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Introduction

Nowadays ionizing radiation detectorsare widely employed inseveral application fields Eigure
I-1). These include medical imaging €T, SPEQT environmental monitoring (control of the
background radiation and contaminated areas), homeland security (cargo and luggage control)
and adrophysics (study ofx- and r-ray emission from celestial bodies)

In last decadesthe employment of semiconductor devices is getting more and mor@mportant
and they have replaced classical scintillatorgn various application fields. Semiconductor based
detectors can achieve betterenergy resolution thanks to the direct conversion of incident
radiation into electrical signal. In addition semiconductor materials, compared to scintillators,
allow to achieve higher spatial resolution in imaging detectors These characteristicsmake
semiconductors the more advance technology for radiation detection of-xand r -photons in the
energy range lkeV-10MeV[1] [2] [3].

—

Figure I-1. Applications of ionizing radiation deectors

In 1945, Van Heerden[4] demonstrated that silver chloride crystals, when cooled to low
temperatures, were capable of deteat-rays, | -particles andy -particles. Taking into account the
key demands of radiationdetector applications, ®veral semiconductor materials have been
studied after that year. Themain requests for such materialsare: 1) high stopping power even for
energetic radiations; 1l) opportunity to make spectroscopy; Ill) imaging capabilitywith good
spatial resolution; IV) possibility to operate at room temperature; Vexcellent mechanical rigidity
to fabricate compact and stable systems.

Among the compound semiconductors Cadmium Zinc Telluride (CdZnTe or simply CZT) meets
the listed above demandsCdZnTe represents the best compromise in terms of energy efficiency,
high atomic number, resistivity, and room émperature operation capability.
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Introduction

In particular its attractive characteristics are:

1 Bandgap of 1.57eMhat is at the same timewide enough to make high resistivity possible
and narrow enough to ensurdow pair-production energy.

1 Mean atomic nhumber of 50which means a good stopping power also for higknergy
radiation.

9 Electron mobility -lifetime product sufficiently high.

1 Possibility to growth large single crystas.

For thesereasors with CZT material nowadays high performance detectors wittgood energy
resolution, high detection efficiency and room temperature operation capabilitgan be fabricated

2].

Unfortunately CZT shows some issues not yet overconty the scientific community. In my PhD
thesis | have focused ny effort on the study of contacts The two main aspects that | have
addressed are constituent metal and electrode geometry. The constituent metdtermines the
contact type, blocking or ohmic nature of contacts are primarily dependent on the deposited
metal. Comprehensive study of the band structure electrical properties and physicochemical
characteristics of the metalsemiconductor interface caried out on different metalsis reported in
this thesis. The other important aspect, covered during my PhD, is the geometric configuration of
electrodes. With appropriate geometries, we are able to recover the deterioration of spectroscopic
performance dueto poor hole transport properties. Moreover, for each specific application, some
contact layouts can be more performing than another, depending on the properties requirestich
as collection efficiency energetic resolutionimaging capability, etc

This thesis includes some efforts and results, reached at IME®NR and Physics Department of
the University of Parma during the last three years, on devices for radiation detection applications.

This thesis starts with an overview of semiconductor-based detectos and radiation-matter
interactions. Basic radiation detection physics is given and CZT strength and weaknesses are
reported.

Chemicaland physical properties of CZTits main growth techniques and its typical defectsare
detailed in chapter 2.

Chapter3 is about contactslt sequentially reports electroless deposition technique, band theory
of contacts andtheir current-voltage characteristis. The last part of this sectiortheoretically
treatsthe influence of electrode layout

Readout electronicallows to convert the induced charge generated by ionizing radiations in a
digital signal easily interpretable by a PC. Analog and digital approaeimd ASICsystemsare the
subjects of hapter 4.

Experimental setups used for measurements of this thesis are described in chapterSome are
located in IMEM CNR laboratory and others have been used thanks to collaboration with other
research groupsPart of the instrumentations was developed and assembled by the author of this
thesis.

In the sixth part of the work the detector preparation is presented. Preparation and
characterization of CZT detectors fabricated at IMENMINR institute are treated. This pdr
describes all the detector fabrication processes carried out by undersigned, these processes
include: cutting, lapping and polishing, contact deposition and passivation.

Results and discussion of experiments carried out during my PhD are reported in chap 7.
Characterizations including }V characteristic, resistivity measurement, adhesion test, transport

viii



Introduction

properties measurement and spectroscopic performanceere performed on contacts deposited
thanks to electroless depositios developed by undersigned. Investigation of charge sharing
effects on small pixel arrays is reported and digital corrections are evaluated even under high
radiation flux. Also, during my work, a complete prototype was developed prototypal UAV
(UnmannedAerial Vehicles) equipped with a CZT radiation detector realized in collaboration with
RimLab (engineering group of Parma Universityllescribed at the end of chapter.

The last chapter summarizeshe resultsachieved in the eperiments and lists issues that deserve
a better deepening.



1 Semiconductor -based X- and A-ray detectors

Development of new materials more and more performing results in a continuous evolution of X
AT A r OAU AAOABgisieGpecEbstopyAThds®© @etéctors can be conveniently
applied in several fields ( Figure 1-1), for example medical diagnostic, astrophysics, cosmic
radiation sources study,national security, airport baggage controlfood-control scanner,etc.

Figure 1-1. Device applicatiors

Scintillators were firstly employed in these fields, they work thanks the photon absorption and
then conversion from Xradiation to light radiation through organic or inorganic crystals. A
photomultiplier, after the first process (scintillation), collects the light pulses in electric pulses.
The amplitude of these signals is directly correlated with photon energy, it is then possible to use
these devices as X andray detectors.

Scintillators have unfortunately some handicap that limitheir possible applications:

9 Itis quietly easy obtain brge single crystalbut the absorption coefficient is related with
maximum dopant concentration This value (sually quite low) limits their conversion
efficiency.

1 Photon conversion in scintillators, contrary to semicanductors, happens in two steps
decreasing the total process efficiencgnd then detector resolution

9 Statistic of light radiation generation issubjected togreat fluctuation due to scattering
processes of light.

Aforementioned limits are intrinsic, so tha new solutions and particularly new materials for
detection of high energy radiations were considered: semiconductors.

In the case of semiconductor detectors the detection mechanism is fundamental different.
Photoelectric absorption in semiconductors iperformed in a single step process where the high

1-1



Semiconductorbased XA T Arayrdetectors 1.1- Nuclear radiations

energy photon interacts with matter and releases free carriers proportionally to its energy. Free
AAOOEAOO AOEAZO ET A1 APDPI EAA Al AAOOEA £EEAI A
the electrodes a current transient whose timeintegral gives the Xphoton energy. Furthermore,
semiconductor absorption depends not on the impurity concentration but on the material density,

thus resulting efficiency is far greater than scintillators (in sameondition of volume and density).

In the light of these points, semiconductors are employed more and more frequently instead of
scintillators. The main advantages are in particular

9 High absorption efficiencies

1 Better energetic resolutions

1 Compact deviss

1 Possibility to realize high spatial resolution devices (impossible for light scattering in
scintillators).

1.1 Nuclear radiations

Semiconductor detectors can detect different type of radiation, electromagnetiwaves or sub

atomic particles and can be either uncharged or charged.Protons, r -particles (electrons and

positrons) and alpha particles are included in charged radiations; while r-rays, Xrays and

neutrons are included in uncharged radiationsAll these radiations are also known as ionizing
radiations because theycarry enough enery to liberate electrons from atoms or mdecules,

thereby ionizing them.

Uncharged radiation can be produced idifferent ways, such as:

1 Relaxation of an excited atom to ground state (lonization or emission of an orbital
electron)

1 Spontaneous decay of heauwyucleus (alpha particle, fission fragments or neutrons)

1 Relaxation to a lower energy state of excited nucleus {rays)

9 Annihilation of electrons or positrons (r -rays)

The typical energy of ionizing radiationis different from type to type:

1 lonizing electromagnetic radiation has a wide spectrum, from few keV for-Kay up to tens
of MeV for cosmic radiation

1 Alpha patticles typical range is 3 to 7 MeV

1 Neutron (fast ones) energy is from 10keV to 15MeV

1 r radiation comes to some keV to 100MeV

1.2 Radiation -matter interaction

For applications it is important that radiation is detected in the relevant spectrum of energy, so
that interaction length is the parameter that allows to calculate the detector thickness for the
interested radiation energy.

Obviously charged particles { and [ have a strong interaction with matter and typically are
stopped and detected in the firsts hundeds microns of material. Neutrons have low interaction
with typical semiconductors used for detectors, so a converter material is necessary to convert
neutrons into r rays or alpha particles. These are easily detected by the semiconductor detector.

Herewe concentrate on the interaction of electromagnetic radiation with matter that can happen
according to the four mechanisms described below.

1-2
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Semiconductorbased XA T Arayrdetectors 1.2- Radiation-matter interaction

1.2.1 Photoelectric absorption
In this process the incident photon is completely absorbed by a bonded electron, to which
transfers all its energy(Figure 1-2). Excited electron (called photoelectron) interacts quickly with
OEA AOUOOAITETA 1 AOOEAA OEOIT OGCE #1thGié pairshABh® ET OAC
number of pairs isproportional to the initial photon energy and depends on the mean formation
energy for electron-hole pair that is different for each semiconductor. In this process the entire
photon energy is deposited in the detector and to obtain its energy, it is enoligo measure the
whole photo-generated charge. For this reason photoelectric absorption is the ideal process for X
and r spectroscopy. Cross section is directly proportional to interaction probability and follows

the following law:

—ad - -
” TI/ICH | w y
lljl 'Q .Z'Z
” o 11T & W

Where ,, is Thomson cross section, is fine-structure constant, ®is atomic number of lattice
atoms,d is electron massQis electron charga,(f)is light speed, is radiation frequency and is
vacuum permittivity. Because cross section is proportional to the fifth power @bsemiconductors
with high atomic number are preferred; because cross section is proportional t& 7 :
photoelectric absorption decrease strongly when energy of incident photon increase.

L
Incident '.*' ' g:{b) @
photon AR N e >
[ \il ejected K-shell
‘i e " photoelectron

M

Figure 1-2. Photoelectric effect, (a) the ejection of shell electron and (b) jumping of -shell electron to fill the hole
=

1.2.2 Elastic scattering
Rayleigh scatteringis the a process where a photoris elastically diffused inside the material
(without energy losses) at low angle with respect to incident direction. No energy deposited
means no electic signal detected from the device, therefore this mechanism will be neglected in
the following.

1-3



Semiconductorbased XA T Arayrdetectors 1.2- Radiation-matter interaction

1.2.3 Compton scattering
Inelastic scattering happens when incident photon energy is far greater than the electron
boundary energy(Figure 1-3). If this energy is sufficientlyhigh we can neglecthe force that bonds
electron and nucleusand so, we can consider the electron a free electron. Part of photon energy
is transferred to the electron and the photon is deflected to aangle—in a new direction. The
energy transferred to the electron depends orthe scattering angle that can change from 0 (with

— ) to a maximum valuewhen — “

O
g
o] o] & | (] |
‘ ) | ejected outermost shell
> £ [ electron
O
@

4
Incident } S
photon \‘_7k_7_

scattered photon
ofreduced energy

Figure 1-3. Compton scattering mecharmsn [5]

The scattered electron interacts with crystalline lattice generating an amount of electrehole
pairs proportional to its energy. Random energy is deposited at the detector coherently with
random scattering angle, for tlis reason gamma spectroscopy is not possible under Compton
interaction. Cross section {) for a single electron can be integrated for all scattering angles
(Figure 1-4), resulting value depends onlyn the incident photon energy (KleinNishina law[6]):

c“‘lpchT‘lTch IS p d 13
" P p d T q N
- o
a w
Wherei is dassical electron radioi —— c®zpm g, a is electron massQis electron

charge andOis incident-photon energy.
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Semiconductorbased XA T Arayrdetectors 1.2- Radiation-matter interaction

Il okev

[ 100 Kev

) 661 Kev
B smev

270

Figure 1-4. Plot of Klein-Nishina differential for Compton scattering cross section at different energigs]

The atomic numberdis equal toelectrons number present in that atom then the total Compton
Cross section is:

n (I) n 1-5

The Compton cross section depends o but the power law is very weak compared tothe
photoelectric one. Semiconductors with high atomic number have better ratio between
photoelectric and Compton probdility, for this reason semiconductors with high atomic number
are preferred.

1.2.4 Electron -positron pair production
When ahigh-energyincident photon interacts with the nuclear electricalfield, e*e- pair created
after its disappearance Figure 1-5). A minimum of incident energy is required for this process,
photon energy superior of the mass of two electrons (1022keV) is necessary. The excess energy
is transferred to the electron or positron as kinetic energy. Now th@ositron annihilates with
another electron producing two 0.511 MeV photons that interact with the semiconductor
according tothe processes described above.

electron

Incident
photon ‘

positron

Figure 1-5. Schenatic pair production mechanismf5]

1-5



Semiconductorbased XA T Arayrdetectors 1.2- Radiation-matter interaction

1.2.5 Global absorption
Interaction processes between radiation and maér are competitive and total absorption is the
result of all the described processes Figure 1-6). Accurate materialselection isimportant in order
to obtain good detectors.

100: L i | LI BB S | r R T R R L |

F '\. 5 —u— Photoelectric Absorption
55 \:ﬁ' —a— Compton Scattering
3 \i\ Pair Production

—e»— Total Attenuation
1L \
1 .

- "8
.
01 |, admddbid_ds'yy ]
A - 9 PR
E !\ ..!‘.22' Y L el

Linear Attenuation Coefficient

. e
001 | "

E: % vy

Ay

[ l-l ‘A\A
1E3 |k _;.\. =

F . bay
1E-4 P Ui | s ) .Thﬂh_ i RS jud

0.01 0.1 1 10 100 1000

Photon Energy (MeV)

Figure 1-6. Thebehaviors of the attenuation coefficient of CdTe/CZT for photoelectric absorption, Compton scattering,
and pair production [8]

The energy-range of photons studiedin this thesis focusesis 10 keV- 1 MeV, sophotoelectric
absorption and Compton scatteringare the main processes involved. Both processes depends on
photon energy and atomic number From the respective cross sections for interested interaction
follows that, to maximize photoelectric absorption at the expense of thEomptonscattering high

it is necessary. Compared with typical semiconductors for detector manufacture, CZT and CdTe
have highatomic number (the mean value is around0). In Figure 1-7 it is possibleto understand

the strong relation between attenuation coefficient and atomic numberfor different
semiconductors

10000

1000

-
o
[=]

Attenuation Coefficient (cm 2)‘g)
°

0.1

0.01 PN E N E N
1E-3 0.01 0.1 1 10

Photon Energy (MeV)

Figure 1-7. Attenuation coefficients as a function of photoenergy for different materials[8]
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Semiconductorbased XA T Arayrdetectors 1.3 CZT for detectors

1.3 CZT for detect ors

In this chapter it is described which areahe main characteristicsthat a semiconductorshould have
to became a good radiation detector.

These characteristics are:

1 High atomic number: in the previous chapter it was shown that cross section for
photoelectric absorption goes asb .

1 Abandgapwide enough (more than 1.4eVYo decreasethermally generatedcharge High
resistivity (more th an p 1o § allows low leakage current and so low electric noise. The
material resistivity depends on bandgap energy and doping: wide bandgap and
appropriate doping lead to high resistivity materials.

