA bias current. The value spoese time
estimated at -3dBt(z4s) equals to 3.6 ms, 0.97 ms, 0.19 ms, 0.18 ms &68GL200M7,
G623 _L200M5, G621 L200M5, and CA656-7_L150W50 resipely. The faster response is
achieved by LSMO films on STO/Si substrate, thisduse this substrate has the higher
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thermal conductivity (cf. Table 3-4). The minimuneasured NEP value is &280° W(Hz*?
and maximum D* value is 140° cmW ™z at 30 Hz, achieved by G568 _L200M5
(LSMO/STO). Then, STO substrate is the best chtwcachieve higher specific detectivity,
but STO/Si substrate is the best choice to achiasterf response.

Actually, all samples have been characterized &iaa current | lower than the
optimal bias currenty}; due to the readout electronics limitation. Therefahese results do
not present the best performance. To get the optimerformance of such sample, it should
be characterized at the optimal bias current, wheee reach the maximum optical
responsivity. Therefore, the performance of the mam at 4, will be estimated by

extrapolation based on performance measureg as Wwe will see in section 3 of this chapter.

2. Thermal model of “thin film on substrate”

bolometers

We will try in this section to propose a thermaldabfor the thin-film-on-substrate
structure. It helps to understand and characteheeheat diffusion into the substrate. This
model is based on heat conduction from film to sals, with neglecting the radiative and
convective leakage knowing that practical samplaratterization is done at vacuum

condition. Heat conduction

Whenever a temperature gradient exists in a sokdinm, heat will flow from the
higher temperature to the lower temperature regidre Fourier's Law (1822) of thermal
conduction shows that “the rate at which heatasdferred by conduction, q, is proportional
to the temperature gradient times the area A througch heat is transferred” [17][19]. In an

homogeneous medium, this can be written as,

dT(x) (I11-4)
dx

q= —«kxA

where k is the material thermal conductivity expressedAimm *-K™* in the International
System of Units (abbreviated as Sl). In this relatiT(x) is the local temperature and x is the

distance in the direction of heat flow.

{116}



CHAPTER Ill. Experimental results and analysis

The thermal conductivity is a material propertyttiicates the amount of heat that will
flow per unit time across a unit area when the teatpee gradient is unity.

For the simple case of steady-state one-dimensiogat flow through a plane wall
(see Figure 3-23), with dissimilar temperaturesoth sides and no internal heat generation,
the heat flow does not vary with time and the cismstional area along the heat flow path is
uniform. By integration of Equation (I1I-4) we céind that,

g L _ _ T2 — T1-T2 -5
Afo dx Jp; ®dT = q s (ill-5)

4 A T=T1- =12
1 — L

Tl'\. /

\TZ

|
|
|
1

r L

X L X

S
Figure 3-23. Heat conduction through a wall; adapted from [19]

The quantity L/(A) is equivalent to a thermal resistance (express&dW?) that the
wall shows to the flow of heat by conduction. Thigy, we can represent heat flow through a
wall by perfect analogy with an electric circuithieh will be explained in paragraph 2.3.

2.2. The heat diffusion equation

A major goal in a thermal conduction analysis is determine the temperature
distribution, which represents how temperatureegawith the position in the medium. Once
this distribution is known, the conduction heatwfll@t any point in the medium or on its

surface may be computed from Fourier’s law.

The general three dimensions heat diffusion eqoafer incompressible homogeneous
materials is [19][20],
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aT (11l 6)
2 "o
kVT+q" = p,cp F

where tis the time and q” is the volumetric heatayation (expressed in Wn

The termd2T = [.OT is called the Laplacian, and is defined in Caar@soordinates as,

o T 0°T 0T
© 0x% dy?  0z2

With no internal heat generation, Equation (lll-o&comes,

10T - 7)
VT = = — (
D ot

Where D is the thermal diffusivity of the materiaind describes the rate at which heat
diffuses through a material. The thermal diffugivd presents an important property in heat

transfer analysis, and has units Gfsn.

D=_" (I11- 8)

Cp- Py

The product gpy (expressed by J*Km®) is commonly called the volumetric heat capacity
[20]. It measures the ability of a material to sttiniermal energy. Furthermore, as we can see
from its definition, D measures the ability of ateral to conduct thermal energy relative to
its ability to store thermal energy. It increasathwncreasing thermal conductivity since heat
will able to conduct across the material quicklpdat decreases with increasing thermal
capacity because heat is preferentially storedt@snal energy within the material instead of
being conducted through it.

2.3. The overall model of the studied samples

In order to understand the relation between thécalptesponsivity as function of
frequency and the thermal parameters of the bolem{&tm and substrate), we need some
kind of thermal model that can predict the effecthadse different parameters related to the
bolometer. With the aim of describing the thermaldel, we can make an analogy between

thermal and electrical parameters as given in Taiile
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Table 3-2  Analogy between thermal and electrical parametadapted from [21]

Thermal parameter Electrical Analog

Heat energy (J) Charge (C)

Heat flow (W) Current (A)

Temperature (K) Voltage (V)

Thermal impedance (BV™) Electrical impedance (7, Q)
Thermal conductance (™) Electrical conductance (&, Q™%
Heat capacity (&™) Electrical capacitance (Z7)

According to this electro-thermal analogy, we cataklish a one-dimensional thermal
model to describe our “thin film on substrate” sa@splas seen in Figure 3-24. Indeed, this
thermal model is similar to that proposed by Bozjady.

—o-
Cs ‘:'E Rf
Thin Film I
TRt
C. 2R,
Substrate LR<e
Sample Holder Ceu 15 R
(Cold head) L —3
/77

Figure 3-24. Electrical analog of the one dimension thermal niddea bolometer
consisting of thin film on substrate glued on a genmolder

In this model we have:

g is the absorbed radiated heat flow at the suidatiee sample,

R: and G are the thermal resistance and the heat capzdite film material

Rs and G are the thermal resistance and the heat capadite substrate material

R and Gy are the thermal resistance and the heat capeditye sample holder (thermostat)
Rss is the thermal boundary resistance at the filmssake interface

Rsc Is the thermal boundary resistance at the subssample holder interface,
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This way we can illustrate the electrical equival@rcuit, as seen in Figure 3-25.

Thin Film Substrate Cold Head
R f R ta R 8 R sc R cu
AWy ANy Ay AW AN
q
T Ty

Figure 3-25. Circuit analog of the one dimension thermal model

This thermal model shows that two interfaces hawebe considered in this
configuration, the film/substrate interface and thebstrate/cold-head interface. These
interfaces are described by a thermal boundargteasie, which will be described in the next

paragraph.

Therefore, the total steady state thermal condeetaf this structure in can be given

as follows,

1 1 R 1 R
= — 4 f5 4 — 4 Isc (111- 9)
Gtot G Ar  Gs Af

where G = 1/R is the thermal conductance of the film, angd <G1/R; is the thermal
conductance of the substrate.

We have to mention here that the sample holdeeptss large volume compared to
both film and substrate. Also, due to the thermalpprties of copper (see Table 3-4), the
sample holder could be considered as isothermak ratidixed temperatureoT Then, the
response will be mainly influenced by thermal pagten of film (R, ) and substrate

material (R, Cs), and by the thermal boundary resistance at thedubstrate interface (R
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2.4. Thermal boundary resistance
2.4.1. Conceptual Background

When two different conducting surfaces are placecbntact as shown in Figure 3-26,
a thermal resistance is present at the interfacehef solids. The interface resistance,
frequently called the thermal contact resistancehermal boundary resistance, develops
when two materials will not fit tightly together ém thin layer of fluid is trapped between
them. The interface resistance is primarily a fiorctof surface roughness, the pressure
holding the two surfaces in contact, the interffoed, the interface temperature and the

materials that are in contact [18]-[20].

Interface
fluid

Temperature drop through
contact resistance = AT

q e 2 st '
Tl contact
TZ contact VE

52

! x
Contact interface

Figure 3-26. Contact schematic diagram and temperature profdeveen two solids [18]

If the heat flux through two solid surfaces in @mttis g/A and the temperature
difference across the interface of area A betwdentivo solids iAT, then the interface

resistance R is defined by [22],

1 AT (I1l- 10)

o= 5T W

where R is the surface interface thermal conductance éssed in W-K-m?). This way, the

unit of interface thermal resistancggis nt- K-W1.,

For imperfect thermal contact, a temperature diffiee occurs at the interface, as
shown in Figure 3-26. The interface formed doethe joining of two solids (like film
and substrate) is represented in different wagseen in Figure 3-27. In general, practical

situations appear as in Figure 3-27(b, c). To nreathe interface thermal resistancg, Rhe
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contact area at the interface needs to be detedmiéarger area provides a greater path for
heat transfer and thus reduces the interface aesis22]. The actual value ofRlepends on

the surface quality of the interfaces, as wellha&sspecific details of the deposition [22].

S

a) Perfect interface b) Imperfect contact with large mean roughness
% §§§§§§%§%§%§%§%§§%§%§
¢) Imperfect contact with small mean roughness d) Idealized interface for a thin film

Figure 3-27. Schematic presentation of different types of fillnésrate interfaces [23]

2.4.2. Literature data of thermal boundary

resi st ance

The thermal boundary resistance between the tiimdnd the substrate (denoted as
Rss) can strongly affect the thermal design of bolamdhermal detectors. The time constant
and the frequency response of LSMO thin film dejgolsion substrate both depend og R
Therefore, this thermal boundary resistance is ainthe key parameters for the design of

radiation detectors [23].

The film/substrate interface and its correspondimgmal boundary resistances,R
has been studied by Nahwhal. [22] and Kelkaret al.[23] as well as many others. Nahum
has performed direct measurements on the thermaldaoy resistance between epitaxial
films of YBaCuwO;5 (YBCO) deposited on a variety of substrates witd svithout buffer
layers. They showed that the measureddBes not continue to decrease &s(ds proposed
by the acoustic mismatch model, AMM, which estinthte thermal boundary resistance) and
becomes constant for temperature higher than 18346, his measurements indicate that R
is weakly dependent on temperature, and reachue \il0.8-1.410 m2-K-W* between 90
and 200 K. Kelkar has studied the thermal boundesistance between EBCO (Er-Ba-Cu-O)
films on MgO and SrTi@(STO) substrates. He states that the boundargtaese shows a

decreasing trend with increasing heat flux andriateal temperature drop.
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No value for R between LSMO and STO, MgO or Si substrates has tegorted yet
to my knowledge, even by direct measurements adbiynation. In contrast, many values of
Rss at room temperature have been reported for YBC@IgO substrates [23][24][25][26],
YBCO on STO substrate [26][27]. For manganese @&xideme values have been reported,
like for LPSMO (La APhy.7Sr.3)03MNO3) on STO and LAO (LaAlg) substrates [28], and
LCMO (Lag.6sCa 33MN0O3) on STO substrate [30]. A summary is given in €abi3.

Table 3-3  Thermal boundary resistance from literature at 300 K

Ref. Film/interlayer Substrate R Measurement R
(Mm% K-W?) method (Mm% K-W?
[22][24] Epitaxial YBaCu;O75 MgO 2.5x 10" | Optical-transient grating N/A
[25] Epitaxial YBaCu;O75 MgO 0.5x 107 | Optical-transient grating N/A
[26] Epitaxial YBaCuO75 MgO 1x 10’ Optical-transient grating N/A
[26] Epitaxial YBaCu:075 SITiO; <1x10" | Optical-transient grating N/A
[27] Epitaxial YBaCuO75 SITiO; 0.5x 107 thermoelectric effect N/A
[28] Lag APhy.7S10.2)0.aMnO;5 SITiO, 1x 10’ Pulsed microwave 2x10°
[28] LagAPhy7Sro.2)0.sMNO; LaAlO; 1x10° Pulsed microwave N/A
(FeysC0p.5)0.C s ) )
[29] Si 2.5x10° Pulsed microwave | 1.43x 10°
/ 50nm SiQ
Lag 6:Ca.33MNOs3 ) 6 ] 3
[30] SITiO; <10 Pulsed microwave 8.3x 10
/ 400nm YBaCu;0O;
[31] Semiconductor YB#O0g.s MgO 2x 10’ N/A 7.7x 10*

According to these literature data, the minimghRlues are in the order of magnitude
of 10” m2-K-W*. This value corresponds to perfect epitaxial fimthe YBCO/MgO and
YBCO/SITiO; structures with the minimal lattice mismatch bedwefilm and substrate
[29][30]. The maximal values of 810% m2-K-W* were estimated by Kelkat al. [23] for
EBCO/MgO and EBCO/SrTi©structures at 19 K. The thermal boundary resigtahows a
wide range of variation, of about five orders ofgnéude, in various kinds of materials.

The large value of Rin FeCoCu/Si@Si arrangement could be related to the possible

effect of a grain structure on the thermal boundasjstance of the film—substrate interface
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[29]. It should be noted that this increase iadannot be related to the presence of the oxide
interlayer (SiQ) with a regular structure. This interpretation h&so been reported too in [30]
where they have almost the same value fgrf&@ LCMO film on STO substrate with and

without the non-conducting YB@wO; interlayer.

To analyze the optical response of LSMO thin film substrate bolometer, we will
need to estimate the value of thermal boundargtasie, as we will see later in this chapter.

