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SUMMARY

The most interesting events in the CMS experiment are likely to contain
several b jets. These jets will be used to identify physics channels containing
top quarks or the Higgs boson. Due to the long lifetime of the B mesons,
b jets can be recognised (tagged) by the presence of displaced secondary
vertices. In order to allow an efficient tagging of these b jets, trajectories of
the reaction products have to be measured with high precision. Therefore
it is desirable that the tracking extends as closely as possible towards the
interaction point.

The large background of light quark jets and spiralling low momentum par-
ticles requires the innermost tracking layers of CMS to be composed of high
precision pixel devices to avoid ambiguities in the track reconstruction.

This background also causes a very high radiation dose rate that the pixel
detectors have to withstand. The integrated dose will be so high (~ 103 Gy)
that silicon, the sensor and chip material, changes its characteristics during
the detectors lifetime. Therefore, the chip- and sensor-designs are not only
constrained by the physics requirements, but also by the difficult operating
conditions.

The radiation damages induce changes in the silicon resistivity, leading to a
type inversion: An originally n-type sensor is more and more converted into
p-type by the introduction of acceptor-like states into the band-gap, and by
the removal of the original donor states from it. Towards the end of the pixel
sensors lifetime in CMS, the radiation induced acceptor concentration will
exceed the original donor doping by at least a factor of two.

This work describes the development of a pixel sensor which can cope with
the harsh operation environment. This means to optimise the signal to noise
ratio and to guarantee a reliable operation without breakdown, both in the
unirradiated state and after high doses. Therefore several highly interrelated
properties like pixel isolation, pixel capacitance, high voltage stability or
charge sharing had to be understood in detail. -



I Summary

In particular, the following problems were worked out:

0 Pixels with a bad or missing connection to the read-out chip are ex-
pected to charge up. They may reach a potential so high that break-
down phenomena could occur. In order to avoid such breakdowns, a
new pixel isolation technique with open, atoll-like p-stop rings was de-
veloped and successfully tested. Before irradiation these open p-stops
showed an inter-pixel resistance of a few M at full depletion, which is
in agreement with the requirements. During the high dose irradiation
this resistance was measured to rise up to several G). Nevertheless,
no breakdowns due to unconnected pixels were observed in beam- nor
in laboratory-tests.

[0 The radiation induced acceptor increase requires a high bias voltage
to preserve a sufficient depletion depth, which can lead to high electric
fields. To protect the sensor from breakdown the potential gradients
have to be kept small. For this purpose several multi guard ring struc-
tures were designed and tested. One of them even holds up to 1kV
after irradiation.

[0 The capacitance of a pixel to its neighbourhood is an important pa-
rameter for the noise performance of the detector. In this work the
pixel capacitance of n-type pixels was reliably measured for the first
time. For a design as it was proposed in the CMS Tracker Technical
Design Report, its value was determined to be (25.7 + 1.8) fF. In ad-
dition the design dependence of the pixel capacitance could also be
modelled.

O Due to the high magnetic field of 4 T in the CMS experiment, the elec-
trons created along a particles trajectory in the sensor are distributed
among several pixels (Lorentz-effect). This charge sharing was inves-
tigated as a function of the depth, where the charge was created. It
turned out that low electric field zones in the sensor strongly influence
the charge sharing pattern.



ZUSAMMENFASSUNG

Viele der interessantesten Ereignisse im CMS Experiment werden b Jets
enthalten. Diese Jets sind niitzlich zur Identifizierung von Top Quarks
oder dem Higgs Boson. Durch die verhaltnismassig lange Lebensdauer der
B Mesonen koénnen solche b Jets an ortlich versetzten Sekundirvertices
erkannt werden. Um diese Sekundérvertices zu rekonstruieren, muss man die
Spuren der Reaktionsprodukte genau vermessen, was um so besser moglich
ist, je ndher sich die Detektoren beim Vertex befinden.

Wegen dem hohen Untergrund von leichten Quark Jets und langsamen, spi-
ralisierenden Teilchen miissen die innersten Spur-Detektoren in CMS aus
kleinen, prizisen Silizium Pixelzellen gebaut werden, um Mehrdeutigkeiten
in der Spur-Rekonstruktion méglichst zu vermeiden.

Dieser Untergrund ist ebenfalls fiir die hohe radioaktive Dosisrate verant-
wortlich, der der Pixel-Detektor standhalten muss. Die integrierte Dosis
wird so hoch sein (10% Gy), dass Silizium, das Chip- und Sensormaterial,
im Verlauf der Detektor-Lebensdauer seine Eigenschaften andert. Somit ist
das Chip- und Sensor-Design nicht nur durch die teilchenphysikalischen An-
forderungen eingeschrankt, sondern auch durch die schwierigen Betriebsbe-
dingungen.

Die Strahlenschaden verursachen Verinderungen der Silizium-Resistivitat,
welche bis zur Typ-Umkehrung fithren: Ein urspriinglicher n-typ Sensor wird
durch das Einfligen von akzeptor-artigen Energieniveaus und durch das Ent-
fernen der urspriinglichen Donor-Niveaus immer mehr in einem p-typ Sensor
umgewandelt. Gegen Ende seiner Lebensdauer wird die strahleninduzierte
p-Dotierung im CMS Pixel Sensor die urspriingliche n-Dotierung um min-
destens einen Faktor zwei iibertreffen.

Diese Arbeit beschreibt die Entwicklung eines Pixel Sensors, der unter solch
schwierigen Betriebsbedingungen noch funktionsfahig bleibt. Das heisst
unter anderem das Signal zu Rauschen Verhiltnis zu optimieren und einen
storungsfreien Betrieb zu garantieren, beides im unbestrahlten Zustand und
nach hohen Dosen. Mehrere stark verkniipfte Eigenschaften wie Pixel Isola-
tion, Pixel Kapazitat, Hochspannungsstabilitat oder Ladungsteilung miissen
dazu im Detail verstanden werden. -



v Zusammenfassung

Insbesondere wurden folgenden Probleme angegangen und gel6st:

[0 Pixel mit einer schlechten oder ganz fehlenden Verbindung zum
Auslesechip konnen sich aufladen. Eventuell erreichen sie ein so hohes
Potential, dass sie sich stochastisch zu entladen beginnen. Um solche
Durchbriiche zu verhindern, wurde eine neue Pixel-TIsolations Technik
mit offenen, Atoll-dhnlichen p-Stop Ringen entwickelt und erfolgreich
getestet. Vor Bestrahlung ergab sich mit diesem Design ein Pixel-zu-
Pixel Widerstand von einigen MS2, was den Anforderungen entspricht.
Wahrend der Bestrahlung mit hohen Dosen stieg dieser Widerstand
jedoch auf mehrere GS2. Trotzdem wurden aber keine Durchbriiche bei
fehlenden Verbindungen zum Auslesechip beobachtet, weder in Strahl-
noch in Labortests.

0 Die strahleninduzierte Akzeptorzunahme fiihrt zu einer hoheren Be-
triebsspannung, um eine geniigend tiefe Verarmungszone aufrecht zu
erhalten. Damit verbunden sind hohe elektrische Feldstarken. Um den
Sensor vor Durchbriichen zu schiitzen, miissen die Potentialgradienten
moglichst klein gehalten werden. Zu diesem Zweck wurden im Rah-
men dieser Arbeit mehrere Schutzring-Designs entworfen und erfol-
greich getestet. Eines hielt nach Bestrahlung einer Spannung bis zu
1kV stand.

0 Die Kapazitat eines Pixels zu seiner Umgebung ist ein wichtiger Pa-
rameter fir das Rausch-Verhalten eines Detektors. In dieser Arbeit
wurde die Kapazitat von n-typ Pixelzellen zum ersten Mal gemessen.
Fir das im “CMS Tracker Technical Design Report” vorgeschla-
gene Pixel Design betrigt die totale Pixel-Kapazitat (25.7 + 1.8) fF.
Zusatzlich konnte die Abhangigkeit der Kapazitat von wichtigen De-
sign Parametern etabliert werden.

0 Die entlang der Flugbahn eines Teilchens im Sensor erzeugten Elektro-
nen und Locher werden durch das hohe Magnetfeld von 4 T auf mehrere
Pixel verteilt (“Lorentz-Effekt”). Diese Ladungsteilung wurde als
Funktion der Erzeugungstiefe der Signalladung untersucht. Es stellte
sich heraus, dass Zonen kleiner Feldstarke im Sensor das Ladungsver-
halten sehr stark beeinflussen.
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CHAPTER

ONE

LHC AND CMS

1.1 The LHC Accelerator

Figure 1.1: The site of the LHC-ring near Geneva, in the back-
ground one can see the lake of Geneva and the French alps.



2 LHC and CMS

In 2006 the new Large Hadron Collider (LHC) will become operational in
the existing 27 km long LEP tunnel at CERN, the European particle physics
laboratory in Geneva. The LEP-accelerator, which was shut down in Decem-
ber 2000, is currently being dismantled. The new LHC collider will allow
proton-proton collisions at a centre of mass energy of 14 TeV and a lumi-
nosity of £ = 10** cm™2 s72. This new accelerator will extend the centre
of mass energy attained by Tevatron (the pp-collider at Fermilab, Chicago,
USA) by a factor of ten and the luminosity by two orders of magnitude.

Figure 1.1 gives an overview of the tunnel-site, in which the LHC collider is
going to be installed. It will consist of two “colliding” synchrotrons. They
will be filled with protons delivered from the SPS and its pre-accelerators
at 0.45TeV. In two superconducting magnetic channels the protons are ac-
celerated to 7 TeV (see figure 1.2). These protons then counter-rotate for
several hours and collide at the experiments, until the beams become so de-
graded that the machine has to emptied and refilled. The magnetic channels
will be housed in the same yoke and cryostat, a unique configuration that
not only saves space but also gives a 25 % cost saving over separate rings.
To bend 7TeV protons around the ring, the superconductive LHC dipoles
must be able to produce fields of 8.3 Tesla. Some other parameters of LHC
are summarised in table 1.1.

Table 1.1: LHC general parameters

Beam energy at collision 7 TeV

Beam energy at injection 450 GeV

Dipole field at 7 TeV 833 T

Design luminosity 1 10%*cm™2s7!
DC beam current 0.56 A

Bunch spacing 748 m

Bunch separation 24.95 ns

Number of particles per bunch 1.1 10t

Total crossing angle 300 prad
Luminosity lifetime 10 h
Energy loss per turn 7 keV
Total radiated power per beam 3.8 kW
Stored energy per beam 350 MJ
Filling time per ring 4.3 min

The main motivation for building such a machine is to investigate the mecha-
nism responsible for electroweak symmetry breaking. In the standard model
particles are only allowed to have mass if this symmetry is broken by an
additional field, the so called Higgs field [1]. Its discovery is an important
and long searched brick in the building of the standard model. Associated
with the Higgs mechanism are massive scalar particles, called Higgs bosons,
and the proof for this mechanism would come from the observation of this
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Figure 1.2: Schematic drawing of the LHC vacuum tubes in the
existing LEP tunnel.

novel species. In its minimal version the standard model requires one Higgs
field, corresponding to one neutral, scalar Higgs boson.

The present experimental mass constraints on the standard model Higgs
boson are loose. Radiative corrections to weak processes lead to an upper
bound of my < 215GeV/c? with 95% confidence level [2]. In its second
phase LEP reached a maximal energy of 209.2 GeV. With 95% confidence
level a Higgs with a mass lower than 113.5 GeV/c? was excluded. But dur-
ing the last months of operation the LEP experiments reported a number
of collisions compatible with the production of Higgs bosons with a mass
around 115 GeV /c?. However, these events were also compatible with other
known processes and have not been sufficiently conclusive to claim a discov-
ery [3].

Apart from the search for the Higgs boson CMS will also contribute to other
fields. One of them is CP-violation in the B System. Up to now CP-violation
could only be observed in Kaon decays. However, CP-violation effects are
larger in B decays. In order to measure CP-violation, differences in selected
decay rates of B-mesons have to be found. Unlike in the KK system the
lifetimes of the two weak eigenstates in the B°B? system are very similar.
The separation of B® and B has to be made with flavour tagging, a method
which allows to draw conclusions about the flavour composition of the de-
caying meson by looking at specific decay products (e. g., the charge of high
momentum leptons from semileptonic decays). Due to the relatively long
lifetime of B%-mesons (~ 1.5ps) and due to the high energy of LHC, the Bs
travel several mm in the detector before they decay. The distance between
the (primary) production vertex and the (secondary) decay vertex can be
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resolved with the tracking system and provides an additional information
for B-identification.

Another field of interest are precision measurements with top quarks. Top
quarks almost exclusively decay into Wb. The W subsequently decays into
fermion- or quark-pairs (W — fv or W — ¢q) and the b hadronises into a
jet. Electrons and muons from the W decays have high transverse momenta
and are expected to be isolated (i.e., they are well separated from the other
decay products of the underlying event). Such leptons are relatively easy to
detect and can be used as a tag for the top event.

But apart from the interesting pp collisions also 20 — 30 uninteresting col-
lisions happen simultaneously per bunch crossing (so called minimum bias
events), leading to several thousand particle tracks every 25 ns. It is the chal-
lenging task of the detector systems to find the interesting decay products
within this busy environment (i.e., the needle in the haystack). But fortu-
nately, the momentum of the proton is not uniformly distributed among its
constituents and the minimum bias events get a boost along the beam axis.
Therefore, the average transverse momentum of such background-events is
very low and most of them remain inside a narrow cone around the beam
pipe. This makes it possible to search for interesting reactions that include
heavy particles by requiring a high transverse momentum for some of the
decay products.

1.2 The CMS Experiment

The Compact Muon Solenoid (CMS) and A Toroidal LHC Apparatus (AT-
LAS) are the two general purpose detectors foreseen at LHC. Figure 1.3
shows an exploded view of the CMS detector. As in a Russian matrioshka
the single components are placed into each other. Every layer has its special
task and covers as much solid angle as possible.

The outermost layer is the muon system. It is embedded in the iron yoke
which acts on the one hand as flux return for the magnet and on the other
hand as muon absorber. Many decay channels of b and ¢ quarks, as well as of
the Higgs boson, involve high momentum muons. These muons provide clear
signatures for interesting events and can be used for the 15 level trigger.

The next device is the superconducting solenoid. Within its radius of 2.95 m
it creates a uniform magnetic field of 4 T. This rather high magnetic field
allows the detector to be compact, without having to compromise on the
momentum measurement capabilities.

The next layer consists of two calorimeters. The hadronic calorimeter
(HCAL) plays an essential role in the identification of quarks, gluons and
neutrinos by measuring the energy and direction of jets and of missing trans-
verse energy.
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Figure 1.3: Exploded view of the CMS detector.

A high resolution electromagnetic calorimeter (ECAL) was one of the design
objectives of CMS. In particular, it is optimised to measure the benchmark
reaction H — 7~y. This Higgs decay channel is the most promising one if
the Higgs mass is lower than ~ 150 GeV/c?. But of course the ECAL is
also suited to precisely measure other photons or electrons (like e.g., from
H — Z7 — 4¢e%).

The central part of the CMS detector is dedicated to track reconstructions.
The CMS tracker is radially subdivided into two single systems, namely the
pixel detector in the innermost region and the microstrip detector in the
outer part (see figure 1.4). Originally it was foreseen to build one part of the
microstrip detector out of microstrip gas-chambers (MSGC) and the other
part out of silicon strips. But in 1999 the decision was taken to abandon
the MSGCUCs, in favour of a micro-strip detector based entirely on silicon.
The new all-silicon strip detector uses 214 m? silicon for 11.4-10° read-out
channels in 10 layers (9 in the endcap). The read-out pitch varies between
80 pm and 210 yum. More details about the silicon strip detectors can be
found in [4, 5].
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Figure 1.5: Left: an explanation of the impact parameter &. Right: transverse
impact parameter resolution o (8¢ans) for muons with different transverse momenta
versus pseudo rapidity (from [4]).

1.3 The Pixel Vertex Detector

For the physics goals mentioned in section 1.1 a very good spatial vertex
resolution is mandatory. This resolution is normally given in terms of the
impact parameter ¢, which is explained on the left side of figure 1.5. Due to
multiple scattering at the different detector layers and due to the intrinsic
detector resolutions the reconstructed tracks do not point to the real decay
vertex, but to a point which is shifted from the real vertex by the impact
parameter §. To keep § small the tracking stations should be located as close
to the vertex as possible. Furthermore, the standard deviation o(d) (i. e., the
impact parameter resolution) is dominated by the performance of the first
tracking layers. The right side of figure 1.5 shows the simulated transverse
impact parameter resolution o (d¢ransy.) of the CMS tracker as a function of
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Figure 1.6: A simu-
lated Higgs decay H —
Z7Z — 4p with 18 super-
imposed minimum bias
events (from [6]).

Figure 1.7: Perspective

view of the pixel system

in the high luminosity
configuration.

pseudo-rapidity! n at the design luminosity of LHC.

