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Hiukkasilmaisimet altistuvat huomattavalle sateilylle tulevaisuudessa korkearn
energian hiukkasfysiikkakokeissa, esimerkiksi kun CERMN: hiukkaskiihdytin
LHC ajanmukaistetaan. Nain ollen pii-ilmaisimien satelynkest@vyyden paran-
tamista eli erilaisten sateilyn aiheuttamien kidevirheden seka ilmaisinsovellus-
ten muokkaamista tutkitaan laajasti. Magneettisella Czolralski-menetelmalia
(MCZ) valmistetuista kiekoista prosessoituja p-tyypin imaisimia on kuitenkin
tarkasteltu melko vahan. Tassa tyessa verrattiin seka n- et p-tyypin MCZ-
pii-ilmaisimia seka oat zone -menetelmalla (FZ) valmistetuista kiekoista proses-
soituja n-tyypin ilmaisimia suorittamalla virtatransienttimittauksia (TCT). Tu-

lokset osoittavat, eta MCZ-piin sahkeiset ominaisuudet ovat huomattavasti
sateilynkestavampia kuin FZ-piin. Tutkittujen param etrien perusteella voidaan
myes paatell, etta p-tyypin MCZ-pii saattaa olla sa teilynkes@avampi ilmaisinma-
teriaali kuin n-tyypin MCZ-pii. Taman tyen tulokset tuk evat siis oletusta, etia
LHC-kokeiden nykyisten FZ-pii-ilmaisimien vaihtaminen n tai p-tyypin MCZ-

ilmaisimiin olisi varteenotettava vaihtoehto.
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Symbols and Abbreviations

Symbols
A active area of detector
C capacitance

CCE charge collection e ciency
CCEy geometrical factor ofCCE
CCE; trapping induced factor of CCE

D thickness of detector
D, di usion constant of electrons
Dy di usion constant of holes

E(x) electric eld
Emax ~ Maximum electric eld

Ec energy level of conduction band

Er Fermi energy level

Eg band gap energy

E; activation energy

Ev energy level of valence band

E, electric eld caused by unit potential
I (t) detector current

i(t) transient current

l\eak leakage current

J current density

Jgen generation current

Jn electron current density

Jp hole current density

Js saturation current

Kg Bolzmann's constant

Ln di usion length of electrons

Lp di usion length of holes

n density of electrons

N eft e ective doping concentration

Neq 1-MeV neutron equivalent

Npo density of electrons on the p-side in equilibrium
No injected electron density

Na density of acceptor impurity atoms
Nc density of states in the conduction band
Np density of donor impurity atoms

n; intrinsic carrier concentration

\ density of deep levels

Ny density of states in the valence band
p density of holes

Pno density of holes on the n-side in equilibrium
q elementary charge

Q collected charge

Qo total induced charge

Qc charge per unit area



€q

eh
detrap
eff

gen

absolute temperature

time

drifting time

potential

built in potential

charge carrier velocity

voltage of full depletion

thermal velocity

active volume of detector

width of depletion region

limit of depletion region on n-side
limit of depletion region on p-side
current related damage rate
permittivity of semiconductor
mobility of electrons

mobility of holes

1-MeV neutron equivalent irradiation

electric charge density
conductivity

trapping cross section
detrapping time constant

e ective trapping time constant
generation lifetime

Vii
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Abbreviations

ALICE A Large lon Collider Experiment
ATLAS A Toroidal LHC Apparatus

CCE charge collection e ciency

CERN European Organization for Nuclear Research
CID current injected detector

CMS Compact Muon Solenoid

CsIC Consejo Superior de Investigaciones Cient cas
Cz Czochralski

Cz-Si Czochralski silicon

C{v capacitance { voltage

DOFZ di usion oxygenated oat zone silicon

e-h electron { hole

FZ Float Zone

FZ-Si Float Zone Silicon

HEP high energy physics

IMB-CNM Instituto de Microelectonica de Barcelona {
Centro Nacional de Microelectonica

KV current { voltage

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty
MCZ magnetic Czochralski

MCZ-Si magnetic Czochralski silicon
MIP minimum ionizing particle
NIEL non-ionizing energy loss
poly-Si polycrystalline silicon

PS CERN Proton Synchrotron
RD39 CERN Collaboration: Cryogenic Tracking Detectors
RDA48 CERN Collaboration:

Research and development On Silicon for future Experimen{ROSE)
RD50 CERN Collaboration:
Radiation hard semiconductor devices for very high lumindg colliders

SCR space charge region

SCSI space charge sign inversion
Si silicon

SNR signal to noise ratio

TCT Transient Current Technique

TKK Helsinki University of Technology



1 Introduction

The year 2008 has witnessed a milestone in experimental higihergy physics (HEP)
as the rst beam circulated in the Large Hadron Collider (LHQ at the European
Organization for Nuclear Research CERN after more than twényears of planning
and ten years of construction. The particle accelerator LHGllustrated in Figure 1,
and its four main experiments are the largest physics experéent in the world. The
aim of the experiment is, among other things, to complete th8tandard Model of
particle physics, namely by nding experimental proof of tle existence of the Higgs

boson. [1]

Figure 1: The Large Hadron Collider LHC is located 100 m undground close to
Lake Geneva and the Jura mountains. [Imag® CERN]

The Higgs boson is believed to be a particle that transmits foes between matter
particles. It is predicted by the Standard Model, which is cuently the underly-

ing theory of all particle physics. According to it, matter onsists of two classes
of elementary particles: quarks and leptons. Fundamentahteraction forces act
between these matter particles, the fermions, in form of ergy exchange which is
performed by carrier particles, the bosons. E.g., the eleomagnetic force is one of

these fundamental forces and the corresponding carrier piate is the photon.

The theory established by Peter Higgs and others suggestsattboth matter particles

and carrier particles interact with a special force eld viathe Higgs boson. The



interaction with this Higgs eld provides particles with mass relative to the amount
of interaction. This would explain why some particles are lawier and others have

nearly no mass at all.

However, the Higgs boson has not been experimentally detedt yet. Although no
exact mass can be stated, it is predicted to be a rather heavyaicle of more than
100 GeV =@ but possibly even over 500GeV=¢E. Thus, the corresponding energy
range has to be scanned thoroughly as the energy of the singlarticle in turn
extends over a very small range. Moreover, a high repetitiaate is needed, because
the Higgs boson is very rare and the background noise has to &eeraged out, as
well. [2], [3]

Until now, experiments have not reached the required enegs to observe the Higgs
particle. This is the reason for the massive size of the LHC drits experiments,

which also reach exquisite precision. The proton beams inghLHC consist of
bunches of protons that are injected into the ring with a fregency of 40 MHz. This
corresponds to collisions occuring within the detectors ewy 25 ns. The particle
ux reaches 10 % in the closest region to the interaction vertex [4]. But evemwvith

this equipment, the production rate of the Higgs boson is exeted to be rather
moderate. Calculations propose that it takes at least 2{3 yes before any reliable

statistics have been collected from the data. [5]

The LHC itself is an accelerator ring built of 9300 magnets.t is located in a 27-
km-long tunnel 100 m underground close to Geneva and the F@mnSwiss border.
Protons or lead ions, which both belong to the group of hadren are accelerated
around the ring in both directions in separate beam pipes. Ehmagnets bend and
focus the particle beam with such a high magnetic eld that ca only be achieved
if the magnets are superconducting. Hence, the operatingniperature of the ac-
celerator magnets is only a few degrees from absolute zerohe$e procedures are
necessary to control the particle beams precisely as the peles reach speeds close
to light velocity and the energy of single protons rises up t@ TeV. In fact, colliding

the beams requires the same precision as shooting two nesdtem 10 km apart to



hit each other in the middle [6].

Collisions of the particles occur at the four main experimeal sites of the LHC:

ATLAS, CMS, ALICE, and LHCb. This work has been carried out inthe framework

of the Compact Muon Solenoid (CMS) experiment. The CMS is a geral-purpose
detector that is presented in Figure 2. While it is also desiged for the search of
the Higgs boson, the CMS is a suitable particle detector fomg appearing particles
with high energies reaching 2{3 TeV. Speci c particles in tis energy range and their
decays could lead to progress in verifying theories such agpersymmetry and string
theory. Research elds of dark matter, dark energy, and antatter are desired to

prot from the experiment, as well. [7]

Figure 2: Schematic of the whole CMS Detector.[Image CERN]

A detector such as the CMS constitutes of a number of parts taentify di erent

particles reliably. The main parts of CMS are the tracker forspatial locating of
particle tracks, electromagnetic and hadronic calorimets, and the muon system to
track muons which permeate through the other detector partsndetected. [8] The
all-silicon tracker system in CMS consists of di erent kind of detectors [9]. Pixel
detectors are located closest to the interaction point beaae the requirements for
spatial resolution are the highest there. Behind the pixel etectors, silicon strip
detectors are installed. When the products of the particleatlisions spread radially

from the collision point, obviously the silicon tracker is ®posed to most extensive
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particle radiation. The installation of the tracker systeminto the detector is shown

in Figure 3.