1 Abandgapnarrow enoughto limit electron-hole pairsenergyproduction (less than 5eV).
Large number of produced pairs decrease statistic fluctuation and increase sigrabise
ratio (energetic resolution is increased).

1 High* Pproduct, where* is mobility and tis mean lifetime of carriers. The mean free path
_ ' T @&carriers must be comparable (better if bigger) with detector thicknessin order
to obtain high _ with relatively low electric field value (O) * fproduct must be high.
Condition on_ is necessary to minimize charge losses inside the device and maximize
induced current at electrodes.

1 Good crystal quality. To minimize recombination and trapping of carriers large single
crystals with low defects density are required.” fproduct is strongly influenced by
material quality. In addition a good material without extended defects arealso
mechanically stable andstronger, this characteristic is fundamental in several application
of radiation detectors.

At the light of characteristics listedabove, some materials seem to be particularly interestingauch
as germanium, silicon, gallium arsenide, silicon carbid&allium bromide, cadmium telluride and
cadmium zinc telluride.

Ge and Shad been historically the first material semployed to realize sgctroscopic detector. The
low value of their bandgap (O 0P @ O T @ Qis a doubleedged sword: whilst
allows the realization of detector with extremely high resolution, does notallow to employ them

at room temperature (high thermal generation of pairs) and continuous freezing at cyogenic
temperature is required (typically liquid nitrogen). In order to collect carriers in silicon detector
it is also necessaryo generate a depletion region with appropriate doping, sthe active region of
silicon detectors is in the range ofmillimeter fractions [9]. This reasontogether with its low

atomic numberresultsin a low absorption efficiency of high-energyradiation.

Bandgap © o8tQ Joand mechanical resistance make SiC realfn interesting material for

radiation detector, particularly in dosimetry applications because silicon and carbon fit well

atomic number of living beings[10]. Sadly high bandgap results in high energy for pairs
production (low signal-noise ratio) and low®AT AOT 8 O Al 1 1 xdfficiéhtddtectbrdoh AOE T 1
high-energy radiation.

Interesting material for detectors realization is GaAs; it has optimalbandgap for room
temperature use, large® and can be obtained in large crystal&nfortunately, GaAscrystals still

present a large concentrationof defects, that shieldthe externally applied electric field for
detecors whose thickness is largef9].

TIBr exhibits weak ionic conductivity at room temperature, which negatively affects the leakage
current of detectors and leads to device degradation over time.
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Semiconductorbased XA T Arayrdetectors 1.3 CZT for detectors

Cadmium telluride (CdTe) and mercuric iodide (Hgl) are the main maderials that satisfy the
above criteria. Hgb has disadvantages in terms of stability and toxicity9]: this semiconductor
requires encapsulation to prevent deterioration of the crystal surfaces on air exposure over
periods ofmonths. In the following table are shown themportant characteristics described above
for typical semiconductors for radiation detectors.

14 32 32 10 50 49.1 62 58
28.09 7259 7234 20.05 120 114.71 151 142
233 532 5.32 3.21 5.85 5.78 6.4 7.56

112 0.66 1.42 3.0 15 1.57 2.13 2.68
3.65 2.85 4.2 ~8.5 4.43 4.64 4.2 =
1500 3900 8500 1000 1100 1100 100 50
450 1900 400 100 100 50-80 4 5
2-5 5 104 103 103 103 104 5104
1-2 2 105 10+ 5104 3105 105 5105
2.3 47 108 >1012 108- 1010 1010

105 109

130 2.6 2.6 ~140 0.5 0.5 =

Table 1.1. Property of some important semiconductors for X and rays detectors[11] [12]

CdTe and CdzZnTe represent the best compromise terms of energy efficiency, high atomic
number, resistivity, and room temperature operation capability:

1 Bandgap of 1.57eV that is in the rightalueto have a the same timea low pair-production
energy andhigh resistivity.

1 Mean atomic number of 50that means a good stopping power also for high energy
radiation.
Good electron mobility.

Possibility to growth large single crystal (evenwith much more difficulties in the case of
Siand Ge).

E

1.3.1 CZT detector applications
Homeland security is one 6 the growing application field [13]. The fear of terrorist attacks,
airplane security, the increase of traveling people and object shipping all ovdre world are some
of the main reasons for the research and the realization ofletectors with fast and accurate
response.Realization of increasingly fast and safety bdy and baggage scanner is critical for
airport security [14]. The need of a response in a few secaigd necessary especially considering
actual volumes of people and goods that every day cross the main airports. The use of highly

sophisticated devices canreduce scanning time and also the totaldose requestedfor dangerous
object revelation.

Another important application field is medical imaging Semiconductor detectos can be
employed for medical deviceswith far greater performances compared with scintillators. SPECT
(Single Photon EmissionConputed Tomography) [15] or CT (Computed Tomography)16] are

techniques that are becomingnore and more common in the preventative medicine or surgical

applications and the use ofnew and more sensitive detectors could ba great help in the cure and
detection of diseases.

1-8



Semiconductorbased XA T Arayrdetectors 1.3 CZT for detectors

Environmental monitoring is historically performed using Geiger Mueller countersput this
equipment are not able to acquire energy information of incidet radiation, so the nature of
contaminant sources remains unknownThus, the use of spectroscopic detectors would be highly
welcome in this filed. Radiation monitoring is divided in two main applications: control of
background radiation (controlling natural X andr  OAU Al E OO A1K] addtonttoEoh  OT E |
areas around nuclear facilities (where constant control is need to avoid poisoning§ 8] .

CZT has always been a focus naaital in the detection ofr -ray emission from sources in the deep
space.Reducethe dimensions and weight of radiation detectoris crucial point for astronomical
equipment.It was demonstrated that the use of CdZnTe detectors is extremely convenient foicku
applications.
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2 CZT chemical and physical characteristics

CdixZnTe (CZT) is obtained fromCdTe in order to improve material characteristics for the
detector realization with a little addition of zinc. Atomic number of CZT elements is high enough
to allow a strong photoelectric absorption T o L ¢, the mass attenuation
coefficient of CZT is 4 times that of Ge and even 100 times that of silicon.

Cdi.xZn,Te is a ternary compounds where the zinc amount is in range 0.02:0.2. With this range the
band gap islarger than 1.5 eV (if zinc amount, x, is 10% the exact value of band gap is 1.572eV)
that allows a very low leakage current at room temperature. Anyway, this value, is sufficiently low
to allow the photogeneration ofa great number of electrorhole pairs andthen to obtaindetectors
with a good signalnoise ratio and accordingly high energetic resolution.

One of the most important novely of CZT (compared to CdTe) is that iis less prone to
polarization effects[9], the polarization is a phenomenon related to carrier trapping by trapping
centers (impurities and defects): trapped carriers distort electric fieldin the device resulting in a
bad carrier collection that change during the time[19] [20] [21]. Thisis a very important issue
when the detector undergoes long working times. Also, because of polarization effects, CdTe
detectors can hardly be thicker tharemm.

CZT itis also more rigid tharCdTe, this characteristics is importantor many applications.

Another point of strength of CZT is that, with the @ addition, the band gap is increased and with
it resistivity too. A typical value of CZT resistivity is in order to 1®mcm. With these valles the
leakage current is very low also with typical electric field values of hundreds V/mm, that increase
the carriers collection and the signalshapingspeed.

2.1 Crystalline structure

CdTe and CZT have the same crystalline structures; these crystals habeiidding block composedl
by two interpenetrating face center cubic FC§ sub-lattices shifted on the cell diagonal by one
quarter. In CZT Cd and Zn occupy vertexes ai@of these subattices andTe occupy the vertexes
of the other one. The resulting stratures is zincblende (Figure 2-1-right).

CdixZnTe can be ideally seen a€dTe wherex cadmium atoms has been randomly substituted
with zinc ones. The structures obtaned with total cadmium substitution is also stable, in other
terms CdTe and ZnTe are completely miscible (how is showvin the double lens diagram inFigure
2-1-left) but typically the Zn amountadopted for applicationsis not so high (220%). The lattice
constant of CZT cabe estimated with a lirear interpolation from two binary compounds
B PYBOE Q o m¢cB xEQOE 6 ARRAOAGO 1 Ax

OB @8 Yq o Y mouu b('b B @8 t 1 Gagroom-temperature) 21
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CZT chemical and physical characteristics 2.2- Band structure
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Figure 2-1. CdTe-ZnTe double lens phase diagrarfieft) and crystalline structure of CdTe and CZT (right)23]

2.2 Band structure

The band structure of CZTis usually studied starting from thethose of CdTe and ZnTe. These two
compounds have a direct bandgap at room temperature of 1.5eV and 2.2eV respectivelFiyure
2-2 is shown the band structure of Cde calculated with pseudopotential. The one of ZnTes
qualitatively similar.

-10

J
WA
I\

L [111] r [100] X K [110] T
- —_— -

Figure 2-2. Band structure of CAdT¢23]

To calculate the effective masse&t “) of holes and eletrons can be use

p g1 O 2:2

a: QrQ
In the spherical constant energy surface approximation, thé “ value can be achieved from the
remprocal of the curvature of the energy bandalculated in"Q 1t Effective mass for electrons is
a’ ™ @ anda’ ™ & [24], instead holes value is® 1 for heavy andr@® 160
for light ones. Two valus must be taken into accont for holes due to the separation in valence
band[25]. It is not easy perform the same calculation for CZT because the band theory is based on



CZT chemical and physical characteristics 2.3 Electrical and arriers transport properties

periodicity of the lattice, whose assumption is violated in case of alloys becausequivalent
compounds (CdTeand ZnTe) are randomly disposed.

Actually, to fit well the dependence of band gap from the zinc amound), quadratic curvature is
preferred to linear interpolation. [26]

8 X
O wQw pdp TH TP TP Cw Wt PR X QW 23
CZT withw p m Ehave a typical bandgap valueof p® x'@ cat 300K. Furthermore, after an
appropriate doping and an autecompensation mechanism, the obtained compound is highly
resistive. Thanks the compensatiorit is reasonableto assume the Fermi levels in the michap.

2.3 Electrical and carriers trans port properties

To obtain good detectos is very important to use a semiconductor with high resistivity to limit
leakage current and increase the electric field. CdZnTe resistivity is around26cm, this value is
sufficiently high to ensure performant deectors.

Other important characteristics aret AT A szthelddomtribution is more explicit in terms of
meanfreepath(_ ; * 7T 7O where E is the electric field). Mean free patis the distance that
the carriers can cross thraigh the semiconductor before they ardrapped and indirectly suggests
the amount of charge loss inside the semicondtor during the carriers flight. Higher { zvalues
allow thicker detectors and good charge collection at the electrodes.

t AT A z A Okth&dan@idi@ydrh, ké diystalline lattice,defects, andrapping centers.
AEA DPOI AOGAO 1T £ OEAOGA 0OO0Ais@Gendraiyvettorin@nitie bddanérds
of other semiconductor with high Z used in Xay detector field. However, in CZTREA t z DOl
for holes is 2 orders of magnitude lower than the one ofelectrons; the respective value at 300K

are:* * pm —and’ ¥ pm —

4 /
AOA (

This large difference between electrons and holes restrict deteatgperformance in particular
decreasingenergy resolution. The mostevident impacts are photopeak broadening andailing
effect[27].

Photopeak broadening isdue to chargetrapped in the semiconductor. D limit that it is posside
to increase the appled voltage keeping in mind thatcontemporarily also leakage current
increases. The high resistivity of CZT fortunately help us because, on the contrary of CdTe, we
can apply hundreds V/rm.

Moreover,asymmetric photopeakis frequently observed(Figure 2-3), due to the large
difference of electrons and holesransport properties. Thisis named{a/ling effectsand it is
caused by the incomplete collection of holesyhosetrapping decreases the signal generated at
the electrodeoriginates a tail at thelow energy side ofthe peak.The tailing effect is more
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CZT chemical and physical characteristics 2.4- Crystal growth

intensein the case ofmore energeticradiation, because itpenetrates deeper in the detector and
the amount ofchargelosschanges accordingto the random penetration of each photon
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Figure 2-3. Typical CZT spectrum with tailing effect

For high-energy applicatiors, contactswith particular geometries are necessary to reduce this
effect; in patticular, it is known that it is possibleto dispose electrodesin a way to seriously reduce
the tail. They are called single carrier geometries, and they will be discussed with more details in
chapter3.3.3

2.4 Crystal growth

An important challenge is to obtain largeCZT single crystal volumes. @ have good X and ray
detection capabilitiesit is essentialto employ monocrystalline material because polycrystalline
one has poor charge transport properties due to recombination of @rge carriers at grain
boundaries.

To growth monocrystalline CZT is importantto use really pure precursors (Cd, Zn and Te more
than 6N) and avoid contamination during the procedure. Actually, the most used techniques are
traveling heater method (THM) andBridgman (high and low pressure and bororencapsulated
vertical Bridgman). In this thesis | employedccommercial THM (powered by REDLEN) and boren
encapsulated Vertical Bridgman (powered by oulMEM-CNR laboratory) crystals[28].

2.4.1 Traveling heating method
THM exploits a region of melt tellurium as solvent through which cadmium and zinc diffuse
toward the solid seed of CZT where the crystal growth happeng-igure 2-4). This method is
possible a 600-900°C as it occurs under nosstoichiometric conditions [29]. Melt tellurium is
preferred at cadmium as solvent because CdTe solubility in Cd is poor. A benefit of THM is that
impurities with low segregation coefficients are confine in melt-Te zone. Industrial growers,
such as Redlen, are able to produce CZT crystal with electroh in the order ofp Tt c& Fwand
very large single crystal volumes (110cr#) [30].

SchematicTHM growth processis shown in Figure 2-4, the tellurium-rich solvent is obtained by
melting CdTe and ZnTe source materials above the seed crystal. The seed crystal is usedrtol
nucleation, improve lattice matching, and grow crystals in the caorect crystallographic
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CZT chemical and physical characteristics 2.4- Crystal growth

orientation. Inside the ampoule is maintained a temperature gradient to promote the element
diffusion toward the seed crystal. The ampoule is moved through the heater and rotated. The
rotation induces a convection current that reduce solidification at the edges and migration of zinc
away from the center of the boule.

Figure 2-4. Scheme of THM growth systeif81]

The main defects of crystal grown byTHM are cadmium vacancies and tellurium inclusions.
Cadmium vacanciesare acceptors, so that in order to get high resistivitythe crystal must be
compensated with an additional doping of indium oraluminum. The reason for the formation of
tellurium inclusions is that when local supercooling occurs at the growth interface, tellurium
could be included in the crystal To avoid, or least reducé&e inclusions a convex growth interface
must be created to promote nucleation closé ampoule wall and keep the inclusionswaay from

the ingot center.To create this interface type it is crucial a careful control of axial/lateral heating
and of the pulling speed

2.4.2 Bridgman
Bridgman growth is a controlled freezing process occurring at the liquigolid equilibrium
condition. With the aim of producing single large crysta, growth occurs under a controlled
temperature gradient that allows single nucleus growth. It is possible to charge the ampoule with
single elements powdered or with a presynthesized compound. Thesealedampoule is moved in
a temperature gradient that slowly solidifies the melted content in order to minimize the

crystalline defects and avoid interfacial instability Figure 2-5). Several configuration were
suggested

1 Moving ampoule throughthe oven

1 Moving ovenkeepingthe ampoulesteady
9 Vertical configuration

1 Horizontal configuration
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Figure 2-5. Schematic diagram of HPR23]

The IMEMCNR growth system is a vertidaBridgman where ampoule is moved inside the oven
tunnel.

