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To my family,
who gave me the wings of life






Do not be too timid and squeamish about
your actions. All life is an experiment.
The more experiments you make the better.

It was a high counsel that I once heard given
to a young person:
"always do what you are afraid to do"

(R.W. Emerson)
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INTRODUCTION

The main subject of this PhD thesis consists in the studyefihdamental operating
mechanisms of doped semiconductor devices, at low and gerydmperatures. The
aim of such devices will be their integration in calorimetdetectors to be used in
neutrino mass experiments.

This work is developed over two main fronts:

- the characterization of thermal sensors operatinyariable Range Hopping
regime, based on semiconductors doped slightly below th&alMe-insulator
transition;

- the characterization of highly doped semiconductor deyise callecheaters
used for bolometers stabilization.

These activities are connected to the MARE and CUORE expeattisn devoted to the
search for the neutrino mass, using the bolometric teclenitjuparticular, the MARE
project aims at measuring directly the neutrino mass thotthg study of the Kurie-
Plot at the end-point energy éf'Re, contained in silver perrhenate crystals. The
experiment will be performed at cryogenic temperatureslQ0 mK) in a very low
radioactive environment. One of the main tasks involvedhim ttealization of such
an experiment will be the developement of microcaloringteratching all the high
standard technological requirements predicted for théeaement of its main goals.
The final aim of the MARE experiment will be to reach 2@V sensitivity on
neutrino mass and this task will be pursued through a graajyadoach. Actually the
experiment will be developed in two phases, the first one @elto improve the un-
derstanding about all possible systematic uncertaintids@gather further experience
on Rhenium based microcalorimeters. In the meantime alpBiR&.D activity for the
second phase will be sustained. During the first phase twerarpnts, directly dis-
cending from the two precursors MIBETA and MANU, will be rueparately. Itis in



iv Introduction

the context of the MIBETAZ2 collaboration that one of the msuibjects of this thesis is
developed, dealing with the characterization of Si-impgdrthermistors produced by
the MEMS group at ITC-irst (chapter 5). These devices, bbiaged on semiconduc-
tor thermistors operating in VRH regime (chapter 1), haverbeealized as one of the
possible candidates to be used as thermal sensors in thénd00els structure of M-
BETAZ2. Given the technological requests, both in terms atfical reasons (dealing
with the production of a large number of homogeneous deyaas good detector per-
formances (dealing with energy resolution and time resppas discussed in chapter
2, an accurate characterization of such devices is negessarder to match all the
detector prerogatives (chapter 3).

The second subject of this thesis deals with the study of &maviour of highly
doped semiconductor devices, still produced by the MEMSugrat ITC-irst, to be
used as heating devices for the stabilization of CUORE betens. Such elements,
able to dissipate a known joule power into the bolometel, lvéldirectly glued on to
the TeQ crystals, which constitutes the absorbing part of the detec The role of
heaters consists not only in the stabilization of responisielwcan change with the
temperature fluctuations of the heat sink, but also in therdghation of theoptimum
point or working point in terms of bias current and voltage applied, correspandin
to the maximum detector response (chapter 2 and 3). Everidrc#ise an accurate
characterization in conditions very close to the final opeggones is necessary: hence
a large part of this thesis is devoted to the accomplishewofahis task (chapter 4).

Before entering into the experimental details, involvedha achievement of the
above discussed arguments, a wide description of the toainspechanisms taking
place in semiconductor materials at low temperatures isguted in the first chapter.
This will be useful to understand the physical phenomendrmistware at the basis of
the functioning of the devices studied in this thesis.



CHAPTER 1

TRANSPORT MECHANISMS IN DOPED
SEMICONDUCTORS

The main subject of this thesis is the experimental studyheflow temperature be-
haviour of doped semiconductor devices, fabricated froitiaa substrate doped with
phosphorus by ion implantation (Si:P system). Dependinghenmplanted dopants
concentration, these devices can be used as thermal semsw$eating elements in
the developement of bolometric detectors.

Thermal sensors based on lightly doped semiconductor rakt@perates in the
Variable Range Hoppingr VRH regime. This particular transport mechanism takes
place at very low temperatures in semiconductors dopedwelritical concentration,
which marks the metal-to-insulator transition (MIT). In ¥Regime the conductivity
has an exponential temperature dependence, thus allohéndevelopement of very
sensitive thermistors. On the other hand heating elemesatd for the stabilization of
bolometers needs to be very stable in terms of electricadlgctivity, but at the same
time they must possess a sufficiently high resistance. Thleaeacteristics can be
obtained by doping a semiconductor material well above thEg Mhere the transport
of charge is of metallic type and thus weakly dependent fremperature.

The first chapter of this thesis is dedicated to review thagpart mechanisms
in semiconductor materials. Particular care will be giverthe description of the
"metal-to-insulator" transition and to the physical pheremons which governs charge
transport in doped semiconductors at very low temperat@gshis is the regime of

1



2 Transport mechanisms in doped semiconductors

interest for the discussed devices (see also [1-3] for argkagerview on semicon-
ductor physics and [4] for a more detailed description ontemperature properties of
doped semiconductors). A section is also devoted to theigésa of the temperature
dependence of the heat capacity in doped semiconductorsh wdpresents a further
important parameter for the realization of semiconduc®vrices to be integrated in
bolometric detectors.

1.1 GENERAL PROPERTIES OF DOPED SEMICONDUCTORS

1.1.1 Charge transport in intrinsic semiconductors

Intrinsic semiconductors at zero temperature behavesréescpasulators, since a for-
bidden energy gap (the width of which depends over the nadtpe) separates the
highest occupied band from the lowest empty band. At higheperatures there is
a nonvanishing probability for some electrons to be thelyratcited across the gap
into the lowest unoccupied energy levels, belonging to theadledconduction band
These electrons leave in the highest occupied bandjalemce banda corresponding
number of unoccupied levels boles Both electrons in the conduction band and holes
in the valence band are almost free to move through-out tihéceaductor crystal, thus
giving rise to arintrinsic conductivity

At temperaturel theintrinsic carrier concentrationmeaning the fraction of ex-
cited electrons in the conduction ban@nd the equivalent holes concentration in the
valence bang, are given by:

3/2
(2reyMemKT)¥2 g 2ter (1.1)

n= =
P 4reh’

whereme andmy, are the masses of electrons and holes, respectivlyEgmsithe
width of the forbidden gap. From 1.1 it can be seen that thinsit carrier density
depends critically on the value of the raticEg/2ksT, so that, when this quantity is
small enough, thermal excitation leads to observable coindty. At room tempera-
ture, wherekgT ~ 0.025 eV, observable conduction can occur gras high as @25
eV, for the factore Fo/28T js of order~ 1072. These facts are at the basis for the
distinction between insulators and semiconductors: sdhdt are insulators & = 0
K, but whose energy gaps are such a size that a non vanishimtyctivity is mani-
fested at higher temperatures (below the melting poing) kaown as semiconductors.
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Silicon and germanium are the two most important elemerfaliconductors, having
the diamond crystal structure and belonging to Group |V effilriodic table.

Energy gaps have a slight temperature dependence, varymigdut 10 percent be-
tween 0 K and 300 K. The values of the energy gaps for some fygenaiconductors,
at room and zero temperature, are given in Table 1.1.

Material | Eg (eV) Eg (eV)

T=300K| T=0K
Si 112 117
Ge 0.67 0.75
PbS 0.37 0.29
InAs 0.35 0.43
GaAs 1.42 1.52
C 5.47 5.48

Table 1.1: Energy gap for some semiconductors

Typical room temperature resistivities of semiconductoesbetween 16 and 16
Q- cm, in contrast to metals, with~ 10-% Q. cm and good insulators, wif ~ 1072
Q- cm. The electrical conductivity of semiconductors is a vaidly increasing func-
tion of temperature, given the exponential dependence frémof thermally excited
electrons. Thus, in striking contrast to metals, semicoimhs have anegative coeffi-
cient of resistance

In the case of metals conductivity is a weakly dipendent fioncof temperature
and it is given by the Ohm law:

o=—— (1.2)

wheren is the density of carriers, indipendent of temperatuares therelaxation
time(the time elapsed between two consecutive collisiams3;the electron mass. The
temperature dependence in this case fully arises from thgaton time, which gen-
erally decreases with increasing temperature, becauseohtrease of the electron-
phonon scattering. For semiconductor materials the rélaxéime dependence from
temperature is overwhelmed by the more rapid increase iddinsity of carriers with
increasing temperature.
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1.1.2 The role of impurities

Even the most pure material obtainable with modern prodagbrocesses contains a
certain amount of impurity atoms, which unavoidably modifg conduction mech-
anisms of semiconductors. When impurities contribute aiBa@ant fraction of the
conduction band electrons and/or valence band holes, @akspf arextrinsic semi-
conductor In this case the density of conduction band electrons ngdboorresponds
to the density of valence band holes at thermal equilibridfarthermore, at suffi-
ciently low temperatures, the intrinsic carrier concetitrmbecomes less than the con-
centration contributed by impurities, which thus startgltaminate most of electronic
properties of doped semiconductors.

OQ@ (J@)O

#2 -y mo

SOHG ) O O @ Q

Figure 1.1: Impurities added to the lattice system: a) a donor impuptyo§phorus) in silicon;
b) an acceptor impurity (boron) in silicon

In many cases of interest impurities are added by hand by snefwell-defined
doping processesdn order to determine the conduction properties of the nete
An impurity can be of either donor or acceptor type. A donopurity can be easily
ionized in the crystal medium by donating an electron to thedciction band. These
electrons can then partecipate in transport processelg thikiimpurity centers become
positively charged. On the other hand an acceptor impugty @apture one electron
from the crystal: the impurity center becomes negativelgrgkd while a hole appears
in the valence band. Donor impurities are responsible fodcativity by electrons, or
n-typeconductivity. Acceptor impurities are responsible for dantivity by holes, or
p-typeconductivity.

Whether an impurity is a donor or acceptor is determined leycthemical valence
of the impurity itself and that of the host material. For exdenin the case of semicon-
ductors of Group IV (Si and Ge), impurities which belong taGp V (P, Sb, As) are
generally donors. Each atom of the host crystal forms fowamt chemical bonds
with its four nearest neighbours, given the tetrahedrétkastructure of Group V. El-
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ements of Group V have five valence electrons thus, when gliaca tetrahedral host
structure, they easily lose the excess electron, beconongrd. On the other hand,
elements from Group Il (B, Al, Ga, In) lack one valence elent which they can

easily capture from the host crystal, giving rise to a mohide in the valence band.
Figure 1.1 shows the behaviour of donor and acceptor inipanthen placed in the
silicon lattice system.

The mostimportant characteristic of an impurity is its kation energy. For donors
this corresponds to the energy necessary to move one eidotrm the donor level to
the bottom of the conduction band; while for acceptors iregponds to the energy
required to produce a hole at the top of the valence band. Damb acceptor levels
are located in the forbidden gap (figure 1.2).

Figure 1.2: Band diagram of a semiconduct&iz andEy represents the edges of the conduction
and valence band&p andEa represents the energy levels of donor and acceptor imesiriti

Impurities are called shallow if their ionization energysimall compared to the
whidth of the energy gap. When a donor level is close to theobobf the conduction
band, it happens that an excess electron is weakly bound tothor center, thus being
located far from it on the average. A similar argument can jpgliad to acceptors,
given the right substitutions. The values of the ionizagoergies at room temperature
for some impurity atoms in Si and Ge are reported in tableAu2thermore, since these
ionization energies are comparablekgl at ~ 300 K, ionization is usually complete
at room temperature.

When the impurity concentration is not too large, electrarescaptured by donors
at sufficiently low temperatures, giving origin to the "feeeg-out” of conduction elec-
trons. The same phenomenon can happen to holes which, athopetatures, are lo-
calized near an acceptor. In the following sections the oadenor impurities (which
includes the Si:P system case) will be considered, in oméetspecific, bearing in
mind that for acceptors the argument is similar.
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1.2 METAL-TO-INSULATOR TRANSITION

The behaviour of the electrical conductivity in doped semituctors strongly depends
over the dopant concentration. The main steps towards tmphension of the low
temperature charge transport in such materials were dortegicontext of the local-
ization theory, byAndersonand Mott. They stated the existence of a critical doping
density which marks the transition from an insulator typadgour to a metallic type
one. This is the MIT ("metal-to-insulator transition") vehiwas at first described by
Mott in an ideal model, where the dopants or impurity cenéeesconsidered to form a
regular sublattice, hosted by the primary crystal [5]. lis thicture the MIT is consid-
ered as a consequence only of the electron-electron iri@nac

1.2.1 Mott transition

In the theory of localization of electronic states the exliectron, located in the prox-
imity of the bottom of the conduction band, is considered ¢oblound to the donor
center only because of its positive charge. Thus the impggnter exerts over the
electron a central potential of the form:

&
ur)= o (1.3)
wherer is the distance to the center arndhe dielectric permittivity of the lattice.
The introduction of this kind of potential allows to evaledhe structure of the elec-
tronic states and the form of the electronic wave functioithia vicinity of a single
impurity center. A finite concentration of similar impugs gives origin to aimpurity
bandof finite width in energy, which does not possess the samegptieg of a crystal

band, since an electron localized near one of the impurigsgioes not spread over

| B A Ga In |

Si 46 57 65 16
Ge 104 102 108 112

| P As Sb Bi|

Si 44 49 39 69
Ge 12 127 96

Table 1.2: lonization energies (meV) for some donors and acceptorsi ian8 Ge at room
temperature
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other centers constituting the band: the wave function ofisn electron is defined in
the whole lattice but has a probability peak over a singlieu&r site. The probability
density of such an electron will be non negligible only on trearest neighbours and
the wave function remains localized.

Considering the case of regularly distributed impurittes allowed band width re-
sults to be linked to the separation between nearest neigblod hence to the dopant
concentration: as the separation increases the allowed bets narrower. Bands
formed by impurities are no more than half filled, since eawhurity contributes one
electron and the band is twofold spin degenerate. Thus agphat the conductiv-
ity by impurities would be of metallic type, however smalétimpurity concentration.
This is incorrect since the single-electron approximaticonsidered above, breaks
down in the case of the narrow bands of lightly doped material

The interaction energyg of two electrons of opposite spin located on the same site
is of order:

Ug~ — (1.4)

wherea represents the wave function extension or the effectiver Badiius of the
impurity. When the magnitude afp is small compared to the allowed band width, as
in the case of good metals, the wave function is only littleyrded by the electron-
electron interaction. On the other hand the band width camés less thaklg as the
sublattice constariiy increases: in this case two electronic states appears trséac
due to the mutual electron interaction.

In the case oy infinitely large the electron energy equals either a valgeor
Eo+ Ug, depending on whether or not there is another electron ositbeas illustrated
in figure 1.3. At a finite value olbg both levels spread into bands, whose width is of
order ~ exg—bp/a). The number of positions in each band equals the number of
lattice sites, as by definition the bottom band cannot cardasite occupied by two
electrons. So the lower band will become filled while the uppend empty: thus
when the band width is less thelg the material is a dielectric.

As bg decreases the width of the forbidden gap will become smalek finally
vanishes at a certain point A: the system goes then into allinettate. This is the
Mott transition whose nature is not yet entirely clear.

The two bands, whose appearence is due to the electrosptitsion between
electrons, are called thdubbard bandsin practice it happens that in a semiconductor
with a single type of impurities, for example donors, therfielevel Er (the highest
occupied energy level) is settled in the middle of the fodeid gap. When acceptors
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£l |

A 174,

Figure 1.3: Dependence of electron bands on sublattice period and kwisition

are added the Fermi level moves into the lower band, whilesmthe donors concen-
tration increases, it arises an overlap of the two band&gierigin to a conductivity
of metallic type.

1.2.2 Anderson transition

In real situations impurities does not form regular laticeo that, for a real under-
standing of conduction mechanisms, it is necessary to assuandom distribution of
impurity centers. A simplified model for disordered systemas been developed by
Anderson He showed that when the number of impurity centers is sefiity small
the electrons are localized and the disorder is high. Byeiasing the dopants concen-
tration the disorder is reduced, while the overlap of etattivave functions begins to
increase, till finally electrons become completely delzeal.

Both the Anderson and the Mott transition are variationshef etal-to-insulator
transition. Anderson’s transition differs from Mott’s trsition as it deals with disor-
dered systems and it is developed in a single-electronngicin practice in this case
the impurity band already contains both localized and d#ined states separated by a
sharp boundary, the so calletbbility-edge k. By varying the number of electrons in
the band the Fermi level will move so that it may cross the loeuy of the localized-
state region.

In both Anderson and Mott transition, by increasing the inifguaensity, themobility-
edgeget closer to the Fermi level: so the MIT can be seen as theiegtaf the Fermi
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level into the delocalized region. As long Bs > Eg (Fermi level in the localized re-
gion) the charge transport occurs by thermal activationeofiers into the delocalized
region or by activated hopping between localized statesh Bewechanisms lead to an
exponential temperature dependence of the electricaliatiivity at low temperature.

The transition from localized to delocalized states oceurenEr = Ec. This hap-
pens for a critical value of the impurity concentratidg given by the Mott-Anderson
criterion (figure 1.4):

NY3a=0.25 (1.5)

The value ofNc depends on both the semiconductor material and the dopant. F
the Si:P systemlc = 3.74 x 10'® donors/cri.

10?

o (o) (a-cmy~!

INSULATOR METAL

t

I L
o] 2 4 & ]

N (10 '8cm-3)

Figure 1.4: Dipendence of the zero-temperature conductivity on thesphorus concentration
in Silicon

Experimentally, the MIT manifests itself in the fact that #xponential temperature
dependence of conductivity, typical of materials dopedWwehe critical concentration,
is replaced by a weaker temperature dependence of metgikc &s the impurity con-
centration exceeds the critical value (highly doped senmdoators). In the case of
materials doped above the critical concentration the cotidty does not vanish as
T — 0, but it tends to a finite limit. It is still important to nogdhat the conductivity
of highly doped semiconductors is much lower than that ofray metals and the
term "metallic” reflects only the finit limit of conductivitgsT — 0.
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1.3 HOPPING CONDUCTION IN LIGHTLY DOPED SEMICON
DUCTORS

Given the above considerations a semiconductor can be defilghtly doped if there
is only a small overlap between the electronic states béhgrig different impurities.
Hence the average separation between impurities much@stee characteristic wave
function sizea:

Nad << 1 (1.6)

whereN is the impurity concentration. As already stated theretex<ritical con-
centration, depending on both the semiconductor matemidlthe impurities, which
clearly marks the boundary between metallic and insulagtialiour at low tempera-
tures. This consideration clearly defines the distinctietween heavy and light dop-
ing: in heavily doped semiconductors the conductivity isradtallic type (it depends
weakly on temperature), whereas in lightly doped semicotas it is of activated
type.

The mechanism of interest for the development of therma@erbased on lightly
doped semiconductor materials is thahopping conductiopwhich takes place at low
temperatures due to the presenceahpensating impurities

1.3.1 Compensated materials

In real situations semiconductors usually contains botepior and donor impurities.
The degree of compensati¢his defined as the ratio of the minority to the majority
impurities. For the system Si:P, where donors representrithie dopantsK is given
by:

K — Na
Np
whereNp andNp are respectively the donors and acceptors concentratiorise
case of a compensated n-type semiconductor, at low tenupe dch acceptor captures
an electron, which than is no more available for conducfi@m a donor and becomes
negatively charged: thus, in addition to neutral donorselexist a certain quantity
of positively charged donors which equals the number of tieglst charged acceptors.
This random distribution of charges gives origin to a fluttumCoulomb potential and
a dispersion of levels, which contributes to localizatidrelectronic states. The elec-
tronic states in the impurity band of a lightly doped semibactor with compensating

(1.7)
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dopants result then to be strictly localized. Thanks to tistence of charged impuri-
ties, electrons can move from one donor to another, givieg e hopping conduction.
Experimentally it has been observed that it is possible ¢sxthe MIT by simply
varying the degree of compensation, while keepilagunchanged. This fact has been
explained by Fritzsche [6] as due to the dipendence of theipo®f Er andEc over
K. In fact, by increasing the degree of compensation, the natgen = Np — Na
(the electrons available for conduction) is reduced, aed=grmi level moves into the
lower Hubbard band. At the same tinkg grows up due to the increasing disorder,
caused by the presence of acceptors. Thus, for compensaiedials, the critical
concentration of donors (for whicBr = Ec) will be higher than that extabilished by
the Mott-Anderson criterion. In particular, whéh= 1 the semiconductor will be an
insulator, with no regard to the value Np.

1.3.2 General description of hopping conduction

As stated at the beginning of this chapter, semiconductdrigla temperatures exhibit
an intrinsic electrical conductivity due to the thermalieation of carriers, which de-
creases very rapidly with decreasing temperature, tilittvnsic carrier concentration
becomes less than the concentration contributed by imesiritThus, at sufficiently
low temperatures, the electrical conductivity is entirdgtermined by impurities and
it is called extrinsic.

les

A B C D 7!
Figure 1.5: Temperature dependence of resistivity for a lightly dopeshisonductor: (A) in-
trinsic conduction range, (B) saturation range, (C) fragzbut range, (D) hopping conduction

range

A further decrease in temperature (below 50 K) leads, irtljgihoped semiconduc-
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tors, to the freezing-out of impurity electrons (or hole)e electrical conductivity is
thus reduced due to the rapid decrease in the free carrinceatration. Finally, below
about 10 K, the main contribution to the electrical conduttiresults to be due to the
electrons hopping betweearearest neighbouringnpurities, without any excursion to
the conduction band: for this reason one talks about "ph@ssisted tunneling” be-
tween impurity sites. This is the hopping conduction medranoriginated by elec-
trons jumping from occupied donors to empty ones: the pieseh empty positions
on donors is a necessary condition, which at low temperstcaa be fulfilled only
by compensation. The fluctuating Coulomb potential in comspéed semiconductors
contributes to the dispersion of the impurity energy le\aisl the energy difference
required in a given tunneling or "hop" is contributed by aipsion or emission of a
phonon.

Figure 1.5 shows the temperature dependence of resigtivtyightly doped semi-
conductor: the temperature range A corresponds to intrinshduction, while the
ranges B, C and D correspond to extrinsic conduction. Rangg &so known as
the saturation range which arises when the ionization energy of impurities iscimu
lower than the width of the energy g&. In this range all the impurities are ionized
and thus the carrier concentration in the band is indeperfdem temperature. The
weakly dependence from temperature is determined by theéiteofobility, which is
associated with the lowering of the phonon scattering wéttrdasing temperature.

In range C the gradual freezing-out of impurity carriersde#o a temperature de-
pendence of resistivity given by:

p(T) = prelfr/kel) (1.8)

whereg; is theactivation energywhose value is very close to the ionization energy
of an isolated donor.

Range D corresponds to the hopping conduction regime, cteaized by a very
low mobility, due to the strong carriers localization. Iristhiegion the temperature
dipendence of the resistivity, as deduced from experimieasalts, is well approxi-
mated by the following expression:

pfl(T) — lee(fgl/kB-U + pgle(7£3/kBT> (19)

The first term is contributed by free carriers in the conduttiand and coincides
with 1.8, while the second term corresponds to hopping cotigin. The activation
energyes is at first enhanced by an increase of the impurity conceatratiue to the
increasing random Coulomb potential. A further increasedncentration enhances
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the wave-function overlap, thus leading to a smadlgrwhich finally vanishes as the
impurity concentration equalsc.
The value ofps strongly depends on the impurity concentration and it iegiv

by [7]:

a
p3 = poseXp<—Nl/3a> (1.10)

Here N stands for the majority carriers concentrationjs a numerical constant
andpo3 is a power-law function of the impurity concentration. Theypical reason
for the exponential dependence given by 1.10 is linked tartbeeased wave-function
overlap with increasing impurity concentration, whichdsao an enhanced hopping
probability.

A third activated mechanism contributes to conduction imisenductors with a
low degree of compensatio (< 0.2). Thus a further term, of the fory, *e(~£2/KT),
must be added in 1.9. Singg < p2 < p3 ande; > € > €3, this mechanism works
in the intermediate temperature range between the band€r&) and the hopping
(range D) conductivity regime. This type of conduction hasmextensively studied in
literature (see for example [8, 9]). It results to be lessbpide than hopping between
nearest neighbours, while the associated mobility is biga® linked to delocalized
carriers, able to cross the gap of eneggy= Ec — Er > €3 thanks to thermal excitation.

Due to the low value of the mobility, it is clear that hoppingnduction cannot
be interpreted on the basis of a picture of randomly scattqtasi-free electrons. A
complete theory should be based on different concepts,diratl that of localized
electron states: interaction with phonons and overlapefitave functions of localized
states give rise to infrequent jumps from one state to amdiliierent approaches have
been proposed to develope a theory of hopping conductiereisesference [7,10,11]).

1.4 VARIABLE RANGE HOPPING REGIME

At temperatures lower than those of the region interesteddarest neighbours hop-
ping, high energy phonons begins to be scarcely availaliieg$Epn) ~ kgT. This
favours longer hops, as necessary to find unoccupied siteenergy sufficiently close
to that of the original one and for which phonons, with thedeskenergy value, are
available. Due to the increase of the characteristic haplgimgth with decreasing tem-
perature, this transport mechanism is calladable range hoppingvVRH) regime.
The VRH regime is of great interest for the developementeifitial sensors, which
are usually fabricated by doping a semiconductor subgtratéelow the MIT. In these
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conditions it is possible to take advantage of the strongeddgnce of activated con-
ductivity over temperature which characterizes the VRHmeg making it possible to
produce very sensitive devices, while keeping a not too faddhe of the resistivity.
VRH conduction regime mainly involves impurity sites withezgy concentrated
in a narrow band near the Fermi level, also calleddpémal band whose widtheg
decreases with decreasing temperature. Mott showed thatided the density of
states does not vanish at the Fermi lexEg) # 0), it may be considered constant
in the narrow band involved in the hopping process. In theselitions the following
expression is valid for the temperature dependence oftrgsisn VRH [12]:

To\ ¥4
p(T) = poexp(?) (1.11)
with Tg given by:
'mz——gg—— (1.12)
ksa*g(Er)

whereg(Eg) is the density of states at the Fermi leveethe localization radius of
states near the Fermi levél,a numerical coefficient. Equation 1.11 is known as the
Mott’s law. A peculiarity of the hopping conduction is the temperatependence of
the average hopping lenght, given by:

1/4
A=a (?) (1.13)

Mott gave only a qualitative derivation of equation 1.11jlevh rigorous one, based
on thepercolation theorywas given by Ambegaokar [13].

Mott’s law can be generalized to the case of a spatial dino@adity d, obtaining
the following expression fop(T):

p
p(T) = poexp<?> (1.14)
with
p=(d+1)? (1.15)

Mott’s law is further modified in the case of an energy depemndensity of states.
Pollak [11] and Hamilton [14] considered the case when thsitg of states decreases
as:
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9(E) O (JE—Ee])™ (1.16)
Than the law 1.14 is valid with p:

m+1
T mtitd

Settingd = 3 andm = 0, corresponding tg(E) ~ constanf we getp = 1/4, as
expected.

Furthermore, for a density of states concentrated in a feriergy range near the
Fermi level, it turns out the existence of a critical temperaTc above which the
system undergoes a gradual transition from Mott’s law to pedeence of the form
given by 1.9.

In experimental studies over crystallic semiconductonsig been observed a value
of p equal to 05, more than ®5. This fact can be explained by introducing the theory
of the Coulomb Gapwhich modifies the form of the density of states near the Ferm
level.

(1.17)

1.4.1 Coulomb gap

Due to Coulomb interaction between charge carriers cautirig to hopping conduc-
tion, the density of states diminishes in the immediatenifigiof the Fermi level, by
following the law 1.16 wihm = 2. For a three-dimensional system Mott’s law 1.11 is
then modified to:

To\ /2
p(T) = poexp<?> (1.18)
The risultant minimum in the density of states is called @milomb gap since
it gives origin to an energy gaf separating the filled and empty states, as shown by

Pollak and Knotek [15, 16]. However, untill the temperatigrsufficiently high so that
the width of the optimal bandy is higher thanA, the Coulomb gap does not affect

the conductivity, and equation 1.11 remains valid. As theperature decreases
also decreses, till it becomes comparable to the gap widihhis circumstance the
exponenp in equation 1.14 is modified by the presence of the Coulomb gap

Shklovskii and Efros [4] proposed the following expresdionthe density of states
near the Fermi level in the presence of the Coulomb gap:

dkd

7B Er|d-t (1.19)

9E—-EF)=
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Taking into account this expression and experimental tespérformed with var-
ious doping concentrations and compensating degreesplibering expresson follp
is obtained:

17
Tozz.s}fz—a (1—%) (1.20)

HereN stands for the concentration of the majority impurity. Thewae expression
clearly shows how the temperature dependence of the xésistan be modified by
varying the impurity concentration. This fact is of grediirest for the fabrication of
sensitive thermistors operating in VRH regime.

1.4.2 Non-Ohmic behaviours

A doped semiconductor, with resistivity described by etumaf.18, is characterized
by a linear current-voltage relationship, given by the Olam.| However, as the cur-
rent flow through the semiconductor increases, non ohmiaviehbrs do appear, which
have been observed and reported in literature [17-19]. r&eredels have been pro-
posed in order to find an explanation to these non-linearifiéey differ in details, but
they basicly rely on two main effects: the first one is basetherelectric field effect
the second one is based on a thermal modelhtte@lectron model

Theoretical models for hopping conduction forsee the erise of an electric field
effect, due to the energy acquired by electrons, while jurgfiom one site to another,
when an electric field is applied. An approximated expression for resistivitylist
condition is given by:

p(T,E)=p(T,0) exp(—CEB—E_)r\) (1.22)

whereC is a constant of order unity amd represents the characteristic hopping
length.

The standard electric field form given in 1.21 does not alwgiys a complete de-
scription of the observed behaviours. The introductionrodaalog to the well known
hot electron model in metals (see for example [20]) ofteoved| better explanations
for the experimental results. In this model electrons appesed to form a subsystem
with its own temperaturée, thermally coupled to the phonon subsystem, with temper-
atureTp, through afinite thermal conductanGgp. As a consequence, the VRH theory
is modified, so that the resistivity of the system depents ncenoverT, but overTe,
since the bias power injected to measure resistance i$ytdigbosited in the electron
subsystem. Mott's law 1.18 becomes then:
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To 1/2
p(Te) = poexp<?) (1.22)
e

Furthermore, in the hot electron model it is assumed thgbthneerP;, transfered to
the system as a consequence of its polarization, flows frenelctrons to the lattice
through a conductance given by:

Gep(Te) = % = agepld ? (1.23)
e

wherea andgep are constants an@ep is proportional to the volume of the semi-
conductor device. In the case of metals a dipendance of the®, 0 T* has been
found, while for semiconductors a valuewf 5— 6 is generally observed. For a fixed
temperature of the phonon system it is possible to calctifeteslectron temperature
as:

1
To— (T3+E> ’ (1.24)
gep
The difficulty with the hot electron model consists in thetfdwat it has no basis
in the current VRH theory, as in this context electrons stidnd strongly localized. In
VRH regime electrons can change their energy distributiptulmneling from site to
site, with emission or absorption of phonons, while in ortdeallow electrons to set up

a thermal distribution by their own, their energy should benghow delocalized.

1.5 METALLIC BEHAVIOUR IN HEAVILY DOPED SEMICON-
DUCTORS

Section 1.2 describes how the impurity concentration céecathe transport mecha-
nisms which take place in a doped semiconductor, givingtdtke metal-to-insulator
transition. In the subsequent sections the phenomenorchvahiaracterize the be-
haviour of lightly doped semiconductors at low temperatueee presented. In partic-
ular it was stated the existence of a critical concentratictopant atoms below which
the energy states are strictly localized and conductiorf sctivated type. This fact
was explained by observing that at low impurity concentratithe overlap between
electronic wave functions is negligible.

At higherimpurity concentrations the interaction betwaepurity atoms increases,
since their reciprocal distances get lower. Thus the edaatrwave functions of neigh-
bouring centers do overlap and the local energy levels lemoadove and below their
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original positions, forming impurity bands. The result islecrease in the ionization
energy which, at very high impurity concentrations, becemegligible. In this case a
single allowed band is formed in sucheavily doped semiconduct®o that electronic
states are delocalized and charge carriers are relatixesdy f

A semiconductor is called heavily doped (HDS) if its impyrdoncentration N
satisfies the inequality:

Na®>1 (1.25)

wherea represents the Bohr radius of the impurity state.

As already mentioned in the previous sections, delocatinaif electronic states
in HDS gives rise to a conductivity of metallic nature andshweakly dependant over
temperature. However it is worth to remember that conditgtivalues in HDS are
much lower than in ordinary metals. These peculiarities endl0S very useful in
the developement of bolometric detectors, as they are gaodidate materials for the
fabrication of heating devices for bolometers stabilizatiThese elements must in fact
satisfy some requirements, among which the following:

- their resistivity must be reasonably indipendent from temagure;

- their resistance must be much higher than that of the wired fa the electrical
connections.

A theory of charge transport and electronic states in HDisresively exposed
in [4]. It basicly starts from a free-electron picture, threating the carriers as an ideal
Fermi gas.

In such a picture the behaviour of this type of materials caimkerpreted in anal-
ogy to that of ordinary metals. Considering the carriers @sgletely free to move,
with no interaction with ions in the lattice, conductivithauld be a constant at any
temperature. Actually, even in metals, resistivity resuti be a weakly increasing
function of temperature. This is due to the contributionvad temperature dependant
factors: the first one is provided by phonons or lattice Milores, the second one is due
to impurity ions. The contribution due to lattice vibrat®decreases with lowering
temperature as:

pL~T (1.26)

as long ag > ©p, whereOp is the characteristiDebye temperaturef the mate-
rial. While for T <« ©p the dipendance is given by:



Transport mechanisms in doped semiconductors 19

pL~T® (1.27)

Both dependences are related to the number of availablegpisaat a given tem-
perature.

The contribution due to impurity iong; is indipendent from temperature in the
case of relatively low impurity concentrations. As tempera decreasegs. comes
close to 0, and resistivity is complitely determineddy It is this quantity then which
dominates at low temperatures, even more in the case of HDSewthe impurity
concentration is high, giving origin to a finite limit of resivity asT — 0.

1.6 HEAT CAPACITY

A further important parameter for the realization of botlermal sensors and heating
devices to be integrated in bolometric detectors, is thedtlcapacity, due to its contri-
bution to the shape of the thermal pulse (as better explameldapter 2 and 3). In the
case of a pure semiconductor the heat capacity is that ofttied and it is given by
the Debye law:

3
cO <elD> (1.28)

For silicon®p corresponds te- 645 K. In the case of a doped semiconductor other
contributions must be added, which depends over the impeoiticentration:

- when delocalized electrons are present they contributeetdnéat capacity by a
1/3

term of metallic typeCe 0Ny T,

- when the impurity concentration is close to the critical oggerimental results
require the introduction of a term due to localized elecstakCe [ TY, with a
varying between-0.2 and 02 asNp varies between.89 x 108 and 73 x 108
ions/cn? for the Si:P system.

At about 100 mK the termC, is approximately constant and fbip = 3.3 x 108
ions/cn¥, close to the impurity concentration of the thermal senstuslied in this
thesis, its value is aboutZb pJ/g/K. Finally it is important to notice that the lattice
contribution decreases very rapidly with decreasing tenaipee, till it becomes negli-
gible. In the case of heavily doped semiconductors, at v@mtémperatures, the heat
capacity results to be dominated by the electronic ternp@mional to the temperature
T.






CHAPTER 2

DETERMINATION OF THE NEUTRINO MASS
AND BOLOMETRIC TECHNIQUE

Neutrinos represent the most common form of matter in thearse, being at the
same time elusive, since they are weakly interacting gagtidn the Standard Model
of electroweak interactions neutrinos are described aslessparticles with spin/2
which can assume one of the three leptonic flavogsv,, v-.

In recent years experimental results proved that neutrimotlrs oscillate, thus
providing evidence for the existence of a finite neutrinos{@4—25]. In the hypothesis
of a non-zero neutrino mass flavor sta@$ can be written as coherent superpositions
of mass eigenvalugs;):

vi)=>Uilvi) I=ept =123 (2.1)
1

whereUj; is the Pontecorvo-Maki-Nakagawa-Sakata mixing matriy.[26

From oscillations the neutrino mixing matrix can be evaddats well as the mass
square differenceﬁmzj, but not the absolute mass valueg np, mg [27, 28]. Accord-
ing to oscillation experimental results the three follogimossible scenarios arise for
neutrino mass hierarchies, as also illustrated in figure 2.1

- normal hierarchy:
Amg;>0 My <mp< g

Ay o~ AMEy ~ MG AMBg =~ |AmGy| ~ M

21
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- inverted hierarchy:
A, <0 Mg my<nmp
Am%Z = ArT%ol Am%B = _|Am§1tm| = _m%

- quasi-degenerate hierarchy:

Arrﬁ- <<m§:m%:m§

The parameteramg , andAmg, , identify the experimental mass square differences
inferred respectively from solar and atmospheric neutosoillation measurements.
Though it is not possible to calculate absolute mass vahaeges for the effective
Majorana electron neutrino magsn, )| can be inferred, with the help of some further
assumpions, in the three different hierarchy schemes.

&
Mass [meV] y
- 100-500 meV | T ——
Degenerate hierarchy
- Vi Vi
-
[——— , 4 CC—,
Am:«': | — L]
Am
Am .
4 e .
A I | m— ] [——

MNormal hierarchy Inverted hierarchy

Figure 2.1: Neutrino mass hierarchies schemes

The results of the analysis done by Pascoli et al. [27] isntepldn table 2.1. This
analysis is useful to predict the discovery potential ofélperiments involved in the
search for neutrino mass.

SiPO | (M) [RE | [mue) ™ | [(mue) [ | [(mue) |38
(meV) (meV) (meV) (meV)
0.0 37 8.7 50.6 479
0.02 4.6 8.6 49.6 42.8
0.04 5.3 9.9 486 454

Table 2.1: Present constrains ofimy,)| in meV, for the 90% C.L. allowed values @fms,
AmgrmandBgg mixing angle: maximal values for the normalifl) and invertedIH) hierarchies;
minimal values for invertediH) and quasi degenerat®D) hierarchies [27]
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The discovery that neutrino have a finite mass representérgeserious crack in
the Standard Model. Efforts to unify the strong and electakvinteractions led to
the developement of Grand Unified Theories (GUTSs) whichderthe possibility for
neutrinos to have a non-vanishing mass. In the context of€3ti3 possible to develop
predictive models for fermion and in particular neutrinossas. The experimental
determination of neutrino mass scale and properties isdahencial test for predictive
GUTs.