Figure 1.6 shows the high track-density at the innermost tracking stations.
It displays a simulated Higgs decay H — ZZ — 4u with 18 superimposed
minimum bias events, projected on a plane transverse to the beam direction.
The high density of tracks due to the minimum bias events requires the
two innermost layers of the tracking system to consist of pixels instead of
microstrip detectors. The two rings in the centre of figure 1.6 denote the two
pixel barrel layers in the high luminosity configuration (see below). About
half of the silicon strip layers are also displayed (broken rings). At a radius
of 25 cm and at design luminosity the innermost strip detector already has

E+Pp
E—Pp°
particle and P, its momentum component parallel to the beam. Pseudo- rapidity 7 is the
rapidity calculated neglecting the particles mass, 7 = —Intan(8/2), where 6 is the polar
angle with respect to the beam direction. Zero rapidity or pseudo-rapidity corresponds to
particles moving at 90° from the beam-line, high values of y or n imply very forward or
backward going particles.

1The rapidity y of a particle is defined as y = %ln where E is the energy of the
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an occupancy? of 0.052 [5]. For even smaller radii the occupancy of strip
detectors would become so high that ambiguities in the track reconstruction
could not be avoided any more. Compared to the strips the innermost pixel
layer at r = 4 cm has a moderate occupancy of 1.9-107% [4].

power cable

token bit > alignment
manager chip 2 ~

2 filter
capacitors

carbon fibre

base plate
signal

driver chip

alignment
mark

Kapton
sensor hybrid
[ | |
1T I}
bumps readout carbon fibre
chips base plate

Figure 1.8: A pixel barrel module with a 1.6 x 6.4 cm? big sensor and 16
read-out chips. In the cross-sectional view the vertical scale is risen by a
factor five.

The CMS pixel system has two barrel layers and two end layers (disks) on
each side of the barrel (see figure 1.7). The construction of the barrel layers
is done by a European collaboration, whereas the end disks are developed by
groups from the United States. The layers are composed of modular detector
units, like the one in figure 1.8. These modules consist of a thin sensor plate
with radiation hard readout chips. Each chip covers 52 x 53 pixels. The
chips are connected through bond wires to hybrid circuits, which distribute
the readout control signals and where the data signals are collected. Capton
cables connected to the hybrids transmit the signals to and from a periphery
situated at the outer region of the pixel system frame. The modules are
attached to cooling frames, with the cooling tubes being an integral part of
the mechanical structure.

The innermost barrel layer of the pixel detector is placed at a radius of

~ 4 cm. With a radiation hardness of up to 6 - 10'* hadrons per cm?, sensors

2Qccupancy is defined as the average number of strips/pixels with hits divided by the
total number of strips/pixels.



1.3 The Pixel Vertex Detector 9

Table 1.2: Number of channels and expected hit rates at £ = 10%* cm=2 s 2.

Barrel End cap

Layer (at 7 or z) 4cm 7cm 11cm 33cm  47cm
Number of chips 2340 2840 5888 1080 1080
Number of pixels 6.35-10° 10.6-10° 16.2-10° 3.0-10® 3.0-10°
Area 0.15m?>  0.25m? 0.38m? 0.07m? 0.07m?
Pixel hit rate 24.0kHz 10.3kHz 6.9kHz lower

Chip hit rate 12.0MHz 8.2MHz 7.6 MHz lower

Pixel occupancy ~ 1.9-107* 3.3.107* 1.7-107* lower

and read-out chips survive here during the first four years of LHC operation
(assuming that during the first three years LHC will run with one third
of its design luminosity). During this phase the barrel has two layers at
approximately 4 cm and 7 cm. When a reasonable operation of the innermost
layer is no longer provided it will be removed and a new layer is installed
at 11 cm. Together with the layer at 7 cm it forms the high luminosity barrel
configuration®. The four end disks have the same configuration for low- and
high-luminosity conditions. After 6 or 7 years of operation at least the 7cm
barrel-layer and the inner end-disks will have to be replaced. Table 1.2 lists
the number of channels, sensitive areas and hit rates for the different layers.

Si-sensor

read-out chip

Figure 1.9: Left: SEM scan of a read-out chip with reflowed bumps (the
sensor was removed to take this picture); right: cross-section through the
In-bump and the under-bump metal layers.

The pixels deliver true space point information with high resolution. But
they also lead to a series of technical challenges:

3 An alternative possibility would be to use the 4 cm layer in the high luminosity con-
figuration as well and to replace it every year. This scenario is under discussion at the
moment.
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Figure 1.10: Schematic view of a pixel detector element. Each

sensor pixel is connected via a indium bump to a pixel unit cell

on the read-out chip, where the signal is amplified. The hit data

are stored on the edge of the chip where they wait for trigger
confirmation.

0 Compared to the strips there are much more read-out channels per
unit area, which requires an efficient zero suppression.

U The huge density of channels makes it impossible to connect the sen-
sor and the read-out chip with conventional wire-bonds. Hence, new
connection techniques had to be found.

[0 The closer the detector is at the interaction point the higher is the
dose rate that it has to withstand.

The solutions to the problems [0 and [0 are described in detail in the CMS
Tracker Technical Design Report [4]. They are only briefly recapitulated here
for reasons of completeness.

Each pixel has its own read-out circuit. Whenever a pixel is hit this cir-
cuit immediately copies the amplified analogue signal together with a pixel
address and a time-stamp into a data buffer located in the periphery of
the chip. There, the signals wait for the first level trigger. This makes sure
that only pixel hits which are confirmed by a trigger are transmitted to the
counting room.

The sensor pixels are connected to the read-out chip with the bump-bond
or flip-chip technique (see figures 1.9 and 1.10). On top of each sensor- and
electronics-pixel an indium pad is deposited using photo-lithography and
evaporation techniques. To ensure a good ohmic contact an under-bump
metallisation containing a gold- and a titanium-tungsten-layer is put on first,
using the same techniques. Then, the chips are flipped, accurately aligned
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Figure 1.11: The simulated total hadron fluence and ab-
sorbed dose of the whole pixel barrel (sensor + chip), pro-
jected to 10 years of operation (5-10° pb=!, from [4]).

and placed on the sensor. By heating this setup to about 150°C for a few
seconds the indium melts and forms bumps, which connect the two devices.
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Concerning point [1 much attention has to be paid on radiation damages.
How hostile the operation environment of the pixel detector will be can be
seen from figure 1.11. Projected to 10 years of operation the innermost layer
of the pixel barrel would pick up an integrated dose of 8-10° Gy. Keeping in
mind that only a few Grays are already lethal for men it is surprising that
such a sensitive device can operate several years under these conditions.

After detailed irradiation studies silicon was chosen out of three candidates
(gallium arsenide, diamond and silicon) as sensor material [7]. In order to
increase the useful operation lifetime of the silicon detectors, running with
partial depletion must be anticipated. This is more suitable with n-type
pixels, since after type inversion* the depletion region grows from the pixel
side. In addition, n-type pixels with electron read-out have the advantage

“See section 2.3 for a definition of type inversion.
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of more charge sharing among pixels: In r¢ direction the signal charge is
distributed among several pixels due to the Lorentz-effect, which is larger
for electrons than for holes (see figure 1.12 and section 4.7, in z direction
charge sharing is also present for inclined tracks). With sufficiently high
charge sharing a centre of mass calculation can be made to improve the
spatial resolution. For this reason an analogue readout was chosen. The
detectors in the end disks are rotated by 20°with respect to the r¢ plane in
order to take advantage of the charge sharing as well, since otherwise the 3
and B fields would be parallel.

1000
800
600
400 Figure 1.13: An X-ray
picture of a CMS brass-
mask, taken with a pro-

totype pixel detector.

200

Since both, the r¢ and z hit coordinates are important for localising vertices,
a square pixel shape is preferred. The minimal pixel size is defined by the area
needed for the pixel read-out circuit. The upper limit of the pixel size is given
by the requirement for charge sharing among the pixels. As a compromise
the CMS pixel collaboration decided to go for 150 ym x 150 pm pixels.

For the spatial resolution also the sensor thickness is important, since it
influences the charge sharing pattern (see figure 1.12). For the final CMS
pixel sensor standard 300 pm thick silicon wafers are ground down to 250 pm
to reduce the multiple scattering of traversing particles. But for the mea-
surements described in this thesis that step was omitted and 300 pm thick
sensors were used instead.

In summer 2000 the spatial resolution was measured in a beam-test by our
collaborators form the United States. They used unirradiated, 300 ym thick
sensors with the pixel geometry described above and with a design as it was
originally proposed in the Technical Design Report (see section 3.1 and [4]).
In a magnetic field of 3T the average resolution was 16.8 um [8]. Older
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measurements, also performed at 3T and with 300 ym thick sensors, but
with a pixel size of 125 um x 125 pm, led to a resolution of 12.8 ym [9].

The result of one of the first successful tests with a bump-bonded pixel
assembly is displayed in figure 1.13. For this picture a 22 x 30 pixel pro-
totype sensor with a bump bonded read-out chip was covered with a small
500 pm thick brass plate where the letters CMS were milled out. The picture
was taken by illuminating the setup with 14keV X-rays from a rubidium-
source and using a random trigger.






CHAPTER

TWO

SILICON DETECTORS

In section 2.1 the texture of a silicon sensor is briefly explained. Section 2.2
contains a simulation of the production process and section 2.3 deals with
irradiation effects.

2.1 Basic Principles

Semiconductor physics is treated in many textbooks (e.g., [10, 11, 12, 13]).
The theories of signal charge generation and of deep level traps are explained
in [14]. In this section only the basic functionality and layout of semiconduc-
tor position sensors are recapitulated. A description of the charge transport
in high electric and magnetic fields is added in appendix B.

2.1.1 The pn-Junction as a Sensor

The basic operation principle of semiconductor detectors is based on the
generation of mobile charges and their collection on signal electrodes. A
penetrating charged particle or photon lifts valence electrons into the con-
duction band (creation of electron hole pairs). These charge carriers are then
separated and collected with the help of an electric field.

This is normally accomplished with a reversely biased pn junction. It con-
sists of a n-type and a p-type piece of silicon, which are brought together to
form a junction. Because of the difference in the concentrations of electrons
and holes between the two materials there is a drift of holes towards the
n-region and a similar drift of electrons towards the p-region. As a conse-
quence the drifting electrons fill up holes in the p-region while the drifting
holes capture electrons on the n-side. Reminding that the n- and p-sides are
initially neutral, this recombination also causes a charge build-up on either
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side of the junction. Since the p-region is injected with extra electrons, it
becomes negative while the n-region becomes positive. This creates a poten-
tial difference (the “built-in” junction voltage V;) leading to an electric field
gradient across the junction. Due to this field a zone around the interface
becomes free of mobile charges (“depletion zone”).
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Figure 2.1: A biased pn junction with two equally doped regions
(left) and a one sided abrupt p*-n junction (right).

The width of this intrinsic depletion region is very narrow (in the order
of 10 pym, which leads to V; =~ 0.5 V) and normally not sufficient for sensor
operation (except e.g., in solar cells). Therefore, the width of the depletion
region is artificially enlarged by applying a reverse bias voltage Vp;,s over the
junction. This is displayed on the left side of figure 2.1. On the right side of
figure 2.1 basically the same setup is drawn again, but this time with a very
wide n-type region (called bulk silicon) and a extremely narrow p-type layer.
This p-layer (labelled with pT) is now doped several orders of magnitude
higher than the n-type region. In appendix C it is shown that the voltage
drop in the highly doped region can be neglected and that the width z,, of
the depletion layer in the n-type region is given by (see equation (C.13))

\/25si50(vbias +Vi
Ty =

)
= \/2¢; i i) 2.1
aNp \/ &si€otnP(Vbias + Vi) (2.1)

where Np is the n-type doping concentration, g the elementary charge and
&si€ the permittivity of silicon (1.05-10719 As (Vm)™!). p (u,) denotes the
resistivity (mobility) of the n-type doped silicon, respectively.

In the right side equation the depletion width is expressed in terms of the
resistivity p, which is defined as
1 1
pP= ~
q(unNp + ppNa) — qualNp

(2.2)

where N4 p are the p-type (n-type) doping concentrations and p, (up) the
corresponding mobilities, respectively. The approximation on the right side
holds for n-type sensors. Typical resistivities for sensors in particle physics
are a few kQ2 cm.

To obtain a good ohmic contact to the outside world one normally also
implants a shallow, but highly doped n™ layer into the n-type bulk, opposite
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to the p™ implant. This layer does not create a pn-junction. It has the only
purpose to ensure a low-resistive contact to a metal layer on top of the
implants, which is accessible with a bond wire or a bump bond.

To make such a detector position sensitive one has to divide either the
narrow p* layer or the nt contact implant into small strips or pixels and
connect each one to a read-out circuit. In figure 2.2 one can see how this is
accomplished in the CMS pixel detector.
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Figure 2.2: Schematic cross section of the CMS pixel sensor, the implants

are isolated against the overlying metal lines by a thin SiO, layer, with

openings where a contact is required. A charged particle track creating
e-h pairs is also shown (lengths are not to scale!).

The ohmic contact layer is segmented into pixels. Each n™ pixel implant is
connected to a read-out channel. The junction sits on the backside, at the
p' implant. The implants, oxide- and metal layers are about 1pm thick,
whereas the the whole sensor typically has a thickness in the order of 300 ym.

These so called nT-in-n pixels would all be electrically connected by the n-
type silicon in between, if one would leave them like in figure 2.2 (there is no
isolating pn junction between them). Even after full depletion there is still
a conductive surface regime at the silicon-silicon dioxide interface which
allows a charge to flow. To isolate the pixels one or two narrow p* implants
are laid around each n' implant (not shown in figure 2.2). These p-stop
rings completely restrain a charge flow between the pixels if the bulk volume
around them is fully depleted. For this thesis a novel design of such p-stop
rings was tried. Small openings should provide a high resistive path between
the pixels, which would allow a controlled and slow charge flow from pixels
with an insufficient connection to the read-out chip. The design of these
open p-stop rings is described in section 3.1 and their performance in 4.1.

The choice to segment the n™ implant and not the p™ one is mainly driven by
radiation damage considerations (see section 2.3). Due to radiation damages
the n-type bulk silicon will change to a p-type behaviour during its lifetime.
In this case the junction sits between the pixel implants and the bulk, and the
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depletion zone grows from the pixel side. If, for some reason, full depletion
cannot be reached any more (e. g., because the full depletion voltage exceeds
the break-down voltage) there is still a usable depletion volume around the
pixels.

2.1.2 Signal Acquisition

During the last years detailed measurements and simulations of the charge
collections process were made within the CMS pixel collaboration [7] to
study the signal formation in irradiated silicon. It was found that, in a
partially depleted sensor, a small fraction of the signal charge carriers ap-
proaches the read-out nodes well behind the fast signal. These charges orig-
inate from the undepleted region, where a small rest field still allows them
to drift to the read-out nodes. The signal formation is also influenced by
trapped charges, which induce a mirror charge on the read-out electrodes.
In addition, it was found that the charge collection efficiency is also strongly
design dependent. Especially the width of the n™ implants is of crucial im-
portance. In this thesis the investigations on this subject went on (see sec-
tion 4.2).

After the signal charge carriers (electrons in case of the CMS pixel detector)
reach the pixel they have to be collected and amplified. This is usually done
with a charge sensitive amplifier. The charges are integrated on a capacitor
which acts as a feedback in an inverting amplifier stage (see figure 2.3).

Ry
I
Figure 2.3: Block
Qi | diagram of a charge
Z =0 e . |
| sensitive amplifier with
1 Vi Vo capacitive and resistive
Sensor © o — - feedback.
-Vbias

If we neglect for the moment the resistor R the schematic in figure 2.3 shows
a simple integrator. If the voltage gain of the amplifier is A = —V,/V;, the
voltage difference across Cf is given by V; = (A+1)V;. The charge deposited
on Cr is Qf = CfVy = Cf;(A + 1)V,. Since the input impedance of the
amplifier is assumed to be infinite, the input charge is equal to the charge
on Cy (Qf = Q). With these relations the effective input capacitance C;
becomes

O

C; =

L=CpA+1) (2.3)

7

<
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which leads to the charge gain
A 1 1

K"_ AV: == . (2.4)

A, = A L1
CTQ GV G A+1C; O

Equation (2.4) holds for high voltage gains A. After each charge integration
such a system has to be “reset” (i.e., discharge the capacitor Cy). This
is done with the resistor R;. V, then decreases exponentially with a time
constant Trc = RyCy. Cy and Ry have to be chosen in a way that on the
one hand all charges can be collected and that the signal is not cut off by
the resistive feedback (lower boundary) and on the other hand no pile up!
effects occur (upper boundary).

2.2 'The Processing of Silicon Devices

This section deals with the production of silicon wafers and sensors. In the
first part the production methods of silicon wafers are given, whereas the
second part explains the sensor production by means of a process simulation.