The large difference of vapor pressure between cadmium and tellurium causes that the gasso
part is meanly composed by cadmium, this is an issue of this process. Most of losses are of Cd and
the result is that the crystal is tellurium-rich, even if the starting charge is stoichiometric.

2.4.3 High Pressure Bridgman
In the case oHigh pressure Bridgmangrowth, the graphite ampoule is not sealed, and cadmium
losses are limited by theinjection of inert gas(generally argon) at high gessure in the external
chamber. Typical values ofpressure may vary from 10 to 150 atmospheres [32]. This
overpressure decreases the diffusion coefficient of Cd and Te vapors, and thoénimize CZT
lossesthat spread in the growth chamber

2.4.4 Boron-encapsulated Bridgman
To avoid Cd losses it was also developed a variant of Bridgman techniqaron encapsulated
Bridgman. This growth technique allows to obtain high quality CZT crystals withousealing the
quartz ampule and withoutusing high gessure gas

This technique is performed using nesealed ampoule where BO; is added over the CdZnTe
charge as encapsulanfThe oxide has low fusion temperature (450°C) and low density For these
reasons,before CZTis completely melt, boron oxide isalready liquid and covers the CZT charge.
Furthermore, B,O; creates a thin layer all around the internal side of ampoule between CZT and
quartz because it is sligtly reactive with the last one(Figure 2-6).
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CZT chemical and physical characterists 2.4- Crystal growth

Figure 2-6. Only CZT ingot (left),B0s fully encapsulates the melicenter) and CZT ingot with BOs in quartz ampoule
(right) [33]

B.Os have two fundamental effets:

1 Decreasssurface evaporation of CZThecause itis under a thick layerof boron oxide that
avoids evaporation.

1 Minimizes sticking between ampoule and CZT33], reactivity between CZT and boron
oxide is less than reactiviy with quartz. Furthermore, preventing contact onquartz, it
avoids oxygencontaminations that create impurity inside the final crystal.

First of all high purity cadmium, zinc and tellurium (7N) in the right stoichiometry are charged in
a quartz ampoule anl heated up to induce the chemical reaction that produces polycrystalline
CZT.

The direct synthesis is carried out at quiethigh pressure (2040 bar) of inert gas (argon).
Extremely pure argon (6N) isusedto avoid any type oxidation. The overpressure helpto contain
the evaporatad material inside the quartz ampoule and to minimize material losses.

The second step ismthermal treatment. Weighing errors and material loss via evaporation could
cause a deviation from the correcstoichiometry. A thermaltreatment is thus necessary to allow
the evaporation ofexcess componentsnd to set the right stoichiometry. This is realizedat 800°C
in low pressure of inertgas without any overpressure of Cd or Te

The last step is thecrystal growth. The treated polycrystalline CZT is located in thguartz ampoule
with the exact indium amount for semiconductor compensation (necessary to obtaimigh
resistivity material). Boron oxide is introduced in the ampouleon top of the charge. The growth
ampouleis brought above mdting temperature and, after a stabilization time, it is movedlowly
through the oven temperature gradient where the seedingbefore) and growth (after) start. The
last step ofthe process takes 15 days, but the real growth time is more or lesseven days in this
time a 7 cm long ingofs obtained (Figure 2-7-a).
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CZT chemical and physical characteristics 2.5- Defects and inhomogeneity

(b)

7 cm

Figure 2-7. a) 2 inches ingot growth at IMEMCNRInstitute, by using B2O3 very smooth surface were obtained|7]

IMEM ingots are typically around 2 inches and around 600g of weight.

Despite all these precautions CZT ingstare not fully single-crystal. Moreover, typically a large
number of defects of different type and natureare found. Some of he typical CZT defectsare
described in the next paragraph(2.5).

2.5 Defects and inhomogeneity
An important challenge of CZT grower is to decrease as much as possible defects and
inhomogeneity, as they playa crucial role in carriers transport.

One of the problemis to maintain the right stoichiometry uniformly throughout the ingot. This
aspect is an issue for CZT because the segregation coefficient for zinc is 1.35, the latter is defined
as the ratio between the concentration of @ in solid phase versus concentration in liquid one.
: 0 2-4
v 3 PR L
This means that there is a lower concentration of zinc in the molten material compareo the
solid phase. So during the growth the quantity of solidified Zn chaeg throughthe ingot axis.This
characteristic is intrinsic of all melt-growth techniques and therefore it cannot be avoidThe
variation of zinc concentration changs lattice properties and bandgap width, resultof this
inhomogeneity isthe deterioration of spectroscopic properties.

CZT defectsan bebroken down in two macro categories:

1 Point defects
1 Extended defects

Point defects generateshallow and deep levels. In a perfect crystal electron and holes occupy only
the energy levels in conduction and valence bandnterstitial defects and vacancies promote
additional energy levels at different depths. In other word, point defects are the main creators of
carrier traps with a subsequent lowering of their lifetime.
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Most commonextended defects are:

1 Grain boundaries
1 Cracks

1 Pipes

1 Teinclusions

1 Voids

T Twins

Grain boundaries(Figure 2-8) can be formed during the growth when local temperature gradients
or high growth speeds occursThese defects are more probabla the first stage ofan unseeded
growth when nucleation of several grains appears, amay be originated by an instable growth
interface. Close tothe grain boundaries interface many other defects are forming such as
impurities and dislocations, so that electrical and mechanical properties ee locally changed.
Mechanical weakening and charge transport limitationgre typical of these defects, trapping and
recombination effects arealsoexpected in these regions

Thermal and mechanical stresses due to the cooling down after crystal growth aperpetrators
of cracks. Cracks are typichl few centimeters of length and about 25microns in width and
typically start at the edges othe ingot and sometimescan propagate inside the ingot. Cracks can
also be created in the subsequent stages of deviceeparation such as cutting and lapping
processes Therefore cracks can be avogl thanks to appropriate choices of: themal profile,
crucible material and cooling down process

Another frequent defectsin CZTare twins (Figure 2-8). Twin boundaries occur when two crystals
of the same type intergrow, so that only a slight misorientation exists between them. It is a highly
symmetrical interface, often with one crystal the mirror image of the other; also, atoms are shared
by the two aystals at regular intervals.The formation energy of this process is quietow in CZT,
this is why a large number of twins can be foundin a ingot. Twins are dueto temperature
fluctuations during growth, thus to diminish their number is necessary improvehe temperature
profile and temperature stability of the furnace

Figure 2-8. CZT slice with defects marked
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High resistivity CZT is usually obtained by doping with group Il elements a tellurium deviated
charge. Thus, CZT crystal for detector application always are obtained a-fieh charge. During
the growth a little amount of tellurium is included inside the ingot in the form of Te inclusions.
Typical diameters of these inclusions are between 1 and ®icrons but larger ones up to 30
microns observed, especially close totwin planes or to grain boundary interfaces. Tellurium
electrical resistivity is several orders of magnitude lower than surrounding semiconductorso
that higher leakage current (and therfield distortion) is found in the volumes with large amount
of inclusions. For this reasons Te inclusions strongly limit CZT devices performances, in particular
imaging devices. So monitoring thesdefects is crucialto obtain high quality material.

Chargetransport properties depend on impurities anddefects of thesemiconductor. They operate
like scattering centersby changing mobility andby reducing lifetime. Defects are also the cause of
carriers recombination and electric field distortions.
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3 Contacts

The role of ontacts is crucial to fabricate good CdZnTe detectorslot optimized contacts result
in low detector performance, &en starting with high quality material. Hence optimized
engineering of contactsin terms of geometry and constituent metal is equired.

Contacts must be able to reduce total leakage currenaind,at the same time they must be
chemically and mechanically stable. Another important point isthe quality of metal
semiconductor interfaceto avoid carriers trapping and recombination.

Cantacts realization must be careful at some expedient:

1 CZT surface is not stable at high temperature. with Y p mmp ¢ @ & decrease of
resistivity is found. All high temperature techniques and annealing with the aim to
improve electrical and mechanical properties of contactre then forbidden.

1 Metal-semiconductor interface must be homogenous and the depositianust avoid oxide
layer and impurities under the contact.

1 Thick and uniform conductive layer is required to allow uniform conductivity all over
contact area.

1 Metal contact lave to be able to overcamstress.

I Time resistance is required forcontact becauseelectrical properties must bemaintained.

The fact that CZT can not withstandelatively low temperatures (100-120°C) precludes the use
of several techniques and in particular prevents the use ofinterdiffusion between metal and CZT
that usually increases he adhesion of contacs.

An appropriate geometry is necessary in order to maximize spectral retution and carrier
collection. The best contacheometry changes application-by-application and a specific study is
unavoidable for competitive detector manufature. Different thicknesses of CZT and different
radiation energy ranges require simulations with the aim to choose right electrode disposition In
this thesis it will be explained how contacts geometry change carriers collection and how it is
possible toset the correct parameters to improve spectroscopy in different application fiekl

3.1 Typical deposition techni ques

Several deposition techniques have been developed @v the years, actually the mainare
electroless deposition [34], sputtering [35] and evaporation [36]. Different concepts were
exploited and several metals (Au, Pt, W, Al, Rd, In, Aggre considered to realize optimal contacts
on (ZT[34] [37].

In my thesiswork, | was focusedmainly on electroless depositionwith some interesting results
with nickel, gold and platinum deposition.
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3.1.1 Electroless deposition

This deposition technique (also calledchemicalor autocatalytic plating) is anon-galvanic plating
method that involves numerous simultaneous reactios (both in solution and the interface). This
reaction happens without electrical helps froman external field, exploiting only the differences of
electrochemical potentiak and is catalyzed by the carefil selection of experimentalconditions
such as temperature solution pH and solvent mixture. Electroless deposition for CZT involves
really complicated reactiorsthat are not fully clarified in literature yet [38] [39]. For these reasons
empirical approach isstill requested for process optimization.

Electroless deposition have several advantage

1 Economy. complex vacuum systems orexpensive evaporation and spattering systems are
not request.

1 Reproducibility: when process has been optimizedelectroless technique ensures high
grades of stability and reproducibility.

1 Scalability: it is possibleto apply this techniquealso for large surfacesnaintaining contact
quality.

T Quickness: this technique allows deposition of hundreds nameters in few minutes

In chapter 6.3 the standardprocess andthe new development will be explained in the deil.

3.2 Contacts and band theory

Contacts arevery important for a semiconductor devicebecause both extraction of arriers and
induced signal depend onthem. Understand the different behavior due to their nature or
formation characteristic is important in devices fabrication to optimize themaccording tofinal
application.

Metal-semiconductor junction has been studied forseveral years and numerous models were
developed.This sectionis focused only on the model that fits well the voltage characteristics of
our devices. Firstly though,we must know the behavior of different metal in contact with CZT
using the band theory.

3.2.1 Metal -CZT: band theory and carriers transport
To understand better the nature ofmetal-semiconductorjunction it should be considered theCZT
band diagrambefore and after the couplingwith the metal. CZT has the Fermi level at mid gap, for
this reason,contacts will show a different betavior according to carriers choice

Different metals could show extremely different characteristics under bas. Grrier injection and
extraction is influenced until the point to exhibit oimicor blockingbehavior [40].

Ohmiclike contacts donot prevent the current flux through the detector: so, they will show
greater dark current but prevent any charge accumulation close to the interfacen the contrary,

blocking contacts are characterized by the presence afpotential barrier (also called Schottky
barrier) that limits the current flow inside the device.Blocking electrodes show arectifying

current-voltage behavior (like the diode) andcould accumulate charge close tmterface.

The two contacttypes are discernible by the metal work function%. if interface defectsand
inhomogeneity and interfacial oxide are negligible Thework function is defined as theminimum
energy required to extract an electron from the metalFor metals, itcorresponds tothe difference
between Fermi and vacuum levels.
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3.2- Contacts and band theory

In Table 3.1 the work function value islisted for severalmetals.

Ag 4.52-4.74 Cs 2.14 Mg 3.66 Si 4.6-4.85
Al 4.06-4.26 Cu 4.53-5.1 Mn 4.1 Sr 2.59
Au 5.1-5.47 Gd 2.9 Na 2.36 Te 4.95
Ba 2.52-2.7 Hg 4.475 Ni 5.04-5.35 Ti 4.33
Bi 4.34 In 4.09 Pd 5.22-5.6 Vv 4.3
Cd 4.08 K 2.29 Pt 5.12-5.93 w 4.32-5.22
Cr 4.5 Li 2.93 Sb 4.55-4.7 Zn 3.63-4.9

Table 3.1 Work function of different metals [40]

In semiconductors, thedefitET T 1T £ Ox1 OE A£OT Addaning becaude DdrermA T | BT A
level is inside the forbidden region(in the gap). Thent is preferableto use the electron affinity w

defined as the difference between conduction band and vacuum stateowever, also work

function is relevant for semiconductors (for CZT%.=5.1eV): the comparison of semiconductor

and metal work functions determine the contact type

Detector is in first approximation, a couple of metalCZT junctiors back to back The strong
difference betweent 2f electrons and holes bring to consider principally electron contribute.
When metalsemiconductor-metal (MSM)structure is created, the bands of semicondutor (close
to the metal) bend to achieve a new thermodynamic equilibrium With following equations it is
easy calculate the resulting barrier height$or electrons and holeq40].

3-1
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In Figure 3-1 the band diagrams before and after the thermodynamic equilibriunestablishedfor
two different systems are shown on the left %e %o and on the right % %o . The
equilibrium is reached thanks an electrons transfer from metal to semiconductor with a
consequent band spiking.

without thermodynamic
equilibrium
m
m

at thermodynamic
equilibrium

Figure 3-1. Bandss diagram before (top) and after (bottom) thermodynamic equilibrium/40]
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In the left case, the Schottky barrier is higher for hies: the behavior ofcontacts will be ohmicfor
electrons and blocking forholes.In the right case the exact oppositehappens ohmicfor holes and
blocking for electrons.

When high voltageis applied at the electrodes (classical configuration of CZT devicd)ands are
stretched and barriers change their shapesHigure 3-2). Notable effect is that the stretchings
able to remove the electrorbarriers near the positive contact (for both cass). This effect is also
important for the treatment of current-voltage (IV) characteristic.

Top-left diagram of Figure 3-2 shows that:

1 Injected electrons thatenter from the cathode(-) will have a low contact potential to
overcome:cathodebehaves as ohmic contact for electrons

9 Electronsthat attain the anode (+) flow without problem toward the metal.

1 Injected holesmeet a highSchottky barrier: anode behaves as blocking contact for holes

I Holes that reach the cathode flowvithout obstacles up to the metal.

Besides top-right diagram of Figure 3-2 shows that:

1 Injected electrons that enter from the cathode ¢) have a high contact potential to
overcome cathode behaves as blocking contact for electrons

9 Electronsthat attain the anode (+) flow without problem toward the metal.

1 Injected holes meet a lowbarrier : anodes lehaves as ohmic contact for holes

I Holes that reach the cathode flowvithout obstacles up to the metal.