Furthermore the existence of a massive neutrino have aatrrgie also in cos-
mology, as neutrinos may represent a component of dark mgtten their mass is
sufficiently small [29]. According to oscillation experimial results the heaviest neu-
trino mass is in the range@ — 0.6 eV, and hence much smaller than charged lepton
masses. This fact finds an explanation by means of the seesatamsm, often in-
corporated in the GUTSs.

In parallel to the discovery of neutrino mass scale someraibpen questions should
be answared by means of experimental observations, sudieasature of neutrino
mass, i.e. if neutrino is a Dirac or a Majorana particle (heutrino corresponds to its
own antiparticle). Itis clear then that a complete undeditag of neutrino properties is
crucial for the comprehension of elementary particle ptyais well as for the solution
of some hot astroparticle problems.

Up to now only upper limits on neutrino mass can be deduceah fitee so far
obtained experimental results. Only one controversiat ames exist in which the
observation of a Majorana neutrino mass~00.4 eV has been claimed by a part of
the Heidelberg-Moscow collaboration [30], in the contekheutrinoless double beta
decay experiments.

Three main approaches involved in neutrino mass invesigate presently avail-
able, which are respectively based on cosmological boyhdscay experiments and
neutrinoless double beta decay experiments.

Cosmological bounds are based on kinematical effects apendieon the delicate
interplay between CMB and galaxy power spectra, being tkas fobust then lab-
oratory measurements. Neutrinoless double bet@Q decay experiments will be
essential to disentangle the nature of neutrino massy3{3 feeds to assume neutrino
is a Majorana particlel decay experiments are the only model-indipendent method of
investigation, nevertheless it is very hard to get sengéw much lower thar- 1 eV.

It is worth to notice that all these methodologies are rezliin order to investigate the
different aspects concerning neutrino physics.

In the context of the search for neutrino mass the calorim&gchnique is a very
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promising method, applied to botlv@p and3 decay experiments as described in the
following sections.

2.1 BOLOMETRIC DETECTORS OF PARTICLES

A thermal detector generally identifies a sensitiadorimeterable to measure the heat
released by an impinging particle through the correspantémperature rise. When
thermal detectors are operated at low temperatures thegyroaite an excellent energy
resolution, low energy treshold and wide material choicertfrermore they have the
unique feature to be sensitive to non-ionizing events. Hdhase reasons they are
suitable candidates to be used in the investigation on imeutnass through the study
of OvBB andp decay.

A typical calorimeter is made up of an energy absorber, irciiparticles interact,
and a thermal sensor, which converts the temperature riseaim electrical signal.
These two elements are coupled each other and to the heathsaigh a thermal
link. The thermal sensor can be either a semiconductor tisesmoperating in the
VRH regime and more in general a resistive element with anglygodependence of
resistence over temperature, or a any other device ablenteedoa small temperature
change into an electrical pulse.

The energy deposeted in the absorber is at first convertediigh energy phonons,
thus modifying the system thermal equilibrium (non thermabnons). When time
enough is elapsed(1ps) the phonon system relaxes on a new equilibrium distribu-
tion, corresponding to an higher temperature (thermal pheh The detector works as
a true calorimeter only when it is not too fast in responsehst a complete thermal-
ization of the deposited energy is guaranteed. There aratgihs in which the sensor
response is so fast that excess non-equilibrium phonondeteeted: in this case the
thermometer is better defined apldonon-sensor

Since semiconductor thermistors are relatively slow irpoese, they are usually
operated, as far as possible, as true calorimeters.

Thermal detectors are sometimes called phonon mediatédipaetectors (PMDs)
due to the physical processes involved in the productiohettermal signal. PMDs
were originally proposed as ideal calorimeters, with hegiacityC, able to com-
plitely thermalize all the energl¢ released by a single particle, thus giving rise to a
temperature increagel = E/C. In order to inhance sensitivity the heat capacity must
therefore be minimized. This can be done by operating calketric detectors at low
temperatures. PMDs operated at low temperatures are atsorkasbolometers
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When the detector total mass does not exceed 1 mg and thedineansions are a
few hundreds ofim maximum, one speaks aboutécrocalorimeter

One of the prerogatives of calorimetric detectors is théeaetble intrinsic energy
resolution, much higher in comparison to that of converdlatetectors, which are
only sensitive to the fraction of energy deposited througghzation ¢ 30%). Energy
resolution is intrinsecally limited by the fluctuations lretnumber of excitations since
its value is given by:

AEFwHM = 2.35FVEE (2.2)

whereeg is the energy required on the average to produce a singleéatinci, E
represents the total energy deposited in the detectoFaisdhe Fano factor [31]. In
conventional semiconductor detectors the energy reqtir@doduce an electron-hole
pair is of order 1 eV and in other ordinary detectors the aticih energy is even higher.
On the other hand the typical energy of a phonon in a calognmterating at- 100
mK is of orderkgT ~ 10 peV. In this case intrinsic resolution is thus improved by a
factor 1— 2. Intrinsic resolution in calorimetric detectors will bearoughly discussed
in section 2.1.1.

Another prerogative of calorimetric detectors, particlylattractive in applications
where a coincidence between source and detector may bergent;gs the wide choice
of materials available for the fabrication of the absorbéhgment, which must essen-
tially submit to the fundamental requirement of having a kEmough heat capacity in
order not to suppress sensitivity. Two classes of matedatxdst which are suitable
for the production of the energy absorber, as they meet theinements previously
exposed: diamagnetic dielectric materials and superatindsi In both cases in fact
the heat capacity behaves as a very rapidly decreasingdarafttemperature, as will
be better described in 2.1.1.

A powerful method for the determination of neutrino masotigh the study of
OvBp andP decay, consists in embedding the source of the decay evedés unvesti-
gation in a bolometric detector, thus making a calorimetreasurement of the decay
energy. This allows to maximize the efficiency, as the soisrcemplitely sourrounded
by the detector. At the same time all the deposited energypeaneasured by means
of a temperature rise.

A further important accomplishment, necessary to coryegflerate calorimetric
detectors of particles, consists in the stabilization spanse which can change with
the temperature fluctuations of the heat sink. This task eapursued by means of
a fixed resistencehgate), directly glued onto the absorber, able to dissipate a know
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joule power into the bolometer. Another task which can beoagaished by heaters
is the determination of theptimum pointin the | —V, curve, corresponding to the
maximum detector response, as better described in 2.3.3.2rld Actually there exist
some more methods for response stabilization, as desciib2@.1, where also the
role of heaters will be discussed in details.

2.1.1 Absorber and thermalization process

In principle any kind of material with sufficiently small hiezapacity at the operating
temperature can be used as energy absorber in the fabricdtimlometric detectors.
Usually a dielectric diamagnetic material is used in ordeaxtoid dangerous contribu-
tions to the specific heat due to the electronic term, as ipbap in metals. In fact in
the case of insulators and semiconductors the heat capscitympletely determined
by the lattice contribution and given by the Debye law (sse akction 1.6):

3
ColTo) [ﬂ fn (;_p) (2.3)
HereC, and T, represent the lattice heat capacity and temperature resplgc
while n is the number of moles in the considered material. Due todp&lrdecrease
of their heat capacity with decreasing temperature, giveredpuation 2.3, dielectric
materials are good candidates as absorbers in the reafizaftibolometric detectors.
In such devices the energy resolution can be very high arsgdtothe so-callether-
modynamical limitcorresponding to the statistical fluctuation of the inédenergy of
the calorimeter, in the hypothesis of a weak thermal link® heat bath (see section
3.2.1):

AEpwhm = V kgT2C (2.4)

A crucial parameter of the energy absorber is therfdge which should be as high
as possible in order to reduce the specific heat.

Heat capacity is a quickly decreasing function of tempegaéilso in superconduc-
tors. In this case the fraction of the electrons joined tarf@ooper pairs, which do
not contribute to the specific heat, gradually increasesvbéthe critical temperature
Tc. The remaining single electrons contribute with the follogvterm, as given by the
BCS theory:

3/2
Ce(Te) {%] 0T (1.76%) exp(-l.?ﬁ%) (2.5)



Determination of the neutrino mass and bolometric techmiqu 27

HereTe stands for the temperature of the "free" electrons.

The interaction of an elementary particle with a solid medjproduces excitations
of its elastic field, so that the energy spectrum of the tgogenon system is modified
and the starting equilibrium condition is broken. It wasyioesly pointed out that
only when the phonon system relax on a new equilibrium camdihe detector works
as a true calorimeter. As a consequence, in view of the ctaiaation described in
chapter 3 and in order to give a correct interpretation ofttlkeaviour of calorimeters,
it is necessary to give a description in terms of thermodicasystems with a well
defined temperature while operated. This is only possiblgfiér the particle interac-
tion, the equilibrium condition is restored before the céetgformation of the thermal
signal (which typically requires a time of order 1(§). The processes involved in the
restoration of the thermal equilibrium condition are veomplex and depends on the
material type.

The energ)E released by a ionizing particle interecting in a dielectnaterial is
mostly spent in the production of a number of electron-haliespgiven by:

Neh: E/Seh (2.6)

whereggy, is the average energy of the electron-hole pairs, linkedecehergy gap
Eg. These pairs release their energy excess by emitting higitygaptic phonons: this
process takes a time of order ps. Optic phonons subsequdetdy in a few ns into
longitudinal acoustighonons, with frequency about half the Debye frequencyThe
effect of the interaction of a ionizing particle into the alizer is, in the end, the pro-
duction of acoustic phonons with energyhvp after a few ns. At the typical operating
temperatures{ 100 mK) the conditiomvp >> kgTp, is valid, wherekg Ty, corresponds
to the energy carried by the reticular thermal phonons: ghigation does not yet cor-
respond to an equilibrium condition. In order to obtain a pemature increase of the
whole system, or better, to get to the new thermal equilibrithe acoustic phonons
must degrade their energy through two different thermébreprocesses:

- decay of longitudinal acoustic phonons, thanks to the aoaitnterms of the
lattice potential;

- isotopic scattering of phonons, which allows also the cosiea between longi-
tudinal and transversal acoustic phonons.

Even other mechanisms can give a contribution to the thézatadn process, as
the interaction of phonons with adsorbing atoms at the sarta with defects in the
absorber.
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One factor which can be very dangerous for the energy resalig the presence
of electron-hole pairs with energy Eg which can be involved in trapping and ra-
diative recombination processes. This is even more prebalthe case of dielectric
materials, where impurities and defects lying inside théiftden band-gap can act as
traps. These processes prevent from the full conversioheofieposited energy into
heat, since electron-hole pairs get trapped before theamndination to phonons. The
statistical fluctuation of the number of trapped carrieeslieto excess broadening of
the energy peakgshermalization noisg A solution to this problem consists in using
metallic-superconductive or small band-gap energy aleserb

2.2 DIRECT SEARCH FOR NEUTRINO MASS

3 decay end-point experiments, also known as "direct seatdébeneutrino mass, are
essentially free of theoretical assumptions about neufpioperties. High precision
end-point measurements of beta decay are required togeithe®v33 decay experi-
ments, in order to fully disentangle the neutrino mass matur particular the search
for neutrino mass through the study@tecay end-point will play a fundamental role
and should be pursued with different techniques, for theaes below discussed:

- the possible estimation of the neutrino mass is based onlyimematical as-
sumptions and is therefore totally model indipendent, intast to the other
techniques involved in this topic.

- the achievable sensitivity~( 0.2 eV) matches the present sensitivities of other,
model dependent methods; in particular the Klapdor-Kletitaus (Heidelberg-
Moscow) claim for a neutrino Majorana mass-~0f0.4 eV can be confirmed, if
the case, by a pure kinematical approach.

- the proposed single beta decay experiments are quite diificd dominated by
a complicated systematics; this imposes the use of at astamplementary
techniques.

2.2.1 Beta decay and neutrino mass

Beta decay is a nuclear transition in which a nucleuZ (— 1) decays by emitting an
electron and an electron antineutring

(AZ—1) — (AZ)+€ +Ve (2.7)
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The energ)Ep available in the final state is given by:

Eo=M(A,Z—1)c?—M(A Z)c? (2.8)

whereM indicates the mass of the atoms in the initial and final st&tegle beta
decays can be classified according to the selection rulestespin table 2.2, where
L=AJ=|J —J| andJ,Js,m,T; are respectively the spins and the parities of the
initial and final nuclides.

L=01 mm=+1 Allowed transitions

L=01 mm=-1 Non unique first forbidden transitions

L>1 TG TG = (—1)'- Non unique L-th forbidden transitions
T = (—1)%1  Unique (L-1)-th forbidden transitions

Table 2.2: Classification and terminology for beta decays

Neglecting the nucleus recoil, the energy spectrum of thitednelectrons is de-
scribed by the general form:

Ng(Z, Eg,mye) = PpEp(Eo — Ep) \/(Eo — Ep)? — mG,c*F (Z,Ep)S(Ep)[1+ Or(Z, Ep)]
(2.9)
where, by indicating withpg and Eg the momentum and energy of the emitted
electron respectively, the following terms do appear:

- ppEp(Eo— Ep) \/(Eo — Ep)? —mg_c* is the phase space term in a three-body de-
cay, where the nuclear recoil is neglected;

- F(Z,Ep) represents the Coulombian correction (Fermi function)oltsiccounts
for the effect of the nuclear charge on the wave function efahitted electron;

- $(Eg) is the form factor of the beta spectrum, which contains theear matrix
element of the electroweak interaction;

- Or(Z,Ep) is the radiative electromagnetic correction, usually aetgid due to its
exiguity.

Usually, for experimental analysis purpose, it is convente transform the ac-
quired beta spectrum into a quantity which is linear with ¢énergyEg of the emitted
electron:
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<(Ep) = \/ Ng(Z,Eg,my,) -~ (Eo—En) (1_ me )1/4
PeEgF (Z,Ep)S(Ep)[1+Or(Z,Ep)] (Eo—Ep)?
(2.10)
The corresponding graph is nami€drie plot Assuming infinite energy resolution
and massless neutrinos, the Kurie plot is a straight linergeicting the x-axis at the
transition energyEg. On the other hand, the existence of a massive neutrino,dvoul
distort the Kurie plot in proximity of the end-point, and timersection with the x-axis
will appear at the energilo — m, (figure 2.2).
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Figure 2.2: Kurie plot in proximity of the trittum end point energy, eualted considering a
neutrino mass of respectively 0 eV and 20 eV

Most informations for the determination of the neutrino mase therefore con-
tained in an energy interv@E ~ 3m,, close to the final part of the Kurie plot, which
is unfortunately the region with the lower counting rate.eTraction of useful events
occurring in this region is given by:
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Eo OE\?
F(BE):/EO_BE NB(Z,EB,mVe:O)dEQZ(E—O) (2.11)

The above equation shows clearly that low end-point eneetgy becaying isotopes
are the ideal candidates to be used in the direct search €drime mass, in order to
increase as much as possible the statistics in the integestiergy region.

For example in the case of tritium, which have one of the ldvessl-point en-
ergies available in naturde§ = 18.6 keV), assuming a neutrino mass equal to 5 eV,
the fraction of useful events calculated by means of eqon&itbl corresponds to only
1.5 x 109 this gives an idea of the difficulty of such investigation.

Furthermore other factors do interfere with the evaluatibtme neutrino mass from
the final part of the Kurie plot. First of all the finite energgsplution of the detector
produces a distortion of the Kurie plot in an opposite wayhwispect to the effect
of a finite neutrino mass: for this reason a correct evaluadiothe detector response
function, which includes the energy resolution but whiclesloot coincides with it, is
necessary. As a second point one must take into considethtibthe atom or molecule
containing the decaying nucleus can be left in an excite@:stes a consequence the
energy available during the decay is reduced by an amoura egthe excited level
itself. Even this effect produces a dangerous distortiothenfinal part of the Kurie
plot. The two above mentioned topics will be treated in detater, since they assume
different roles depending on the considered technique.

The third problem one must take into consideration durirggahalysis of the final
part of the Kurie plot deals with the presence of backgrouadiced by cosmic rays
and environmenal radioactivity, which may affect the newatmass determination due
to the low beta counting rate in the interesting region. ftassible to show that an un-
certaintydB in the radioactive background evaluation modifies the spetaccording
to:

oB
PeEp(Eg — Eo)F (Z,Eg)S(Eg

(2.12)

thus simulating a negativmﬁe equal to—20B/(pgEgFS). The background rate
B and the corresponding uncertairdi3 are expressed in counts per time and energy
unity.
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2.2.2 Measurements with electrostatic spectrometers

Since the Sixties of the last century many experiments wertopmed for the deter-
mination of the neutrino mass using tritium beta decays aagnatic or electrostatic
spectrometers. This approach allows to select of only tleéuligraction of emitted
electrons by means of the effect of a proper magnetic fielde [Eading technique
from the nineties on has become then the one based on etatit@pectrometers with
adiabatic magnetic collimation: in this case the electramscollimated by means of
a magnetic field with a characteristic space profile and tedielsy an electrostatic po-
tential barrier. The characteristic which mainly diffetietes these devices from bolo-
metric detectors is that the sourceeigternalto the detector. For this reason tritium is
the best candidate isotope to be used, thanks to its rdiaskiert half life (123 years)
which allows to produce high specific activity sources. Rertmore its end-point en-
ergy is one of the lowest available in nature. Tritium beteage

SH—3He+e +Ve (2.13)

is an allowed transition, thus posing no problems for thdydital determination
of the electron neutrino energy spectrum.

All the above mentioned characteristics contribute in defjtthe main advantages
and drawbacks of the electrostatic spectrometers in theegbaf the search for neu-
trino mass, which can be summarized as follows:

- the fact that it is possible to select only the useful frattd emitted electrons
(with energies close to the end-point region) allows to emiate the analysis
on the relevant part of the Kurie plot, without disturbasctming from the
lower energy electrons: therefore a very high statisticstimaccumulated in the
ingeresting interval (in contrast to calorimeters for whtbe pile-up can be one
of the main problems to deal with, as discussed in 2.2.3);

- a very high energy resolution can be achieved, of order 1 evidat generation
experiments;

- the fact that the source is external to the detector inducesia of inconvenient
effects: it is necessary to deconvolve the response fumctithe instrument in
order to correctly trace back the pure shape of the electn@ngy distribution,
as below discussed;

- even the effect connected to the role of excited final statdisked to the fact
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that the source does not correspond to the detector and @f dime points which
mainly distinguishes spectrometers from calorimeters.

The experimentally observed beta decay spectrum in theafagectrometers can
be written as:

Ng ™(E) O (1+ a(E — Eo))S(E) (R® EL @ Ng(E)) (2.14)

whereN; "(E) corresponds to the spectrum described by 2.9 and as for e ot
terms:

- R accounts for the energy resolution which can be determixpéranentally
by means of a monoenergetic source or through a numericklaian: in both
cases a systematics is introduced;

- E, describes the self-absorption in the source, which modifiegnergy of the
emitted electrons;

- the term(1+ o(E — Ep)) is present when the source is deposited on a solid
substrate and accounts for the effect of electrons emitie@rds the support
and then reflected backwards into the spectrometer;

- §(E) corresponds to the energy dependent acceptance of thempettr, which
can be computed analitically.

Two experiments based on electrostatic spectrometersieame carried out in re-
cent years leading to the most sensitive results in the fithd: Mainz and Troitsk
experiments, which put the neutrino mass limit, obtainethiwithe context of direct
searches, down to approximatelyp2V [32—34]. At the same time they offered the
opportunity to investigate the presence of uneccountedcssiof systematics, since
some factors, other then those above itemized, did apptesudatta taking, which were
not predictech priori.

The next generation experiment KATRIN is forseen to redineerteutrino mass
limit by another factor of 10 if built successfully [35].

2.2.3 The calorimetric approach

An ideal calorimetric experiment, in which the source is edded in the detector,
allows to measure the neutrino energy in the form of a misemgygy. This is possible
since the emitted neutrino is the only form of energy whicbages to detection. In
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fact even the energy spent for the excitation of atomic oremalar levels is measured
through the de-excitation of these states, provided tifetirhe being negligible with
respect to the detector time response.

The main advantages of calorimeters over spectrometershwleals with the fact
that the source does correspond with the detector, can benatized as follows:

- there are no problems of self-absorption;

- there is no possibility of backscattering from the detector
- there is no possibility of reflection on the source substrate
- even the energy stored in excited states is measured.

All the above mentioned items would represent an addediboitin to the system-
atic uncertainty in the determination of the detector resean the case of an external
source, as already pointed out for the case of spectrometers

The main drawback of calorimeters deals with the fact thatthole beta spectrum
is acquired. This forces to keep a low counting rate in ordeavibid distortions of the
final part of the Kurie plot due to pulse pile-up, with a conseat limitation of the
statistics which can be accumulated. This effect is produmedecays which occur
within a time interval so short that they can not be resolwethie detector. Therefore
a certain fraction of detected events is actually the sumvofdr more single events.
In particular there will be an amount of pile-up events cilmitting to the counting rate
in the region close to the end-point, thus contaminatinggextral shape. The pile-up
effect is even more dangerous in the case of calorimeterishvae intrinsecally slow,
in particular if the thermal sensor is a semiconductor thston

Given the above considerations the ideal candidate isdtoee developement of
calorimetric detectors for the direct search of neutrinesiz'8’Re. A calorimetric
study of rhenium beta decay spectrum, with the aim of meaguhe neutrino mass,
was at first proposed by S. Vitale [36F'Re transition energy is.27 keV, the lowest
known, and its half lifetime is 42 Gy. The'®Re beta decay:

187Re5/27)—8705(1/27) + € + Ve (2.15)

is a unique first forbidden transition; therefore the nucheatrix element is com-
putable, even if not as straight forward as in the cas#ofThe natural isotopic abun-
dance of®’Re (628%) allows the fabrication of useful sources with no needofapic
separation. Furthermore the beta decay rate in naturaiufreis of order~ 1 Bg/mg,
which is ideally suited for the fabrication of calorimetdetectors, as later described.
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The optimum parameters which allow to obtain the best peréorces for a calori-
metric rhenium detector can be evaluated by taking into idenation the most im-
portant limiting factor in the developement of the cons@tkexperiments: the pile-up.
Assuming a Poissonian time distribution, the fraction oér¢ suffering with not-
identified pile-up is given by:

P(At < Tr) = 1—€'R (2.16)

wheretg is the pulse-pair resolving time of the detector, whichndkéid to the rise
time, A is the source activity andt is the time separation between two events. The
consequent beta spectrum is given by the convolution ptoduc

E
N§(Z,E) = Ng(Z,E) +1— ef“R/o *Ng(Z,E')Ng(Z, E — E')dE/ (2.17)

The counting rate due to pile-up in the interé®l below the end-point energy is
given by:

Eo

App(m;e,AE):A(l—eATR)/ AEdE/OEOdE’NB(Z,E’)NB(Z,E—E’) (2.18)

Eo—
The ratio between spurious events and pure single beta glatthe energy interval
AE is approximately:

App(ov AE)
A(0,AE)
Imposing this ratio be less than 10%, considering an enaggglution of 10 eV
and withtr ~ 100 s, the source decay rate must be less tharBg, a value which
ideally fit with typical microcalorimeter dimensions andual rhenium abundance.
An approximate expression for the statistical sensitiafycalorimetric neutrino
mass experiments can be evaluated in a simplified appraaochgeér to illustrate how
the characteristics of the detector (energy resolutionrésgltimein primis) and the
other factors involved (the measurement time, the sourbétg@nd so on) can affect
the experimental results. In order to evaluate the effe@ bhite neutrino masm,
below the end point energy and to rule out such a mass from tinie i§lot distorsion,
the experiment must be sensitive to the number of pure beiats@xpected in the
interesting intervadE in the final part of the spectrum. The fraction of useful egént
this region is given by:

(2.19)
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Eo 3mg
Fag)(my) 2407AENB(E,m)dE:F(AE)(O) 1- (2.20)
where
AE\ 3
Fiag)(0) = 2A <_EO ) (2.21)

The distorsion effect due to the presence of a finite neutriaes must be detected
in presence of external background and undetected pileseipte in a first approxi-
mation the former of the two contributions can be neglectatithe pile-up spectrum
can be evaluated by assuming a constant pulse-pair regdlwie tr, of order of the
detector rise time. In this approximation events which oagith a time separation
greater thang are detected as being doubles, while those with a lower teparation
are accounted as singles. The coincidence rate isthafand the fractiorF of
these events falling within the regidt belowEy is given by:

Eo 9 AE
FApEp:tRAZ/ _Np(E,0) @ Ng(E, 0)dE =~ grRAZE—O (2.22)

Eg—A
The signal-to-background ratio in the considered energioreAE can be evalu-
ated as follows:

signal _ |Fae(my) — Fae(0)[tu
background \/FAE(O)tM i FApEptM

wherety is the measurementtime. In order to get a 90% confidencethmgignal-
to-backrgound ratio must be 1.7. The effect of the various parameters contained
in expression 2.23 can be evaluated considering two lignisituations, in which the
square root factor is dominated by one of the two terms.

The pile-up can be considered as negligible when the foligwiondition is valid:

(2.23)

A< 10AE?
R 9 E2

In this situation the 90% confidence limit sensitivity is givby:

ESAE
So0(my) = 0.89;/ X—tM (2.25)

Since itis not possible to consid&E being less than aboutNErw i, it is evident
that an improvementin the energy resolution will inhaneegansitivity. Nevertheless
the statisticdAty results to be the most important factor in this approxinratio

(2.24)
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By diminishingAE and increasing\ the second limiting situation, where the pile-
up dominates, can be reached. In such condition the 90% eowidimit sensitivity
can be written as:

4 EgTR
tMAE
In the above expression the roleAfs substituted by Atr. As a consequence the
sensitivity can be improved by acting on the pulse-pairlkesg time and once more
on the energy resolution.

Zgo(m\;) ~ 0.87 (2.26)

2.2.4 The MARE experiment & the role of semiconductor therms-
tors

As already pointed out®’Re is the ideal candidate isotope for the developement of
a calorimetric experiment aiming at measuring directly tle@itrino mass. Thanks to
its transition energy (the lowest available in nature) ttaetion of useful events close
to the end-point isv 350 times higher than the one achievable with tritium. In the
previous section other important characteristics®Re were discussed, which make
this beta decaying nuclide the best choice for the fabnoadf microcalirimeters, using
rhenium compounds as absorbers.

In particular,'8’Re natural abundance and lifetime, combined to the typidal m
crocalorimeter optimum size, allow to produce 1 mg-scaléads with typical activi-
ties of order 1 Bq, which match the requests of microcaloté@ntchnology (including
the limitation of the pile-up effect).

Two rhenium compounds are actually available as absorbetsral metallic rhe-
nium, which contains- 63% of the isotope 187 and dielectric rhenium compounds.
Metallic rhenium behave as a superconductor below theatitemperaturé; = 1.69
K, where the heat capacity decreases exponentially agdgistated in section 2.1.1.
Furthermore the expected activity for a 1 mg device-id Bq. On the other hand
calculations from the BCS theory predict that a large pathefenergy released inside
the absorber can be trapped in quasi particle states whiefidi many seconds at tem-
peratures below 100 mK. Despite these theorical considesatexperimental results
show that superconductive rhenium performs well as absanberyogenic detectors,
though no exhaustive explanation has been given for thesefigancy.

The possibility to use a proper dielectric rhenium compopravides a comple-
mentary solution, which allows to overcome potential pesh$ with incomplete en-
ergy conversion to phonons in superconductive rhenium. Agrtbe several available



38 Determination of the neutrino mass and bolometric techamiqu

compounds, silver perrhenate (AgRg@ppears to be the best suitable choice, due to
its physical, thermal, practical properties. In this cdmepossible target for the single
crystal mass, resulting from a trade-off between rate;pdend energy resolution, is
around 25Qug, corresponding to a decay rate o1 Bq.

The considerations so far exposed over microcalorimetdmelogical requests
draw to the conclusion that the most powerful method for tetbpement of a calori-
metric experiment, aiming at the direct search for neutnrass, will be the realization
of a great number of small devices, in order to reach the redustatistics while pre-
serving good performances.

At present two italian collaborations have been working dreftum based mi-
crocalorimeters since the ninties of the previous centtimy:Genova group, within the
project MANU [37] and the Milano-Como group, within the pecf MIBETA [38].

The MANU group realized a single device based on metallioitma (absorber
mass 16 mg) coupled to a Ge-NTD thermistor (see sections 3.1.1 ah@®)3 The
experiment was run for.8 years with energy resolutiochEpywnvm = 96 eV and rise
timet, ~200ps, resulting in an upper limit on neutrino mass of 19 eV (90P).c.

The MIBETA group developed a 10 detecors array which alloteectach an up-
per limit on neutrino mass of 15 eV (90% c.l.) with a total ltnk@e of 0.6 years. The
single elements of the array were based on AgRefsorber (25 mg) coupled to
Si-implanted thermistors (see section 3.1.3), with anayeAEryw v = 28.5 eV and
T, = 490 ps. The MIBETA collaboration has developed a specific knowloo Si-
implanted thermistor technologies, which guarantee higimaducibility and possibil-
ity of micromachining, useful characteristics for the ftg@xpansion of the experiment
(see section 3.1.2 and 3.1.3).

These two experiences allowed to set an upper limit on meutriass of about 15
eV (90% c.l.). The results obtained by the MANU and MIBETAIlabbrations have
proved the potential of the calorimetric technique apptiethe direct search for neu-
trino mass. Though the achieved sensitivity is about oneroofl magnitude worse
than the present limit set by spectrometric experimentgptgel Montecarlo simula-
tions show the possibility to reach an upper limit of aboudtbrough present tech-
nology detectors, by simply optimizing the single chanregfgrmances and scaling up
to hundreds devices. This will allow to scrutinize the Ma@md Troitzk experiments,
by means of a completely indipendent methodology.

In order to join strenght the MANU and MIBETA collaboratioosnverged giving
origin to the next generation experiment MARE [39], with fireal goal to reach the
same sensitivity as the KATRIN experiment on neutrino més®rder to pursue this
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aim the project will be developed in two phases, the first anérg to increase the
sensitivity of about one order of magnitude and serving asieixperience, the second
one actually pursuing the main goal.

The first phase, MARE-I, will serve also to improve the unthiarding about all
possible systematic uncertainties and to gather furthpemance on Rhenium based
microcalorimeters. In addition it is crucial to sustain agiel R&D activity for the
second phase of the experiment, aiming at reaching@ &9 sensitivity. This purpose
can be attained only by the employment of new technologycti@teaccompanied by a
brute-force expansion of the MARE-I experiment. Duringfingt phase of the project,
two experiments, directly discending from the two precwsswill be run separately.
A big effort is already put in the optimization of the detegperformances, in order to
match the requirements in terms of energy resolution ane tesponse. In this context
the characterization of the devices being used as thermabsgand their coupling to
the absorbers are of remarkable importance, since theyaslagly affect the detector
performances.
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Figure 2.3: Temporal evolution of the sensitivity to neutrino mass in RE&:Il, considering four
different experimental configurations. The triplet of nierdthat labels each curve indicates
respectivelYAEFwHm [€V], Tr [ps] and single channel activity [Bq]

The MANU2 experiment will develop an array of about 300 détstchannels,
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each one composed of a metallic Rhenium single crystal edujad a TES as ther-
mal sensor [39]. The MIBETA2 experiment will take advantagehe knowledge
accumulated during the previous experience as well as afdhaboration with other
research groups operating in the field, in order to devele®80 detector array based
on AgReQ single crystals (15 mg) coupled to Si-implanted thermistors. It is in the
context of the MIBETA2 experiment that one of the main sutged this thesis is de-
veloped, dealing with the characterization of Si-implateermistors produced by the
MEMS group at ITC-irst (see chapter 5). The whole array stmecof 300 channels
will be deployed through a gradual approach and a totalssiegiof the order of 1%
events will be accumulated during 4 years of running. Twéedént approaches can be
used to evaluate the sensitivity: taking into account tles@nt detector performances,
Montecarlo simulations show that a mass limit of about 4 eV loa attained (conser-
vative approach), while considering the possibility thattier improvements will lead
to AEpwnm = 15 eV andrt; ~ 50 ps, a sensitivity of about.8 eV can be reached.

The kick-off of the second phase of the MARE project will bévastdinated to
the final results of the previous phase. Montecarlo simutatishow that in order to
reach a @ eV sensitivity substantial improvements over MARE-| axgquired: a total
statistics of about 10 events must be accumulated and an energy resolutiorbodV
and rise timer; of ~ 10 ys are needed. New microdetector thecnologies, allowing to
match these requirements and suitable to the developerharit@®00 channels array,
are already under study and a further R&D activity will befpemed in parallel with
the MARE-I experiment. MARE-II will consist of a series of mhalar 10000 pixel
arrays, which can be relatively easily installed in any kaldé refrigerator. Figure 2.3
shows the temporal evolution of the sensitivity to neutmmass, taking into account 4
different experimental configurations and the deploymémine single array per year
up to 5 arrays. The final set-up will consist of a spatiallytritisited array of 50000
elements, 5 years after the data taking start-up, alloworfglfil the the main purpose
of the MARE project.

2.3 DOUBLE BETA DECAY EXPERIMENTS

Neutrinoless double beta decay experiments representiifieagailable method able
to fully disentangle the neutrino mass nature, since théywark if neutrino is a Ma-
jorana particle. Next generation double beta decay exmariswill be very sensitive,
being potentially able to explore at least the inverteddrigny region, in contrast with
beta decay searches, which, given the present availaliladbxgies, are in the game
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in the case of a quasi degenerate neutrino mass scale.
The quantity determined in double beta decay mesuremethtseé$fective electron
neutrino massgiven by:

[(Mye)| = (2.27)

3 .
Zl|Uei|2m e
i=

were the sum is over all mass eigenvalagdJe; are the mixing matrix coefficients
ando; are the Majorana phases. The above quantity differs fronvéhee inferred
from direct searches, which is given by:

3

my, = ;IUeilzm2 (2.28)

|
In the Standard Model double beta decay processes are dltoavresitions, though
extremely rare, in which a nuclegé, Z) transforms into its isobalA, Z + 2) emitting
two electrons (positrons) and their corresponding anthirees (neutrinos):

(AZ) — (AZ+2)+2e +2ve
(AZ) — (AZ—2)+2e"+2ve (2.29)

Double beta decay has been observed for a dozen nuclideharavérage half
lifetime is of order 188 — 10°° years. The most direct way to determine if neutrinos
are Majorana patrticles is to explore, in potential nucleaulie beta emitters, if they
decay without emitting neutrinos, thus violating leptomraer conservation. For this
non-standard\B process to heppen a Majorana neutrino mass is required140, 4

Neutrinoless double beta decay is a three body transitiomhich the two emitted
electrons share the whole available engggyn contrast to standard double beta decay
process. Experimentally one is looking for a sharp peakéneitquired spectrum, in a
position corresponding to the transition ene@yn the case the whole energy acquired
by the two electrons is measured (figure 2.4). On the othed ktandard double beta
decay spectrum appears as a continuum, since the availadgyeis even shared by
the two neutrinos.

The effective Majorana electron neutrino magsy, )| can be inferred from the
evaluation of the decay rate of the process, if observed:

2
[TO\}]fl _ |<rn\/e>|2 GO\)|M0\}|2 (2 30)
2l T T )

where[Tlo/"Z] is the half lifetime,G% is the two-body phase-space term antf"|?
is the /BB nuclear matrix element. On the other hand \f@ is not observed, and as
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Figure 2.4: Energy spectrum in the case off#3 and /33 decays

a consequence only a lower limit on the half life is obtairedupper bound of{m, )|
can be extrapolated.

The experimental investigation obpp decay requires a large amount of potential
nuclear double beta emitters in a very low-background emvirent. Furthermore the
detector should have a sharp energy resolution or match sthiegent requirements,
according to the experimental methodology being used.

The calorimetric technique is a very powerful method forithestigation on 033,
due to the high available energy resolution and almost 10fi¢ghemcy, when the3
source corresponds to the detector.

2.3.1 The CUORE experiment & techniques for bolometers stab
lization

The CUORE experiment [42] will be devoted to the search fe®decay of the
isotope'3°Te, one of the known double beta emitters. The set-up wilistrof a 988
array of bolometric detectors, each one based on & tef3tal as absorber, with mass
750 g and 5 cm side, coupled to a Ge-NTD thermistor (see 3.IhE bolometers will
be arranged in a cubic compact structure, operated at abouKlin a low radioactivity
dilution refrigerator which will be installed in the Gran & Underground Laboratory
(LNGS). Depending on the nuclear matrix element considéreitie calculation as
well as the detector performances and background configntafUORE expected
sensitivity on|(m,,)| ranges between 27 and 72 meV, for a 5 years data taking.
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One of the critical points to deal with when operating an expent of this kind,
for periods of the order of some years, is the necessity totarathe detectors in
conditions as much stable as possible. Unfortunately theplioated cryogenic set-up
required for operating the detectors at low temperaturesvshntrinsic instabilities,
like temperature fluctuations, which can spoil the deteetmrgy resolution, since the
small but unavoidable changes in the temperature of thedglaproduce correlated
flactuations in the gain.

It is useful to astimate at which level the cryogenic appeaatstabilities can af-
fect the detector performance. This can be roughly done symamg a naive thermal
model, in which the detector is considered as a single elemexakly connected to
the heat bath. In this picture the bolometer operation teatpeeT, ~ 10 mK and the
heat sink temperaturg ~ 5 mK are connected by the following relation:

_ 9 ratl qat1
P_OH_l(Tb T (2.31)

whereP is the power injected into the detector, due to operating biarent as
well as spurious effects like vibrations in the system, énd gT? is the temperature
dependence of the thermal conductance of the detector tbatie From the above
expression one may deduce the relation which links relativetions of the bath tem-
perature to relative variations of the detector operatengerature:

(2.32)

% _ d% (T
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Fortunately such connection is attenuated by detectdr/thatrmal decoupling.
Since the operation voltage across the bolométas equal tolR, wherel is the ap-
plied constant bias current aiRthe thermistor resistence (see 3.2.1), and sivbas a
strong temperature dependence, the operation voltagectt@mges with the bath tem-
perature fluctuations. As a consequence pulse amplituseshange, thus originating
a broadening of the energy resolution.

It is therefore mandatory to develop a specific method fordétctor response
stabilization, based on mechanisms acting directly on #teador followed by an off-
line pulse amplitude correction. The obvious approachebibte the response consists
in the use of gulser, able to deliver periodically to the detector a fixed and Wwebwn
amount of energy, generating a pulse as similar as possitiieet searched signals.
After registering the pulse amplitud¥g given by the pulser, together with their arrival
times, itis possible to reconstruct the detector resposisdanction of timé/(t). This
function can be used to correct off-line the pulse amplituoféreal” events, given their
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arrival times are known. However this method is not the melsiable one, sinc¥y(t)

is sampled with a relatively low rate in order to evoid probkewith excessive dead
time. As a consequence fast variations in the response anegistered and hence
pulses occuring in these time interval are erroneouslyecbed.