The ability of silicon to withstand the deterioration of performance caused by ra-
diation is called radiation hardness. However, the currelyt installed silicon pixel
detectors in CMS are predicted to reach the limits of their factionality approxi-
mately within the next ve years, whereas the strip detectos are predicted to stay
functional for approximately ten years. This is the conseance of the excessive

radiation luminosities described earlier.

The detectors currently in CMS were processed from silicoalfricated by the Float
Zone (FZ) method. The purity of this type of silicon is considrably high and
FZ-Si has therefore been favored as detector material. Indhbeginning of the
1990's the improving e ect of oxygen on the radiation hardres of silicon was dis-
covered [10]. After excessive research in the eld of oxygdrd silicon and its
radiation hardness [11], the pixel detectors in CMS are indd manufactured from
Di usion Oxygenated Float Zone (DOFZ) silicon. However, tle disadvantage of the
DOFZ method is the duration of the high temperature processg and therefore risk

of contamination and cost.

Figure 3: CMS Tracker installation.[Image© CERN]

Approximately 10 years ago, development work in magnetic Gzhralski (MCZ) crys-

tal growth of high-resistivity silicon began. Electronicsand semiconductor industry



had also evolved a demand for high-resistivity silicon, ancbmmercial availability of
high-resistivity MCZ-Si followed. Compared with FZ-Si, the oxygen concentration
in MCZ-Si is evidently higher to begin with. Additionally, as the most used silicon
type in industry, the growth of MCZ-Si is clearly less expermge than that of FZ-Si.

Thus, the work to develop radiation hard particle detectordor the LHC upgrade

from Czochralski silicon is of great interest.

A particularly well suited method for examining detectors $ the Transient Current
Technique (TCT) that has been developed by researchers ofetho e Institute in St.

Petersburg, Russia and the Brookhaven National Laboratorin the USA [12]. It is
a nondestructive testing method that enables studies of Hy irradiated detectors
more e ciently than, for example, traditional C{V measurements. TCT allows to
determine various parameters, such as the voltage of full pletion, to characterize
the detectors. Until now, little research has generally beeconducted on p-type
MCZ-Si detectors. This thesis project focuses on compareti TCT measurements
of MCZ-Si detectors fabricated of both n- and p-type silicorbulk. Detectors of

FZ-Si are included in the studies as well for comparison.

This thesis presents in Chapters 2 and 3 the theoretical bagtound for silicon par-
ticle detectors and their radiation hardness. Chapter 4 caentrates on the method
of TCT describing both the principle of the technique as welbs the performed
practical measurements. The results are presented and dissed in Chapter 5, and

Chapter 6 summarizes the contents.



2 Silicon Detectors

Silicon particle detectors used in the LHC experiments ara iprinciple reverse bi-
ased p-n diodes. The highly doped implantations are formed doth sides of the
silicon wafer to create volume devices. When the bias voltags applied, the electric
eld extends over the whole detector thickness. The energyf ancoming particles
generates pairs of free charge carriers in the bulk that drifo opposite sides of the
detector and are collected there. Although Brattain and Baieen developed the
point-contact transistor in the early 1950's, it was W. Shaddey who established the
theory of the p-n junction and suggested its practical use ialectronic devices. The

theory presented in Section 2.1 is based on [13].

2.1 p-n Junction

In practice, a p-n junction is usually fabricated by diusion or implantation of
acceptor- or donor-type impurity atoms into n- or p-type subtrate silicon, respec-
tively. In theory, however, a p-n junction is usually desched as an abrupt junction
combined of two originally independent parts; one part bem p-type, the other
n-type. The term abrupt junction describes a state in which e impurity atom
concentration changes abruptly over the junction interfag from acceptors to donor
atoms as depicted in Figures 4a) and 4b). Furthermore, a orsgded junction results
when the impurity density is signi cantly higher on one sideof the junction than on

the other side.

When the p-type and n-type regions form a common interfacehé free carriers of
both sides di use to the other side of the junction and reconibe. Electrons move in
direction of the p-region and leave positive donor ions betd until x,,. Negatively
charged acceptor ions occupy the p-type region until X, as holes di use to the
n-side. The region containing the ionized impurity atoms igmpty of free charge
carriers and is thus called the depletion region or space ega region (SCR). The
limits  x, andx, of the depletion region are shown in Figure 4. Thermal equliium

is reached when there is no net current ow.
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Figure 4: Properties of an abrupt p-n junction: a) density ofimpurity atoms; b)
space charge density; c) distribution of the electric eldand d) potential distribution
over the junction.

The Fermi energy levelEr in p-type semiconductors is close to the valence band
E, and close to the conduction band. in n-type semiconductors. As a result, the
conduction and valence bands are bent in the junction regiobecause the Fermi
level has to stay constant over the junction to satisfy the aalition of zero current
ow. The bending of the energy bands leads to a built-in potdial V;; i.e., g\

is the di erence in energy between the originaEr levels in the n- and p-regions.
For silicon p-n junctions, V,,; has a value of approximately 0.7 VV,; can as well be
understood as the corresponding potential to the electriceld which is generated in
the depletion region between the space charges opposite liauge. The distribution

of potential over the junction is presented in Figure 4d).

The p-n junction can be described mathematically startingrbm Poisson's equation

in one dimension:

dE
5= 1)

S

E is the electric eld across the junction and ¢ the permittivity of the semiconduc-



tor. The electric charge density can be approximated with the product of unit
charge and the corresponding doping atom concentration: N, for acceptors and
gNp for donors if all impurities are assumed to be ionized. Theeddtric eld being

the negative rst derivative of the potential, we get:

2
27\2 = Moo 0<ex x, )
S
2
and ((jj_\g = AN for Xp X< O (3)
X s

As can be seen in Figure 4c), the electric eld across the juthon is zero at X, and
Xn. The maximum of the eld, Enax, is located atx = 0. Thus, Equation 1 can be
integrated over x to obtain for the p-side:

gNa

S

E(x) = (X + Xp): (4)

The calculation for the n-region is analog. The following isalid for the maximum

of the electric eld at the junction contact:

ANaXp _ GNpXn

S S

JEmax(x=0)j = ()

Integrating Equations 2 and 3 twice and adding the results, &get the total di usion

potential:

1gNa , 1gNo ,
é - Xp é—sxn
1 1

= éEmax (Xp + Xp) = éEmaxW (6)

Equation 6 introduces the depletion widthW that denotes the width of the space
charge region from x, to x,. When x, and X, are solved from Equation 5 in

dependence oE ., their sum becomes

1 1
Xp+ Xp = Emax_s +

Bl 7
g Na Np 0

Emax IS solved from Equation 6 and inserted in Equation 7, s@&/ results in:
S

2 Vi Na+ Np
W = : 8
q NaNp ®)




If the junction is one-sided withNp >> N 4, and it is assumed that neither the
depletion region extends over the limits oW nor are any charge carriers left in the

SCR, then Equations 5 and 6 yield:
s

2 sVhi .
aNa

(9)

Again, the calculation is analog, ifNo >> N p. The depletion width extends to the
side of the junction with lighter doping concentration, beause the condition of total
charge neutrality has to be ful lled. As a consequence, it ipossible and desirable
to increase the depletion width through the whole detectorhickness D by biasing
the detector with su cient reverse voltage, namely the full depletion voltage Viq .

Thus, whenD = W, Equation 9 transforms to

(10)

for a one-sided p-type detector. According to Equation 10he options to achieve a
depletion voltage as low as possible include reducing thepilog concentration of the
bulk and using thin detectors. The e ective doping concenation is often denoted
with Ngfs , When

Nett = Np  Na: (11)

Applied voltage V changes the charge per unit areaQ., in the active detector

volume. This is the de nition for the depletion-layer capattance per unit area:

dQc

C : 12
y; (12)
Using Equation 9,C for a one-sided abrupt junction can be written as:
S
_ s _ qsNa | _
C=w N V) W D;V Vg (13)

When the external voltage reache¥;q, the detector is fully depleted. As a result,

the overall capacitance saturates to a value solely depemid®n geometrical factors:

A

C=
D

(14)
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A is the active area of the diode. Consequently, the voltage &ill depletion can
be determined, e.g., by C-V measurements, from the saturati point of the capac-

itance.