2.5. Thermal properties of materials

To perform a thermal modeling and analysis of a-thim-on-substrate bolometer, the
thermophysical properties of the film and substratgerials need to be known. Table 3-4
presents the thermal properties of the differertenmds that were used in our samples. In this
table we explore the reported value of: the therooalductivityk, the specific heat capacity
Cp, the densityp, and the thermal diffusivity D, for the LSMO filmnd the substrate materials
(STO, MgO, Si), as well as Gold and Copper.

Table 3-4  Thermal properties of used materials at 300 K
K (W-mtK? C (I-kghK?h | py(kg-m®) | D (10°mz2.sh
11.2 [32], 10.3 [34] 544 [33] 5170 [39] 4.01 [39]
STO
10.9 [35], 11.1 [36], 11.0 [37] 537 [38][39] 5118 [54] | 3.92 (calculated)
923 [40], 929 [44] 15.87 [45]
MgO 51 [43] 3600 [41]
927 [46], 898 [47] 15.41 (calculated
86 [49]
Si 156 [48] 703 [40] 2330 [32]
95 (calculated)
Cu 398 [42] 381 [40] 8960 [41] 117 (calculated)
Au 315 [42] 129 [40] 1930 [41]| 1265 (calculategl)
LSMO 2.46 [50], 2.47 [51] 568 [50][52] 6600 [53 0.66(culated)

Many remarks of the values presented in this tabkxl to be commented. The thermal
conductivity of STO substrate material is five tsr@maller than that of MgO, but they have

close volumetric thermal capacity,x@,. Also, Si shows the highest thermal conductivity
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(about 3 times higher than that for MgO) and thedst volumetric thermal capacity (about
half that for MgO). The calculated value for D mened in this table has been obtained

using the mean value of the reported;, p, values.

Knowing the above properties of these substrateemadt, one can choose one of
these substrates (or other) to achieve optimumgdesi thermal detector figures of merit
depending on the application purpose (sensitiiagirdetector). To predict the heat flow into
the substrate material as a function of the modularequency, we can use a simple one-
dimensional model. This model is based on whatied “the thermal diffusion length”d.

defined by the following equation,

_|D (Il- 11)
Le = mf

Indeed, lrindicates the characteristics penetration deptihe@temperature variation into the

substrate, and it depends of the modulation frecuérFigure 3-28 illustrates the variation of

L, as a function of the frequency for different sudist materials and for LSMO film. The f

presents the knee frequency defined later in egulil- 14).

1 ™ ~ T -
10° 4 & e
1 ~
4 \~ ~
] -
10“‘—. - 3
g E
_ID_

10° 3 {1 /5TO/= 12 Hz @t =1mm
1| f /MgO/=4.9 Hz @t =1mm
f_/Si/ = 336 Hz @t,=0.3mm .
f /LSMOJ = 37 MHz @t=75 nm

f /LSMOY = 21 MHz @t=100 nm

10-7 """l T """l AL | oYY T MR | T
10° 10’ 10? 10° 10* 10°
Frequency (Hz)

Figure 3-28. Thermal diffusion length,g-for LSMO film and substrate materials as a
function of modulation frequency at 300 K

We can notice that the thermal diffusion length) flor LSMO film is bigger than the

film thickness (, which equals 75 nm and 100 nm, within the stidrequencies range.
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This means that the AC heat flow passes compldtaigugh the film and reaches the
substrate. Therefore, the film can be considereghasothermal layer. For frequencies higher
than { (given in the graph legend, and defined laterqoagion (lll- 14)), L, is less than
substrate thicknessg)t therefore, the AC heat flow into the substratd not reach the
substrate/Holder interface. Hence, the influencehef thermal boundary resistance at the
substrate-sample holder interfacegg, Rill be ignored.

Considering the thermal diffusion length,, las the effective length for heat flow into the
substrate, the corresponding thermal conductandbeofsubstrate, & can be found from

[55][56] as one approximation:

Gs = % Ks (Af/Lp) (- 12)

where,Ks is the thermal conductivity of the substrate mate#; is the film surface, ang is
a correction factor for the above approximationhaf length of the heat flow. Substituting the

expression of ,from equation (llI- 11) in equation (lll- 12), weave:

Gs = y Ag~/coksmtf (Ill- 13)

where, ¢ = Gpv is the volumetric thermal capacity of the substragaterial. Thus Gwill be a

function of frequency and scales &3 therefore increases with the frequency.

In addition, one can find the modulation frequeatwhich the substrate thickness, t
is equal to the thermal diffusion length,. This frequency is so-called the knee frequengy, f

which is dependent on the substrate material @nthitkness. It is given by [55]:

(Ill- 14)

For frequencies less than(fvhere L, > t)) Gs remains constant and independent of frequency,
and so does the optical response. For frequenaigehthan fthe thermal conductance; G
will depend on frequency. A detailed analysis af tieat diffusion from film into substrate

will be presented in the next paragraph.
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2.6. Heat diffusion into the substrate

In order tounderstan the optical response of LSMO thin fis on substrate we net
to use a model that analydesw the heat ffuses into thesubstrate, tang into account th
film-substrate interfacéVe will model thecontact between the film a the substrate an
hemisphere of radius as shwn inFigure 3-29.So, the heat flux is raadl into the substrate.

The area A=2ra2 is set equl to thesurface of the filmas also proposen [57][58].

Thin film (A;= 2 TTa%)

Substrate

Contact area /
Isotherm
/ t; ) Thin film = surfaces

i x\ Substrate

(a) (b)

Figure 3-29. Schematic digram of thefilm-substrate contact model 3D (a) and a cros
section (b)

In spherical coordinates @) as seen in Figure 3-3the temperature gdient writes &:

Figure 330. The spherical coordinate system{)

10 aT 1 d aT 1 0°T
ep_ — Y (27 Yy, - e ), - [Z (- 15)
veT r2 dr (r 6r) + r2Sin6 dr (SlnB 68‘) + r2Sinf (a¢z)

In this model the kat flow is radial, so the temperaturependsonly on the
hemisphere radius (r) and independenof ¢ and®6. This way, the th:e dimensional he:

diffusion equation (lllI- 7becomes
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32T+2 aT_cppv dT Il 16
a2 r dr kOt (- 16)

So, in the frequency domain:

*T 2 9T  cup

PFv :
— 4 — — == Y(2mOT -
32 T 3 - (2mjf) (- 17)

The last relation is a 2nd order differential eguatvith variable coefficients. The solution of

this equation which gives the temperature distidsuin the substrate is [58]:

T(r) =T, + AT. (%) . exp [aL

rl . exp [j(ant — LL)l (- 18)
p p

The thermal conductance of the substratedd be written as [57][58],

Gs(f) = ks (AT) | [, VT. ds| (IlI- 19)

Whereks is the thermal conductivity of the substrate, This position-dependent temperature
in the substrate)T is the temperature difference between film andssake, and the integral

is over the area of contact between film and sabestr

From equations (lll- 18) and (llI- 19) we have [57]

Gs(f) = Af,Ks,a—1J<1+;_P>2 N (%)2 (1l- 20)

From equation (IlI- 20) and equation (lll- 11), asubstituting the value of& L2 = 2ra2, we

can find the relation between, @&nd both the frequency f and the film area L%adis\vs,
2

Gs(f) = Lk V2m [[ 1 + <L2f> + <%> (Hl- 21)

2D
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From equation (lll- 20) we can distinguish two bébes, depending on the modulation

frequency compared to the critical frequengy 22D/ L?,
* At low frequency, so callestatic regime
f<<fe (or L>>a)= G4(0) = ks(L?/a) = L.x,.V2m (1I- 22)
which is equal to the thermal conductance of am@uwvith square area; A L? and thickness
“a”. In this range of frequenciesg (S constant and independent of frequency.

» At high frequency, so callediynamic regime

f>>fe (or Ly<<a)= Gg(f) = xgV2(L2/Lp) = L2 /2mficgc, (11- 23)

which is equal to the thermal conductance of am@uwvith square area; A L? and thickness
Lr. Hence, G depends on frequency and scales’d@s Fhus, we can calculate the critical
frequency § = 2D/L? at which L=a in Table 3-5 for our samples on STO, MgO and Si

substrate by using the calculated values of DdisteTable 3-3.

Table 3-5  The calculated values of; tising calculated values of D from Table 3-4 for
the different substrates materials and sample sedacat 300 K

A = 2ma? a
STO MgO Si
(Mm?2) (kM)
5050 20 3.1 kHz 12.3 kHz 76.2 kHz
100x100 40 784 Hz 3.1 kHz 19.1 kHz
200x200 80 196 Hz 770 Hz 4.8 kHz

The frequencyf is inversely dependent of sample surfacg, (o the plateau region
of the optical response will be reduced when udiigger sample size. Therefore, using
smaller sample surface results in optical respahsser to the basic first order model (cf.
paragraph 3.4 of chapter I). Using the Equatioit @d0) we can plot the substrate thermal
conductance (§ for STO substrate for different sample surfaessseen in Figure 3-31. It's
obvious that the plateau region is bigger for los@mple surface, thus lower response time.
In addition, G is proportional to L in the static regime, butigtproportional to L2 in the

dynamic regime.
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Figure 3-31. Modeled thermal conductance of STO substrate vdregaency at 300 K for
different sample surfaces

According to thermal conductance of the substratienated from this model using the
equation (lll- 20), we can predict three zones ttoe optical responsivity dependence of

frequency, as shown in Figure 3-32.

-
o
=)
|

N
Q,
1

Normalized optical responsivity

1073 E
Asymptotic model profile
B Measured 200x200 um? (LSMO/STO) u
10-3 A | MR | MR | AL AL o T
10° 10’ 107 10° 10°* 10°

Frequency (Hz)

Figure 3-32. Asymptotic profile according to model and measwgtical responsivity of
G568_L200M7 sample atf=330 K. The § value was chosen in arbitrary way
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For frequency lower that,fthe thermal conductance(8 is constant, and the optical
responsivity is constant too. For frequency highlean the cut-off frequency,,f the
responsivity scales ag-f. Finally, in the range of frequencies betwegrahd f we have an
intermediate zone between the latter two zonesyrevttee optical responsivity changes its
scale with frequency from°f to f*° according to the relative values gfdnd f. Indeed, the
value of { in the figure was chosen in arbitrary way for #ake of simplicity. The figure
shows also the normalized measured optical resgonsior LSMO/MgO sample of

dimension 208200 pm?2 where it follows the indicated model.

On the other hand, we need to find out the relatbrthe thermal capacity of the
substrate ¢ therefore its heated volume. Based on the conuketite proposed model, the
heated volume of the substrate igxd for frequencies less thag, fso that the thermal
capacity of substrate will be constant becausehé@ed volume is constant too. In contrast,
we will consider the volume &L, for frequencies more thag.fThis represents a rectangular
volume of depth p, so the thermal capacity of substrate decreasésnaton of frequency
since L, decreases with f. Then, depending on the moduldtequency compared to the

critical frequency 4, the analytical expression of €an be given by,

» At static regime, & f, :

Cs(f) = L3¢y /V2m (111- 24)

In this range of frequenciesg 8 constant and independent of frequency.

e At dynamic regime, f >f:

Cs(0) = L* y/xscs/(mf) (I1- 25)

Hence, Gdepends on frequency and scales®@sFigure 3-33 shows the thermal capacitance
of 100100 umz2 pixel size for STO, MgO, and Si substrate300 K.
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Figure 3-33. Model thermal capacitance of 18000 um? pixel surface for three substrate

2.7.

As | did mention, the sample holder can be coneli@s an isothermal mass at a fixed
temperature - Then, the frequency response of the responsailtyoe mainly influenced by
the thermal parameter of the film¢(F) and of the substrate materials(fCs), and by the
thermal boundary resistance at the film-substnaterface (R). From 1 Hz to 100 kHz, we
have noticed in Figure 3-24 that the thermal diinsength (L) for LSMO film is bigger
than film thickness, therefore the film can be ¢deed as an isothermal layer. Finally, we

C, of 100x100 um’ (J.K™)
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can rebuild the simplified equivalent circuit as:

q

Figure 3-34. Equivalent electrical circuit of the one dimenstbermal model in case of

Model analysis and experimental validation

Thin Fdm Substrate Cold Head
R fs R g R sC
A AWMy AN

.|||__

the thin film is an isothermal layer
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2.7.1. Static reginme (f<<f)

From the equivalent electrical circuit model (seguFe 3-34), the total thermal

conductance in the static regime is given by,

! _Rs 1 (I1I- 26)
Gtot Af Gs

where G is the thermal conductance of the substrate. Mersupposed that the lateral heat
flow is negligible in comparison with perpendiculane since the thermal conductivity of

copper is higher than that of the three types o$sates (cf. Table 3-4).

Using the relation of G0) = (2®)Ks estimated by the spherical model for fg<fve can

calculate the thermal conductance of substratedrstatic regime.