Most semiconductor sensors are fabricated by processes that have originally
been developed for CMOS electronics®. The main advantages lie in the small
patterning capabilities and the ability to produce thousands of identical
structures in one run, which leads to a much improved performance-to-cost
ratio compared to other production techniques.

POLYSILICON
FEED ROD

RF COIL—O
MOLTEN
ZONE

SINGLE
CRYSTAL

Figure 2.4: The princi-
ple of the float zone pro-
cess (from [13]).

SEED

SEED HOLDER

Sensors, like the one in figure 2.2, are processed by a successive deposition
and patterning of thin solid films on a ~ 300 um thick crystalline silicon plate
(called wafer). Such wafers are produced out of pure quartz-sand (SiOs ).

!Pile up can occur with high pulse frequencies, when the capacitor is not yet completely
discharged at the arrival of a new signal pulse.

2CMOS: Complementary Metal On Semiconductor, a standard processing technique
for integrated micro-electronics.
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Substrate

Brought in contact with carbon and heated, SiO, changes to polycrystalline
silicon (SiC + SiOs — Si+ SiO + CO). The poly-silicon is then chemically
purified and molten in a furnace. To grow a silicon single crystal a seed with
the correct crystal orientation is dipped into the melt and slowly pulled out.
From this seed the single crystal starts to grow and a long rod can be pulled
(Czochralski technique). Such rods can already be doped by adding a certain
amount of dopant to the melt (e.g., phosphorus for n-type silicon or boron
for p-type rods).

Czochralski silicon is normally used for electronic circuits. For sensors the
concentration of impurities in Czochralski silicon is still too high. Therefore,
the float zone process is used (see figure 2.4). A high purity polycrystalline
rod with a seed crystal is held in a vertical position. A small zone of the
crystal is kept molten by a radio-frequency heater, which is moved from the
seed upwards. A single crystal freezes out below the heater and grows as an
extension of the seed crystal. The final single crystal rod is then cut into
slices. After cleaning and polishing these slices can be used as wafers. For
sensor productions, rods with diameters of 100mm (4in) or 152mm (6 in)
are normally used.

The patterns for the doping layers and the thin SiO2 and metal films are
created with photo-lithography (see figure 2.5). It begins with a computer
generated mask with the planar geometry of the corresponding layer defined
by transparent and opaque regions. A thin film of photo-resist is then de-
posited on the wafer, covering the film to be patterned. After exposing the
photo-resist to a light source and after a chemical development step, the



2.2 The Processing of Silicon Devices 21

mask image is transferred onto the photo-resist and the film. The remaining
photo-resist, in turn, acts as a resistant mask when the underlying mate-
rial is processed with chemical treatment, ion implantation, or other process
steps.

For a better understanding of the specifications of the vendors of our test sen-
sors I have performed a process simulation with the ISE-DIOS program [16].
The aim was to reproduce the specifications of the sensor-manufacturer
CSEM?3. The single steps of this process simulation are given in the fol-
lowing as an example of a production process. More details and variations
of production processes can be found in [13, 17].

0 Starting with the bare wafer, a 7000 A thick oxide layer is deposited
on both sides, e. g., SiHy + 205 — SiOy + 2H, (450°C, LT-CVD*).

[0 For the implantations, openings have to be etched into this oxide layer,
using photo-lithography and plasma etching.

0 A second, 800 A thin screening oxide is then thermally grown (by heat-
ing the device in a oxygen atmosphere) to protect the silicon surface
during the ion implantation.

0 To make the implants ions are accelerated and shot into the wafer.
The regions which should not be implanted are protected with a thick
layer of photo-resist. For the nt implantation 7 - 10'* phosphorus
ions per cm? with a kinetic energy of 140keV are used, whereas the
pt implantation is done with 1 - 10'® boron ions per cm? of an energy
of 60 keV. The vertical distribution of the phosphorus and boron ions
is shown in the following figures (calculated with TRIM [18]). The first
800 A correspond to the SiO, layer:

300-{ Phosphorus
140 keV

Boron, 60 keV

300 mean = 2350 A

mean = 2000 A
200
200

100 100

number of ions [arb. units]
number of ions [arb. units]

0

0 1000 2000 3000 4000 500C 0 1000 2000 3000 4000 500
depth [A] depth [A]

0 The wafer is then heated to 930°C for 5h in a gas mixture of Oj
and Nj. On the one hand this heating causes the ions to diffuse into
the bulk and to heal crystal defects caused by the ion bombardment,
and on the other hand the silicon surface oxidises, resulting in a new

3Centre Suisse d’Electronique et de Microtechnique in Neuchétel, Switzerland.

4CVD: Chemical Vapour Deposition, a technique where several compounds in their gas-
phase are thermally broken into their components. Some of these components nucleate on
the substrate forming a film. LT-CVD: low temperature CVD, LP-CVD: low pressure
CVD.
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SiO, layer. The thickness of this layer was simulated to be 2200 A.
After this heating step, the dopings reach about 1.5 ym in the bulk.
The simulated profiles after this diffusion step look as follows:

doping profiles of n-implants
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0 On top of the thermal oxide a 1250 A thick silicon nitride (Si3Ny)
layer is deposited to protect the underlying structures and decouple
possible pin-holes®. Such a layer is also deposited with CVD processes,

0 After opening contact holes in the nitride and the oxide layer by chem-
ical etching, 1 pym of an aluminium-silicon alloy is sputtered on the
wafer, followed by its patterning via plasma etching.

O The last step consists of growing a 9000 A thick SiO, passivation layer
on top and etch out openings to provide contacts to the metal layer.

Figure 2.6 shows a zoomed in cross section through one of the devices sim-
ulated with the process described above. For length comparison reasons the
final implantation depth after diffusion (1.5 gm) is marked with an arrow.

2.3 Radiation Damage Effects

Radiation damage in silicon devices was already studied 30 years ago in the
context of aerospace applications (see e.g., [19]). At that time the interest
was mostly focused on MOS-transistors and the doses were limited to ~ 1 Gy.
But as we have seen in chapter 1 the integrated doses for the inner detector
layers in CMS will be in the order of 10° Gy. To investigate the detector
behaviour after such high doses several R & D projects were initiated in the
last years (e.g., [20]).

The damages can be categorised into two classes: bulk defects and surface
defects. The bulk damages are caused by non-ionising energy losses leading

¥ An unwanted hole in the SiO, layer.
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oxide

l implantation depth oxide  Si3N4 aluminium

n-type silicon

Figure 2.6: Detail of a sensor surface simulated with

the process described in the text (using the program ISE-

DIOS [16]), the arrow denotes the implantation depth and
its length corresponds to 1.5 um.

to crystal defects. The surface effects are based on changes at the Si-SiOo
interface. The consequences for the detector performance mainly depend on
the sensor design and the processes used during its production.

2.3.1 Bulk Defects

According to the current understanding bulk radiation damages are pro-
duced in a two step process: first, silicon atoms are displaced from the lattice
due to collisions with the traversing particles. These processes are described
in the first part of this section. The lattice defects then slowly diffuse through
the bulk and start to form complexes (beneficial /reverse annealing), which
is the subject of the second part of the section.

Very rarely a traversing high energetic particle makes a head-on collision
with one of the silicon atoms. This atom is kicked out of its initial lattice
site and moves several hundred angstroms through the silicon bulk (primary
knock-on atom - PKA). During this passage it looses its energy by ionisation
and by collisions with other atoms, displacing them and producing so called
vacancy-interstitial-pairs (VI-pairs or Frenkel defects). In figure 2.7 such
a PKA is simulated with 50keV recoil energy. Some of these VI-pairs re-
combine immediately, but others are left over which start to diffuse through
the bulk.

Experimentally, it was found that the displacement damage scales with the
amount of energy imparted in the original displacing collision with the PKA.
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This fact is known as the NIEL hypothesis®. This energy depends on the
energy and type (mass, charge, ... ) of the incident particles - besides the sil-
icon atom mass. Therefore, a NIEL factor can be given for each particle type
and energy. Due to historic reasons the NIEL factor is normally expressed
relative to the NIEL of 1MeV neutrons (the NIEL of a 1 MeV neutron in
silicon equals 1.983 keV cm? g1 [21]). Detailed calculations showed that for
particle energies higher than ~ 100 MeV the NIEL factors of protons, pions
and neutrons are very similar [22]. More details about NIEL calculations
can be found in [23] and [24] and references therein.

Macroscopically, the leakage current and the doping concentration are the
most important parameters affected by radiation defects. Experimentally,
one finds that the increase of the leakage current AT linearly depends on
the applied fluence’” & [25]

AT
AIVO] = 7 =a-® y (25)

where V is volume of the silicon device.

Figure 2.8 shows this linear dependence for diodes irradiated with 300 MeV /c
pions. During the last years many such measurements were performed with
various types of particles. It was found that « slightly depends on the irradia-
tion time and on the annealing® scenario (time, temperature, environmental
conditions). The RD48 (ROSE) collaboration at CERN proposes a 80 min
annealing at +60°C instead of 10 days at room temperature, which corre-
sponds to 5 yearly maintenance periods for the LHC detectors. With this
annealing scenario and for fluences normalised to the NIEL of 1 MeV neu-

8NIEL - Non ionising energy loss.
"Fluence: time integrated flux.

8 A brief introduction to annealing is given on page 26.
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trons one finds for the damage constant [24]:
a=(40+02) -1071TAcm™ . (2.6)

The radiation damages also influence the effective doping concentra-
tion Neg = |[Np — N 4|, where Np (N4) denotes the donor (acceptor) con-
centration, respectively. These changes are important since they influence
the achievable depletion width z,, for a given bias voltage. After irradiation,
Np has to be replaced by Neg in equation (2.1):

2¢si€o (Vbias + Vz)
Ty = . (2.7)
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The pion-fluence dependence of the effective doping concentration Ngg of a
n-type sensors is displayed in figure 2.9 (obtained with CV-measurements
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on test-diodes, see section 3.3). At low fluences N g decreases to a minimal
value (called type inversion point, see below), but linearly increases again
towards higher fluences. This behaviour can be described by [25]

Neg = |Npe % — Nye 4% — gg| | (2.8)

where the first term describes the donor removal, the second the acceptor

removal and the linear term with the parameter 8 denotes the radiation
induced introduction of electrically active traps (if the energy level of a trap
lies in the band-gap, it is said to be electrically active, see [27]). From spec-
troscopic measurements one knows that most of the electrically active traps
are acceptor-like®. Therefore, an initial n-type device is more and more com-
pensated until it reaches an almost intrinsic state and then starts to behave
p-type like. In addition, This effect is accelerated by the radiation induced
donor removal, which is due to electrically not active complexes which ab-
sorb donor atoms. The second term in equation (2.8) can be neglected for
n-type devices since the initial acceptor concentration is negligible.

Figure 2.9 shows another peculiarity concerning the irradiation behaviour:
Devices with high oxygen concentrations behave better after irradiation than
standard silicon sensors do. Oxygen is one of the impurities that are always
present in silicon. But normally, its concentration is tried to be kept as low as
possible (smaller than 10'5 cm~2). It was found that a high oxygen concen-
tration (~ 107 cm3) reduces the radiation induced acceptor introduction
rate (3 (see equation (2.8)). Many measurements with oxygen enriched de-
vices (so called oxygenated silicon) from different vendors were carried out
during the last years [20]. All of them showed that oxygenated devices al-
ways have a (@ factor at least as low as the best standard materials. Up to
now the reasons for this amazing behaviour is not fully understood. There
are some hints that oxygen supports the formation of defect complexes that
are not electrically active!? [28].

After the creation of initial defects due to a PKA the remaining vacancies
and interstitials diffuse away from their creation place and form complexes
containing different defects and/or impurity atoms, like V+V — Vo, I+
Vo=V, V+0 — VO or V+ VO — V30, where V denotes a vacancy in
the crystal, I an interstitial silicon atom and O an oxygen atom (see [28] for
more details). Some of these reactions bring two electrically active defects
together to form an inactive complex (beneficial annealing). But also the
reverse, two inactive defects clustering to an active one, is possible (reverse
annealing).

9 Acceptor like traps are negative when filled and neutral when empty, donor like traps
are neutral when filled with an electron and positive when empty.

OWith a low oxygen concentration many acceptor-like V2O complexes are formed, which
are believed to be the main source for the radiation induced acceptor increase. If the oxygen
concentration is very high, it is more likely that the vacancies V find an oxygen atom to
form a VO complex than to undergo the a reaction V + VO — V,0.
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Unfortunately, a satisfactory theory which relates these defect complexes
to macroscopic parameters does not exist yet. Instead, one relies on pure
empirical models for macroscopic predictions.
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An example of a typical annealing behaviour at room temperature is dis-
played in figure 2.10. It was calculated with the so called Hamburg model,
whose parameters were found by making fits to experimental data [20, 24].
The fluence was ® = 3 - 10'* cm 2 (normalised to the NIEL of 1 MeV neu-
trons). During the first 200 hours the beneficial short term annealing is
dominating (regime with negative slope in figure 2.10). Afterwards, in the
reverse annealing regime, the effective doping concentration steeply rises
and the sensor becomes more and more p-type. For higher temperatures the
reverse annealing processes are extremely accelerated. An example can be
found in figure 4.63 in section 4.6.

2.3.2 Surface Defects

So far, the assumption was made that the whole sensor volume changes its
properties in a uniform manner. However this is not true at the silicon-silicon
dioxide interface.

Radiation induced changes in the SiOy layers also influence the underly-
ing silicon. When an ionising particle traverses the SiOs layer, it creates
electron-hole pairs. Many of these pairs recombine immediately, especially
when no electric field is applied. If an electric field is present (e.g., in a
sensor under bias) the separation probability increases. Due to their high
mobility in SiOy the electrons are quickly swept out of the oxide layer
(pte = 20cm? (V s)~1). The holes, which have a much smaller mobility in
SiOy (pp = 2 -10°cm? (V s) 1), are left behind and slowly move to the
Si-Si0, interface, where they are permanently trapped. Therefore, a per-
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manent layer of positive charge is present in the oxide, very close to the
silicon-silicon dioxide interface. It saturates when all traps are filled, which
typically happens at a surface charge of ~ 3 - 102 gcm 2.

This positive oxide layer induces a negatively charged layer in the silicon
bulk, at the interface with the oxide. It consists of freely movable electrons
and is known as electron accumulation layer. It influences parameters like
the flat band voltage Vpp, the maximal electric field strengths between the
implants or the inter-pixel resistance R (see sections 4.2 and 4.3).

During irradiation, interface defects (or interface traps) are also created.
They can be due to dangling bonds between the Si atoms and the SiOq
molecules or due to displaced silicon atoms close to the interface. These
traps act like the deep level defects in the bulk, leading to additional leak-
age currents, called surface currents. Partly, they are already present before
irradiation due to a mismatch of the lattice constants between silicon and
silicon dioxide.

As far as the effective doping concentration is concerned, the situation at the
surface is rather different than in the bulk. Measurements of irradiated MOS-
capacitors in this work (section 4.3) clearly show that a shallow silicon layer
at the surface does not undergo type inversion but remains n-type, even
after a fluence of 6-10'* cm™2. Up to now it is not clear which processes
are responsible for this abnormal behaviour. It is thought that the defect
formation processes close to the surface differ from the processes deeper in
the bulk [14]. Investigations concerning this subject are still going on.
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The radiation induced changes of the sensor properties described in the last
chapter can partly be cushioned by using an adequate sensor design. Since
the influence of design variations on the sensor properties is difficult to
describe analytically it is inevitable to draw different designs and determine
the best one empirically.

3.1 Design Variations

The mask files for all design variations described in this section are self
made using the KICBox [29] and Cadence [30] software packages. Afterwards
these mask files were submitted to two different vendors which produced the
sensors (section 3.2). The inspection of the wafers from the two vendors is
described in section 3.3.

3.1.1 P-Stop Designs

For n-in-n pixel sensors the pixels are made of n™ silicon in an n-type sub-
strate, and have thus to be isolated from each other. This is usually done
with one or several narrow p'-rings around each pixel, called p-stop ring.

In order to avoid the excessive charging of an unbonded pixel the isolation
between the pixels should not be perfect. There are two different approaches.
The ATLAS pixel collaboration avoids the p-stop rings and uses a p-spray
implant instead. It consists of a lightly doped p-layer which is “sprayed”
over the whole wafer without any masking step. The n™ implants are not
affected because the boron concentration in the p-spray layer is far too small
to compensate for the phosphorus concentration. However, the n-substrate
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in-between the pixels can be compensated, leading to a shallow p-layer at
the surface, forming a weak p-n junction with the substrate [31].

We have chosen a different approach. Here a narrow resistive path between
the pixels prevents the pixels from charging up. This is accomplished by
small openings in the p-rings which lead to an atoll-like structure (see fig-
ure 3.1). The resistivity of the path between two pixels is controlled through
its length (e.g., by laying several such open rings around one pixel) and
through its width.