The ideal diode law for current-voltage characteristics ithe Shockley equation:

_ 4DpPno . 9DnNpo,

\J )
° Lp Ln

(15)

where Js is the saturated di usion current when no electric eld is pesent. D,
(Dn) is the di usion constant of holes (electrons),p,o (Npo) is the equilibrium hole
(electron) density on the n-side (p-side), and., (L) denotes the di usion length

of holes (electrons).

In a reverse-biased detector, current is generated in the mleted layer, which is

exposed to an electric eld. The generation curreniye, can be expressed as:

nW
Jgen= AW, (16)

gen

where 4en denotes the lifetime of generated charge carriers, amgl is the intrinsic
carrier concentration de ned as:

n?=np= NCNVekBi?: (17)
The e ective densities of states are denoted wittNc and Ny for conduction band
and valence band, respectivelyE, is the band gap of the semiconductorkg Bolz-

mann's constant, and T the temperature.

Diodes are only partially depleted at low reverse bias volgge. In such circumstances,
the total reverse leakage current can be expressed as the swiithe di usion current
Js from the non-depleted area and the generation curredye, from the SCR. The
leakage current is also a ected by other parasitic currentsuch as surface generation
current. This can however be neglected along with other urgdl conditions such as
tunneling of charge carriers between energy states in therzhgap and the series
resistance in the junction structure. In particle detectos, the minority charge carrier
concentration also remains signi cantly lower than the desity of majority charge

carriers, thus excluding a high-injection case.
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Consequently,J4en becomes the dominant component of the leakage current when
diodes are fully depleted. Hence, the total leakage curreof a fully depleted de-
tector can be approximated by Equation 16. Although 4., depends very weakly
on the temperature, the intrinsic carrier concentrationn; is strongly temperature
dependent, as evident from Equation 17. Thus, the temperate dependence of the

generation current is highly signi cant.

2.2 Particle Detectors

A diode structure is operated under reverse bias in detecrmode, because detector
operation based on di usion would not be fast enough to sepate single signals from
each other. Collision events occur in the LHC in 25-ns inteals, and the signals
must be read out in each interval. This can only be achieved lreading out the

drift current caused by the electric eld.

Practical implementations of detectors are usually basechdightly doped bulk ma-
terial with thin, high-resistivity, and highly doped implantations. This strongly
asymmetrical junction can be described with the theory of ane-sided abrupt junc-
tion as presented in the previous section. Traditional det¢éors have mostly been
fabricated from n-type bulk silicon. The front side is dopedvith acceptor-type im-
purities to create a p -type implantation, and a n" -type implantation forms on the
back side as a result of donor doping. Thus, the p-n junctiors iformed close to the

front side of the detector.

During operation the detector is fully depleted by reverseis. The carriers gen-
erated by the incident particles drift under the in uence ofthe electric eld to the
corresponding nodes of the bias voltage. This is illustradein Figure 5, that indi-
cates, how the holes drift in the direction of the negative gential and the electrons

in that of the positive potential.

The band gapEq of silicon is 1.17 eV, but additional energy is required to exe
electrons from the valence band to conduction band, thus @tng electron-hole

(e-h) pairs. The band gap of silicon is indirect; thereforethere are changes in
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particle track \

Figure 5: Operational principle of a fully depleted silicorparticle detector.

electron momenta when transitions of electrons occur in thieand gap structure.
Consequently, excited phonons with a certain energy are g to compensate the
momentum changes. Hence, the minimum energy for ionizingjsdn diode structures

is 3.67 eV at room temperature. [14]

The minimum ionizing particles (MIP) create in a fully depléed 300-m -thick silicon

detector about 22000 electrons, which corresponds to apgimately 70 e-h pairs
per micron [14]. In order to achieve measurable signals frasach level of carrier
concentration, the practical implementations of detecta are volume devices. This

enables collection of carriers from the entire detector dul

Single electrons drifting through a 300m -thick detector at an average electric eld
of 10* V/cm are collected in approximately 10 ns, whereas the cotifon time for
holes is approximately 25 ns [14]. The collection times oféicharge carriers depend
on their drift velocities, which, on the other hand, are detenined by the mobilities
of electrons and holes, respectively. Thus, the time needéal collect the induced
charge carriers varies with temperature as the mobility ofdth electrons and holes
increases with decreasing temperature. Moreover, if theajpping probability of the
charge carriers is high, not all induced charge carriers cdre collected, and the
total amount of the remaining free carriers can be read out ieven shorter time

than stated above (see Section 3.1).
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In HEP experiments two di erent detector principles are usally applied, pixel and
strip detectors. These terms refer to the segmentation of ¢himplantations on the
detector surface. The aim of these segmentations is to enlcanspatial resolution of
the detectors. For example, in CMS strip detectors, 4 x 128 & x 128 detector-
long strips are implanted parallel on the substrate. Modermletectors often have

AC-coupled read-out electronics because this prevents atighal coupling of the

leakage current.
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3 Radiation Hardness

The tracking detectors in hadron colliders are exposed togsii cant radiation. To

make radiation uences comparable regardless of the type @denergy of the particle
beam, they are often expressed as equivalents to uences efitrons with the speci c
energy of 1 MeV. This method is referred to as non-ionizing ergy loss (NIEL)

scaling and is presented in detail in [15].

For example, in CMS [4], where at the hadron collision poineveral di erent elemen-
tary particles are created, the accumulated radiation dung ten years of operation is
expressed as:6 10" cm 2 1 MeV neutron equivalent fieq) uence for the innermost
strip detectors in the middle of the tracking system. Morear, the corresponding
value is 32 10 neq=cn? for the innermost pixel detectors at only 4-cm radius
from the center of the tracker barrel. Simultaneously, undesuch radiation, at least
the currently installed silicon pixel detectors will most pobably deteriorate to an

intolerable level in performance [16].

High-intensity radiation damages the crystal structure ofthe silicon bulk. The
incoming energy can displace atoms in the silicon latticehtis creating vacancies
and interstitials. If the incoming particles have su ciently high energies, multiple
crystal defects are created that can cluster and cause larggamaged regions in
the bulk crystal as can be seen in Figure 6. It has been obsatv|l7], that the

distribution of damage types depends on the type of the incang particle.

Neutron irradiation results mainly in severe cluster defes, whereas light-energy
protons cause mostly individual displacements, i.e., pdirdefects. On the other
hand, irradiation with high-energy protons, which fall uner the category of fast
hadrons, causes both point defects as well as clusters. Véhthe NIEL hypothe-
sis scales the equivalent energy losses well, it needs to ln¢ed that the di erent

distribution of defect types for di erent types of radiation is not included in the

model.

Furthermore, the defects lead to three major e ects. First ball, the current leakage
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Figure 6: Schematic illustration of damage induced by incamg radiation in a
detector crystal.

increases because the crystal defects, that have energytesaclose to the middle of
the band gap, act as generation centers of charge carriergc8nd of all, the e ective
doping concentrationNgis changes. The full depletion voltagé/y is proportional
to Ness ; thus, increasing the absolute value dflg results in the increase oy .
Finally, the deep-level energy states of the defects trapefe charge carriers. In this
case the charge collection e ciency (CCE) decreases, besauthe charge carriers
stay usually trapped for a longer period than the shaping tim of the read-out

electronics.

Various methods have been investigated to improve the radian hardness of sil-
icon devices and reduce the unwanted e ects caused by the dages. Both the
macroscopic e ects resulting from radiation induced deféesand the most successful

approaches for enhancing radiation hardness are discussedhe following sections.
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3.1 E ects of Radiation Induced Damage

As explained in Section 2.1, the main source of leakage cuntrén silicon detectors
is the generation current in the depletion region. Irradidbn defects increase the
number of generation centers in the detector bulk, and thigads to growing leakage
current. Although the defects are crystallographic, the g¢istallographic orientation
does not in uence the increase of the leakage current aftergton irradiation, as do
not the initial doping concentration or other characterisics of the detector material
either. The current growth | is rather proportional to the irradiation uence as
follows [18]:

| = eqVol (18)

Here is the current related damage rate, ¢4 is the 1-MeV neutron equivalent dose
of irradiation, and V ol is the active volume of the detecting device. As noted alrepd
in Equation 16, the current is exponentially temperature dgendent. Therefore, the
analysis of current data requires normalization of the cuent values to a reference

temperature. [18]

It has been concluded in earlier studies [19], that clusterlated defects in the
silicon bulk act as acceptors as a consequence of hadrondiation. Therefore, they
contribute to the total N in the depleted region as negative charges. At higher
uences, the number of defects increases, thus increasirgetnegative component of
Net , @s well. For p-type detectors, which have negative spaceace in the bulk to

begin with, this results in increase oWy according to [13]:

(19)

Equation 19 is actually a more general form of Equation 10, wh it is assumed
that jViq] >> jVuij. This is the case in practical implementations of detectorsas
the depletion voltages of irradiated devices can rise to wads around 500 V. Since
the limit for the operational voltage is at 500 V in CMS as wells in many other

HEP experiments, the increase of the depletion voltage st a real problem.