A much more powerful approach to solve the response coomdsi discussed in
the following. The amplitude¥, can be correlated to the baseline leVgpreceding
immediately the pulse developement, which can be infeilweddch pulse by register-
ing a baseline segment for a given time intervall(00 ms) before the signal onskt.
is linked to the operation voltagé across the detector by the relationship:

Ve =T (~Vb+Vorr) (2.33)

whererl is the total gain an¥,+ is the offset added to null the DC output. As a
consequence a fast decreasgpfcorresponding to a pulse, produces a fast increase of
the baseline level, while a decrease of the operation testyrerleads to an increase of
Vp and a decrease 9t. In the absence of any temperature fluctuation the ratio dxtw
Vp andV; would be a constant, since the signals produced by the pegsegspond to
a constant delivered energy. In real cases, where indtebifire present, a plot of
Vp versusVe will be a monolitically decreasing function, which can benrost cases
approximated with a negative slope straight line (see figuse
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Figure 2.5: Example of pulse amplitude as a function of baseline level

Once the functioiVp(V) is known the following multiplicative factor can be con-
structed:
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(2.34)

with V., =Vp(Ve, ), WhereVg,, is a reference baseline. The factdi;) can be
used, during the off-line analysis, in order to take backie ieference levelp, , an
amplitudeV, corresponding to a pulse acquired when the baseline vala&/wal he
same procedure can be used to correct the amplitude of edsdhamquired, given the
corresponding baseline level is known.

It has been observed that during long run measurements kedarictionVp(Vc)
can change: therefore it is not sufficient to determine téiation by means of a sin-
gle calibration, but it is necessary to continuously manitee baseline dipendance
of the pulse amplitude. The final results of this stabili@atmechanism consist in
re-compacting peaks in the energy spectrum that had beepletaty washed off or
broadened by the system instabilities (as shown in figure 2.6
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Figure 2.6: Example of energy spectrum acquired by a Jdlometer before correction
(AEFwHM(2615 = 30 keV) and after correctiodMErwHm(2615 = 6 keV)

Various methods are available to accomplish the tasks oétleegy pulser, since
the energy injection can occur in the form of:

- energetic partcle absorptions;

- Joule pulses delivered by a proper heating element theymalipled to the crys-
tal;

- light pulses transmitted through optical fibers.
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A discussion and comparison among the above mentioned nethoeported in
[43]. In the following a short description is given, whileipting out that the technique
based on the use of heating elements has been chosen forvdiemament of CUORE
detectors.

The third method above itemized, based on light pulses,esribst complicated
one and the least suitable for the forseen multiplicationt@nnels: so it will not be
taken into consideration. Partcle-based stabilizaticntha advantage that the detec-
tor response to the pulser is almost identical to the regptmshe events of interest.
However there are many disadvantages:

- if a gamma source is used, a fully contained gamma event ofjgiacfew MeV
(as required for 33 decay experiment) is accompanied by a large number of
lower energy events, thus increasing excessively the lvaokgl rate;

- if an a source is used the difficulty will be its fabrication, sinteniust be very
thin in order to avoid excessive straggling;

- the calibration rate is limited by the Poissonian time disition of naturally
occuring decays;

- the off-line identification of calibration pulses is simfiigsed on their amplitude,
since they are not flagged by any characteristics.

The final choice for CUORE was drawn by taking into accounttheve arguments
and the many advantages offered by the solution based irsthefuan heating element
as energy pulser. The main advantages of this method detidstivé possibility to
completely control the calibration mechanisms:

- the produced pulses are equally spaced in time;
- the rate and amplitudes could be easily tuned to the expatahequirements;
- the pulser signals are easily identified by software.

The heating element used to deliver the Joule pulses cemsiatresistive device,
calledheater which must satisfy some requirements as discussed irogeg2.2. As
already announced in section 1.5, heaters can be fabrifratedh heavily doped semi-
conductor material, whose characteristics match the neqoests for the develope-
ment of stabilizing heating elements. Heaters are opeadddllows: square voltage
pulses (of order 1 V) are injected into the devices with a pogmable pulse genera-
tor, tuning the amplitude and the time width (of order 1 mspider to develop a few
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MeV thermal energy in the pulser. As a consequence it is dthagportance that the
resistance of the heating device be almost indipendentgiéeature and bias voltage
applied, so that the same amount of Joul power is injectextivg detector during the
whole measurement and each pulse produced by the heateecadiered to a well
defined delivered signal.

A further task which may be accomplished by heaters is therd@ghation of the
optimum pointin thel —V,, curve, corresponding to the maximum detector response.
In fact, as better decsribed in section 3.2.1, the thermredaecoupled to the absorb-
ing element of the bolometer is polarized with a constantesur while operated,
thus producing a voltage differendg across the thermistor. A set of points in the
| —V, curve can be experimentally determined, by biasing themistor with differ-
ent current values and measuring the volt&ge Also the condition corresponding
to the maximum amplitude of the voltage pulses can be expatatly evaluated by
analysing the detector response to the heater pulses feratit bias values: thepti-
mum pointcorresponds to the bias for which the heater pulse is maxiffigore 2.7).
Even in this case the heater must accomplish some requitsnvelnich almost fully
correspond to those accounted in the characterizationadéheas stabilizing elements.
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Figure 2.7: Bolometer response as a function of the voltage across teetdev,, superimposed
to the detector load curve yersusvy) for the evaluation of theptimum point






CHAPTER 3

REALIZATION AND LOW TEMPERATURE
CHARACTERIZATION OF DOPED
SEMICONDUCTOR DEVICES

Semiconductor thermistors operating in VRH regime havanhesed in thermal detec-
tors of all kinds for more than fifty years. They found at firpp#ication for the devel-
opment of bolometers for infrared astronomy, even befoedtisic physical principles
of the conduction mechanisms taking place in such devices wederstood. In the
first half of the eighties the application of this techniqaerticrocalorimeters for the
detection of low energy photons was proposed in the USA [#the meantime the
development of massive thermal detectors (mass of ordej &g started in Europe,
finding soon application in the search for rare events, ssatoaible beta decay [45].
Nowadays a lot of research collaborations are involved éndévelopment of thermal
detectors to be used in nuclear and subnuclear experiments.

At the same time a better understanding of the behavioumoifcgductor thermis-
tors operating in VRH regime is gradually being obtainedntks to the modellization
of the empirical results coming from performance invedtmzs.

In this frame there is also an increased interest in studyiadpehaviour of heavily
doped semiconductor devices, as they can find an importenftoothe stabilization of
thermal detectors, as discussed in section 2.3.1.

Today, thanks to the improvements in fabrication techniel®gsemiconductor de-

49
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vices can be designed and produced with predictable cleistats, though a theory
of their mode of operation is not yet complete and many aspeedlved in their opti-
mization are based on empirical considerations.

In this chapter the basic production processes of semiaiaddevices, as well
as the main steps towards their characterization and peéioce optimization, are de-
scribed, in view of their integration in thermal detectoFor this purpose a specific
study is required, capable to disentangle all the problemdsfactors which could in-
terfer with the realization of good performance bolometers

The fabrication of semiconductor devices consists of twanmsteps: production
and characterization in conditions very close to the finarapng ones, which, in the
special case of calorimetric detectors, involves the itigason of their low tempera-
ture behaviours.

3.1 PRODUCTION PROCESSES

The first generations of semiconductors could not be prggermed "doped™: they
were simply very impure, since there was no means to corttrelamount of impuri-
ties. During the 1950s the success of the new technologynoiteaductor electronics
provided an increment in experimental studies over purstaty and a powerful stim-
ulus to the development of the semiconductor theory. Howiewas during the 1960s
that the interest towards impure semiconductors increagieen it became clear that a
major role in the fabrication of most semiconductor devisgslayed precisely by the
impurities.

Nowadays the semiconductor electronics industry havessiatvany of the material
fabrication issues. Semiconductors, germanium and silingoarticular, are readily
available with more than adequate purity, as well as withtradled impurity levels, at
least to a certain extent.

A host of techniques and machines are available which siynilie production
processes and large arrays of devices, with integratedrielgcnterconnections and
essentially noise-free, can be quite easily fabricated.

For the purpose of this thesis the specific case of silicongarthanium will be
considered in the following sections. The principal dopiaghniques, used for the
production of thermal sensors and heating devices, will ety presented, with
particular care to the production processes actually iraaiin the realization of the
devices studied in this work.
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3.1.1 General description of doping techniques

Controlled impurity levels can be introduced in semicortdeethrough the following
methods:

- addition of elements in the melt during crystal growth;

- addition of elements during epitaxial deposition of a semdauctor film;
- solid-state diffusion of elements from the surface or aadlé interface;
- neutron transmutation doping (NTD);

- ion implantation of elements into the semiconductor attietty low tempera-
ture.

In the early three methods impurity introduction is achibaéa temperature close
to or above the melting point of the semiconductor. In thétlas methods it may be
achieved at any temperature provided the semiconductoiiis solid state, even at or
below room temperature, thus avoiding problems assocwitbchigh temperature dif-
fusion processes. A uniform doping of the semiconductarlte$rom all techniques,
except for solid-state diffusion and ion implantation, @fhproduce an impurity con-
centration gradient with the highest concentration at thece in the case of diffusion,
and within the semiconductor in the case of ion implantation

The best results in the field of calorimetry have been obthimiéh neutron trans-
mutation doping and ion implantation. In particular the ideg studied in this work
(both semiconductor thermistors and heaters) have bedina@dy ion implantation
into silicon.

Neutron transmutation doping is best applied to germanaxpecially for the pro-
duction of semiconductor thermistors. NTD Ge thermometeebtained by irradiat-
ing an ultrapure Ge crystal by means of a flux of thermal nexstr@e nuclei capture
the neutrons and form various radioactive Ge isotopes,wdubsequentely decay into
As, Se and Ga. The natural abundances of two stable Ge isoaojpethe correspond-
ing neutron cross sections conspire to produce galliumeddp-type) material that is
32% compensated with arsenic. The random distribution ofsG®pes in the lattice
and the moderate neutron cross section, which makes thendluix uniform through-
out large blocks of Ge, allows the fabrication of a large nentif very uniform NTD
thermometers.

lon implantation consists in the introduction of dopantddoynbarding the semi-
conductor with accelerated ions. The penetration depthfisietion of the original
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kinetic energy of the projectile and the properties of thrgea It is possible to obtain a
quite uniform impurity distribution by implanting ions viienergies in a suitable range.
lon bombardment of a crystalline semiconductor resultsdryatal damage which de-
grades the semiconductor characteristics and which caatalty removed in a high-
temperature annealing treatment. lon implantation, whscparticularly suited for
silicon doping, will be treated in the next section, sincediincides with the technique
adopted for the fabrication of the devices studied in thésith

3.1.2 lon implantation

Before entering into the details of the production prociéssay be useful to point out
that silicon doped devices are usually produced in forwafers each one composed
by a fixed amount of single elements: this layout is usefubieesl up the fabrication
of a large number of devices with almost the same implantsira. Furthermore one
must consider that when ion implantaion is used for the &abion of thermistors or
heating devices, with the aim of developing bolometric deeties, the procedure must
even forsee the production of electrical contacts. Theildaththe ion implantation
process used in the specific case of the silicon devicesttaatthis thesis will be
described in the devoted chapters (chapter 4 and 5). In tlosviag the main steps of
silicon ion implantation standard technique are summdrize

Oxide and nitride growth SiO, or optionally SgN4 are used to protect and partially
mask the future devices during the production process. iticoéar SgN4, be-
ing resistent to hydrogen fluoride (HF), is useful when ités@ssary to remove
the SiQ mask only from one side of the devices by using this acid. ANgi
deposition is obtained by means of LPCVD (Low Pressure Cbaniapour
Deposition) at 795C, while the SiQ growth can be obtained through the tech-
niques below described.

- Thermal oxidation in dry (@or O»/N2) or wet (&/H2) atmosphere at tem-
peratures between 900 and 10@0 For eachum of grown SiQ a corre-
spondent amount of.84 uym of silicon is removed from the substrate. The
growth rate in the case of wet atmosphere is larger than icdise of dry
atmosphere at a given temperature. When the silicon stibstes been
previously doped, the oxide growth may change the dopamisasdration
at the surface.

- LPCVD at 718C in a TEOS atmosphere: this technique is used to increase
the thickness of the previously deposited oxides.
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- LPCVD at low temperature (LTO): it is used if an Al depositi(for the
production of the electrical contacts) is already pres&nte the previous
techniques can not be used in this case, due to the high opetamper-
atures. However the oxide mechanical and elettrical pt@seare worse
than those obtained with LPCVD-TEQOS.

During the whole process the Si@eposition is performed in various occasions
and with different aims:

- Mask oxiddalso calledield oxidg with thickness of order 508 1000 nm,
used as a mask during the definition of the areas to be implaimefact
a mask of thickness fim is sufficient to completely stop 270 keV B ions
and 700 keV P ions; sometimes upon the oxide mgskaoresismask is
even deposited.

- Sacrificial or screen oxidewvith thickness a few nanometers, grown upon
the area to be implanted, in order to protect it in the everspafrious low
energy ions emitted by the implanting machine.

- Thermal oxidgoroduced during the annealing process in an oxiding atmo-
sphere: its presence influences the dopants diffusion alpg hemoving
crystal damages; furthermore it helps to eliminate theailisurface layer,
which may contain a big amount of impurities.

- Protective oxidevith thickness about 500 nm, used to cover the devices at
the end of the process, in order to protect them from humatity abrasion.

All the oxides are produced by putting the wafers into dedajeartz ovens
and all the important parameters (temperature, time, gag #ice remotely con-
trolled.

Photolithography This technique allows to define the geometry of the devicetsi-a
ally a photosensitive varnish callgtiotoresists deposited over the whole wafer,
which is then exposed to UV rays only in the areas where théopbsist must
be removed. Such areas are subsequently developed andstrezideask is ob-
tained. During the following steps of the process the phestist can also be used
to protect the areas which must notdtehed

Metallization This process allows to produce the contaatisproviding the electrical
contacts. It is obtained by the deposition of an Al:Si film,iethprovides a
good adhesion to silicon and becomes superconductive owt 11 K (thus
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introducing a neglegible contribution to the device hegiagdty). Such film is
deposited upon specific regions of the devices, intentipradhly doped for
this purpose.

Etching In order to remove Si@and SgN4 masks chemical etching is used, by means
of aqueous solutionsmet-etch), also adopted to clean the surfaces before the
metal deposition. On the other hadi-etchingoy means of gas-halogen plasma
is used to remove the Al:Si film, or to eliminate the photaeishing.

Implantation Uniform dopants concentrations can be obtained by muliiplgan-
tations using ions accelerated to the desidered kinetioggrigy means of an
electric field. The single implant density profile is approately Gaussian and
uniformity can be achieved by a suited combination of subsatimplantations.
Thanks to the available techniques it is possible to redtiggants with resis-
tivity values whose spread above the whole wafer is whits?%@ Furthermore
it is necessary to produce highly doped areas for the rdmizaf the ohmic
contacts: this can be done either by diffusion or by ion img#on with suited
doses.

Annealing During the implantation process crystal damages may o¢eauthermore
there may be a certain fraction of implanted ions not locateslubstitutional
sites, which thus need to be "activated". A thermal treaten@nnealing is
then necessary in order to provide a redistribution of thpashds through the
lattice and to remove the damages. Such thermal treatermenserformed at
temperatures between 900 and 1000in an atmosphere which is changed dur-
ing the process and may be inertINdry (O,) or wet (Q/H2). The treatement
can last from 30 minutes to 2 hours. The high temperaturesvad may cause
an excessive diffusion of the implanted ions, thus defogire concentration
profile. This is even more dangerous at the beginning of tbegss, when the
crystal appears to be much more damaged. For this reasoryibeaseful to
mantain a higher temperature, thus allowing a faster redoation of the crystal
structure. The atmosphere plays an important role too:ércse of dry or wet
atmosphere (in presence of oxides) the implant activasanfluenced by the
stress over the silicon surface due to the oxide growth. Hogce of the param-
eters to be used during the annealing process (tempertinesand atmosphere)
plays a major role in determining the final results: for théason the influence
of such parameters must be studied in depth in each spedfic ca
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All the parameters and the procedures must be optimizedaicht eonsidered case
and in particular the implant doses must be suited to acdsmpiie specific tasks of
each device to be produced. For example, in the case of sedhictor thermistors, the
implant doses will depend upon the desifgdialue. The same implantation procedure
above described is adopted also when compensation is aegebsthe end the sen-
sitive portion of ion implanted devices usually consist ikitad of resistive meander,
whose geometry can be adapted in order to vary the resistance the resistivityp
has been fixed by the doping and compensation levels. Onénearatt upon the re-
sistance value by varying ttegjuare number jcorresponding to the ratio between the
lengthl and the widthw of the doped region, since the resistance is given by:

R=—=-=n- 3.1
S ( )
wheresis the thickness of the doped area.

3.1.3 The case of semiconductor thermistors

As previously announced NTD and ion implantation are the taghniques mainly
used for the fabrication of semiconductor thermistors apeg in VRH regime. Since
in the specific case of this work microcalorimeters usingimoplanted silicon thermis-
tors are considered, a comparison between the two methddsewiseful to understand
the reasons which led to this choice [46].

The NTD process has two main advantages over other techmiduesults in a
very homogeneous doping over large portions of materia|raady explained, and the
doping process may be controlled by changing the integfatedf neutrons, making it
possible to predict the temperature dependence of ragistowever the penetrating
power of the neutrons, which helps in providing uniform dapialso means that it is
difficult to dope only selected areas in a crystal, by usingksdechnologies. For this
reason the thermometers must be cut to the optimum dimendiod then individually
attached to the detectors. This is not a drawback when timeeglts are very large as
for example in the CUORE project [42].

In the case of silicon it is possible to dope by transmutatiom very large neutron
doses are required. lon implantation is a better suited oukith this case and doping
by ion beams with kinetic energies from tens of keV to a few Me¥ well-developed
technique in the semiconductor electronic industry. Ratieh depths of up te- 1 um
are obtained in this way, with an approximately Gaussiarsitigprofile with depth.
Uniform densities can be obtained by superimposing imglarith several different
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energies and doses in order to produce a flat-top profile, anplanting a single dose
of each ion beam into a thin silicon piece, masked with Si@hd then treating it at
high temperature to allow complete diffusion throughoetsample.

The great advantage of this doping method consists in thsilgplity to apply stan-
dard photolithographic techniques to mask silicon pieéesthermore the use of mi-
cromachining allows the simultaneous fabrication of a éangmber of thermistors,
with almost arbitrarily small dimensions and fully intetge electrical connections.
These features are particularly useful in the case of maosioneters and allow the
production of a large number of homogeneous arrays, withaealrof further addition
of electrical links, which may act as noise sources. Furttzee silicon also has excel-
lent mechanical and thermal properties, which make it jpbs$0 fabricate integrated
structures to be used, for instance, for thermal isolatiothe individual detector ele-
ments or for the realization of integrated heaters, as irctges presented in chapter
5.

One drawback which has been noticed in ion implanted théonsiss a lack of
reproducibility not well understood. Doses and energies lba measured with the
adquate precision, but the repeatability from one produatiin to another is generally
so poor that usually a series of wafers with slightly difféirdoses are implanted, and
then the one with the resistivity closer to the desired orghizsen. On the other end
uniformity across a single wafer is generally good. The @&mentioned arguments,
dealing with repeatability and uniformity, will be consrée again in chapters 4 and 5.

3.2 METHODS OF LOW TEMPERATURE CHARACTERIZA
TION

For the realization of highly reproducible and good perfanoe calorimeters, each
single element should be optimized through a careful cheraation in conditions
very close to the operating ones. In the following the patanseof interest and the
methods to be used for this study will be discussed.

Since the good performance of microcalorimeters is stipligked to the thermis-
tor behaviours, great care will be given to the methods ofattarization of the latter,
in the context of a general investigation about the formethé devoted section (3.2.1)
the discussion will focus over ion implanted silicon thestors, since these devices
represent one of the subjects of this thesis.

A discussion about the characterization of heaters wilbfel(3.2.2). Finally a
short description of the cryogenic apparatus availablestmh investigations will be
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exposed (3.2.3). The details of the set-up actually usethtopurpose of this thesis,
will be presented in the devoted chapters (4 and 5).

3.2.1 Microcalorimeters

The role of thermal sensors in microcalorimeters (and bel@ms in general) is to
convert thermal signals into electrical signals. This ibiaced by applying a bias
voltageWpias to the circuit in which the thermistor is inserted, thus liegda constant

currentl to pass through the sensor (figure 3.1). The risultant veltagasured across
the thermistoW, is linked to the lattice temperature thanks to the strongedépnce of

resistivity over temperature.

R,
Vbias 0
R Vy
O . ]

Figure 3.1: Circuit used for the polarization of the thermistoRg; represents the load resistance
of the circuit, through which the polarizing constant cuiris generated

In the case of a microcalorimeter, in order to precisely meathe temperature sig-
nal produced by an energy release into the absorber, a geothdhcontact between
the latteces of the absorbing element and the thermal semssirbe guaranteed. Due
to the resistive nature of this kind of sensors a Joule posvéissipated into the mi-
crocalorimeter when it is operated. This modifies the bahagi of the detector in such
a manner that it is useful, at first, to study separately tieential sensor performance,
through astatic characterization
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Static characterization

The static characterization of the thermistor consiststitygng its properties in a
condition in which it is not operated as a detector. In suctiason it is possible to
study the relationship between the static properties aadattice temperatur@y of
the substrate in which the sensor is implanted. For thisgaeyhe thermal coupling
between the lattice and the heat sink at temperdi represented by the cryogenic set-
up housing the sensor during the measurements, is maximisegslallows to assume
Tp as coincident withTs with no regard to the dissipated power.

VRH conduction regime takes place at temperatures below &éévin where the
resistivity has an exponential dependence from the latticgerature. Equation 1.14
takes in this case the form:

Y
p(Tp) = poexpG—D (3.2)

wherepg, To andy are the parameters to be experimentally determined. As dis-
cussed in section 1.4 the value of the exponecan correspond to/2 or 1/4, de-
pending on the conduction regime involved. The typical apfirg temperatures of
microcalorimeters are of order 100 mK, where the conduati@chanism should be
interested by coulombian interactions, thus leadingto1/2. Nevertheless the Mott
behaviour may take place also at lower temperatures these fhr@dicted by theoretical
models.

The parameterpg andTo depend on the doping level as shown in equation 1.20.
It is possible then to vary the temperature dependence dtikéty by varying the
concentration of the majority impuriti or the degree of compensatiéh The ex-
act relation betweeip andN actually depends on the implant process and must be
experimentally determined, in order to allow a certain fetbility of the thermistor
characteristics. An empirical relatioship betwegnand Tp has also been observed
which can be experimentally determined [47, 48].

In view of the characterization of thermal sensors it is uk&f introduce the loga-
ritmic sensitivity, defined as:

dlogR  TydR
dlogT, RdT,

A(Tp)

which then becomes, by using equation 3.2:

(3.3)

A(Tp) = —y(::_——(;)y <0 (3.4)
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The voltage pulséV, produced by a temperature chamy§, in the lattice, can
then be written as:

AV, A
Ay, Tp

Itis then clear how the sensitivity and consequently theaigmplitude are strongly
linked to the static parameters of the thermistor.

In section 1.4.2 deviations from VRH theory were discusse@,to non-ohmic be-
haviours. In presence of such effects the thermistor fesjsimay depend on the bias
voltage applied, though the lattice temperature remainstemt: thus equation 3.2 is
valid only for very low values of applied voltage. For thigs®n a static characteriza-
tion does not simply consist in the measurement of resigtatidifferent temperatures.
The experimental procedure is more complex and must indhéeleviations from
linearity forseen by theoretical models.

Non-ohmic behaviours can be studied thanks to the charstitdoad curvesof
the sensor taken at different temperaturgsA load curverepresents the relationship
which links the constant bias curreinflowing through the sensor and the voltage
measured across the thermistor. A typical load curve isassted in figure 3.2
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Figure 3.2: Typical load curve in a microcalorimeter simulated usingagépn 3.22
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Each load curve, set up by a given numbel ef\}, pairs, corresponds to a certain
lattice temperatur@p, assumed equivalent to the heat sink temperaiure

As described in section 1.4.2 two models have been propasedér to explain the
non-ohmic behaviours. In the case of thermistors Viittower then 10 K and operating
at about 100 mK, as in the case of the devices studied in thik,lte effects due to
the hot electron model should be predominant over the fidktef. This meets with
the results obtained in this work and presented in chapter 5.

In the hot electron model the electrons are supposed to fasobaystem with its
own temperaturde, different from the lattice temperature. The sensor riesigtis
then linked toTe (equation 1.22): this produces a lower sensitivity in thalesation of
Tp. Furthermore the value of the sensitivity is reducedl@ss diminished or as the
dissipated power over the electrdRsis increased. From equations 1.22, 1.23 and 3.3
one gets:

dlogR(Te) (To>y< Pe >
AToPo) = —29e) _ (20} (q_ 3.6
(Te, ) dlogTp(Te) Y Te Qeple' 59

By assuming the validity of the hot electron model, from tiedg of the load
curves the parameteggp anda in equation 1.23 can be determined. In a simplified
approach the values d%y, Top andy can be evaluated from the interpolation of the
resistivity values obtained in the limit of very low appligditage, where linearity is
still valid.

P. — Te pairs can be obtained from-V, pairs by using the following equations:

P = IVp (3.7)

and

Te=To [Iog (%)} ! (3.8)

Gepcurves as a function of temperature can be extrapolatedimgriocal differenti-
ation fromP. — Te curves. Since, in addition to the power due to polarizatibe Joule
power dissipated into the electrons can be due also to etaegynetic interferences, it
could be a problem to find the right valuesTef Ry andy, as in such a situatiof and
Tp do not correspond, also in the absence of any applied bitegel This problem can
be solved by applying a procedure consisting in the simatias interpolation of all
the load curves taken at different lattice temperaturegl@presence of a Joul power

due to electromagnetic interferences can be introduced 8ing the termP2ke
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{ R(Te) = Roexp(To/Te)"] (3.9)

P = Pe+ chkg = Gep(Te' — TS)

whereR(Te) = Wb/I, Pe = Vbl andRo, To, Y, Gep, @, P2 are free parameters. In
presence of the background power tePg‘fkg equation 3.6 for the evaluation of the
sensitivity is modified by substituting with P In [19] it was observed thae, and
o are both determined by the value Tf and all the properties of the thermistor can
then be predicted on the basis of the doping level. In pddiday increasingly the
value ofGep(Te) decreases.

Dynamic characterization

The silicon substrate in which the thermistor is implanted @ principle play the
role of the energy absorber in a microcalorimeter: in suckecane speaks about a
monolitic microcalorimeter Though it results to be completely inadequate in view
of the realization of high resolution devices, due to thebfems of thermalization in
silicon as later discussed, the monolitic configurationgsful in order to get some
major informations about the dynamic behaviour of the thstons.
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Figure 3.3: Thermal model for a monolitic microcalorimeter

A finite thermal conductanc@ps between the heat sink at temperatligand the
lattice at temperatur, must be introduced, which allows the production of an observ
able temperature variation in the latter as a consequenadinite energy deposition
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(figure 3.3). In an equilibrium condition, the electricalvper Pe dissipated into the
thermistor due to the polarization togheter with the baokgd poweP9 keep the
lattice temperatur@p aboveTs, following the relation:

VZ Tp
P4 Pbcko— b | pbekg_ / Gps(T')dT’ 3.10
et R(Ty) + . ps(T") ( )

The temperature dipendence Gfs can be described by means of the following
power law:

Gps(T) = PgpsTP (3.11)

wheref equals 2 in the case of metals and 4 in the case of insulatdrenVy and
Ts are very close to each other, equation 3.10 becomes:

VZ
Pe 4 PPkI— T}I)—p) +PPRI= g (TP — T8) = Gps(Tp) (Tp — Ts) (3.12)
In order to give a complete description of a microcalorimétés useful again to
study its load curve at the temperatlie

{ Vb /I = R(Tp) = Roexp|(To/Tp)"] (3.13)

Vpl 4 PPeka— g (T8 — T9)

In this case the difference betwe&nandTy is considered as negligible. Once the
characteristi®k(Tp) curve,P***9and the conductance to the heat sink are well known,
theworking pointof the microcalorimeter is determined only by its tempemiiy or
by thel —V,, pair. If the valuesly, Ry andy have been previously determined through
the static characterization, the parametgys (3, PPckd can be deduced through the
interpolation of the load curve 3.13.

When the deposition of an ener@¥ in the lattice breaks the thermodinamic equi-
librium, the temporal evolution of the lattice temperatlifecan be described by the
equation:

dTp(t)

C(Tp(t)) —q Ops(Tp(t)P — TP) = P(t) (3.14)

whereC(Tp) is the total heat capacity of the microcalorime@,is the solution of
equation 3.12 anB(t) is given by:

P(t) = AE3(t) (3.15)
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in the case of an instantaneous energy deposition.

Though it is not possible to solve analytically equatiord3the heat capacity can
be considered as constant and the thermal conductance chstdbed according to
equation 3.12, by assuming the temperature variationgtmifficiently small. With
these approximations equation 3.14 can be written as:

dTp(t)
dt
with T = Ty(t = 0), C = C(TJ) andGps = Gps(Ty), values corrisponding to the
equilibrium condition (i.e. no energy deposition into thestem). The solution of
equation 3.16 in the case of an instantaneous energy diepdsithen:

C

+Gps(Tp(t) = T9) = P(t) (3.16)

AE _
To(t) = = 6(t)e VreT? (3.17)
wheret = C/Gpsrepresents the characteristic time constant of the sysieifi(4)
is the step functiong(t) = 0 fort < 0 andB(t) = 1 fort > 0). By using equation 3.5
the voltage pulse produced by an instantaneous energy itlepasE can be written
as:

MVb(t) _ AV i
AE T T,C

(3.18)

Actually the energy deposition in a microcalorimeter cahalways be considered
as instantaneous, due to the time required for the compietengalization of the pri-
mary (non thermal) high energy phonons, which in some casede of the order of
the time constant. In such a case an exponential decay of non thermal phonons ca
be assumed:

_AE

e /Taec (3.19)
Tdec

P(t)

The solution of equation 3.16 by introducing equation 3sléhen a combination
of two exponentials.

In equation 3.16 the terR. = I2R(Tp) due to polarization is considered as con-
stant. This is not completely true, since the resistanceedses aJ, increases, as
a consequence of the energy release: this effect is knowmeasectrothermal feed-
backand contributes a faster return to the equilibrium condgidt can be shown that,
given the above considerations, the response of the micrmater in the frequency
domain becomes:
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AV (Z/R-1 1 A1 1

S(w) = P(w) - 2l 1+ jwte - TpGps 1+ jwre =S0) 1+ jwte

(3.20)

whereR s the resistance of the thermistor, | the constant poladraurrent,Z =
dV/dl the dynamic impedance and the time constaris$ given by:

<T (3.22)

All the above considerations are described in details in-p49, where also the
arguments considered in the following are discussed.

As already pointed out non-homic behaviours must be takenancount in or-
der to fully describe how a microcalorimeter actually warkr this reason, also in
the simple case of the monolitic detector above describédlither element must be
considered, which in the HEM model is represented by themlesubsystem (figure
3.4).

ps ep

P, (t) P

Figure 3.4: Thermal model for a monolitic microcalorimeter considgrine HEM

In this configuration only the lattice subsystem is in theromntact with the heat
sink through the conductanég,s. It can then be assumed that a complete thermal-
ization of the primary (non thermal) high energy phonongpieed into the absorber
takes place before they reach the thermometer. The thermaoit state of the detector
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is characterized by the temperatufgandT), of the two subsystems and the load curve
assumes the following form:

Vb/ I = R(Te)
Vol + PEH9= ge (TS — T¢) (3.22)
Vbl + Pngg+ Pngg: gps(T[? — TSB)

wherePBCkgl and ch"g are respectively the background power dissipated into the
electron and phonon subsystems. Once the valudg,d?, v, gep anda have been
determined through the static characterization, the wabfithe parametetss, 3, Pé’Ckg
andPECkgl can be deduced through the interpolation of the load cur22. 3.

By means of the same approximations used to derive equati@) the temporal
evolution of the temperature signal induced into the miatoimeter by an energy
deposition into the lattice system can be described by thefimg expression:

dTp(t (3.23)

CoTEY 4 Gpe(Tp — TS) + Gep(Tp — Te) = Po(t)

{ Cedz?t(t) + Gep(Te - Tp) =0

with Tp(t =0) = Tg andTe(t = 0) = T2 corresponding to the equilibrium conditions
which can be evaluated from equation 3.22;andC, represent respectively the heat
capacity of the electron and the lattice subsystems. In #ise of an instantaneous
energy deposition of the form 3.15, the general solutiomefdystem 3.23 is given by:

AEGep T T 0
Te(t) = e /e V2) 1 T 3.24
e( ) Cpce(l/T2 _ 1/.[1) ( ) e ( )
where
5 -1
Gep+ Gps Gep <Gep+ Gps Gep> GepGpS
T,Tp=2|———+—=+ —— =) 44— 3.25
1,T2 c C. c, . CoCe (3.25)

Actually it is convenient to realize microcalorimeters iteh Gps < Gep, other-
wise the power dissipated by an impinging particle would floare rapidly to the heat
sink, with fateful consequences on the thermistor perforcea. With this approxima-
tion and in the resulting hypotesis <« 11, equation 3.24 becomes:

AE
Te(t) ~

GG ® e (3:26)

with
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L GtG
T~ Gps (327)
CCo
~__ - F 3.28
12 (G, 4 Cp)Gep (3.28)

Equation 3.26 was derived by applying the approximatioegiv 3.12: as a con-
sequence the reduction of sensitivity contained in eqoaié is not considered here
and must be introduced by hand. Furthermore again the eteetmal feedback is
not taken into account. Since the above described effetismlac contribute in the
formation of real pulses, the resulting signal shape ugudiffers from the theoreti-
cal one given by 3.26, being better described by a somehderelift combination of
exponential terms.

As previously announced the silicon substrate is complételdequate in view of
the realization of high resolution devices: in fact the sigoulses produced by irradiat-
ing the monolitic detector with a monoenergetic source showexcessive broadening
of their FWHM. This effect can be ascribed to the presenceeathistable states in sili-
con in which part of the energy deposited is trapped for a fimerval longer than the
time of formation of the signal. As a consequence the trapgpestgy is actually lost
and the resulting statistical fluctuation of the mesuredggngroduces a degradation in
the energy resolution. A further effect responsible forlih@adening of the resolution
is due to the partial thermalization of the primary high gyyephonons directly into
the thermistor: as a consequence the detector responseapagdlon the interaction
point.

In order to get rid of all the above mentioned effects, it isessary to couple the
silicon thermistor to an appropriate absorber. The themoaplingG,p between the
thermistor lattice and the absorber lattice should allogvdbmplete thermalization of
the deposited energy into the latter. Figure 3.5 shows thenthl model in the case
of such a detector. In a thermodinamic equilibrium condiitibe following equations
describe the considered system:

Vb/ I = R(Te)
Vol + PEH9= gey( TS — T¢)
chkg = gap(Tap - T[;])

Vbl + Pngg+ Pngg - gps(Tr? - TSB)

(3.29)

whereTy is the absorber temperaturﬁd(gis the background power in the absorber
and the thermal conductance is assumed to follow the poweB Ia1 with parameters
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Figure 3.5: Thermal model for a microcalorimeter with absorber consiagthe HEM

Oap andn. In this case it is not possible to determine all the pararadtem a simple
static analysis. The following group of equations discsitiee dynamic of the consid-
ered system in the case of low temperature variations:

CodTl) 4 Goy(Te—Tp) =0
Co U 4 Gpg(Tp — T) + Gap(Tp — Ta) + Gep(Tp — Te) = 0 (3.30)

Ca®Bl) | Gap(Ta—Tp) = Palt)

with C, the heat capacity of the absorber. In the usual approximatican in-
stantaneous energy deposition, the solution of 3.30 isgiyea combination of three
exponential functions. Nevertheless, in order to allow é¢waluation of all the pa-
rameters involved, it is useful to make some approximatidnsparticular, since in
real microcalorimeters the conditidBps < Gap < Gep is usually valid, the electron-
phonon decoupling in the thermistor can be neglected. Asnaempuence the thermal
pulse can be described by the following expression:

AE
Te(t) ~ ——
provided that; < 11. HereC represents the total thermistor heat capacity and the
time constants are given by:

(e g t/12) 4 7O (3.31)

_GatC

T~ 3.32
1 Gps (3.32)
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CC
(Ca+C)Gap

The conditiont, < 11 is verified wherC <« Cj. In this case the two time constants
can be further approximated lty ~ C/Gap andtz ~ C5/Gps.

T~ (3.33)

Optimization

Once the static and dynamic characterizations of microira&iers are completed and
all the required informations have been collected, a studih® so calledsignal to
noise ratio(S/N) must be carried out in order to actually optimize theed®r perfor-
mances. The signal to noise ratio corresponds to the ratveda® the maximum pulse
amplitude and the noise of the system (calculated as thewweah square noise). This
ratio must be maximized in order to achieve the optimum dperal conditions of the
detectors.

The first step consists in the maximization of the signalgesia complete under-
standing of the noise of the system is very complex and requirdeep analysis, being
linked to many different parameters.

The practical realization of the microcalorimeter must bef@rmed in a way which
allows to obtain the best possible performances. Furthexrath the characteristics
of the thermistor (studied by means of the static and dynaméacterization) must
converge for the fulfilment of such a goal. In particular, &sa&dy pointed out, it is
usually convinient to realize microcalorimeters in a coufgion which assures the
conditionGps < Gap < Gep is met. Given the previous assumption and thanks to
some more expedients it is possible to produce a situatievhioh the time constant
T =C/Gps dominates over all the other ones described in the previect#os. In such
a conditin the thermal signal can be approximated by equ&id7 and the status of
the detector can be descibed by an average temperaturevalue

Nevertheless the distinction between the temperafgiof the electron system and
the temperature T must be considered in order to taken intouat the effects of
the hot electron model. Given the above conditions, theasigmplitude in terms of
voltage pulse across the thermistor is given by:

v — SEAT(T).P) /PeR(Te(T))
TC(T)
The parameters contained in equation 3.34 where define®r838 and 3.9. The
termC(T) represents the heat capacity of the detector and is givehéogum of all
the contributing elements:

(3.34)
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C(T) =Co+CiT +C3T? (3.35)

whereCy is a constant coefficient which accounts for the localizedtebns in the
thermistor; the linear term ifi is linked to the delocalized electrons in the thermistor;
the cubic term inl represents the contribution of the lattice.