Table 3-6  Calculated thermal conductance of the substrateenas (&) at 300 K

A = 2mB2 a Gs= 2ma Ks (10'3W-K'1)
(Hm?) (Hm) STO MgO Si
50x 50 20 14 6.4 19.6
100x 100 40 2.8 12.8 39.1
200x 200 80 5.6 25.6 78.2

Note that the value of the hemisphere radius “déss than the substrate thickness (300 um
or 1000 um). Therefore, the heat flow does not eddbe substrate, and thus the roll gf R
will be negligible and has no effect on the togligalent thermal conductance. We therefore

have,

Rfs _ Gs ~ Grot (II- 27)
Af Gs . Gtot

The values of ¢ are the total thermal conductance measured usaagrieal V-1 and R-T
measurements (cf. paragraph 1.2). They are sumedainzTable 3-7. The effective surface is
the ratio of the meander form surface to the sgsarace equipped by this meander. Indeed,
Gt was measured at temperature 330 K and not.gtsince it does not change with
temperature in this range (cf. paragraph 4.3 opthal). The uncertainty values present the
standard deviation of the linear fitting used toneate Gy (cf. Paragraph 1.2.3).
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Table 3-7  The measured g for all square samples on different substrate33d K

Giot (10° W-K™)
Effective G568 G623 G621 CA660-8
Geometry | surface (STO) (MgO) (STO/SI) (STO/SI)
(10° unt)
LxL = 50x50 , Meander form
L50M5 2.1 4.9+ 0.2 10.4+ 0.6 9.8+ 0.6
L50M7 1.8 0.7+0.2 4.5+ 0.2 11.7+1.0
LxL = 100x100 , Meander form
L100M3 9.7 225+ 1.3 17.9: 2.0
L100M5 9.3 1.9+0.2 10.3+ 1.2 21.5t1.5 17.4+1.2
L100M7 9.0 1.9+0.2
LxL = 200x200 , Meander form
L200M5 38.3 20.3+ 1.8 42.4+ 2.8 33.4+2.1
L200M7 38.1 3.5+0.4 18.3+ 1.6 43.9+ 2.9 39.1+ 2.5
LxL = 100x100 , Square form
L100CR | 10 | 1502 | 9802 | 20310 | 18.1+1.2

Therefore, using Gfrom Table 3-6 and g from Table 3-7 we can estimate the thermal
interface film-substrate resistancg Retween the film and the substrate for square kanp

as we can see in Table 3-8.

Table 3-8  Estimation of the interface film-substrate thermedistance (R) of square
samples at 330 K

Rrs (M*K-W™)
Geometry E&fﬁggge G568 G623 G621 CA660-8
AC i) (STO) (MgO) (STOISi) (STOI/Si)
LxL = 50x50 , Meander form
L50M5 | 2.1 1.2x 10" 1.1x 10" 1.3x 10"
L50M7 | 1.8 20.5x 10”7 1.6x 10 0.9x 10"
LxL = 100x100 , Meander form
L100M3 | 9.7 1.9% 107 3.0x 10”7
L100M5 | 9.3 18.1x 10”7 1.9% 10" 2.1x 107 3.2x 10
L100M7 | 9.0 18.7x 107
LxL = 200x200 , Meander form
L200M5 | 38.3 4.1% 10’ 5.4x 10’ 6.9x 10’
L200M7 | 38.1 42.4x 10 6.2x 10’ 3.7x 10’ 5.1x 107
LxL = 100x100 , Square form
L100CR | 10 31.6x 10" 2.6% 107 2.4x% 10" 3.0x 10”7
AVERAGE (26.3#10.6) 107 | (2.9#1.9)x10" (2.541.6) X10”’ (3.7#2.0)X10”"

{134}



CHAPTER Ill. Experimental results and analysis

In the case of LSMO/STO/Si samples, we have a 2@hck buffer layer of a STO
material. The thermal barrier height (20mgiiwould be rather small 1.8xT0m?K-W?, so
it's of the evidence that the presence of this daufayer will not affect the value ofR
between LSMO film and Si substrate. The negligitdke of buffer layer on R has been
reported also in [29][30], so the buffer layers éi@nly a modest effect onsH29]. We have
two different values for STO/Si substrate (G621 @#®660-8 samples), this can be related to
the different fabrication technical method and ctiods (cf. Appendix A).

The minimal R, values are in the order of magnitude of ¥0m2-W* estimated for
LSMO/MgO (and LSMO/STO/SI) structure with the 8%nda-0.8%) lattice mismatch (cf.
Appendix A) between the film and the substratenertiuffer layer. The maximal values af R
is in the order of 18 K-m2-W" estimated for LSMO/STO structures with the 0.8%ida
mismatch. As a result, the role of lattice mismatohthe interface thermal resistance is not
evident. This conclusion is also noticeable regayditerature results in Table 3-3 for YBCO
film. Indeed, the actual value otsRlepends on the surface quality of the interfaagsyell as

on the specific details of the deposition [29].

2.7. 2. Dynam c regi ne (f>>f)
The transfer function of the electrical circuit eglent model (as seen in Figure 3-34) writes

as:

T-To _ 1 (1l- 28)
q Got(D)+jwCs(f)

This way we can write the modulus of the responsetion as follows,

— 1 (111- 29)
Grot () v 1+02[Cs(f)/Grot (D]

|T ~To
q

To calculate the response modulus as a functiahefrequency, we estimate,@) using

the value of @f) from Equation (lll- 20) and the average valueRys from Table 3-8.
Therefore, we can validate this model by compativeycalculated and measured frequency
responses of all samples. The overall expressioBf) can be presented, using equation
(l11- 20) and (l11- 27) as:
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e |+ ey (L

Geot () = YD V2> (- 30)
L + k5. ReV2m (1 +\/L_\/_ )2 + (\/Li_

To calculate the value of the thermal capacityhef substrate, we used the relations
given in equation (lll- 24) and equation (llI- 25).

The Figure 3-35 shows the normalized (at 1 Hz)suesl and calculated optical

responsivity of all sample sizes and substrategmadd.
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Figure 3-35. Measured and calculated normalized (at 1 Hz) optieaponsivity at Jp; of
LSMO film on STO (G568) and MgO (G623) substrataternals for (a)5060 pm?2 sample
size, (b)108100 pm?2 sample size, (c)2&D0 um?2 sample size, (d) and LSMO/STO/SI
(G621) samples

This figure shows that measurements achieve a goodistence with calculation
issued from the proposed thermal model for STO anidO substrate materials.
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Measurements and calculation both display the s@meency for the three pixel sizes. To
accurately evaluate the difference between model mm@asurement, we calculate this
difference for all frequencies (1 Hz to 100 kHzhid difference is limited to a maximum
value of about 15% (or 10%) for LSMO/STO (or LSMQ®) 50<50 um? samples, of about
8% (or 4%) for LSMO/STO (or LSMO/MgO) 168200 pum?2 samples, and of about 2% for
200x200 pum?2 samples for both types. The origin of thiference is mainly related to the
analytical model. The noticed discontinuity in tmedel graph issued from the discontinuity
of substrate thermal conductance value) (@tween static and dynamic regimes (which
occurs at §). Finally, the analytical model can be used withearor less than 15% for all
kinds of samples to predict the optical respongivérsus modulation frequency.

Indeed, we couldn’t achieve this comparison fors8bstrate because of the non-
bolometric component obtained in the optical respoty measurements of these samples at

high frequency, as seen in Figure 3-35(d).
2.7.3. Concl usion

We obtain finally a validate model for film-on-sukze structure, which estimates the
total thermal conductance of this structure, andsequently the optical responsivity. The
small corner shown in the modeled frequency respombkich occurred near the frequengy f
Is a result of the combination between the studmkes. This is principally coming up from
the estimation of the heated volume, then the theoapacity of substrate, before and after
for. We can notice that this model is better for Mgibstrate, but it's also valid for STO
substrate. In total, the measured responsivity asetion of modulation frequency is well

described as expected for the three zones (constant [F°) as we can see in Figure 3-35.

As conclusion, we can use the present model oftated thermal conductance to
analyze and optimize the bolometric performancehef film-on-substrate structure, as we

will see in section 3 of this chapter.
2.8. Static thermal conductance & substrate material

To achieve higher responsivity of bolometer, a lotiermal conductance,§ that
links the film with its environment has to be aciad. In general, the major parameter that

can influence G is the thermal conductivitykf) of the substrate material and the thermal
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boundary resistance (R of the film-substrate interface. We will try imi$ paragraph to

estimate G using the model proposed in section 2 as a fumctigixel surface (f=LxL).

Going back to equation (lllI- 30), we can extract stetic model of the total thermal

conductance as a function of sample size L.

LZ
- (- 31)
Gror(0) Rgs + (ks V21) 1 L

From this equation we can estimate the total theom@aductance using the average value of
Rss (cf. Table 3-8). Figure 3-36 shows a comparisomvbeh measured and calculateg(G)
using equation (Ill- 31) for different substratds.confirms a good consistence between
measurements and calculation, especially for spradll sizes. The higher difference noticed
at L=200 um, especially for STO/Si substrate, mayhieed from the relatively higher
uncertainty measurements of@or this pixel size. Also, it could also be relhte neglecting
the effect of STO buffer layer when estimating ititerface thermal resistanceiR
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Figure 3-36. The total static thermal conductance measured ahcliated using equation
(I11- 31) at 300 K for STO (a), MgO (b), and Si @)bstrates and for square samples
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The effect of substrate is almost negligible forafimizes, near about 10 um size. At
these sizes the penetration length becomes so anthbo does &In other way, Gwill be

no more dominant, and the total thermal conductanitde affected by both Gand L2/ R..

Finally, and by using this model for the total tmal conductance of film on substrate

structure, we can estimate the DC optical respagsag a function of sample size.

3. Analysis and optimization of pixel geometry

In this section | will explore the effect of sengixel geometry on the performance of
a bolometer, using the measurement results andlaatn data issued from the proposed
thermal model. The geometry parameters are pixéaseir film thickness, and number of
strips. In addition, | will try to find out the befits of the meander form in comparison with

the square form of same surface.
3.1.  Theoretical estimation

| will investigate in this paragraph the optimizatiof the main figures of merit of a
thermal detector (optical responsivity,, thermal time constarts, noise equivalent power
NEP, and specific detectivity D*) depending on pidetector geometry, therefore on the

parameters L, n;,tand on the substrate material.

In all calculations, the nominal values at 300 Kfo2% K') andp (2x10° Q) of LSMO
material will be used. We also assumed that tha fihickness equals 75 nm, the film
absorptiomn equals 1, the temperature equals 30@n=10%"m?>, and the strips spacing d

equals 2 um.

3.1. 1. Optical responsivity [, & thermal tine

const ant Tes¢

Using the basic bolometer model of a thin film arbstrate, and considering the
proposed model of the thermal conductance detailesection 2, the relation of optical
responsivity of a bolometer, i.e., the output sigrtage per unit incident radiated power is
given by:
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Iy R
Ry(0) = nhRP (ll- 32)
(Gtot(ﬂ))—llz) R B) 1+(02T§ff

where R is the electrical resistance of bolomete2rd where f is the modulation frequency.
Indeed, this relation does not present, any mofiesteorder system. Also, they depends on

the frequency, and therefore it does not presenphgsical meaning. They is given by:

Cs (@) (1l- 33)
Geot(w) — Il% RB

Tefr(®) =

where G (w)=c, pv Ar Lp Is the substrate thermal capacity, which depemds because the
heated volume depends on the thermal diffusiontkerig, which in turn depends on f, as

explained in paragraph 2.5 of this chapter.

Therefore, to get higher responsivity, higher Rydo Gy, and maximum allowed, |
are required. A bolometer with positive TCR candoerent biased if this current does not
exceed certain value called optimal currept (cf. equation (I-22) in chapter 1). Therefore,

the optimum responsivity, for whickHle, can be presented as follows,

2
(0.7/Geor(®)) J 1+o° (%)

SRv—opt () =

(Ill- 34)

Equation (lll- 34) points out that optimum optia&sponsivity increases only as a
square root of increasing the electrical resistamcalecreasing the thermal conductance.
Therefore, we can extract the DC optimum respotysas given in equation (llI- 35).

| ] JO3EG (11 35)
Ry_opt(0) = 1. (0_7@)

Using equations (llI- 3), (lll- 34 and (lll- 35), the developed DC optimum
responsivity can be given as:
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‘ _n/03Bp L(n—2)+3(n—1)d Rgs K V2T + L (1l- 36)
R“”mn_7557ﬁxjn[ L— - Dd +Ln]xf77?;§§_

This relation proposes that,.,,{0) decreases as function of L and square root, of t
and increases for higher n. Figure 3-37(a) showsvémation of the DC optimum optical
responsivity as a function of pixel size (L) fordk values of number of strips, n (3, 5, 7)
using STO substrate material. It shows that lovgetinvalue leads to achieve higher optical
responsivity. Indeed, there is a practical techgick limit concerning the values of L, n, d,
and W. For example, for L=10 pum, n=5, and d=2 prmasmum resolution of lithography,
then the strip width W=0.4 um which is not realigapractically for the resolution limit

reason (W must be equal to or higher than 2 um).

To clarify the role of substrate material on the B@imal responsivity | will plot, as

seen in Figure 3-37(b), the calculateld.,p(0) for the three substrate materials, with the
number of strips, n, equals 5.

T
——LSMO/STO
— — LSMO/MgO

« + - LSMO/STO/Si

T
n=1, t’=75 nm

T
LSMO/STO

- n=3,t'=75 nm

.- n=5,tf=75 nm
—-—n=7,t’=75 nm
~ TN "’\~ --~-n=7,(1=25nm_

DC optimal responsivity (V.W")

No. of strips: n=5
Film thickness: t= 75 nm

DC optimal responsivity (V.W")

Figure 3-37. The calculated DC optimal responsivity versus pswt, L, for (a) square and
meander geometries with n number of strips and Si3trate material, (b) for 5 strips and
75 nm film thickness, and for the three types b§gate materials

The calculated optimal DC responsivity increasesirmyeasing the number of strips n,
because this increases the electrical resistanadinéd surface pixel (kL). Another way to
increase the electrical resistance, and so thenaptiesponsivity, is to decrease the film
thickness ). In addition, to achieve higher responsivity d&state material with lower
thermal conductivity should be used, which is tasecof STO. The convergence between

MgO and STO/Si graphs for lower value of L is rethto the fact that {Ris no longer
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negligible (cf. equation (llI- 36)), and thatshas almost the same value for these substrate

materials (cf. Table 3-8).