The e ect on n-type detectors is more complex. The space cligr in the deple-



17

tion region in n-type bulk is positive in sign, and the negatie contribution of the
acceptor-type defects oiNgis therefore compensate for the original space charge. At
su ciently high uences, the defect-induced negative chages overcompensate the
positive charges, andNg¢ inverts to a negative value. This phenomenon is referred
to as the space charge sign inversion (SCSI). After the SCiettype-inverted n-type

detector acts as a "p-type" detector with increasing radiabn uences. [18]

The development of the absolute value of the space charge irtype detectors is
illustrated in Figure 7. The gure shows the space charge tsinverting and af-
terwards increasing with the irradiation uence, when the étector behaves as a
"p-type" detector. As noted above, the voltage of full deplion is directly propor-
tional to the e ective doping concentration and as such its bsolute value shows

similar behavior in dependence from the irradiation uence

[Negl [arb]

n-type Ip-type”

Fluence [arb]

Figure 7: Schematic graph of the e ective doping concentrain in n-type detectors
depending on uence.

The charge collection e ciency of a detector is signi cant n harsh radiation envi-
ronments, because the depletion voltages can rise close werebeyond the highest
possible operation voltage. CCE is the ratio of the total ctdcted chargeQ and the
induced chargeQ, and it is determined by two factors. For diodes, the geometal
factor CCEg is simply the ratio of the depletion width and thickness of tle detector.

Obviously, when the detector is fully depleted, this ratio an be considered to be 1.
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As mentioned above, radiation damages cause trapping of ¢ha carriers in deep
level states in the detecting volume. Let the trapping indued factor beCCE;, and

thus [20]
Q W et Lar
CCE= = =CCE, CCE; = — 1 e -f 20
QO 9 ‘ D tdr ( )

results for CCE. W is the depletion width of the p-n junction and D the detector

thickness. The drifting time and e ective trapping time of the charge carriers are
denoted with tg, and ., respectively. The e ective trapping time equals the

generation lifetime in Equation 16 and can be written as [21]

1
= X 21
eff e;thNt ( )

where N, is the the density of deep levels and; is the thermal velocity. The
trapping cross section is denoted by ..,, which determines the tendency of the
charge carriers to get trapped in deep level states. The depping time, on the

other hand, is strongly dependent of temperature [21]:

L (22)

detrap — B -
enViNcv e keT

Here Nc.v is the density of states of either the conduction band or thealence
band, depending of the type of the detector bulk, andk; is the activation energy

for detrapping.

3.2 Methods for the Improvement of Radiation Hardness

It is possible to use three di erent approaches to develop m®radiation hard detec-
tors. Adding impurity atoms to the semiconductor material @ purpose to enhance
the radiation hardness is called defect engineering. In aitidn, device engineering
methods can be employed and the operational conditions ofghiletectors can be var-
ied. For example, the CERN RD39 collaboration emphasizessearch in cryogenic

operation temperatures of silicon detectors [20].

Zheng Li et al. observed [10], that oxygen content improve$é¢ radiation hardness

of heavily irradiated silicon. The detailed explanation ighat impurity atoms like
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oxygen or carbon capture microscopic defects. The oxygenoats react with the

di using vacancy defects in the bulk material, forming new omplexes of defects
and impurities. Carbon reacts with interstitials; unlike ocygen, however, carbon
does not show any desirable impact on slowing down the inceeaof N . The

CERN RD48 and RD50 collaborations have put extensive e ortnto research of
properties in radiation hard silicon. For example, di usimm oxygenated Float Zone
silicon was introduced to the HEP community by the RD48 collaoration [22]; as a

result, this material is indeed used in the pixel detectorsniCMS and ATLAS.

A reasonable possibility in the category of device enginéay is to process the de-
tectors on silicon wafers grown by the magnetic Czochralskiethod instead of the
FZ method [23, 24]. In both methods su cient semiconductor prity is achieved via

the higher solubility of impurities at higher temperatures The essential di erence
between the Czochralski and Float Zone methods is the contao other materials

during crystal growth. In contrast to CZ-Si, FZ-Si never coras in contact with other
materials during the process. A schematic picture of both gstal growth methods

is presented in Figure 8.

a) Float Zone Silicon Growth  b) Czochralski silicon growth

Lo

seed crystal

feed rod holder

poly silicon silicon ingot

melting interface

meltedlzone M
= .
radlicr)] fretquency éé/ quartz crucible
coil heater //////// —

freezing interface melted silicon

single crystal

l+— furnace susceptor

seed crystal

Figure 8: Schematic illustration of Float Zone and Czochraki crystal growth tech-
niques.



20

In the FZ process, a rod of polycrystalline silicon with a sgle crystal silicon seed
mounted at the bottom is heated by moving the heater upwardstarting at the

bottom. The melted poly-Si crystallizes again with a singlerystal orientation ac-
cording to the seed. Possible impurity atoms, such as oxygedmave higher solubility
in the oat zone melt at a higher temperature than in the coole solid. Thus, the
single crystal rod becomes considerably pure in the bottorm@& where the heating

process starts.

However, as the impurities di use into the melt during the pocess, the top end
results in a more impure solid that must be cut o. Thus, the pocess is repeated
until the whole rod is su ciently pure. The end product is considerably pure, and
this is the reason for utilizing di usion oxygenation for FZSi to achieve higher

oxygen concentration for the purpose of enhancing radiatichardness.

During the Czochralski process, melted silicon is held in atating quartz crucible
in a furnace. An ingot, which is originating from a single crgtal seed and rotating
in the opposite direction than the crucible, is pulled out othe melt. The molten
silicon solidi es along the crystal structure of the seed. Oring this process, oxygen
and other impurities from the crucible are released into thenelt and solidify into
the ingot, as well. However, the same principle holds as dng the FZ process:
impurities are more soluble in the high temperature melt tha in the solidifying

rod, thus guaranteeing su cient purity.

Applying a magnetic eld during the growth process enablesontrolling of the uc-
tuations of the impurities, thus causing a more homogeneouspurity distribution
in the nal silicon wafers. Czochralski silicon is the domiant semiconductor ma-
terial in electronics industry and more cost-e cient than traditional FZ-Si. After
signi cant development, the microelectronics industry atpresent can also provide
high-resistivity MCZ silicon wafers, and the oxygen concémation can be well ad-

justed during fabrication of the wafers.

Another approach currently being investigated is device gmeering, namely to pro-

cess n-p-p* detector structures instead of traditional g -n-n* structures [25, 26].
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The p-type detectors show comparable electrical propertig¢o those of n-type detec-
tors. Furthermore, the behavior of the full depletion voltge has been observed to
be less sensitive to harsh irradiation [25]. In addition, iisuch a detector, the signal
is read from the i -type implantation; i.e., the charge carriers contributig to the
signal are electrons. Electrons have a drift time of appraxiately 10 ns through a
300-m detector. This is more than twice as fast as the drift time of dles in n-type
detectors; i.e., the mobility of electrons is signi cantlyhigher than that of holes. In
addition, electrons have lower trapping probability than oles; this leads to higher

charge collection e ciency, as well.

A signi cant di erence between n-type and p-type bulk is theoccurrence of space
charge sign inversion. In contrast to n-type, p-type deteors do not show a tendency
to SCSI that was explained in Section 3.1. Thus, the p-n juniin remains close to
the read-out electrode in the p-type case, and this leads todesirable e ect that
relates to signal quality. The electric eld in real segmerd and heavily irradiated
detectors is not linear as that through an ideal diode [27]. He geometry of a
detector determines the weighting of the electric eld [28]The weighting eld e ect
causes the charge carriers to induce most charge close to segmented side of
the detector and in the corresponding read-out contact. Ashe collected charge
consists of electrons with the advantages described abousijng n -p-p* structures

can result in higher charge collection.