In view of the optimization of the detector performances bgams of a maximiza-
tion of the signal to noise ratio and taking into account ¢igua3.34, the following
considerations arise:

- the heat capacit¢(T) must be minimized;

- there exists an optimum value for the dissipated poesince equation 3.34
suggests tha® should be increased in order to produce an enlarged pulse am-
plitude but at the same time an excesstvenduces a reduction of the sensitivity
(equation 3.6);

. the background powd?°*k9 must be minimized since it contributes to the reduc-
tion of the sensitivity (equation 3.6);

- onceGps is fixed as the lowest of the conductances of the system, thpete
ature of the detector depends only on the applied power: amsequence the
optimum value of. defines a precise point in the-\j, curve and a temperature
T which assures the maximization &¥, (optimum poink

- also for the parametdbps there exists an optimum value, since it should be the
lowest of all the conductances of the system, but at the samegttmust be high
enough to evoid an excessive warming-up of the detectoralpeltrization;

- equations 3.2 and 3.6 suggest the paramitshould be as high as possible in
order to increase the signal amplitude, but in this way theodpling between
the electron and the phonon systems get worse as discusttedtsginning of
this section (see paragraph "Static characterizatiorsa eonsequence also for
To there exists an optimum value;

- also the geometry of the thermistor can be optimized, aagiddo modify the
implant structure (which is linked t@): this allows to inhanc&y (AVy 0 +/Ro)
according to equation 3.1 and as will be described in se&i8dn

- the volume of the thermistor should be increased in ordent@amnceGe, (see
1.4.2) taking into consideration the consequent increbeecheat capacity;
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- at a first sight also the resistance should be increasedhisutduld lead to an
excess of spurious noise sources, as later discussed.

The considerations exposed in this paragraph are baseduati@y 3.34 which
assumes an instantaneous temperature rise. Neverthiedgswitl be useful to carry
on the optimization procedure in an easy way. On the othed laamodel taking into
account the dynamic behaviour of the detectors and baseduatiens 3.23 and 3.30
will be useful for a postponed interpretation of the res(8ee also [52,53]).

In order to carry on a complete optimization, all the poss#durces of noise should
be identified and characterized. Some of these sources tairesio, and thus fix an
unbreakable limit to the energy resolution of the deted@r.the other hand the noise
introduced by the polarization circuit and, more in genelogl the whole acquisition
system, can be reduced to a minimum.

Noise sources

The intrinsic noise in a thermal detector is contributedly tain sources: the char-
acteristic Johnson noise of the thermistor and the themaouical noise, due to the
stocastic nature of the energy transfer throys.

Any resistive element (with resistanB® operating at a temperatufegenerates a
white noise with power spectrum given by:

er = \/4ksRT (3.36)

This represents the Johnson noise across the thermistahe Ispecial case of a
weak thermal link to the heat bath (as it happens in the casei@bcalorimeters),
the effect of the electrothermal feedback can induce a temuof the low frequency
component of the Johnson noise.

Furthermore, any device with a heat capa€itiyy contact with a heat sink by means
of a thermal conductanc@ is characterized by a thermodinamic noise, due to the
statistical fluctuation of the internal energy of the system, which is linked to the
transport of energy througB. The average internal energy fluctuation is given by:

(AU?) = kgT?C (3.37)

which, using the relatioAU = CAT, can be written as:

(T2 =

2
kBTT (3.38)
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The power spectrum of these fluctuations is given by:

P(w) = \/4ksT2G (3.39)

It can be shown that these fluctuations produce a noise pgeetrsm which, in
terms of voltage across the thermistor, can be written as:

S(0)

1+ jwrte

&n(w) = P(w)S(w) =~ \/4kgT2G (3.40)

According to equations 3.40 and 3.20 the thermodinamicenail the signal are
characterized by the same dependence in the frequency doAsa consequence the
S/N ratio should be inhanced by simply extending the adofsesfliency band in the
absence of any other source of noise. Actually this is nosiptesdue to the presence
of the Johnson noise.

As already pointed out in section 2.1.1 the energy resaiutica microcalorimeter
can be very close to the thermodynamical limit, for which aalgtical expression can
be deduced by taking into account uniquely the intrinsicsasiources ( [44,54]). Once
the temperature of the heat sifikand the characteristic parameters of the thermistor
are fixed, the intrinsic limit to the energy resolution isgivby:

AEpwhm = 2.358 1/ kaT2C(Ts) (3.41)

whereg is a numerical coefficient which depends on the logaritmitsg®ity A.
The resolution given by equation 3.41 is obtained in pradbig applying an optimum
bias current to the thermistor, which corresponds to théaph point in thel — VW,
curve (and to an optimum working temperature of the device).

Obviously there are other potentially dengerous sourcasoddfe, external to the
device itself, which can induce a worsening of the energglig®n and which must
be reduced as more as possible.

3.2.2 Heaters

The role of heaters in bolometric detectors has been alrdsdyssed in section 2.3.1.
Heaters consist in resistive elements capable to injedbresdd amounts of energy
through Joul heating into the detector. Since their maikigbnked to the stabilization
of detector response, as well as to the determination adptienum pointn thel —V,
curve, such devices must satisfy the following requirersewhich cover both static
and dynamic behaviours:
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- their resistance must be reasonably indipendent of teriyrerand applied volt-
age in order to inject the same amount of Joul power into theatier during the
whole measurement, so that each pulse produced by the lcaatbe refered to
a well defined delivered signal,

- their heat capacity must be negligible with respect to theaer one;

- the heater resistance must be much higher than that of chonedres, in order
to behave as the main point of power dissipation, but at threesame must not be
so high to require excessive voltage pulses to develop thieleled calibration
energy.

- the relaxation time of the heat pulse delivered into thetatys must be much
shorter than all the other typical thermal constants, ireotd produce an almost
instantaneous energy release;

- the signal formation due to Joul heating must simulate asrasgossible a par-
ticle interaction in order to assure that the pulse ampéitdighendences on time,
baseline level and other operation conditions are the santbé two processes;

Reasonable resistance values in the specific case of CUOREi mental configu-
ration range fromv 1 kQ to ~ 10 MQ. Steady resistances with the required values can
be realized by means of heavily doped semiconductors, emiconductor materials
doped well above the MIT (see section 1.5). Furthermoreghistive structure, which
usually consists in a long, narrow, thin meander necessaaghieve reasonably high
resistances, must be integrated in a small, easy to hangieaod finally thermally
connected to the detector.

The heat capacitgy of the heater is a further crucial parameter, not only for its
contribution to the total heat capacity of the dete@g(the heater mass is actually so
small that its heat capacity is dominated by that of the atysbut rather for the role
played in the determination of the thermal coupling titpewhich is given by:

_ GG 1 G
~ Ch+CyGn G
whereG; is the thermal conductance between the heater and the oletextty,
represents the typical time necessary to achieve thernudil@ium between the two.
The above relation shows that, in order to minimize it is necessary to reduce as
much as possible the heater heat capacity and maximize #terkaetector thermal

conductamce.

T (3.42)
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The first part of chapter 4 is dedicated to a discussion alievexplored solutions
for the fabrication of heaters and the early results obthiwéh their application to
stabilization processes in Te®olometric detectors. The following sections of the
same chapter are devoted to describe the fabrication pgafdke heating devices to
be used in the CUORE experiment and to their characterizatidow temperatures
from a static point of view, being this one of the topics c@ekeby this thesis.

To be specific the required tests, concerning the staticvietia consist in:

- checking the stability of resistance with temperature atésns in conditions
close to the operating ones (i.e. close to the working teatpez of the con-
sidered bolometers);

- check the behaviour of resistance, at the operating teriyretavith bias voltage
variations;

- check that the resistance values of the realized deviceshtiag requests previ-
ously discussed at the working temperature;

- check the homogeneity of resistance values among the fdbdalevices, since
required for the implementation of the electronic system @ connected soft-
ware used to operate them.

Given the number of devices necessary for the realizatich@CUORE experi-
ment, corresponding to the total number of detecterd@00), the amount of elements
which actually must be tested is of order 2000, since unaldjdthere will be a cer-
tain fraction of elements not matching the requests. Furbes some of the tested
devices will be used during the R&D program and it would bevewrient to have an
amount of heaters exceeding the indispensable numbersenafaany problem during
the bolometer assembly.

The above arguments show the difficulties involved in theatiarization of heaters,
since an enormous amount of time would be required in ordegs with the needed
accuracy, the whole number of necessary devices, in phati¢the tests should be per-
formed at the bolometers operating temperature& @ mK). For this reason it would
be advantageous to perform the static characterizatiolghehtemperatures, once a
statistically significant sample has served to test the mhyonand static behaviour of
heaters in conditions very close to the operating ones. rElgjgires that a good corre-
lation between very low< 1 K) and low (down to~ 1 K) temperature behaviour must
be estabilished by means of previous tests. Furthermoredy sf the homogeneity
and distribution of resistance values among the produceidelewould be very useful



74 Realization and low temperature characterization of da@gdiconductor devices

in order to speed up the characterization, as better exglamsection 4.2.1: this is
possible thanks to the configuration in which the devicepasduced.

As will be discussed in 4.2.1, the analysis of the resultsioled during the char-
acterization down te- 1 K allowed to extrapolate further useful correlations betw
room temperature, nitrogen temperature (77 K) dnd 1 K behaviours. By taking
advantage of all these results it is possible to save moneyiare in the selection of
heaters to be used in CUORE.

3.2.3 Cryogenic apparatus

In both cases of thermistors and heaters characterizatissmnecessary to work in
conditions as close as possible to the operating ones, whadms first of all that
temperatures of order 1 K or less must be reached. In ordethiee these conditions
the devices under test are placed, after a suitable préparat a devoted refrigerator
(or cryostat).

Cryostats of different kinds and suited for various tempeearanges are presently
available and commercialized, though they often need todagtad to the purpose
for which they are intended to be used. Examples of act#ifievoted to this task, to
which a great deal of this thesis has been dedicated, arelo$m 4.2.1. The present
section describes the cryogenic technologies used foulfirfents of this thesis.

As already pointed out in 3.2.2, though the typical opetptéemperatures of bolo-
metric detectors are below 1 K, it is sometimes useful to vairkigher temperatures
(> 1K) since they are easier to reach. In principle, tempeestas low as.2 K can be
achieved by using #He pumped cryostat. This kind of refrigerator consists igsieam
composed by a volume devoted to house the devices to be tastkd liquid He bath.
The volume housing the samples must be in good thermal dowtdcthe bath and
both should be vacuum insulated from outside, in order tocedhe heat load due to
conduction and convection. At see-level pressure therimpittmperature dfHe is 42
K. By reducing vapour pressure above the He bath, tempestown to 12 K may
be attained, as shown in figure 3.6. Obviously a large amduréas being consumed
during the cooling down: as a result, when the whole He iihtgontained in the bath
is evaporated, the refrigerator gradually returns to roemgerature.

The helium reservoir must be shielded from room temperatagetion heat load.
This task can be accomplished by surrounding the He bathanlitfuid nitrogen bath
(77 K). In fact, according to Stefan’s Law, the amount of healiated from a warm
body to a cold body varies with the difference between thetfopower of their tem-
peratures. Therefore a 300 K surface radiates 230 times heaeto a £ K surface
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Figure 3.6: Temperature of an He bath as a functiorfdie and®He vapour pressure

than a 77 K surface would do. Furthermore any refrigeratasisally gradually cooled
down from room temperature to the operating one, for exarbplere-cooling with
liquid nitrogen. This expedient allows to limit liquid He meumption and in the mean
time is useful to study the behaviour of the devices undemtieistermediate tempera-
tures (as discussed in section 4.2.1 and 5.3).

In order to reach temperatures below 1 K the use of differecbniques is re-
quired. In the context of this thesis three different diutirefrigerators have been
used, located in the cryogenic laboratories at Insubriaréisity and Milano Bicocca
University. They are all based on the same principles of @@, using &He*He
mixture, which is a continuous refrigeration method, in ast with *“He pumped
cryostats. When a mixture of the two stable isotopes of helsicooled down below
a critical temperature equal to8Y K it separates into two phases for a well defined
range ofHe concentration, as shown in figure 3.7 (where XH@ne represents the
superfluid phase transition). The lighter concentratedsghs rich in®He, while the
heavier dilute phase is reachiHe. 3He concentration in each phase depends upon the
temperature. Since the enthalpy of fliée in the two phases is different, it is possible
to obtain cooling by evaporating tiéle from the concentrated phase into the dilute
phase (in analogy with the results obtained by forcing exajiun above &He bath).
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This process has an efficient cooling power even at tempesatlose to absolute zero,
since®He concentration does not vanish.
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Figure 3.7: Phase diagram for thi#He/He mixture at saturated vapour pressure. The diagram
shows the\-line for the superfluid transition dHe and the phase separation line of the mixtures
below which they separate intc*ale reach and &He reach phase

In a dilution refrigerator théHe/*He mixture is continously circulated by means
of devoted pumpes and compressors. In order to cool down ik to the phase
separation temperature, two different methods are auaildthe first one is called the
"1K-Pot" method, while the second one is based on the Joluteripson effect. In both
cases the cooling down is obtained through a series of staps.of all the mixture,
as well as the whole cryostat, must be cooled to the li§tid temperature. This can
be done by putting the refrigerator into 4He bath (main bath) and by thermalizing
properly with the help of the bath vapours. However othehtégues are available
to accomplish this purpose (i.e. by using a pulse-tube). Sdwnd step consists in
further cooling down the mixture to abouslK by means of the 1K-pot or through the
Joule-Tompson effect. The 1K-pot is a reservoir continptied from the main bath
with liquid helium, mantained at.2 K by a forced evaporation. On the other hand, if
the Joule-Thompson effect is used, the liquid helium is casged by means of a flux
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impedance and, thanks to the consequent expansion, itdowlsto about 5 K.

When a proper temperature is reached, ¥He/'He mixture starts to condense,
thus filling the two main elements which compose the cryogtet mixing chamber
and thestill. In the still®He is continously evaporated from the liquid mixture suefac
by mantaining the still temperature at 66000 mK, corresponding to #He vapour
pressure about three orders of magnitude greater thatHeapour pressure. Due to
the evaporation, théHe concentration in the dilute phase of the mixture locateitié
still results to be less than the concentration in the mixingmber. As a consequence
of this concentration gradient, there is a flow®fe from the mixing chamber to the
still, resulting in a cooling down of the former. The mixingamber actually corre-
sponds to the colder element of the cryostat: for this rediservolume housing the
devices to be tested is always thermally connected to itutdih refrigerators have a
very high cooling power and temperatures as lowas— 10 mK can be reached. A
more detailed description of the operating principles ddittbn refrigerators is given
in [55, 56].

In order to properly cool down the devices under test it isassary to realize good
thermal links between the samples and the colder part of ahsidered refrigerator.
Great care is then required in the preparation of the holdeising the samples and
in the methods used for the thermal connections, which digpen the type of mea-
surement to be realized. Usually the tested devices arel glo® devoted packages
then placed into the holder connected to the colder partetthiostat. The electrical
connections are realized, at this level, by means of very gloid wires (25- 50 um
diameter), which assure the required thermal conductanoktained. The gold wires
are ball bondedusing a devoted instrument. The preparation of the samplebe
specific cases treated, will be further described in thead#dd sections (4.2 and 5.3).

Obviously it is necessary to monitor the temperature cdoonktduring the mea-
surements: thermometers of various kind, suited for thiediht temperature ranges of
interest, are commercially available and must be put in @régrations in the cryostat
structure. Furthermore electrical connections (wires @mthectors) must be added to
read the signals from both the samples and the thermomélersviring of the cryo-
stat may induce a reduction of the cooling power, due to ttitiat of a remarkable
amount of material to be cooled.

Finally it is worth to notice that since any refrigerator isnsposed by a series
of elements, each one mantained at a typical operating textyse, it is necessary
to protect colder elements from the blackbody radiation afmer elements; this is
especially valid for the samples themselves.






CHAPTER 4

HEATERS: LOW TEMPERATURE
CHARACTERIZATION AND EXPERIMENTAL
RESULTS

This chapter deals with the characterization at low tentpeea of the heating devices
to be used for the stabilization of CUORE bolometers. The odlsuch devices and
their mode of operation have been previously described datice 2.3.1, while the
properties which must be satisfied by heaters are discuasg@i2. In the previous
chapters it was also shown that heavily doped semicondsiatay satisfy many of
the requests for the realization of heaters: steady resiste exhibiting a low-mobility
metallic behaviour, can in fact be produced by using a sendigotor doped well above
the MIT. In the present chapter, the actual production gses used in the fabrication
of heaters are presented, starting from an overview of tHg atiempts and the related
test performed to verify the fulfilment of the static and dyri@requests. A discussion
about the characterization of heaters to be used in the agelent of CUORE de-
tectors, performed in the Cryogenic Laboratory at Univgref Insubria, will follow.
For the purpose of such characterization a devoted cryogatiup has been devel-
oped and tested and will be described, together with thdtseshtained during the
performed measurements. It will be shown how to use suchtsesuorder to speed
up the selection and to save money during the charactenratiview of CUORE.

79
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4.1 PRODUCTION PROCESS

4.1.1 Early results

The early attempts to develop heating devices to be coupl@d® crystals, based on
the use of a heavily doped semiconductor materials, wer@meed using the Si:As
system (silicon doped by arsenic). The details of the pridn@rocess and the results
obtained are reported in [43]. As a first test, a by-produ¢hefR&D program for the
fabrication of implanted silicon thermistors, in the cotitef the developement of the
microbolometers also treated in this thesis, was used. Tfreuproduction of heaters
to be used in the CUORE experiment actually took origin in ¢batext of the im-
plementation of the microcalorimeters discussed in chidptBoth silicon thermistors
and heaters have been fabricated by the Istituto per la &iceientifica e Tecnologica
(ITC-irst).

According to standard procedures silicon thermistorsitabed by means of mi-
cromachining technologies, as in the considered case,sar@ly realized in form of
wafers, each containing a fixed number of thermistors. Tdysuit includes also suit-
able test structures, grouped in a so called "test stripSjdes the devices of inter-
est. Such test devices allow to control the fabrication sscand to measure room-
temperature electrical parameters. The ITC-irst tesp stontains in particular a re-
sistive structure, used for the contact diffusion, cofrsisin a narrow doped line with
variable width and five contacts: it is this one which has besed as a heating el-
ement. The whole wafer, as well as the contact diffusioncsting, is fabricated by
applying the standard ion implantation technique, desecrib 3.1.2. In particular, the
considered contact diffusion was obtained by opening tieesponding area in a 800
nm thick thermal oxide by lithography and etching, dopingitay implantation with
5.00 x 10'° ions/cn? of arsenic at 110 keV and subsequent activation by anneating
975°C for 1 hour in dry oxygen and 30 minutes in dry nitrogen. Assuita heavily
doped diode was obtained, with junction depth & @m and a surface concentration
of 2.0 x 10?% atoms/cm (the critical concentration for the Si:As system ig & 108
atoms/cr).

A silicon dice, with dimensions.5 x 1.5 x 0.5 mm?, was cut around the test strip.
The electrical contacts were provided by contacting theregting portion, to be used
as a heating element, with two 21 diameter, 10 mm long, gold wires. The static
behaviour, in terms of voltage and temperature stabilityhef devices, was checked
down to 50 mK in a preliminary measurement and was found naleent, especially
in correspondence of low injected powers (see figure 4.1)s Tgst was performed
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by applying a range of constant bias voltages to the heateasaring the resultant
voltage across it and thus extrapolating the corresporbiger injected and the heater
resistance. The same procedure, which will be better de=sttiater (see 4.2.3), was
repeated at different temperatures. At the typical opegademperatures of bolometers
(10— 15 mK) the heating device showed a resistance of about(10 K
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Figure 4.1: Resistance as a function of injected power for the stripdredihe various curves
correspond to different temperatures, from 50 to 800 mK

The silicon dice was then glued with an epoxy resin to a 73 goTé€dector and
operated at cryogenic temperatures. With the help of a éserator, square voltage
pulses were injected into the heater in order to developrihésignals of energy a few
MeV. A discussion about the results is given below.

- As shown in figure 4.2, the pulses generated by the heaterraseé generated
by a particle in a Te@bolometer produced signals with the same shape once
normalized; this is a consequence of the obtained thermgllog time (p ~
1 ms) much shorter than the thermal rise time of the dete&0rn(s). The
value ofty, can be calculated from equation 3.42, where the heat capzdite
heating device and the thermal conductance can be easiiya¢®d or previously
measured. In particular the heat capacity of the silicoip $¢rof order 1013
J/K, calculated by assuming that the heavily doped regionbeadescribed as
an ideal Fermi gas, with a dominating term of metallic tgRd] T (see section
1.6); while the thermal conductance of the glue spot is oéofd 1° W/K.

- The energy pulses induced by the heater in the bolometereshaw amplitude
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En which can be written as:
2

Y
EnO EAt (4.1)
whereV andAt are respectively the amplitude and the time width of theagst
square pulses applied to the heating elementRyid the heater resistance; the
above equation imposes a stability for the pulse generatieaat at the A%
level in time and amplitude, since one getds,/E, = 2dV/V anddE,/Ep =
dAt/At.

- The signals generated in the detector by the heater pulsegesithe same time

and baseline dependence as the particle signals, thusiradide perform an
effective stabilization by using heaters.

- The stabilization performed with particle energy-pulsed &eaters produced

the same effects as shown in figures 4.3 and 4.4, with the talyarthat heater
pulses could be easily identified by software.
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Figure 4.2: Comparison between pulses generated by a particle (pants}he strip heater
(solid line) in a TeQ crystal

The above discussed results confirmed the advantages gfarsimeater-based sta-

bilization procedure and showed that the heavily dopedailidevice here considered
matched the main requests exposed in section 3.2.2, cangéie static and dynamic
behaviours necessary to accomplish the tasks of a stalgilieating element.

For these reasons a devoted production run was started atd¥, @ith the aim of

studying and optimizing the performances of such heatingcds, in order to standard-
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Figure 4.3: Calibration spectrum acquired Figure 4.4: Calibration spectrum acquired
by a TeQ bolometer before correction (dot- by a TeQ bolometer before correction (dot-
ted line) and after correction (solid line) ted line) and after correction (solid line)
where the stabilization procedure was per-where the stabilization procedure was per-
formed witha—particles formed with heater pulses

ize the fabrication process. For the realization a restsamalue of order 100@ at the
operating temperature was chosen, to better accompligtettask of behaving as the
main point of power dissipation while operated. The basjold consisted in a fim
wide and about 12000am long resistive meander, occuping an area of 193817
um? and with geometrical resistance of 20000 squares (seeiequat). In order to
obtain larger resistors, with the aim of getting an highéaltcesistance, more than one
of such single modules were printed side by side during theking process. Further-
more the production process allowed to attach the contalst @lanost freely, in various
locations through-out the device: as a result the resistaatue can still be varied by
bonding the suitable pads. During this run different doptgments and levels were
tested, as well as various annealing configurations. Thédingle chip dimensions
were chosen in order to be well suited for the bolometer cangbn and not to exceed
the detector heat capacity: therefore the produced wafere wut in order to obtain
3x 3x0.5mn? dices. In figure 4.5 the best obtained performances aretegh@how-
ing a very good resistance stability (within 1% between 58 800 mK) if compared
to the earlier results (figure 4.1). Furthermore the aboweidieed devices have been
successfully used for long run measurements with bolomdéiectors.

4.1.2 Present status

The early test performed were useful to draw the basic pnoeefbr the fabrication
of heaters, which was identified taking into account the meguirements already ex-
posed in previous sections. In view of the developement ®fGWORE detectors a
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Figure 4.5: Resistance as a function of injected power for the meandgehehe various curves
correspond to different temperatures, from 50 to 800 mK

Chip Dimension (to halfscribe): 2330 pm x 2400 um

31320sq 1st PAD to 4th PAD
10440sq PAD to PAD

WAL
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IRS T soLo-01e2

Nr. 4 PADs
PAD (Metal) 300 um x 390 pm

Figure 4.6: Structure of the single heater: chip total dimensions, gedoal resistance
(squares) and pads dimensions are shown
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devoted production run (named LTR4) was than carried ouyhich a total number

of 15 wafers, each one with 3636 single elements, have been produced. Still, tak-
ing into account previously obtained results, the Si:Peystvas chosen in this case,
where the starting material is a p-type(3D0) CZ (monocrystallin silicon grown with
the Czochralski method), with a 18-cm resistivity. The single device structure is
shown in figure 4.6: the resistive meander is visible and theedsions and geomet-
rical resistance (squares number) are reported. Each heater (picture 4prypvsded
with 4 pads: therefore it is possible to use the resistankeevzetter suited (though in
the range 100 R) by choosing which of the pads to contact. Since in fact thelah
meander structure has been realized with the same implamgatocedure, it is ex-
pected to exhibit a low temperature uniform resistance. Assalt thepad-to-pad
resistance should equal3 of the total value, measured between the two pads placed
at the extremities of the device. In the context of the charamation at both room
and low temperatures, it will be useful to conventionallyneethe various pads of each
heater with 4 subsequent numbers, in order to be able toifg#me resistance between
them asRjj with i, j = 1,2,3,4 (as also shown in figure 4.6). Consequently the pads-
to-pads resistances must show, at low temperatures, tlogvfog relationships, given
the uniformity of the implant process has been fulfilled:

- R12 = Roz = R34 (resistance between two adjacent pads)
- Riz3=Roa=2-Rp
- Ris=3-Rp2

During the low temperature characterization also the abiesstance relashion-
ships were proved: the results are reported in section 4tf2u8 actually showing that
a uniform distribution of the implanted region was achieved

The scheme of the complete fabrication process is repontedhle 4.1 and it is
valid for all the 15 wafers, since the optimum proceduresiiied during the previous
test were used (see also for reference 3.1.2). The onlysiilling parameter is the
implant dose, according to which the wafers are splitted fhtee groups, as shown in
table 4.2. As a consequence it is still possible to choosehwlafers to use among the
three groups, according to the best suited resistance.value

At the end of the production run, room temperature test weropmed, in order to
check out that the process had been successfully carriethquarticular a screening of
each whole wafer allowed to quantify the spread of the rascst values. The pad-to-
pad resistancel’; were measured at room temperature by injecting a bias \@lttig
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Substrate material
p-type Si(100), 16 Qcm, CZ

Step # Type Description
1. Isolation
11 Oxide growth Grow screen oxide 43 nm
T(°C) Time (min) Gas
975 70 Dry Q
975 10 N
12 Implant (1) p-substrate adjustment implant (compensation)
Implant element Energy Dose
(keV) (ions/cn?)
B 120 40 x 10
13 Oxide growth Grow mask oxide 300 nm
T(°C) Time (min) Gas
975 60 Wet Q
975 30 e}
975 30 N
2. Diode definition
2.1 Lithography (1) Define diodes
22 Dry etching (plasma Open diodes
2.3 Implant (2) n-diodes doping
Implant element Energy Dose
(keV) (ions/cn?)
P 130 ~5.0x 10
24 Ashing (plasma) Remove photoresist
25 Coating Coating frontside with photoresist
2.6 Wet etching Remove backside oxide
with HF (10:1)
2.7 Implant (3) Implant backside contacts
Implant element Energy Dose
(keV) (ions/cnf)
BF, 120 10x 10'°
2.8 Ashing (plasma) Remove photoresist
2.9 Thermal activation Reoxidation and junction drive

(Annealing)

T(°C) Time (min) Gas
975 60 N
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Step # Type Description
3. Contacts
31 Oxide growth LPCVD-TEOS deposition (Si©500 nm)
Temperature 718C
3.2 Lithography (2) Define contacts
33 Dry etching (plasma) Etch contact holes
3.4 Ashing (plasma) Remove photoresist
4. Metal
4.1 Wet etching Pre-metal deposition cleaning
with HF (50:1) for 30 s
4.2 Metallization Sputter Al:Si deposition (1200 nm)
Temperature 225C
4.3 Lithography (3) Define metal
4.4 Dry etching (plasma) Etch metal
45 Wet etching Post-metal definition cleaning
with Tl for 10 s
4.6 Ashing (plasma) Remove photoresist
5. Over-glass
5.1 Oxide growth LPCVD-LTO deposition (Si@ 200 nm)
Temperature 430C
5.2 Lithography (4) Define protective over-glass
53 Dry etching (plasma) Etch over-glass
5.4 Ashing (plasma) Remove photoresist
6. Backside contacts
6.1 Coating Coating frontside with photoresist
6.2 Wet etching Remove backside oxide
with HF (10:1)
6.3 Ashing (plasma) Remove photoresist
6.4 Metallization Sputter Al:Si deposition (500 nm)
Temperature 225C
6.5 Al:Si thermal treatment Sinter contacts
T(°C) Time (min) Gas
400 5 Forming gas

Table 4.1: LTR4 production process: the meaning and role of the varsteigs are described in

section 3.1.2
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Figure 4.7: The single LTR4 chip

Name ‘ Dose (ions/crf) ‘ wafers
Implant P 1/3 5x 101 1,2,3,4,5,6,7
Implant P 2/3 6x 101° 8,9,10,11
Implant P 3/3 4% 10 12,13,14,15

Table 4.2: Splitting of the 15 LTR4 wafers according to the implant dose
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the single devices forming the wafers, by contacting twdef4 pads each time. The
measurements were performed with two different bias vead 00 mV and 1 V. The

results were used to produce three different kinds of wafapsnfor each performed
test. In figure 4.8 the case of wafer 2 is reported as an example

- the first map simply allows to select those devices which shawalue of resis-
tance so high to result as not measurable: such devicesgaredsin black and
cannot be used;

- the second map is more precise than the first one: it was eehliy assigning
to each device a particular shade of colour corresponditigganeasured resis-
tance, according to the scale reported sideways and fiti@egdlours through-
out the wafer;

- the third map was realized with a similar procedure as thers@one; however,
thanks to the use of different colours instead of using skhafléhe same colour,
different areas, corresponding to various room tempeeabehaviours, can be
easily identified.

Figure 4.8: Example of the three kind of maps realized using the restilteam temperature
measurements: "bad-select" map, "shades" map and colowapdwafer 2R, applied bias
voltage 1 V)

A study of the correlations between room and low temperab@feaviours was
carried out, in the context of the low temperature char&déon, as will be discussed
in the following sections. The results obtained, togethién the use of the three kinds
of maps realized at room temperature, has been and will blellusespeed-up the
selection of the devices to be tested in view of CUORE.
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4.2 LOW TEMPERATURE CHARACTERIZATION

The first part of this chapter was devoted to describe they eadults obtained with
the heating devices developed at ITC-irst, based on hedwiyed semiconductor ma-
terials, in terms of both dynamic and static behaviours. hSdevices represent the
precursors of the heaters to be used in CUORE, whose faioricatocess was de-
scribed in the previous section. The good results obtairigtdsmch precursor devices
show that they match the main requests pointed out in se8tih@. Furthermore they
have been successfully used for the stabilization of boterseluring long run mea-
surements. Since the LTR4 heaters to be used for CUORE dizecthasically with
the same procedure and given the big number of devices whiphrciple should be
tested (see section 2.3.1), it was decided to perform atgmlesimply based on the
static characterization of each single device, down to tmest attainable tempera-
ture. A complete characterization of both dynamic and sfatoperties of the whole
number of heaters~{ 2000) whould in fact require an enormous expense in terms of
time and money.

Next sections are devoted to describe this static charaatem performed down
to ~ 1 K, easily achievable with respect to lower temperatures &ection 3.2.3) and
allowing to realize simple and quick measurements. Fueti@re it is worth to notice
that the usage of some LTR4 heaters as stabilizing elememnitsgdthe R&D phase
of CUORE, still provided evidence for their reliability argbod performances. Fi-
nally one test at temperatures close to the operating onedéen performed (see
section 4.2.3), whose results allowed to make a comparisttnoMer measurements
performed with precursor devices, still showing the rdligbof higher temperature
test.

4.2.1 Set-up for the characterization down to~ 1.5 K

Given the previous considerations, in view of the staticrab&erization of the heaters
to be used in CUORE, a devoted set-up has been realized ded ieshe Cryogenic
Laboratory at Insubria University, as below discussed.

The cryogenic set-up

The cryogenic set-up is based orflde pumped refrigerator (see section 3.2.3) pro-
duced by INFRARED. In figure 4.9 the schematic structure efdtyostat is reported,
where the following elements are shown:
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- the two dewars housing the cryogenic liquids: the main bathljquid helium
and the secondary bath, for liquid nitrogen; the secondatly §erves as a shield-
ing from room temperature radiation heat load and it is useflimit the He
consumption;

- the copper holder housing the samples, in good thermal cbwith the colder
part of the cryostat (in this specific case firée bath);

- the 77 K shielding, connected to the liquid nitrogen reseyuseful to protect
the copper holder from 300 K blackbody radiation;

- the vacuum insulation, useful to reduce the heat load duehaluction and
convection.

He fill & pumping
‘\‘|_|

N Dewar

]

e N fill

Radiation shielding

/ (77 K)

Cu shield
containing

Vacuum

samples
(The bath)

Figure 4.9: Schematic structure of the INFRARE{Be pumped refrigerator

The copper holder was specially realized and added to th&RRED cryostat:
it is made up of a copper plate, screwed to fise dewar, upon which the holders
for the samples were then placed (figure 4.10). After the $asripave been put onto
the holders and are ready for the measurement, the platevesemb with a copper
lid, in order to protect the samples from 77 K blackbody rédia Copper is the
material usually adopted for the realization of many cryageccessories, because of
its physical propertiesin primis its high thermal conductance allows to realize very
good thermal contacts between different parts of the refétpr (in the considered
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specific case between the samples and the main bath). Théedaohgbers are screwed
to the copper plate and are provided with 40 pins (20 on eat#) $or the electrical
connections, realized so that the packeges to which thelsamape glued (as later
described) perfectly fit into them.

Figure 4.11: Copper box
housing the LakeShore
thermometer.  the four
Figure 4.10: Copper plate screwed to thele dewar, with the reading wires, wrapped
sample holders placed and screwed upon it. One of the spodd$ound the copper spool,
used for the thermalization of the reading wires is also show gre visible

In view of the forseen measurements a proper "wiring" of thy@stat was carried
out, in order to provide the necessary electrical connastifurthermore a calibrated
thermometer was added; finally a system for filling the cryagéquids and for pump-
ing “He was provided. Concerning the wiring a complete project vealized, taking
into account the nature of the forseen characterizationghvlubstantially consists
in the extrapolation of the resistance of the devices unerhy applying a square
excitation voltage and measuring the risultant current.flow

Thermometer

In order to monitor the temperature during the measuremaritakeShore germanium
resistor was placed inside the copper sample holder. Th&toesonsists itself in a
lightly doped germanium sensor, operating in VRH regim. slprovided with four
wires, so that the resistance value is read by a "four-leaasomement"l(* andV* are
read), which is more accurate than a simpler "two-lead nreasent”. The location
of the thermometer was chosen so that the thermometer appainditions were as
similar as possible to the samples measuring conditiomshi®reason the germanium
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resistor was placed inside a devoted copper box, providéa avihole with proper
dimensions (see figure 4.11), then screwed to the centeeadpper plate. A thermal
grease was used in order to inhance the thermal couplinggestihe thermometer and
the copper box. Furthermore the four wires provided to réadsignals were wrapped
around a copper spool for a good thermalization.

A calibration of the thermometer is provided by LakeShorighwhe experimental
data and the derived expression for the resistance-tertope@nversion. The calibra-
tion is valid in the temperature range 500 mK to 100 K. Furtiare the resistance val-
ues corresponding to room temperature, liquid nitrogerptenaiture and liquid helium
temperature are provided. Since a simple expression fordsistance-temperature
conversion is necessary for an immediate interpretatich@mesurement results, the
experimental data provided were fitted by means of the fafigwequation (by analogy
with expression 1.14), valid in the temperature randge-05 K:

R(T) = %exp(?) ' (4.2)

wereR(T) is the measured resistandethe correspondent temperature value (data
provided by LakeShore) ani@, Ro, p are the free parameters. Itis interesting to notice
that the value of the exponeptresulting from the fitting procedure is 0.5 in the
considered temperature range, thus in agreement with iequiat.8.

In order to provide the electrical connections between Hermhometer and the
room temperature electronics, the four thermometer wireevgoldered to four phos-
phor bronzé wires, leading the signals outside from the cryostat.

Wiring

The sample holders were realized so that each one can housarteles; not all the
fourty pins are used, in fact: usually one is left unused letwtwo used pins, thus
providing a connection to ground. As a result twenty pinsactially available for
each holder. Also in this case (as for the thermometer) thistence is read by a "four-
lead measurement”. A pair of twisted (to minimize noise pmkwires was soldered

to each of the ten available pins located on one side of théeh@nd used to read
thel™ andV™ signals. All the twenty pins located on the opposite sidenefhiolder
were connected together and to two pairs of twisted wires bgims of tin soldering.
They are used for thie andV ™ signals, which are thus read in common and act as the

1Phosphor bronze (together with constantan) is one of thenakt typically used for the realization of
cryogenic wires, due to its low thermal conductivity andt@ectrical resistivity
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reference potential. The scheme of the wiring at the leveéhefholders is shown in
figure 4.12.

Pairs of twisted
wires
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Figure 4.12: Scheme of the wiring at the level of the sample holders

The connections were realized using strips of twelve pditsvisted constantan
wires and soldering one extremity of each wire to the cowesiing pin. An important
task which should be pursued consisted in providing a goeththlization to all the
elements used for the electrical connections. Since thesgnust undertake a long
way from the colder part of the cryostat to room temperatitikgas necessary to evoid
an excessive heat load by thermalizing the wires at sevargbé¢rature stages.

First of all the strips coming from the sample holders werepped and glued
around the devoted copper spools, previously screwd to dipper plate, by using
VGE-7031 varnish. The varnish serves two purposes: it giaylgi holds the leads
in place and it increases the contact surface area between amd surroundings. A
layer of cigarette paper was varnished and put around thelspefore wrapping the
wires, in order to assure electrical insulation. A simikchnique was used also for the
thermometer reading wires. Then both the wire strips andittenometer wires were
thermalized to the outer part of tHele dewar, where they were soldered to twelve pins
connectors providing a first decoupling between ligtite temperature and nitrogen
temperature. A second twelve wires strip was then soldevezhth connector and
well thermalized to the 77 K shielding, by using the same eths before: a layer
of cigarette paper was varnished to the thermal anchor andites then wound over
the paper and varnished down. A couple of complete turnsmarthe whole shielding
were enough to obtain a good thermalization. Figure 4.18vshbe inner volume of
the refrigerator and the copper plate after the wiring wasgieted.

Each wire strip was finally connected to a 24 pins Fischer eotor placed on the
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Figure 4.13: The inner volume of the cryostat with the completed wiring

flanges located outside the cryostat, at room temperatsisgfi@vn in figure 4.14. Each
pin corresponds to one of the 24 wires coming from the sampliéens. On the other

hand the four phosphor bronze reading wires of the thermenve¢re connected to

four corresponding BNC connectors, located on the outegélams well. Such flanges
and connectors should obviously assure a good vacuum tight.