G n* implant n* implant
o (pixel) W (pixel)
% p-stop rings
% (p* implants)
| i

n-substrate

Figure 3.1: Atoll-like open p-stop rings around two pixels. Left: top view;
right: horizontal cross section.

The idea of open p-stop rings is very new and was never tried before. Since
there is no experience concerning the pixel isolation with atoll-like p-stop
rings several p-stop designs had to be investigated. Since the different pa-
rameters in a design are highly correlated, changing one parameter always
means that others have to be changed as well. This implies that they cannot
all be optimised. I investigated the influence of the gap width between the
p-stop rings and the overall length of the resistive path between the pixels
(e.g., by measuring the difference in resistance between one and two p-stops
around each pixel). Figures 3.2 to 3.4 give an overview of the different de-
signs that have been tested.
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— € Figure 3.2: The design originally pro-
7 posed in the Technical Design Report [4]:
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e = =22 8um spaced p-stop rings. Three varia-
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2 & V5 mented.
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Most of these pixel-designs have been implemented in two different types of
test-sensors. On one hand there are bump-bondable 22 x 30 pixel structures,
which contain three different gaps between the p-implants. In addition, the
same design variations have been implemented on small 5x 5 pixel structures
which are already hard-wired with metal lines for dedicated measurement
purposes. These devices are equipped with wire bond pads which can also



3.1 Design Variations 31

D)) s

Figure 3.3: One p-stop % % V %

Z

. . w22 2Z)
ring instead of two, the 5 i -
gap between the rings =

is 22 ym. % % V % %%

et R D (I o

N

(R L — | o
Figure 3.4: A single

7 atoll ring with an addi-
o tional cross (”1.5 p-stop

e e || o e | Ssmmoem rjngs“) with gap  vari-
ations between the p-

% % implants.

s I s J T

IS TS

be accessed with probe needles. Two examples of such devices are shown in
figures 3.5 and 3.6. One (figure 3.5) was used to measure the pixel isolation.
If one of the pixels marked with an apple is held at a potential V' # 0 and
all others are at ground one can measure the current between them and
calculate an inter-pixel resistivity (see section 4.1). The device in figure 3.6
served for the investigation of p-stop potentials. The four small metal pads
in the centre are connected to the four p-stop rings between two pixels.
They can be accessed with probe needles. Due to the small width of the
p-stop rings (8 um) the contact opening between the silicon and the metal
layer had to be smaller than allowed by the design rules. Therefore, two of
these contacts failed and only the other two could be accessed. Since the
measurements after irradiation required high voltage operation all devices
were equipped with guard rings. Therefore they could similarly be used for
guard ring tests.

3.1.2 Multi-Chip-Sensors

In the final CMS Pixel Detector 16 read-out chips are bump bonded to one
sensor (see section 1.2). The bump bond technique is a very new bonding
method which is still under development - especially with bump sizes as small
as 15 ym. Placing several chips well aligned onto one sensor is a demanding
task which still needs to be practised.

In order to test the multi-chip setup with real signals several multi-chip
sensors for 2, 4 and 8 chips were designed. Between the chips some part of
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Figure 3.5: Device for pixel isola-

tion measurements. The pixels marked

with an apple are accessible with probe
needles.

Figure 3.6: Device for the investiga-
tion of p-stop potentials.

the sensor cannot be covered by active chip area, since the chip size is slightly
larger than its active area. This requires pixels situated between chips to be
either rectangular instead of square, or that some intermediate pixels are
routed to neighbouring pixels connected to a chip. Figure 3.7 shows a detail
of a multi-chip sensor with the latter solution.
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Figure 3.7: Detail of a I> —
multi-chip sensor show-

ing the region between
two chips. I P e
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3.1.3 Guard Rings
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The increase of the effective doping Neg during irradiation (described in
section 2.3) requires the bias voltage to be increased to 1000 V or more to
maintain full depletion. Such high voltages can lead to extremely high field
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strengths. To prevent breakdown, guard-rings have to be introduced to de-
crease the electric potential in a controlled way. With a n-type substrate this
is normally accomplished with several floating p™ implants (see figure 3.8).
By applying a reverse bias voltage to the backside p* implant (the area on
top right in figure 3.8) a depletion zone builds up. When the lateral exten-
sion of the depletion zone reaches the first floating guard ring (figure 3.9),
this ring charges up to a potential (if we neglect the built-in voltage of the
p-n junction)

qNpd?
2&5i6

‘/guard—ringl = Vbias - (3'1)
where V3,5 is the bias voltage, Np the donor concentration and d the
distance between the two p™ implants. This mechanism is called punch-
through'. With several such structures in series a very high bias voltage can
be degraded in a controlled way.

guard rings
N
Figure 3.8: Example of a guard
p" backplane ring structure for a pixel detec-
tor. The p*backside implant is
indicated on top right. All the
rings are covered by a metal
layer. Dimensions are given in the
text.

Figure 3.9: The punch-
through mechanism.
The reverse bias is
applied between the
Ieft p"fimplant and the o* implant o implant
pixel-side of the sensor [oxge T |

(not shown).

n-substrate

bias connection depletion region

Guard rings are especially important close to the scribe line? of the sensor.
Due to the cutting process the lattice (and hence also the energy band
structure) is completely destroyed along the cut edge. Therefore, the front-
side and the backside of the sensor are electrically connected through the

!This effect is also well known in MOSFET transistors. It is one of the limiting factors
in scaling down device dimensions. As the channel length is reduced the depletion layer
widths of the source and the drain junction of the transistor become comparable to the
channel length. Punch through takes place when the two depletion layers merge, which
causes the gate to lose control of the current.

2A synonym for cut edge.
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cut-edge. Guard rings close to the cut edges help to avoid high electric field
strengths by controlling the potential gradient on one or both sides of the
sensor.

The implementation of the guard rings in the CMS pixel sensor is outlined
in figure 3.10. Using the bump bond technique to connect the read out
chip to the sensor implies that the grounded chip typically sits 15 ym above
the sensor surface. Already a moderate potential difference can lead to a
discharge over such a short distance. Therefore, it is mandatory to have
the whole pixel (front-) side of the sensor at the chip potential - including
the scribe line. The potential drop Vji.s — GND has to occur on p-side
(backside) of the sensor, which requires all the guard rings to be on the
p-side.

read-out chip (GND potential)

n-substrate
p*guardrings  p*implant p* guard rings

U B P WO A R Rasesarmoos

? n* implants n* pixels n* implants<

cut edge -Vpias cut edge

Figure 3.10: Illustration of the guard ring concept. The whole
potential drop happens on the (p™) backside of the sensor (lengths
are not to scale).

In practice, the exact height of the potential barrier over each of these punch
through structures strongly depends on the distance (equation (3.1)), on
the surface quality (e. g., oxide charges), on the device leakage current and
on many other parameters (see e.g., [32]). Therefore, analytical predictions
concerning breakdown are very difficult and not very reliable. Furthermore,
the guard ring behaviour is also influenced by radiation damages. To find a
guard ring design which meets the specifications of the CMS pixel detector
several guard designs have been drawn, irradiated and measured. The results
of these measurements can be found in section 4.4.

One example of a guard ring was already shown in figure 3.8. This guard
ring structure was used for all 22 x 30 pixel devices. The distance between
the pT guard rings varies between 15 um for the innermost rings and 30 ym
for the outermost ones. All the guard rings have a width of 15 um, except
the innermost one which is 70 ym wide. In addition, there is an aluminium
layer on each ring (called field plate), which is not shown in figure 3.8 for
clarity reasons. It laterally extends the p™ implants by 4 um on both sides
(figure 3.11).

To save space a simpler guard design was used for the 5 x 5 pixel test-
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n-type silicon

Figure 3.11: Overlap-
ping metal field plates on
metal overlap p"implant to f tl’l d .
D O. € guard rings.
metal

oxide

Lo *

structures (figure 3.12). It consists of six guard rings only. They are equidis-
tantly aligned with a distance of 30 ym. The ring width is 20 ym. They are
also covered by a metal field plate which laterally extends 5 ym over the the
p' implants on both sides.

Figure 3.12: Guard
rings for the 5 x 5 pixel
structures.

Since the energy band structure is completely destroyed at the scribe line
it is important that the lateral extension of the depletion zone (and hence
the electric field lines) never reaches this area. Else, a huge generation cur-
rent would start to flow towards the electrodes. Simulations indicate (see
figure 3.13) that the field lines in the bulk indeed reach out over the guard
ring area. Therefore the distance from the outermost guard-ring to the scribe
line is a crucial parameter.
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Figure 3.13: Simulated
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zontal electric field lines

beyond the guard ring
area [16].
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To test the influence of the distance between the outermost guard and the
scribe line three different designs have been drawn. In the large distance
case the distance between the guard rings and the scribe line amounts to
622 pm, in the intermediate case it is 372 ym and in the small one 256 ym.
The empty area from the last guard ring to the the cut edge was filled with
a n' implant in all cases. A similar n™ layer was used on the n-side from
the cut edge to the the sensitive pixel area.

Besides all this conventional guard rings, a more unusual design was also
implemented. Instead of several closed p-rings a “brickwall” of “p™ bricks”
is laid around the diodes (see figure 3.14). The single “p™ bricks” can choose
their potential individually, which is probably an advantage compared to
a conventional guard ring design, where an entire guard ring is held at
the same potential. Especially the corners of a device can cause problems
with conventional designs since the bending of the guard rings can lead to
increased electric field strengths. Because of the quite high lateral diffusion
during the processing (~ 1 um) the p-n junctions are smoothed and a wave-
like pattern of p™- and n~ dopings is formed, which also helps to keep the
maximal electric field strength small (see e.g., [11]). This “brickwall”-idea
was implemented in two different versions, one with 14 layers of “p™ bricks”
and one with 28.

Figure 3.14: A “brickwall” like guard ring design with 28 layers
of “pT bricks”.

3.1.4 Pixel Capacitance

The total capacitance of one pixel is the sum of the capacitive coupling to
its neighbours and the plate-capacitance to the backplane. The capacitance
to the backplane can easily be calculated, but not the capacitance to the
neighbour pixels.

The total pixel capacitance is estimated to lie between 10fF and 100 {F,
which is too small to be measured directly. Therefore, the basic idea for
my pixel capacitance measurement was to connect many pixels in parallel
and measure this capacitance. For this measurement a special 22 x 30 pixel
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metal-on-silicon structure was designed - the so called parallel router chip
in figure 3.15. Every fourth pixel is connected to a common pad (marked
with a cloverleave in figure 3.15). All the others (the neighbours) are also
connected and routed to another pad. Such a structure was bump bonded to
a 22 x 30 pixel sensor. In this way 140 pixel-capacitances were connected in
parallel. This required a capacitance measurement resolution of a few tenth
of a pF.
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Figure 3.15: Parallel router chip for the pixel capacitance measurement,
in the magnified part the pixels are indicated for clarity reasons.

The stray-capacitance® of the parallel router chip was measured separately
with a second setup and subtracted. Therefore, another pixel structure was
used which only contained the metal layer of the sensor, but no implants.
All the metal pads were connected (figure 3.16). This structure was placed
on the parallel router chip described above. Thin capton pads on the cor-
ners provided a spacing between the parallel router chip and the dummy
pixel sensor which was comparable to the diameter of the indium bumps.
The capacitance of this setup corresponds to the stray capacitance of the
measurement with a bumped pixel sensor.

3The parasitic capacitance between the metal lines of the parallel router chip, between
the connecting cables, etc.
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dummy pixels (light gray)

parallel router chip (dark gray)
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3.1.5 MOS Capacitors and Gated Diodes

MOS capacitors and gated diodes are suitable tools to measure the oxide
charge and the effective doping density. Two different designs have been
implemented. A larger one in order to decrease lateral effects (see figure 3.17
left, a schematic cross section of the same device is shown in figure 3.24) and
a smaller one with several gate rings, which was provided by the ROSE RD48
collaboration at CERN (figure 3.17 right). Since this structure was included
in several submissions of different groups (mainly from CMS and ATLAS)
it allowed a one to one comparison between different vendors. Details about
this structure can be found in [33].

In table 3.1 the different design variations are summarised. A photograph of
the produced devices on the wafer is displayed in figure 3.18.

3.2 Submissions

The designs described in section 3.1 were submitted to two different ven-
dors: CSEM* and SINTEF®. The submissions were done in April 1999 (with
CSEM) and October 1999 (with SINTEF). Both vendors used four inch,
n-type wafers as starting material. The processing was double sided.

The CSEM submission was a joint project of the University of Zurich, PSI
and the protein crystallography group at the new Swiss Synchrotron Light
Source SLS. It used the CSEM MAXIS technology. A detailed description

4Centre Suisse d’Electronique et de Microtechnique SA, Neuchétel, Switzerland.

SSINTEF Electronics and Cybernetics, Microsystems, Oslo, Norway.
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Figure 3.17: MOS capacitors and gated diodes.

of the production steps in this technology is given in section 2.2, additional
information can be found in [17]. The whole batch consisted of eight high re-
sistivity (~ 10k cm) and 16 low resistivity wafers (~ 2k cm). The high
resistivity detectors were only used for the Synchrotron Source applications,
since they would like to avoid high bias voltages. All wafers had (111) crystal
orientation and a nominal thickness of 300 ym. Originally it was planned to
have some low resistivity wafers with an increased oxygen concentration (see
section 2.3). But due to technical problems at CSEM no oxygenation could
be performed and all wafers were delivered with a standard, low oxygen
concentration. One of the low resistivity wafers is shown in figure 3.18.

CSEM also performed the under bump metallisation (UBM). This special
metallisation is necessary to guarantee a good electrical contact between
the indium-bump and the process-given Al-pads of the sensor, which very
easily oxidise. This UBM consisted of two sputtered layers, namely a Ti-W
alloy and a Au-layer on top (see figure 1.9). The gold protects the contact
from oxidation. Unfortunately gold diffuses very easily into silicon and has
therefore to be separated by an intermediate Ti-W layer.

The wafers that have been processed by SINTEF contained designs from the
University of Zurich, Purdue University (West Lafayette, Indiana, USA) and
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Table 3.1: Summary of the different design variations, n: n-implant width, p: gap
between p-stop rings. The numbers in the first column denote the location on the
wafer shown in figure 3.18.

1 22 x 30 pixel; 2 open p-stops; n =78 ym; p=48§,10,12 um

2 22 x 30 pixel; 2 open p-stops; n =68 ym; p=10,12,14 ym

3 22 x 30 pixel; 2 open open p-stops; n=68,78,88 yum; p=8 um

4 22 x 30 pixel; 1 open p-stop; n=68,78,88 um; p=8 um

5 22 x 30 pixel; 1 open p-stop + cross; n=78,86,94 pm; p=_8,10,12 ym
6 same as 1, but with angular corners

7 22 x 30 pixel; 2 open p-stops; n="78 ym; p=8 um

8 5 x b pixel devices with design variations similar to 1-7

9  parallel router chip for capacitance measurements

10 diodes with different guard rings

11  multichip sensors for 2,4, and 8 chips

12 MOS capacitors + gated diodes for material- and process-quality tests
13 52 x 53 pixel sensor (final size)

14 metal on silicon fan-out to use silicon strip read-out chips

15 similar to 1-7

16 general purpose 2 x 2mm? diodes

Fermilab (Chicago, USA). They consisted of (100) silicon and were 270 ym
thick (nominal). The resistivity value given by SINTEF was 1-2kQcm. In
total 17 wafers were produced, three out of them oxygenated (with an oxygen
concentration of 2 — 3 - 10'” cm™3, in standard silicon wafers the oxygen
concentration is lower than 1 - 10'® cm™3). One oxygenated wafer and one
with standard oxygen concentration were available for the tests described in
this thesis.

3.3 Test of Wafer Properties

For every masking step during the processing a new alignment of the mask
had to be made. An alignment error (e.g., of a metal to substrate contact)
can lead to the failure of a whole detector in the worst case. Furthermore, the
deposition of oxygen, silicon-nitride, aluminium, etc. normally requires sev-
eral heating and cooling cycles. The different thermal expansion coefficients
of these materials can lead to mechanical stress on the surface which results
in an increased curvature of the wafer or in small cracks on the surface. All
such defects can be optically detected (section 3.3.1). The leakage current
and depletion behaviour of the detectors before irradiation are determined
by intrinsic properties of the starting material, such as defect concentration
and doping density. These properties can be experimentally checked by I-V
and C-V measurements of diodes (sections 3.3.2 and 3.3.3). Section 3.3.4
contains sheet resistivity and doping density measurements of the implants.
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Figure 3.18: A picture of a wafer with the sensor prototypes

(delivered by CSEM). The numbers correspond to the devices in

table 3.1. The structures without numbers were for projects not
related to CMS.