The closer the strong electric eld is to the segmented sidd the detector, the better
the signal is localized. This is a clear advantage, as theisiin detectors are mainly
used in tracking systems. Consequently, it is pro table to ave the p-n junction and

thus the strongest electric eld close to the h-read-out electrode.

The shape of the electric eld provides information about bih the space charge
of the bulk as well as the behavior of the charge carriers. Tée, in turn, have an
impact on practically all the parameters for radiation harshess. Thus, it can be
concluded, that it is of importance to analyze the electric eld of silicon detector

structures in radiation hardness studies.
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3.3 Annealing

The irradiated silicon detectors are very sensitive to hedateatment. After a long-
time exposure to room temperature, or at su ciently high tenperatures, the micro-
scopic defects are annealed in the crystal. The annealing chanisms are migration,

complex formation and complex dissociation of the defect$q].

It has been observed, that annealing during a relatively shiotime has radiation
hardness improving e ects, whereas relatively long-termnmealing impairs the ra-
diation hardness of detectors. Therefore, the e ects of he&reatment are divided
into two categories: bene cial and reverse annealing. Botbf these annealing types
depend on the irradiation uence, annealing time, and anndiag temperature. Pre-
vious studies [18] have shown that exposure of irradiatedison detectors to room
temperature for 55 h corresponds roughly to the exposure dfe detectors to 8. for
2 min in the range of bene cial annealing. For reverse annead, 2 min at 8o ap-

proximately correspond to 10 days at room temperature.

The factor from Equation 18 has been observed to decrease constantlyhathe
annealing time [29]. This is an expression for the change dfet leakage current
generation. With very small the leakage current saturates to a certain level. The

reduction of can be clearly observed in Figure 9.

Figure 9: Current related damage rate as a function of cumulated annealing time
at 60%o. [30]



23

On the other hand, observations have been made of decreasa&pletion voltages
during the rst phase of annealing followed by an increase tiie V;y absolute values
in the second phase. This behavior has also lead to the ternfdene cial and reverse
annealing. As described in Section 3.1, the changes in theptiion voltages depend
on the changes of the e ective doping concentrations. The ahge N IS a sum
of three components. In addition to the completely uence dgendent component,
the components describing bene cial and reverse annealiage signi cant, as well.

The behavior of Ngg is illustrated in Figure 10.

Figure 10: Change of e ective doping concentration Ngi during isothermal an-
nealing at 6@ of oxygen enriched silicon detectors irradiated with di eent neutron
uences. [30]

Creation of acceptor-type defect complexes can be used aseaplanation for the
increase Of]Ngss ] and jViqj, Which becomes evident especially during reverse an-
nealing. During bene cial annealing, however, the acceptdype crystal defects are
annealed. According to Equation 11, the e ective doping ca®ntration is the di er-
ence between the donor and the acceptor concentration. A nagity of acceptor-type
charge density, as in p-type devices, results in a negativeeetive doping concen-
tration. With the annealing of the acceptors,N¢s becomes less negative in p-type

detectors. Consequently, the absolute value of the depleti voltage decreases with
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the reduction of jNes j. The same phenomenon of bene cial annealing can be ob-

served in n-type detectors after space charge sign inversio
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4 Transient Current Technique Measurements

Analog to detector operation, bias voltage is applied duropp TCT measurements.
The principle of TCT measurements is to observe the signal eated by drifting
charge carriers in the silicon detector bulk. The free chaggcarriers are generated
in consequence of illuminating the detector by red laser h If the front side
implantation of the reverse-biased diode is illuminated,hie charge carriers, that are
collected from the front side, drift to the contact faster ttan the read-out electronics
can respond. On the other hand, the carriers opposite in sigirift through the

whole detector to the back side. This transient current is tt measured signal.

Laser
a) b)
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Figure 11: a) The back side of a +p -p* diode is being illuminated, and the
resulting TCT signal comes from electrons. b) llluminatiorof the front side of the
same diode structure results in a TCT signal caused by holes.

If a reverse-biased detector is being illuminated from thednt side, the measured
signal originates from the charge carriers equal in sign tbé majority carriers in the
bulk as presented in Figure 11. The gure shows how the TCT gigl in a p-type
detector is caused by holes when illuminated from the fronide. lllumination from

the back side results in a signal originating from electrons

It is possible to extract the response of the detector to MIR' by performing TCT

measurements on diodes illuminated by infra red lasers. Pioos with a wavelength
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in the infra red region have an energy lower than the band gagd silicon. Thus,

the IR photons penetrate considerably deeper into the 306+ detector bulk than

photons in the red wavelength region. As as result, the gemgion of e-h pairs
remains moderate but homogeneous through the entire bulk.his leads to a TCT

signal caused by both charge carriers, electrons and holes, is the case with real
MIP's.

The benets of TCT measurements with IR illumination becomeevident in the

determination of V;q and CCE. More reliable determination of the state of full
depletion is possible, when the charge carriers are gen@@homogeneously through
the device. Otherwise, with the possibility of maximum caier densities close to
the electric eld maximum, the majority of charge carriers ould be collected before

the whole detector is depleted.

The MIP simulation is advantageous when considering exanation of the charge
collection e ciency, as well. As mentioned in Section 3.1, CE is the relation of
the collected charge) and the originally induced chargeQ, in a detector. With the
infra-red TCT measurements,Q, can be set equivalent with the collected charge in
a non-irradiated detector, i.e.,CCE = 1. This is assumed to correspond to 22000

electrons induced by a single MIP in a 300m thick silicon detector.

4.1 Determination of the Electric Field Distribution,
Full Depletion Voltage, and E ective Trapping Time

According to Ohm's Law the transient current is directly degndent on the electric

eld between the front and back side of the detector:
J= E: (23)

J is the current density, the conductivity, and E the electric eld. As mentioned
previously, the di usion component caused by the carrier ewentration gradient
can be neglected when considering TCT measurements. Thubgtdrift current is

dominant, and the current density in Equation 23 can be writén for electrons and
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holes as follows [13]:
Jn =g nnE; (24)

Jp = g ppE: (25)

Here, g is the elementary chargen the charge concentration of electrons ang
that of holes. The mobilities for electrons and holes are deted by , and |,

respectively.

From this follows that the shape of the TCT signal resemblese shape and location
of the electric eld. The electric eld is strongest at the lacation of the actual p-n
junction. There, the drift current is at its highest, as wel| since it is proportional
to the electric eld as can be seen in the equations above. Thenction is usually
located at the interface of the bulk and the implantation oppsite in sign. If the
signal is measured from the side where the junction is locatethe TCT signal is
descending. If the junction has moved to the back because gfase charge sign
inversion, the measured signal from the front side is ascend. This is illustrated in
Figure 12. A clear sign of SCSI is thus an ascending TCT signas$ in Figure 12b).
Obviously, this leads to conclusions about the sign of the ape charge, as well, when

the junction structure of the detector is known.

In addition to the determination of the sign of the space chage and the electric
eld distribution, it is also possible to extract the full depletion voltage V;4 and

the e ective trapping time ¢ in the bulk from the TCT measurement data. The
transient current measurement allows to obtain directly te amount of collected
charge by integrating the current signal over time. The chare collection also rises

steeply at increasing voltages until the full depletion voage.

If trapping and detrapping of the charge carriers occur witim the current integration
time, the amount of collected charge saturates at voltagedave Vi4, €.g., at full
depletion. If the shaping time of the read-out electronicssias short as in the LHC
experiments, detrapping of the captured charge carriers de not occur within the
RC time constant of the read-out. Thus the total induced chage is not collected,

and the saturation of the charge collection does not becomeésible in a charge
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Figure 12: a) A p"-n-n* structure with the maximum electric eld at front provides
a descending transient current. b) A type-inverted p-n-n* structure has its electric
eld maximum at the back side of the diode, and the transient grrent is ascending.

collection measurement graph. Instead, the graph continusly shows increasing
charge collection; however, with a reduced slope at voltagp/j > jViqj. [31]

The value of the depletion voltage can be determined by a griajgcal method from a
graph showing the collected charge as a function of appliedb voltage as illustrated
in Figure 13. The intersection of the linear ttings of the hgh and small slope regions
provide the voltage of full depletion.