©

charge injection

charge generation
and extraction

Figure 3-2. Charge injection (top) and generation (bottom) under high voltage applief40]

Therefore, contacts with%o %o limit the hole dark current at the anode causing that the total
leakage curent is dominated by electrons. Catacts with % %o limit the electron dark current
at the cathodeby making abit more significant the hole contribution compared to the previous
case

Bottom diagrams in Figure 3-2 show the transport through the barriers when the charge is
generated inside the device (for example for XXay absorption). Photoelectrons and photoholes
will not meet potential barriers and they will be collect without problems. Thus,metal work
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function doesnot affect the charge cdéction: each generated carriewill always flow thro ughthe
outgoing electrode without hitting any barrier [40].

From this handing we can concludethat the ideal system is composed bw couple of different
junctions: acathode with%. %0 and an anode with %o,  %.. This system minimizes thedark
current and ensuresexcellentcharge collection

This holds for a generic MSM systemwithout any assumption on the semiconductor type and its
properti es.If a strong dfference between electron and holg¢ zproducts is consideredholes are

more likely to be trapped considering the mean free path under a typiddield of 1000V/cm we
obtain:

Q *tO0 paa 53

-Q 11 T 'O p -E’l d 3-4
Typical thickness of devices is fewnillimeters, then injected holes and holes generated near the
anode will never reach the cathodeAs a result, theharge storage under the cathode Normally
the injected electrons compensate thaquantity but, when the flux of radiation is high, he trapped
charges inevitably increaseand also the outgoing holes Schottky barrier. This mechanism
gradually distorts the electric field by changing charge collection.To limit the problem it is

possibleto change themetal at the cathode (replace iin such a way that%.  %o) generating a
more injective contact that, by supplying more electrons, can compensate the trapped holes.

From band theory and transport propertiestwo different configurations are found (Figure 3-3):

1 For low radiation flux the ideal configuration is with %o %0 %0 in order
to limit the leakage current and decrease the electronic noise.

1 For high radiation flux the ideal configuration is with the same type of contacts botht the
anode and at thecathode and%. %o ,in order to limit the polarization effect due to
charge trapping.

Figure 3-3. Ideal electrodeconfiguration for: high flux (left) and low flux (right) incide nt radiation

Several challenges are present in the process of surface preparatiand in the contact deposition.
For these reasonst is not easyto understand in advance the behavior of a metal deposited with a
particular technique. Surface contaminationpxidation, and dead layer associated with improper
lapping/polishing can change the work function of a metal or lowering the barrier height by as
much as 0.5 to 1 e\40]. Anyway, thanks at IV and spectroscopic measurements itd possibleto
define if a deposited layetbehaves as ohmior blocking contact

In the following chapter it is describeda model to define the barrier height and other important
contact characteristics byusing current-voltage curve.
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3.2.2 Current -Voltage charac teristic
From a complete IV several important information of the samplean be extracted Usinga guard
ring surrounded device (the aim of this special element will belescribedfurther) it is possibleto
isolate the bulk contribution from the surface one and study only the real effect of contacts. We
have previously outlined the device as a couple of metaemiconductor junctions, neglecting the
holes contribution (for CZT is very lowwith respectto the electrons one) and remembering that
the outgoing cortacts normally do not show barriers, we can simplify further the treatment. The
unique contact that contributesto the IV curve is he onenegatively biased If the applied voltage
changes in a range with positive and negative values we have to consider thocontacts butone
for bias region. Ohmielike contacts do not change the IV curve and can be neglected in the
treatment.

In a simple view we have three main cases:

I  Both ohmiclike contacts: the IVis linear with aslopethat depend onthe CZT resistance.

1 Both blocking contacts: the IV showan©03 6 AAEAOET O AO Otolback ET AA Al

1 Only one blocking: the 1V is similarto that of the diode in series witha high resistance
(given by CZT)

Grounding the contact namedanodeand changing thebias of te other contact, cathode from
negative to positive, we can study both contast Detectors are typically polarized with cathode at
negative voltage (for the beter transport properties of electrons), so the following treatment and
the data in this thesisconcern only the negative branch. The mode$ obviously applicable with
positive one but it would be less interestingor applications.

The IV characteristic isconveniently measured at different temperatures allowing to calculate the
barrier height by means of Arrhenius plot of a fitting parameter.

At very low voltage (up to half volt) it is estimable the bulk resistivity of CZT crystal, the IV curve
following a linear trend when the bias voltageapproacheszero. This behaviorindicates that in
this range (region 1) the series resistance of the bulk CZT dominates the charge transport
mechanism[41].

Increasing voltage thee is a sublinear region(region Il) due to theformation of a depletion region
in CZT[41]. With few volts the device is fullydepleted, soa new region starts (region Ill) where
current, at low voltage, follows a linear trend with higher resistivity value than tlat of region |,
notably due to the fully depleted region.At higher vdtage the current starts to increase
exponentially due to the lowering of potential barrier as a result of thepresence of athin
interfacial layer between metal and CZTfirstly modelled by Wu in general casd42], and after
elaborated byBolotnikov in [41] for CZT).

Region I and Il can be explained by taking into account the interfacial layethermionic -diffusion
(ITD) model developed by Wy42]. This model explainstie deviation from the standard theories

i £ OEA AlIl AAOOEAAI Ai1 AOAOGEIT AO OEA 3AEI OO6EU
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including in the Schottky tkarrier model the effects of both voltage drop and transmission
coefficient across interfacial layer.Actually, during the fabrication process, surface treatment
could generate a Teich layer that rapidly oxidizes generatinga thin layer of TeQ; ITD model
takesinto account thisinterfacial layer.
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In the following rows it is used this standard for thequantities:

0 reverse current density

W reverse bias voltage

"OBoltzmann constant

“Ytemperature

0° effective Richardson constant

0 thermal velocity

— transmission coefficient through the interfacial layer
T and] permittivity and thickness of interfacial layer
O density of surface states per unit of energy and areg
%o height of Schottky barriers of junction

@ required voltage to fully deplete the crystal

L effective diffusion veocity

w width of the depleted layer

‘ electron mobility

w diffusion potential at cathode

Yo potential at the edge of the depleted layer

'O electric field inside the undepleted layer

O electric field at the anode whemn @

0 detector thickness

According to the ITD model, when bulk resistance can be neglected (regidrahd 1), the reverse
current density 0 can beexpressed as a function of reverse voltage [41]:

0 10 W .
0 _— A@ST— 35
o —U QY

V)
Whered —0""YA@Hho ¥QYandd p [ X7 «<¢f O .

In the second region (® @ , where crystal is not fully depleted) equatior8-5 becomes:

pvo Cw
Where6 —wU0OF and0 ¢w Yo Ows8

Whenw ® , the detector is fully depleted and equatio3-5 becomes:

P =

)
Where6 —00 F and0 W 0 0.

Fitting equation 3-7 at high voltage and different temperatureswe obtain several parameters:

f 6 ,from which it is possible to extract%. from the slope of the Arrhenius plotl 16 7Y
versus 1/kT.

1 6, from which, considering ypical value of0 and‘ are respectivelyy® p mcm/s and
p 1t Ttm?/Vs [41],it is possible to extract—.

1 6, used in the next step.
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Fitting equations 3-6 at @ @ and consideringd from the previous fit, we can verify the
consistency of the model comparing obtaineéo. with the previous one.

In region Il two different transport mechanisms can be distinguishedaccordingto the value of

9 Ifit is lower than one leakage current is dominated byhermionic emission.
1 Ifit is greater than one leakage current is dominagd by diffusion.

The two mechanisns are competitive, in particular: diffusion is dominant at low voltage, while o
thermionic transport is dominant at high bias. The OAOE OEA AT OAl OAo6 1T & 011 O/
transmission coefficient through oxide layer ) so indirectly with the thickness of the layer.

Finally a fourth region of space charge limited current (SCLC) transpoiis also possible[43]. At
very high voltage, the current follows the power law:

Lo w 3-8
Where m islarger than two; this behavior is related to the presence of deep traps

From the IV analysis wecan obtain important information about interfacial layer, the bulk
resistivity and the height ofthe Schottky barrier of the contact.

3.3 Contact geometries

Other than metal contactschoice, it is really important to select appropriate contact geometry.
Due to he wide application fields of CZTdetectors it AT A OT 8 &G unkj@EeRkArode
configuration. On the contrary, changing detection requests lead to a consequent change of
detector geometry.

With detection requestsshall it is meant for example: energy range of expected radiation,
sensibility of detector in terms of acquired eventrate, intensity of radiation flux, spatial resolution.

Appropriate electrodes configuration can also give the possibility to realizesingle carrier
detectors. This could be a good point of strength having regards to the strong differencetofz
product between electrons and holes. Wit single carrier detector, holeeffects are neglected
thanks to anonly rearrange electrodesrearrange.

To optimize detector geometry it is crucialto study and fully understand charge collection
phenomena at eletrodes.

The following subchapter will discuss charge collection or rathecharge inductionat electrodes
andin which way geometry influence this process.

3.3.1 Ramo-Shockley theorem
Ramo-Shockley theorem desribe how moving charges induceurrent on electrodes.

The ShockleyRamo theorem allowsto calculate the instantaneous electric current induced by a
moving charge It is based on tle concept that current induced atthe electrode is due to the
instantaneous change of electrostatic flux lineen the electrode andnot to the amount of charge
received by the electrode per second. The theorem appeared in William Shockley's 1938 paper
"Currents to Conductors Induced by a Moving Point Chargpt4] and a year later in Simon Ramo's
1939 paper entitled "CurrentsInduced by Electron Motion"[45].
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Shockley and Ramo independently derived a highly useful formula for electrode current
calculation inducedby charged carriers moving in a three dimensional sticture with multiple
contacts:

O r] T 05 3-9

WhereQire the particles with charger] and speedo , ‘Gindicates the contact for which the current
is to be evaluated. The physalsr has dimensions of inverse of length and its value is the electric

field evaluated on the position of particleQuhich would result if all terminals are grounded except
the "Gth that is biased at1 Volt.

Application of this theorem has beerextensive, from hot carrier noise in bulk semiconductor and
submicron semiconductor structure to generators and detectors of electromagnetic radiation to
terminal currents in Monte Carlo device transport simulation[46].

Thisfi Of 01 A xAO AAOEOAA EOI i :' OAAT 80 OAAEDOI AEOU
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Where A, B are twgossiblesets of {charges, potentials} of the system of electrodes.

Demonstration starts @nsidering caseo with all terminals grounded and charge) placed inside
the space, and casé with all electrodes grounded except foro @ . It is possible deduce that
all®  mand then summary is null. In casé it is possible obtain the value of induced charge at
"Celectrode 0 . Figure 3-1 shows A and B configurations.
_ ~ o 3-11
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weighting potential & » all over the space. This potential is typical fo€terminal and represents
the weight with which electrode feel charge located i

If charger) are in motion it is possible define induced current ashe derivate of induced charge
and thendeduce

o o o R o o Y N 3.12
— — — o —
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Whereo 0 is speed of charge) andsr » represent the weighting field defined as  ~@ ».

Weighting field depend onlyon electrode configuration. It is eadly calcuable solving Laplace
equation for eachspecific geoméry grounding all electrodes, except the electsde upon which
induced currentwill be calculatedthat is setto 1 (Figure 3-4).

A

B C  v=v D

Figure 3-4. A) configuration A; B) configuration B; C) weighting field line (red) and equipotential line (blackp)
charge in motion and local weighting field47]
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Contacts 3.3- Contact geometries

Ramo-Shockley theorem is fundamentalto calculate the current induced at the collecting
electrode in a radiation detector. Its stength is that weighting field is independent by the real
field and the material characteristic butdepends only ongeometrical disposition of electrodes in
the device.

Because in general charge is not homogeneously distributép is conveniently substituted with
charge distribution ” . Furthermore it is possibleto write charge spatialvelocity o aso ‘F»
where * is mobility of carriers and ¢ » is the real electric field. So now induced current3-13) is
written as:

00 "0 ‘F PO OF PO QO 514
Where »0 is the equdion of motion of carriers in the volume ‘Q wTrajectory of chargeis
determined by theactual operating electric field,and mobility of traveling carriers.

If we consider the pointlike charge motion, equation3-14 is splitted in two highlighting electrons
('Q and holes {Q contribution.

™ A F» 0 3P0 A FP» 0 3F >0 3-15
Generally the first step of detector readout electronics (ee section4.1) integrates nducted
current in time. It is performed by a charge sensitive amplifier(CSPR and mathematically is
describedby equation 3-16. Simulaion of induced total chargeis crucial to optimize devices.

~ ‘ 3-16
V] 00

Where 0 is the fly time of carriers.

3.3.2 Real electric field vs weighting field
Ramo-Shockleytheorem suggest thattwo important fields must be taken into accountfor the
evaluation of a device

1 Electric field f »: this depends on several parameters such asbias voltage, trapping,
spatial charge,barrier height at contacts, defects. All these elementsould change and
distorts the externally applied electric field, sometimes in a way alschard to compute
Somemethods have been developed to know the real electric field inside a devic& well
known technique is based on the use of thePockels effect that exploits rotation of
polarized IR light induced by electrical field[48]. However, it is known that IR light
distorts the electric field in CZT device$49]. A novel technique is repded in this thesis
at chapter5.4 (LI-TCT) that allows to obtain real electric fieldwith laser photo-generated
carriers ( [50] [51] [52]). Field distortions are avoidable in LI-TCT using appropriate
expedients.

1 Weighting field 5 »: this depends only ongeometrical factors.So, once optimized the
geometry for the specific application, the weighting field foreachdetector realized with
this electrodes configuration is the same. It is also independent by applied voltage and
contact metal. The previous sub-chapter (3.3.1) explains how it is possible to obtainthe
weighting field, several programs are able to solveaplace equation to compute it For
simulations in my PhD | have used Comsol multiphysis, a smart program that makes FEM
(Finite Element Method) computation with interactive graphic interface.

Making some assumptions it is also possible® simulate the real electric field using Comsol,
considering a perfect detector without spatial charge ad contact defects Obviously, this
simulation has not the demand toreproduce the real electric field anywaysit gives important
suggestion from the point of view of carriers trajectory andlight time.
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3.3.3 Type of contact geometries
Material with high atomic number are required for the realization of efficient X and -ray
detectors. Hgl,, CdTe and CdZnTe are materials that have attracted most attention to date.
However, due to trapping of charges, the output signal of a conventional detector having planar
electrodes depends not only on the deposited energy, but alsa the position of that interaction.
This effect is more relevant when the difference betweeh zproduct for electrons and holes is
great (as inthe caseof CZT).
The output signal is proportional to the total induced charge (equatior8-16) that contains the
contribution of both carrier types. In order to overcome the effects of severe trapping of holes in
wide band-gap semiconductors, researchers have been investigating techniques in which the
pulse amplitude is sensitive only to ae type of charge carriers, normally just the electrons (and
not the holes). These techniques are called single polarity charge sensing, which can alleviate the
charge trapping problem if the drift length of just one type of charge (such as electrons) cae
long compared with the detector thickness.