3.3.1 Optical Inspection

First, the wafers were optically inspected under a microscope. The surfaces
looked clean and very few hints of mechanical stress could be found. The
UBM layer (the Ti-W/Au metallisation for the bump bonding) was mis-
aligned by ~ 2 ym on most wafers. But it turned out that this misalignment
is negligible since the the bump pads are all of dimensions > 15 um. The
curvature was measured with the help of a microscope and a x-y table.
The microscope had a focal-length measurement facility. With this tool the
change in the focal lengths for several points on the wafer could be deter-
mined. On two perpendicular axes through the wafer 13 points have been
chosen with the x-y table (figure 3.19).

The measured changes of the focal lengths along the axes have been fitted
with a polynomial of degree three. This is plotted for wafer 10 in figure 3.20.
This was one of the worst cases of surface bending that was found in the
whole CSEM batch. Amazingly, no visible signs of stress could be found on
this particular wafer in spite of the quite high curvature.

Average surface bendings are plotted in figure 3.21. Here, it is noteworthy
that the forces which caused the surface bending did not pull into the same
direction on the whole wafer. This indicates that the stress conditions have
not been the same everywhere.
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Figure 3.19: For 13
points on the two axes
the change in focal
length has been mea-
sured to get the wafer
curvature.
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Figure 3.20: The curvature of wafer 10. Left: fits in x- and y-direction with
a polynomial of degree three, right: a surface plot of the same functions.
Notice the enlarged scale of the z-axis.

3.3.2 I-V Measurements

Impurities in the silicon bulk of the detectors can increase the bulk leakage
current drastically. Electrons have first to be excited from the valence band
to the conduction band. Since the thermal energy at room temperature
(3kT'/2 =~ 0.04€eV) is much lower than the activation energy for an electron
hole pair (3.6eV), the probability of direct excitation is extremely low. The
excitation normally occurs in two or more steps through intermediate states
in the band gap, which are created by impurities and defects in the crystal
lattice. Such excitation and recombination statistics are described in detail
by the Shockley-Read-Hall (SRH) theory [34].

Figure 3.21: Curvatures of two other wafers.
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To check the silicon quality one normally measures the leakage current of a
reversely biased diode as a function of the bias voltage (I-V measurement).
A sudden rise of the current at a certain bias voltage is a sign for breakdown
(see section 4.4), which is caused either by a local accumulation of defects
somewhere in the bulk or by mask misalignments. If breakdowns occur only
in certain parts of a wafer they were most probably due to the first cause.

For each wafer, I-V measurements on three different, reversely biased diodes
were performed. The results for the CSEM wafers 1-10 are shown in fig-
ure 3.22. Only two out of these 30 diodes in total had a breakdown below
500V (not from the same wafer). Three showed a sudden increase to a higher
plateau value between 50 and 100 V. All three originate from the same wafer
(this wafer was excluded from the pixel prototype tests). One diode had an
increased leakage current already from the beginning. To summarise, from
the leakage current point of view most of the wafers generally showed a
satisfying performance.
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Figure 3.22: Leakage currents of three different
2 x 2mm? diodes on CSEM wafers 1-10.

3.3.3 C-V Measurements

C-V measurements on diodes can be used to investigate the bulk doping
concentration and hence the resistivity of the wafers. Assuming an abrupt
pt-n junction, the depletion depth z, can be written as (see appendix C)

265165
qNp
where V; is the built-in voltage of the junction, V};,s the reverse bias voltage,

Np the donor concentration and g the elementary charge. The depletion
region capacitance C is obtained as

(Vhias + Vi) (3.2)

Ty —

Gt A —A gssies Np

C= _9%i%AD
Tn 2(Vbia,s + ‘/;)

(3.3)
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where A is the area of the p-n junction. From equation (3.3) we obtain

I 2(Vhias + Vi)
Db Ty 3.4
C?  &ieqNpA? (3.4)

Thus, a plot of 1/C? versus Vi, gives a straight, rising line as long as
the depletion region is still growing, and a flat line after the depletion region
extends over the whole thickness of the device. From such a measurement the
full depletion voltage can easily be found. Figure 3.23 gives a nice example
of such a graph for a 5 x 5 mm? diode from the oxygenated SINTEF wafer.
For this wafer the full depletion voltage was determined to be 171 V.

81021 |

1/C2 [F2]

61021 |

4107 | Figure 3.23: Example
of a 5 x 5mm? diode
C-V-measurement to de-
termine the full deple-
tion voltage (oxygenated

wafer from SINTEF).
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To avoid lateral effects at the edge of the diode, gated diodes (like the ones
shown in figures 3.17 and 3.24) were used instead of standard ones. They
provide perpendicular electrical field lines even at the edge of the p* implant.
The capacitance is determined by superimposing a small AC signal (~0.1V,
~10kHz) on the bias voltage and the diode-contact, and measuring the
phase shift and amplitude difference between the voltage and the current
(see figure 3.24).

GND GND + AC signal GND
— I S — il |
. . . X R BT AT [T AR SR AR g 3
Figure 3.24: Side view ot
. . mplan
of a gated diode with pime
¢ . n-substrate
a design shown in fig- n* implant
ure 3.17 (lengths are not |\ S ——— . 55/
to scale). E 2 ]

\

Vbias + AC signal
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The systematic C-V analysis for all wafers resulted in full depletion volt-
ages Vrp between 140V and 150 V for the CSEM wafers, and 171V (183 V)
for the oxygenated (non-oxygenated) SINTEF devices. For the CSEM wafer
a full depletion voltage of 140V was assumed for the following calculations.
From (3.2) the donor concentration of the bulk N can be obtained:

_ 26 (Vep + Vi)
qd?

wafer

Np

(3.5)

The wafer thicknesses dy,fer Were measured with a Mitutoyo precision dis-
tance meter. The thicknesses of the CSEM wafers varied between 311 pym
and 329 pm (mean = (320 £ 6.5) pm, nominal 300 gm). For the SINTEF
wafers the values were 272 ym (281 um) for the oxygenated (non oxygen-
ated) wafer, respectively. Here the nominal thickness was 270 ym. The me-
chanical measurement also included the thicknesses of the passivation and
the metallisation layers on both sides. But these areas do not contribute to
the depletable volume of the sensor. Hence, for the depletion thickness cal-
culations an estimated total passive layer thickness of 5 um was subtracted
from the measured distances.

The wafer resistivity p (or conductivity o) can be obtained from

1 1
q (unno + pppo)  qunNp

p ; (3.6)

i
Q=
Il

where ng and py are the the electron and hole concentrations, p, and u,
the corresponding carrier mobilities and Np the Donor concentration. The
right approximation in equation (3.6) only holds if the minority carrier con-
centration (here pg) is negligible compared to the majority concentration
(here ng). The results for dyafer, VFp, Np and p are summarised in table 3.2.
The uncertainties of the Vpp and d .5 measurements were estimated to be
about 5 %. This leads to an error of ~6 % for Np and p.

Table 3.2: Doping concentrations and resistivities of the wafers.

VFD dwafer ND P
CSEM 140V 315pum 1.9-102cm™2 2.5kQcm
SINTEF ox 171V 267pm 3.2:102cm 2 1.5kQcm

SINTEF non-ox 183V 276um 3.2:102cm 3 1.5kQcm

3.3.4 Van der Pauw Measurements

With the van der Pauw method the specific resistivity of a flat sample or
implant of arbitrary shape can be measured [35]. Compared to the four-point
method it has the advantage that the sample can be of arbitrary shape. The
only conditions that have to be fulfilled are:
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The contacts are at the circumference of the sample,
The contacts are sufficiently small,

The sample is homogeneous in thickness and

o o o d

The surface of the sample is singly connected, i.e., the sample does
not have isolated holes.

If one takes a sample of arbitrary shape (e. g., like the one in figure 3.25) with
successive contacts A, B, C and D - so that the conditions above are fulfilled
- one can define a resistance Rap cp as the potential difference Vp — Vo be-
tween the contacts D and C divided by the fixed current that is sent through
the contacts A and B. Similarly one can also define the resistance Rpc,pa-
In [35] it is shown that then the following relation holds:

exp (7_WRAPB’CDCZ) + exp (7_WRBPC’DA d) =1 , (3.7)

where p is the specific resistivity of the material and d the thickness of the
sample. Equation (3.7) can be solved numerically or with the help of a graph
given in [35].

Figure 3.25: A sample

of arbitrary shape with

four small contacts that

can be used to measure
the resistivity.

For the CSEM wafers several van der Pauw measurements have been per-
formed to obtain the sheet resistance ps = p/d of the n™- and p™-implants.
The applied currents varied between 0.1 mA and 10 mA. The sheet resis-
tances were consistent for all currents and were measured to be 240 2/square
for the p* implants and 20 )/square for the n* ones. The nominal values
given from CSEM were 250 )/square (25 (2/square) for the p*- (n'-) im-
plants, respectively.

From section 2.2 it is known that the implant depth d is about 1.5 um.
Assuming an abrupt junction the average doping density in the implants
can be calculated with

1

qupsd (38)

Nimplant =

which leads to 3.6-10'" cm™3 for the p*- and 1.6-10'® cm™2 for the nt-
implants (nominal 3.4-10'" cm ™3 and 1.2-10'% cm—3).



CHAPTER

FOUR

MEASUREMENTS AND SIMULATIONS

This chapter explains the methods and results of my measurements and
simulations. Section 4.1 deals with the pixel isolation and the potential of
unconnected pixels. In section 4.2 the influence of different design parame-
ters on the electric field distribution in the sensor is simulated. Section 4.3
describes the investigation of the Si-SiOs interface with the help of MOS-
measurements. Section 4.4 dwells on the high voltage stability by looking
at the break-down behaviour of different guard ring designs. The subject of
section 4.5 is the inter-pixel capacitance. Section 4.6 treats the performance
of bump bonded prototype sensors in a beam-test and in laboratory mea-
surements and section 4.7 describes the measurement of the Lorentz-angle
in irradiated silicon. Finally, in chapter 5 conclusions for the CMS pixel
detector are drawn from all these measurements.

4.1 Pixel Isolation

The connection between sensor and read-out chip is done with the bump
bond or flip chip technique. But unlike the industrial flip chip techniques,
where the bumps have a diameter of 100 yum and more, the bump process
used here should work with spheres smaller than 20 ym. Based on past ex-
periences one has to assume that a small fraction of the bumps will only
make a poor connection between sensor and chip'. A badly connected pixel
not only causes a dead read-out channel, it also fails to hold the pixel at
the fixed chip potential (which is close to ground). Such a pixel stays at an
intermediate negative potential between V};,s and the chip potential. Due
to charge collection the pixel can even become more negative. If the pixels

!The yield of the bump bonding process is believed to be better than 99.9 %, leading
to 40’000 badly connected pixels out of 40 millions.
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are completely isolated - and if the sensor is fully depleted - the badly con-
nected pixel can charge up to a potential high enough that either a local
avalanche due to impact ionisation or a local discharge through the narrow
gap to the read-out chip can occur. Such phenomena were observed during
tests of irradiated prototype pixel sensors with closed p-stop rings [7].

This problem might be solved by breaking the pixel isolation in a controlled
way. Small openings in the p-stop rings provide a resistive path between the
pixels that allows an outflow of the accumulated charge without influencing
the fast signals.

Section 4.1.1 covers investigations of resistive channels. Measurements on
unirradiated pixel devices are described in section 4.1.2. Section 4.1.3 con-
tains a simulation of the bulk contribution to the inter-pixel current and
section 4.1.4 deals with the pixel isolation after irradiation.

4.1.1 Measurements with Accumulation Channel Resistors

In order to approach the more complex labyrinth of the open p-stop rings
measurements with accumulation channel resistors? were made first (see
figure 4.1 for an example). The following points were of particular interest
(always as a function of the bias voltage Vpjas):

[0 The channel-current for a fixed potential-difference between the pixels
(and with this the channel resistance),

0 The potential of a floating pixel and

0 The potential of the surrounding p* area.

Figure 4.1: One of the accumu-
lation channels used for the mea-

surements in this section. The | enD F1V
dark gray area is pT, the light e — e ——
gray areas are n' pixel implants. -
The white channel consists of n-

material.

Figure 4.1 also shows the measurement principle. A potential difference
of 1V between the two pixels causes a current to flow through the chan-
nel. This current is measured as a function of the bias voltage and of the
width W and the length L of the channel. All channel measurements were
done with the HP 4145 B multi source meter. The channel structures have

Resistive channels whose resistance is defined by the concentration of the electron
accumulation layer.
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also been processed by CSEM, but on a different batch and on high resis-
tive silicon [36]. The full depletion voltage was 25V which lead to a wafer
resistivity of 12k cm. Figure 4.2 shows the current through a W = 20 ym
wide channel as a function of bias voltage. Three different channel lengths
are plotted: L = 200 gm, 500 pm and 800 ym. To check the geometry de-
pendence the current was normalised as Inorm = I - L/W. At voltages higher
than the full depletion voltage the normalised currents are all the same, i. e.,
they are scaling with the channel length. Below full depletion the current
does not only flow through the channel but also through the field-free part
of the bulk. Therefore it is much less dependent on the channel length. Due
to the normalisation with L/W the longest channel gets the highest current.
The shape of the current curve before full depletion is determined by the
depth of the undepleted region, which shrinks with the square-root of the
increasing bias voltage3. Further investigations on this behaviour are made
in section 4.1.3.

g 2104
E
g 8 —o— WIL = 20/200
= g —o— WIL = 20/500
[ L © ]
% 1104 [ E«? v Wil =20/800 ] Figure 4.2: Normalised
?‘,—; [ :3 ] channel current vs. Viias
= i \ for 200 pm, 500 pm and
g L " 800 pum long channels.
= l ] The channel width was
0 NI : PR RSN RS NI B! ] W = 20 pm.
0 20 40 60 80 100 120 140
Vbias [V]

It is remarkable that the current does not stay constant beyond full deple-
tion. With the increasing bias voltage the current decreases linearly. There
are surface effects that still allow the current to flow beyond full deple-
tion. The charge accumulation layer described in section 2.3 is responsible
for this behaviour. This phenomenon is only weakly dependent on the bias
voltage (small slope of the current curve) and can be suppressed with high
over-depletion only. Further investigations into this subject are made in sec-
tions 4.1.3 and 4.3.

The corresponding normalised resistance R = 1V / Iorm is plotted in fig-
ure 4.3 for the L = 500 gm channel. In addition the normalised resistances
of a W = 12 ym wide channel is also displayed in figure 4.3. It is striking
that for voltages higher than the full depletion voltage the 12 ym channels
have a higher normalised resistance than the 20 ym ones. This indicates that
the channel resistance does not scale with 1/W. Lateral depletion zones be-
tween the n-type channel and the surrounding p™ area cut into the channel,

3See e. g., equation (C.13).
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which influences narrow channels more than wide ones. Such effects are well

known in MOSFET transistors and are called channel narrowing or pinch-
off* effects.

To check the influence of this current-characteristic on a badly connected
pixel I performed some measurements on floating pixels and p* areas of the
channel-structures. These measurements were also done with devices like the
one in figure 4.1, only that one of the pixels (marked with +1V in figure 4.1)
was kept floating. The potential of the pT implant was measured with the
help of a small spy-pad, which is not shown in figure 4.1.

The left plot in figure 4.4 shows the potential of a floating pixel as a function
of the bias voltage for a 20 pm wide (W) and 500 ym long (L) channel. The
other pad was held at ground. The surrounding p-stop area was also floating.
The floating pad stays at a very low potential for bias voltages up to about
four times the full depletion voltage. Like the channel-current behaviour in
figure 4.2 this effect is due to a conductive surface channel, which is only cut
off at massive over-depletion. Beyond this voltage the floating pad potential
rises linearly with Vp;,s.

p-TYPE GATE

OHMIC
DRAIN

“Pinch off is a term used in MOS- L : coNTACT
transistor physics to describe the block-

1ng.of the current through the source- Qumie

drain channel by lateral depletion re- CONTACT

DEPLETION

gions due to a reverse gate voltage REGION

(from [37]).

p-TYPE GATE
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Figure 4.4: Left: potential of the floating pixel, the other pixel was kept at
ground; right: potential of the surrounding p*implant (measured with the device
in figure 4.1).

The potential of the surrounding p* implants (p-stop area) is displayed
in the right graph of figure 4.4. Both pads were held on ground-potential.
After full depletion it grows linearly with the bias voltage. As expected from
figure 4.3 the slope is smaller for wider channels (pinch-off).

These measurements already show that the resistance of an accumulation
channel is not only geometrically defined by its width and length, but that
it also depends on the bias voltage due to pinch-off effects.

4.1.2 Measurements on Unirradiated Pixels

Unless modified by the sharp angles the resistance of the labyrinth-path in
the atoll-like p-stop rings should be comparable to the channel-resistance
measurements described above. However, the numerous bendings and 180°
turns of that “channels” may alter their resistive behaviour.