The method for the determination of the e ective trapping time ¢ is presented in

the following according to [31]. The transient curreni(t) in the detector caused by
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Figure 13: Obtaining V4 from a CCE graph.

one charge carrier can be expressed with the help of Ramo'sdnem [32]:
, 1
()= qwEv=aE (X5 (26)

whereq is the elementary chargeyq, the velocity of the charge carrier ance, is the
electric eld caused by unit potential in the location of thecarrier. The right hand
side of the equation introduces the carrier velocity as a pdoict of carrier mobility

and electric eld E(x). E, is replaced by the inverse value of the thickned3 of

a non-segmented pad detector, i.e., a diode.

When considering the total transient currentl (t), the carrier concentration factor
must be added to Equation 26. The carrier concentration, haver, does not hold
the constant value of injected carriers but decreases demitmg on ; [31]. The

dependence for the electron concentratiom is written as:

tdr

nN=ny e ef; (27)

where ng is the injected carrier density, andty, is the drift time of the carriers

through the diode. The exponential term above can be used torcect the measured
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transient current, and I (t) results in:

qE (x) —
D

[(t) = ng e ef ! (28)

This expression for the transient current indeed equals theurrent that can be
deducted from the current density in Ohm's law (Equations 2425), except for the

exponential correction added due to trapping.

The collected charge can be calculated by integrating the @nsient current over

time:
Z tar
Q = | (t)dt (29)
0
Zt
= Q(E;/dr i e ef dt
0
V, Lar
= QE)dr off 1 e eff
W tar
= QE) te” 1 e e (30)
dr

Here, the depletion width W results fromvg tg,. It has also been assumed that
the electric eld through the non-segmented pad-detectorsiconstant, thus causing
the transient current to remain independent of locationx. When dividing equa-
tion 30 by Qo, the result is indeed the charge collection e ciency as denmstrated

in Equation 20.

Let us assume, that the charge collection e ciency dependsnty on the trapping
factor at full depletion of the detector as the depletion with W equals the device
thickness D. Then, with the right value for ¢ inserted in the current integral, the
corrected amount of collected charge stays constant for t@fjes aboveVsq. Hence,
searching a value, that forces the charge collection grapb teach a plateau typical

for saturation, results in an accurate value for the e ectie trapping probability.

Equation 30 can be used to evaluateg; with the collected charge Q being the
integral over time of the measured current transient. If thedetectors have been
irradiated with a modest particle uence (< 2 10" ne4=cn¥), the e ective trapping

time has a signi cantly larger value than the drift time of the charge carriers (e
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tqr). Thus following approximation of Equation 30 becomes valifor the collected

electrons [20]:

W 1 e
—(1 =
Q QOD( 2ty

): (31)

After extremely high radiation (10 ne=cn¥) or long time annealing, the e ective
trapping time is considerably shorter than the drifting time through the device, and
the charge carriers are captured in traps within the measument time window.

Under such conditions (et tqer), Equation 30 for electrons simpli es to [20]

W et

Q Qg

(32)

4.2 Measurement setup

The TCT measurement setup used in this thesis project was dgsed and built by

the CERN RD39 Collaboration [33]. A schematic overview of #setup is presented
in Figure 14, and a photograph of the practical measuremengeipment is shown
in Figure 15. The sample is placed on a cold nger inside a vaauw chamber. The
vacuum is created with a turbo pump and a Leybold helium stinhg cooler is used for
the cooling of the chamber. The bias voltage from a source reetunit is applied to

the sample diode through a coaxial copper transmission limkesigned for cryogenic

applications in particular.

The diodes are mounted with carbon adhesive tapes on ceramlates. The contact
between the diode and the transmission line is realized byldering a gold pin from
the back side of the ceramic plate into an opening in the midellof the plate. This pin
can be directly connected to the coaxial cable. The ceramitapes have a patterned
gold metallization, and the pad contact on the front side oftie sample diode along
with the guard ring are bonded to the metallization. The coract between the

gold-plating and the copper cold nger is established by fawcopper springs.

As the back sides of the diodes are attached to the plates rylonly the front side

of the sample can be illuminated with a laser diode from Advaed Laser Diode
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Figure 14. Sketch of the principle of the TCT measurement sap.

Systems A.L.S. GmbH. The used wavelengths are in the red regi(678 nm) and
infra-red region (1060 nm), and the pulse length of the laseis about 30 ps. The
laser diodes were operated in all measurements with a triggeate of 50 Hz and
an output e ciency of 70% with the maximum optical power beirg 250 mW. The
same trigger rate was also used for triggering the Le Croy Wepro 7K 3 GHz
oscilloscope, which reads out the output signal. The outpugignal is transmitted to
the oscilloscope over the same coaxial cable as the bias &gt and ampli ed before
the plug-in. The gain is 600, and the impedance of the osci#lcope equals 50 .
The measurement settings and data aquisition are handled layuser interface based

on LabView.

4.3 Samples and Measurements

This study covered the examination of altogether 11 di ereindiodes. The diodes
have a basic double-sided*pn-n* or n*-p-p* pn-diode structure. The component
area is surrounded with a guard ring to de ne the active volurm precisely and prevent
skewing of the leakage current measurements. With no guarthg, the electric eld

could reach the dicing edge of the sample. Then, large extatrcurrents could be

pulled into the diode.

The contact pad on the front side has an opening in the middi¢hus enabling direct
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Figure 15: The TCT measurement setup of the CERN RD39 Collalation.

illumination of the diode. The opening in the pad, the guarding, and the bonding
wires can be seen in Figure 16a), where a diode is glued on tlkeeamic plate. The
size of the diode samples is 8 mm x 8 mm, although the active deting volume is
sized 5 mm x 5 mm. Figure 16b) is a photograph of a processing skaf the diodes,
which shows the pad contact on the front side of the diode as Mvas the guard ring

located between the active detector and the edge of the sarapl

a) b)

Figure 16: a) A diode sample on a ceramic plate prepared for TGneasurements.
b) Photograph of a corner in the processing mask. The pad cawt opening and
the guard rings are clearly visible.
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The experiments included investigation of both Float Zoneilg&con samples and mag-
netic Czochralski silicon samples. The FZ diodes have beabficated at Centro
Nacional de Microelectonica (IMB-CNM, CSIC) in Barcelora, Spain. They have
been provided by the CERN RD50 Collaboration. The MCZ diodekave been man-
ufactured in the clean room facilities of TKK Micronova in Epoo, Finland. All
three FZ-Si diodes were processed from n-type bulk. On thehetr hand, p-type as
well as n-type bulk were represented among the MCZ-Si diodd=our diodes of each
MCZ type as well as the three FZ diodes were exposed to di eredoses of proton
radiation. The energy of the protons equaled 23 GeV. The irdsation was carried
out at the CERN Proton Synchrotron (PS). Table 1 presents thali erent radiation

uences and the according samples.

Table 1: The proton irradiation uences, the neutron equivéent doses, and corre-
sponding sample names.

Fluence Fluence MCZ n-type | MCZ p-type | FZ n-type
[23GeV p=cr] | [IMeV n=cn?]

1.6 10 9:92 10% n-61 p-50 F-32

9.7 10 6:014 10" n-58 p-55 F-42

1:3 10 8:06 10 n-57 p-57 F-70

2.4 10 1:488 10% n-56 p-61 F-81

Three di erent measurements at two temperatures were penfimed on all samples.
Before the start of the cooling, the pressure in the vacuum amber was pumped
down to at least 10 10 ® mbar. First, TCT measurements were carried out at
240 K under illumination by the infra-red laser. The scannedias voltage range

covered voltages from zero to 500 V with a step size of 25 V.

If the collected charge saturated within the scanned voltagrange, the value for
the full depletion voltage V4 was obtained from the charge collection e ciency
graph as shown in Figure 13. A similar measurement was comjglé with a laser
in the red light region at temperatures 220 K and 240 K. The exacted depletion
voltage was used as a set point approximately in the middle tadjust the voltage
range accordingly. In addition, current-voltage measureemts were executed at both

temperatures.
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After examination of all samples, the n- and p-type MCZ sampk with the irra-
diation dose of 97 10" p=cn? were chosen for a further annealing experiment.
Also the behavior of the FZ sample with the dose:2 10 p=cn? after annealing
was examined for comparison. The annealing experiment ioded the annealing of
the samples at 8%.. Each of these samples was annealed separately in six steps.
The variable in these steps was the annealing time according the recursive rule
th+1 = 2t, with n running from 1 to 6 and annealing timet; for the rst annealing
step being 4 minutes. From this follows the accumulated anakng time of 252
minutes for each sample. The cumulative annealing times artdose of each step
are summarized in Table 2. After every annealing step, the isgles were subjected
to the same TCT and I{V measurements as described above foll diode samples

before annealing.