With appropriate contact geometries it is possible to ralize single carrier detectors[53]; the
shape of the weighting field is important to understand betterwhy these detectors are only
sensitive to electrons. In this paragraph, | want to show different contact configurations and the
respective simulation of weighting and electric fieldsThe top contacts of detectors represented
in the images of thenext paragraph are theanodes while the bottom ones are the cathodes.

Simulations of weighting and electric potentials are also shown, they are plotta@spectively in
the central and right sides of imagesKigure 3-5, Figure 3-6, Figure 3-7, Figure 3-9, Figure 3-10,
Figure 3-11 and Figure 3-12). In these figures cathode isn the bottom side while arode in the top
side.Strong potential variations are represented by intense colegradientsin 2D maps.

Planar-planar electrodes

The configuration of aplanar-planar detector is illustrated in Figure 3-5-left. The anode is
conneded to the CSP and the cathodis biased For aslab geometry, the weighting potential is
simply a linear function of depthzand it is O at the cathode and 1 at the anode. The resulting
weighting field, that is the gradient of the weighting potential, isuniform and its value is 1/L
(where L is the detector thickness). If the loss of charge carriers during the drift time can be
ignored, such as is usually the case in a high purity germanium detector (HPGe), the induced
charge on the anodaloesnot depend an the depth of interaction. But in CZT case, the Zproduct

of holes is low and with typical electric fields (about 500V/mm), the charge loss is not negligible.
For this reason the induced charge depend strongly on the interactiatepth: in the limit of holes
mean free path tending to zero, the total indced charge is a linear function of deptlz. Planar-
planar CZT detectors is not recommended to detect radiation with higanergy that would
interact deeply thereby generating abad spectrum.

3D Weighting Electric
model potential potential

Figure 3-5. Exanple of planar-planar detector (left), and related weighting (center) and electricootential (right)
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Virtual Frisch-grid electrodes

The first single polarity charge sensing technigue was implemented in gas detectors by FrigbH]
who used a grid contact between the anode and the cathotteovercome the problem of slow drift
and loss of ions. In a semiconductor detector it is not possibte realize the grid contact So, a
virtual grid is realized as follows. Theateral surface ofthe detector is covered with an insulating
layer; ametallic layer, that covers the insulation, plays the role of the grid(this configuration is
called virtual Frisch-grid [55]). The lateral metallic layer getsvery close (R L) to the anode as
shown in Figure 3-6-left. Generated electrons travel in CZ&nd are collected by theanode. The
weighting potential of the anode isobtained by applying a unit potential on tle anode, and zero
potential on both the lateral layerand the cathodeThe resulting weighting potential is close to
zero at the cathodeand in the region of CZT covered by the layeand strongly increases near the
anode (Figure 3-6-center). The induced charge is close to zero until the carrieido not enter into
the region where weighting field increass. If the thickness of the detector idar greater than the
penetration length of the incoming radiation the induced charge doasot depend on the depth of
interaction z

Bolotnikov at al. [56] observed that detectors with rougher lateral surfaces yielded better spectra,
even though they had higher electronic noise and leakage current. Thesbservations have a
straightforward explanation: the less polished crystal surfaces cause a higher surface leakage
current, which, in turn, results in more uniform electric field distribution inside a detector,
thereby improving the charge collection effieency. However, reliable surface control is difficult to
achieve with simple mechanical polishing. A more reliable method of producing such a conducting
channel upon the surface is with a chemical process. The simulation of real electric fi¢kigure
3-6-right) is realized considering high leakage current on later surfaces.

3D Weighting Electric
model potential potential

Figure 3-6. Example of virtual Frischgrid detector (left), and related weighting (center) and electricootential (right)

Coplanar grid electrodes

Single polarity charge sensing was implemented on semiconductor detectors by Luke based on
the use of cplanar grid electrodes in 1994([57] [58]. The concept is illustrated inFigure 3-7-left.
Instead of a single electrode on the anode, parallel strip electrodes are used and the strips are
connected in an alternate manner to give two banks of grid electrodes (electred A and B). A
voltage difference between these two banks of electrodes is applied so that the selected charge
carriers (in this case electrons) are always collected by one electrode, say electrode The
weighting potential of electrodeA (& ) wit hin the device is calculated by letting the potential on
electrode Abe 1 and potentials orcathodeand electrode Bto be zero[59], and solving the Laplace
equation (since there is no space charge). Similarly, the vghting potential of electrodeB (w ) is
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calculatedby letting the potential on electrode B be 1 and potentials on cathode and electrode A
to be zero.

3D Weighting Electric
model potential potential

Figure 3-7. Example of coplanar detector (left), and related weighting (center) ahelectric potential (right)

Figure 3-8 shows the weighting potentials of each electrode along a line perpendicular to the
electrode surfaces and intersecting with one strip of the collecting anod@) at its center, such as
along the red dotted line (/ine r) in the center of Figure 3-7. Notice, m and w are practically
identical for 0O<z<L -P,and thenw approaches 1 ando drops back to zero rapidly. P is the period
of coplanar grid electrodes and is much smaller thathe thickness of the @viceL (PL 0). Induced
charges on the two grids are identical when electrons travel far from them (from 0 to-P). This
regime isfollowed by the rapid increase on electrodé\ and drop on electrodeB back to zero when
electrons approach grid A and deviate away fromthe B (from L-P to L).Single polarity charge
sensing isimplemented by reading out the difference signabetween electrode A (collecting
anode) and B (non-collecting anode). This differential signal correspondsto the weighting
potential of @ @ . It has zero net value for0< <L -P and rises from0 to 1 whenthe charge
travels from z=L-P to L The shape of differential weighting potential is very similatthan that of
Frisch-grid and, with it, also the benefits.

—Weighting potential electrode A on line r
0.9 | —Weighting potential electrode B on line r

— Difference of weighting potentials (A-B) on line r
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Figure 3-8. Weighting potential calculated on line r for electrode A and B. The black line represent the difference
between the blue and the red one
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Strip electrodes

Semiconductor detectors using strip electrodes were fitsmotivated for two-dimensional position
sensing[60] [61], and it was later realized that single polarity charge sensing can also be achieved
by reading out signals fom individu al strip electrodes[59] [60] [61]. The induced charge on any
particular strip is very low when charge carriers move far away (when the distnce to the strip is
much larger than the pitch of strip electrodes P) from the electrode. This can be understood by
noting that the weighting potential of the specific strip electrode is determined by applying a unit
potential on the strip electrode and ero potential on all other electrodes (other stripes and
cathode). The weighting potential is very low in most of the detector volume except very close to
the strip electrode. Furthermore the bias voltages applied at the stripes are set in order to create
an electric field that drives electrons to the collecting stripeThe resulting electric field increases
moving towards to the collecting electrode, this means that the electrons induce charge only very
close to the anode.

3D Weighting Electric
model potential potential

-

Figure 3-9. Example of stripes detector (left), and related weighting (center) and electripotential (right)

Hemispheric-like electrodes

The earliest single polarity charge sensing technique implemented on semiconductorray
detectors was the develpment of hemispherical deviceg62]. On those devices, a small dot anode
was placed in the focus of the hemispheric cathode electrodEigure 3-10-left) and the signal was
read out from the smallarea anode. The weighting potential of this small anods calculatedby
applying a unit potential on the anode and grounding the cathodélhe resulting weighting
potential is very low within most volume of the detector and rises rapidly to Japproaching the
anode. Therefore, the induced charge on the anode is dominated by the movement of charge
carriers close tothe anode. Although significant improvement inr-ray energy resolution was
demonstrated, the realization of this type of detectors $ not easy: the shaping of CZT to obtain a
hemispheric cathode requires appropriate instruments
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3D Weighting Electric
model potential potential
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Figure 3-10. Example of hemispheric detector (left), and related weighting (center) and electric potential {ght)

Quasthemispheric detector was proposed t@vercome this problem[63]. The shape of weighting
potential and also the electric field is very similar to the hemispheric one arnitlis easyto realize.
Theidea is to realize the hemispheric detector on a parallelepiped CZT block. This is achieved by
maintaining the same shape of the anode and by simulating the hemispherical electrode covering
the lateral surface ad the cathode with metal

A novel geometry called hemispheric-like, (Figure 3-11-left) is proposedto simplify procedures
even further. Hemisphericlike detector (that it is shown in Figure 3-11-left) is composed of a
small circular pixel surrounded by a thin guarding at the anode, and a full area contact at the
cathode (lateral surfaces are not contacted). Charge collection is optimized with a largap
between pixel and guardring becausein this way the thickness of guarding decrease and, witl, i
also theregion with weak electric field under the guarding. To best simulate the electric field of
hemispheric detector, it isnecessary to apply the same negative voltage at both cathode and gliar
ring and grounding the pixel. Hemispheric detectorr@ also more versatile because it is possible
set a different electric field between cathode and guandng. In some casea, for example with low -
energetic incoming radiation,the best spectrum could be obtained setting differently the voltage
of guardring and cathodeCurrent that flows between pixel and guarding ensures more uniform
electric field distribution as in virtual Frisch-grid geometry.

3D Weighting Electric
model potential potential
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Figure 3-11. Example of hemispheridike detector (left), and related weighting (center) and electric potential (right)
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Pixelated detectors

Detectors that exploit pixelated anode arrays were alsaealized for two-dimensional position
sensitive imaging applicationg64] [65]. It was found thatr -ray energy resolution obtained from
individual anode pixels on a CdZnTe detector was significantly improved compared to that from
a conventional detector using planar electrodesThe readout signal of an individual pixel of an
anode array suggests thatipelated detectoris another form ofsingle polarity charge sensing66] .
The induced charge on a particular anode pixel from the moving charge very small whenit is
far away (the distance to the pixel is much grater than the pixelpitch P) and increases rapidly
when the chargeapproaches thepixel. The weighting potential of an anode pixel along plane
passing through the center of that pixel is shown ifrigure 3-12.

Anode layout carbe:

1 2D array of small pixels that is wigly employed in imaging applications[67] [68].
1 1D array of small pixels that is typical} used in scanner application$69].
1 Mono-pixel anodethat is often exploited for the experimentation[70].

3D Weighting Electric
model potential potential
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Figure 3-12. Example of pixelated detector (left), and related weightinggenter) and electric potential (right)

Detectors with mono- or multi-pixelated anode are typically equipped with the guardring
electrode as shown inFigure 3-12-left. The utility of this special electrode is essentially the
minimization of surface effects. It works by removinghe contribution of lateral surfacesfrom the
current that flows through pixels. Guarding becomes so important when the applitan requires
high bias voltage because, by limiting the readout current, it restes the electronic noise and
improves the spectral resolution of detector.
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Until now the attention has been focused only on the properties of CZT and dhe relevance of
contacts (metal and geometry), but once developed the device wiipecific characteristics for the
desired application, how is it possibleto read the signal in order to obtaina spectrum? To answer
this question it is important to know the type of output signalthat is expected Whenthe radiation
interact with CZT, eéctron and holeclouds aregenerated A strong electridield is applied to avoid
instantaneous recombiration of photo-induced carriers. The two clouds drift in opposite direction
under the effect of field and, thanks t&kamo-Shockley theorem (chapter3.3.1), current transient
is induced at device electrodes. The aim of readout electronis to convert these weak current
transients in an energyresolved spectrum.

The wide range of applications leads to different solution to solvreadout issue: for example in
case of extremely high radiation flux (in excess ofhundreds Mcps, typical of computer
tomography) a spectroscopic response is not alloed but only a monochromatic imaging
(obtained only by total current and not by the indu@d current of each eventjs ensured.

4.1 Analog approach

Historically, the readout chain wascompletely analogicaland composed by several stages.

Analog approach is employed even nowdr several applications when onlyfew channelsare
required andradiation flux is low (up to dozers of kcps). This because electronglike that is easy
to realize, low-cost andindustrially -produced bycompanies such as Aptek and Cremat.

Figure 4-1 shows analogreadout stages outlined in detail in thefollowing sub-chapters.

SHAPING PEAK

AMPLIFIER DETECTOR

Figure 4-1. Readout stages

4.1.1 Charge Sensitive Preamplifier
The first stage of the chain ighe charge sensitive preamplifier (CSP). Its design offefow noise,
stability, and its integrating nature provides an outputsignal that is proportional to the total
chargeinduced bythe detector during the pulse event. It is for these reasons that CSPs are used
in radiation detector applications wherean individual detection pulse is neeced.
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Figure 4-2. Basic CSP

The basic circuit of a CSP is shown Figure 4-2. The output voltage is proportional to the integral
of detector current and the gain of preamplifier is giva by the feedback capacitod . The feedback
resistor 'Y is neededto reset the signal without this resistor the output would increase until the
charge sensitive preamplifier reaches its maximum output. Feedback resistor is also named bleed

resistor and typically hasa high value (hundreds of M) to ensure reset time about a hundred of
microseconds long(Cremat board configuration inFigure 4-2).

.. 0o p 4-1
w 0 —/— +— 1QOf
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Equation4-1is true in high gain approximation

Figure 4-3 shows the typical sgnal generated by the CSP: a) thaetector pulseis generated by
inducted charge, bfhe O EAOOS6 #30 OAODPI 1T OA ABGRO@ITT »Ed OO AMEGH
with exponential shape due to RC feedback.

E: S NS  —

Iglt): detector current pulse: 10ns/div Vou(th: GSP output pulse: 10ns/div CSP output pulse: 100usidiv

Figure 4-3. Typical shape ofignals incommercial CSH71]

4.1.2 Shaping Amplifier
Shaping amplifieris often used afterthe charge sensitive preamplifier stage. It has three main
functions:

i Ti provides an outpu pulse that returns to baselinemuch fasterthan CSP output; this is
important in high flux applications to avoid pile up.
It filters noise coming from preamplifier stage.

1
1 T gves extra gain tothe signal, whichmay still be very smallafter CSP stage.
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In Figure 4-4 it is schematically represented howthe shaping amplifier processes the input signal.
Typically shaping amplifier provides a Gaussian outputA dedicated trimmer mounted on this
stage allows toimprove the Gaussian shpe of the signal Shaping time of these amplifiers are
variable in the range from 50nanosecond to fewmicroseconds.The longer the shaping time , the
better will be the signalsin terms oflow noise. The drawback is that a long shaping does not allow
to increase input flux

e
100 m\

input pulse shape

o
output pulse shape

Figure 4-4. Signal processing in shaping amplifigh72]

4.1.3 Peak-Detector
Peak detectors capture and holthe maximum of the voltage signalldeally, the output of the peak
detector circuit tracks or follows the input voltage unti the maximum point is reached and then
holds that valuewhen the input decreases. Its aim is to hold the maximum value exitirfgom the
shaping amplifier until the next stage typically amultichannel analyzer (MCA), has read it and
after the digital resetting signal givenby MCA, returrs to the baseline pending for the nexpulse.

J ‘

Figure 4-5. S1aping amplifier output (blue), digital resetsignal (red), output signal of peakdetector

4.1.4 Multi -Channel Analyzer
The multichannel analyzer (MCA) is an important laboratoryinstrument, which can measure
distributions of input signals.

It operates in two different modes:pulse height analyzer (PHA) mode, and multichannel scaler
(MCS) mode. In PHA mode, the input pulses aserted into bins (channels) according to their
amplitude, while in MCS modepulses are sorted accordng to their arrival time. Usually for
detector application it is used in PHA mod.