The resistance between one pixel and all its neighbours (inter-pixel resis-
tances) was measured with the 5 x 5 pixel structures shown in figure 3.5.
The central pixel was at a fixed potential V,,, (e. g., plus or minus 0.2 V) and
all the other 24 pixels were held at ground. The bias voltage -V;,5 was ap-
plied at the p* implant on the backside (therefore, the depletion zone grows
from the backside). The n* implants at the scribe-lines were held at ground
as well (on both sides of the structure). A sketch of the measurement setup
is displayed in figure 4.5.

A first measurement was made to check whether the current through the
central pixel really leaves the device through the surrounding pixels. The
currents through the central pixel and the surrounding ones is plotted in
figure 4.6 as a function of bias voltage for pixels with one open p-stop ring.
The central pixel was at a potential of of —0.2V. The vertical symmetry
around I = 0 A of the two curves proves that the current which enters the
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Figure 4.5: Setup for the pixel isolation measurement, top: cross

section through an unirradiated device, bottom: schematic and

measurement equipment (the guard-ring area and the nTimplants
at the scribe line are not shown).

device through the middle pixel leaves it through the neighbouring pixels
(or vice versa), and not through the backplane or the scribe-line contacts.

Figure 4.6: The cur-
rent through the central
pixel and its neighbours
as a function of Vpigs.
The small steps between
40 and 50V are due to a
range-change of the cur-
rent meter.
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From the shape of the current curves in figure 4.6 one sees again the influ-
ence of the shrinking undepleted zone below the full depletion voltage (the
decrease of the current with the square root of Vs below 140 V) and the
surface current which extends into the over-depletion regime and decreases
only linearly with Vj;,s (similar to figure 4.2). The proof that the non-linear
regime of the current is due to the bulk contributions is given in section 4.1.3.
The causes for the surface current regime are explained in section 4.3.
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The corresponding backplane-current through the p™ implant (i. e., the total
leakage current) is shown in figure 4.7. Despite of the same order of magni-
tude it is not influenced by the inter-pixel current. The backplane-current
is rising with Vj;,s whereas the inter-pixel current is falling. This is another
confirmation that the current through the central pixel is a suitable tool to
measure the inter-pixel resistance.

Figure 4.7: The back-

plane current measure-

ment which corresponds

to the inter-pixel-

current measurement in
figure 4.6.

Ibackplane [A]
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S ©
= =
o o
& &

Measuring the current through the central pixel really establishes a method
which allows to reckon the resistance from one pixel to all its neighbours.
But this method only works because the leakage current from the backplane
to the pixels is small. Most of the leakage current in figure 4.7 flows between
the backplane and the nt implants around the scribe-line. For an unirradi-
ated sensor the leakage current per pixel is only about 15pA at 300 V. But
after proton- or pion-irradiations with 10° Gy the leakage current per pixel
is roughly 10nA. For 5 x 5 pixels this amounts to 0.25 yA, which is not
negligible any more compared to the surface currents that flow between the
pixels.

Therefore, a modification of the method was necessary. The leakage current
mainly depends on Vy;as. It is not influenced by the mid-pixel voltage V, if
Vi is smaller than the bias voltage. But the inter-pixel currents between the
pixels highly depend on the potential of the central pixel. The inter-pixel
current measurement was now made twice, once with a positive mid-pixel
potential +V,,, and once with a negative one —V,,,. The leakage current con-
tributions cancel in the difference A, which yields to an inter-pixel current
measurement over a potential difference of 2V,,,. This current then translates
into an inter-pixel resistance as

_ 2V, _ 2V,
TAT T I(—Vi) = I(+Vi)

R (4.1)

One open question still remains to be answered: is the resistance calculated
from the current through the central pixel with equation (4.1) independent of
its potential V,,7 In this case the current difference AI = I(—V,;,) — I(+Vi,)
should linearly increase with the central pixel potential V,,,. Figure 4.8 shows
the current difference AT versus V,, for different values of V};,5. The linearity
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condition is perfectly fulfilled which proofs that R is really independent of V,,
in the range from V,,, =0V to V,,, = +£2.5V.

4.1.2.1 Comparison of Different p-Stop Designs and Materials
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Figure 4.10: The resistances obtained

Figure 4.9: The inter-pixel current
from the currents in figure 4.9.

AI(Vy, = £0.2V) of devices with one
and two open p-stop rings.

In a first step let us now compare p-stop designs with one and two open p-
stop rings (see figures 3.2 and 3.3). Figures 4.9 and 4.10 show the currents AT
and the resistances R of two CSEM devices as a function of the bias voltage.
One observes first that the resistance of the device with two rings rises faster
than the device with only one p-stop ring. The second observation is that
the surface-current beyond full depletion decreases more slowly in the device
with one p-stop ring. This behaviour is caused by the negative potential of
the p-stop rings. The quite high voltage difference between the grounded
n' implants and the p-stop rings causes pinch-off effects (see figure 4.11 and
footnote 4). Small depletion zones around the p-stops hinder the current to
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flow through the p-stop labyrinth between the pixels. The surface current
is cut off at a smaller bias voltage in the devices with two p-rings per pixel
due to the smaller distance between the p-stop rings. The width of the gap
between the p-stop rings was 22 ym for the device with one p-stop ring and
8 um for the one with two rings.

p-stop rings p-stop rings
AN Si0z Si%2

B | T T
n* pixel n* pixel n* pixel

n* pixel
small depletion zones small depletion zones
between the p-stops between the p-stops
n-substrate n-substrate

Figure 4.11: Left: pinching-off of the conductive labyrinth be-

tween pixels with two p-stops due to small lateral depletion zones

between the p-stops. Right: a similar situation for pixels with only
one p-stop ring per pixel.

Similar resistance plots are shown for two different SINTEF devices in fig-
ures 4.12 and 4.13. Both of them had only one p-stop ring. One consisted
of oxygen-enriched silicon (ox), the other one had a normal oxygen concen-
tration (non-ox). To facilitate the comparison between SINTEF and CSEM
the current and the resistance of the CSEM device with one p-ring from
figures 4.9 and 4.10 are also plotted. For the SINTEF devices no surface
current regime seems to exist. Neither the oxygen-enriched nor the non-
oxygenated structure show any signs of significantly contributing surface
currents. This is due to differences in the production process between SIN-
TEF and CSEM. As discussed in section 4.3 the SINTEF oxides contain
much less trapped charges (Qoy), which are responsible for the electron sur-
face accumulation layer. Obviously, the oxide charge concentration @,y (and
hence the concentration in the surface accumulation layer) is too low to es-
tablish surface currents in the SINTEF case. For the oxygenated device in
figure 4.13 the maximum resistance is reached at a lower bias voltage than
for the non-oxygenated one. Oxygenation therefore appears to lower the sur-
face conductivity. But this difference turned out to be negligible after low
doses of irradiation as it is explained in section 4.1.4.

To clarify whether the inter-pixel resistance is mainly dominated by the
distance between the p-stop rings some measurements with varying gaps
between the p-rings have been made (all with double p-stop rings, similar
to figure 3.2). The resulting inter-pixel resistances are plotted in figure 4.14.
The kink which denotes the change from the bulk current regime to the
surface regime is clearly shifted to higher voltages for wider gaps. And fur-
thermore, the surface current regime spans a larger voltage interval for wider
gaps. The distance between the p-stop rings definitely influences the pixel-
isolation.

The inter-pixel resistance for structures with cross-like p-stop rings (see
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Figure 4.12: The pixel current AI for Figure 4.13: The resistances for the
SINTEF devices with one p-stop ring same devices as in figure 4.12.
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rent is also plotted.
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Figure 4.14: Inter-pixel resistances for Figure 4.15: Pixel isolation for cross-
devices with 10, 12 and 14 um gaps be- pstop rings with different p-stop gaps
tween the p-stop rings. (figure 3.4) compared to double and sin-

gle rings (from figure 4.10).

figure 3.4) is compared to single and double p-stop rings (from figure 4.10) in
figure 4.15. All of them were processed by CSEM. The “cross-p-stops” had
gaps of 8, 10 and 12 yum. The gap between the double p-stops was 8 ym and
the one between the single p-stop rings 22 ym. The channel lengths from one
pixel to another were in the order of 300 ym for the cross-structures, 150 pm
for the single p-stop and 450 ym for the double p-stop ring. These channel
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lengths do not seem to influence the pixel isolation. The cross-structure with
a 8 um gap and the double p-stop ring have similar resistances. The same is
true for the single p-stop ring and the cross p-stop with a 12 ym gap. But
again there are distinct differences between the devices with diverse p-gap
widths.

Let us summarise the results achieved so far:

0 The inter-pixel resistance of unirradiated sensors with open, atoll-
like p-stop rings is mainly dominated by the gap between the p-stop
rings, due to pinch-off effects (i. e., smaller resistances for wider gaps).
The length of the labyrinth-like conductive channel between the pixels
is of much less importance.

0 For bias voltages in the order of the full depletion voltage Vrp one
single pixel is isolated from its neighbours with a few MQ.

[0 Depending on the production process (i. e., on the oxide quality) there
is a surface current regime already before irradiation. There are indi-
cations that oxygen enriched silicon has a slightly higher inter-pixel
resistance than silicon with normal oxygen concentrations.

4.1.3 Simulation of the Bulk Contributions

In this section a proof is given that the inter-pixel currents AT really con-
tain a bulk and a surface contribution. In order to separate these two parts
a SPICE [38] simulation of a three dimensional resistive network was per-
formed. Its purpose was to simulate the inter-pixel current through the un-
depleted (and hence conductive) bulk-region of a sensor as a function of the
bias voltage®.

The resistive network consisted of cells with three resistors in x- y- and z-
direction which represented an elementary cube of undepleted silicon. Each
cube corresponded to one SPICE node®. The resolution (cube size) was
mainly determined by the available computing power. An initial resolution
of 30 um was chosen to simulate an area of 5 x 5 pixel (750 x 750 ym? sur-
face area). The resistivity of the silicon bulk could be extracted from the
full depletion voltage Vrp. The value of Vrp was determined with a C-V
measurement of a gated diode (see section 3.3). For the CSEM wafers it
was measured to be 140 V which leads with equation (2.2) to a resistivity of
p=2.5kQcm.

A cube of £ = 30 ym side length then corresponds to a resistance of

Reybe = Z—f —0.83MQ . (4.2)

5Since in a unirradiated sensor the depletion zone grows from the backside the unde-
pleted region under the pixels becomes smaller and smaller with increasing bias voltage.

A point in a circuit where several lines or component-connections come together.
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an area of 5 x 5 cubes. The depth was variable. Each cube repre-

sents a SPICE node. The top 3 x 3 inner cubes of each pixel were
connected to a potential (V,, for the innermost pixel, indicated in

Figure 4.16

Hence, each of the 25 pixels (150 x 150 um?) consisted of the following num-

ber of elementary cubes (nodes)

58

(4.3)

2 depth
30 pm ’

which were connected in x- y- and z-direction by 0.83 M2 resistors. The inner
3 x 3 nodes of each pixel were held at a fixed potential (V;,, for the innermost

pixel, ground for the other ones), the rest of the nodes were floating (see

figure 4.16).

(150 pm
~ \ 30pm

N

0.2V

The vertical resolution is of crucial importance in order to reproduce the
measured bulk behaviour. First a two dimensional r — 2z test-simulation
was performed to study the influence of changes in the vertical resolution.
Therefore the number of nodes in vertical direction was increased and the
value of the vertical resistors was decreased accordingly. E. g. if one resistor
represented a vertical dimension of 15 ym (instead of 30 ym) its value was
divided by two. At the same time the horizontal resistors had to be increased
by a factor of two, since the horizontal resolution had to be kept at 30 ym.
is plotted in figure 4.17 as a function of the number of vertical nodes
(nodesz). The simulation depth was 300 um for all points. Beyond roughly

The resulting two-dimensional current through the mid-pixel at V,,
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100 vertical nodes the simulated current remains almost constant. This cor-
responds to a vertical resolution of 3 ym.

Since the available computing memory did not allow a three-dimensional
simulation of the full 300 ym deep device with a maximal vertical resolution
of 3 pum it was fist run with a lower resolutions (30 um 2 10 vertical nodes
and 15 um £ 20 vertical nodes). The vertical resolution was then increased
for smaller depths of the undepleted zone (down to a vertical resolution
of 3 pm).
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Figure 4.18: The simulated inter-pixel currents through the bulk for different

vertical resolutions together with a measured curve from a device with one

open p-stop ring (ignoring surface currents). The input parameters for the
simulations were Vpp = 140 V (measured) and V,,, = 0.2 V.

Figure 4.18 shows the results of the 3D-simulation. The simulated current
through the central pixel at V,,, =0.2V is plotted versus the bias voltage. In
addition, a measurement on a CSEM device with one open p-stop ring (see
e.g., figure 3.3) is also shown. The shape of the lower resolution simulations
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(zresol = 7.5 yum and below) is in very good agreement with the measure-
ment. They are only slightly shifted along the voltage axis. This is due to
the surface currents which still flow after full depletion and which were not
included in the simulation. It has to be emphasised that these results have
not been adapted to the measured curve in any way (the simulation had no
free parameter). The only input parameter was Vpp, which was extracted
from a measurement. This result clearly shows that the measured current
below the kink at 160V is a result of the current flow through the bulk
and along the surface whereas the current above the kink is determined by
surface effects only.

4.1.4 Measurements on Irradiated Pixels

Pixel sensors similar to the ones described in the last section have been irra-
diated with pions and protons. The proton irradiations were done at CERN
with the RD48 (ROSE) irradiation facility, which uses the PS accelerator
with 24 GeV /¢ protons. The first irradiation could be done with a flux of
8-10° pcm 257! leading to 6-10' pecm™2 in about 20 hours. For the other
proton irradiations the flux varied between 2 and 9-10° pcm 2s~!. Pion ir-
radiations were done at PSI in the experimental area 7-E1 with 300 MeV /¢
pions and a flux of 3.2-10° rcm 25 1. The total irradiation period lastet
about 15 days, since it was interrupted many times to perform measure-
ments on the test devices. The effective integrated irradiation time was about
60 hours. During the beam time the sensors were at room temperature, the
rest of the time and after the irradiation they were kept at +1°C to slow
down annealing effects.

The determination of the flux was made with the help of thin aluminium
foils. During the irradiation of aluminium with pions or protons 2*Na-
nuclides are produced with a well known cross section. They decay by
[~ emission with a half life of 15h and associated 7y energies of 1369 keV
and 2754keV. By counting these s the original flux of particles can be
calculated with an accuracy of about 6 % [39].

To ensure realistic electric field conditions the sensors were kept biased dur-
ing the irradiation. This required a small double-sided PCB” where the
sensors could be embedded in epoxy and bonded to solder pads. These
PCBs were highly activated during the irradiation. A few hours after the
end of the pion irradiation the small boards showed an averaged dose rate
of 200 uSv h . The mostly short-lived isotopes decayed with a measured half
life of 26 h. After a few weeks the activity had fallen to a value that allowed
a save handling of the devices. At that point the main activity came from
"Be with a half life time of 54 days (250 Bq after 50 days which corresponds
to an equivalent dose rate < 0.25 uSvh™! at a distance of 10 cm [40]).

"Printed circuit board.
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4.1.4.1 Low Dose Irradiations
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In section 4.1.2 it was found that the oxygenated device lacks a surface cur-
rent regime before irradiation. This was put down to the low oxygen charge
concentration @y in the oxygenated SINTEF device. With low dose irradia-
tions it can be shown that this assumption was right. After the introduction
of some oxide charges with a low dose pion-irradiation (below type inversion,
® =96 -10'' 7cm™2, 300 MeV /c) the surface current regime appears also
in the SINTEF device (see figure 4.19). Therefore, the different inter-pixel
resistances of the oxygenated SINTEF and the non-oxygenated CSEM de-
vices were due to differences in the production process of these two vendors
and not due to the higher oxygen concentration itself. This conclusion is
also confirmed by the MOS-measurements in section 4.3. As it is shown in
section 4.1.4.4 the oxygenated SINTEF devices have even a slightly lower
resistance than the non-oxygenated CSEM ones after high irradiation doses.

4.1.4.2 High Dose Irradiations

The inter-pixel resistances after high dose irradiation were measured with
the method described on page 53. To compensate for the higher leakage
current a potential of V,,, = 2.0V was applied on the centre pixel (instead of
+0.2V). A sketch of the cross section through an irradiated sensor showing
the measurement setup is displayed in figure 4.20. Note, that due to the
type inversion the depletion layer now grows from the pixel side (see also
figure 4.5).