Table 2: Cumulative annealing times and those of each step.
Annealing times [min]

Single step 4 8 16 32 64 128
Cumulative 4 12 28 60 124 252
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5 Results and Discussion

Results from the conducted measurements are organized iretfollowing way. First,

voltages of full depletion are extracted from MIP measuremis, and leakage current
values corresponding to the depletion voltages result frolV measurements. Sec-
ond, the electric eld of the diodes is examined with the helpf TCT measurements.
At last, annealing behavior of di erent types of diodes is imestigated, as well, with

the aforementioned methods.

In general, the results lead to the conclusion that MCZ-Si ddes withstand both
irradiation as well as annealing better than FZ-Si diodes vém judged by parameters,
such as depletion voltage or leakage current. Both types ofZ based diodes show
more preferable performance at 220 K than at 240 K, as the TCgnal strength, for
example, is generally higher and the leakage currents lowarthe lower temperature.
The values resulting for depletion voltages before and aft@annealing as well as
leakage currents after annealing tend to be lower for the gyte MCZ diode samples
than for the n-type MCZ samples. Low values for these paranmess are as well

desired in detector operation in HEP experiments, as well.

5.1 Voltages of Full Depletion and Leakage Currents

The voltages of full depletionV;y were determined from the TCT measurements
executed under excitation by a 1060-nm laser at 240 K. The graical method

explained in Section 4.1 was utilized to extract the value®f Viq, if the rise of charge
collection saturated; i.e., the diode was fully depleted, ithin the scanned voltage
range of 500 V. None of the samples with the highest irradiath dose equivalent
to 1.5 10" 1MeV ne=cn? was fully depleted at a voltage below 500 V. The

resulting depletion voltages from the measurement are sunamized in Table 3.

The absolute values of the depletion voltages are clearlywler in samples processed
from magnetic Czochralski silicon than in oat zone diodesFurthermore, as opposed

to the MCZ samples, the FZ-Si diodes did not deplete at a rev& bias below
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Table 3: Vi4 values in [V] determined at a temperature of 240 K.

Dose [235eV p=cmr] | MCZ n-type | MCZ p-type | FZ n-type
1.6 10“ 168.3 -57.2 119.1
9.7 10“ 252.3 -197.8 279.0
1:3 10 310.8 -269.1 n.d.
2.4 10 n.d. n.d.

500 V, if they were irradiated with a higher uence than that orresponding to

6.01 10 1MeV ng=cn?. The lowest absolute value of the depletion voltage

was determined for the MCZ p-type sample for each irradiatio uence. This is

illustrated in Figure 17, as well.

Full depletion voltage measured at 240 K
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Figure 17: ObtainedV;q values for di erent diode types in dependence of uence.

Table 4: | e Values in [A ] measured at a bias voltage equaling;y and a temper-

ature of

f 240 K.
Dose [235eV p=cn] | MCZ n-type | MCZ p-type | FZ n-type
1.6 10% -0.162 0.175 -0.310
9:7 10“ -0.790 0.898 -1.235
1:3 10 -1.803 1.505 n.d.
2.4 10 n.d. n.d.

The current-voltage measurement at the temperature of 240 grovided the value of

the leakage current at a voltage equalind:q. The results are presented in Table 4.
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While both types of MCZ-Si diodes show similar absolute vaés for the leakage
current, the values for the FZ-Si diodes are clearly highehan those for the other
samples. This could be expected, as the depletion voltagelues for the FZ-Si

samples rose clearly above those of the MCZ-Si samples.

5.2 TCT Characterization

TCT measurements were performed on all samples (see Tableubder illumination
ofared ( =678 nm) laser. The results for each diode type with di erenirradiation
uences are presented in the following. The TCT signals are @asured from fully
depleted diodes. If the diodes did not deplete at a voltage sifer than 500 V, the
signal at a bias voltage of 500 V is shown. A comparison of theQZ and FZ samples

is also included at the end of this section.

TCT signals measured from fully depleted n-type and p-type KiZ-Si diodes can
be seen in Figures 18 and 19, respectively. Visual inspectieeveals for the n-type
samples a better signal to noise ratio (SNR) than for the p-fye samples. In principle,
the widths of the signals show the drifting time of the chargearriers through the
device bulk. Typical values for drifting times through a stadard 300-m silicon
device are about 10 ns for electrons and 25 ns for holes. Thgnsil widths of the
detectors irradiated with the smallest uence stay clearlybelow these values both

for electrons in the n-type diode as well as for the holes in e¢hp-type sample.

Furthermore, with increasing irradiation dose, the signal become more narrow as
can be seen in the gures. The di erence in width between thehe widest and most
narrow peaks is 2{3 ns for the n-type samples at both tempenates. The di erence
is approximately 7 ns for the p-type samples, although the @rence seems lower at
220 K than at 240 K.

The reason for the narrow signals is that the trapping probality in a silicon detec-
tor increases with the radiation exposure. Thus, the chargearriers travelling the
longest distance through the device get trapped before rédaag the read-out. This

results in a smaller signal width.
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Figure 18: TCT signals of the n-type MCZ-Si samples at a volgeV  Viq + 100V

or, if V;y 500V, V =500V.
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Figure 19: TCT signals of the p-type MCZ-Si samples at a volgeV Vg + 100V
or, if Vi,g 500V, V =500V.
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The TCT signals measured at 220 K are generally more narrowdh those measured
at 240 K. This can be explained by the electron and hole motiks that depend
strongly on temperature. Decreasing the measurement temma&ure by 20 K results
in higher mobilities for both electrons and holes. As a reduthe charge carriers are

collected faster and the signal width decreases.

Another e ect caused by trapping can be observed in the sighahapes. MCZ-
Si detectors with n-type bulk usually experience SCSI at a @nce in the order
of magnitude of 16* 1MeV neq=crr12. Thus, after su cient irradiation, the TCT
signals should change their shape from descending to asdagdaccording to the
electric eld distribution. However, our results show onlydescending signals. It can
be assumed for the samples with the higher irradiation uerss, that the trapping
has narrowed the signals to an extent, when the ascending paf the signal, and

thus the location of the shifted p-n junction, is not visibleanymore.

240K 220K
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F32 220V F32 220V
F42 375V F42 375V
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Figure 20: TCT signals of the FZ-Si samples at a voltagé Vg + 100V or, if
Vig 500V, V =500V.

Figure 20 illustrates the TCT signals measured from the n-tye FZ-Si diodes. Mea-

surements of sample F-32 (6 10'* 23GeV p=cm), which has been exposed to the
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smallest irradiation dose, result in a shifted peak compaddo all other measurement
results presented in this study. This may be caused by the SCBduced already
after lower uences of irradiation. The double peak e ect ca be clearly observed in
the highly irradiated sample F-70 (13 10 23GeV p=cm) at 220 K. Double-peak
formation is caused by trapping of the charge carriers in dpeenergy levels of the

silicon bulk and has been explained in detail in [27].

An obvious discrepancy in the measurements presented in kg 20 is the very low
relative signal amplitude of the sample F-42 (§ 10" 23GeV p=cmi). The weak,

nearly shapeless signal is possibly the result of the optigaroperties of the diode
that di er from the other samples. The refraction index of the surface at the opening

for the laser might be di erent.

The weak signal could be caused by physical damage of the sdempas well. Namely,
the soldering of the gold pin to the diode was observed to be maged during the
measurements. As the pin is the connector between the samgad the signal
transmission line, it is plausible that the signal read out 1 the oscilloscope was

in uenced by the defect signal transmission.

It is possible to make some deductions from the measurememisults of sample F-
42, nonetheless. Figures 21 and 22 present the collectedrgeaas a function of
bias voltage for samples F-32 and F-42, respectively. Theathe collection curve in
Figure 21 is typical for FZ diodes that have undergone spacharge sign inversion.
The charge collection remains low at low bias voltages, asetimaximum electric eld
has shifted to the back side of the diode while the red lasereates most carriers
close to the front side. However, when the voltage reachestwacsently high value,

the charge is collected from the back side, as well.

Figure 22, on the other hand, shows similar tendencies witlegard to the shape of
the charge collection graph. Thus, it seems that SCSI has acred in sample F-42.
However, the maximum bias voltage of 500 V may not be su ciento enable charge

collection from the back side.