MCA can havea digital output connectible to a computer for further analysis. The chaacteristics
of a good MCA are:

1 Fast reading of pulse sigals (hold up by peakdetector)
1 High number of channels in order to proide good resolution
9 High input voltagerange.
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4.2 Digital approach

As it was discussed in the previous paragraphhé acquisitionchainis usually ended by a logical
unit (MCA) that convert analogsignalsin a digital output.

Analog chain described before only allows the readoutthe energy of incident radiation (photon,

| or 1 particle). More information regarding the pulse are required in order b improve spectral
AT AOCU OAOIT 1 OOE écira bAdnwanted tontfbitions Anfoder © Make the system
able to read allthese information, seveal blocks of the chain must be interconne@d. This

approach is rather rigid becausehangingthe hardware blocksis necessaryin caseother types of

acquisition or measurement different parametersis required.

Another approach toreadout systems for radation devices is to digitalize the signal as soon as
possible. The signal digitalization must beachieved bya fast ADC (analogic digital converterjo
avoid information losses during the digitalization. Then analysis can be carried out in two
different ways:

1 Savingthe whole waveform without any losses of information butwidely using storage
memory (all points of signal are acquired and stored)

1 Making a fast online analysis and extrapolating only characterizing information afach
pulse.

The first digital systems had an analodrontend electronics composed bya CSP anda shaping
amplifier; after that, Gaussiarike signals weredigitalized and analyzedn order to extract height
and shaping time for each pulse.

Today thanks to the availability of fast digitizers (up to 100MS/s), it is also possibleto acquire
directly the CSP signalSeveral benefis result from this approach Frst of all, having directly the
waveform of inducted charge strong improvement on energy resolution due to pulse
discrimination is possible

Digital analysis is essential wherradiation flux is greater thanhundreds of kcps because in these
conditions with an analog chaimpile up degrades completely the spectrum.

[ *cd source ICR = dTd keps | L ™ am source CR=24d keps |
l CdTe detector + CdTe detector

0018 PR | —— analog

Relative Counts
Relative Counts

" L L 0000
) 30 40 50 60 YO 80 90 100 110 120
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Figure 4-6. Specta of109Cd (left) and?#1Am (right) with high radiation flux, analogic (up) and digital (down)
approach|[73]

4-39



Readout electronic 4.2- Digital approach

Other important corrections are permitted with pixelated detector: time coincidence analysis of
pulses on different pixels allows several improvement on spectrunand on spatial resolution. In
the next chapters, the advantages of the digital approach will be experimentally demonstrated

4.2.1 Digital Pulse Processing
Digital Pulse Shaping DPP systems, by digitizing and processig the output waveform from
radiation detectors (i.e. the output CSP waveformgre able to save and perform multiparameter
analysis (arrival time, pulse width, pulse height pulse peaking time, etc.) even at high input
counting rates (ICRs). With modern @jitizer the DPP is achievable also onboardhis makes
possible further increment of ICR because is not necessaryto save thewhole waveform but only
the main data ofeach peak.

CustomDPP developed by Abbenat al[70] [73] [74] and used for several spectra ahis thesis is
schematzedin Figure 4-7. It is based on two pipelined shaping steps: a fast and a slow shaping.
In the following paragraphs the two signal processinghainswill be described.

Fast Shaping - Arrival Time distribution

- Pulse Detection and Triggering - Input Counting Rate (ICR)

- Fast Pulse Shape and Height
- Time Width distribution

Analysis (PSHA) on detected pulses
/ - Pile-up Rejection (PUR) _ Energy Spectra with high

DPP
FIRMWARE

throughput

- Arrival Time distribution
Slow Pulse Shape and Height
Analysis (PSHA) == - Peaking Time distribution
Ises sel he PUR
on pulses selected by the PU e SN
energy resolution

Slow Shaping

Figure 4-7. The mainoperations and output data of Abbene DPP systefii4]

The CSPoutput waveform is shaped by using the classicalsingle delay line (SDL) shaping
technique [9]. SDLshaping is obtained by subtracting from the original pulse an attenuated
fraction of the delayed replica SDLshaping gives short rectangular output pulseswith fast rise
and fall times. Generally,two main features characterizethe SDLshaping:

I Thetime width of eachSDL shapedulseis well defined.
1 If the delay time is larger than the peaking time of the CSPpulse, the SDLshaping also
preservesthe leading edge(pulse height andpeakingtime) of eachCSPoutput pulse.

Thesefeatures make SDLshaping very appealingfor timing and PSHA (pulseshape andheight
analysis) at both low and high ICRs.Through the fast SDLshaping the following operations are
performed:

1. Pulsedetection andtime-tag triggering.

2. Fastpulse shapeand height analysis (fast PSHA) that provides energy spectrawith high
throughputs (i.e. the OCR/ICRratio, where OCRis the output-counting rate). The fast
PSHAis performed on the SDLpulses by using a short delay time (but greater than the
peaking time of the CSPpulsesto avoid ballistic deficit) and a fast baselinerecovery by
using a running averagevalue of a fixed number of samples preceding the SDL pulse,
where no further pulses are present. Due to the short delay time, used to ensure igh
throughputs, the energy resolution of energy spectra is generally poorerthan the
resolution of the spectra obtained from the slow PSHA; the time width (one of the shape
related parameters) of the SDIshaped pulses is also measured.

4-40



Readout electronic 4.2- Digital approach

3. Pile-up rejection (PUR) for the slow analysis;the PURIs used toselecttime windows of
the CSPwaveform for the slow PSHAEachselectedtime window of the CSRwvaveform is
termed Snapshot, whilethe width of this window, user-selected, istermed SnapshofTime
(ST). If twodetectedfast SDL pulses aravithin ST/2 of eachother, then neither pulse will
be selected; i.ea pulseis acceptedif it is not precededand not followed by another pulse
in the ST/2 time window periods.

The mainfeature of the slow SDLshaping is thatthe pulse height andshapeanalysis (PSHA)is
performed on each PUR selected siapshot, containingonly one CSPpulse. The pulse height
analysisis performed by applying a SDLshapingwith a delaytime longer than the delaytime of
the fast SDLshaping Automatic baseline restorationand optimized low-pass filter (trapezoidal
filter) are applied foreachslow SDL shapedpulse.The energy resolution stronglydependson the
ST valuesasthe shapingtime of classt analogsystems.Through the slow SDL shapinghe system
is ableto provide, for eachselectedCSPpulse,the following results:

1 Triggertime.
1 Pulseheight
1 Peakingtime.

The shaperelated parameters(the peaking time of theslow SDL shaped pulseandthe time width
of the fast SDLshapedpulses) and theirrelation with the pulse height are very helpful to improve
the detector performance. Pulse shape discrimination (PSD) allows to minimize incomplete
chargecollection effects, pileup and chargesharing. The output results from both channelsare
provided in listing mode, where eachlist is characterized by a user-selectednumber of event
sequencegtypical fast channelsequence:arrival time, fast energyand pulse width; typical slow
channelsequencearrival time, slow energy and peakingtime).

Both the time width of the pulsesfrom the fast shapingandthe ST are deadimes for the system
with awell-defined modeling [75] (paralyzable deadime, [76]). Figure 4-8 shows thethroughput
of the DPP system: the output photon counting rates (OCRs) from fast and slehaping versus
the true input counting rate (ICR). The purple and green lines are the paralyzable dead timedel
functions for the fast shaping (dead time of 200 ns) andlow shaping (with a snapshot timeof 6

Ls).
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Figure 4-8. Throughput difference between fast and slow shapingr3]
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For imaging applications severalk-ray camera have been developefy7]. The research aim is to
realize detectors increasingly spatial resolvedWith this in mind pixel pitchesare reduced year by
year. This results in two main aspect:

1 Gharge sharingincrement. The lower the pixels pitch the higher isthe probability that the
electron cloud is shared by two or more neighboring pixebk.

T Small pixel effect The weightingfield for small pixels is closeto zero until the anode
vicinity: this is favorablebecauseno induced charge is achievedhen the weighting field
is close to zero. Small pixel effect result in single carriers devices(avoiding the
contribution of holesthat in CZThave poor transport properties) and in independence of
the depth of interaction of the induced chargeThis means thatthesedetectors have high
energy resolutionand more symmetric peaks

Two different corrections have been developedo avoid the spectral distortion due to charge
sharing: charge $haring discrimination (CSD) andaddition (CSA)[78].

Each frame of data recorded by the detector is inspected for multiple events thatay occur in
neighboring pixels. CSD algorithm removes shared event and not includehem inthe processed
spectra:this increases energy resolution but reduces the effective counting sensitivity defined as
the ratio between events in the spectrum vs total events detectebh the CSA algorithm, the energy
deposited in each pixel involved in the Isared event is summed together and assigned to the pixel
that originally received the largest proportion of the energy.Improvement of sensitivity
compared to raw data is achieved, bulgorithm suffersfrom a reduction of energy resolution due
to an increase in noise and errors in the addition proces$n Figure 4-9 are shown effects of these
corrections.

Raw
CSA
—— CSD

Number of events

0.5

.. L . . - . . .
1] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000

Channel Number (ADU)

Figure 4-9. Spectra of raw data, charge sharing addition and charge sharidigcrimination [79]

Frames of data with sharing information combined with those of timing are fundamental also for
anew type of correction which seeks to reduce spatial resolution under the pixel size: tlsebpixe/
positioning. In the last decade several efforts are made to achieve position resolution better than
the pitch of charge collecting electrodes in semiconductor detectors. Warburtdi80], Burks et al.
[81] and Williams et al.[22] proposed and demonstrated a method to obtain improved position
resolution based on induced transient signals on nocharge-collecting electrodes in striped
CdznTe and HPGe detectardarks et al.[82], Vickersa and Chakrabart[83] and Jakubek and
Uher [84] studied several algorithms to achieve sulpixel position resolution when an electron
cloud is collected by several pixels in pixelated detectors. Narita et §85] showed the difference
in the transient signals on neighboring norcharge-collecting pixels in pixelated CdZie detectors
when the gammaray interaction position was changed86].

Data acquired during the session at Diamond synchrotron are discussed in this thesis, even
corrections described before (CSA, CSD and subpixel positioningpave been tested and results
are shown in chapter7.4.
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4.3 ASIC

In the previous paragraphsdevices forx-ray cameras have been mentioned. This device requires
a detector with a large number (thousands) of very small pixels (downto 50 t m) [87] [88].
Standard electronicscannot reach theseminiaturizations, so new systems had been developed.
Application Specific Integrated Circuits AS/C¥were developed forsolid state radiation detectors
to miniaturize readout circuitry ; ASICsimplement severaland parallel readout electronics one
channel for each pixel. Figure 4-10 shows the evolution of ASICsin the years technology
improvements have allowed to integrateall stages ofthe electronic chain (from CSP to MCA).

tate-of-the-m_ e ———

typical front-end electronics channel

sffﬂ filtering discrimination
element (shaping) |— amplitude/timing

intensive DSP
- buffering ADC

sparsification dar:ndomlzatlon}»

(e.g. MCA)
stabilization| counting multiplexing minor DSP
I low-noise
charge amplifier
-nm L ] >
year 2000 year 2010 by 2013
- 500 nm technology + ~ 180 nm technology + <130 nm technology
+ 16,000 transistors - ~1M transistors - >> 1M transistors
+ 16 channels + ~100 channels + >> 100 channels

- analog - analog and digital
(mixed-signal)

Figure 4-10. ASICs evolutionf89]

For example a vork on CMOS readout ASIC=rried out at Brookhaven National Labordory was
presented in 1991 [89]. ASIC applications present significantly different challenges including
readout for proportional chambers and silicon drift detectors. The techniques and insights
acquired in thedevelopment of these new ASICs are also helpful in the readout of other radiation
sensors like CdZnTe (CZT). The sections that follow describ&o ASICs | worked on in the last
year of my PhD:P/X/Eand HEXITEC

4.3.1 PIXIE

PIXIE ASIC consists of four arrays 8&3 pixels matrix on which a single detectorcan be bonded
The detector anode consists of four differenarray of pixelsas shown inFigure 4-11-B. Pitch of
the largest array is 500f m while the other three have 250 m pitch. These pixel dimensions were
chosen to be compatible with existing detectors allowingests of different geometries. For each
pixels it is presentonly the charge preamplifier (not the shaping one)and then an output buffer
which is multiplexed directly off the chip. The chip has 2 selectable range: up to 150keV and up to
1.5MeV.

In Figure 4-11-C (on the top) thecalibration circuit in the central pixel of each arraycan be seen.
It allows to test ASIC sending a pak signal through the preamplifier. This figure shows also a
block diagram of individual pixel electronics.The feedback circuit was designed tgermit
detector leakage current up to 250 pA per pixelThe nine outputs from each arrays are
multiplexed on to a common nine track analoguebus. The individual arrays can be selected
modifying a 2-bit digital input. The outputs of all nine channel can beead out simultaneously to
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study directly the CSP waveformdor each event. A total of 0¥/ is required by the ASIC the
majority of which is usedby the buffer unit.

The PIXIE ASIC has great advantage the ability to mount detectors directly to low-noise
electronics reducingnoise source of wiring . Another advantage of the PIXIE ASIC is thatultiple
contact geometriescan be teste on the same crystalThe use of a single piece of CdZnTe removes
some of theuncertainty introduced from comparing different contact structures ondifferent
pieces of material By dgitizing the output of each channel it is also possible to directly studthe
effect of contact geometry on the shape of pulses generatbyg X-ray events.
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Figure 4-11. PIXIE ASIC: A) photo of circuit, B) detector geometry of four pixels array, C) schematic circuf@g]

4.3.2 HEXITEC
The HEXITEC ASIC was developed for the readout of spectroscopic grade CdTe and CdZnTe
detectors [91]. The ASIGvorks in two different gain range: 57150 keVand 0.05z1.5 MeV. The
original test structure consisted of an array of 20 x 20 channels on a 250 pm pitch but this has
been extended to 80 x 80 channels in the final ASIC. Eaphrallel channel has identical pixel
circuitry (Figure 4-12-right) with charge preamplifier, shaping amplifier (shaping time of 3 s)
and peakhold circuit. The charge preamplifierstandsleakage currentup to 50 pA per pixel The
detectors are controlled using a dedicated DAQ systerthe ADCsgdigitize the analogue voltages
from each peak hold and then store datbocally by the FPGAefore transfer to a control PC via
Cameralink. The DAQ system includes #&mperature stabilizer able toregister and hold the
detector temperature in a range from10 °C to 30°C with a precision oft0.1 °C The ASIC has an
on-chip monitoring circuit that records the temperature during operation.

The system givesasoutput one 2D-frame (80x80) every 251 s (40 kHz) with the voltage value for
each channel. Te frames are sent to the PC for pogtrocessing. Data stored on PC are saved in
RAW format andcan be processedvith custom software or Matlab script in order to apply proper
correction (such as CSD,$A or subpixel positioning) and extract spectra or-images.