On page 23 the NIEL-factor was introduced. It was already mentioned that
above roughly 100 MeV the NIEL-factors for protons and pions are compa-
rable [22, 41]. Therefore, we can assume that the changes in the inter-pixel
resistance caused by pions and protons are about the same. This assumption
is confirmed by my measurements. In figure 4.21 the resistance R is plotted
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Figure 4.20: Cross sec- | depleted
tion through an irradi- i i

ated sensor and the mea- ‘(' yndepleted
surement electrodes.

after 6 - 10 pions and protons per cm?. As a comparison the inter-pixel re-
sistance curve of an irradiated sensor with double p-stop rings is also shown.
The difference between the double p-ring device and the single p-ring sen-
sors is much more pronounced than the difference between proton and pion
irradiations. Therefore, the same irradiation-damage model can be applied
to proton- and pion irradiations.

The CERN-PS protons had a much higher energy (24 GeV) than the PSI
pions (300 MeV). Due to the energy dependence of the NIEL-factor the two
cases should be treated separately. But the available simulation-data are still
not conclusive enough to justify an exact quantitative distinction of the two
cases with respect to the NIEL-factor. The difference between them lies in
the order of 20%, which is less than the model-uncertainties. Therefore, I
assumed that the PSI-pions and the CERN-protons have the same NIEL-
factor for the further analysis.
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For the CMS pixel detector the average NIEL-factor was calculated to be
about 0.7 [4]. With the radiation simulation package FLUKA [42] it can be
estimated that a dose of D = 10° Gy corresponds to ~ 3 - 10 7 cm ™2 in the
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LHC environment® [4]. Assuming that LHC does not reach its full design
luminosity of 1034 cm~2s~! in the first year this fluence will be obtained after
about 3 — 4 years of operation in the innermost layer. The dose of 105 Gy
is the operational limit of the read-out chips. Hence, after 3 — 4 years the
modules will have to be replaced. For the prototype sensor tests a safety
factor of two was assumed which leads to a canonical irradiation fluence
of ® =6 -10"cm™2.

As outlined in section 2.3 the n-type bulk silicon changes its behaviour with
irradiation. Some of the crystal defects or defect-clusters act like acceptor-
ions (they trap electrons rather than holes). Since acceptor-states compen-
sate the donor atoms the effective doping concentration Neg = |[Np — Ny4|
also changes with irradiation. The effective doping concentration of an orig-
inally n-type bulk decreases with irradiation until it is fully compensated
(type-inversion point), after which the sensor behaves as it would be p-type
doped. The full depletion voltage Vpp follows this behaviour with (after
equation (2.7))

Negrd
Vip = q ;ﬁ wafer ) (4.4)
&si€o
The built in voltage of the p-n junction was neglected in equation (4.4),
since it is normally much lower than the depletion voltage.

4.1.4.3 Determination of the Type Inversion Fluence

After type inversion the depletion zone grows from the front-side (the pixel-
side). The p-n junction then occurs at the pixel-side between the nt pixel
implants and the inverted bulk. The area between the pixels is already de-
pleted even at quite low values of Vj;,s. This causes the dependence of the
inter-pixel resistance on Vj;,s curves to change dramatically compared to
the unirradiated case. Figure 4.22 shows a few resistance curves just before
and after type inversion of a CSEM pixel sensor with single p-stop rings (fig-
ure 3.3), which was irradiated with pions. After type inversion there is no flat
resistance regime any more at low voltages as there is no undepleted zone
below the pixels?, and the charge flows as a surface current only. Therefore,
the inter-pixel resistance sharply rises to high values already at moderate
bias voltages (compare with figure 4.10).

The regime for which the resistance is almost independent of Vi;,s before
type inversion (figure 4.22) spans a smaller and smaller voltage interval the
closer we come to type inversion. This fact can be used to estimate the
type-inversion fluence of the devices. The fluence for which the “kink bias

8For the innermost layer at 4cm and with E, < 1GeV.

9Between the n' implants remains a wedge-shaped zone of low electric field-strength
which disappears at massive over-depletion only (see sections 4.2 and 4.7 and reference [7]),
however, the current flow is restricted by the local potential of the p-stop rings.
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voltage” VKnk = OV (i.e., where the linear regime ceases to exist) corre-
sponds to the type-inversion fluence. In figure 4.23 this “kink-voltage” lﬁg‘gk
is plotted versus the pion-fluence @ for an oxygenated SINTEF sensor and
a standard CSEM device. The lines are linear fits to the data to extrapolate
to the value @(Vé’;ﬁ‘ = 0V). The type inversion fluences obtained from the
extrapolations are:

CSEM: ®Bipversion = 2.1 - 1037 cm ™2 (4.5)
SINTEF:  ®inversion = 3.6 - 1037 cm™2 |

with an estimated uncertainty of about 10%. These values are in accor-
dance with measurements using other, more precise methods, performed by
the RD 48 collaboration at CERN [20]. The non-oxygenated CSEM device
reaches Vlﬁ‘;;k = 0V at a lower fluence than the oxygenated SINTEF one.
This is due to combination of the different initial doping concentrations of
the two devices and the oxygen enrichment. Unfortunately, these two con-

tributions cannot be disentangled.
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4.1.4.4 Comparison of Different p-Stop Designs and Materials after
High Fluences

The measured currents through the mid-pixel at V,;; = 2.0V are shown
in figure 4.24 versus Vs (for the design with a single p-stop ring and
an additional cross at the pixel corners, see figure 3.4). The corresponding
resistance, calculated with equation (4.1), is also given. For Vs > 140V
the resistance becomes independent of the bias voltage. The subsequent
measurement were therefore only carried out for bias voltages up to 300 V.
Unless mentioned otherwise the measurements were performed directly after
the irradiation or after a few days storage at low temperatures (below 0°C).
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Figure 4.24: Left: typical mid-pixel currents for V,, = £2.0V of an ir-
radiated device; right: inter-pixel resistance calculated from these currents
with equation (4.1).

The inter-pixel resistances of three different designs are plotted in figure 4.25.
The double p-stop design is shown in figure 3.2 (with a 8 um gap between
the p-stops), the single p-stop ring device in figure 3.3 (gap 22 um) and the
single+cross p-stop device in figure 3.4 (all from CSEM). The applied fluence
was 5.8-10' pcm™2 and the devices were annealed for 10 weeks at +1°C.

After reaching the plateau value there is no difference between the resis-
tances of the single and and the single+cross p-stop. The resistance of the
double p-stop is slightly higher. But this difference is within the measure-
ment uncertainty. Therefore, the inter-pixel resistance at high values of Vp;,g
does not significantly depend on the design. Only the rising-slope varies be-
tween the different designs.

At high bias voltages the resistance reaches several G2 and remains con-
stant. Before irradiation the inter-pixel resistance was much lower for under-
depleted sensors (a few hundred k), rising exponentially with increas-
ing Vpias (see e. g., figure 4.10). One would expect a smaller resistance after
irradiation due to the accumulation of mobile charges at the surface. This
turned out to be wrong: the pinch off effect and (to a smaller extent) the sur-
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face mobility reduction over-compensate for the higher accumulation layer
concentration. Surface damages (e.g., surface traps due to dangling bonds
or displaced atoms) reduce the surface mobility ug. The latter is related to
the change of the interface defect density ADj; by (see e.g., [10, 19, 43])
HSy

= "% ___ 4.7
where pg, denotes the pre-irradiation surface mobility and x is equal to
(8+2) 1013 cm? [19]. A method to measure the interface defect density Dj;
with MOS-capacitors is described in section 4.3.

The next measurements deal with oxygenated devices. It is not clear whether
the oxygenation influences the surface properties of a sensor after irradiation.
Furthermore, do surface defects show any annealing effects (beneficial or
reversal) around 0°C?

In figure 4.26 R is plotted for an oxygenated (SINTEF) and a non-
oxygenated (CSEM) pixel sensor with double p-stop rings (both had a gap
of 8 um between the p* implants, see figure 3.2). They were irradiated with
1.8-10 wcm~2. As a comparison the resistance-curves for the unirradiated
devices from figure 4.13 are also given. Before irradiation the oxygenated
device had a higher resistance than the non-oxygenated one. This is re-
versed after irradiation, the oxygenated device having a now a slightly lower
resistance than the non-oxygenated one. Since we had only very few oxy-
genated sensors no systematic investigation of this question could be made.
The different behaviour after irradiation could well be due to differences
between the SINTEF- and CSEM-manufacturing processes. The inter-pixel
resistance of sensors with only one p-stop ring is shown in figure 4.27. The
irradiated samples were exposed to a fluence of ® = 6.5 - 1014 rcm™2. At
high voltages these devices show the same behaviour as the ones with two
p-stop rings after irradiation.
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tion.

The annealing-behaviour of an irradiated sensor is addressed in figure 4.28.
The device under test was an oxygenated sensor with one p-stop ring. The
applied fluence was again 6.5 - 10 7cm 2. After irradiation the devices
were stored at a temperature of +1°C (the tracker part of CMS is oper-
ated at a temperature of —10°C. But during the maintenance periods it will
be warmed to room temperature. Therefore an averaged value of 1°C was
chosen for our annealing studies). The plateau-value of the inter-pixel resis-
tance does not change with time at this temperature (no annealing effect).
However, the longer the device is annealed the earlier (i.e., at a lower bias
voltage) it reaches the resistance-plateau. Most probably this is due to the
beneficial bulk-annealing (see on page 26).

As a recapitulation of this subsection the following can be stated:

0 After irradiation the inter-pixel currents are pinched off at much
lower bias voltages than before irradiation. Moreover, the inter-pixel
resistance is much higher than before irradiation (several Gf2).

[0 The resistance is not much design dependent any more. There are
minor, but not significant differences between the oxygenated and
the non-oxygenated sensors: After irradiation the oxygenated SIN-
TEF devices had a slightly lower inter-pixel resistance than the non-
oxygenated CSEM ones.

0 At reasonable high bias voltages and at a temperature of 1°C the
inter-pixel resistance did not show any annealing effects.
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4.1.4.5 Pixel Isolation as a Function of Fluence

A dedicated measurement was performed to clarify whether the high inter-
pixel resistances occur only at very high doses. The inter-pixel resistance was
investigated as a function of fluence and bias voltage. In a first approach
I tried to determine the resistance by measuring the current through the
central pixel (at potential V,,,) during the irradiation. This current consists
of a leakage current and a surface current which flows between the pixels.
The radiation induced increase of the leakage current is proportional to the
applied fluence, Al,,; = a®(t), with « being the current related damage
constant [20]. Unfortunately, the sensor could not be kept at full depletion,
especially at higher fluences (due to thermal run-away'?). This influenced
the active volume which contributed to the leakage current. Furthermore, the
device heated up during irradiation which strongly influenced the damage
constant «. For these reasons the leakage current and inter-pixel current
could not be disentangled.

Instead, the irradiation was done in short intervals, after which the device
under test was cooled in the lab to —1°C and measured with the method
described on page 53. A mid-pixel potential V,,, = £2.0 V was chosen to guar-
antee measurable currents despite of the high resistances at higher doses and
to compensate for the increased leakage current. The complete irradiation
with all interruptions lasted over 300 hours.

One of the devices under test was an oxygenated SINTEF sensor and the
other a standard one from CSEM. Both had single, open p-stop rings (see fig-

10T thermal run-away a high power dissipation heats up the device to a point where
the semiconductor becomes intrinsic. Consequently, the majority carrier concentration in
the conduction band increases, causing an increase of the leakage current. This, in turn,
causes another increases in temperature, leading to a vicious cycle.
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ure 3.3). The irradiations were done with pions. In figure 4.29 the inter-pixel
resistances for all doses are plotted separately for the oxygenated and the
non-oxygenated device. Curves for fluences below type-inversion are drawn
as solid lines, the ones beyond type-inversion are dashed. The measurements
after 4 and 20 weeks annealing are also shown.

From the plots in figure 4.29 one can derive the fluence-dependence of the
inter-pixel resistance for a given bias voltage (see figure 4.30). For the non-
oxygenated device the resistance grows with fluence up to ~ 10'°Q until
® ~ 10 cm~2 (almost linearly for Vpj,s < 300 V). For even higher fluences
the resistance slightly decreases to a few 10° Q at ® = 6 - 10'* cm 2. For the
oxygen-enriched device the behaviour is a bit different. Here, the inter-pixel
resistance decreases for low doses (at least for Vs < 300V ) and steeply
rises for ® > 103 cm 2 reaching a maximum at ® ~ 1.5 - 10* cm~2 (also
~ 10 Q). At 2 - 10'* cm=2 R falls to 3 - 10° 2 and remains constant up to
® =6 10" cm 2. Additional 20 weeks annealing at +1°C do not signifi-
cantly change the inter-pixel resistances. Moreover, both sensors had about
the same R value after 6-10'* 7cm~2 and 20 weeks annealing at +1degC:

R~35-10°Q . (4.8)

The differences at low fluences between the oxygenated SINTEF sensor and
the non-oxygenated CSEM could lie in the higher oxide quality of the SIN-
TEF device before irradiation (see section 4.3). The low oxide charge con-
centration in the SINTEF sensor before irradiation also causes a low elec-
tron accumulation concentration between the pixels. At low doses the oxide
charge concentration increases until it reaches a saturation value. Conversely,
this process increases the electron concentration in the accumulation layer,
which in turn augments the surface mobility. In the non-oxygenated CSEM
sensor the electron concentration in the accumulation layer is already so
high before irradiation that a further increase does not significantly change
the surface mobility. After ® ~ 1 - 103 cm™2 (3 - 10'2 ¢cm™2) in the SINTEF
(CSEM) device the surface crystal defects causing trapping centres become
dominant and lead to an increase of the resistance.

4.1.4.6 Potential of p-Stops and Unbonded Pixels

From the previous isolation-measurements alone it is not easy to predict
whether the high inter-pixel resistance after irradiation will lead to a de-
structive charging of badly bonded pixels. Since the theory of avalanche
creations in semiconductors is very complicated and highly dependent on
geometry and doping of the implants, it is difficult to predict the potential
at which an unbonded pixel starts to break through. This subject has there-
fore to be studied experimentally. The 5 x 5 pixel arrays shown in figure 3.5
were used for that purpose.

On a unirradiated device with double p-stop rings an unbonded pixel reached
approximately 80V at Vpis = 500 V. For an irradiated device the potential
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of an unbonded pixel after a fluence of 6 -10'* p cm ™2 and 38 weeks annealing
is plotted in figure 4.31 as a function of Vpj,s. The same measurement was
made twice, once at T' = +9°C and once at T = —9°C. There is almost
no difference in the pixel potential. The inset shows the leakage current
for both temperatures, which is clearly different between +9°C and —9°C.
Obviously, the surface properties relevant for the pixel isolation are much
less temperature dependent than the leakage current.
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Figure 4.32: Left: p-stop potentials before and after irradiation, the numbering
of the p-rings is explained on the right 1, 4: p-rings next to a pixel implant, 2, 3: p-
rings in between ring 1 and 4 (measured with the Keithley 617 electrometer).

The saturation value of about 130V is so high that there is a non-negligible
probability of discharges. Since the distance between the sensor and the read-
out chip is around 20 um the electric field between the unbonded pixel and
the chip reaches 6.5 - 105 Vm~—!. This is in the range of spontaneous spark
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ignitions. However, in section 4.6 it will be shown that no such phenomenon
was observed on irradiated and bump-bonded detectors.

Figure 4.32 shows the potentials of two of the four p-stop rings between two
pixels with double p-stops before and after irradiation. As for the unirradi-
ated case the p-ring potentials after 6 - 10'* pcm~2 and 38 weeks annealing
for ring 1 and 3 do not differ very much, even at high bias voltages. But
the absolute potential of the p-stop rings for a given Vj;,s is much higher
after irradiation than before, which implies that after irradiation the con-
ductive channels are pinched off much stronger than before irradiation for
Vbias = Vrp. This is in fact the main reason for the higher inter-pixel resis-
tance after irradiation.

These measurements served as an input to a TCAD simulation of influences
of the electron accumulation layer at the surface between the pixels, which
is described in the next section.

4.1.5 Summary

0 Before irradiation the open p-stop labyrinth provides a pixel isolation
of a few M at Vpias = Vpp. The current between pixels at different
bias voltages could clearly be separated into a bulk and a surface con-
tribution. Depending on the production process (i.e., the oxide qual-
ity) the surface currents can be negligible small before irradiation. This
causality could be confirmed with measurements on MOS-capacitors
(see section 4.3). Whenever a surface current regime exists its pinch-off
voltage depends on the distance between the p™ implants.

0 After hadron irradiations with 10% Gy the pixel isolation R is several
orders of magnitude higher than before, namely in the order of G.
No difference between m- and p-irradiations was found. In contrast
to the unirradiated case, R does not significantly depend on design
variations (e.g., one or two p-stop rings). But after irradiation the
surface currents are pinched off at a much lower bias voltage than
before irradiation.

0 The inter-pixel resistance saturates at a fluence ® ~ 2 - 10 cm~2,
which corresponds to a dose of D & 7 - 10* Gy.

O The high inter-pixel resistance causes an unbonded pixel to reach a
constant potential of ~ 130V for Vp;,s > 300V.

0 The pixel isolation does not show any annealing for Vs > Vep when
the device is kept at temperatures around 0°C or below.