In Figure 23, TCT signals from all sample types are comparechat have been
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exposed to an irradiation dose of :B 10Y 23GeV p=cm. The amplitudes of the
signals are scaled to a mutual, arbitrary maximum to simphf the comparison of
the signal shapes. While both types of MCZ-Si diodes show yegimilar descending
signal shapes at both temperatures, the shape of the n-typeZFdiode is clearly
ascending at 240 K, thus indicating SCSI. The signal shape tfe FZ diode at

220 K delivers proof of double-peak formation in the electri eld of the device.
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Figure 23: Comparison of diodes processed on dierent wader TCT signal
values are scaled to a mutual maximum. Irradiation uence orthe samples:
1:3 10" 23GeV p=cm.

The signal forms of the FZ diode can be explained by trapping icertain radiation
induced defects. At 240 K, charge carriers get trapped and tdapped within the
time corresponding to the laser trigger rate of the TCT setup Thus, the defects
contribute to the e ective space charge, which leads to SC%ind one electric eld

maximum on the back side of the diode.

Lowering the temperature to 220 K raises the time the carrierstay captured to a
higher value than that resulting from the laser trigger rate Thus the defects do

not contribute to the e ective space charge any longer. Thegak on the left rises
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indicating another electric eld maximum at the front side d the diode. In addition,
it can be assumed that the aforementioned defects react witlixygen, as double-peak

formation can be observed in neither type of MCZ diodes.

5.3 Annealing Experiment

The samples irradiated with a dose of 9.710'*23GeV p=cm, i.e., samples n-58, p-
55, and F-70, were annealed at 89. The voltages of full depletion were determined
at 240 K after each annealing step by the method explained ire&ion 4.1. The
results for the depletion voltages in dependence of the culative annealing time

are presented in Table 5 and Figure 24.

The shortest annealing time of 4 minutes caused the depletiosoltage of the FZ
diode to rise to 375 V. Further annealing raised the depletiovoltages above 500 V,
and thus they could not be determined exactly. Therefore, n¥;qy values for that
sample are illustrated in the gure. Furthermore, with no irformation about the
depletion voltage, results for leakage currents or TCT measements of fully depleted

FZ diodes cannot be given.

Table 5: V44 in [V] for each annealed sample after respective cumulatienealing
time.

4min|12min| 28 min| 60 min | 124 min| 252 min
n-58 | 252.3| 215.7| 205.0| 221.1 274.2 349.9
p-55 | -182.6| -183.2| -177.3| -224.0| -264.7| -320.7
F-70| 374.9| >500| >500| >500 >500 >500

Both samples of MCZ-Si show characteristic behavior of beo&l annealing as the
depletion voltages decrease with increasing annealing gnuntil a minimum, which
is followed by reverse annealing. The minimum depletion alge appears for both
diodes after the third annealing step, i.e., cumulative arealing of 28 minutes at

80%o. This corresponds roughly to one month in room temperature.

As can be seen in Figure 24, the absolute values of the depetivoltages are gen-
erally slightly lower for the p-type than for the n-type sampes. For example, the

minimum value of Viq for sample p-55 equals {177 V, whereas the corresponding
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value for n-58 is 205 V. The absolute value of;y has thus decreased by about
20 V from the value before annealing in sample p-55. The dease is about 50 V
for sample n-58. The property of bene cial annealing is chacteristic for n-type
detectors that have undergone SCSI and p-type detectors, has been explained in
Section 3.3.

350
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—%— MCZ n-type
100 ' : —&— MCZ p-type | 7

50 : : |

0 I I I I I
0 50 100 150 200 250
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Figure 24: Absolute values of depletion voltages after analéng.

Figures 25 and 26 show the leakage currentg,k in the annealed diodes biased with
a voltage equalingVyqy at the two measurement temperatures 240 K and 220 K.
As can be seen from the gures, the shape of the graphs depngithe evolution
of ek Values with cumulative annealing time stay similar in the tw temperatures
with T = 20K, although the values di er by one order of magnitude. As the
current is strongly temperature dependent, the leakage awnt results in di erent
temperatures should not be compared otherwise without soad them to a reference

temperature.

For both types of detectors, the leakage current decreasesrithg bene cial annealing
and even until after the fourth annealing step. The leakageucrent in the p-type

sample steadies at both temperatures as expected with redao previous results.
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Figure 25: Absolute values of leakage currents after anne measured at 240 K.
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Figure 26: Absolute values of leakage currents after anne measured at 220 K.
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However, thel .o -values at both temperatures start increasing again durintpe last

two annealing steps.

The depletion voltages for the long-term annealed sampleske in general harder
to determine with the used graphical method, as the saturain of the collected
charge shifted close to the maximum bias voltage of 500 V. Naglly, this leads
to inaccuracies in the determination of leakage currentssavell. Furthermore, the
laser operation was not stable during the characterizatiomeasurements of the n-
type diode after the second to last annealing step. These facs might have had an

impact on the results, as well.

The response of the MCZ diodes is better at the lower temperat of 220 K through-
out this study. Therefore, TCT signals measured at this temgrature are presented
in Figures 27 and 28 to make the in uence of annealing on the gperties of the

n-type and p-type samples more perceptual.
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Figure 27: Fully depleted ¥ Vg +100V), annealed MCZ p-type diode measured
at 220 K.

As the dierences in signal intensity were small in the p-typ detector, save the
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measurement after the last annealing step, the chosen anpties for Figure 27 are
scaled to 1 with the purpose of easier comparison. It is evidegfrom the gure that

the signal shape changes mostly by narrowing after anneainwhile the general form
shows no great changes. Annealing narrows the signal in a 8anmanner as high

irradiation uence, as the charge collection e ciency degades because of trapping.

Sample n-58, on the other hand, is a ected di erently by annaling. While the signal
width remains approximately constant until the second to lat annealing step, the
signal shape changes clearly from descending to ascendirgween the third and
fourth steps. The ascending signal shape is clear evidenoe $3CSI. This conclusion
holds, even if the SCSI has started earlier, as discusseddref In such a case, the
inversion to an ascending signal can be interpreted as suent excess of acceptor
type doping to make the shifted junction asymmetrical enougto be visible in the
TCT measurement despite of trapping. After the last annealig step and total
annealing time of 252 minutes, the signal becomes more nawoas well, because

trapping hinders reading out the full generated signal.
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Figure 28: Fully depleted ¥ Vg +100V), annealed MCZ n-type diode measured
at 220 K.
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6 Summary

This thesis investigated properties of silicon particle dectors by means of the tran-
sient current technique. The TCT measurements were condwt on di erent types
of sample diodes. Diodes were compared that had been proedssn wafers fabri-
cated by the magnetic Czochralski method and by the oat zonmethod. Di erences

between n-type and p-type MCZ diodes were examined, as well.

The sample diodes were characterized via parameters obtihfrom the measure-
ments: voltage of full depletion, leakage current, and chge collection. The dis-
tribution of the electric eld in the diode structures was examined qualitatively, as
well. Additionally, the annealing behavior of di erent detector types was investi-

gated after heat treatment at 806o.

It was found, that MCZ-Si diodes withstand both irradiation as well as annealing
better than FZ-Si diodes when judged by parameters, such agpmletion voltage
or leakage current. Comparison of collected data from n-tgpand p-type MCZ-Si
diodes succeeded, as well. The results were supporting thegumption that it may
be possible to use +p-p* structures for future particle detector applications in hih

energy physics experiments.

In this study, the p-type samples seemed less sensitive théime n-type samples
to both irradiation as well as annealing, thus indicating adanced radiation hard
properties. It is also possible to make one-sided detectdrustures of p-type bulk,
as the read-out electronics are preferably connected to timetype implantation on
the front side of the detectors. The material properties faud in this thesis as well as
practical electronic aspects make p-type MCZ-Si attracte for detector applications

in HEP experiments.

Not only the current silicon detectors in the LHC experimerg are to be replaced in
the coming years. The next level, the Super-LHC (S-LHC) witleven higher collision
rates, has already been planned to start in 10 to 15 years. Tdecisions have not yet

been made concerning the tracker detectors and their nal aization in the S-LHC.
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Therefore, various studies are being carried out to enhancadiation hardness and

suitability of silicon particle detectors for particle acelerator experiments.

For example, overcoming the problem of trapping, that redies CCE, has been
investigated within the CERN RD39 Collaboration. As the degetion voltages of the
detectors reach values close or over the operational limitd§ the experiments, the
charge collection e ciency becomes more important. One psible solution could
be current injected detectors (CID) operated at a temperate of approximately
220 K. These are practically forward-biased regular detemts taking advantage of
the strong temperature dependence of the detrapping coe ent. As can be seen,
the work to improve radiation hardness of the silicon partie detectors remains

continuously relevant.
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