Data acquisition system

Both the resistances of the thermometer and of the sampéesead with a "four-
lead measurement" by means of an AVS-47 bridge, produced\bil&ktroniikka.
This instrument consists in an automatic AC resistancegeridthich measures the AC
current flowing in the device after injecting a square exwtavoltage of order 10 Hz.
The AVS-47 bridge can then extrapolate the resistance wailiea lock-in technique:
the maximum measurable resistance i2 MQ, with a dissipated power into the device
which can be minimized te- 10-° pW (for resistances of order 1 ®). One can select
among different excitation voltages, from a minimum qi\3to a maximum of 3 mV.
The AVS-47 bridge can read eight channels per time, eachneghhéeing composed
by the four reading wired £ andV*) and corresponding to one specific resistor. One
of the eight channels was then definitively assigned to teertbmeter, while the others
were left available for the samples. As a consequence ougnsgamples per time can
be read. Since each holder can house ten samples, the ciysgetion of the wiring



96 Heaters: low temperature characterization and experaheggults

Figure 4.14: The cryostat ready for a measurement: the connectors boatéhe vacuum tight
flanges are visible, as well as the rotating system, used @spmg for the cryostat, and the box
for the coupling between the cryogenic section of the widng the AVS-47 bridge

and the AVS-47 bridge needed to be properly coupled. To tlipgse a coupling box
was realized (shown in figure 4.14), which allows to chang&lwbhannels to connect
to the AVS-47, thus making it possible to measure all the teanaels in two different

steps.

The AVS-47 bridge can be coupled to a PC where a devoted aiiguisystem for
the automatic control of the electronics (realized by C.d®us$) is installed. Through
this automatic program it is possible to record the meastggidtance values of the de-
vices and the correspondent acquisition time, as well atethperature, during a long
run measurement. After selecting the devices to be measugdetting the required
parameters (excitation voltage to be injected, duratiothefrun, number of measure-
ments for each device over which calculate the averageaesis value) the program
makes the run start and the measurement is performed ovenberwf cycles, cor-
responding to the pre-selected duration of the run. Durexghecycle the resistances
of the selected devices and of the thermometer are read onadyyaccording to the
number of selected measurements for each channel. Thegawesistance is then cal-
culated and registered for each cycle, together with theesponding standard devia-
tion. For each device then an overall text file is produceth tie registered resistance



Heaters: low temperature characterization and experaheggults 97

values, standard deviations, applied excitation voltagktane.

Since the resistance of the devices is not measured exattly same time as the
temperature during a single cycle, a devoted software inn@uage was developed,
in order to solve this problem. This software processesripatifiles produced by the
acquisition program by fitting the temperature values v&tsue with a linear function
and assigning to each resistance value of the devices urgtehe temperature corre-
sponding to their acquisition time. The output files corgalmen three main parame-
ters: the resistance value of the tested device, its atigumigime, the corresponding
temperature calculated by the software.

Test of the set-up

When the whole wiring of the cryostat was completed, a serfiéast were performed
before starting the measurements, as below described:

- test of the vacuum tight;

- test of the wiring at room temperature, to assure no shorte weduced while
soldering and attaching the wires and to check the statusea®alized connec-
tions;

- test of the whole cooling down procedure: this served in otdecheck how
both the cryogenic system and the wiring system were workingryogenic
temperatures.

The first test was performed by closing the cryostat, thusikiting the measuring
conditions (apart from the temperature) and by pumping vactinside the refrigerator
volume by means of a devoted rotary pump. The system reachedisaum vacuum
of order 103 mBar, sufficient to the purposes of the set-up, thus showieggbod
vacuum tight of the whole system (including flanges and cotuis).

A further room temperature test was performed by putting the sample holders
a set of known resistances, thus simulating the samples todasured, in order to
check if the whole wires and electronic systems did measeexpected values and
to verify no shorts had been produced during the wiring. Algs test gave successful
results.

The early low temperature runs carried out were useful talalsth the standard
cooling down procedure (a practical manual was also rediaed to check the per-
formances of the set-up as a whole. The cool down proceduwwrdesummarized as
follows:
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1. after placing the samples inside the holders, the cryostat be closed and well
tightened; the rotating system shown in figure 4.14 is thesdus turn upside
down the refrigerator, since the filling holes for the crynigdiquids are located
on the opposit side with respect to the volume housing thepkssmn

2. vacuum pump the volume of the cryostat downta0 2 mBar;

3. pre-cool the main bath by filling liquid nitrogen and lettiermalize at 77 K for
about one hour;

4. fill liquid nitrogen in the secondary bath;

5. empty the main bath and fill it with liquid helium; thougtetibapacity of the
main bath is about 4 liters, the helium consumption is abO0Uit8rs, since a big
fraction is used to thermalize the set-up in contact withritaén bath;

6. pump with a devoted set-up the volume inside the main déwaeduce the
vapour pressure above the He bath, till the lowest attagnaibhperature is achieved,;
the so obtained condition can be mantained for about 1-2, didyke whole he-
lium initially contained is consumed;

7. usually the lowest attained temperature is kept for theimmim time required
for the measurements; the set-up is then left to come baakoim temperature
by stopping to pump.

The conditions attained during the cooling down may diffeni run to run, de-
pending upon various factors, as for example the time leftlie thermalization at
nitrogen temperature or the amount of He contained in therrbath before starting
to pump it. Thus also the lowest temperature reached is eadme from run to run.
During a single run the measurements can be manually pegfb(without the help
of the automatic acquisition system) at the various tentpegatages: room tempera-
ture, liquid nitrogen temperature, liquid helium temparatand finally pumped liquid
helium temperature. Then it is useful to run a long measungiimg means of the au-
tomatic acquisition system while the set-up comes baclqtdadihelium temperature,
since this process may take about 10 hours. During this taptaf the procedure it
is also possible to keep under control the vapour presswreeatihe helium bath, by
means of a pressure sensor properly connected to the pusystem.

During the early runs, old samples characterized in the gtastyogenic tempera-
tures were used in order to test if a good thermalization wtméned. By comparing
presently obtained data, old data, the temperature reddsgdehe thermometer and
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the helium vapour pressure (at least during the warming opgss) it was possible to
make a complete check of the performances of the set-up.

The old samples used for the test consist in a series of sitlvermistors produced
by ITC-irst, called BL10 (from the number of the productiamj, operating in VRH
regime, which will be further discussed in chapter 5. Such@as have a temperature
dependent resistance, which in the range considered hete( - 4.2 K) is given by
equation 1.11. Data from old measurements performed witimies cryogenic set-up
and with a well calibrated thermometer, concerning thestasice versus temperature
behaviour of such devices, were compared to the presemdlyat data.

During the first and second runs a minimum temperature of b8 was reached,
as measured by the thermometer, thus larger than the minipatemtially attainable,
corresponding to .2 K. On the other hand the He vapour pressure measured in the
same condition corresponded to a temperature of ab@uK X as evaluated from the
plot shown in figure 3.6). This first contrasting result inddd¢o suppose that the ther-
mometer was not sufficiently thermalized to the copper plate

Furthermore, the resistance of the BL10 sensors measuxediatis temperatures
did not exactly correspond to that of the old data, still coniing a not complete ther-
malization, in this case of the samples. Figure 4.15 showsdhults of the present
measurements (data acquired with the automatic acquististem during the warm-
ing up) compared to the old results as an example. As shovenplthdata clearly
follow the linear relation:

1/4
INR=InRy+ (?) (4.3)

derived from equation 1.11. On the other hand, the datatregurom the new
measurements, besides investigating a reduced range pétatares, show a different
slope: their resistance seems to grow up more slowly thameicase of old data, which
means their temperature is higher than expected.

By fitting the old data according to relation 4.3, the pararely and Ry for
the BL10 sensors were extrapolated and used to evaluateahéemperature of the
samples during the new measurements. Such temperatutedegube even higher
(~2—3K) than the one read by the thermometer.

Given the previous results some expedients were used im trd®lve the prob-
lems of thermalization found: first of all the wires insideethiolume of the cryostat
were better fixed to the walls of the refrigerator, in ordeetwid direct contacts be-
tween elements placed at different temperature stagesndbcthe samples were bet-
ter coupled to the copper plate by means of a piece of adhegjyger strip. During
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Figure 4.15: Comparison between old and new data of resistance versysetatare for the
BL10 sensors, plotted according to relation 4.3

Temperature (K) AR(%) = (Rnew— Rold)/Rold
2" run 193 293 393 | 593 | 693 | 793
300 029 | 043 | 022 | 026 | 011 | 058
77 086 | 023 | 008 |-001] 071 1.1
4.2 —6.86 | —7.33 | —7.98 | -864| —736| —7.23
~18 —2521| —27.88| —3096 | —320 | —27.1 | —27.55
4 run 193 293 393 | 593 | 693 793
300 0.07 | 023 0 0.03 | —0.07| 038
77 124 | 058 0.4 025 | 013 | 142
4.2 018 | 019 | 022 | 016 | 019 | 032
~16 ~317 | —-157 | —24 | -391| -268| —249

Table 4.3: Discrepancy (%) between old and new values of resistancaratus temperatures,
evaluated during the second and the fourth cool down runsdore of the BL10 sensors (here
identified by two numbers and one letter, the meaning of whiithbe discussed in chapter 5)
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the subsiquent runs, temperatures as lowds5— 1.8 K were reached, as measured
by the thermometer and further confirmed by the measuredtaesie of the BL10
sensors. The discrepancy between old and new resistaneesvaf the BL10 sen-
sors resulted to be strongly suppressed. This is shown e #aB, where the quantity
AR = (Rhew— Roid) /Roid is reported for various temperature stages, for the secodd a
the fourth cooling down runs. The preceding analysis magestiows that the preci-
sion of the measurements is of ordefl% at the lower attainable temperature.

The fact that it was not possible to cool down the set-up2d<1 could be explained
by considering the amount of material added inside thegefator (wires, connectors,
copper holder for the samples), which during the cool dowrtai@dy inhances the
helium consumption, as well as the heat load.

4.2.2 Measurements down te- 1.5K
Preparation of the samples

After the test of the set-up had been successfully carrigdtbe characterization of
LTR4 heaters was started. In view of the measurements theetewere glued upon
devoted packages by using VGE-7031 varnish, which besiaesding the necessary
contact surface area between samples and holders (to aspooe thermalization), can
be easily removed with ethanol. The electrical connectioa® provided by means of
50 um diameter gold wireshall bondedto the contact pads using a devoted bonding
machine. The packages were realized using fiberglass (aiataiten adopted for
cryogenic purposes) and their structure was studied sdtibgitcould properly fit into
the holders located inside the cryostat (see figure 4.16).

Figure 4.16: Package in fiberglass with glued and bonded heaters, reatlyfoneasurements
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As shown in figures 4.10 and 4.13 the experimental volume wiigient to place
six sample holders, each one capable to house no more theartgrles. As a conse-
guence a total number of 60 heaters can be measured duringla sbol down run.
This fact is really advantageous, since taking into acctheita single complete run
can last about one week, a total number of 2000 heaters camtdetjally tested in less
than one year.

Measurements and Results

The static characterization performed down 16 K was carried out taking into account
the good results obtained during the early test on the psecutevices and can be
summarized through the following items:

- measurement of the resistance trend during the cooling doyinjecting a fixed
excitation voltage, which allowed to:

1. estabilish useful correlations among resistance vatigarious tempera-
ture stages;

2. extrapolate interesting informations about the behavid heavily doped
semiconductor materials while cooled down to cryogenigteratures;

3. evaluate the stability of resistance with temperaturatians below 42 K.

- measurement of the resistance at a given temperature staggecting differ-
ent excitation voltages by means of the AVS-47 bridge: thigl lof test was
performed at £ K (the lowest and at the same time more stable temperature
attainable) over a significant sample of devices;

- check of the validity of the relationships discussed inisect.1.2, which link the
resistance between different pads of each divice; thiswasicarried out by con-
necting simultaneously three different pads of the saméehetaus measuring
two different resistanceR;j; also this kind of measurement was not performed
for all the heaters, but only over a significant sample of desi

- check of the homogeneity of the resistance measured at émd H2 K through-
out each single wafer and evaluation of the spread of valmesg all the charac-
terized devices: to this purpose the use of the wafer mapbéesvery helpful.

During the early runs the devices were taken from variouseygénd various areas,
in order to make a kind of screening of the available heatérse room temperature
"bad-select" map was useful to discarde the devices signigid¢k. From the obtained
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results some useful relations between low temperatureesadfi resistance and room
temperature maps were identified, as well as the globalsstdtthe available devices.

During the subsequent runs the attention focused mainiy two wafers, chosen be-

cause of their homogeneity and since their average resistanes the requests for the
developement of CUORE bolometers.

The characterization was carried out by injecting a stash@acitation voltage of
1 mV at the various temperature stages. This value produgsgsstable readings if
compared to lower excitations:(0.001% uncertainty compared 101% obtained with
300 V) without warming up the samples. For the purposes of theattarization,
"puntual” measurements undertaken at various temperatages are sufficient and
can be carried out by operating manually the AVS-47 bridgéhout the help of the
automatic acquisition software. In figure 4.17 the resistaversus temperature trend
is shown for some of the tested heaters. The single deviegdemtified with the name
of the wafer (i.e. wl refers to wafer 1) and with two numbeiffemeng to the position
of the device inside the wafer: the first number refers to the, lwhile the second
refers to the column.

340
o wl-6-17.txt
330 0 wl-7-18.txt

® w1-7-19.txt

320
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310 N
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Figure 4.17: Trend of resistanceR;4) as a function of temperature for some of the tested heaters

The trend shown in figure 4.17 concords quite well with theotbécal prediction
discussed in section 1.5 about the behaviour of HDS. Thetegsie in fact decreases
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with decreasing temperature, at least between 77 K @h& 4due to the reduction of
phonons and lattice vibrations. This reduction is of order5%, thus in accordance to
the theory of conduction in metals, in which the electricaiductivity weakly depends
upon temperature variations. Furthermore the resistamains constant below2K,
still confirming the theoretical predictions: in this rangfetemperatures the presence
of impurity ions prevails, thus contrasting the global asging trend. The only open
guestion concerns the behaviour between room temperatdreimogen temperature:
in this specific range not all the devices show the same triensbme cases the resis-
tance slowly decreases with decreasing temperature, or@acce with the expected
behaviour, while in many other cases it slowly increasesis Tact lacks a complete
theoretical explanation, but can be interpreted in terma pértial recombination of
carriers taking place at the beginning of the cooling dowstpss.

Still, figure 4.17 shows that the value of resistance beld@wis of order~ 300
kQ, thus matching the requests in the context of the CUORE éxpet, as already
pointed out. The spread of resistance values.atkd evaluated after a statistically
significant number of devices was tested, is shown in figut8.4.
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Figure 4.18: Values of resistancdz4) measured at.2 K (coinciding with the values measured
at 15 K) for a total number of 354 heaters, belonging to differeafers

The main peak is centred at300+ 12 KQ, and accounts for devices coming from
central areas of wafers 1, 2, 3, 5, 6. An other sharp peakiislgisentred at about 265
KQ, which accounts for wafers 8 and 9. Finally the tested heataeken from wafers
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4 and 12, show a value of resistance slowly higher then th#tebthers. There are
also some devices which show a very high resistancgq0 KQ) if compared to the
majority, which can be easily identified as coming from thge=df the wafers. A more
accurate analysis of the relations between the measuristereses and the wafers, also
making reference to the room temperature maps, will be dised later.

The histogram in figure 4.18 was useful to give a global idethefavailable resis-
tances, in order to choose which wafers to test in view of gadization of CUORE.
Since the most part of the wafers showed resistances whitbealaced in the main
peak, the subsequent characterization was carried oustigdevices mostly belong-
ing to such wafers, in order to obtain the lowest possibleagr

The validity of the relationships linking the resistand&gs between the various
pads was checked for a total number of 85 samples, belongiay the wafers. In
this case both the resistancBgs; and Ros, or Ri3 and Ry3, were mesured for each
considered device. In order to evaluate the actual homatyesfehe resistive meander
structure, the valueRy4 or Ry3 were respectively calculated according to the expected
relashionships, from the measured valueRaf. Then, the difference between the
actual Ry) and the expectedrt) values ofRy4 andRy3 was estimated according to the
following expression:

Rn—Re
ARme= R (4.4)

As a resultARye was found to vary between@% and 1% for all the wafers,
except for the number 8, thus showing that a good homogetteibyigh-out the re-
sistive meander had been generally achieved. Wafer 8 shaugder value o\R g,
varying between- 2% and~ 30% among the tested devices (actually a small fraction
mostly taken from areas close to the edges). This fact, hegetith some other results
later discussed, induced to discard this wafer during tregdrs selection in view of
CUORE.

Measurements performed al4&K by injecting various excitation voltages (¥,
300V, 1 mV and 3 mV) proved the stability of resistance as the deviare operated
with different bias. At least a hundred of samples, belogdmdifferent wafers, un-
dertook this test. As a result a variation of resistance falvan 05% was determined
in all cases.

From the measurements performed & d4nd 15— 1.8 K it turned out that the
resistance of the devices is very stable below liquid heliamperature. The maxi-
mum measured variatiofR; 4 is of about 01%, lower than the 5% requested by the
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electronic set-up to be used in CUORE.

wafer | # of devices| averageRi4 | OrR | OR
(kQ) kQ) | %

wil 185 295 4 1
w2 64 298 5 2
w3 49 297 5 2
w4 7 319 8 2
wb 45 293 2 1
w6 59 299 4 1
w8 10 272 7 3
w9 69 261 4 1

wil2 30 360 51 | 14

Table 4.4: Average resistancd®; 4 and standard deviatiomg at 4.2 K for the tested wafers; the
number of tested devices is also reported

Table 4.4 shows the average resistaRgeat 4.2 K for each tested wafer, together
with the number of tested devices and the standard deviafioese data, in accordance
to the histogram displayed in figure 4.18, show a good homeigjethrough-out each
single wafer, since the standard deviation is always loWwan 3%, apart from wafer
12. In principle all the wafers turned out to be useful, onissarded those devices
showing an anomalous behaviour, mainly coming from areeatéal at the edges of
the wafers. Nevertheless wafers 4, 8, 9 and 12 were discdrdedthe subsequent
selections, due to the following reasons:

- their resistance greatly differs in the average from thathef others, which on
the other hand give origine to one single peak of half widthid%he histogram
of figure 4.18;

- they generally show a larger spread of resistances witrertgp the others, as
proved by the calculated standard deviation;

- they sometimes show anomalous behaviours concerning abditst of resis-
tance below £ K or the relationships linking the resistand&gsbetween differ-
ent pads, as already pointed out in the case of wafer 8.

A more interesting analysis can be carried out by compaliegobtained results
with the room temperature maps. In fact the values of rasigtdend to increase in
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correspondence to the areas signed in red in the colouredthmmh within the eval-
uated standard deviation. Furthermore, anomalous betnayisuch as unusually high
values of resistance at2lK or contacts which open at low temperature, usually turns
out in correspondence to the dark areas in the "shades" magst|y located at the
edges. The devices showing such strange behaviours wegedizsl during the selec-
tion. Furthermore this analysis helped to speed up the ti@tedy evoiding to choose
for the test the devices located at the edges. By this expettie efficiency of the
characterization was greatly inhanced: while initiallyvias of order 70%, it was then
improved to~ 90%.

The low disuniformities revealed through-out each singéder can be explained
in terms of the doping level. In fact the devices show a miethkkhaviour in a very
narrow range of dopants concentration, as experimentalbeved during the early
production runs. Since the precision of the implanting niaels about 1%, the spread
of the doping level is more likly due to a non perfectly unifoannealing process
(which serves to completely diffuse the implant). The ovessd for the annealing
can control the temperature within53C, but it is possible that very small differences
of temperature{ 1 — 2°C) take place at different positions inside the oven, being
sufficient to influence the doping level.

The above described results were used in order to carry oastarfselection of
the heaters in view of CUORE. In particular the subsequeatadterization focused
on wafers 1, 2, 3, 5, 6, which showed a quite similar averagistance with a low
enough spread. In view of the first phase of CUORE, named CUQRihich forsee
the realization of a 58 bolometers experiment, the seleatias focused on one single
wafer (actually wl), also for more practical reasons. In facautomatic gluing system
is being developed for the assembly of the detectors: ferdason the variations in the
dimensions of the chips must be reduced as much as possiki#daypical thickness of
the wafers is 52pm, with a variation through-out a single waferofl — 2 um; while
taking into account different wafers the variatiomis3 — 4 ym. Since CUORE-0 will
consist of "only" 58 bolometers, the necessary heaters eaabily chosen from one
single wafer, thus assuring both the required homogenéitgsistance and uniform
thickness.

During the characterization down to pumped helium tempeeat strong correla-
tion between the resistance measured at liquid nitrogepé¢eature and that measured
at 42 K turned out. The average resistaiig measured at 77 K and the correspond-
ing standard deviation for the tested wafers are reportéahile 4.5. On the other hand
room temperature resistances showed a wider spread whichgh to some extent
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consistent with the implant structure and with low tempeamatesults, made them not
completely reliable in view of the selection.

wafer | # of devices| averageRi4 | ORr
(kQ) (kQ)
wl 185 328.4 7
w2 64 333.5 7
w3 49 331 5
w4 7 354 8
w5 45 234 9
w6 59 328 4
w8 10 302 7
w9 69 296 6
wil2 30 418 30

Table 4.5: Average resistancd®4 and standard deviatiorm at 77 K for the tested wafers; the
number of tested devices is also reported

A deep analysis of the correlation between liquid nitroged Bquid helium tem-
perature results allowed to determin a selection procedim@ly based upon mea-
surements performed at 77 K. Such procedure was deriveddhra sort of "blind
analysis"™: one of the wafers was chosen as reference, i twdextrapolate some
well defined rules of selection, which were then applied ® dther wafers and the
obtained results compared to those actually attained ¢gfirtlue measurements. While
performing this analysis the following considerationssa&o

- the devices showing at 77 K a value of resistance compatilitlein the standard
deviation, with the average values reported in 4.5, showrdlas behaviour at
lower temperatures: such devices, which luckly repredemtajority, can be
considered as the "good" ones in view of CUORE;

- the devices showing an unusually high resistance value &t @&@nerally show
an even higher value at lower temperatures, thus resultimgeful in view of
CUORE; this behaviour is more often exhibited by the hedtsrated at the
edges of the wafers, within the dark area in the "shades" map;

- some devices, though showing a finite resistance value ab temnperature,
turned out to exhibit an infinite resistance at lower temper thus needing
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to be discarded; the interesting and useful matter consistse fact that this
anomalous behaviour always turns out at 77 K.

- a small fraction of heaters showed a resistance value sufaha lower than
the average at liquid nitrogen temperature, while resgltm behave like the
majority at lower temperatures.

The above considered points drove to the formulation of d defined selection
procedure to be applied at 77 K. Such procedure, which tusnetb be effective when
tested upon the heaters already characterized, can be stradas follows:

- select the devices to be tested among those not belongirg tedges of the
wafers, in order to maximize efficiency, by evoiding heatetsich are more
likly to behave in an anomalous way;

- discard the heaters which exhibit an infinite resistancigaid nitrogen temper-
ature;

- discard the heaters which show at nitrogen temperature we @il resistance
higher than a precise value, calculated for each singlerveafe

Roff = Rave+4-0ORr (4.5)

where Ry is the average resistance aagd the standard deviation evaluated
taking into account only the heaters considered "good'rdyttie previous mea-
surements;

- discard the devices showing at 77 K a resistance value Idveer the average,
well besides the calculated standard deviation; thougHhaist expedient was not
really necessary, it was used only for safe.

Such rules of selection were applied to all the already tegtafers, in order to
check their reliability. In figure 4.19 the results obtairt®dapplying this method to
wafer 2 are shown as an example. The two plots show the valvesistance mea-
sured at £ K and~ 1.5 K versus the value measured at 77 K. For practical purposes
infinite resistances are assigned a fixed value of 10Q0 K both cases it is possible
to appreciate the linearity of the relationship linking tredues measured at 77 K and
at lower temperatures. In the first plot the "good" heaterslmidentified since they
form a spot precisely located in this bidimensional planeatdrs showing anomalous
behaviours are also visible and can be easily distinguiftoed the others since they
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are spread through-out the plane. The second plot showsetiters selected by ap-
plying the previously discussed procedure: the obtainedlteprove the effectiveness
and the reliability of such a procedure.
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Figure 4.19: Bidimensional plots showing the resistarRg, measured at.2 K and~ 1.5 K
versus the resistance measured at 77 K for wafer 2. In thepliostthe values measured for
all the tested devices are reported, while in the secondapligtthe "good" selected heaters are
considered. For practical purposes infinite resistanaeassigned a fixed value of 100X

Consequently the subsequent characterization could bedaut in a very simple
manner, by testing the devices down to 77 K (and no more toAbéld K) and using
the derived rules of selection. Furthermore, as previopsiynted out, the positive
results obtained for a significant sample of devices in tesfmstability of resistance
with varying excitation voltage and in terms of homogendifypugh-out the resistive
meander, induced to evoid to still take such test for all teeices. As a consequence
this new method of action allowed to save a lot of time and rgone

By considering all the tested wafers, further interestingsiderations arise, con-
cerning the correlation between the low temperature belhaand the implant split-
tings reported in table 4.2. Figure 4.20 shows a bidimeradiptot of the resistance
measured at.2 K and~ 1.5 K versus the resistance measured at 77 K for all the
wafers, considering only the "good" selected heaters. Tiferent spots, which can be
identified in the bidimentional plane, are easily assodi&tghe corresponding wafers,
by using the data (in terms of average resistance and spreaatted in tables 4.5 and
4.4. Globally the resistance measured &K and at~ 1.5 K versus that measured at
77 K shows a linear trend, which can be ascribed to the imlalitting. In particular,
the wider spot centered at about 30@HKn terms ofRy4 at 42 K and~ 1.5 K, cor-
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Figure 4.20: Bidimensional plot showing the resistanBg, measured at.2 K and~ 1.5 K
versus the resistance measured at 77 K for all the waferg;tbal"good" selected heaters are
considered in this case

responds to wafers 1, 2, 3, 5, 6, which are produced with theesgoping level (the
intermediate one). These results are also in accordanbeléthystogram reported in
figure 4.18, where the above mentioned wafers give origiméomain peak. Wafer 5
shows a quite anomalous behaviour, since it does not lay estthight line formed
by the others: actually it shows the same resistance valtieeasthers at £ K and
~ 1.5 K, but an higher resistance at 77 K. Also wafer 4, thoughrwgiltg to the inter-
mediate doping level, appears in the plot as located in @negprresponding to higher
resistence values. The total spread of resistance measidK and~ 1.5 K, taking
into account all the wafers belonging to the intermedialdtspy (wafers 1-6), is of
about 40 Q.

The location of wafers 8 and 9 in the bidimentional plot isuadly ascribed to
their higher doping level (20% higher than the first splgdin The distance between
the center of the spot ascribed to wafers 8-9 and that asctievafers 1, 2, 3, 4,
5, 6 is~ 50 kQ, of the same order of the spread shown by the devices belgrgin
the intermediate doping level. As a consequence, the amesnstiowed by wafers



112 Heaters: low temperature characterization and experimheggults

5 and 4 with respect to the others belonging to the sameisglittan be ascribed
to disuniformities in the annealing process, as alreadytpdiout (even taking into
account that the precision of the implanting machine is ahét).

Finally the devices belonging to wafer 12 correspond to @iglalues of resistance
with respect to the others, in accordance to the lower dopamtentration (20% less
then the intermediate splitting). The resistance valuethis case are spread over a
quite wide range, in agreement with the data reported ireta#l5 and 4.4.

The results above discussed concord with the theoretitaretation of the phys-
ical processes taking place in HDS. Furthermore they alitiwénhance the efficiency
of the selection process, still proving that the realizedtbies match the main require-
ments in view of CUORE, from a static point of view. Still, tdgnamic performances
are continously tested, since samples of LTR4 heaters t&ga ufed as stabilizing el-
ements during R&D runs. Finally, in order to validate thdaiility of such devices
at temperatures very close to the operating one, a chaizatien run below 1 K was
carried out, as described in the next section.

4.2.3 Characterization below 1 K

The reliability of LTR4 devices is assured by the static hétar shown during the
characterization down te- 1.5 K, together with the good performances shown while
operated as stabilizing elements. Nevertheless a charvadtien similar to the one
described in section 4.1.1, performed in the case of the eaalized heating devices,
was carried out in order to check the stability of resistaatdbe operating temperature
(~ 20 mK) also in the case of LTR4 devices.

The cryogenic set-up

The measurements below 1 K were carried out using a dilugbigerator (see section
3.2.3) produced by a french company named TBT (Air Liquidugr) still located
in the Cryogenic Laboratory at Insubria University. Sucfrigerator will be better
described in section 5.3. In view of the measurements th@lesmvere glued onto a
copper holder (see figure 4.21) provided with a calibratedrttometer, already tested
and successfully used in the past, then coupled to the mohagber of the cryostat.
The holder is also provided with a heating element of fixetstasce even at cryogenic
temperatures, useful to warm up the whole set-up housingdh®les through Joule
power dissipation. The devices were ball bonded as usubl%@pm diameter gold
wires in order to provide the electrical contacts.
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Figure 4.21: Copper holder for the characterization below 1 K with thetbeaglued and
bonded; other samples (NTD sensors) cheracterized dunegame cool down run are also
visible

For practical reasons, related to lack of space and eldctoomnections, only two
heaters were prepared for the characterization. Unfotélymane of them got lost
during the cooling down, so that only one device, belongmwéafer 1, was actually
tested.

The two following measurements were performed:

- load curves similar to those traditionally realized durthg characterization of
semiconductor thermistors, in the temperature range ket and 100 mK, by
injecting into the tested device a bias current correspunth a voltage across
the heater in the range-350 mV (of the same order of the voltage across the
heaters while operated as stabilizing elements);

- static measurements of the resistance at a fixed temperbjuapplying a wide
range of bias voltages through a circuit similar to the onanshin figure 3.1,
but provided with two symmetric load resistances insteaahef, voltages across
the heater as high as5 V were obtained in this case; although these conditions
does not correspond to the operating ones, the resultsedidavappreciate the
good match between the two investigated voltage ranges.

The first measurement was performed by means of an autontafigsition sys-
tem, able to remotely control the electronic apparatus telto the realization of the
load curves. This set-up, which will be better describeckiction 5.3, includes a polar-
ization circuit more complex than the one of figure 3.1, whadlbws to select the best
suited load resistance among a defined range. It is alsogedwvith a preamplifier
for the measurement of the voltage produced across the eleicdigital multime-
ter measures both the applied and the produced voltageshwaheé then recorded by
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the automatic acquisition program, together with othefwisaformations (i.e. load
resistance, calculated Joule power dissipated, calcllaites current and calculated
resistance). The automatic acquisition system is able ntralthe sequence of oper-
ations necessary to determin the whole load curve, by imgiimg the bias voltage
applied step by step.

The temperature of the holder, and thus of the tested devieasbe varied by
dissipating a proper Joule power into the heating resistsorgua TS-530A tempera-
ture controller (by Picowatt), which cooperates with the &/S-47 bridge (as better
described in 5.3).

Figure 4.22: Polarization circuit used to measure the heater resistdgeand R, represent
the load resistances of the circuit, through which the grlag constant current flow across the
device is generated

The second measurement was performed manually at a fixecetatope (in the
range 15- 100 mK) attained by dissipating into the heating resistandelpower less
than 1UW. A series of bias voltageg,as in the range 50 mV and 18V was injected
into the tested heater, through a circuit provided with tywmsetric load resistances
R.1 andR. 2 (see figure 4.22), each of ordefZthe expected resistance of the device
under test (from the results obtained a2 &). The value of the two load resistances
was chosen in order to be able to produce the desired voltgesathe heater. Both
the bias voltage and the one produced across the device vearguned by means of a
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digital multimeter. The resistance of the heater can beuewat using the following
expression:

o 0 ) Vhias
Yo =FRe-1=Rn Ri1+ R+ Ry (4.6)

whereR;, is the resistanc®;4 of the heater under test,, and| the voltage and
current flow generated across the device by the injectedvbitage.

With the conditiorR_; ~ R 2 ~ R,/2, and assuminB_ = R 1 + R 2, from equation
4.6 one gets:

 RW

= 4.7
Vbias— Vh (4.7)

The Joule power dissipated into the device due to the measumecan be evaluated
as:

2
P= \% (4.8)

which provides an estimate of the heating power due to thesargsy procedure
and can be compared to the Joule power dissipated into thiegeesistor.

Results

Figures 4.23 and 4.24 show respectively the trend of theeheadistance measured us-
ing the automatic load curves acquisition system as a fonct the voltage produced
across the device and of the dissipated Joule power. Thecloads were determined
at various temperature stages (in the range-1®0 mK) by injecting a Joule power
varying between 10’ — 10~ W into the heating resistor. In both figures are reported
the results related to five temperature stages: four oldameorrespondence to the
lower temperature stages, one in correspondence to thestigh

The trend of resistance versus injected power reproducsdite observed in the
case of the precursor devices, shown in figures 4.1 and 4.6 plidt tends to reach a
plateaux corresponding to the value of resistance prelyionsasured at 2 K (~ 295
kQ). Furthermore the device shows a very good stability ofstasice with changing
temperature, still higher than the one observed in the past.
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Figure 4.23: Resistancér, as a function of the voltagé, measured, at various temperatures,
by means of the automatic acquisition system for the detetiun of the load curves
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Figure 4.25: Resistanc®, evaluated using equation 4.7 as a function of the voNggeeasured
across the device for a fixed temperature of the holder
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Figures 4.25 and 4.26 refers to the second measurementmpedo They show
respectively the trend of the heater resistance evaluaied equation 4.7 as a function
of the voltage measured across the device and of the diedigaiule power. Such
measurement was performed at a fixed temperature of thethaloleesponding to a
Joule power dissipated into the heating resistordf pW and was carried-out in 22
steps, by varying the bias voltage injected into the teststdr. The corresponding
Joule power dissipated into the device, as a consequenbe afi¢asuring procedure,
is in the range 10° — 10> W. The measuring procedure is likly to warm-up the sample
at least when the dissipated power is of the same order oedsdbe power injected
into the heating resistor.

The obtained results show a very good stability of resistdrc2%) with changing
injected power. Furthermore the difference between thengsytic value, equal to 282
kQ, and the resistance measured & K (~ 295 kQ), can be ascribed to the heating
effect of the Joule power dissipated in the former case.

4.3 EXAMPLES OF BOLOMETERS STABILIZATION

In the present section a practical example of the stabitimgprocedure performed
with an LTR4 heater is described. The considered detecteraalized in the context
of CUORE R&D activities, more precisely in view of the run nednCCVR (Chines
Crystal Validation Run), carried-out in a devoted cryostatall C at LNGS. The set-
up consists in a group of four Te@rystals, each provided with two NTD thermistors
and one heater (see figure 4.27). For the purpose of thisstbesi single bolometer
will be considered, and in particular the data acquired by @iits two thermistors.

The configuration of the set-up was developed in order toaipen parallel two
heaters coupled to two different crystals, which meansttteasame electronic channel
is used for them. Consequently they are injected the samsebltage: this fact implies
that the two heaters should show a quite similar resistanlieeyin order to produce
an energy pulse with similar amplitude (remember equatidn. 4lt is for the same
reason that a good homogeneity of resistance among thefieatequired in view of
CUORE: in that case in fact 13 heaters will be operated inljghra

In view of the CCVR run the pulse generator was programmeddieroto inject
into the considered heater a square voltage pulse of ardpl205 V and time width
1 ms every 5 minutes. From equation 4.1, taking into accdwnattenuation factor on
the bias voltage provided by the electronic set-up (thuslpeang a voltage across the
heater of order 10 mV) and the heater resistane@Q0 kQ), the energy of the pulse
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Figure 4.27: TeO, bolometer provided with two NTD thermistors and one heater

can be evaluated by the following expression:

(2.05/200)?

00 108 < 0001 (4.9)

En[Joulé =

corresponding to a developed pulse energy of 1287 keV.

Figure 4.28 shows the trend of the pulse energy of the heatarfanction of the
baseline level and the peak which, in the energy spectrugguents for the heater
pulses. The obtained results concord with the expectatassliscussed in section
2.3.1. In the left plot the heater pulse energy appears asrlitioally decreasing
function of the baseline. In the right plot the efficiency bétstabilization procedure
is put into evidence, by comparing the peak produced by théeh@ulses before and
after applying the corrections.

Figure 4.29 still shows the results obtained by applyingstiadilization procedure
to two background peaké%K y line at 1460 keV and®®Tl yline at 2615 keV. In both
cases the energy resolution was implementee-120%.
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Figure 4.28: Left plot: pulse energy of the heater as a function of the lozsdevel; right
plot: peak produced by the heater pulses before (blue lind)adter (green line) applying the
corrections
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CHAPTER B

THERMISTORS: LOW TEMPERATURE
CHARACTERIZATION AND EXPERIMENTAL
RESULTS

This chapter deals with the characterization of siliconlemped thermistors, operating
in VRH regime, in view of their application for the developent of microcalorimet-
ric detectors, in the context of the MIBETA2 experiment (2e24). The motivations
which led to realize an experiment based on a large array ofabolometers were
discussed in the devoted sections (see 2.1 and 2.2). Onhteehatind, sections 3.1 and
3.2 investigate more in depth the required characteristiceemiconductor thermis-
tors, still in the context of their application for the despément of microcalorimetric
detectors.

In the first part of this chapter the status of the art, coniogrtihe silicon thermistors
to be implemented in microcalorimetric detectors, is désmd. The aim of sections
5.1, 5.2 and 5.3.1 is to put into a clear context the experiedeasults and prospects
drawn during this thesis work.

The various attempts performed in the context of the MIBEXpeaximent, together
with the experimental results so far obtained, concerrtiegéalization of silicon im-
planted thermistors coupled to microbolometers, are deesdin 5.1. The subsequent
sections deal with the techniques presently adopted orristddy for the realization
of the silicon thermistors to be used in the context of MIBETAy describing their
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characterization and the results obtained by the MIBETAatalration. To be spe-
cific section 5.2 deals with the silicon implanted thermistoay fabricated by NASA,
which is being presently used for the first part of the MIBETéberiment.

Finally, the real subject of this thesis, besides the chiaraation of the CUORE
heaters (presented in chapter 4), is treated in detail®ifagi part of section 5.3, which
deals with the fabrication, characterization and perfarogestudy of the array of ten
silicon thermistors produced by ITC-irst.

5.1 MIBETA DETECTORS

In the context of the MIBETA experience, before setting-ug tinal experiment, sev-
eral attempts were performed in order to find the most suittdalor configuration.
To fulfil this task, several metallic rhenium absorbers wiergally tested, coupled to
both Ge-NTD and Si:P thermistors, with different forms arsing several types of
glues (Stycast, Araldit, Silver EpoXy Since all these experiments gave no satisfac-
tory results (it was never possible to get energy resolstioetter than 70 eV FWHM
at 6 keV) the MIBETA group decided to move to dielectric altwos, to be specific to
AgReQ.