The system used in my PhD mounta CZT detector realized by myself. It is showim Figure 4-12-
left. The realized detector is 2nm thick and does not cover completely the 80x80 ASIC chip but
about a quarter of it.
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Figure 4-12. On the left: Hexitec ASIC with mounted CZT crystal (the detector do not cover all chip area) and on right:
the circuitry for each pixel[91]
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In this chapterthe experimental setugs used formeasurements of this thesiare described Some
are located in IMEM CNR laboratory and othehave been used thank$o collaboration with other
research groups The developmentof some setupswas part of my work

5.1 Probe station (JV characteristic )

To study samples and, particularly their contacts JV characteristics are fundamentalThey
provide important information on the detector characteristics andits functioning as radiation
detector.

It is no trivial to perform this measurement on CZT devicebecauseof the high resistivity of the
material: high resistivity results in very low measured currents (up to few pA); this is the reason
why special instrumentation is required. It is necessaryto perform this measurement inside a
shielded boxand use coaxial cable to minimize electric nois&he metal boxguaranteesconditions
of total darkness, necessary due to the intrinsic photoconductivity of samples.

The probe station(Figure 5-1) used inour laboratory was realized during the period that | spent

in IMEM for master degree thesisEspecially, | focused my effort on data acquisition achieved by
PC that automatically controls two Keithley instruments: sourcemeter 2410 and picoammeter
6548. Realized instrumentation allows us to perform measure at the state of art

Figure 5-1. Probe station for JV characterization
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Pixel detectors are typically realized with a surrounding guard ring at the anode.Guarding
provides to limit the leakage current, which is the mairresponsible for baseline fluctuationsin
the CSP stage.

Measurements realized on detectors with a single pixel and guard ring (Figure 5-2-B) are
achievableby usingtwo amperometers and a voltage generator. IRigure 5-2 it is shown the used
setup for monopixel detectors. Thanks to the presence of the guard ring,ucrent that flows
through the pixel is only due tocarriers that travel inside the CZT.

PIXEL

GUARDRING

picoammeter (A) @
_A__ GUARD}RING PIXEL GUARD-RING

sourcemeter (A) |

DETECTOR

sourcemeter (G)

CATHODE

A B

Figure 5-2. A) Standard electrical setting of detector measurement8) typical monopixel detector

Monopixel detectors are used for several expetinents in this thesis becausethey are easy to
realize and at the same time allow to study several characteristics of final devices, such as:the
metal of which contacts are made of surface treatments, influence of geometry on detector
performance,weighting field, electric field and properties ofthe CZT weused

To connectelectrodes:

1 Samples are located on the brass support on the cathodside (full area contact), the
support is electrically connected at sourcemeter.

1 Guardring and pixel electrodes areconnected by means ofwo tungsten tips and eachtip
is fixed on athree axialmicro-positioner.

By using this systemit is possibleto measureunbounded sample because the electrical contact
is ensured by the tips. To allowthe right positioning of tips on electrodesit is used amicro-
stereoscope This is afundamental instrument because sometimes tips must be located on a very
small pixel such as 5pm.

Micro-stereoscope is garticular type of microscopethat does not allow largezoom (up to 40x)
but is equipped with large focus distance This distance allows to work under the microscopwith
cumbersome instrumentation, as in our case. Under the steonscope are located the brass support
and the two micro-positioners. These lastpositioners are composed of threeorthogonal sleds
coupled with three micrometric screwsin order to ensure high precision in all the three spatial
dimensions.All thesecomponents are inside a cubic box with aluminum walls and two doorshat
give the possibility to operate inside the box. Thenetallic box has two important functions:to
electrically shield samplesand to ensure thar complete obscuration by the external lightthat
increases currents with photo-generation. All the measurement instrumentations (Keithleys and
PC) are connectedbetween themand placed out of the aluminum shell to avoid any electric noise.
A capacitive-thermometer is placed inside boxo monitor th e temperatureand, in order to better
operate,is also placed a led light.
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Tungsten tips and brass support are connectewith BNC connectors outside the box, and then
shielded cables (to not collect noise from the environment) carry signals at Keithleysn the
electrical schemeof Figure 5-2-A we havesourcemeter2410 which is able to apply voltage (from
5tV to 1.1kV) and measure current (witha maximal resolution of + 10pA) simultaneously, and
picoammeter 6485that ensures a resoltion three order of magnitude greater than sourcemeter
(£ 10fA).

The useof these instruments isdriven by their characteristics: picoammeter meastes the weak
current that goes throughthe detector bulk while the sourcemeter appliesthe selected voltage
between cathode and anode and measures current that flewon lateral surface Computer is
connected withthe instruments by using PCIBUSB modulethat allows to control the instruments

thanks to VISA commands.

To build 1V curve it is necessaryto changethe applied voltage andto measure the relative
currents. This is achieved thanks t@custom software developed in LabView (by myself in master
degree). During my PhD | havemplemented it in Matlab, that ensures larger degree of freedom
in terms of programming anddataanalysis With this software, it is possibleéo produce non-linear
ramps of voltage ando automatically savethe IV curves ofbulk and surface.

Non-linear ramp permits to acquire all requesed data in a single swept, furthermoreit allows to
thicken points close to zero voltwith the aim to better calculatethe resistivity of CZT. It is possible
to directly setthe value ofpotentials used for the sweepthanks to the use of MatlabHowever a
default ramp is defined and used for mostlysamples. Default ramp requires twoparameters:
maximum of voltage to reachy  (that is reached for both positive and negative voltags) and
number of stepsy .

: — ¢Q 0 51
W Q o

@ is settaking into account the totalcurrent that flows in detector: this voltage is set in order
to have a maximum current of 1@ A to avoid any danger for samplesBetween the change of
voltage and the readout of currenta preselected delg time is used to letequilibrate the detector
and typical value such of delay is about 810 seconds. After the delay, each Keithley measwre
current and saves a selectable number of points (default value is 20) on which Matlab average
and saves the medium value

This systemwas used to acquire all thdV curves shown in this thesis The system has not a
temperature control yet. In order to have JV characteristics at different temperatures, some
measurements in this thesis were performed by Abbene and Principatothe laboratory of
Dipartimento di Fisica e Chimica (DiFTof Palermo University. The cooperation with DiFC was
carried out also in the frame of the PRIN Project No. 2012WM9MEP founded by the Italian
Ministry for Education, University and Research (MIUR).

The DiFCsystem is composed bya Keithley 2410 Source Madr Unit (SMU) and a Keithley 236
SMU synchronized via external trigger link lines. In particular, the 2410 SMU, after the source
value setting, sends a trigger to the 236 SMU, which starts the sourdelay-measurement cycle.
At the end of the AD conversionthe 236 SMU sends the triggeo the 2410 unit to start the setting

of the new value. During each sweep operation, a maximum number of 101points was used. The
time required to gather the data of a singleM curve mainly depends on the time delay value.
Different delay time values, betweenthe setting of the bias voltage and the starting of the current
measuring phase,were used. Thedetectors were enclosel in a shielded box with atemperature
control. So itwas possible to performlV curves atdifferent temperatures with the guard ring of
the detector held at the samezero potential of the pixel. The detectorwas enclosed in a shielded
box placed on a Peltier thermal stage withemperature control within 0.1°C, and filled with
nitrogen gas to prevent condesation. Further details of the experimental setup are reported in
these paperg92] [93].
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5.2 Tape test

Mechanical resistance of contacts deposited on CZT is still one of the great issues of these
detectors. The problem is worsened by the impossibility of anneahem at high temperature;
despite this is a well-known problem in CZT word the weak adhesion of contactds scarcely
studied. This issue is aggravated ithe case oklectroless depositions

ISO 2409 describes an easy test to evaluate film adhesion a general substrate; the 1SOutlines
the method of a technique calledfape fest.If a film overcomes tape testthis means that it is
stronger than a minimum value defined by the standard tape usk

The passagef tape test are:

1 To goply a piece of tape at the metal surface and press it in order to optimize adhesion.
1 To cently lift off the tape.
1 To mntrol the surface of substrate anaf tape in order to discover the result of the test.

If the tape is clean and metails not peeledby tape, the test isovercame, otherwise the test is failed.
It is only a qualitative test, however it defines an adhesion threshold of contactsthat allows to
compare different type of electroless deposition techniques

Standard tapes have been fixed in order to make test reproducibj@4] [95]. | have used adhesive
o- 06 O OA belitherystdl (thafdparent and with good adhesive quality). In the experimental
chapter are reported several results of this test with different metal layers.

5.3 Readout electronics and radioactive sources

During my PhD | have made several samples towsly the influence of geometry anaf constituent
metal contacts and to validataheoretical prediction. A system to take spectra from sampleft is
needed to better characterize them. | built two different electronic readouts in order to test
spectroscopy of manufactured detectors. Aese chainsare completely analogicand are both
composedofacb I AOAEAT AT A A OEI |1 Ai AAA6 PAOOS8

Both electronic chains are made up of elements that carry out the same duties lmame from
different vendors. In the following rows it is describedin details only one ofthe two chains to
better understand their working principle.

The electrical signals generate by detectors are very weak: e.g. the energy ofincident radiation
is 100 keV, the amount of photogenerated pairgor each photonis about 21000that is to say3.4
fC of charge due telectrons. It means thaklectronics must be completely engineered to minimize
electrical noise if we want toachievespectra good signal to noise rationin Figure 5-3 is shown a
picture of the readout boxwhere the different stagesdescribedbelow are highlighted:

1 Shielded boxto avoid external noise.

1 Power supply and filters both external and internal alimentationare allowed. It is filtered
with an active stage, anywayhe internal one is lessnoising.

1 HV generator and filtersin this casethe high voltage appliedto the detector is generated

by a lab instrument andis driven inside the box by BNC connector. The HV is filtered with

a simple R(passivecircuit.

Detector plug the socket where the standard detectoboards are plugged.

Testin line:itis a BNC connector on which it is possibl® send a square wave to measure

the electronic noise of the readout circuit.

1 CSAhe preamplifier is manufactured by Amptek (model A250 mounted on PC250).

E
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1 Shapng amplifier, also manufactured by Amptek (The PC275 Test Board accommodates
three A275s and a BLR1 and produces agole pulse with 1 ps risetime).
1 MCAalsomanufacturedby Amptek (model MCA8000Dcomposed ofa peak-detector and

adigitizer that sends data at computer via USB.

A B C

oA
HVin testin
Figure 5-3. A) filters, plug board, CSP and B) shaping amplifief Readout box. C) Amptek MCA

To test the detector performances and obtain energy resolution value, nuclear sources are
required. The preliminary assays made on the majaty of samplesare obtained by using two

sources shown inFigure 5-4:

{1 s7Cobat, gently divested by physidaboratory of Méssbaueb $pectroscopyby researcher
Gianfranco Galli5s’Co is a gamma emitter witltwo main photoemissionlinesat 122.1 keV
and 136.5keV. Its half-life is 271 days and the activity of our sourceve usedis about 10
t Ciand this ensuresspectra with discreet statistics in few minutes.

1 7Cesiumit is located in physics lab under the supervision of professori@eppe Allodi,
that kindly allows me to benefit from source137Csbeta decayin 3’mBathat in turn, after
few minutes, decayg with gamma emission a662 keV. Its haltlife is about 30 years.

Figure 5-4. Nuclearsources used in my PhD, cobalt 57 on the left and cesium 137 on the right
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Other sources are used for data acquired in this thesis, in particular-nd r-ray calibration
sources are employedat DiFCto collectseveralspectra reported in the experimental section?. In
particular:

9 109Cd with emissions at 22.keV, 24.9%eV and 88.1keV.

1 24Am with emissions at 26.3%eV and 59.5keV, two sources with different activities (0.1
MBq and 370MBq). Theneptunium L X-rays of the strongest sourceare shielded by the
source holder.

9 57Co with emissions at 122.keV and 136.5keV,tungsten fluorescent lines produced by
the source backing ae present: K,;1=59.3keV, K>=58.0keV, K1=67.2keV and
K; #766.9keV.

Another important employed source is the one used to test our UAV prototypedescribed in
section (7.5). The aim was to demonstrate that our drone is able tmdividuate a hidden source.
To allow this experiment the source had to be strong enough to be fély a2.4 cm? detector up to

30 meters. Emiltest s.r.l. (company of Fidenza (PR) engaged on non destructive control on thick
tubesfor pipelines) provided us a powerful 192|r nuclear source of somealozens Curie (about 10
MBQ) of intensity. Several emission lines are present in iridium spectrum: the main emissions are
at: 300 keV (group of peaks), 46&eV, 600keV (group of peaks), 88keV and 1050keV (group

of peaks).

5.4 Setup of LI-TCT

Electric field profile inside the devicecan be measured by means dfockels effecf96] [97]. An
alternative method is the measure of the timeof flight of charge carriers that cross the whole
detector thickness. The current transient, induced by the charge generated as a consequence of
irradiation with photons or alpha particles, can be fitted to evaluate the two mdsimportant
transport physicals:mobility t and lifetime z. Under the strong assumption of a linear electric field
profile or by imposing an infinite carrier lifetime, several efforts were spent to reconstruct the
electric field from time of flight measurements[98] [99].

yT AT 11 AAT OAOETT xEOE OAOAOEGO ¢cOi OP 1T £ PEUOEAO
self-consistent method (described in subchapter 5.4.1) based on the laser inducé transient

current technique (LI-TCT). The procedure allows to reconstruct the spatial profile of the electric

field along the thickness of CZT detectors arig extract one by one the transport parameters{(

mobility and z life-time) without any assumption on the electric field profile[100]. Therefore,

with this technique it is possible to study the quality of the material and polarization effects in

different condition s of biasvoltage and temperature.

Making use of a Nd:YAG Polaris Il laser system, samples have been optically excited impinging an
area of aboutsomedozens oft m in diameter, at the center of the cathodéseeFigure 5-5). 532nm
pulses (second harmonic ofNd:YAGlaser) are 10 ns long, and withmaximum repetition rate of
20Hz. Light is simultaneously brought with two optical fibers of the same length orthe sample
and on a fast photodiodehat acts as trigger for the pulsesThe pulse enegy released onthe CZT

is the same for all the acquired current transientsThe energwalue has been estimated less than
100pJ anyway the value of output energy of laser is simptynable by using the laser control. Due

to the short penetration depth atenergies above the energy gap, the pair generation takes place
immediately beneath the electrode and the current pulse arises from the drift & singlecarrier
type. In order to reduce noise contribution and little fluctuation of photogenerated chargea few
thousands of current pulses have been averaged tharkto the trigger system. The samples are
totally encapsulated with a speciaépoxy, except a little hole wherethe optical fiber is connecied.
This prevents absorption of reflected or diffused light through lateral surfaces. Itis important to
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prevent unwanted charge generation if not only under the metal contact where the laser is
focused.The diameter of laser spothat hits the sampleis about 200 um.

Figure 5-5. Schematically representation of TCT: the laser light hit the cathode in correspondence of center of the
anodic pixel

The output signak have been amplified by a honmaade amplifier with bandwidth of 80 MHz, that
ensures a time constant of 2sthat is comparable with the nominal laser pulse width. The signal
is converted into a voltage pulsewith a conversion factor of 105V/A and acquired by a Digital
Storage Oscilloscope Owon SDS8202@0 MHz of bandwdth and 2 GS/s of sample ratg. The
oscilloscope is connected t@ PC that download transient data and averags them by meansof
Matlab program. Approximately 104 signals are acquired to reduce random noise by a factor of
100. Bias voltage has been supplied by a Keithley 2400 High Voltage Soufgkeasure Unit.The
experimental setupfor LI-TCT is shown inFigure 5-6.