From equation (lll- 34) we can figure out the effee thermal time constant at the

optimal bias current, which is written as,

Cs(w) (Ill- 37)

Teff—opt (('0) - m

Indeed, both the thermal capacity of heated voluBdcf. equation (llI- 25)), and the total
thermal conductance, «§s (cf. equation (lll- 30)), depend on the frequendyen Tes-opt
depends on the frequency, therefore it has no phlysieaning. The frequency wheig.opt
decreases rapidly is the critical frequengy(df. paragraph 2.6 and Table 3-5). Given that the
value of response time estimated from the optiegponsivity at -3dB1(3qs) too is smaller
than §; (cf. Table 3-5 and Table 3-9), thereforg;.o,: can be considered as almost invariable

versus frequency. This way, by using the staticehfmr G and Gy, the relation Ofef.opt CaN

be given as,
T (f<fe) = ¢00) = e = L(Res kV2m + 1) - 38
eff-opt 70,7 Gror(0) 0.7 L2 0.7 (2m)D (-38)

Res + (L/xgV2T)

The value ofterr.opt inCreases for higher L values, and decreasesufostisate material with
higher thermal diffusivity D (cf. Table 3-4). AlS@eft.opt IS independent of the number of
strips, n. This is compatible with the measuredlttitermal conductance presented earlier in
Table 3-7.

To conclude, the model shows that minimizing pisiee leads to achieve higher DC
optimal responsivity and faster response of theoibeter. Also, choosing the substrate
material is a key factor for the performance of blodbometer. Higher thermal conductivity of

substrate material leads to lowering the DC respidpsnd achieve faster response.
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3.1.2. Noi se Equi val ent Power & specific
detectivity

There are several main noise sources which linms@eperformance: photon noise,
phonon noise, thermal noise, excess (or 1/f ) naisé measuring system noise (cf. paragraph
3.5.3 of chapter I). The total noise equivalent poat the optimal bias current NERequals
to:

NEPOPt((’O) = \/NEPthonon—opt(w) + NEPtzhermal—opt(O)) + NEPf—opt(m) + NEPAZmp—Opt((’O) (l”' 39)
f

At the optimal bias current, the noise equivaleswer for phonon fluctuations is given by:

NEPyhonon—opt(®) = v/ 4 kgT? x 0.7Gyor () (IlI- 40)

The NERhonon-optiS proportional to the square root of the totarthal conductance of film-

on-substrate structure & in the pass-band frequencies.

Using the optimal responsivity equation (Ill- 34y¢ can extract the thermal NEP at the

optimal bias current, as follows:

NEPthermal—opt (w) =

0.7 \/ 4 kg T Gor() o Cs(@ (Ill- 41)
N /03P j 140 (576 @)

Equation (lll- 41) points out that NEBma-opt IS independent of the sample electrical
resistance value, and decreases (in the pass-bamaehcies) as a square root qf; @ith

respect to the optimal bias current.

Using the optimal responsivity equation (Ill- 34)daV=(0.3G,R/B) *? at the optimal

bias current, we can extract the correspondingdife equivalent power, as follows:

NEP: (o) =
f

opt

0.7 Geor(®) / or/n . +®2< Cs(o) )2 (I1l- 42)
npvaf 0.7 Gyor ()
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Equation (IlI- 42) points out that correspondingfep: increases with increasingJat low
frequencies (cf. equation (llI- 30)), and decreas®a square root of the sample film volume

(Q). Also, it is independent of the sample electrresistance value.

Figure 3-38 shows the graph of each NEP type amdotial NEP as function of pixel size (L)
at 30 Hz, 300 K, n=5, and by using the nominal @alundeed, the NEP of the measurement
system has been neglected since, at 30 Hz, it shomisite noise equivalent to that of about

1.2 KQ electrical resistance, which could be ignored amparison with that of sample

resistance (about &X).

| @ | (b)

T L
-

NEP_, @ 30 Hz (W.HZ"?)
112,
NEP_ @ 30 Hz (W.HZ"")

- —— NEP_phonon

—— NEP_phonon

— — NEP_thermal - — — NEP_thermal
. NEP_1/f NEP_1/f
10" _ ] _

- | —-—NEP_total 10" — - ~NEP_total

T T T

10 100 1000 T T

10 100 1000
L (um)
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Figure 3-38. The calculated total NEP (at 30 Hzg 300 K) versus pixel size for STO (a)
and MgO (b) substrate material, and for an nomin@MO material

As we can see from this graph, the total calcul&i&dP increases with increasing L. In
addition, also notable in the latter relations, NEB the dominant one. But for high value of

L the NERhemaWill be the dominant one, especially for STO stdist

Figure 3-39(a) shows the total NEP for STO, MgOQO&i substrate materials at 30
Hz versus L, and Figure 3-39(b) shows the total MEBO Hz for L=50um and n=5 for STO,
MgO, and STO/Si substrate materials. This iderstiffee role of the substrate material on the
total NEP. We note that, globally, the NEP increaga material having higher thermal
conductivity (cf. Table 3-4), especially at lowdresncies. Hence, the STO substrate seems to

be the best choice.
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Figure 3-39. (a) The calculated total NER (at 30 Hz, 300 Ks£75 nm, and d,) versus L
for an nominal LSMO film on the three substrateemats, (b) The total NEg; (L=50um,
300 K, =75 nm, and 4, versus the modulation frequency for the threessabe materials

Finally, minimizing the pixel size with reducingehl/f noise and using substrate
material having lower thermal conductivity valudlyprovide an optimal NEP performance at
low frequency (30 Hz). In addition, a 1OWHz? NEP valueould be achieved by these 1/f
noise limited bolometers. This value is still abaute order of magnitude higher than that
achieved by a-Si or VO(cf. Table 1-8 and Table 1-9 of chapter 1) maiblycause our

samples have non-suspended structures.

To normalize bolometer performance per area umi,specific detectivity D* is used

(cf. paragraph 3.4.4 of chapter I). Figure 3-40vehthe specific detectivityD,,, at 30 Hz

and byt (for increasing value of L) versus the estimatetnogl response timetes.opy, (Cf.

equation (lll- 38)). The substrate material witle bwest thermal conductivity (which is the
case of STO substrate) leads to achieve the highgst up to 16 cmW Bz This

substrate material achieves the higlst but the slowest response time, of about 10 ms.

In addition, D5, scales as the square roottefop, therefore, this reveals a constant
impulse detectivity P (cf. equation (I-32) in chapter I) of abousI®® cmiJ* for STO

substrate.

{145}



CHAPTER Ill. Experimental results and analysis

T T R | R | AR |
.| | —LswmorsTO
10°4 | = = LSMO/MgO

1 |- - LSMO/STO/Si

\

D, , at 30 Hz (cm.W" Hz"")
)
1

-
o
®
l
1

N
o
&
N
o
&
N
S
S
N
o
o
N
o
%
N
o

Figure 3-40. The calculated;,, (at 30 Hz, 300 K, andy,) for increasing L values versus
the optimal effective thermal time constant forttivee types of substrate materials and film
thickness of 75 nm

To conclude, a lower thermal conductivity substrataterial achieves highebg,,
with highert_zgs_ops CoOnsequently, a compromise between these tworgdeas must be done
relatively to the substrate material to then chdbseoptimal pixel size L for such application.
Thus, the design of bolometer with optimal perfonce (D*, 1) is a compromise matter

between pixel size, L, and thermal propertigg@g Ks) of substrate material.

3.2. Measurement analysis & comparison with the model

This paragraph focuses on analyzing the achievexsunements of detector figures of
merit. Thus, the role of pixel size, number ofriand substrate material will be explored
one by one. Indeed, measurements of figures oftiavie been done at a given bias current,
then, and by using the extrapolation, its valuethatoptimal bias current were estimated. In

addition, a comparison with calculation issued frthva proposed model will be presented.
3.2.1. Effect of pixel surface

To compare the effect of pixel geometry (pixel smember of strips, film thickness)
and the effect of substrate material on the bolemeerformance, | will summarize all
relevant results in one table (see Table 3-9).
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First, in this paragraph, | will deal with the efteof pixel size. | will compare three sizes:
L=50, 100, 200 um with the same number of strip§/ for STO substrate, and 5 for MgO

and Si substrates) of LSMO samples deposited derdift substrates. The presented values

(last three columns) are estimated by extrapolasibithe optimal bias currentyfl as in

paragraph 3) which is calculated using the measuakees of G and dR/dT. The NER: and

D5, Values are calculated at modulation frequencyOdfi3.

I will discuss in the next subparagraphs all penfance parameters one by one.

Table 3-9 Main estimated figures of merit for all samplesdifferent substrates atk
, Giot T-3dB NEPopt Dﬁpt
Geometry LerEpm) (10_3 T-3dB_opt (103a\],]|];<;.111|bl-1) ?\:’/ET;L) (1010 (10+6
WEK) | (us) WEz") | cmBiz"2 WY
50x50 679
L50M7 > 07 o 1783 1040 36 1158
L100CR 100<100 | ;5 | 3183 16 47 48.3 21
csce 1 4534
(LSMO/ | L100MS5 100400 |4 o ;gsg 131 227 11.7 8.3
STO) 5 L
100<100 1525
L100M7 ” 18 | 3222 248 318 8.0 118
200x200 3617
L200M7 > 35 | oock 133 232 116 16.8
50x50 138
L50M5 5 49 oo 106 280 44.2 1.0
G623 L50M7 50;50 45 ;g? 172 394 17.2 25
(LSMO/
MgO) L100M5 100<100 | 4455 | 374 19 102 85 1.1
5 534
200<200 965
L200M5 g 203 | 2> 11 73 64.6 3.0
G621 L50M5 50;50 10.4 ;i 97 208 55.2 08
(LSMO/
STO/Si) | L200MS 200;200 38.1 ?8 11 77 421 05
CAB60-8
(LSMO/ | L5OMS 50;50 9.8 ;i 53 224 218 0.2
STO/S)
G455 Lo2owz0 | 220410 | 54 | 7579 97 228 40.0 34
v 4 10824
300<870 10976
STO) L300W100 o 81 | Toeno 20 128 33.3 14.9
CA656-7 | L1sowso | 220110 | 4545 | 180 2 40 203 0.6
4 257
(LSMO/ 220x110
STO/Si) | L40OW100 ; 72.0 3 38
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3.2.1. 1. DC Optical responsivity

It's not directly evident to compare samples imtgrof optical responsivity, since it
depends on the bias current (cf. equation (I11).32herefore, to eliminate the role of biasing
current, | will compare the measured.ddl, which is independent of bias current instead of
the measuredl,. Table 3-9 shows clearly that we get more respaigsper bias current by
minimizing L, which is consistent with theoreticadlculations and model (cf. Figure 3-37).
Figure 3-41 shows the variation tendency of.All, as function of L. Here, it decreases for
higher value of L for all substrate materials. ®iere, to get more responsivity L must be
smaller (cf. equation (lll- 36)). For examplej.£dly, rises by about one order of magnitude if
L becomes 50 pm instead of 200 um. This conclusmmes from the fact that smaller pixel
gives higher electrical resistance, then higherdd@R/alue (forf3 constant). But minimizing

pixel size is still restricted by technological faation limits (resolution of lithography).

The samples G455 and CAG656-7 have a rectangulam, f@o | calculated the

equivalent square surface for each one, and tHeulated the equivalent value of L.

m G568
® G623
L] G621
CA660-8
G455 |7
4 CAB56-7|

-
S)
%
1aaal L1 1aaa
<

dR /dl, (10° V.W'AT)
3,
1
>
1

0

N
OA
wl
I

10° ——— ——
10 100 1000

Figure 3-41. Measured optical responsivity per bias current 8MO films versus pixel
size L for different substrate materials and g T

Another important conclusion from Table 3-9 is thithe meander form pixel

(L1LOOM7) gives higher DC responsivity (in term aftienated],.op: or measured [d./dlp) in
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comparison with square one (L100OCR). This give®adgreason for the utility of meander

pixels, but this have to be confirmed for more nueasments on different substrates.