Silicon thermistors doped by ion implantation were adomedhermometric ele-
ments for the developement of the MIBETA experiment, dudh&rtproved extreme
sensitivity and to their high reproducibility, obtained means of the microelectron-
ics technology. Nevertheless detectors using differestntial sensors were tested. In
particular very interesting results were obtained with aNGleD flat-pack sensor, fab-
ricated by J. W. Beeman at the Lawrence Berkeley Laboratorypled to an AgRe®
crystal. The principle of operation of both Si implanted &w-NTD sensors has been
already explained in chapter 3, where also the methods &r tharacterization were
described.

Figure 5.1 shows the single detector configuration used BEA: in the left pic-
ture the top of the silicon thermistor is visible, while irethight picture the bottom
with the glued AgRe@crystal is shown. The 4 bonded Al wires (2 mm long and with
17 ym diameter), used for the thermal and electrical couplimg,aso visible. The
mass of each single crystal was of about 300 ideally suited for the experimental
conditions. The silicon implanted thermistors were fastéd by the MEMS group at

1All these glues share characteristics which make them Liseferyogenic purposes, providing in primis
a good thermal link; they differ in some other aspects, ssdheir coefficient of thermal expansion or their
adhesive properties
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ITC-irst. Figure 5.2 shows the structure of the sensor, Witionsists of a sensitive
volume doped just below the MIT (which represents the tr@erttistor), two smaller
volumes doped well above the MIT, providing a low resistaeleetrical contact, and
two superconducting metal pads, which allow to bond the eotion wires. These
thermistors show the steep temperature dipendence ofaeséstypical of the VRH
regime, given by equation 1.18, at the bolometers oper&timperature. They have a
To of about 33 K and an implant area of 600600um? or 800x 800um?. Such char-
acteristics were carefully selected among large availedolges, in order to optimize
the detector performances, according to the procedureibeddn section 3.2.1.

The fabrication process developed at ITC-irst for the medion of the MIBETA
thermistors, as well as their properties, will be discudsatktails in section 5.3, since
they represent the precursors of the thermistor arraysymedlin view of MIBETA2.

Figure 5.1: Left picture: top of the silicon thermistor, used for MIBETAght picture: bottom
of the silicon thermistor with the glued AgRg@rystal, used for MIBETA

——— Metal connections (Al/Si)

—— Gontact implant (As)

uoIoIW G0
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- Thermistor implant (P+B)

-~ Silicon substrate

Figure 5.2: Cross section of the silicon implanted thermistor fabecdby ITC-irst
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Taking into account the MIBETA results, an R&D work has bearried out in
order to develop large silicon implanted thermistor arrayshe context of the first
phase of the MARE project, by using micromachining techaguThe aim of this
R&D work has been the improvement of the properties of suchicds, in order to
make them well suited for the realization of a large numbegiofilar detectors: thus
homogeneity represents one of the main requirements. émuntire the devices should
be suited to be coupled to crystals of larger mas450ng) and easy to be handled,
since a great number of detectors is going to be preparedu3éef micromachining
allowed to realize arrays of sensors, with integrated stmes to be used as thermal
and electrical links, so that no further additional coniet are needed (see section
3.1.3). In the next sections the two techniques adoptedhéodevelopement of silicon
thermistors, in the context of MIBETAZ2, will be discussed.

5.2 NASA THERMISTORS

The silicon implanted array presently being used for the firmse of the MIBETA2
experiment has been produced by NASA/GSFC. It was origirdgglveloped for the
XRS2 (X-Ray Spectrometer) to be flown on Astro-E2 in the ye20®2 The XRS2
array was developed using three innovative technologigetieapfor the first time to
silicon implanted microcalorimeters:

- deep reactive-ion etching (DRIE) together with silicorHoaulator (SOI) wafers
to produce 15 um thick free standing pixels with complex shapes without me-
chanical stress;

- uniform sensor doping throughout the pixeblum thickness;

- SU8 structural polymer photolithographically shaped fog absorber mounting
points.

By combining the above mentioned technologies a great ivgment in the detec-
tor performances has been obtained, in particular a sulistarcrease of the electron-
phonon coupling, the elimination of any low frequency excasise and a greater
reproducibility. As a result a remarkable performance & ¥RS2 instrument was
obtained, as shown in figure 5.3.

The NASA silicon array consists of a grid of 36 suspended|pifgee figure 5.4),
each 15 um thick, with an ion-implanted 30@ 300pum? sensor. Figure 5.5 shows the
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Figure 5.3: Separation of the MnK line in its two components in a spectrum collected with a
XRS2 array element

single element, with its four thin silicon beams providihg thermal links to the heat-
sink and the respective ion-implanted traces for the atadtconnections. The four
absorber support tabs, with the SU8 polymer absorber spaass also visible. The
array design is very strong in the axial direction.

The measured thermal conductance of the silicon beams oot @x 10~ W/K
at 100 mK (the typical operating temperature of the considenicrocalorimeters).
The thermistors show a temperature dependence of resés¢iwen by equation:

R(T) :%exp(?)y (5.1)

with To = 1.035 K, Ry = 2737.12Q andy = 0.7954. The resulting value gfthus
differs from the expected one for a sensor operating in VRgine, which consider-
ing the Coulomb gap behaviour should equé21This fact has been observed also in
other cases and different theoretical interpretationsvseiggested [46], without driv-
ing to a definite conclusion. Since for thermometric purgdsés convenient to have
an analytic expression, properly fitting the data, the feilimg empirical function was
derived:

1/2 N\ 1/2
R(T):Roexp(?) +R6exp(%) (5.2)
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Figure 5.5: The single pixel of the NASA XRS2 array
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where the parameters extrapolated in the case of the XR&g aire:
Ry =270Q
To=72K
R}, = Roexp(2.522T,%?° - 8.733 Q
Ty =2.715Tp+ 1.233 K.

Some preliminary test performed in Milan, with the aim ofdting the best suited
thermistor-absorber coupling technique, showed that thstals can not be fit on all
four the SU8 supports simultaneusly, neither in the spatedsn them, because of
their irregular shapes. In order to solve this problem twifedént approaches were
tested (see picture 5.6):

- the first one consisted in gluing®x 0.5 mn? wide and 18um thick silicon
chips on all four SU8 supports using epoxy resin ST1266; thR&Q, crystals
were then glued upon these platforms using different kinelpafxy resins;

- the second one consisted in gluin@ & 0.3 mn? wide and 10um thick silicon
chips directly to the thermistors, thus acting as a kind @fcgps fitted between
the four SU8 supports; in this case different kind of gluesenesed for both the
thermistor-spacer and the spacer-absorber coupling.

For the test, AgRe@crystals of mass- 0.45 mg were used. Measurements at sev-
eral working temperatures, between 60 and 110 mK, were peéd in the Cryogenic
Laboratory at Milano Bicocca University, the aim of whichnsisted in the optimiza-
tion of the operating conditions, based on the consideratitiscussed in section 3.2.1.
The detectors were operated with a voltage across the thnsiof about 7 mV
(corresponding to a temperature of about 85 mK). The peddrmeasurements can
be divided into two main runs: one refers to the year 2006 other one to the year
2008. During the devoted cool down runs the following gehessults arose:

- the detectors maden with the platforms glued on the four Sip@arts showed
very slow and small pulses due to the weak thermal link predidy the SU8
themselves;

- the detectors realized using the second technique aboeghbkxs showed much
better performances;

- the best trade off operating temperature is around 100 mt{, target resistance
of order 1 MQ;
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- the best and most homogeneous results were obtained bygglpaters on ther-
mistors using araldit and crystals on spacers using Stp&is.

The most interesting results, in terms of rise time, eneegplution and operating
temperature, are reported in table 5.1. The data referontpeé year 2008 do not
reproduce "in toto" the results obtained in the year 2006particular the rise time
when considering 2008 data is generally higher if compane2D06 data, referring to
the same detector configuration. Furthermore figure 5.7 shbe energy spectrum
obtained with one of the best tested detectors operatedrat85

Figure 5.6: NASA XRS2 array with glued AgRegcrystals over some pixels

Considering the good results obtained with the NASA XRSawithe first part of
the MIBETA2 experiment is being developed using these tistors. Nevertheless, in
parallel with the characterization of the NASA thermistoray performed in Milan,
an alternative production process has been carried outGxMrsE, based on the imple-
mentation of the thermal sensors used for the MIBETA expenin The importance
of such parallel activity lays in the opportunity to develagomplitely indipendent
methodology, which is, furthermore, "home-maden” and slgalevoted. In the next
section the ITC arrays are discussed, starting from a degmmiof the precursor de-
vices. A discussion about the characterizations perfoiiméte Cryogenic Laboratory
at Insubria University, representing one of the two sulgiecthis thesis, will follow.
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Det | AgRe(y glue Top Rop T, | baseline| AE AE
#& | mass (MK) | (MQ) | (us) | (eV) | @L5keV | @26kev
year| (Hg) (eVv) (ev)
1 402 AIA 79 6.5 | 410 11 19 24
'06 85 4.2 | 310 14 21 28
94 2.3 | 230 21 28 31
2 402 AIA 85 3.3 | 280 27 29 31
'08
3 388 AIA 85 4.2 | 410 47 - 50
'08
4 456 AIS1 77 7.2 | 450 17 27 35
'06 84 4.4 | 350 21 30 37
93 25 | 260 30 37 44
5 497 AIS1 85 4.6 | 500 33 37 31
'08
6 381 A/S1 85 4.0 | 500 18 25 33
'08
7 421 A/S1 85 - | 560 27 29 32
'08
8 406 S2/S1 | 79 6.5 | 410 16 28 37
'06 85 4.0 | 320 22 33 38
94 2.3 | 240 31 41 48
9 384 S2/S1 | 85 3.3 | 370 27 33 45
'08
10 430 S1/S1 | 80 58 | 700| 132 30 39
'06 86 3.7 | 600| 132 35 41
11 390 | Susg/s2| 84 42 | 750| 113 30 39
'06 91 2.7 | 650| 113 35 41

Table 5.1: Results in terms of rise timay), energy resolutionAE) at 15 keV and 26 keV,

operating temperaturdp) and operating resistancBdp) for the most interesting cases of the
tested detectors; the following conventions are used f@mglhes: the first letter stands for the
glue used between sensor and spacer, while the second &batius glue used between spacer
and crystal; A stands for Araldit, S1 stands for Stycast 288D stands for Stycast 1266; the

tested detectors are identified with a number and the ye@rof008) of the measurement
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Figure 5.7: Energy spectrum obtained with the best tested detectortgzbat 85 mK

5.3 ITCARST THERMISTORS

The collaboration between the MIBETA group and ITC-irstrt&d in the year 1992,
aiming at the realization of highly sensitive thermal seago be used for the devel-
opement of large microcalorimeter arrays. Several pradaoguns have been carried
out at ITC in order to define the best suited process, assthatghe realized devices
match the experimental requirements (see section 3.2rdin Row on the production
runs will be referred to as BL (which stands for BoLometeitldaed by a number, as-
signed by following the order of fabrication. The early rumsre devoted to define the
implant doses and the annealing procedures, and to ideh&fgptimum combination
of Ry andTy, by properly adjusting the doses and the implant geomefdasng these
early production processes, only single chip thermistsirgjlar to those reported in
figures 5.1 and 5.2, were realized. Once obtained the degptthum performances,
by testing the fabricated devices at low temperatures,itbeen thermistors were used
for the developement of the MIBETA experiment. In the meaetifurther production
runs were carried out, aiming at the fabrication of arraythefmal sensors by means
of micromachining techniques, in view of the MIBETA2 expeént.

The first part of this section is devoted to summarize theygadduction processes
and the related results obtained through the charactenizaf the early fabricated
devices, which represent the precursors of the thermabsgrssudied in this thesis.
The description of the thermistors actually characteridedng this thesis work will
follow, together with the results of their characterizatiat low temperatures. Finally
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the performances of such devices, while operated as deteutitl be discussed.
Before entering into the details of the specific devices poed and tested, it will
be useful to remind which are the main requests the studieidekeshould match:

- homogeneity and reproducibility among the various senstth the same char-
acteristics in terms of doping level and geometry, must lmeui: this can be
easily tested down te- 1.5 K (instead of more difficult measurements below 1
K);

- they must show the temperature dependence of resistanivaltgh the VRH
regime, without excessive deviations from the theoretiogdectations: this is
linked to the shape of the impurity profile of the single seaswhich must be
uniform and approximate the so callbdx profile(see 5.3.1);

- the characteristic parameters, determined through acsth#iracterization car-
ried out below 1 K (as discussed in section 3.2.1), shoulfoconto the require-
ments for the optimization of the detector performances.

Finally, the results obtained from the above discussed umeasents, should be
used for a correct interpretation of the dynamic behaviduhe thermistors, while
operated as detectors.

5.3.1 Precursor devices

Technological characterization of precursor devices

The early attempts to realize silicon implanted thermsstorview of their application
to microcalorimeters, in the context of the MIBETA-ITC catloration, are reported
in [57,58]. The first important request which such devicesnaccomplish deals with
the steep temperature dependence of resistance, typiddRbif regime, they must
show at cryogenic temperatures. In order to exploit thid] wgown and controlled
amounts of impurities should be introduced in the initiang@nductor material, in
order to provide a concentration close to the critical oigniag the metal-to-insulator
transition. In most cases it is also useful to introduce censating elements, which
favour the activation of the VRH regime and which influenoe talues oRy andTp.
In the considered case the thermistors are based on theyStd?rs with boron used as
compensating element.

While defining the production process it is of crucial im@orte to consider that
the doped volume must be highly uniform and as deep as peskilchl fluctuations of
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the concentration of dopants could otherwise producerdtase paths for the charge
transport, thus causing significant deviations from theotegcal R(T) curve. It is
furthermore important to maximize the electrons-lattioegling, parametrized by the
thermal conductand®ep, which is proportional to the implant volume (coincidingwi
the sensitive region of the thermistor).

The above mentioned characteristics depend exclusiveth®iinstruments used
for the implant fabrication and from the implantation anchealing parameters. In
order to provide a deep and uniform implantation, it is intpat that the concentration
of dopants through the sensor volume approximates the seddadx profile with a
large and flat maximum, then quickly decreasing at the botibtne implanted region.
The tails of the profile should be reduced since they do notritrte to the electrical
conduction, but only to the heat capacity.

The most suited technique for the realization of tiee profileof dopants concen-
tration consists in the multiple ion-implantation. Onceefixhe thermistor thickness
to 0.5 um, the number of single implants to 5, and the overall imptzoricentration
and compensation value, the necessary doses and energeslfioimplant can be de-
termined with the help of a simulation tool (SUPREM3). In fig%.8 the simulated
profiles are shown, both for phosphor (for a concentratioB. 5% 108 ions/cn?) and
boron (for a 30% compensation) implants. The energy andsdfiseeach implant,
referring to the same case, are reported in table 5.2. Funitve highly doped regions
must be produced to provide the ohmic contacts: this is aptished by one single
arsenic implantation.

For all the considered production runs performed at ITC silieon substrate con-
sists of a wafer of p-type SiL00) CZ, with a 20Q-cm resistivity. The nominal bulk
boron concentration is 8 10** ions/cn?. The wafers have a diameter of 10 cm and
thickness 525im. Upon each wafer a fixed number of devices is realized, heget
with a certain number of test structures, used to controhvtreus steps of the pro-
cess. During each production run a series of wafers is e@ligach corresponding to
a well defined implant dose and value of compensation, lirtketthe resistivity and
to To. The various single thermistors belonging to each waferstéirdiffer for their
geometry, which is linked to the value of the resistance ¢setion 3.1.2) and tGep.

In order to allow the fabrication of a large number of squargsn a limited area, the
sensitive region of the devices is devided into a certaintlmenof strips by the presence
of interposed metallized tracks, as shown in figure 5.9. Striscture determines the
ratio between the fixed length (TL) and the width (TW mul&aliby the number of

strips) of the doped region, equal to the square number.
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Figure 5.8: Simulated profiles for the phosphor and boron implantatiobtained with

SUPREMS3, for an overall P implant concentration d§ 8 1018 ions/cn? and a B compensation
of 30%

P implant concentration:.8 x 108 jons/cr?
Dopant| Energy (keV)| Dose (10 ions/cnt)

P 400 11.2
P 250 5.43
P 160 3.46
P 105 2.15
P 60 1.68

B compensation: 30%
Dopant| Energy (keV)| Dose (<10 ions/cnt)

B 270 2.74
B 170 1.75
B 85 1.61
B 50 1.12
B 20 1.19

Table 5.2: Implant doses and energies used for the production runs BL2, BL3 to obtain an
overall P implant concentration of®8x 108 ions/cn? and a B compensation of 30%
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The aim of the first two production processes, BL1 and BL2, wgadefine a cali-
bration of the implant doses and annealing procedures hiordason various implant
concentrations, compensation values and annealing ¢omslihave been tested. The
geometry of BL1 and BL2 sensors consisted of an implanteal @fr8500x 2220um?,
with square numban equal to 0008 (see figure 5.10).

As

TL

. P/B

TW

Figure 5.9: Definition of the dimensions and structure of the BL theronist

Measurements performed at room temperature, taking adgamif the presence of
the test structures, allowed to estabilish the best suiteéaing parameters (tempera-
ture and atmosphere) producing a complete activation oiihtipéant and a concentra-
tion profile as similar as possible to the one of figure 5.8.iBythe low temperature
characterization some further considerations arose, aadhe presence of side con-
duction channels and a not well defined geometry. Conselyusarhe options of the
fabrication procedure have been modified, in order to gebfithese defects. The
complete production process, defined through these eatlpitel applied to the subse-
quent runs, is described in table 5.3. Still various anngatiptions have been tested,
as shown in table 5.4, as well as various implant energieslasés (both for P and B).

The results obtained during the subsequent production intheced to take the
final decision to choose option 2 of table 5.4, which forseammmealing step in wet
atmosphere at 100C. This choice assures an initial diffusion of the doparitanks
to the strongly oxidant atmosphere, which provides a laegéension of the implant
profile if compared to the other options. However, during ti@re recent production
runs (BL9 and BL10), still two different possibilities habeen tested, distinguished
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Figure 5.10: Classical geometry for the devices produced during the ffivetruns (BL1 and
BL2)

only by the duration of the annealing step ia/B, atmosphere. To this purpose option
2 has been applyed to all the wafers, but with an annealing tomthe step in @H.
varying, from wafer to wafer, between two value$18’ and 215”. Furthermore, the
post-annealing step (1000 in N, atmosphere) has been applyed only to a certain
fraction of wafers.

The early measurements performed at low temperatures¢éttalso to limit the
range of the implant doses and compensations, thus allowipgrform a more re-
fined and detailed screening among the interesting valuége shape of the single
thermistors has been modified as well, by varying their vaiand their geometries.
Figures 5.11 and 5.12 show the geometries defined for theekeywroduced respec-
tively during the early and the more recent runs. Each th&toniis identified by a
group of three characters: the first one refers to the walfier,second one refers to
the volume, the third one refers to the square number. Thenimgaf the second and
the third characters are shown in table 5.5 and 5.6. Conuogithie wafers, the spe-
cific characteristics change from run to run. The experimler@sults, obtained with
the thermistors produced during the early runs, showedttieaperformances of the
detectors are optimized by the devices with larger volunmelssgiuare number (as later
explained). For this reason the production of the smallerrttistors was abandoned,
while new and larger dimensions began to be realized.

Finally, the overall P implant concentration has been ddfared fixed to~ 3.5 x
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Step #

Description

Screen oxide growth: Si£)43 nm

2 Implant: channel stop (B); this technique is used to pretlemforma-
tion of conductive channels, and consists in implantingyatihe whole
wafer, a small amount of boron with low energy (see [47] faaile)

3 Mask oxide growth: Si@, 1000 nm

4 Photolithography: diods definition (1)

5 Wet etch to remove Siowith HF (7:1)

6 Plasma ashing to remove photoresist

7 Sacrificial oxide growth: Si@ 23 nm

8 Photolithography: degenerate contact region definition

9 Contact implant: As ions, energy 110 keV, dose = 50'° ions/cn?

10 Plasma ashing to remove photoresist

11 Thermal activation of the implant

12 Photolithography: diods definition (2)

13 Wet etch to remove SigXsacrificial oxide) with HF (7:1)

14 Thermistors multiple implant (P)

15 Plasma ashing to remove photoresist

16 Photolithography: compensated region definition

17 Wet etch to remove Siowith HF (7:1)

18 Compensation multiple implant (B)

19 Plasma ashing to remove photoresist

20 Wet etch to remove Sig(mask oxide) with HF (7:1)

21 Thermal activation of the implant

22 LPCVD-TEOS 718C deposition: SiQ, 500 nm

23 Photolithography: contact areas definition

24 Wet etch to remove Si©with HF (7:1)

25 Plasma ashing to remove photoresist

26 Pre-metal deposition cleaning: wet etch with HF (50:1) fo1s3

27 Al:Si deposition (1200 or 600 nm): sputtering at 225

28 Photolithography: metal definition

29 Dry etch with plasma of Al:Si

30 Freckle etch of Al:Si

31 Wet etch with HF (10:1) for 10 s (cleaning)

32 Plasma ashing to remove photoresist

33 LPCVD-LTO 430°C deposition: Si@, 500 nm
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Step # Description

34 Photolithography: contact areas definition

35 Wet etch to remove Si©with HF (7:1) and T1 (1:1:1)
36 Plasma ashing to remove photoresist

37 Coating frontside with photoresist

38 Wet etch with HF (7:1) to remove backside oxide (&0
39 Plasma ashing to remove photoresist

40 Al:Si Thermal treatment

Table 5.3: Complete production process for BL thermistors, as definam the early fabrication
runs

Option | Temperature Duration | Atmosphere

# (°C) (min)

1 920 15 N2/O>
920 15 Oo/H2

2 1000 15 N2/O>
1000 5 Oo/H2
1000 10 N2

3 900 15 N2/O>
900 20 Oo/H2
900 30 N>

Table 5.4: Annealing options for thermistor implant activation (béhand B); step number 14
and 18 of table 5.3

10'8jons/cn?, thus varying only the degree of compensation from waferaéew This
allowed to perform a more pricise screeninglgf

Low temperature characterization of precursor devices

The aim of this paragraph is to summarize the results (regart [48]) obtained with
the more recently realized thermistors (BL9 and BL10), whica certain extent repre-
sent the starting point for the BL12 sensors, real subjetitisfthesis. The production
process adopted for BL9 and BL10 has been already describinat iprevious para-
graph. The aim of these runs was to definitively estabilighgtandard procedure to
be used for the annealing step and to refine the screening dp tvalues, by varying
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Figure 5.11: Geometries for the devices Figure 5.12: Geometries for the devices
produced during the early runs (BL3 and produced during the more recent runs (BL9
BL4) and BL10)

Geometry n Volume  Width (TW) Length (TL)

(sq)  @md) (um) (pm)
al 025 1250 50 25
a2 3 163% 33 99
a3 011 10125 45 15
bl 011 20100 200 67
b2 025 20000 200 100
b3 1 20000 200 200
cl 1 1250 50 50
c2 1 450 30 30
c3 3 600 20 60

Table 5.5: Geometrical characteristics for some of the BL3 thermistaiith reference to figure
5.11; the thickness is fixed to®um
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Geometry| Area (Um?) Number| n(sq)
d 200x 200 3 1
e 300x 300 4 2
f 400x 400 5 5
g 500x 500 6 10
h 600x 600 7 20

Table 5.6: Geometrical characteristics of the BL9 and BL10 thermistaith reference to figure
5.12; the thickness is fixed to®um

the degree of compensation. For this reason, in the case @f B&lrious wafers were
produced, with three different compensation degrees: Z%) and 40%. As will be
pointed out the value dfy increases as the degree of compensation is inhanced. It will
be also shown that the main parameters, determined duringt#tic characterization
and which mostly influence the performances of the thermgstare linked tdlp, and
hence to the degree of compensation, through an empiriegiae.

The results obtained with the BL9 showed that, in order tanoige the perfor-
mances, the electron-phonon thermal conductaBggeshould be further increased,
while preserving the resistance value, in accordance wighrésults arisen from the
preceding experiences. To accomplish this task the attemtas then focused on real-
izing devices with loweilg values, larger volumes (to increaSgp) and an increased
square number (to mantain a large enough resistance). lcageof BL10 different
wafers were produced, with compensation varying betweéa abd 35%, in steps of
5%.

The first characteristic which should be tested is the repedaility of the devices.
This can be done by measuring tRET ) curves at temperatures in the rangg4 1.2
K. To be specific two kinds of reproducibility should be chedk one depends on
the implant homogeneity all over the wafer, the other onaiseld to the geometrical
precision of the photolitographic process. In order to eat the former, th&(T)
curves of the devices with the same shape coming from diffeegions of a wafer are
compared. While in the second case the homogeneity is aedlly calculating the
sheet resistance, for devices with different geometrigs, a

Rsq(T) =R(T)/n (5.3)

wherenis the square number. For BL9 and BL10 both analyisis showearage
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dispersioR of about 25%.

TheR(T) curves in the range.2— 1.2 K can be interpolated by equation 5.1, in
order to get an evaluation of the parametgs To andy in this temperature region.
The results obtained in the considered case, by leavinga@lparameters free, showed
that the value of is around ¥4, as expected from Mott theory. Nevertheless, a slight
dependence of the exponegrtn the degree of compensation has been oserved, also at
lower temperatures, though not heavily affecting the oVegaults.

The good definition of the geometries can be further invastid by studyindRo,
determined by the above described analysis, as a functittreafquare number: these
two parameters should in fact be linked through a linearticta(Ry = n- Rosg). The
results obtained for BL9 and BL10 thermistors actually conéid the expectations.

Apart from these useful considerations, a correct evanatif the significant pa-
rameters can be accomplished only by measurinditfie andl —V,, curves at lower
temperatures, meaning in the rang@®- 1 K. In this case, the static characterization
described in 3.2.1, is carried out. The load curves can balsameously interpolated
according to equation 3.9, with a code using the MINUIT CERIXary. In most cases
the value ofy well approximates 12, in accordance with the suggestion of the VRH
Coulomb gap regime. Thus the expongibuld be fixed, in order to make significant
comparisons among the parameters extrapolated for diffsensors.

From the obtained data the following empirical relationaldde extrapolated:

In(po) = 8.170— 0.2202- (Tp)*° (5.5)
o = 5.350+ 0.0095: Ty (5.6)
In(Gep(100 MK)) = 8.662—0.0388 To (5.7)

whereGep(100 mK) represents the electron-phonon thermal conductance,0at 10
mK, normalized with respect to the volume and the other patara were defined in
equations 1.22 and 1.23. Such relations show then how atktbeant parameters of
the hot electron model can be determined simply by the vafug,0and thus from
the degree of compensation. The above relations were agdltizking into account

2The dispersiorog of theR(T) curves forN devices withM pointsR— T is defined as:

M 1 1 N 1/2
Or= . {m _Z(RJZ(TJ)_ (R(T)))?) (5.4)
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only 1 square geometries and fixiyg= 1/2. These results appeared to be in good
agreement with similar relationships derived for the BL2I @14 thermistors. The
accordance was even higher by considering only the deviitegve same volume: for
this reason the derived phenomenological relations weppased to slightly depend
upon the volume.

It's interesting to notice how thig(T ) curve, measured below 1.2 K, well matches
the curve measured betweer24- 1.2 K: this is shown in figure 5.13, where the case
of one of the thermistors characterized is reported. Thedigiso shows the difficulty
of taking data at very low temperatures, since the densith@R(T) points is clearly
less below 12 K.

.
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Figure 5.13: R(T) curve measured in the rang®b— 4.2 K for one of the BL10 thermistors

An interesting and useful analysis consists in studying¢fetion betweedp and
the degree of compensation, since it is this parameter wini¢he end, allows to deter-
mine all the other foundamental characteristics in the gemneerning the optimization
of the detectors. Figure 5.14 shows the trendpés a function of compensation for
the BL10 thermistors. The three lines refer to the four gdssiombinations of the var-
ious annealing options available (discussed in the prevo@aragraph): to be specific
the letters | and b identify, respectively, the long and fbaienealing time in @/Ho,
while y and n distinguish between the processes includiagtst-annealing or not.

Once determined all the useful parameters by means of thie shearacterization,
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Figure 5.14: Ty as a function of the degree of compensation for the four coatlins of the
various annealing options used during the production of BLh: 415" annealing time in
0,/H,, without post-annealing; ly: ‘45" annealing time in @H,, with post-annealing; bn:
2'15” annealing time in @H,, without post-annealing; by 25” annealing time in @H,, with
post-annealing

some detectors were realized coupling the BL thermistorsuited crystals, acting
as the absorbing element of the microbolometers. The adg@miprocedure should
always assure the accomplishement of the requests congéiei values of the thermal
conductances in the game. To be specific, as pointed out ptexh® while discussing
the optimization procedure§ps should be the lowest, whilBe the highest. Actually
the absorbers were coupled to the thermistors using a $eigatount of Stycast 2850.
The connection to the heat sink was obtained by means of fowiras, bonded to
the sensor pads, thus also providing the electrical coiorect The configuration of
the detectors was in the end the one shown in figure 5.1 (shesetdetectors were
actually adopted in the MIBETA experiment).

Using about four Al wires~ 2 mm long and with 1im diameter, a global thermal
conductance to the heat sink of order 10 pW/K was obtained libwer of about 1
order of magnitude with respect to the electron-phonon ootahce, resulting from
the static characterization.

The results obtained in terms of pulse shape, energy résoland rise time, sug-
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gested that the detector performances are optimized bgrlagumes and using sen-
sors withTp ~ 3 K. For these reasons, in view of the subsequent produatios, the
attention was focused on the realization of large volumentistors and with compen-
sation varying in a narrow range. Furthermore, taking irdooaunt the results shown in
figure 5.14, the production process was definitively statidad choosing the option
with 215" annealing time in @H and including the post-annealing step.

5.3.2 BL12: production run

During the last production run carried out at ITC, named BlLdr?ays of ten thermis-
tors have been realized, conceived as an alternative to A&ANarray in the context
of MIBETAZ2. A significant fraction of this thesis work has bedevoted to their char-
acterization and to study their performances while opératedetectors.

The technique used for the fabrication of the thermistoaysiis based on silicon
anisotropic wet etching using TMAH chemical reagent. Eacayeconsists of a series
of ten sensors, held together by means of a kind of silicamé,aupon which the metal
pads are realized. The single thermistor and the arraytsiegEare shown in figures
5.15, 5.16 and 5.17, where examples of various sensor geéemate reported. Each
thermistor is provided with three silicon legs, 2 mm long,iethlink the sensor to
the silicon frame, or more precisely to the metal pads, thhodevoted metal tracks
(see figure 5.18). The three legs provide also the thermagblowuto the heat sink
Gps: the value of which should be measured in order to check itatsility. For a
better control of the absorber gluing, the production pssdersee also the fabrication
of SU8 supports on a silicon structure, with limited coupli@ap, to the thermistor.
However some problems arose concerning this topic duriaddhrication, since the
supports seemed to break off at least in some cases. Fudheeach thermistor is
provided with an integrated heating resistor, anchoretiéactystal support and based
on a highly doped implant structure. Two of the three siliéags, about 2@m wide,
are devoted to provide the electrical connections betwieehé¢ater and its metal pads,
located on the silicon frame. The third leg, about 0 wide, provides the electrical
connections to the thermistor.

The fabrication of the sensors is based on the multiple intpechnique. The
standard procedure described in table 5.3 has been applige BL12 thermistors,
integrated with the option using15” annealing time in @H, and including the post-
annealing step, due to the good results obtained duringréeeding runs. The nom-
inal phosphorus concentration of the implanted thermésimof 35 x 108 ions/cn,
obtained with the single implant doses and energies reghortiable 5.2. Various com-
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qu =1o
Area = 600x600 gm?

Figure 5.15: BL12: single thermistor and array structures for geometsg| and area 600 600
2
pm

RSq =2n
Area = 800x800 um?2

Figure 5.16: BL12: single thermistor and array structures for geometsgj2nd area 800 800
2
pm
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q
Area = 800x800 um?2

Figure 5.17: BL12: single thermistor and array structures for geometsg4nd area 800 800
2
pm

Figure 5.18: BL12 single element layout: zoom on the thermistor, wheeerttetal tracks are
visible
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pensation splittings have been realized, using differenbi energies and doses. The
implant depth and profile is almost equal to the one of thequligry production runs.

A total of 20 wafers have been produced, each of them incidiree arrays of ten
theristors for each of the following geometries:

. 1 squares, 608 600um?
- 1 squares, 808 800um?
. 2 squares, 608 600um?
. 2 squares, 808 800um?
. 4 squares, 608 600um?

. 4 squares, 808 800um?

The wafers further include one test array for each geom@dthe values of com-
pensation are reported in table 5.7, while figure 5.19 shdwesstgle wafer layout.
Unfortunately, during the fabrication some arrays were plately destroyed, due to
their fragility and to the use of too aggressive techniqleparticular none of the 36%
compensation wafers survived.

Due to the results obtained with precursor devices, as @oiatit in the previous
section, only large volume thermistors have been prodweitidjmplant areas of 608
600pm? or 800x 800pm?, and square number varying between 1 and 4. The implant
thickness is fixed to 8 um, while the final total thickness of the detectors and of the
silicon legs is~ 40 ym.

Wafer Compensation (%i
W1, w2, W3 28
from W4 to W7 30
from W8 to W13 32
from W14 to W17 34
w18, W19, W20 36

Table 5.7: Compensation splitting of BL12 wafers

After the standard fabrication procedure, the single ai@ypear as shown in pic-
ture 5.20: a kind of silicon membrane, of 400 um thickness (the same as the detec-
tors), still links the ten themistors together and to thiesil frame. This configuration
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Figure 5.19: Wafer layout for the BL12 production run

is still suited in view of the static characterization, ®ritassures a more stable and
solid structure to the devices, while providing the reqditieermal conductance to the
heat sink. Nevertheless the silicon membrane must be reinoveiew of the real-
ization of the microbolometric detectors, by means of a fatap in the production
process, based on the TMAH anisotropic wet etching (figu2é)s.

Unfortunately this final step produced non uniform resutt®tighout each single
array, due to the non perfect planarity of the wafer surfaseghat in many cases a
further etching procedure was necessary. As a consequente af the thermistors
resulted to be damaged and only one array finally survived #h&H etching process,
though many variants to the procedure have been tested.ifigle siseful array real-
ized has been operated as a detector in the Cryogenic Labpadinsubria University,
as discussed in section 5.3.4.

In order to solve the problems arisen during the productfah@BL 12 thermistors,
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Figure 5.21: BL12 array in the final configura-
Figure 5.20: BL12 arrays with  tion (after the final TMAH etching); only eight
the silicon membrane of the ten thermistors did survive

a completely different technique has been suggested, Wmilasto the one used by
NASA, based on the use of SOl wafers and DRIE to remove theosilmembrane. It
was not possible to apply the DRIE method to the presentliledola devices, since
the wafers had already been cut: it was not possible then skt single arrays,
as needed in order to carry out the DRIE techinique. Nevksisehe use of the new
proposed methods should be taken into account in view of acoewplete production
run.

In order to have an immediate evaluation of the quality ofgheduction process,
in terms of homogeneity and good geometrical definitionmmdemperature measure-
ments are performed at ITC usingpeobe-station This allows to determine the spread
of the sheet resistance (D/sq) among different thermistors belonging to the same
wafer. During the preceding production runs it was obsethatithe measured values
of sheet resistance resulted to be precise within 1% for eaolidered wafer: this
fact also give a useful information about the precision efithplanting machine being
used. Furthermore the run-to-run stability was proved ak. we the case of BL12
the measured values at room temperature appeared to besteosiith the results
of the precursor devices (39525 Q/sq for 32% compensation in BL12, compared to
351+ 2.3 Q/sq for 30% compensation in the case of the precursors). Téasuore-
ments performed at room temperature also allowed to estimatontribution due to
the metal tracks of about 3.

5.3.3 BL12: characterization at low temperatures

The static characterization of BL12 was performed usinggatinays still provided with
the membrane, in order to evaluate the quality of the pradoctin, before completing
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the whole process. The test were performed following theedale below reported,
which is similar to the case of the precursors, but inclugesesmore measurements,
since required by the different structure of the devices.

- Measurements betweer?& and~ 1.5 K in order to:

1. check the uniformity of devices with similar constructiparameters;

2. compare thdp values with those of the precursors realized using similar
fabrication parameters (i.e. compensation) to check theatrun stability
of the implanting machine;

3. use such comparisons to get a preliminary evaluatid®pTp andy.

The measurements in this temperature range were perforsieglihe*He pumped
refrigerator and the related acquisition system descritbhedction 4.2.1, located
in the Cryogenic Laboratory of Insubria University.

- Measurements below 1 K in order to evaluate the parameteichvadetermine
the behaviour of the thermistors in the hot electon modé;ithaccomplished by
measuring the load curves and interpolating them usingytsies of equations
3.9.

- Measurements below 1 K to verify the stability of the resis&of the integrated
heaters with changing temperature.

- Measurements below 1 K using the integrated heaters to ateathe thermal
conductance to the heat sink provided by the silicon mengran

Preparation of the samples

The samples to be measured were prepared by gluing them gated packages,
similar in the structure to those adopted for the heaterd ORE. The packages were
conceived in order to fit into the holders of the cryostats.ribgithe preparation of
the BL12 samples, many problems arose, due to their fragillthe first matter to
deal with concerned which gluing method to adopt, in ordgartavide a good thermal
contact with the heat sink, while avoiding excessive meifastress due to different
coefficients of thermal expansion of the devices and the gmgek The second matter
dealt with the choice of the best suited bonding technique.

For the precursor devices devoted packages were realiasddlon a ceramic sup-
port (which provides a thermal expansion coefficient sintidethe one of silicon), with
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Figure 5.23: BL12 array prepared for
Figure 5.22: BL12 array prepared for the test, the test, glued upon one of the new de-
glued upon one of the old ceramic packages voted packages

a hole covered by a gold foil, to provide the necessary thecargtact. The packages
have 40 pins, arranged in a similar way with respect to thé&ages used for the char-
acterization of CUORE heaters, so that ten samples per tamebe tested. The BL
thermistors were usually prepared in the past by gluing tleeo the gold surface,
using one spot of silver epoxy resinThe electrical connections were provided by 25
um diameter gold wires ball bonded to the pads of the thermsgtod of the packages.

A few old ceramic packages were still available for the BLt®yugh the dimen-
sions of the golden hole were not suited to the dimensionk®BL12 arrays. As a
consequence, at least for the early measurements, thesaverg glued as shown in
figure 5.22, directly onto the ceramic material. Concerrtimgglue, one spot of Sty-
cast 2850, which assures a strong adhesion, was put bethwesititon frame (on the
narrower side of the array) and the package. The electrarahections were realized
following the past procedures: unfortunately this bondimgthod resulted to be not
well suited for the BL12 case. Ball bonding in fact producés@amuch high mechan-
ical stress on the arrays, with the result that a part of thenbrane was broken, as
well as some of the silicon legs. This was probably due alsheéoconfiguration of
the set-up (package-sample coupling), since a large painecdrray was not directly
leaning against the package surface.