Figure 5-6. Experimental Setup of L-ITCT with highlighted the different stages

5.4.1 Self-consistent method for t he analysis of experimental data
In the following rows | want to briefly explain the selfconsistent method developed in
collaboration with Andrea Santi during my PhD. The methodllows to extract electric field profile
and transport parameters for electras and holes in a generic CZT detectors. The power of this
method is that it is applicable directly on the finh device and does not damage .itn addition,
thanksto the simulation of weighting field, no geometric constricton contactsare required (it
means thatwe can measuresamples with any contact geometry. Moreover, both electron and
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hole parameters aresimply achievableby changingsign of bias voltage.The aim of following
description is only to underline the main steps of the methodFurther details and exhaustive
description were reported in PhD thesis of Andrea San{b2].

The Diffusion of photogenerated charge is not very influential: the final spatial spread of the
charge package is much less of the thickness diet sample. For eample, the spatial spread of
charge densityin a sample 1 mm thick and biased with 100 6 about 15um [52].

Alsodetrapping phenomena are negligible since the characteristic times are greater than 100
values about 100 times greater than typical times of flight in our experiments[52]. Only an
infinitesimal fraction of trapped carri ers are able to escape from the traps and to take part in the
signal.

Tacking into account previous evaluations, iffusion of charge during drift and detrapping
phenomena are assumetb be negligible. In theseconditions, charge is onlysubjected to:

1 Geneation closeto the illuminated electrode.
9 Drift toward the collecting electrode with a speed proportional to the local electric field.
1 Trapping during its flight with a rate related to the inverse of lifetime z,

Since the carriers are generatedmmediately under the illuminated electrode, a single carrier
equation can be obtained fronB8-15:

" Nno‘Fr»o JF »O 52
And finally, byintroducing trapping:

—~ o~ — . . 53
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wheren isthe initial charge of photogenerated cloud and is the life-time of selected carriersBy
neglecting diffuson, the trajectory of carriers (»0) becomesone dimensionaland the math

treatment results simplified. For thesereasons in the further formula, we consider a mone
dimensional motion with lawi 0.

A set of current transients with different appliedvoltage w and with same generatedotal charge
(that meansacquired with the same laselpulse energy) is required. Sib-index “(hdicates that the
relative physical is related to'ch transient with related applied voltage.

The transit time is estdlished thanks to the first derivative of the transient signal: the local
minimum of the derivate matches the inflection point in thetransient decreasing This pointis
considered as the end of the transient.

The method could be summarized in four steps:

1. Achievement of A, gnd W from the definition of weighting potential we know that
@ i QG K p. The differential Q is rewritable as0 i 'Q dhen, by replacing it in the
previous formula, we obtain, @® i 0 ‘O 1 0 Q0 p. The agument of integral is

similar to induced current (5-3) so,with another substitution, we obtain +=Q0
p. Anally we canwritey | "O0'Q Q&) and tis independent by theindex ‘Qthen we
can obtain their value looking for thet value that minimizesthe ; chi square

2. Byreplacingb 6 ‘O i 0 intheintegral form of hourlylawi 6 _ 0 0 Qéwe
obtaini 6 | ‘O 0 '@. So, bysing the5-3in the same way of step Jthe formula
becomes
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v~ N T
s 22 o 54
nwi o
Toknoww i 0 ,thatisthe weighting field that carriers feel in timed, we must knowthe
hourly law i o in order to turn the time dependence into spatial one ® ) that is
obtained by numerical simulation.

3. The third step is to solve the selfconsistent problem in equation5-4 and to obtain
simultaneously » 0 andsr » 0 . Selfconsistent problem is solvedby using a while
cyclethat improves step by step tha 0 8The cycle endsvhen the square deviationof last
two hourly laws (i 6 andi  0) reachesa preset threshold. A uniform electric fieldis

assumed as initial condition so carrierspeed is congant andi 0  0- . In the Qth

iteration hourly law is calculated byi 0 ' . This process is applied

for all transients 00 .
4. Byknowing the hourly law we can write the inverse functionrdi andwe canobtain value
of Hand electric field profile f ». Fom equation 5-3 it follows that:

. ooi a9 55
‘O —_—
n wi
Now we can obtain mobility as average of - b on “Gand thanksto

5-5'01 isalsoachieved

The describedprocedure wasimplemented with Matlab andwas optimized in collaboration with
Andrea Santi. Several sampleswere analyzed in my PhDby using this method. Aarge amount of
data obtained frommeasureswere published or presentedat IEEE conferencg101] [50] [102].

5.5 Diamond synchrotron

In the February of 2017, lhad the pleasure totake part in an experiment atthe synchrotron near
Oxford i AT 11 AAT OAGETT xEOE ' AAATA80O cOi Ob
(Rutherford Appleton Laboratory). In 2016 our proposal was accepted and we had fivedays of
beamtime at line B16. After the analysis of results originating fronthe experiment, we reapplied
and we were selected for carrying on other experiments in 2018

In the following rows, | want to describefirstly diamond synchrotron and then the setup of our
experiment.

Diamond Light Source(Figure 5-7) is a 3GeV synchrotron inside the Harwell Science and
Innovation Campus in South Oxfordshire, UK. It was founded by UK governmehiamks to
Wellcome Trust and Science and Tehnology Facilities Council. Diamondactivities started in
January 2007 and currently las 22 operative beamlines. The facility welcomes either industrial
companies or academic scientists from both UK andternational research groups.
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Figure 5-7. Above viewof Diamond facility

Diamond works like a giant microscopeByY exploiting the bright light produced by fast electrons
it is possible to study with high resolution anything from fossils to jet engines to viruses and
vaccines.

The synchrotron accelerats electrons close tdight speed on acircular trajectory and, thanksto

the centripetal acceleration,electrons give off brighter light composed by highenergy photons

These ploton beams are then directede 1 O1 1 AAT OAOIT OE A OthaEdreitandentidd O OAAA
to the ring and all aroundit (Figure 5-8-left). Here scientists have at their disposal a bright and

strongly collimated (up to few squaremicrons) beamthat can be made monochromatic

We worked in beamline B16, thats a flexible and versatile beamline fotesting new developments
in optics and detector technology and fottrialing new experimental techniques.B16 provides
both white and monochromatic Xrays from 4 up to 50 keVin several operational modes.

324 CryoTXM
icrofocus MX 124 102 mx

Mi
Cireular Dichroism B23 O N lionachhemadc it
Long Wavelangth MX /%l 104 MX: Macromolecular Crystallography
Y (/7 - 2 ARPES

Infrared Microspeciroscopy B22 |

oft Xoray Beamline

N

LOLA: X-Ray Spech NN\ )8 Soft X-ray Microscopy
: X-Ray Speciroscapy N

i‘\ SISA: Surface & Interface Structural Analysis|

Smoll Molecule Single Crystal Difraction 119 N\
Core EXAFS \

BLADE: X-Ray Dichroism & Scattering

High Reselution Pewder Diffraction

JEEP: Joint Engineering, Environmental and Processing

A Hard Xray Nanoprobs for Complex Systems

113 X-Ray Coherence and Imaging

Figure 5-8. Beamlines map of Diamond (left) and 3D rendeof typical beamliine lab (right)

In beamline B16 we mounted our instrumentation for the experiment.The experiment was
completed using the PIXIE syster{chapter 4.3.1) with two different CZT devicesThe first was 1
mm thick and fabricated by myselby using material from Redlen, the second was purchased from
Redlen Technologies and was produced using a new hiflix grade CdZnTematerial.

The first detector was realized b be bonded on a PIXIE ASIC. The PIXIE ABdQe a standard
contact design: full area cathode and pixelated anodg@ee Figure 5-9). The anode has foupixel
arrays 3x3, three of them have a pixel pitch of 250m and the last of 50 { m. The detectors were
realized with the standard proceduredescribedin chapter 6.
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Figure 5-9. PIXIEdetector produced by myselfwith the bonding spots on the anode surfacéleft), 3D design ofPIXIE
detectors (right)

Detectorsoperated ak 2 °C. Signals from PIXHASIC were digitized using CAEN instrumentation
and after analyzed using Labview and Matlab custom programsoftware and firmware,
developed by Leonardo Abbene atiBC,allowed to savepulse height arrival time and time width
for each Xray interaction up to 1 Mcps rate.

The system was located in the opti¢able of beamline and a fine beam dfOx10 t m2 was defined
using J&klits. A second set of antscatter slits, that were mounted on the optictable, were also
usedto ensure cleanbeam profile. Two different energies obtained by means of channel cut
monochromator, were used for the experiment: 1keVand 50keV. The beanspotwas movedon
the detectorby using the sample stagewith step sizes of 12.5 m and 25t m. We performedwith
this setup 1D and 2D scaa for both array types of both samples.Figure 5-10 shows the
experimental setup in two different views.

Figure5-108 O" AAl 6 OEAx xEOE OAA | AOAO | ET AO adlireadodd &écitoGics OEA OA/[ B
(right)

Also HEXITEC system was testedheASIC, equipped with IMEM detector, was mounted on the

same support of PIXIE boardThe HEXITEC detectois 2.5 mm thick with a full area cathode and

pixelated anode(Figure 5-11). The latter is compound by a 20x7%ixels array surrounded by

guard ring. Firstly the beam was aligned at the center of pixel 11,48 (row, colum@ahnd after a 1D

scanwas performed up to pixel 11,52. We used beam energy of X&V and 50keV for this
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alead-shielded box. All data were

n

t. Finally 57Co and24.Am spectrawere measured

taken in RAW mode foifurther analysis and studies.

experimen
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Figure 5-11. HEXITEC detector manufactured by myself (top), anté 3D model (bottom)
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6 Detector realization

Somerules should be keptin mind during sample preparatior

1 Processing emperature must always belower than 120°C.
1  Work must be performed in acleanroom.
1 High purity solvent and chemicalsmust be used

The complete process to ealize CZ¥basedr-ray detectors will be carefully described in this
chapter garting from the material selectionup to detector bounding on its breadboard.

6.1 Material selection
An accurate selection of materials neededto obtain detector with good transport properties and
consequently high resolution.

CZT must have high resistivity greater than101°m A | stiall nt containextended defects such
as grain boundaries, cracks or twins.

We work with two different CZT materials: one type is commercial purchased bedlen supplier
and the other coming from the ingots growth inIMEM-CNRby boron encapsulaed vertical
Bridgman (describedin 2.4.4).

The material bought from Redlen is already selected and testedPurchased detectors are
monolithic and monocrystallinewith typical size of 20x20x6 mm3 and they only need to becutin
order to minimize material waste.

When we process IMEM material we havéo select monocrystallineregions and to optimize the
cutting step to minimize CZTwaste.Two-inchesingots are generally cut in wafers 3 or 5mm thick
perpendicularly to the growth direction (Figure 6-1). If we cutthem in slices alongsidethe growth
direction we would get larger single samplesbut strongly heterogeneous because ofzinc
segregation.

7 cm
Figure 6-1. CZT ingots growrat IMEM (left), cut wafers (right)

A simple but functional method is used © highlight with precision the monocrystalline blocks.
Both faces of all wafers are photographedly placingthe illumination in order to maximize the
contrast between different grains. In postprocessing the images are cleaned and phote
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parameters are tuned in order to better point out different grains. One of the two faces of wafis
mirrored and overlapped atthe other one. In this wayit is possible tohighlight on the image the
monocrystalline border and to take the cutting measure with precision.Figure 6-2 shows the
partial photos and the final resultof process(bottom).

1 2 3 4 5 6 7 8

Figure 6-2. top view of wafers (top), bottom view of waferreflected (middle) and monocrystalline zone selection red
colored (bottom)

Qutting follows the material selection step It is used a static circular saw with internal blade
(Meyer Burger Annular Saw TS 23) stwn in Figure 6-3. Thismachine isable to make accurate
cuts and, by using specific arrangement, avoids the generation of new extended cracks on the
sample border(although in the first microns are presentsomedefects due to mebanical stress).

Figure 6-3. Meyer circular saw, in the right image it is visible the inteal blade and the moving stage
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Figure 6-4. Cutting scheme (left) cutCZT sample (right)

6.2 Surface treatments

A critical issue on realization of CZIbased detectorsis the preparation of surfaces on which
contacts are deposited They should be homogenous, low roughness and+axidized as much as
possible.A meticuloustw o-step process of lapping and polishing is required to reduce roughness;
this process leaves surfaces very cleaand readyfor contact deposition. Polished CZT surface is
terribly reactive and the oxide starts to grow in a couple ofsecondsand it is mainly composed of
Te® (black and opaque)The surfaces must be leftri air the minimum time before metallization
to avoid oxide formation [103]. In this chapter the preparation steps to obtain high quality
contactsare described.

6.2.1 Lapping and polishing

It is necessary to excisa thin layer of CZTin order to make surface flat and smoottand to remove
its defects We use aspecialmachine calledapping machineto do this. It iscomposed by a circular
horizontal plate where sandpapes are applied. The plate turn on itself with a tunable speed.
Samples are glued on acustom support and are located on its top. The support is equippedith a
micrometric screw, to define how much material we want to removeand a ring ofsilicon-carbide
spacers(visible in Figure 6-6-B). Spacersthat are not eroded by sandpapersensure flat and
homogeneous final surfacesTwo different machinesare located in our laboratory.

T Remet LS2 Figure 6-5-left). The abrasive plate is motorized andhe samples support is
controlled and held by hand. Plate diameter is 20cm and its speed is tunable from 0 to
300rpm (typically is 250rpm). Available surface for samples is 30x30mrhand it is used
only for research puiposes.

1 ECOMET 4FKigure 6-5-right) . It is completely automatic: both abrasive dish andamples
support are motorized. Motor speed andperpendicular strength, that pressessamples on
dish, are tunable Plate diameter is 30.5cm andts speed is tunable from 0 to 500rpmThe
available surface for sample is about 200cthso the machineis able to produce a large
number of samplesin a single time.
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Figure 6-5. Lapping machins: Remet LSZleft) and ECOMET 4 (right)

I have mostly used Remet LSZfor realization of samples reported inthis thesis. Cut samplegre
cleaned in boiling acetone andare glued (with Joel crystalbond 509) on the glass surface of
lapping support. Glass is used becauseflat andpresents a smooth surfacesothere is not risk to
ruin the already lapped face of samples.

To ensureclean surfaces and to reducesurface leakage currentthe following procedures was
used

1. The first contact surfaceis prepared and contactimmediately deposited we minimize
exposureat air and avoid surface contaminatiorby depositing contacts immediately after
the polishing.

2. The second contact surfaces prepared m the opposite side andthe second contact is
immediately deposited

3. Thefour lateral facesare lapped one by ond¢o remove metal excessleposited during the
previews stepsand to reduce surface defects thalvorse the spectroscojr responseby
changinglocal electric fieldand increasing leakage current

Figure 6-6. Simple after cutting (A), after lapping and polishing (B) and after lapping of lateral faces (C)

Samples are glued orthe support surface The lapping process starts by usingourse sandpaper
to rapidly remove at least 100150 { m of CZT.This process completely removes the surface
damage induced by cuttingWe generally use sandpaper p2500 or p600 (respective particle size
of 8.4 and 25.8t m) for few minutes. Now sandpaper p4000 (particle size of 5 m) is used to
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