To estimate the optimal responsivity for any pisele, we will try to validate the
model relation for DC optimal responsivity. The tig 3-42 shows the calculated.op: using
equation (lll- 35) and the estimated one usingntieasured], (at k) supposing the linearity
of [, as function of bias current, which has been \estifpractically for all samples.
Practically, we couldn’t realize measurements atdptimal current due to the limitation of
readout electronics, which is related to the DQpout/oltage saturation @ 49 or to the
input voltage (V) limitation (cf. paragraph 6.4 of chapter Il). i$hgraph shows a good
agreement between estimated and calculated DC alptesponsivity. The small divergence
from the calculation could be related to differeletween nominal and real values for TCR
andp of LSMO film. In addition, this small divergence also influenced by the estimation of

the interface film-substrate thermal resistangg, R

T T T T T
.1 G568 (LSMO/STO) Calculated optimal 9%, 10 G623 (LSMO/MgO) Calculated optimal 9%
107 4 E 3 3

~ ® Measured 3 atl, (R*I,=1V) - ® Measured %, atl, (R*,=1V)
; A Estimated optimal %, ; A Estimated optimal )t at [
> 10°4 A E 2 107y E
7 s s
2 2
£ 5 = 2
Z 1074 4 2 1074 a J
=4 =4
] . 2
2 g
2 104 ° E £ o104 E
8 . £ .
o Q
o o o L]
Q 10" 3| No. of strips: n=7 3 Q 10°9 | No. of strips: n=5 3
e Film thickness: t = 75 nm (a) e Film thickness: t =75 nm ® (b)

T T T T T T

10 100 1000 10 100 1000

L (um) L (pm)
T .
G621 (LSMO/STO/SI) Calculated optimal %,
4 :
10* 4 CAGBO-8 (LSMO/STO/SI) | ¢ peasured R, atl, (R,1,=1V)_G621

A Estimated optimal R _G621
@® Measured *.RV atl (R *1.=1V)_CA660-8 ||

b\ b

v
o
L

Estimated optimal N}, _CA660-8

DC optical responsivity, i, (V.WW)
=
!

107+ No. of strips: n= 3
. ps:n=5
Film thickness: t =75 nm ® (C)
T T T
10 100 1000
L (um)

Figure 3-42. Measured, estimated and calculated DC optical respaty at T, versus
pixel size of LSMO films on STO (a), MgO (b), an@tSsubstrate materials for square
samples
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3.2.1. 2. Response tine

Using values of measured response timggd) and estimated optimal response time
(T-3de-opy from Table 3-9, and the calculated effective myali thermal time constantef-opy)
issued from equation (llI- 38), we can plot thep@sse time aty): versus the pixel size L for

both model and measurements (see Figure 3-43).

T T T
107 3 3
-3
107 3 3
0
£
= -4
= 10 3 E
Q 3 3
12} ]
c ]
S ]
] 5 - = Calculated t_ at|_ for nominal LSMO/STO
) 10 E - eff opt
o 3 - = =Calculated 1, at Iopl for nominal LSMO/MgO
] -
- B Measured 1, atl of G568 (LSMO/STO)
10 6 | ® Measured T4 at 1, of G623 (LSMO/MgO)
Estimated 7, atl, of G568 (LSMO/STO)
X Estimated Tagp at |0p‘ of G623 (LSMO/MgO)
-7
10 —T T T ——T T T — T
10 100 1000
L (um)

Figure 3-43. Measured and calculated response time versus pizelL of LSMO films (of
thickness 75 nm) on STO and MgO substrate matextals, for square samples

Both, measurement and model show the same trerdofi$erved difference may be
related to the approximation in values Qf(€f. equation (lll- 24)) and & (cf. equation (llI-
31)) at static regime. In addition, the measurelliesa were estimated at -3dB from the
frequency response (cf. Figure 3-13) but actudlly gystem is not a true first order one (cf.

equation (llI- 29)).

Finally, larger pixel size achieves slower respomse. Also, measurements exhibit
slower response times in comparison with the méateébTO and MgO substrate materials. In
the case of Si substrate samples, it was not dedsilestimate.sqg due to the non bolometric
contribution in the optical response (cf. Figurd43- Therefore, | will consider the.
estimated from the thermal model in order to hawetaso wrong estimation of the bolometer
time constant (cf. Figure 3-35(d)). Thus, for sagspbf G621 and CA660-8, we have an
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estimated response time equals to 15 ps, 50 pspdq@r 21, 70, 271 ps aky for 50<50
pmz2, 10100 um?2, 208200 um?2 sample sizes, respectively.

3.2.1. 3. Noi se Equi val ent Power ( NEP)

Figure 3-44 shows the calculated and estimated &E® Hz and at,}; versus pixel
sizes L for different substrates. The differencees basically from that the value of Hooge
parameteny/n (cf. paragraph 1.4.2) is not the same for al shmples. Therefore, knowing
that the 1/f noise is dominant at 30 Hz for all pées, using the mean value of this parameter
for the three pixel size €10°° m® for LSMO/STO and LSMO/MgO, andxd0%° m® for
LSMO/STOI/SI) concludes to a good agreement betwaeasurement and calculation. In
addition, the TCR value is also not the same fosahples and is different from the nominal
value used in calculation (2% By considering all these parameters, the medsNEP is
in good agreement with the calculated one. Fin&lly, [62] has reportedy/n value equals to
2x10°%° m® for rectangular non-suspended LSMO/STO/Si sangnd, Liu [10] has reported
an/n value equals toxIL0>° m? for suspended LSMO/STO/Si sample. This differecmeld
be related to non-uniformity of current densitytle corners of meander pattern. Therefore,
improvement of NEP value of about three decadesbeaachieved by using the suspended
structure. This is related to the loway/n value and lower thermal conductance vallEo¢

WK™ for suspended structure).

107 3= ————— .
E R
A
10° 4 <
Y
0 1 -9 4
s 1 =
N
T
e
10
w 10 3 .
D_Bi ] Calculated for nominal LSMO/STO (a,/n = 2x10°° m’)
% 1 — =Calculated for nominal LSMO/MgO (a,/n = 2x10°° m’)
10" 5 - - -Calculated for nominal LSMO/STO/Si (s, /n = 6x10 m’)
3 B Estimated G568 (LSMO/STO)
{[n=5frMgO&STO/Si || ® Estimated G623 (LSMO/MgO)
1| n=7for STO A Estimated G621 (LSMO/STO/Si)
10.12 T T T T T AL | T T T T AL |
10 100 1000
L (um)

Figure 3-44. Calculated and estimated NEfR(at 30 Hz, dp, Topy) Versus pixel size L of
LSMO film on STO, MgO, and Si substrates for sqsaraples
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3.2.1. 4. Specific detectivity D

Figure 3-45 shows the calculated and estimated saitispecific detectivity at 30 Hz
and byt versus pixel size for LSMO films on STO, MgO, ant#Si substrates.

10° g=——r= ——————
j| n =5 for MgO & STO/Si
]l n=7 for STO
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@ Estimated G623 (LSMO/MgO) 3
- - -Calculated for nominal LSMO/STO/Si (¢, /n = 6x10%° m’) |
A Estimated G621 (LSMO/STO/Si) 1
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Figure 3-45. Calculated and estimated specific detectivity (atH20 bps, Topy) Versus pixel
size for LSMO film on the different substratessignare samples

We notice thatDg,, rises for higher L, with an increasing rate depegdon the
substrate material (or on its thermal conductivittye get a good agreement between
measurement and calculation when usingn values (210°° m® for LSMO/STO and
LSMO/MgO, and &102° m® for LSMO/STO/Si) higher than the nominal one. Rinathe
STO substrate, that has the lowest thermal condtycticould achieve the highest specific
detectivity (about 15 cmWEZz>® for L=500 um). This value is of the same order of
magnitude as the ones achieved by other uncoolkmieter materials (cf. Table 1-8 and
Table 1-9 of chapter I) even though if our sampiage non-suspended structures.

3.2.2. Effect of number of strips

Using Table 3-9 we can explore the effect of the Ineinof strips (n) on the sample
performance. Thus, we can compare the performagivecken samples of same substrate and
same surface, but having different number of strifms G568, we have three 2AD0 pm?
comparable samples: square (LLOOCR), 5 strips (MB)0and 7 strips (LLOOM7). For G623,
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we have two 5850 um?2 comparable samples: 5 strips (L50M5), anstrips (L50M7).
Unfortunately, we did not fabricate other sampléthwnore number of strips variations. The
samples with 7 strips (G568 _L100M7 and G623 L50Mirgsent higher DC optical
responsivity in comparison with samples with 5pstr{G568 L100M5 and G623 _L50M5), in
terms of dl./dly or Oy.opt (S€€ Figure 3-46(a)). Also, specific detectivity,; increases as a
function of number of strips (see Figure 3-46(k))aises about one order of magnitude when

the number of strips raises one order of magnittade568 sample (cf. equation (llI- 36)).

The response timesggis still almost invariable for samples with diffatenumber of
strips and same surface, since it is mainly relébeithe pixel volume (cf. Table 3-9). This is
compatible with measurement of thermal conduct&@gewhich confirms that ¢ is almost
invariable as function of the number of strips (n§37). Also, the heated volume, then the
volume thermal capacity, is still almost constamt these values of n. This result has to be
confirmed for higher values of number of stripsas,one perspective of this work.

500

4004 °

300+

200

opt (VW)

€,

D, at30 Hz cmW".Hz*%)

100 4

B Estimated G568 (100x100 um?) ‘

u @ Estimated G623 (50x50 um?) B Estimated G568 (100x100 ym?)

® Estimated G623 (50x50 um?)

T T T
0 2 4 6 8 1
Number of strips, n Number of strips, n

T
10

Figure 3-46. Optical responsivity (a) and specific detectivity Yersus number on strips for
LSMO film on STO and MgO substratessgtdnd Topt

As a conclusion, increasing the number of strips pasitive effect on sample
performance. But this is still limited by fabricati possibilities and maybe the noise
performance. This has to be proven experimentadlly Higher number of strips as a

perspective of this work.
3.2.3. Effect of substrate material

In this paragraph | will explore the role of sulstrmaterial on the performance of our
samples in terms of detector’s figures of meritingsthe Table 3-9 we can compare the

performance of 5660 um?2 samples deposited on different substrafe® ($1gO, and Si).
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The main difference in the substrate material priogeeis the thermal conductiviig,
which influence all figures of merit. We can cona&uthat higher optical responsivity is
achieved by substrate material with higher therooalductivityks (STO in comparison with

MgO and Si substrates), as seen in Figure 3-47(a).

The optimal specific detectivity for samples onfeliént substrate versus response
time T_3ge-0pt IS plotted in Figure 3-47(b). We notice that suditst material with higher thermal
conductivity results in lower optimal specific detigity but faster response (for Si substrate).
These samples achieve a constant impulse detgcivibf about %10° cmiI* which is
compatible with that achieved by the modei{@ cmiJ?).

1200

T T T T T T T
5568_L50M7 (LSMO/STO) (a) G568_L50M7 (LSMO/STO: (b)
L] 1074
1000
300 4 T G623_L50M7 (LSMOMgO) _ - =~
S = LI
E 600 g PP -
< = |e621_L50M5 (LsmorsTOIS) _ - - -
§ G623_L50M7 (LSMO/MgO) p10 . -7
L b= - G623_L50M5 (LSMO/MgO)
& 4004 [ ] G621_L50M5 (LSMO/STO/Si) 3 PP
] u ® -7
200 4 G623_L50M5 (LSMO/MgO) | o8 !
CAB60-8_L50MS5 (LSMO/STO/Si) - m  Estimated
8 1
CAB60-8_L50MS5 (LSMO/STO/Si) --- D=2x10"cmJ
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(s)

-3dB-opt

Figure 3-47. Optical DC responsivity for 560 pm? samples (agpl and Top) on different
substrates versus substrate thermal conductrg) and versus thermal time constant (b)

The sample with Si substrate (CA660-8) has an atspecific detectivity about two
orders of magnitude lower than that of STO subst(@568), but it has faster response and
moderate optical responsivity (cf. Figure 3-47(b))deed, the main advantage of using Si
substrate is achieving the compatibility of sensudegration with the readout electronic
fabrication technology. Finally, the choice of swate, and then the compromise between

specific detectivity and response speed can be docmrding to the final application.
3.3. Measurement results for a suspended structure

This paragraph is dedicated for presenting measmemesults of the suspended
structure sample CA660-22 (cf. paragraph 8.3 optdrall). It is a suspended microbridge
(length 50 pum or 100 um, width 4 pum, thickness @f af LSMO film onto STO buffered Si
substrate. This sample is relevant to another relse@ork done by S. Liu (a PhD student in
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our laboratory). Suspended structure has its owdemnfl0] which is different from non-

suspended model. Figure 3-48 show the meagurd®/dT, and TCR versus temperature for

these two microbridges.
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Figure 3-48. Electrical resistivity and dR/dT (a) and TCR (b)stes temperature of
LSMO/STO/Si (G660-22) samples

The electrical resistivity was calculated from RrA€asurement by using equation (ll1-

3). Samples show electrical resistivity values@ & (cf. Table 3-10) close to nominal value
(2x10° Q-m at 300 K) for LSMO thin films [3]. This confirrdehe good quality of the film.

Based on R-T measurements, Table 3-10 summarizseaheasured and calculated

values of (dR/dTyax the optimal working temperaturedJ), the TCR at J, the maximum
TCR values (TCRay, and the electrical
(LSMO/STO/SI) sample. The values of obtained T&fare of the same order of magnitude

resistivity pY at 300K for

CA660-22

as the ones reported in literaturé Z % K%) [3][5]. These values are the same as that

measured for non-suspended structure (cf. Table 3-1)

Table 3-10 The measured values issued from the R-T measuréonentspended
structure samples

TCR

LxL’ | p @300K | Top | (AR/OT)max TCR,w | Ta

Ceomety | um) | aofam) | (9 | @Y | Ge | @k | K

N g L50W4 50x4 3.2 325 145 1.7 1.9 315
gy
2
p-®)

O 2 | LLooW4 1004 30 | 325 277 1.8 19 | 316
—
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The variation of the optical responsivity as a tiort of the laser power modulation
frequency at different bias currents for CA660-Z{1i/4) and CA660-22(L100W4) samples
is shown in Figure 3-49(a), Figure 3-49(b), respety.
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Figure 3-49. Optical responsivity atqf;: versus laser modulation frequency at different bias
currents for CA660-22_L50W4 sample (a), and CA6B0-200W4 sample (b)

Actually, these two samples show low pass behawibin response time at -3dB
equals to 203 us and 238 us for L50W4 and L100Wdpeactively. The measured optical
responsivity shows a good linearity as a functidnb@s current. Moreover, the non-
bolometrical behavior is also observed in susperstadture samples, but it is too small
(about 1% of bolometrical response) in comparisath what observed in non-suspended

structure (more that 100% of bolometrical resposs@)ples (cf. Figure 3-15).