Nevertheless two samples prepared as above described warmired in the range
4.2 K and~ 1.5 K, and one of them also below 1 K. To solve the problems dgalith
the preparation of the samples, new packages (made of fiss)ghave been studied
and prepared, in collaboration with the Milano Bicocca grdavolved in the MIBETA
activities. The structure of the package is shown in figug5it was conceived in
order to allow to bond 20 samples at the same time (i.e. bahht#aters and the

SEpotek H 20E, 73% charged with silver



Thermistors: low temperature characterization and expemial results 151

thermistors of the arrays of ten sensors), and measure thenmgdwo subsequent cool
down runs, if using théHe pumped refrigerator at Insubria University. By using the
new packages it was then possible to glue the arrays directtythe gold surface, thus
assuring a better thermalization of the samples, besidesding a better mechanical
stability (see figure 5.23).
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Figure 5.24: Scheme of the structure of the new packages realized forlth@ Bharacterization

Measurements betweed.2 K and ~ 1.5K

The three arrays below described have been tested in the cditgmperatures between
4.2 K and~ 1.5 K:

- array from wafer 11, compensation 32%, 4 squares, area<@DD pm?; two
thermistors tested, named 11b7 and 11b8;

- array from wafer 11, compensation 32%, 4 squares, area<&0D pm?; two
thermistors tested, named 11b9 and 11b10;

- array from wafer 17, compensation 34%, 1 squares, area<@ um?; one
thermistor tested, named 17b9;

The samples named 11b7,11b8, 11b9 and 11b10 were gluedheoldtpackages,
while the sample named 17b9 was glued upon one of the new geska
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The measurements were performed using the automatic &g@uisrogram cou-
pled to the AVS-47 bridge, described in 4.2.1. The valuegsistance recorded during
the warming up from~ 1.5 K to 4.2 K were fitted using equation 4.3, by means of
the Paw-CERN analysis tool, after being processed with gwtéd C software (as
discussed in 4.2.1). In order to compare data referringffergint geometries, the re-
sistance values were normalized to the square number arkfiementy was fixed to
0.25.

In chapter 4 it was pointed out that the set-up showed soma@ers of thermal-
ization, which were partially solved. Nevertheless, stiim the acquired data for the
BL12 thermistors, the samples seemed to be not well thezedhlas can be seen from
figures 5.25 and 5.26. The value of resistance in fact appedletten as the tempera-
ture is as low as- 2 K. Consequently the data were then fitted in the rangd<and
2 K. From now on, the parameter which in equation 4.3 is idieltiasTy, will be ref-
ered to with the symbdlp* when related to the temperature range betwe@nkdand
~ 1 K, since it does not correspond to the parameter extregmbfadbm measurements
performed below 1 K. For practical purposes then the sympalill refer only to the
parameter determined by measuring the thermistors belowThK values offp*, ob-
tained by fitting the data, should be compared to the onesrdigted in the same range
of temperatures for the precursor devices with similar tmesion parameters.

To this purpose, data regarding the BL10, acquired witHthe pumped refriger-
ator in Como, were used. Still, it is worth to notice that tleepgrformed comparison
must be considered simply as a first and approximated evatuaf what to expect
from lower temperature measurements. Table 5.8 shows Hudtseof this analysis,
which seem to suggest a valueTflower than the one expected considering only the
degree of compensation. In particular, the expedietbr the BL12 thermistors be-
longing to wafer 11, with compensation 32%is5 K (see figure 5.14). In terms of
the results obtained by measuring them betwe@rkdand 2 K, they can be compared
to BL10 thermistors with compensation in the range-1%50%, the correspondin®
being thus~ 3 K. Concerning the BL12 thermistors belonging to wafer lithwom-
pensation 34%, the expectég from figure 5.14 is~ 6.5 K. In this case, the results
obtained between.2 K and 2 K suggest that this sensor can be compared to the BL10
with compensation- 30%, thus withly ~ 5— 6 K. For the 17b9 sensor it must be also
pointed out that a better thermalization was obtained, va#pect to the other tested
BL12, thanks to the good thermal coupling provided by glutrdjrectly onto the gold
foil of the new packages.
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Figure 5.25: Trend of resistance as a function of temperature, in th

ead®yK and~ 1.2 K,

plotted according to equation 4.3; the data refers to theZBh&rmistors belonging to wafer 11
and to BL10 thermistors with similar construction parameteneasured with théHe pumped

refrigerator at Insubria University
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Figure 5.26: Trend of resistance as a function of temperature, in thegd®K and~ 1.2 K,
plotted according to equation 4.3; the data refers to theZBthermistor wl7b9 and to BL10
thermistors with similar construction parameters, meagwvith the*He pumped refrigerator at

Insubria University
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The difference between the expected and the determigrealues can be explained
considering that the BL12 production run was realized qglatey time after the pre-
ceding runs: therefore it is not to exclude a drift of the iamging machine during this
period of time.

BL12 Ro* To*

thermistor (Q/s9 | (K)

11b7 522 79.6
11b8 524 79.4
11b9 531 69.8
11b10 539 67.5
17b9 395 | 1625

BL10 compensation Tp (below 1 K) | Rp* To*

thermistor (%) (K) (Q/s9 | (K)

16e3 15 2.3 569 53

17e3 20 2.9 544 61
19e3 30 5.8 466 151

Table 5.8: Results obtained by fitting the data in the rang2d and 2 K for the BL12 and the
BL10 thermistors, while measured with thiele pumped refrigerator at Insubria University; for
BL10 also the values ofy determined below 1 K during past measurements are repat&d [

Nevertheless, from the measured data and as can be seerioralties oRy*
(this symbol still refers to the parameter determined inrdrege 1 K - 42 K) reported
in table 5.8, the thermistors belonging to the same wafewsimilar behaviours. In
particular the sheet resistance spread remains with2%o, thus confirming the preci-
sion of the implanting process. The spread is even lower wbesidering thermistors
belonging to the same array. Furthermore, as expe@apows with increasing degree
of compensation.

Measurements belowl K @ Milano Bicocca

The two BL12 thermistors above named 11b7 and 11b8 have Iheeadterized below
1K, from a static point of view, in the Cryogenic Laboratotyvlano Bicocca Univer-
sity, where a set-up devoted to this task and used for theacteization of precursor
devices is located.

In chapter 3 the steps toward the static characterizatiotherimnistors were de-
scribed. The measurements actually consist in determthaesistance of the devices
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at various temperatures by means of the polarization d¢iafufigure 3.1. A constant
bias voltage/ias is delivered to the sensor, thus generating a constantrduftosy | :
the resistance can then be determined by the following éxuat

- RLvivb
bias — Vb
whereR, is the load resistance of the circuit axigl the voltage produced across
the thermistor. The current flow generated by the injected bbltage can be approx-
imated to a constant & Vhias/RL) given the conditiorR. > R. The load curves are
determined by mesuring the resistaiitef the thermistor with changing bias voltage,
at various temperature stages.

The bias voltage is produced by means of a battery, it is e/ to the polarization
circuit through a resistive partition and it is then measrg a multimeter. Concerning
the voltage across the sensor, taking into account the wamoise sources (due to
the preamplifier located at room temperature, the Johns@e od the resistance, the
microphonic noise), it should usually be of order at leastva iV, needing still to be
preamplified by a factor 200 in order to be measured.

The cryostat used for the measurements3sle/*He dilution refrigerator (see sec-
tion 3.2.3) produced by the english company Oxford Instmitsewith a refrigeration
power of 200uW at 100 mK and able to reach a temperature of about 5 mK. In view
of the measurements the same package described in the joigp@adagraph, upon
which the samples were glued, was mounted in a copper hdidesing also a cal-
ibrated thermometer (a LakeShore germanium resistor) amehaéing resistor of 1
KQ. The thermometer resistance was read by a four lead measntemsing an AVS-
47 bridge (as described in section 4.2.1). The copper haldsrcoupled to the mixing
chamber of the cryostat through a low enough thermal corasheet, which allowed to
warm up the experimental set-up to about 1 K, without affecthe cryostat function-
ing. The temperature of the holder housing the samples wasged by delivering
a known Joule power, between 10and 104 W, into the devoted heating resistor,
corresponding to a range of temperatures (as measured HyakteShore termome-
ter) between~ 50 mK and~ 1 K. This was accomplished using a remotely controlled
programmable power supply.

The above described set-up was tested in the past and ugbe fdraracterization
of some of the early BL devices. Nevertheless, since somes yeere passed, a cali-
bration of the heater was performed, concerning the coomdgnce between injected
power and holder temperature.

An automatic program remotely controlled by a pc and redlioe the character-

R (5.8)
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Figure 5.27: Polarization circuit provided with the 15 relé, for the amiatic static characteriza-
tion of thermistors below 1 K, located in the Cryogenic Ladiory of Milano Bicocca Unversity

ization of the precursor devices (as described in [47]pvedld to perform a cycle of
detailed load curve measurements at various temperatgestin a limited amount
of time (about 24 hours). The polarization circuit used iis ttase is modified, with
respect to the one of figure 3.1, by the presence of 15 reléh@srsin figure 5.27.
This kind of circuit allows to measure four devices by a foemd reading (relé Kal,
Ka2, Ka3, Ka4) and to choose among four load resistancesKi#| K2, KI3). It also
includes the preamplification stage for the measuré,ofThe bias voltage is applied
to the partition circuit by a programmable power supply tigb the relé Kbl and Kb2
and a digital multimeter measures bafh.s andVy, amplified by selecting the most
suited gain among the available ones. A pc is coupled to tlerripation circuit by
means of a devoted board (8255) and to the other instrumgras3#IB connection.

The automatic acquisition program controls the sequenapefations necessary
for both the determination of the load curves and the coreigtle of measurements at
various temperature stages. For this reason the pc is algerbto the AVS-47 bridge,
in order to control the stability of the temperature by atipg the power dissipated
into the heating resistor. The results of the calibratiorfgrened to determine the
correspondence between the power injected into the headetha holder temperature
are inserted into the acquisition program. Once estaleitithe number and the values
of the temperature stages, as well as the number of pointsaoh load curve to be
measured (corresponding to a number of injedlgg,), the program makes the cycle
start: the characterization is performed for increasimggerature stages and for each
stage all the thermistors are measured.
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In the case of the two BL12 thermistors 11b7 and 11b8 the loades were mea-
sured for a total of about 20 temperature stages, betweento@m 1 K. For the
simultaneous interpolation of the measured load curvesnéagns of equation 3.9, a
tool based on the MINUIT-CERN library was used. This toolwents thel — V4, pairs
recorded by the acquisition program irflo- Ps pairs, which are then interpolated in
order to get the hot electron model parameters. Figuresdné&.29 show thR— P
curves for the two BL12 thermistors characterized. The Etamed by fixingy=1/2,
is shown only in the case of the thermistor 11b7, becausestneapossible to record
the plot for thermistor 11b8, due to some problems with thalyasis tool. The resis-
tance of the thermistor at a given temperature, in the ohegion, can be extrapolated
by averaging over the points in the load curves which coimeiith the lower values
of , (i.e. the flat portion of th&R — Ps curves). Figures 5.30 and 5.31 show the so
calculated resistance, for the various temperature stages function of temperature
and the fit obtained by interpolating the data, using equdia, withy = 1/2 fixed.

The experimental data appear to be well interpreted by theleotron model the-
ory, over all the considered temperature range, both cerigig the resistance trend
as a function of temperature and tRe- P. curves. Considering the obtained results,
there is no evidence of the existence of side conductionratiain the tested devices.
Concerning this topic, figures 5.32 and 5.33 show the effemdyced by the presence
of such alternative conduction paths in some precursorcds(iBL3 thermistors): in
this case th&k — P. curves are not well fitted by the hot electron model below @abou
200 mK and the value of resistance appears to flatten belogatine temperature.

In table 5.9 the values of the parameters of the hot electrodefnare reported,
as extrapolated from the simultaneous interpolation ofltlael curves withy = 0.5.
The values of the same parameters, determined in the ca$e &Lt10 thermistors
with similar construction characteristics, are also régdifor comparison purposes.
Concerning the thermal conductar@g, and the coefficiengep, they are normalized
to the volume of the sensors, still for comparison purpo$ehe specific, for the BL12
thermistors, they were calculated considering a totalmagiven by 600« 600x 0.5
pmS. ConcerningGep(100 mK) it was calculated according to equation 1.23, utlieg
values of the parameters determined from the interpolati@hreported in table 5.9 as
well. From the analysis of the obtained results the follapydonsiderations arise:

- the value ofTy extrapolated by the interpolation of the load curves belok 1
coincides with the value derived from the analysis perfatrehigher tempera-
tures (in the range betweerblK and 42 K);

- the parameters andgep appear to be quiet less with respect to the values deter-
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Figure 5.28: R— Pe curves for the BL12 thermistor 11b7, interpolated with tte blectron
model, in the temperature range between 50 mK and 1 K
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Figure 5.29: R— Pe curves for the BL12 thermistor 11b8, in the temperature edoetween 50
mK and 1 K
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Figure 5.30: R—T curve for the BL12 thermistor 11b7, interpolated with thé &lectron model,
in the temperature range between 50 mK and 1 K
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Figure 5.31: R—T curve for the BL12 thermistor 11b8, interpolated with thé¢ électron model,
in the temperature range between 50 mK and 1 K
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mined for the precursors, though they are consistent;

- the electron-phonon thermal conducta@g(100 mK) results to be consistent
with the value calculated for the precursors, though quoteekr; this can be
explained taking into account that a dependence of thisyetex on the volume
was observed in the case of the precursor devices;

- the background power extrapolated by the interpolationltego be of order
0.15 pW, in accordance to the value measured during past dearations and
reported in [47]

Figure 5.32: R— Pe curves for a BL3 ther-  Figure 5.33: R— T curves for a BL3 ther-
mistor, interpolated with the hot electron mistor, interpolated with the hot electron
model, in the temperature range between 50model, in the temperature range between 50

mK and 1 K [47] mK and 1 K [47]
Thermistor| Ry To a Oep Gep(100 mK)
(Q/s0) | (K) (W/KEm3) | (W/K-m°3)
11b7 2259 | 33| 4.94| 6.8x1C° 3817
11b8 2217 | 33| 497 | 74x1C° 3919
16e3 2316 | 23| 55 | 2.9x10 4600
17e3 2272 | 29| 55 | 28x10 4933

Table 5.9: Parameters of the hot electron model, as extrapolated fnemsimultaneous interpo-
lation of the load curves witly = 0.5, for the two BL12 thermistors and the BL10 thermistors
with similar construction characteristics [48]; the degyé compensation of the two considered
BL10 sensors is repoted in table 5.8

Altogether the obtained results are consistent with thesetgtions (apart from
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the relation betweefly and degree of compensation), both drawn from measurements
performed at higher temperatures as well as from the resatisernig the precursor
devices, and even taking into account the hot electron mibéelry. Concerning the
values ofa andgep, the difference with respect to the precursors can be astiid
the different geometry and somehow different producticocpss (i.e. the BL12 ther-
mistors are realized in form of arrays, instead of being Isisgnsors). Also the sensi-
tive volumes are generally larger: in the case of the prexarthe various parameters
showed a slight dependence from the volume, even when nizedal

Some further interesting considerations arise taking adoount the plot shown
in figure 5.34. The data there reported refers to the valugSegfT) as calculated
by the numerical differentiation of the curvBsversusTe, previously dtermined with
the sinoultaneous interpolation of the load curves. The also shows the values
Gep(T) calculated according to the theorical expression givenduation 1.23, using
the experimentally determined parameters of table 5.9. Wparison between this
plot with the one of figure 5.35, which refers to one of the Bh8rimistors, still proves
the absence of side conduction channels, which produceldeimptecursors a clear
deviation from the theorical behaviour below about 150 m#ll,$he Gep(T) values
calculated by numerical differentiation for the BL12 thestors, generally follow the
theorical trend, apart from the cases of low power dissipatas already noticed in the
case of the precursors (BL4 and BL10), as reported in [47][48H

Measurements belowl K @ Insubria

In view of future measurements it was then decided to realzempletely indipendent
set-up in the Cryogenic Laboratory at Insubria Universtgilar to the one located in
Milano Bicocca University and above described. This wassitds taking advantage
of an automatic program for the measurement of the load sytte same used for the
characterization of heaters below 1 K, as described in }.228lized by S. Sangiorgio,
which needed some adjustments in order to be useful for thpoge of this thesis work.
The software in this case remotely controls the measureettmplete load curve,
but it is not suited to perform an entire cycle of mesuremantifferent temperature
stages. For this reason the stabilization of the sampldeatdsired temperature must
be performed manually: thus the complete characterizagiquires a longer time with
respect to the case of the Milano Bicocca set-up (about ok wer about twenty
temperature steps, for 2-3 samples).

A description of the set-up located at Insubria Universitgiven below, together
with the needed adjustments realized.
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Figure 5.34: Gep— T curves for the BL12 thermistor 11b7, as determined by theerigal dif-
ferentiation, superimposed to the theoriGah— T trend (identified as HEM theory), determined
according to equation 1.23, in the temperature range betw@enK and 1 K
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Figure 5.35: Gep— T curves for one of the BL3 thermistors, as determined by nicakdiffer-
entiation, superimposed to the theori@p— T trend, determined according to equation 1.23,
in the temperature range between 70 mK and 1 K [47]
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Figure 5.36: TBT dilution unit, in the Figure 5.37: Copper holder for the samples
Cryogenic Laboratory at Insubria Univer- coupled to the mixing chamber of the TBT
sity cryostat

- Concerning the cryostat the TBT dilution refrigerator waed. The dimensions
of the dilution unit can be appreciated from figure 5.36. Téduced size makes
this refrigerator quite easy to handle, and the cool dowts limsprinciple a cou-
ple of days. The working principles of dilution refrigerasavere discussed in
section 3.2.3. In the specific case of the TBT cryostat theuméxis condensed
by means of the Joule-Thompson effect. A liquid helium resierserves as
the main bath, for the pre-cooling of the refrigerator. Tlduwne housing the
samples, which are coupled to the mixing chamber, as showigure 5.37, is
shielded against thtHe bath by means of the 4K stainless steel IVC (inner vac-
uum chamber) shielding. The bottom part of it must be screwvethe top, after
the samples have been prepared. Inside the IVC a very higlusacondition
is reached by using a series of suited pumps (rotary andsiliijpumps). The
TBT cryostat has a refrigeration power of gV at 100 mK and temperatures
as low as 13 mK can be attained. A Faraday cage, with acolssargtion pan-
els, surrounds the liquid helium dewar, where the refriggaris inserted during
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the measurements, as shown in figures 5.38 and 5.39. The dldepr with
this refrigerator deals with the IVC sealing: in order to @btthe needed vac-
uum tight, it is not sufficient to screw the bottom part of tMCl on the top. A
special material must be wrapped around the point of coforetd assure the
required leak tightness. Nevertheless, the effects ofsthdding method are not
completely repeatable from run-to-run, so that in somesasany subsequent
cool down attempts are necessary. Finally, the availabpemxental volume
below the mixing chamber is very limited: about 25 cm leng¥ith a diameter
of 5 cm.

- The sample holder should be suited to the limited experiaiesgace offered

by the TBT cryostat and should provide an adequate shieldirige samples,
operated at the mixing chamber temperature, from tRekdblackbody radia-
tion of the IVC. For the purpose of the static character@atf the thermistors,
through the measurement of the load curves, a copper hatden in figure
5.40), already used in the past to characterize precursaebisors, was used.
The holder is very similar to the one of the Milano Bicoccaset also in this
case it provides a low enough thermal coupling to the mixingnaber, which
allows to warm up the experimental set-up to about 1 K, wittedfecting the
cryostat functioning. The holder is also provided with athrgaresistor of about
1 KQ.

- The holder was not yet provided with a thermometer. To thigppse an old

LakeShore germanium resistor was added and calibratet tise available re-
sistance versus temperature data (in analogy to what dahe icase of théHe
pumped refrigerator).

- For the temperature monitoring the AVS-47 bridge was used.SAG30A tem-

perature controller (by PICOWATT) was coupled to the AVS-h/order to con-

trol the stability of the temperature by adjusting the giasgéd Joule power into
the heating resistor. The TS module can be manually opeoatieded to a pc to
be remotely controlled. For the purpose of this thesis thepterature stabiliza-
tion was performed by hand, since the automatic acquisfiimgram was not
suited for the temperature monitoring. However an upgrddieesoftware is at
present under developement, in order to make it able to cetelglcontrol the

whole cycle of measurements, at various temperature stages

- The electronic set-up for the load curves measurementsts sjmilar to the one

of Milano Bicocca. The structure of the polarization citagisembles the one of
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figure 5.27, being provided with a series of relé and inclgdhre preamplifica-
tion stage for the measurement\jf The bias voltage is applied to the partition
circuit by the programmable power supply Agilent 34401A.this case two
different digital multimeters Agilent 6623A measWg,s andV,, amplified by
selecting the most suited gain among the available ones. i& gaupled to the
polarization circuit by means of a devoted board and to therdhstruments by
a GPIB connection. The electronic set-up is suited for theuaneous mea-
surement of a total of eleven thermistors.

- The automatic acquisition program allows to select the okhfi.e. the thermis-
tor) and the number df—V, pairs to be measured, the range of values/fgys
and the load resistance to be used. The output files contdimeaparameters
useful in view of the data analysis.

Figure 5.38: TBT inserted into the liquid
helium dewar, surrounded by the FaradayFigure 5.39: The liquid helium dewar dur-
cage with acoustic absorption panels ing *He refilling

Due to the adjustments carried out in order to make the setseful for the purpose
of this thesis work, a test cool down run was performed in otdeheck the reliability
of the measurements, with particular regard to the therntioongystem. To this pur-
pose the same array, previously characterized in the Cnjogeboratory of Milano
Bicocca, was put into the copper holder, placed in the TBDstgt, and a complete
characterization, based on the measurement of the loag@gwuvas performed. The
results were then compared to the ones obtained during #racterization performed
using the Milano Bicocca cryogenic set-up.
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Figure 5.40: Holder used for the characterization of the BL12 sensorevbdl K at Insubria
University

Figure 5.41 shows the results of this comparison: the vabfi@ssistance, deter-
mined in the homic region, as a function of temperature, éotqu for the two ther-
mistors characterized, using the two cryogenic set-uptéatan Milano Bicocca and
at Insubria University. The plot allows to appreciate thegagreement between the
data determined in the two cases, which resulted to diffefefss than 1%. The lack
of points in the lower temperature range, in the case of thesomements performed in
the TBT cryostat, is due to the difficulties encounteredmiyithe manual stabilization
of the temperature in this range.

In table 5.10 the results obtained with the simultaneowsjatiation of the load
curves are reported in the two cases. As can be seen, thensgreamong the ex-
trapolated values for the parameters of the hot electromaisdot perfect, though the
value ofTy is consistent. The difference can be ascribed to a probleémtiié modality
of operation of the automatic program, which is now goingesblved. To be specific,
the step width, used to deliver the bias voltage in the setbi@nge, produced a lack of
points in the measurdd- 4, curves, which probably affected the results of the interpo-
lation. Furthermore, the points in tiie— P; curves, corresponding to the higher values
of delivered Joule power, were not useful due to a saturatiche preamplifier, which
affected the resulting value of resistance. Finally, in¢hee of the TBT cryostat, the
background power determined by the interpolation resutidze of about (L pW.

After testing the set-up, a new cool down run was performeayrder to charac-
terize below 1 K a BL12 array with degree of compensation 34%tree thermistors
belonging to the same array of wafer 17 have been tested,geibtmetry 4 squares
and area 80& 800pm?. They will be identified in the following as: 17bol1, 17bol2,
17bol9. The array was glued upon one of the new devoted paskagd bonded as
usual with 25um diameter gold wires.
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Figure 5.41: Trend of the resistance as a function of temperature, foBtHE thermistors 11b7
and 11b8, as determined with the two cryogenic set-up ldcateMilano Bicocca (mib) and
Insubria University (TBT)

Thermistor Ro To a Oep Gep(100 mK)
(Q/s0) | (K) (W/KEmd®) | (W/K-md)
11b7MiB | 2259 | 3.3 | 494 | 6.8x10° 3817
11b8MiB | 2217 | 3.3 | 497 | 7.4x 1P 3919
11b7 TBT | 2276 | 34 | 51 | 53x1(° 3686
11b8 TBT | 2234 | 34| 52 | 59x10° 3721

Table 5.10: Parameters of the hot electron model, as extrapolated fnensitnultaneous inter-
polation of the load curves with= 0.5, for the two BL12 thermistors, measured using the two
cryogenic set-up located in Milano Bicocca (MiB) and at Imsa University (TBT)
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The results determined for the hot electron model paramgigrthe simultaneous
interpolation of the load curves performed witk- 0.5 fixed, are reported in table 5.11.
Figures from 5.42 to 5.47 show tlie— P, andR— T curves, for the three thermistors.
The results can be summarized as follows:

- the determined value df is quite consistent with the value extrapolated from
higher temperature measurements (see table 5.8); furtiterrits spread among
the three thermistors is below 1%, which, even taking intooaat the system-
atic uncertainties of the measuring procedure, confirmsuthiéormity of the
implanting process;

- the value ofa results to be less than in the case of the precursors, asiglrea
pointed out for the BL12 previously characterized; the samesideration is
valid for gep, though in this case the values related to the BL12 and tori&e p
cursors appear to be more consistent;

- the value ofGep(100 mK) is quite consistent with the case of the precursors,
taking into account the geometrical dependence;

- the background power seems to be higher than that deterrdiméayy the pre-
ceding measurements performed in the Oxford cryostat immdilBicocca: this
fact can also justify the problems with the thermistor 17hathich shows a
quite different behaviour with respect to the others;

- the R— Ps curves are well interpolated by the hot electron model egoatin
the whole range of temperatures considered (40 mK - 1 K) arglitence for
the existence of side conduction channels was noticed;attle df points for
some of the measurd®l— Ps curves is still due to the modality of operation of
the automatic program and to the saturation of the preamaplidis previously
pointed out;

- also theR— T curves are well interpolated using the hot electron moded; t
slight flattening of the curves below 50 mK can be ascribetea¢latively high
background power.

Given the above results, the values obtainedlfocan be plotted as a function of
the degree of compensation and compared to the resulteddtathe BL10 thermis-
tors. Figure 5.48 shows such plot, which still confirms anaappt shift of the relation
betweenTy and the degree of compensation (the BL12 thermistors wéritted us-
ing the same annealing procedure as the one used for BL1fifidd with "by" in
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Thermistor| R To | o ep Gep(100 mK) | S
(Q/s0) | (K) (W/KEm®) |  (W/K-m®) | (pW)
17boll 2275 | 41 | 49| 7.8x10° 4660 1.6
17bol2 2100 | 42 | 52| 1.3x10 3995 0.5
17bol9 2010 | 42 | 52| 1.3x10 3864 0.3
19e3 1888 | 58 | 55| 2.3x 10’ 4306 0.15

Table 5.11: Parameters of the hot electron model, as extrapolated fiersitultaneous interpo-
lation of the load curves with= 0.5, for the three BL12 thermistors with degree of compensatio
34%, measured in the TBT cryostat; for comparison purpdbses/alues of the same parameters
for a BL10 thermistor, with similar construction charaésécs, are reported (the corresponding
degree of compensation is shown in table 5.8)

the plot). As pointed out at the beginning of this sectioiis tiesult is likely to be a
consequence of a drift in the calibration of the implantingamine.

Table 5.12 shows the values of the paramepgrsx andGep(100 mK) for all the
BL12 characterized, calculated using the empirical refeti5.5, 5.6 and 5.7, linking
such parameters f§. A comparison between these results with those of tablek 5.1
and 5.10, still confirms the consideration pointed out camiog the BL10 sensors,
dealing with the hypothesis of a dependence of such rekbarthe geometry. Never-
theless itis interesting to notice that the value pfletermined by interpolating the load
curves, appears to be consistent to the value calculatad tie empirical relations.

Thermistor Ro o | Gep(100 mK)
(Q/s0) (W/K-m?3)
11b7MiB | 2376 | 5.4 5094
11b8MiB | 2366 | 5.4 5081
17boll 2266 | 5.4 4935
17bol2 2244 | 54 4901
17bol9 2245 | 54 4906

Table 5.12: Parameters of the hot electron model, calculated usingrigrieal relations 5.5,
5.6 and 5.7, for all the BL12 thermistors characterized WweldK; for the calculation the value
of Tp determined by the interpolation of the load curves was used

Finally, figure 5.49 shows the trend of the total electrompdn thermal conduc-
tance (not normalized by the volume) at 100 mK, extrapol&iat the interpolation
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Figure 5.42: R— Pe curves for the BL12 thermistor 17bol1, interpolated witle thot electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.43: R—T curve for the BL12 thermistor 17boll, interpolated with thet electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.44: R— Pe curves for the BL12 thermistor 17bol2, interpolated witle tiot electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.45: R—T curve for the BL12 thermistor 17bol2, interpolated with thet electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.46: R— Pe curves for the BL12 thermistor 17bol9, interpolated witle tiot electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.47: R—T curve for the BL12 thermistor 17bol9, interpolated with thet electron
model, in the temperature range between 40 mK and 1 K
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Figure 5.48: Tp as a function of the degree of compensation for the two BLX8yarmea-
sured below 1 K, superimposed to the trend determined inake of the four combinations of
annealing options used during the production of BL10 (se&¢€i§.14 for reference)

of the load curves, as a function of volume. The data reptébervalue averaged over
sensors with the same dimensions and refers respectivBlyt®, BL10 and BL4 ther-
mistors. This plot put into evidence the proportionalityhe volume of the parameter
Gep(100 mK), measured in W/K.

During the last cool down run performed in the TBT cryostédpawo of the in-
tegrated heaters have been chacterized, named h1l and hdmé&dsirements were
performed using the automatic load curve acquisition syst&s done in the case of
the LTR4 sample while measured below 1 K. The resistancesvakulted to be stable
within 0.2%, with the voltage across the heater varying betweend0@nd 5 mV.
Figure 5.50 allows to appreciate the good stability (less1th%) of the resistance of
the heaters (calculated by averaging over the measureds/atulifferent bias voltages,
for a given temperature stage) as a function of temperatutbe range 40 mK - 1 K.

Using the integrated heaters, interesting informatiomstzmdrawn about the ther-
mal conductance to the heat siGis. In the case of the arrays so far considered, the
coupling to the heat sink is provided by the silicon membravtele in the case of the
thermistors which have undertaken the last step of the mtimluprocess, and which
are ready to be used as detectors, it is provided by the siliegs. During the cool
down run performed in the TBT cryostat, during which the wivalonging to wafer 17
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Figure 5.49: Trend of the total electron-phonon thermal conductanced@tnK, extrapolated
from the interpolation of the load curves, as a function dimwe
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Figure 5.50: Trend of resistance as a function of temperature, measorétirange 40 mK - 1
K, for the two integrated heaters h1l and h4
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has been characterized, an attempt to measure the thernthictancesys provided
by the silicon membrane was also performed. To be specificnthasurement was
carried out for the thermistor 17bol1, using the correspogtieater h1.

Before describing the results, it is better to remember thadiions assumed for
the static and dynamic characterization of the thermisfanassented in chapter 3. In
the following, the parameté&s will always refer to the total thermal conductance, mea-
sured in W/K. First of all the system of equations 3.9, usedttie interpolation of
the experimentally determined load curves, is valid asagrthat the thermal coupling
between the phonons and the heat sink is maximized. In tmditon the tempera-
ture of the lattice can be considered equal to the temperafithe heat bath, with no
regard to the power dissipated into the system, and the belyrtal conductance in
the game isGep. On the other hand, when a definite amount of power is dissipat
directly into the phonon system by an interacting particleas in the considered case,
by an heating resistor, the temperature of the phonon syistehanged, being no more
coincident with that of the heat bath. The evaluation of tiermal conductanc€ps
can be performed by measuring a serie®pf T, pairs, withPR, corresponding to the
power dissipated into the phonon system. The temperatutteegbhonons should be
determined by avoiding to warm up the electron system, sttlfeetemperature of the
electrons and of the lattice can be considered equivalgnintgrpolating theP, — Ty
pairs using a polinomial fit, the value @ps as a function of the temperatuiig can
finally be calculated a{%, by a numerical differentiation.

The procedure actually adopted in the considered case céedoebed as follows:

- a complete "traditional" load curve of the thermistor hasbeneasured as a
first step; this allowed to calculate the temperature of teeteon system, once
determined the parametefgandRy, using equation 5.1 witki= 0.5;

- different Joule powers (of order nW) were delivered into thermistor lattice
by biasing the heater through a circuit provided with a glitead resistance
(in the specific cas&_= 20 MQ); the power injected was calculated Bs=
(VbiaS/RL)Z/Rh, whereR,;, is the heater resistance (previously measured);

- the consequent temperature increase of the lattice wasuneeblsy dissipating
into the electron system a Joule power lower than that delivéo the phonon
system (in the specific case of order 2®W); to be more precise, the measured
guantity was as usual the resistance, from which the teryperaf the phonon
system was extrapolated still using equation 5.1.
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Figure 5.51: Tp andTe as functions of the Joule power dissipated into the theamistom the
plot the decoupling between the phonon and the electroesysan be appreciated

The measurementwas performed at a temperature of the hkaifsibout 140 mK.

Actually only three points in thB, — T, curve were measured, due to external problems
dealing with the cryogenic set-up. However the decouplietyeen the phonon and
the electron system can be appreciated in figure 5.51, whertrénd ofT, andTe as
functions of the Joule power dissipated are shown. The \afl@&,s, extrapolated by
the numerical procedure above described, is of order 20 n&{/k00 mK. This value
should be compared to the total electron-phonon thermalwactance of the considered
thermistor, which, using the data of table 5.11, resultedemf order 1- 0.1 nW/K.
In chapter 3 it was pointed out that in the optimum detectairfigoiration the electron-
phonon coupling constant should be the highest of the cdadaes in the game: this
is clearly not the case for the arrays still provided with silecon membrane, which
thus can not be used as detectors.

5.3.4 BL12 as detectors

As previously announced only one array, useful to be opérasea detector, did sur-
vive to the last production step. Furthermore only eighthe ten thermistors were
available (the others got broken during the fabricationdymled with their integrated
heaters. The survived array has the following charactesisit belongs to wafer 16,
with compensation 34%, 2 squares, area 8@DOUM?.
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Preparation of the sample and holder for the dynamic characgrization

Considering the fragility of the sample, and also taking iatcount the problems en-
countered during the preparation (gluing and bonding oheation wires), a number
of test was carried out in order to identify the safer gluing donding techniques. The
test were performed using some samples provided with thebram, which were
glued upon the new devoted packages using different kindgues and bonded us-
ing various techniques, as below described. The so prepesedamples were cooled
down to nitrogen temperature, using thée pumped refrigerator, in order to check the
gluing system strength, as well as that of the bonding.

- Concerning the glues silver epoxy, stycast and condudtieeral grease were
tested. Silver epoxy was used in the case of the precursorsn he case of
BL12 arrays it proved not to be suitable, since the samplgaysd came off, af-
ter a cool down run. The problem with silver epoxy in the cad8Ld.2 probably
deals with the dimensions of the arrays: this glue resutiddte a poor strength
when used for so large devices, also considering that it veaessary to put it
over a small fraction of the sample, in order to avoid dangstbermal contrac-
tions. Stycast 2850 showed a quite higher strength, even whein the form of
few close spots. In this case, the contact surface area betihie array and the
package was inhanced by putting some thermal grease upgolidh&il on the
package, just in correspondence to the position of the fiafrttee sample. Ther-
mal grease is particularly suited to this task, since it ésathe needed freedom
of motion required by the thermal contractions.

- Concerning the bonding thechnique, ball bonding usindhégtparameters of
the machine was tested at first, in order to decrease thes stpes) the sample.
Since any effort in this direction did not provide good anliatde results, wedge
bonding was tested in the end. This thecnique is in fact gdigdess intrusive
with respect to ball bonding. The bonding machine locatetha cryogenic
laboratory of Insubria University is in fact provided withterchangeable tools,
both for ball and wedge bonding. Many test were necessamyrédhe most
suited wedge bonding parameters were found.

In view of the dynamic characterization of the BL12 thermist a new devoted
holder was realized. Figure 5.52 shows the project for tladization of this copper
holder, which should fulfill the following requests:

- a series of pins for the electrical connections should beigeal, being suited to
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Figure 5.52: Project and structure of the copper holder realized in viéthe measurement of
the BL12 thermistors, operated as detectors

Figure 5.53: Picture of the realized copper Figure 5.54: Picture of the realized copper
holder: the pins, glued and isolated from the holder, with the BL12 array glued upon the

copper using mylar, are visible devoted package, inserted in its place
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the structure of the packages; thus two holes of the requilireeénsions and in
the right position were produced in the copper holder, amal lines of twenty

pins each have been inserted and glued (using Stycast 288@};care was put
in order to avoid direct contacts between the pins and the@&opvhich could

produce electrical grounds;

- for the wiring the required connections were provided bydedhg constantan
wires to the related pins; since in this case each detectaidlibe measured by
means of a "two wires reading", being completely indipertdeam the other
devices, all the pins were left indipendent from each othetbeing connected
(differently from the case of the static characterizatiarwhich one line of pins
was read in common);

- the project also forsaw a further line of pins to be added édblder, in order to
provide the possibility to read in common the devices, ifdesk

- in the case considered here, the operating temperature ¢fi¢hmistors (which
is typically around 100 mK) is in principle changed by simpifivering a cor-
responding bias voltage, since the sensors are couple@ toeidit sink through
the silicon legs, which should provide a low enough thernuaiductancess,
as a consequence it should not be necessary to use an heaisigrto inhance
the temperature of the whole holder; nevertheless allé&ater was added to
the set-up, in case of any need;

- concerning the thermometer a LakeShore germanium resigtsrput in good
contact with the holder, by inserting it into a devoted hotel arsing thermal
conductive grease; the wiring was carried out using cotatawires, thermal-
ized to the holder using a varnished layer of cigarette pdymvever, in this case
the holder temperature simply provides a useful infornraéibout the conditions
of the experimental set-up, while the important parametsgsdirectly provided
by the sensors themselves;

- finally, the holder was provided with a central hole in copasdence to the
position of the detectors, in order to allow to face them taitesl radioactive
source; to this purpose also the package was provided withiescentral hole,
before gluing the array.