7 T T T T T

CAB60-22 (LSMO/STO/Si) | ’ : t?gng‘\‘/“atf?glAA ‘
al v n

Sample's output voltage V _ at 30 Hz (mV)

0 T T T T
0 1 2 3 4 5 6
Sample's received power, P_ (uW)

Figure 3-50. The output voltage (Y versus the received powerRat Top: and at
modulation frequency 30 Hz for (a) CA660-22(L508&ple, (b) CA660-22(L100W4)
sample. The lines are guides for the eyes
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Figure 3-50 show the sample’s output voltage)(Versus the power received by the
sample (R) at fixed temperature (f) and at fixed bias currentp)l It shows that
increases linearly with increasing, Rt a given bias current for each sample. The slope
values are consistent with the measured opticgloresvity, as seen in Figure 3-49(a) and
Figure 3-49(b). Table 3-11 summarizes the mainrégof merit that was measured and
extrapolated (for the performance &) lfrom measurements.

Table 3-11  Main measured figures of merit for suspendedcstine samples atofy

, Giot T-3dB NEPopt Di(;pt
Geometry Lerfpm) (10_6 T-3dB_opt (103d\]/:,|];<;.111|b1~1) ?\:’7‘5\%) (1010 (10+6
WEKY) | (us) WEz") | cmBiz"2Wv?
@ | Lsow4 504 2.4 203 76511 7803 36 4.0
o 1 288
N
29 1004 238
=
[(e]
£3 L100W4 ‘ 35 23 72287 6921 7.0 2.9

The measured optical responsivity (in terms @éf,/dl,) for suspended structure
(CA660-22) is about three orders of magnitude higheomparison with non-suspended one
(CA660-8 and G621). This is mainly raised from fhet that a suspended structure has a
thermal conductance{0° WEK™) three orders of magnitude lower than that of non-
suspended structurd(0® WEK™) [10]. Indeed, the thermal conductance Gtot hasnbe
measured using the method explained in paragrdp8 @f this chapter. Globally, the NEP
for CA660-22 samples is one order of magnitude tothan that for CA660-8 and G621,
consequently, th®;,, is limited to 410" cmEzY” W™ for these samples. This is mainly
related to the higher noise level observed witlséhgamples, which comes from a very high
voltage contact resistance. This drawback was vedolvhen using the B-mask design to

fabricate suspended samples [10].

3.4. Results summary and comparison

The Figure 3-51 summarizes the specific detectasya function of response time for
all studied samples estimated & &nd T Also, it shows a comparison of our results with
other uncooled bolometer materials. In the caseSMO/STO/Si (star symbol) we used the
response time estimated from the model. The Idipersion ofDg,. for samples on same
substrate is related to the difference of numbestops (n), where it is bigger for higher

values of n. The overall tendency of all samplesashthatDg,,, is proportional to the square
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root of response time, hence, getting a fixed valuanpulse detectivity (). A maximum
Dj ¢ is achieved (10" cmiBiz"“W™) for the substrate that has the lowest thermatlacivity
(case of STO) but then the slowest response titne LEMO/STO/Si samples show the faster

response with moderate specific detectivity.

The best specific detectivity achieved is abouéghorders of magnitude lower than
that achieved by Liu for LSMO/CTO/Si with suspendaicture [10]. This is mainly related
to the fact that this sample used suspended steuflike all other reference samples). Then,
it has a thermal conductance four orders of madaifower than that in our samples. Thus,
by lowering the thermal conductance of our samphlesising suspended structure (with a
thermal conductance of about@®/-K™), we can enhance the specific detectivity by about
three orders of magnitude. Consequently, the sulgaehSMO films can show D* close to
that of BLIP thermal detector. We have to menti@mnehthat our samples with suspended
structure did not show competitive results duehtrtfabrication mask which results in high
noise level. This drawback was overcome using tmeaBk design, as we can see in the result
of Liu [10]. In other way, our results realise tlaster response time, which is mainly related
to the highest value of thermal conductance oterl unsuspended structure.
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4. Chapter conclusion

The performance of LSMO thin films on different striate materials, as uncooled
radiation thermal detector, has been evaluateds Tuludes measurement of thermal and
electrical parameters needed to qualify the perémue of the bolometer by identifying the
classical figures of merit. Then, the optical respuity to a radiation heating source was
measured, and its thermal origin also was ideuntifi@ addition, noise measurement was
achieved, and then NEP and D* were evaluated. Thesesurements were done at one bias
current, and then extrapolated at the optimal one.

The proposed thermal model for film-on-substratecstire estimates the total thermal
conductance of this structure, and consequentlyftieal responsivity. This model shows a
dependence of this thermal conductance on frequémce, the overall frequency response
of the optical responsivity is not a simple firstder system. This model shows good
agreement with measurements, and explains weNdhation of optical responsivity versus
frequency. Then the effective thermal time conskeastno more physical sense. This way, the

response time was evaluated at -3dB.

The interface thermal resistancaesfetween LSMO film and substrate materials was
estimated for the first time. It shows a value b%207, 2.2x107, 2.8x10" m?*-K-W* for STO,
MgO, and STO/Si substrate materials, respectividig presence of STO buffer layer doesn’t
seem to affect the value otsRetween LSMO film and Si substrate. Also, the idattice

mismatch on the interface thermal resistance i€wialent.

The effect of pixel geometry on the performanc& MO thin film bolometer, using
the measurement results and model calculationrdetdeen analyzed. In addition, the role of
substrate material on this performance has beenstigaged. We get more optical
responsivity for smaller pixel size and higher nembf strips, n. In addition, the meander
form pixel gives better responsivity in comparisgith square one. The measured response
time is almost invariable for samples with differenand same surface, since it is mainly
related to the pixel volume. The fastest respoimse was estimated of about 20 us fox50

pnmz2 in the case of STO/Si substrate.
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The noise measurement shows that 1/f noise isdhendnt one, and a NEP value of
about 10° WHZz for STO substrate could be achieved by these 1#endimited
bolometers. The specific detectivity, D*, rises Fogher L values, and for higher n values. A
maximum value of D* was evaluated at 30 Hzg,Tand by of about 18 cmiW ' Biz** for
STO substrate material. The NEP and D* show a gooapatibility with calculation.

The role of substrate material shows that fastepaese is achieved by substrate
materials with higher thermal conductivity, butnhithe responsivity and detectivity will then
be smaller. The choice of substrate material, basethe compromise between detectivity
and response speed, can be done according toneafplication. Finally, the design of
bolometer with optimal performance is mainly rethte pixel size, number of strips, and

thermal conductivity of the substrate material.
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GENERAL CONCLUSION

The main goal of this thesis is the characterinatigeometry optimization, and
thermal modeling of LSMO thin films deposited offfelient substrates. Therefore, | worked
on the evaluation of the performance of this matewsed as uncooled radiation thermal
detector in the near infrared wavelength. This abttarization includes measurements of the
electrical, thermal, and optical properties. Measwnt of LSMO film electrical resistance as
a function of the temperature concludes to estimat€CR value. Also, estimate the thermal
conductance is necessary since it influences thieabpesponsivity and response time. In
addition, the optical responsivity to a radiatiosating source had to be measured, then its
bolometric (thermal) origin had to be identifiedurthermore, noise measurement of
bolometer is also one important characteristics densor application since it allows the
estimation of its noise equivalent power (NEP) apdcific detectivity (D*) which presents

the main detector’s figure of merit.

The first step of this work was dedicated to desrgalize, and characterize an optical
and electrical measurement setup, which had thecbbgs to achieve trustful and repeatable
measurements over a large range of frequency (LLG{zkHz). It allows realizing all the
characterization steps of LSMO samples as a themadition detector. It employ a
semiconductor laser diode (635 nm, 5 mW), with anémade electronic driver circuit. A
laser beam was used to optically heat the testeglsa after passing through a series optical
elements driving the beam, by a stable electroyicabdulated power. The incident power
on the sample can be directly measured by usinghaspeed photodiode. Moreover, the laser

diode spot shape and size has been identified aagumed.

The tested sample is glued to a copper plate, laenl fixed into a vacuum chamber
equipped with an optical window. The regulatiorsample holder temperature was achieved
by a temperature controller with stability of 15 miith the possibility of heating the sample
in the range 300-350 K. Using a four-point eleetriechnique, the sample was current biased
using a homemade quasi-ideal DC current sourcey the output voltage of the LSMO

sample was measured using a homemade voltage emplif

The measured electrical resistance versus temperatihe LSMO thin film samples
deposited on STO and MgO substrate (using PLD tgdefiand on Si substrate (using MBE
technigue) shows a performance very close to thahgdatterned films, therefore, verify the
good quality of fabrication. The measured electnieaistivity at 300 K is in the range of 1.6-
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4.1 mQ-cm, which is close to the classical reported vaiig nQ-cm at 300 K for LSMO

thin films. Indeed, a few samples show higher tesig values. This could be related to the
guality of the film, or to the fact that the filnhitkness is not uniform all over the sample
surface. The measured TCR values for all the stiustenples are in the range 1.6% - 3.0% K
! and reach their maximum value in 300-335 K of gemature range. The obtained TCR
values of the studied LSMO samples are conformebabgiven in literature, which provides

a typical value of 2% K.

Measurements show that we got higher TCR valuéfeer lattice mismatchd). This
way, to enhance the optical responsivity and timenNEP, it is better to choose a substrate
that has lowed with the film, as in the case of STO substrate. tAap analysis shows that
TCR value of the LSMO film is inversely proportidrta its electrical resistivityd). This
result is consistent with the good quality of thienf in terms of epitaxial structure. In
addition, we can notice that TCR increases for éighm thickness. This result has already

been reported many times in the literature.

The frequency response of the optical responsshtyws a low-pass behavior, but the
trend is different following the sample surface abidition, the cut-off frequency depends on
the sample surface and substrate material. Thereddoasic bolometer model cannot be used
to identify this behavior. The developed thermal elodf thin-film-on-substrate structure
analyses the heat diffusion into the substratengaito account the film-substrate interface.
This model proposes a hemisphere contact betweefilthand the substrate, with a radial
heat flux into substrate. The film-substrate irded thermal resistance {Rhas been
estimated for the first time in LSMO thin films. i in the order of magnitude of 10
K-m2-W* for LSMO/MgO and LSMO/Si films. The maximal values R is in the order of
10° K-m2-W" estimated for LSMO/STO. The role of lattice misofaton the interface
thermal resistance was not obvious. The actual @l depends on the surface quality of
the interfaces, as well as the specific detailhefdeposition. The proposed model shows that
the effect of substrate is almost negligible foraimsizes, near about £00 pmz2. Hence, the
substrate thermal conductance will be no more domjrand the total thermal conductance
will be more affected by the interface thermal sesice (R).

The model of film-on-substrate structure was vdédafor different substrate

materials. It proposes an analytical model whichbégs us to calculate the responsivity as a
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function of modulation frequency. Model and measwpts show the same frequency
response trend, with a good consistence between ibreSTO and MgO substrate materials.
The difference between model and measurement|jlfisequencies, is limited to a maximum
value of about 8% (or 4%) for LSMO/STO (or LSMO/Mpg@D0x100 pm? samples. Actually,
this comparison was not done on Si substrate daenton bolometric contribution that mask

the bolometric behavior, especially at high freqyenc

The effect of sensor pixel geometry (pixel surfacember of strips, and film
thickness) and the role of the substrate mate8alQ, MgO, Si) on the performance of a
bolometer have been analyzed. The measurement apD€al responsivityl{,) shows that
it decreases for substrate material with higherntiaé conductivity and so does the specific
detectivity. Thus, its value decreases from 104@, 38 224 VAV (at bptand at 1 Hz) for
5050 pm?2 LSMO/STO, LSMO/MgO, and LSMO/Si films, respeely. The measured, at
1 Hz shows a good linearity relationship with thasbcurrent. Also, a linear dependence
between the sample’s output voltage and the rederegliated power has been clearly

observed. In addition, the thermal origin of thesponsivity has been verified.

The suspended structure samples shows higher bpg@onsivity comparing to non-
suspended ones since it has a lower thermal camdwaif about four orders of magnitude.
Also, the meander pixel form of LSMO/STO shows é&efierformance in comparison with
square one with same surface. On the other haadsamples with higher number of strips
show a higher optical responsivity and higher dpedetectivity. The response time is still
almost invariable for samples with different numioérstrips and same surface, since it is
mainly related to the pixel volume. This is comphi with measurement of thermal

conductance.

The study of the role of substrate material shohat faster responser.{sg) is
achieved by substrate material with higher theromadductivity. Its value aty}; decreases
from 970, 200, to 21 ps for 880 pm?2 LSMO/STO, LSMO/MgO, and LSMOI/Si films,
respectively. The measurements demonstrate sloesgonse time in comparison with
calculation for STO and MgO substrate materiallis Tould be related to the approximation
of thermal capacitance and conductance at stagicnee In addition, the measured values
were estimated at -3dB from the frequency respbns@ctually the system is not a true first
order. Finally, measurements and calculations shevsame variation tendency, where larger

pixel size achieves slower response time.
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General conclusion

The noise measurements show that the 1/f noisemsrént at 30 Hz for all samples.

The measured NEP shows a good agreement with asddubne issued from the proposed
model. NEP increases for higher pixel size, for @lbstrate material. In other way, it
increases for material having higher thermal cotidig, especially at low frequencies.

Hence, the STO substrate seems to be the besectoicalue of about 18 Wz could

be achieved by these 1/f noise limited bolomet&rgs value is still about one order of
magnitude lower than that achieved by a-Si or,Which employ a suspended structure.
Finally, minimizing the pixel size with reducing tHiéf noise and using substrate material
having lower thermal conductivity value will providen optimal NEP performance at low

frequency (30 Hz).

The measured specific detectivity (D*) increases Migher pixel size, with an
increasing rate depending on the substrate matdtisdhows a good agreement with
calculation. The substrate material with lower thar conductivity (STO material) leads to
achieve the higher value of D*. We estimated a valu@<10’ cmW 'Hz"? at 30 Hz and
for 200200 pm?2 LSMO/STO sample. In contrast it achieves dlower response time, of
about 5.2 ms. Consequently, a compromise betwesse tlwo parameters, therefore pixel size
and substrate material, will be the key factortfa intended final application. The achieved
value of D* is about two orders of magnitude lovean that achieved by other uncooled
bolometer materials. But by using suspended strectt8MO shows D* value close to that
of Background Limited Infrared Photodetector (BLIP)

In the case of Si substrate, the specific detegtigi limited to 0.2x10° cmBz2Wv*
but with fast response of about 21 ps and modeesgonsivity of 242 V™ (at bpt for
50x50 um?2). This response time is comparable to tHaplmton detectors, therefore,
LSMO/STO/Si films could be competitive candidate fapplications requires moderate
responsivity and fast response. The other advantégesing Si substrate is achieving the
compatibility of sensor integration with the reatielectronic fabrication technology, hence,
using LSMO/STO/Si for thermal imaging applicationsy addition, other important
application could be single device non-contactrtteneters (pyrometer) and non-destructive
gas sensors. In this case, the suspended structurebe used since it provides better
performance (about 3 orders of magnitude). Alseeltgping antennas coupled devices could
offer the opportunity for LSMO bolometers to finghpdication in far infrared and THz

detection, where an absorbing layer is needed.
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Appendix A
Films deposition & properties

1. Thin film deposition conditions

The studied LSMO thin films were deposited on STD01) and MgO (001) substrates
by PLD (Pulsed Laser Deposition) technique (donelLbyrence Méchin at GREYC) at
temperature of 720 °C in a;@ressure of 0.35 mbairg. 34.7 Pa), and on 20 nm thick STO
buffered Si (001) substrates by reactive MBE (Molac Beam Epitaxy) technique (done by
C. Adamo at Cornell university - USA ) at 670 °Caidistilled ozone background pressure of
5x107 Torr (.e. 6.7x10° Pa). The LSMO film thickness was fixed at 100 ron the first
series and at 75 nm for the second series. Inaedy the sample G621 of the second series
was slightly different. In this sample, a 65 nnckhLSMO film was deposited by PLD on top
of a 10 nm thick LSMO/20 nm STO first deposited MBE on a high resistivity silicon
substrate@>1 kQ.cm) by MBE at Cornell University [1]. All samplegere epitaxially grown
with (001) orientation as seen in the X-ray diffrac patterns in th®-20 configuration (cf.

Figure I).
1.1. 1% series of 100 nm thick LSMO films (A-mask)

Figure | shows the X-ray diffraction patterns ire #2060 configuration of the two
LSMO films of the ' series. Table | summarizes the out-of-plane katiarameter gyo of
LSMO films deposited on STO and on STO/SI, aggh©f STO deposited on silicon. The
Full Width at Half Maximum (FWHM) of the 002 LSMO gk in thew-scan configuration is

shown in Figure 1.

Table I: Deposition conditions and out-of-plandita&t parameter for 100 nm LSMO films

Deposition| Temperaturg Pressure Ciswo Csto FWHM
Substratel o ohnique | (°C) (mbar) | (hm) | (nm) ©)

G455 SITiOs PLD 720 0.35 0.3856 - 0.14
(001) : : :

CA656-7 Sr(-r()'(%& MBE 670 6.7x10 | 0.3852| 0.3893 0.26
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Figure I: XRD patterns in the#-26configuration of the| Figure Il: XRD patterns in thev-scan configuration of the
studied 100 nm thick LSMO films on STO and on STO/S studied 100 nm thick LSMO films on STO and on STO/S

1.2. 2"4 series of 75 nm thick LSMO films (B-mask)

Figure Il shows the X-ray diffraction patterns tine 8—20 configuration of the 4
LSMO films of the 2° series. The out-of-plane lattice parametggue of LSMO films
deposited on STO and on STO/Si, agegb®f STO deposited on silicon are reported in Table
[l. The value ofgpoy) is negative on STO and on STO/Si substrates butiyw®n MgO
substrate (cf. Table ).

The FWHM of the 002 LSMO peak in thescan configuration varied from 0.10° for
G568 (LSMO/STO(001)) up to 1.46° for G623 (LSMO/M@01)), as expected from the
lattice mismatch between LSMO and these subst(ateEigure 1V). The FWHM of the 002
LSMO peak in thao-scan configuration for the two LSMO/STO/Si samphege very close
(0.24° and 0.22°).

Table II: Deposition conditions and out-of-plantite parameter for 75 nm LSMO films

Deposition | Temperature Pressure Cismo CsTo FWHM
Substrate technique (°C) (mbar) (nm) (nm) (°)
SITiO;
G568 (001) PLD 720 0.35 0.3854 - 0.10
MgO 3 -
G623 (001) PLD 720 0.35 0.3893 1.46
STO/Si
G621 (001) PLD 720 0.35 0.38472 0.3891 0.24
(p>1kQ.
cm)
CA6608 S(ggi)s' MBE 670 6.7x1d | 0.3847| 03893  0.22
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Figure IV: XRD patterns in thevo-scan configuration of the
studied 75 nm thick LSMO films on STO, MgO and on
STO/S..

Figure IlI: XRD patterns in thé&—-26configuration of the
studied 75 nm thick LSMO films on STO, MgO and on
STOI/Si

2. Electrical properties of the unpatterned LSMO films

2.1. 1% series of 100 nm thick LSMO films (A-mask)

Figure V shows the variation of electrical resigyivand TCR as function of
temperature for 100 nm thick LSMO films of th& g4eries, and Table Il summarizes the

main resulted values.

Table IlI: Electrical resistivity and TCR values fL00 nm thick LSMO thin films

Substrate

p at 300 K
(Q.m)

TCRmax
(% K™Y

Tm
(K)

G455

SITiQ (001)

4.0 x 10

2.3

324

CAB56-7

3.9x10

2.0

314

SITiOy/Si (001)

2.0x10* T T T T T
—8——0~ G455 LSMO/STO
—&—— 0O~ CAB56-13 LSMO/STO/Si

1.8x10™ o

1.6x10" o
1.4x10™ o
1.2x10™ o
1.0x10" o

8.0x10°

Resistivity (©2.m)

6.0x10”

e
4.0x10° o

2.0x10°

0.0 T T — T T T 2 4 0.00
300 320 340 360 380 400
Temperature (K)

Figure V. The electrical resistivity and TCR vergemperature for unpatterned 100 nm
thick LSMO films
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2.2. 2nd series of 75 nm thick LSMO films (B-mask)

Figure VI shows the variation of electrical resigyi and TCR as function of
temperature for 75 nm thick LSMO films of th& 8eries, and Table IV summarizes the main

resulted values.

Table IV: Electrical resistivity and TCR values B nm thick LSMO thin films

Substrate p at 300 K TCRmax Tm
(Q.m) (% K% (K)
G568 SrTiQ (001) 3.9x 10 2.4 325
G623 MgO (001) 75 % 10 1.7 306
G621 SrTiQ/Si (001) 35x10° 2.9 325
(p>1kQ.cm)
CA660-7 SrTiQ/Si (001) 3.2x 18 1.9 316

—a——— G568 LSMO/STO
2.0x10* T —e——0— G623 LSMO/MgO
1 G621 LSMO/CA677-22(Si high p)
1.8x10™ —y——— CAB60-7 LSMO/STO/Si
| 40.03
1.6x10™ H
1.4x10™ H
’é 1A2x104—-
S 1 ‘ 40.02 —~
> 1.0x10™ A 5 ‘ —— 3
= N
= 5 | OX A 14
_@' 8.0x10™ s\ E
N ] A
& 6.0x10° 1 v s
4.0x10° Q
2.0x10° g
0.0 T g T T T T Q;@m“:‘?—:.}{“.?ﬂ"' —0.00
300 320 340 360 380 400

Temperature (K)

Figure VI. The electrical resistivity and TCR wesgemperature for unpatterned 75 nm

thick LSMO films

3. Lattice mismatch film-substrate

In order to understand the role of substrate natem the performance of LSMO

film-on-substrate bolometer, we will need firsttyconsider the lattice parameters for the film
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and the substrate. The lattice mismaitghbgetween in-plane lattice parameters of film.{a

and substrate {@stat} IS defined as,

5= dsubstrate — Afilm (A-1)
dsubstrate
Consequently, one can induce either in-plane terfilr & > 0) or compressive (fay
< 0) strain, as we can see in 0. Bulk LSMO exhildisxagonal, orthorhombic or
rhombohedral perovskitic structures. When prepanethe form of epitaxial thin films on
well matched crystalline substrates such as cubi® $vith ato = Gsto = 0.3905 nm), its
crystallographic structure differs from that of thmlk to become pseudo-cubic (with
a smo=CLsmo=0.3873 nm), where “a” and “c” are the in-plane amut-of-plane lattice

parameters, respectively [2].

(4) (B)

Figure VII. Tensile (A) or compressive (B) stragtween LSMO film and substrate

Table V: Lattice parameter and lattice mismatahli8SMO on different
substrates materials at 300 K

a o
Structure (nm) (%)
LSMO film Pseudo cubic 0.3873 [2]
STO substrate | Cubic 0.3905 [3] 0.82
STO film Cubic 0.3894 [1] 0.54
MgO substrate | Cubic 0.4216 [3] 8.14
Si substrate Cubic 0.5431 (rotat-((a)('j8b5y 45°)

The out-of-plane lattice parametargo of LSMO films deposited on STO and on
STO/SI, and groof STO deposited on silicon is also reported in Ttje measuredsgo value
of STO was 0.3894 nm for all LSMO/STO/Si films, whigivesd = 0.54 % (to be compared
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with & = 0.82 % when LSMO is deposited on STO substralds) lattice mismatch between
LSMO and substrate is then smaller on STO/Si ta8DO. As expected from the positide
values between LSMO and STO in both series of sesnhiSMO films are strained showing

an out-of-plane lattice parameter smaller than ballke (i.e. an in-plane tensile strain).

4. Film patterning by photolithography

Photolithography is the basic technique usually duder the fabrication of
microstructures. In other way, it is to transfee thesired film patterns on a substrate, as we
can see in Figure VIII. This technique requires pg a quartz chrome mask (or plastic)

representing patterns to be transferred.