Figures 5.53 and 5.54 show some pictures of the holder ezhliind above de-
scribed.
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Calibration source

In order to characterize the dynamic properties of the BLiaya a point like>>Fe
source was used [59]°°Fe dacays by EC t8°Mn, which subsequently emits two
X-ray lines at 5.90 keVKq) and 6.49 keV Kp): these two X lines are used for the
evaluation of the energy resolution of the detector. Takimig account the desidered
activity induced in the detectors-(0.1 Bq), the geometrical configuration of the ex-
perimental set-up, and the attenuation coefficient of thesiciered X-rays in silicon
(shown in figure 5.55), 8°Fe source of total activity- 75 Bq was chosen. The rate
produced in the detectors, directly facing the source, wasuated considering the
distance separating them. The result obtained, consgl¢hie source placed on the
opposite side of the holder, with respect to the locationhef package, showed that
a too high total activity was required. For this reason therse was attached to the
package, on the opposite side with respect to the locatitimeddrray, so that a distance
just equal to the package thickness separates the two sladghfiguration the expected
rate induced in the detectors is of abolg 8q.

5000

3000

(cm™)

u

1000

Figure 5.55: Linear attenuation coefficient of X-rays, as a function cémgy, in silicon

The used source was produced some years ago, by puttingd spitt of aqueous
solution containing®Fe on to a piece of mylar and drying. Since it was not possible
to find reliable informations regarding the precise locataf the spot on the mylar
support, a devoted measure was carried out in order to sohiyg@toblem. The source
was measured using a silicon pixel detector, withuh? spacial resolution, located
in the Laboratory of Silicon Detectors at Insubria UniversiThe source was faced
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to the silicon detector, able to detect the X-rays comingnfib (figure 5.56). At the

same time a laser beam was used to lighten the source: tbensdietector is also
able to detect this light, where not stopped by the presefiea interposed element.
This procedure allowed to take a kind of picture of the shajpth® mylar support,

superimposed to the picture of the source spot, produciag<tnays. The result is
shown in figure 5.57, where the shadow of the mylar supportthedocation of the

5Fe spot, as suggested by the arrow, are visible. Figures@n88.59 show some
pictures taken at the microscope of the detectors facedt’Ee source.

Figure 5.57: Shadow produced by the my-
Figure 5.56: Picture of theFe source lar support superimposed to the "picture”
during the measurement performed with theof the ®°Fe spot, as detected by the silicon
silicon pixel detector pixel detector

Figure 5.58: Picture of the BL12 detectors Figure 5.59: Picture of the BL12 detectors
faced to the®Fe source, taken at the micro- faced to th&°Fe source, taken at the micro-
scope scope; the wedge bonding are also visible
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Dynamic characterization

Various cool down runs have been carried out, since duriegetirly ones no useful
results, in terms of the dynamic characterization, werevdralue to problems dealing
with excessive noise or with the electronic set-up. Unfoatiely, during this series of
attempts, a further problem occured with the BL12 array:styeast did not withstand
the sequence of cooling down and consequently some of therslegs went broken.
In the end two thermistors, only provided with the silicog linking the thermistor
to the heat sink (see figure 5.60), were characterized froynardical point of view.
Furthermore the measurements were performed without asgrbér coupled to the
sensors: in this case the thermistors operate as calorsnbtemeselves, the silicon
substrate acting as the absorbing element.

Nevertheless, the early runs carried out in the TBT cryostat useful to evaluate
the thermal conductance of the three silicon legs (befag tent broken), by means
of an indirect approach, as described in the next paragraph.

Figure 5.60: Picture (taken at the microscope) of the two thermistorsigierl with one silicon
leg, characterized from a dynamical point of view

The measurements descussed in the following, concerniogsémsors provided
with only one silicon leg, were performed in a different diéun refrigerator, still lo-
cated in the Cryogenic Laboratory at Insubria Universitlyisicryostat arrived in Como
directly from the Air Liquide Laboratories of Grenoble: fthis reason it will be ref-
ered to as AL cryostat. It is quite different from the TBT, &t has been designed to
work without the liquide*He bath. The condensation of the mixture is in fact achieved
by means of a cryocooler, namely a Pulse Tube (PT), and thie-Jtompson ef-
fect [60,61]. The AL cryostat is provided with both an IVC shiing and an OVC
(outer vacuum chamber), isolating the inner volume frommmaemperature blackbody
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radiation. Temperatures as low as-1A5 mK can be reached in principle. A quite
large space is available below the mixing chamber in this €26 cm heightc 18 cm
diameter). The cryostat is equipped with a set of thermoraeted two Jaeger connec-
tors, with 12 pins each. The wiring, provided by Air Liquide thermalized at various
temperature stages. The choice to use this refrigerat@adsof the TBT, in view of
the dynamic characterization of the BL12 thermistors, was td the more stable con-
ditions attainable using the PT cooling system, with respethe use of afiHe bath.
In figure 5.61 some pictures of the dilution unit of the AL csyat are shown.

Figure 5.61: The left picture shows the complete dilution unit of the Alyastat; the right pic-
ture shows the bottom part of the dilution unit, with the resléor the dynamic characterization
of BL12 thermistors coupled to the mixing chamber

The general measurement procedure, adopted for the dyrcdraiacterization of
microcalorimeters, can be summarized as follows:

- measurement of a complete load curve in order to find the aptimvorking
point, as explained at the end of section 2.3.1; this is aplistred by leav-
ing the holder housing the detectors at a temperature gnelng to the base
temperature of the cryostat; the operating temperaturbeobblometers is then
inhanced as a consequence of the polarization;

- setup the devoted electronics;

- acquire pulses induced by the source, and baselines (wbithspond to the
voltage level before the developement of a pulse), and firailblyze them to
deduce the properties of the detectors and to evaluateghaldb noise ratio.
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Figure 5.62 shows the electrical read-out configuratiom dsethe measurement,
which can be devided into four main parts (see also [62]):

Biasing systemThe thermistor is symmetrically biased by means of two lcesls-
torsR_. In this way a differential signal is read, thus avoiding eoon mode
noise. At the working temperature the conditign>> R should be assured, in
order to produce a constant bias current into the bolome&érce the silicon
thermistors behave like a resistance of orderll00 MQ at the typical operating
temperatures~ 100 mK), R_ is chosen with values of order@ These high
load resistance values allow to reduce the Johnson noiggladion, due to the
high bolometer resistance.

First differential stage It consists of a differential preamplifier with gafd = 218,
which contributes to the reduction of the common mode nagsetlfe micro-
phonic noise). In fact it cancels all the noise pulses ofkhid, since they reach
the differential stage with the same phase.

Bessel filter A low pass Bessel filter is used in order to cut as much as pestib
spurious frequences, which could otherwise worsen theasigmoise ratio. It
is possible to set the value above which all the frequencesuarby choosing
among a limited available range (maximum 70 Hz). In ordettoaetffect the sig-
nal amplitude, the cut frequency should be higher then thdrmam frequency
contained in the signal. This is a crucial point, especiallhe considered case:
the electronic set-up used is in fact optimized for macrobwtric measure-
ments, where the signals are usually slow and thus not affdny the presence
of a low frequency Bessel filter. Microcalorimeters, on thkees hand, usually
produce faster signals. As a consequence, the use of avedyatvo low Bessel
filter (the effect of which consists in an integration of thelge) might change
even dramatically the signal shape. As will be discussesl réisults obtained
concerning the detector performances actually suffereah this non optimized
operating condition.

Second stageAn additional amplifier stage, with adjustable gain, is sefobe the
signal is transmitted to the ADC.

A further crucial point, concerning the electronic set-upoar laboratory, deals
with the fact that it operates at room temperature. Greatawvgments of the signal
to noise ratio can be achieved by using a cold electronicestéy particular the first
differential stage can be set to operate~al20 K: in this case, series and parallel
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preamplifier noise is reduced by the fact that this noise elsgs with temperature.
Cold electronics can also help to reduce microphonic noigech is quite disturb-
ing when observing low energy signals. Concerning this pdlire parasit capacitance
of the signal wires from the mixing chamber to room tempe®tlectronics is esti-
mated to be around 1691000 pF. The combination of this capacitance with the tyipica
bolometer impedance (severakd) produces a pole which integrates the signal with a
time constant of about several ms. This prevents the obisemaf the fast component
of the signal and surely leads to a substantial underestmatf the pulse amplitude.

R, Bessel filter
Veas T S N > ADC
ST YN
R, : : Diff. -

300K 100 mK 300K

Figure 5.62: Scheme of the electrical read-out set-up

After being processed by the electronic set-up, which isguainside a devoted
Faraday cage, the signals are sent simultaneously to thedtmaDigital Converter
(ADC) and to the trigger that commands the ADC. If the pulselitorde is higher
than the trigger threshold (which is independently set frhedetector) the signal is
digitalized and transmitted to a PC. The acquisition harevsacomposed by CAMAC
boards and the custom acquisition software was written Iphgetta, in the context of
the CUORE R&D activities carried out in our Laboratory [63]he ADC parameters
can be adjusted on pulse characteristic, but usually agmeltange of - 10 V is
used. The sampling rate is usually set te 8 kHz and for each pulse 1024 points are
acquired.

The data analysis is completely performed off-line, usiofiveare tools devoted
to the Cuoricino data analysis. The main goals of the amalysicedure consist in
the extraction of the useful informations concerning thé&spshape (amplitude, rise
and decay time) and the noise sources, in order to evaluatetector performances
in terms of signal to noise ratio. The analysis procedurepsatbfor the two BL12
thermistors characterized can be summarized as follows:

- at a first level the single pulses recorded are studied, ierdw estimate their
shape, in terms of amplitude and rise time, and to producevarage pulse;
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this stage is also useful for the rejection of spurious esjetmiggered by the
acquisition system and recognizable by means of pulse sireggsis; the signal
to noise ratio can be estimated by a parallel analysis of tiqeieed baselines,
which carry the informations regarding the noise spectrum;

- the final aim of the first level analysis consists in the prduuncof reliable ntu-
ples, which contain the parameters needed for the congtruof the energy
spectra; this second level analysis allow then to evallegettual energy res-
olution, which should be compared to that expected by theasip noise ratio
previously determined.

The software tool used for the first level analysis, caladate important pa-
rameters contained in the ntuples by processing the singfeg using the optimum
filter (OF) technique. This allows to evaluate the best estnof the pulse ampli-
tude, in presence of superimposed noise. Once the noistspdd(w) is determined
by studying the baselines, the optimum filter defines a tegrfsihctionH (jw) given
by [64]:

H(jw) O S(®)
(joo) O S 2w)
whereS;(w) (defined in equation 3.20) is the pulse shape determineeas#drage
over a significant number of recorded pulses. The noise spadi(w) is calculated
as the average of the Fourier transforms of the acquiredibhase The other param-
eters evaluated and recorded in the ntuples, besides theuwnpffiltered amplitude in
both time and frequency domain, are: the absolute time atiwdsch pulse occurred,
the baseline level (a small portion of which is registeretbleeach triggered pulse)
which is linked to the temperature of the system, the baseliot mean square for
the noise trend analysis, the signal rise (10-90%) and dices (90-30%), the pulse
shape parameters which contain the informations regattimdifference between the
recorded signal and the calculated average pulse.

Concerning the baseline level, it is in principle useful dorect off-line the temper-
ature instabilities, which consequently produce voltage #us sensitivity variations.
This correction can be performed with the aid of heater mjlas explained in 2.3.1.
Since in the case considered here it was not possible to oatrguch analysis, the
baseline instabilities should be considered as a furthetribmition to the broadening
of the energy resolution.

(5.9)

The two thermistors characterized will be named in the feilgy b3 and b5. First
of all a complete load curve was measured for both thernsstsing the electronic
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set-up above described, without activate the bessel filigtlze second stage. The load
curves were determined manually and the working point famgirically (without the
aid of heater pulses).

The electronic set-up allows to deliver a series of biasag#tvias and to measure
the corresponding voltage produced across the thermigidhe constant current flow
| can be calculated since the load resistance is also knovinginsual approximation
R. > R); finally the resistance of the seng®can be extrapolated, from which the cor-
responding temperature of the electron sysigican be derived, using the hot electron
model equation 5.1, witly = 0.5. Concerning the parametefs and Ry, the values
previously determined by the static characterization cansed.
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Figure 5.63: Load curves determined for the two BL12 thermistors b3 andab8 for detector
6 of table 5.1

Figure 5.63 shows the load curves, measured for the two Bhégrtistors, com-
pared to the load curve of detector number 6 of table 5.1, aseg by one pixel of
the NASA array coupled to a AgReQ@rystal. The NASA thermistor shows a higher
resistance, with respect to the two BL12 sensors, at lediseilower temperature range
(below~ 75 mK), as can be appreciated in figure 5.64, where the ratwdss the two

4Since the array considered here was not characterized fratatia point of view, the values d and
Ro, determined for the BL12 thermistors with degree of compéon 34%, previously characterized in the
TBT cryostat, were used; concerniffg it was normalized considering the different square number



188 Thermistors: low temperature characterization and expemial results

resistances is plotted as a function of temperature. Thitaes the different slopes in
the initial part of the load curves and the higher voltagesision point for the NASA
thermistor.

RINASA) ARCIRST)

0.03 0.04 0.05 0.08 0.0 0.08 0.02 0.100.11

T (K)

Figure 5.64: Ratio between the resistance of the NASA thermistor anddh#te BL12 ther-
mistors, as a function of temperature (green line); theedbline indicates a value of the ratio
equal to unit

Furthermore, the two BL12 thermistors characterized shaimalar, though not
identical, behaviour: in particular the resistance of bpegrs to be slightly higher
with respect to b3. This fact can be explained using varigythesis, though it was
not possible to draw a definitive conclusion:

- the temperature of thermistor b3 may be inhanced by the pcesef a higher
background power, as a consequence its resistance is tbditbaespect to b5;

- there may be a slight temperature gradient along the copgdehand conse-
quently through the sample;

- there may be a slight dishomogeneity of the implant throhigtetrray.

Microcalorimeters, unlike macrobolometers, are oftenrafezl beyond the inver-
sion point of the load curve, since in that region the elébhomal feedback can be
exploited in order to produce very fast pulses. In partiguatector 6 from the NASA
array was operated witt}, ~ 1.7 mV, corresponding to a temperature of 85 mK.
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Figure 5.65: Working points for the two BL12 thermistors and the NASA timéstor

In the case of the BL12 thermistors the dynamic measurenvesits performed
in correspondence of two different working points, in orttestudy the different be-
haviour below and beyond the inversion point of the load earvlo be specific, the

two detectors were characterized in correspondence ofdall@ving working points,
as shown in figure 5.65:

- for b3, first working point\y ~ 1.4 mV, | ~ 12 pA, corresponding to a temper-
ature of~ 40 mK;

- for b5, first working point\Vy ~ 1.7 mV, | ~ 7 pA, corresponding to a tempera-
ture of ~ 37 mK.

- for b3, second working pointV, ~ 1.6 mV, | ~ 588 pA, corresponding to a
temperature ofv 100 mK;

- for b5, second working pointV, ~ 1.6 mV, | ~ 300 pA, corresponding to a
temperature of- 85 mK.

Before entering into the details of the measurements pmedr it would be useful
to remind again and summarize the experimental conditiaséch, since not opti-
mized, surely induced a limitation to the detector perfances:
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- the absence of a cold stage of the electronic set-up sumdls I an underesti-
mation of the pulse amplitude, due to the combination of tragit capacitance
of the signal wires with the typical bolometer impedance;

- similarly, the impossibility to set-up the electronics ie@nfiguration optimized
for microcalorimetric measurements, leads to an undenesitbn of the signal
amplitude, due to the presence of a low frequency Bessel ften more in the
case of very fast signals;

- the presence of ground loops in the actual configurationeo$#t-up would have
required a stronger effort, in order to reduce all the noisgtiencies introduced,
like the 50 Hz component;

- the holder housing the samples is not optimized in order @idemicrophonic
contributions to the noise spectrum;

- the absence of a proper absorbing element coupled to thaidters and the not
suited properties of silicon, to act as the energy absosbeely limit the energy
resolution;

- the relatively low counting rate of the source used, make®#tkground counts
to compete with the rate of events from the source;

- the absence of heater pulses, to be used for the correctithre dfaseline insta-
bilities, further contributes to the broadening of the gyaesolution.

However, the discussion which follows, concerning the wsialof the measure-
ments performed, shows that the results so far obtainedeagepromising and that
great improvements could be obtained by simply optimizhregeéxperimental set-up.

Taking into account the considerations above discussedlythamic measurements
were performed using the maximum available total gain aedntlaximum available
bessel filter, equal to 70 Hz. Figures from 5.66 to 5.69 sh@yhical pulses recorded
for thermistor b3 and b5 respectively, in correspondendbetwo different working
points, superimposed to the related average pulse. Thalsifpr the two detectors, at
a given working point, are similar, but not identical: in peular, pulses from thermis-
tor b3 show faster rise and decay times. This can be justiikidg into consideration
the different behaviour shown also during the measuremktiteoload curves. Fur-
thermore the signals appear to be quite faster in corresgpareto the second working
point, as expected due to the position located beyond thersion point of the load
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Figure 5.66: Pulse recorded for thermistor b3, in the configuration coading to the first
working point described in the text, superimposed to thewated average pulse
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Figure 5.67: Pulse recorded for thermistor b5, in the configuration gpanding to the first
working point described in the text, superimposed to thewated average pulse
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Figure 5.68: Pulse recorded for thermistor b3, in the configuration cgpaading to the second
working point described in the text, superimposed to theutated average pulse
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Figure 5.69: Pulse recorded for thermistor b5, in the configuration Ggpaading to the second
working point described in the text, superimposed to thewated average pulse
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curves. Of course, by observing the pulses, a characterisise component of fre-
guency~ 50 Hz appears, which is especially visible in the case of tis¢ \fiorking
point: this is surely due to a ground loop which was not elimtédl.

Figures from 5.70 to 5.73 show the noise spectra, obtairad the analysis of
the acquired baselines, for the two thermistors, in comadpnce of the two working
points, superimposed to the signal spectra, in the frequdomain. Two elements
arise by observing the plots:

- the 50 Hz frequency peak is visible, as already noticed by sy the pulses;
other components are also present, mainly due to microghmni

- the signal spectrum gets below the noise spectrum in caregnce of a fre-
guency of about 5 Hz for the first working point and 20 Hz for gexond
working point: the useful frequency bands appear to be abalty low for
microbolometers. This may be explained through the aifisiowness of the
pulses (because of the bessel cut-off and the parasiticitapee) and the not
optimized noise level.

The noise spectra were integrated betweerbD0 Hz, in order to evaluate the root
mean square noise (Vrms): the results are reported in tab% 5

The energy spectra from figure 5.74 to 5.77 show clearly tlksgace of one main
peak, which can be ascribed to the superimposition of thedway lines, coming from
the>5Fe source: the energy resolution appears to be not suffitieseparate between
the two lines. However, in order to perform a correct evaarabf the FWHM, a
deeper analysis was carried out as later described. A selmel peak is also visible,
located at lower energy: its origin is probably due to flucssee X-rays, coming from
calcium contained in the fiberglass packagad corresponding to an energy of about
3.7 keV. The typical signal amplitude, for events correspagdb a 590 keV X-ray,
can be extrapolated from the energy spectra, since it quorass to the position of the
peak centroid, normalized by the gain of the electronicuget-The amplitude values
so determined are reported in table 5.13.

The mean rate measured in all cases is of ord&t 0 0.03 Hz, thus slightly lower
then the 3 Hz rate evaluated during the preparation of the sampleekienthe differ-
ence can be justified considering the approximations anddaigions in the evaluation
of the source-detector distance.

SFiberglass contains 58 to 60 percent i1 to 13 percent Al0z, 21 to 23 percent Ca0, 2 to 4 percent
MgO and 1 to 5 percent Ti©
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Figure 5.70: Noise spectrum for thermistor b3 superimposed to the sigpattrum, in the
frequency domain, recorded in the measurement configaraticcesponding to the first working
point described in the text
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Figure 5.71: Noise spectrum for thermistor b5 superimposed to the sigpattrum, in the
frequency domain, recorded in the measurement configaraticcesponding to the first working
point described in the text
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Figure 5.72: Noise spectrum for thermistor b3 superimposed to the sigpettrum, in the fre-
guency domain, recorded in the measurement configurativagmonding to the second working
point described in the text
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Figure 5.73: Noise spectrum for thermistor b5 superimposed to the sigpettrum, in the fre-
guency domain, recorded in the measurement configurativaegmonding to the second working
point described in the text
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The signal to noise ratio was evaluated using a devoted sisdtyol (the same used
to calculate the noise spectrum integral). The correspunekpected FWHM value,
measured in Volt, was also determined. The expected enesgjution in eV was then
calculated by using the proportionality:

FWHM[Volt] x 5900
Amplitude @59keV|\olt]

AEFwHMm[eV] = (5.10)
were 5900 corresponds to the energy in eV of Kaeline of the®>Fe source, and
the Amplitude @5.9 keV in \Volt corresponds to the peak cadtietermined from the
energy spectrum (normalized by the gain).
In table 5.13 all the results of this analysis are reportegether with the typical
values of rise1;) and decay timetg), also shown in figures from 5.78 to 5.83.

Thermistor Amplitude | Vrms | AErwHMm T Tg
& working point | @5.9 keV @5.9 keV
(HV) (HV) (eV) (ms) (ms)
b3w.p. 1 143 17 964 20—-25| 63-80
b5w.p. 1 178 2.6 424 33—44 | 113-127
b3 w.p. 2 19 0.4 288 2-6 17-25
b5 w.p. 2 31 0.8 198 3-7 26— 28

Table 5.13: Results in terms of signal amplitude @5.9 keV, root mean ignaise (Vrms)
calculated by integrating the noise spectrum betweeA0 Hz, typical range of rise and decay
time of the pulses, and expected energy resolufigay v @5.9 keV obtained through the
analysis described in the text

Concerning the root mean square noise, the resulting vaeeguite high, con-
firming that the whole set-up requires to be further optirdiz&s already pointed out.
The expected energy resolution is consequently affecteal fagt optimized signal to
noise ratio. The values &ErwHm @5.9 keV, obtained from the analysis, confirm in
fact that it is not possible to separate between the’fize X-ray lines.

Nevertheless, in correspondence to the second working fotrated beyond the
inversion point) the energy resolution appears to be imgdoas well as the rise and
decay times, which result to be shorter (faster pulses). Heérother hand, the signal
amplitude is quite lower at the second working point, as etgue due to the lower
resistance value (higher temperature). However, it is lwvtwtnotice that the low fre-
quency of the Bessel filter may affect even more the pulseestmagorrespondence of
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Figure 5.74: Energy spectrum for thermistor b3 (amplitude in arbitranjts), recorded in the
measurement configuration corresponding to the first wgrkioint described in the text
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Figure 5.75: Energy spectrum for thermistor b5 (amplitude in arbitranjts), recorded in the
measurement configuration corresponding to the first wgrkioint described in the text
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Figure 5.76: Energy spectrum for thermistor b3 (amplitude in arbitranjts)), recorded in the
measurement configuration corresponding to the secondimgppoint described in the text
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Figure 5.77: Energy spectrum for thermistor b5 (amplitude in arbitranjts)), recorded in the
measurement configuration corresponding to the secondimgppoint described in the text
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Figure 5.78: Rise time spectrum for thermistor b3, recorded in the measent configuration
corresponding to the first working point described in the tex

S0

40

Counts

20

-0.0

Rise time (ms)

Figure 5.79: Rise time spectrum for thermistor b5, recorded in the meamant configuration
corresponding to the first working point described in the tex
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Figure 5.80: Rise time spectrum for thermistor b3, recorded in the mesamant configuration
corresponding to the second working point described ingke t
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Figure 5.81: Decay time spectrum for thermistor b3, recorded in the messent configuration
corresponding to the first working point described in the tex
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Figure 5.82: Decay time spectrum for thermistor b5, recorded in the measent configuration
corresponding to the first working point described in the tex
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Figure 5.83: Decay time spectrum for thermistor b3, recorded in the measent configuration
corresponding to the second working point described ingRe t
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the second working point, were the signals show faster mgkdeecay times. By ob-
serving the energy spectra reported in the related figunesattual energy resolution
appears to be in accordance with the expected value, or égéatlysworse.

Besides the considerations so far pointed out, concerhimgat optimized operat-
ing conditions, the asymmetric shape of the main peak, dsawéhe broadened energy
resolution, can be also ascribed to the absence of a propereabsorber. Concerning
this topic, the following considerations about the use lgf@n as energy absorber were
pointed out in chapter 3:

- the detector response may depend on the interaction paiettalthe partial
thermalization of the primary high energy phonons direaitp the thermistor;

- the silicon substrate is not well suited to act as the enelipproer, due to
the presence of metastable states, in which part of the deda@nergy can be
trapped for a time interval longer than the time of formatidnhe signal.

For the same reason, a comparison with the detector perfar@saobtained with
the NASA array will not be meaningful, since in the latter edke thermistors are
coupled to proper absorbing elements.

A further contribution to the broadening of the energy resoh must be consid-
ered to complete the analysis. Figures from 5.84 to 5.87 gheurend of the baseline
level with time, which is clearly unstable in all the congigle cases, thus surely affect-
ing the results in terms of energy resolution.

Finally, the best spectrum acquired, corresponding toeicersd working point for
thermistor b5, was calibrated using the two X-ray peaksgeaed: the 3.7 ke\Ky
line from Ca and the 5.9 ke¥ line from Mn. The calibration gave as a result the
following linear relation, between energlgY and ADC channel (ch):

E(keV) = 0.1812%/ -ch number-0.22 (5.11)

Figure 5.88 shows the spectrum calibrated according tolibeerelation.

Evaluation of the phonon-bath thermal conductance

As previously announced, the measurements performedgithim early cool down
runs carried out in the TBT cryostat were useful to deterntireegphonon-bath thermal
conductance, in the case of the sensor linked to the heabgitile three silicon legs. It
was then possible to make interesting comparisons betvearesults obtained in this
case and in the case of the thermistors provided with onédesgilicon leg, measured
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Figure 5.84: Baseline trend as a function of time for thermistor b3, reearin the measurement
configuration corresponding to the first working point désed in the text
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Figure 5.85: Baseline trend as a function of time for thermistor b5, reearin the measurement
configuration corresponding to the first working point désed in the text
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Figure 5.86: Baseline trend as a function of time for thermistor b3, rdeorin the measurement
configuration corresponding to the second working pointdbed in the text
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Figure 5.87: Baseline trend as a function of time for thermistor b5, rdeorin the measurement
configuration corresponding to the second working pointdesd in the text
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Figure 5.88: Spectrum for thermistor b5, recorded in the measuremenfigroation corre-
sponding to the second working point, calibrated accortindpe relation 5.11

in the AL cryostat. Furthermore the results were compareithéotheorical expected
value, calculated using the kinetic gas model.

Before entering into the details of the performed measurgspét will be better
to remind the conditions assumed for the dynamic charaetioin of the calorimeters
and the relation occurring between the thermal conductaimcthe game. Still in the
present case the symt®lwill identify the total thermal conductance, mesured in W/K
As discussed in chapter 3, in order to optimize the detecdiopmances, the thermal
conductance to the heat bath should be minimized. In theaeresl case the thermal
model includes two thermal conductances, operating iesésince the absorber actu-
ally coincides with the phonon system): the electron-pimthermal conductand@ep
and the phonon-bath thermal conductaGge The measurable parameter corresponds
to the total thermal conductance, which is given by:

_ Gep:Gps
B Gep+ Gps
Giot corresponds to the parameter determined from the intetipolaf the load
curves, or from the numerical differentiation of the copesdingP. — Te curve. In the
case of a high phonon-bath thermal conductance, sd3ggat- Gps (as in the case of
the thermistors provided with the silicon membra@g) can be approximated to the
electron-phononthermal conductance. In the case treatedle thermistor is coupled

Gtot (5.12)
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to the heat sink throught the silicon legs, so the validityhaf previous approximation
should in principle break down. Given the above considenatjif one determingS;qt
by using a measured load curve, it should be possible to atelps by means of
equation 5.12, by inserting the value G§, previously determined through the static
characterization.

The procedure actually adopted for the evaluatioGgd can be described as fol-
lows:

- A complete load curve was measured by hand, using the sartieoglie set-
up adopted for the dynamic characterization of the detecod described in
the previous paragraph. The load curve was measured in twr@stabilish the
optimum point of the considered detector, at the base testyrerof the heat bath
(about 30 mK in the case of the TBT, and 20 mK in the case of therbstat).
As already discussed, the resistance of the sdRsan be extrapolated from the
measured load curve, and the corresponding temperatuhe @lé¢ctron system
Te can be derived using the hot electron model equation. Firalbo the Joule
powerPe dissipated into the thermistor can be calculated. By imtiing the
P= — Te curve so determined using a polinomial fit, the total theromsductance
Gtot as a function of temperature can be evaluateg%s

- Since the considered array was not previously charactefinen a static point
of view, the value ofGep as a function of temperature can be determined by using
the results obtained for the BL12 thermistors with degreeonfipensation 34%,
previously measured in the TBT cryostat. To be specific, theten-phonon
thermal conductance of the considered thermistor was ateduwsing equation
1.23, where the value afep (in W/K®) was calculated taking into account the
different volume of the presently measured thermistortisig from the results
obtained during the static characterization of the others.

- The so determined values Gt andGiot can be inserted into equation 5.12 in
order to evaluat&ps as a function of temperature, corresponding to the thermal
conductance provided by the silicon legs. Furthermoreeisalts obtained con-
cerningGps(T) can be interpolated using a power law function, in order &oth
the consistency of the observed trend with the theoricalehaiven by equation
3.11.

The measurementwas carried out for only one thermistorcéise of three silicon
legs (identified bﬁ%s), and for both the thermistors (b3 and b5) in the case of one
silicon leg (identified a&Fy(b3) andGi(b5)).
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The obtained results are very promising, since the thermadiactance to the heat
sink provided by the silicon legs (in both cases of three ag)aesulted to be less
than the electron-phonon thermal conductance, by moredherorder of magnitude,
around 100 mK (the typical operating temperature of micimt@meters). Some data
are reported in table 5.14.

Temperature Gep Gps(b3) Gps(b5) G3s
(K) (W/K) (WIK) (W/K) (W/K)
0.086 36x1010 | 235x10°11 | 222x10°11 | 3.3x 1012
0.091 46x1010 | 273x10 11 | 253x 1011 | 38x 1011
0.104 83x1010|384x1011 | 346x10 11| 58x10 1
0.116 1.3x10° | 507x10 11 | 446x10 11| 79x 1011
0.123 1.7x10° | 586x1011 | 511x10 11 | 95x 1012

Table 5.14: Results obtained for the value of the thermal conductantieetbeat sink in the case
of three silicon legs@3) and one silicon legGss(b3) andGl(b5)) compared to the values of
Gep, at various temperatures around 100 mK

The expected value @ps can be calculated using the kinetic gas model (consider-
ing a gas of phonons) and taking into account the dimensithesilicon legs reported
in section 5.3.2. According to the kinetic theory of gashe,thermal conductivity of a
gas of phonons is given by:

n{v)Acy

g[w/K-emj = =

(5.13)

with:
n = particles per unit volume, calculated @ssi/Asi) - Na
Na = Avogadro number
A = mean free path (the minimum possible path was considerec:spmnding to the
thickness of the silicon legs 4 x 103 cm)
(v) = mean velocity of acoustic phonons in silicon (sound spe@20x 10° cm/s)
o =% Tl“R(@lD)3 is the molar heat capacity of silicoR & 8.314 J/kmol).

The thermal conductance can then be determined as:

GpW/K] =g- ? (5.14)

whereS is the cross-section area ahdhe length of the considered silicon leg.
Considering the dimensions of the larger silicon leg (the limking the thermistor to
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the heat sink) the theorical calculation giv&(100 mK)= 1.8-+0.45x 10~ W/K,
thus in good agreement with the measured values (the uirggrtakes into account
the imprecision on the evaluation of the thickness). Aniisg@pproach can be used in
order to estimate the actual mean free path of phonons, vidhetpected to be slightly
higher with respect to the value used in the previous cdiicuia The phonons can
in fact move through the silicon leg in all directions, ané tinean free path should
correspond to an average value over all the possible patagirtg from the vaIueG%,S
experimentally determined at 100 mK (~ 3.5 x 10~ W/K) the corresponding mean
free path results to bex810-3 cm.

Furthermore, the values obtained by the measuremerﬁ},@()m) andG%s(bS), in
the cases of thermistors provided with only one leg, coiaeiith ~ %Gf;s, determined
in the case of three silicon legs, as expected taking intowatdhe relative dimensions
of the three legs.

Figure 5.89 shows the comparison amd@yg, the values ops determined in the
two cases of oneQps b3 lleg andGps b5 1leg) and three legGps 3legs) and the

calculated valu€ps = 3 - G2

© Gps bs lleg
® Gps 3 legs
-9
10 25/9 Gps 3legs

.
- PR
10" 5 n %
g 0

Figure 5.89: Comparison amonGep, the values 0G5 determined in the two cases of origp
b3 1leg andGps b5 1leg) and three silicon leg&fs 3legs) and the calculated value/@Gps
3legs); the data cover different temperature ranges, d@pgmipon the region considered during
the measurements

Finally figures 5.90, 5.91 and 5.92 show the results of therpdlation of the de-
terminedGps values as a function of temperature, for the three casesdmes: three
silicon legs, one silicon leg thermistor b3 and one siliceg thermistor b5. The data
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Figure 5.90: Result of the interpolation of the determin@@svalues, for the case of three silicon
legs, as a function of temperature, according to a power lawgtfon; the exponent determined
by fitting the data is- 2.8
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Figure 5.91: Result of the interpolation of the determin@%s(bS) values, for the case of one
silicon leg, thermistor b3, as a function of temperatureoading to a power law function; the
exponent determined by fitting the datai2.6
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Figure 5.92: Result of the interpolation of the determin@%s(bS) values, for the case of one
silicon leg, thermistor b5, as a function of temperatureoading to a power law function; the
exponent determined by fitting the data~i2.3

appear to be well interpolated by a power law function, wikh@ent~ 2.3— 2.8, thus

in good agreement with the theorical value in the case oédigt materials (see equa-
tion 3.11). The rather low value in the two cases of one giliey can be ascribed to
the fact that a narrow range of temperatures was considenéathe measurements.



CONCLUSIONS

In this thesis work, the fundamental mechanisms which atbetbasis of the low
temperature transport properties of doped semiconduetaces have been studied, as
applied to the developement of bolometric detectors ofiglas.

The first part was devoted to the study of the low temperatehabiour of resistive
elements, realized using silicon doped well above the Mihe used for the sabiliza-
tion of CUORE bolometers. Concerning this topic, interggtnd useful results have
been obtained. The characterizations performed allowetpnly to test and select
the devices to be actually used for the developement of theRIE)detectors, but also
to better understand the physical properties of such ds\dace to determine further
useful informations about their low temperature behavidarparticular, interesting
correlations were found, linking the properties shown abelow liquid helium tem-
perature and at nitrogen temperature. The measuremeritsrped below 1 K, in the
typical range of temperatures at which bolometers are tpeérgave positive results
as well, in terms of stability of resistance of the studiedides, which thus appear to
be well suited to accomplish their main tasks. The perforreammctually shown, while
operating them as stabilizing elements in the context ofGW®ORE R&D activities,
performed in hall C at LNGS, further confirmed the relialyilitf the tested devices.

In conlusion, the heating elements characterized durirgyttiesis work will be
used for the construction of CUORE detectors. Furthermieejnformations mean-
while gathered will be used to speed up and save money durgiggelection, which
is still in progress.

Finally, a set-up based on*ale pumped refrigerator, realized in view of the char-
acterization of CUORE heaters, is at present availablegrdtyogenic Laboratory at
Insubria University, useful for any kind of measurementiidrich temperatures as low
as~ 1.5 K are required.

The second part of this thesis work was devoted to charaetée static and dy-
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namic properites of silicon based thermistors, operatinipé variable range hopping
regime. Such sensors were realized mainly following thé@népes drawn from the
results already obtained with precursor devices. Howeew, technologies, based on
the use of micromachining, have been included, in ordertiddate arrays of thermis-
tors, relatively easy to handle, in view of their integratim large microcalorimeter
arrays (in the context of the MARE experiment).

Concerning this topic, the results obtained showed thatigh many problems
arose dealing with the production process, the main paemethich actually con-
trol the thermistor performances appear to be well suitedHeir foreseen aims. In
particular, the value ofp, the geometry and dimensions, the electron-phonon thermal
conductance and the phonon-bath thermal conductancddprbby the integrated sil-
icon legs) appear to be optimized for the desired detectdopeances. Considering
the results obtained during the dynamic characterizatiosworth to notice that fur-
ther investigations should be accomplished, in order tltaicomplete understanding
of the behaviours of the thermistors studied. Neverthelegsn taking into account
that the operating conditions were not optimized, the tssre very promizing.

Thanks to the characterization performed, still some mwisl arose, mainly deal-
ing with the fragility of the samples and with the productmocess. Given the positive
results obtained concerning the detector performanceswafabrication run can be
performed, adopting the new methodology suggested, bas#teaise of SOl wafers
and DRIE, to safely complete the production process.
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IL PROGETTO

Le attivita concernenti questo lavoro di ricerca sono stia@nziate dal Ministero
dell'lstruzione, dell'Universita e della Ricerca, allterno di un progetto presentato
dal Professor Jug e dal Professor Giuliani, del DipartiroatitFisica e Matematica
dell'Universita degli Studi dell'Insubria. Il progetto dicerca, inquadrato nell’ambito
di indagine prioritario "Nuovi Materiali Strutturali e Faionali*, ha avuto come obiet-
tivo lo sviluppo di alcune tra una serie di tematiche proppsiei campi della fisica
sperimentale, teorica e della materia.

In particolare, il presente lavoro di dottorato di ricercst&to incentrato sulle tema-
tiche seguenti:

- studio della conduzione elettrica in regime di Variable arlopping di semi-
conduttori drogati al livello della transizione metalkoelante, nello specifico dal
punto di vista sperimentale, e integrazione di dispoditdgati su questo mecca-
nismo di conduzione in rivelatori di radiazione ionizzgnte

- studio delle proprieta di trasporto, di quelle termiche @ettriche dei materiali
interessati.

THE PROJECT

The activities concerning this research work have beenddray the Ministry of
Education, University and Research, within a project sutediby Professor Jug and
Professor Giuliani, of the Department of Physics and Mattes at University of In-
subria. The main goals of the project, developed in the frafrtbe priority research
area "New Structural and Functional Materials", concertiedstudy of a selection
among a series of themes, proposed in the fields of experah#mtoretical and mate-
rial physics.

In particular, the PhD work here presented has been centoenhd the following
themes:

- study of the charge transport in the Variable Range Hopggme, in semicon-
ductors doped just below the metal-to-insulator transjtioom an experimental
point of view, and integration of devices based upon sucldgotion mechanism
in ionizing radiation detectors;

- study of the thermal, dielectric and transport propertiethe considered mate-
rials.