After the film deposition on the substrate, a phedcst layer to ultraviolet (UV)
radiation is deposited over the film uniformly. Thét exposed through the mask using a UV
lamp Q365 nm) for a predetermined time (3 to 5 secondpming to the aging of the
lamp). The substrate is finally immersed into asdy base to "develop” (as in photography)
the transferred image. The remaining photoresisthenfilm will serve as a mask for the
etching step where the film pattern will be form@&tie final step is to remove the remaining

photoresist.
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film — 1

Thin film deposition

Photoresist —,

film —> 2

Photoresist coating

e, E[[ 4]

Photoresist 3
"t Exposure
Substrat
Photoresist :
film —>
Developement
Photoresist
film —> :
Etching
6

Photoresist removal

Figure VIII. Main steps of photolithography pattérg
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Appendix B

Schematic of electronic circuits

1. Laser diode driver circuit
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2. Photodiode 1I/V converter circuit
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Symbols and Abbreviations

Symbols
o, The thermoelectric (or Seebeck) coefficient of the thermocouple [VIK™]
Oy/n The normalized Hooge parameter [m’]
B Temperature coefficient of resistance [%K™]
y The efficiency of the laser diode [WIA™]
o) The lattice mismatch between in-plane lattice parameters of film and substrate [dimensionless]
n The absorption coefficient of thermal detector material [dimensionless]
K The material thermal conductivity [WIK ' [m™]
Ks The thermal conductivity of the substrate material [WIK'[m™]
A The wavelength [m]
A max The wavelength at maximum radiation of a blackbody [m]
T, The pyroelectric coefficient [CIm™K™]
p The electrical resistivity [Q[m]
Py The mass density [kglm™]
Osg The Stefan-Boltzmann constant [WIm™2[K™]
T The thermal response time of thermal detector [s]
T.3a8 The response time at -3 decibel [s]
T_3dp-opt The response time at -3 decibel at optimal bias current [s]
Tesf The effective thermal time constant [s]
Teft-opt The effective thermal time constant at optimal bias current [s]
w The pulsation [rad[s™]
Q The real volume of the sensitive element [m”’]
O} The modulated radiation signal [W]
(O The maximum value of modulated radiation signal [W]
(r,8,4) The spherical coordinate system [m, °, °]
X The correction factor [dimensionless]
Ll; The current optical responsivity [AIW™]
a, The optical voltage responsivity [VIW™]
a The hemisphere radius of the contact model between the film and the substrate [m]
aismo The in-plane lattice parameter of LSMO film [m]
Asubstrate The in-plane lattice parameter of substrate material [m]
A The detector element area [m?]
A, The constant used to fit the transfer function of readout electronics [dimensionless]
A, The constant used to fit the transfer function of readout electronics [Hz]
Az The constant used to fit the transfer function of readout electronics [Hz]
As The area of heated surface [m?]
C The thermal capacitance of the thermal detector [JIK™]
Cu The heat capacity of the sample holder [JIK™]
C The heat capacity of the film material [JIK™]
G The heat capacity of the substrate material [JIK™]
Ct1 A fitting constant [V*[Hz]
Ct2 A fitting constant [V2[Hz]
Co The velocity of light in vacuum [mls™]
Cp The specific heat capacity at constant pressure [Jkg™ K]
Cs The volumetric heat capacity of the substrate material [JIK[m™]
Cismo The out-of-plane lattice parameter of LSMO film [m]
Csto The out-of-plane lattice parameter of STO material [m]
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Symbols and Abbreviations

D The thermal diffusivity of the material [m%s™]

d The spacing between strips in the meander shape [m]

D* The specific detectivity [cm[Hz"2W™]

DyLip The specific detectivity of detector limited by photon noise of the environment [cm[Hzl/Z[W'l]
Dy/e? The beam diameter where the irradiance drop to 1/e* of its maximal value [m]

Drwhm The beam diameter where the irradiance drop to the half of its maximal value [m]

D; The impulse detectivity [cmU™]

E(x,y) The intensity or irradiance of the Gaussian laser beam [WIm?]

Eo The peak intensity of the Gaussian laser beam [WIm™]

E, (T) The total radiation energy of a blackbody [W[m?]

erzlA The voltage noise spectral density of the amplification stage of the readout electronics [V*[Hz]
eZrcl The voltage noise spectral density of the current contact resistance [V’[Hz"']

e2rev The voltage noise spectral density of the voltage contact resistance [V’[Hz "]

erlem The voltage noise spectral density of the studied sample [V[Hz]

e The voltage noise spectral density of the current source [V*[Hz]

er21—1n The voltage noise spectral density at the input of the amplification stage [V*[Hz]

eZ_out The voltage noise spectral density at the output of the amplification stage [V2[Hz]

f The frequency [Hz]

fias the cut-off frequency at -3 decibel [Hz]

fe The cut-off frequency of a system [Hz]

fer the critical frequency of the substrate material [Hz]

f The knee frequency of the substrate material [Hz]

G The thermal conductance of the thermal detector [WIK™]

Gt The thermal conductance of the thin film [WIK™]

Gac The gain of the alternative voltage output of the readout electronics [dimensionless]

Gyc The gain of the continuous voltage output of the readout electronics [dimensionless]

Ges The effective thermal conductance of bolometer material [WIK™]

G; thermal conductance of the substrate material [WIK™]

Giot The total thermal conductance of film-on-substrate structure [WIK™]

h The Planck’s constant [J[s]

I, | The positive and negative current terminals of the studied sample, respectively [A]

Iy The bias current of bolometer [A]

lge The laser-diode’s DC current needed for operation in laser emission region [A]

Imod The laser-diode’s AC current used to modulate the radiated laser power of laser diode[A]
lemb The thermal runaway current [A]

lop The forward current that generate rated output power P, [A]

lopt The optimal bias current [A]

len The threshold current of the laser diode [A]

iZg The current noise spectral density of the current source [A’[Hz™]

if,A The current noise spectral density of the measurement system amplification stage [A*[Hz]
h, The surface interface thermal conductance [WIKm?]

kg The Boltzmann’s constant [JIK™]

L L The length and width of the sample, respectively [m]

Lp the thermal diffusion length [m]

M(A,T) The spectral radiance of the electromagnetic radiation emitted by a perfect blackbody [WIm™]
n The number of strips in the sample [dimensionless]

N, The carrier number [m?]

NEP The noise equivalent power [W[Hz?]

NEP ot The noise equivalent power at the optimal bias current [W[Hz'l/z]
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Symbols and Abbreviations

NEP shonon The phonon noise equivalent power [W[Hz /2]
NEP honon-opt | The phonon noise equivalent power at the optimal bias current [WIHZ 7]
NEPhermal The thermal noise equivalent power [WIHz ]

N EPthermaI—opt

The thermal noise equivalent power at the optimal bias current [W[Hz /]

NEP

The 1/f noise equivalent power [W[Hz"l/z]

NEP 1 /t-opt The 1/f noise equivalent power at the optimal bias current [W[Hz /]
NEPamp The measurement system noise equivalent power [W[Hz"l/z]

NEP Amp-opt The measurement system noise equivalent power at the optimal bias current [W[Hz/?]
P; The incident radiation power on the sample [W]

P, The energy released due to the Joule heat at T temperature [W]

Py The energy released due to the Joule heat at T, temperature[W]

Po The output radiated power of laser diode [W]

P The portion of incident power (P;) that is received by the sample [W]
P, The rated output power of the laser diode [W]

Pro The radiated power measured by the photodiode [W]

Piot The total power of the laser beam [W]

q The absorbed radiated heat flow at the surface of the sample [W]

q” The volumetric heat generation [WIK?]

R The electrical resistance [Q]

Ro The electrical resistance that control the output bias current of the current source [Q]
Rm The electrical resistance of the film [Q]

Rev The total voltage contact resistance [Q]

Revs The voltage contact resistance of the positive voltage pad [Q]

Rev- The voltage contact resistance of the negative voltage pad [Q]

Re The total current contact resistance [Q]

Rais The current contact resistance of the positive current pad [Q]

Rer. The current contact resistance of the negative current pad [Q]

Rsense The current sensing electrical resistance of the laser diode driver [Q]
Rbg The boundary resistance between two solid surfaces [m*[KIW™]

Res Thermal interface resistance at the film-substrate interface [m?[KIW]
Rsc Thermal interface resistance at the substrate- sample holder interface [M2IKIW™]
Reu The thermal resistance of the sample holder, respectively [KIW™]

R¢ The thermal resistance of the film material, respectively [KIW™]

Rs The thermal resistance of the substrate material, respectively [KIW™]
Sy The voltage noise spectral density [V2[Hz]

Stherm The voltage thermal-noise spectral density [V*[Hz ]

Sghonon The voltage phonon-noise spectral density [V [Hz}]

S‘ll/f The voltage 1/f noise spectral density [V[Hz}]

sé\mp The measurement system voltage noise spectral density [V*[Hz]

T The temperature [K]

t The time [s]

t The detector element thickness [m]

t, The thickness of the substrate [m]

To The temperature of thermostat [K]

Ts The background temperature [K]

T. The Curie temperature [K]

To The detector temperature [K]

Tm The temperature where we have a maximum of TCR [K]
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Symbols and Abbreviations

Topt The optimal working temperature [K]
TRe.rt The transmission rate of reflected light in the cubic beam splitter [dimensionless]
TRetr The transmission rate of transmitted light in the cubic beam splitter [dimensionless]
TRf100 The transmission rate of convergent lens with 100 mm focal distance [dimensionless]
TRe2s The transmission rate of convergent lens with 225 mm focal distance [dimensionless]
TRwin The transmission rate of the vacuum chamber window [dimensionless]
V,, V. The positive and negative voltage terminals of the studied sample, respectively [V]
Ve The DC voltage used to achieve the DC working point of the laser diode [V]
V; The DC voltage that control the output bias current of the current source [V]
V, The DC voltage equivalent to the laser diode drive current [V]
Vi The output voltage across the film [V]
Viod The AC voltage used to achieve modulation of the laser diode [V]
Vout ac The alternative voltage output of the readout electronics [V]
Vout_de The continuous voltage output of the readout electronics [V]
Vp The DC voltage equivalent to the power radiated by the laser diode [V]
Vep The photodiode output signal proportional to Ppp [V]
Vr The DC voltage equivalent to the temperature of the laser diode box [V]
w The beam width where the irradiance drop to 1/e* of its maximal value [m]
W The strips width of the meander shape [m]
Wy, Wy The 1/e” radius of the Gaussian laser beam in the x and y directions, respectively [m, m]
Z The output impedance of the current source [VIA™]
Abbreviations
ACC Automatic Current Control
APC Automatic power control
BLIP Background Limited Infrared Photodetector
CCcD Charge Coupled Device
CMR Colossal Magneto-Resistance
CNI spin-canted insulator
Cw Continuous wave
dB decibel
Erf The error function
Fl Ferromagnetic Insulator
FM Ferromagnetic Metal
FWHM Full width half maximum
LAO LaAlO;
LSMO Lag 7SrosMn0O;
MBE Molecular Beam Epitaxy
NEP Noise Equivalent Power
Pl Paramagnetic Insulator
PLD Pulsed Laser Deposition
PM Paramagnetic Metal
STO SrTiO;
TCC Temperature Coefficient of Capacitance
TCR, B Temperature Coefficient of Resistance
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Titre : Bolomeétres non refroidis a base de couche minces Lag,7Sro3MnO; : modele thermique,
caractérisations électrique et optique

Résumé

Ce travail évalue la potentialité de couches minces LSMO (Lag ;Sro,3Mn0Os) déposées sur substrat
comme détecteur de rayonnement a température ambiante, en exploitant la variation de sa
résistance électrique au voisinage de 300 K. Un banc de mesure optique a été mise en place
(conception et réalisation) pour achever cet objectif. Ce banc a été utilisé pour caractériser les
échantillons LSMO comme détecteur de rayonnement bolométrique. Un modele thermique
analytique détaillé de la structure couche-mince-sur-substrat est proposé. Il interpréte les
variations de la sensibilité optique par rapport la fréquence de modulation de la puissance laser
rayonnée. La discussion du modele comprend la présentation de la diffusion de la chaleur dans
le substrat et la résistance thermique d’interface couche-substrat. Ce modéle a été analysé et
validé a I'aide des résultats de mesure de plusieurs surfaces de détection (méandre forme) pour
différents matériaux de substrat. La valeur de la résistance thermique de l'interface couche-
substrat a été estimée pour les différents substrats. La caractérisation de bolomeétre inclut les
parametres thermiques et électriques, comme le TCR et la conductance thermique, nécessaires
pour qualifier sa performance. Ainsi, la mesure et |'analyse de sensibilité optique et le bruit de
plusieurs pixels surfaces sur différents substrats sont présentés. Le rGle de pixel géométrie
(pixel surface, I'épaisseur du film, nombre de méandres) et le matériau de substrat (SrTiOs,
MgO, SrTiOs/Si) sur les performances du bolomeétre est étudiée, en utilisant les résultats de
mesure et les données de calcul issus du modéle. La détectivité spécifique mesurée augmente
pour une taille du pixel plus grand et une conductivité thermique du substrat plus petit. On
estime 2x107 cmW HzY? pour échantillon 200x200 pm2 LSMO/STO. Pour LSMO/Si, un temps
de réponse 21 ps été obtenue pour 50x50 ym?2, ce qui est comparable a celui des détecteurs
photonique.

Mots clés: Détecteurs de rayonnement infrarouge, Oxydes de manganése, Couches minces

Title: Uncooled bolometer based on Lag ;Sry.3Mn0Os5 thin films: Thermal model, electrical and
optical characterizations

Abstract

The aim of this thesis is to evaluate LSMO (Lag,7Sro,3Mn0O3) thin films deposited on substrate as
room temperature radiation detector, by using the variation of its resistance electric near 300 K.
An optical measurement setup has been designed and realized to achieve this objective. This
setup was to characterize the LSMO samples as bolometrical radiation detector. A detailed
thermal model of thin-film-on-substrate structure is proposed. It interprets the variation of the
optical responsivity versus the modulation frequency of laser radiation power. The discussion of
this model includes presenting the heat diffusion into substrate, and the film-substrate interface
thermal resistance. This model has been analyzed and validated using the measurement results
of many detection surfaces (meander shape) and substrate materials. The value of film-
substrate interface thermal resistance was estimated for different substrates. The bolometer
characterization includes the thermal and electrical parameters, like TCR and thermal
conductance, needed to qualify its performance. Also, measurement and analysis of optical
responsivity and noise for many different pixel surfaces on different substrates is presented. The
role of detector geometry (pixel surface, film thickness, and number of strips) and substrate
material (SrTiOs;, MgO, SrTiOs3/Si) on the bolometer performance is studied by using the
measurement results and calculation data issued from the proposed model. The measured
specific detectivity increases for higher pixel size and lower substrate material thermal
conductivity. We estimated 2x107 cmmW'BzY2 for 200x200 um2 LSMO/STO sample. For
LSMO/Si, estimation of 21 us response time was achieved for 50x50 pm?2, which is comparable
to that of photon detectors.

Keywords: Infrared detectors, Manganese oxides, Thin films
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