O For oxygenated silicon a higher inversion fluence was found compared
to non-oxygenated material. Concerning the pixel isolation no signifi-
cant difference between oxygen enriched and standard material could
be seen.
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The high inter-pixel resistance after irradiation gives cause for concern. If
an unbonded pixel really charges up to 130 V the break-through-probability
is not negligible. However, in section 4.6 it will be shown that no such phe-
nomenon was observed during beam- and laboratory-tests. The p-stop rings
fulfilled their task. But nevertheless, in the conclusions in chapter 5 some
changes of the designs are proposed to reduce the danger of break-through.

Since there is no difference between oxygen enriched and standard material
with regard to the pixel isolation, future investigations can be made with
standard silicon, even when the final sensor will be produced with oxygen-
ated material.
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4.2 FElectric Field Simulations

Apart from the inter-pixel resistance the electric field distribution close to
the surface also alters with irradiation. In the worst case this can lead to
breakdown!! already at moderate bias voltages. A less fatal version of break-
down is the so called weak breakdown: At a certain bias voltage the leakage
current starts to rise exponentially, but only in a very limited volume of
the semiconductor. Therefore, the rise of the total leakage current is much
slower than in a severe breakdown. An example of such a weak breakdown
is shown in figure 4.33. The two curves denote the guard ring current and
the pixel current of a 22 x 30 pixel sensor from our US-collaborators [44].
The pixels had double p-stop rings and were irradiated with 10' p cm™2 and
measured at —10°C. The guard rings start to break down at about 550 V.
The pixel region shows a normal, square root like behaviour until the sensor
is fully depleted. Around 300V the current starts to rise with increasing
bias voltage until a severe breakdown occurs roughly at the same voltage as
for the guard rings. Similar behaviours have already been observed earlier
(see e.g., [7]). To keep the overall leakage current as low as possible one
would like to avoid such weak breakdowns or at least shift them to high bias
voltages.
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Such phenomena can be explained by high field strengths close to the p-stop
rings (see e.g., [45, 46]). Locally the field can be high enough to ionise the
silicon atoms. Either thermally excited electrons get enough kinetic energy
to empower - through collisions - other electrons to overcome the bandgap
(avalanche generation) or the depletion widths are that small that electrons
can tunnel through the band gap at the junction (Zener breakdown).

The purpose of the simulation was to understand where the maximal field
strength occurs and how it depends on the accumulation layer concentration
and on design parameters. This knowledge is important to avoid breakdowns
and to control the drift of the signal charges to the pixels. First, I have
simulated the device geometry with the process parameters described in

'1See section 4.4 for a short introduction to breakdown theory.
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section 2.2, using the program DIOS from the ISE-TCAD package [16].
Afterwards, the electric field simulation was performed with the DESSIS
program from the same package. DESSIS numerically solves a system of
combined differential equations containing the Poisson equation and two
continuity equations for electrons and holes. The Poisson equation can be
expressed as

VW =v.E=L (4.9)
&ifo
with V' being the potential, £ the electric field and p;, = ¢(po — no) the
volume charge density. The electron and hole continuity equations are

V-J, = qR+q% (4.10)
vV-J, = qR+q% : (4.11)

where R is the electron-hole recombination rate, J_;l and j,', are the elec-
tron and hole current densities and ny and py denote the electron and hole
concentrations.

The boundaries are normally treated with reflective von Neumann boundary
conditions:

$-N=0 (4.12)

where 1 stands either for £ , J_;L or j;, and N is the direction normal to the
surface. Only for ohmic contacts Dirichlet boundary conditions are applied
to guarantee charge neutrality and equilibrium:

ngo—po = ND—NA (413)
no-po = TLZQ ) (4.14)

where n; is the free electron density in intrinsic silicon. The n™ pixel implants
were on ground potential and the p-stop rings were kept floating. The bias
voltage was applied on the backside (—300 V). The simulation was done in
two dimensions and comprised the cross-sectional area between two n™ pixel
implants (100 pm wide and 300 um deep).

Figure 4.34 shows the electric field distribution in the top third of such a
cross-section (100 um in depth). Pixels with double p-stop rings were used
here. On the top right and top left corner parts of the n™ implants of the
pixels are visible. The four shallow regions between the pixels with very low
field strength are the p* implants of the p-rings. Between the n*pixels there
are several regions where the field strength is drastically reduced (bright
spots in figure 4.34). As it is shown in the next subsection this is due to the
large gaps between the n* implants. In the silicon bulk below these gaps the
electric field lines are not parallel any more. They are bended apart towards
the n electrodes, which causes the electric field strength to be lower right
between the pixel-electrodes.
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Figure 4.34: Cross-
section  through the
&-field distribution of
a double p-stop sen-
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accumulation layer
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4.2.1 Electric Field Distribution Perpendicular to the Surface
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Figure 4.35: Simulated
electric fields in the bulk
in z-direction (perpen-
dicular to the surface) for
different  accumulation
layer concentrations;
dark lines:  between
pixels (along line A
in figure 4.34), gray
lines: below ntimplant
(line B in figure 4.34).
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The electric field through the bulk - perpendicular to the surface - is plotted
in figure 4.35 for three different values of the electron accumulation layer
concentrations (10!, 8-10'! and 3-10'2 cm~2). The black curves show the
field strength versus bulk depth between two pixels (along line A in fig-
ure 4.34), while the light gray lines give the field strength right below the
n* implants (along line B in figure 4.34 . The field strength below the pixel
implants does not depend on the electron accumulation layer concentration,
in contrast to the field strength between the pixels. A high electron con-
centration in the accumulation layer clearly shifts the low-field zones deeper
into the bulk.

The results of the same simulations for a device with one p-stop per pixel are
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Figure 4.36: The same electric field strengths as in figure 4.35, but for

a sensor with only one p-stop ring per pixel. Left: a 72um gap between

the ntimplants of two neighbouring pixels (22pum between the p-stops),

right: the gap between the n™implants only 60um wide (18 um between
the p-stops).

displayed in figure 4.36. For the curves on the left side the gap between the
n* implants was 72 um, for the one on the right side it was 60 um. As can
be seen the low-field area is much less intense and more localised in the right
plot of figure 4.36 than in the left one. Obviously, the smaller gap between the
nt implants reduces the bending of the field lines. In particular, this result
is important for the Lorentz-angle measurement described in section 4.7.
There, we found that the charge sharing due to the Lorentz-drift is strongly
influenced by this low electric field zones between the pixels (“non-uniform
Lorentz angle”). If this low field zone can be partly eliminated by shrinking
the gap between the n™ implants the charge sharing pattern is simplified
and hence more predictable.

In addition, a reduction of this gap-width would also improve the charge
collection efficiency of tracks which traverse the sensor between two pixels.
As shown in section 4.6 the charge collection efficiency for such tracks is re-
duced by about 20 % in a sensor with double p-stop rings. A less pronounced
low field zone between the pixels would help to improve the charge collection
efficiency for such tracks.

4.2.2 Electric Field Distribution Parallel to the Surface

Unlike in the perpendicular case, problems arise due to too high field
strengths in the directions parallel to the surface. In figure 4.34 one can
already see that the highest electric field strengths occur just below the sur-
face of the sensor. This fields can cause breakdowns, as it was described
above. In figure 4.37 one finds the simulated electric field and the potential
distribution between two pixels with one p-stop ring each.
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The maxima of the electric fields sit at the p-n junctions between the p-stops
and the n-type bulk. The highest fields occur at the edge of the p* implants
which face the n* layers of the pixels (see also figure 4.38). That is due
to the high potential of the p-stop rings. The n bulk silicon is on ground
potential, since it is connected to the n™ pixel implants. Hence, the whole
potential drop happens across the thin depletion zones of the junction. Their
widths z,, and z, (in the n-type, p-type region, respectively) are related to
the doping concentration by

ZnNp =2, Na . (4.15)

The higher the doping (or the accumulation layer concentration) the smaller
the depletion width and hence the higher the electric field. This is quanti-
tatively shown in figure 4.39 for two devices with a different gap between
the n* pixel implant (72 ym and 60 ym). With an increasing accumulation
layer concentration also the electric field maxima rise.

The accumulation layer concentration can not be influenced, since the in-
troduction of oxide charges is unavoidable. But is the distance between the
implants can be changed. The maximum electric fields strengths extracted
from simulations with different distances between the n™ implants are plot-
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ted on the right side of figure 4.39. The maximum fields are reduced for
smaller distances. The effect is small but it could shift the starting point of
the weak breakdown (figure 4.33) to higher voltages, which in turn would
allow to run the sensor at higher values of Vj;,s.

Another possibility is to reduce the doping concentration in the p*implants
of the p-stop rings. According to equation (4.15) this measure increases
the depletion widths z,p, which has a similar beneficial effect as a low
accumulation layer concentration (figure 4.39 left).
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Figure 4.39: Left: maximum field strengths as a function of the accumulation
layer concentration; right: maximum field as a function of the distance between
nt implants.

4.2.3 Summary

0 The electric field between pixels is strongly dependent on the distance
between the n™ pixel implants. In the direction perpendicular to the
surface strong non-linearities occur which are, after irradiation, shifted
deeper into the bulk by the negative charge accumulation layer at the
surface. They can reach as far as 50 ym into the silicon bulk. Shrinking
the gap between the n™ implants reduces their intensiveness, which has
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a favourable effect on the charge sharing caused by the Lorentz-force,
as described in section 4.7.

U In the directions parallel to the surface the electric field maxima oc-
cur at the edges of the p-stop rings, which face the n™ implant. They
also increase with an increasing electron accumulation layer concen-
tration. A reduction of the distance between the n™ implants causes
the maxima to go down again.

Hence, from the electric field point of view it would be favourable to make
the gap between the n™ pixel implants as small as possible.
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4.3 Measurements on MOS Capacitors

An important tool to study semiconductor surfaces and interfaces is the
MOS capacitor shown in figure 4.40. It consists of a weakly doped silicon sub-
strate (n~or p~) on which a thin SiOy layer is grown. On top an aluminium
layer is deposited, called gate contact - a term from the MOS-transistor
technology. The backside of the silicon substrate is provided with an ohmic
contact (nt implant).

I used such MOS-capacitors to investigate the Si-SiO, interface, namely
to separately measure the oxide charge density (.« and the interface trap
density Dj. The oxide charge Q. is a fixed positive charge layer in the
SiOy film, created by imperfections during the oxidation process and by
radiation damages in the oxide. The electron accumulation layer at the bulk
silicon surface mainly consists of mirror charges to QQox. The interface traps
Dj; (or trapped interface charges @Q;;) are due to the breaking of covalent
bonds at the Si-SiOs interface, created by structural defects or radiation.

The basic principles of MOS capacitors are explained in appendix D, where
also the equations used to extract Qox and Dj; from the measurements are
derived. Sections 4.3.1 and 4.3.2 describe my measurements on unirradiated
and irradiated MOS capacitors, and section 4.3.3 summarises the results.

gate (Al)
,—‘—‘ S0,

Figure 4.40: Cross sec-
tion of a MOS capaci-

~ —A : H n-siicon tor with a sketch of the
HP 4284 A high frequency measure-
ment setup.

L n*-implant (ohmic contact)

4.3.1 Q.x and D;; of Unirradiated MOS Capacitors

With the tools developed in appendix D the interface trap density D;; and
the oxide charge concentration (), can be separated. The idea is to use the
fact that interface traps only respond to low frequency AC-signals, whereas
the charge accumulation layer (which is the mirror charge of Q,x) responds
to both, high and low frequency modulations.

For the oxide charge a high frequency C-V measurement was used. From
this measurement I extracted the flat band voltage shift'? AVpp. With the
knowledge of AVpp the oxide charge (Qox could be determined. To do so,

12The voltage that has to be applied on the gate to counterbalance the band bending
due to oxide charges, work-function differences, etc., see appendix D.
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the first step was to calculate the flat band capacitance Crp, using equa-
tion (D.6) and the oxide capacitance Coy, which was measured for each
device in the accumulation regime. The gate voltage V,, which corresponds
to the calculated flat band capacitance Cgp, was then extracted from the
measured C-V curve. This value of Vj directly translates to the flat band
voltage shift AVpp, given in equation (D.16). With the known work function
difference ¢ns and oxide capacitance Cy, the oxide charge concentration Qo
was calculated.

The flat band capacitances were measured with 5 x 5mm? capacitors at
room temperature (293 K), using the HP 4284 A capacitance meter'® (AC
signal: 5mV, 10kHz). A sketch of the setup is shown in figure 4.40. For n-
type bulk material the relation (ng+pg) = Np holds, and Np is known from
table 3.2. With that information the Debye length'* Lp can be calculated
with equation (D.5). Afterwards the corresponding values of AVyp are ex-
tracted from high frequency MOS-CV measurements, which are displayed in
figures 4.41, 4.42 and 4.43. In table 4.1 the results for two SINTEF devices
(oxygenated and non-oxygenated) and a CSEM capacitor are listed.

Table 4.1: Results of the () ,x measurements before irradiation.
Lp C/Cox AVpp Qox
SINTEF ox 23um 049 -1.6V 3.3-10°°q" cm~?
SINTEF non-ox 2.3um  0.50 -14V 2.5-10°%q"cm 2
CSEM non-ox  3.0um 049 -75V 15.8:10%qtcm—2

The final results for Q,x were calculated with equation (D.16). They are
also listed in table 4.1. Concerning the uncertainties of the measurements
the systematic errors were believed to be much higher than the statistical
ones. Therefore, only an estimated error can be given for the numbers in
table 4.1. An error of about 10 % was assumed for Lp and for the measured
CV curve. The determination of Cyy was afflicted with an error of 20 %. This
leads to a total uncertainty of 23 %.

It is striking that the oxide charge concentration in the CSEM device is
about a factor five higher than in the two SINTEF ones. The indication
of differences in the production process between the two vendors found in
section 4.1.4.1 is confirmed here: The oxide quality of the CSEM process is
much worse than the one of the SINTEF process, i.e., has a much higher
oxide charge concentration. Since the vendors do not publish the exact envi-
ronmental conditions of their oxide growing process (gas-mixture, pressure,
... ) I can not give a reason for this difference.

13The capacitance meter measures the current voltage phase-shift and amplitude-
difference of the applied AC-signal.

4The screening length of the Debye Hiickel-theory; i. e., the characteristic distance over
which charges are shielded.
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The oxygenation of the silicon bulk does not have an influence on the ox-
ide charges since the Qo -values of the oxygenated and the non-oxygenated
SINTEF device are consistent within their errors. This result indicates that
the oxygen charges in the SINTEF sensors can not be annealed at high tem-
peratures, since the devices are heated to about 1000°C for dozens of hours
during the bulk oxygenation process.

In order to determine the interface trap density D; a combination of
high and low frequency measurements was used [47]. From the difference
between the two around the flat band voltage Vrg, Dj; can be calculated
using equations (D.20) and (D.21) from appendix D.

gate (Al)
y—‘—‘ SiO,

]

Figure 4.44: Setup for
the low frequency mea-
surements.

n-silicon

n*-implant (ohmic contact)

The measurements were done with 5 x 5mm? capacitors for the non-

oxygenated devices. For the oxygenated material a smaller capacitor with
an area of 3mm? was tested. A 100kHz AC signal was used for the high
frequency measurements (done with the HP 4248 A capacitance meter and
the setup in figure 4.40), whereas the low frequency curves were obtained
with the quasi-static technique with frequencies of 1 Hz or 0.5 Hz (using the
Keithley 595 capacitance meter). In the quasi-static technique not a sine-
like AC signal is used, but a voltage step of about 0.1V is applied to one
electrode of the capacitor and the influenced charge on the other electrode
is measured with an electrometer (see figure 4.44). All measurements were
performed at room temperature.

The resulting CV-curves are displayed in figures 4.45, 4.46 and 4.47. The Dj;
values obtained with equations (D.20) and (D.21) are shown as insets. The
averaged values are summarised in table 4.2. The first error denotes the stan-
dard deviation of the Dj; values for different Vs, the second is a systematic
error that originates in measurement uncertainties of Crr, Chyr and Cly,
which were all estimated to be 20 %.

The values are all consistent within errors. In contrast to the oxide charges
there are no significant differences between CSEM and SINTEF concerning
the interface defect densities. Hence, the different production processes do
not influence the Si-SiO4 interface, i. e., both processes have about the same
amount of lattice mismatches or dangling bonds at the interface.
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Table 4.2: D;; measurements before irradiation.
SINTEF ox Di;=(3.0+0.440.9) -10°%cm 2ev!
SINTEF non-ox Dj; = (2.1 £0.1£0.6) -101%cm2eV~!
CSEM non-ox  Dj; = (24+0.3+0.7) - 101%cm2ev—!

4.3.2 Measurements After Irradiation

Two difficulties occurred after irradiation. On the one hand no reasonable
low frequency (or quasi-static) CV measurements were possible any more.
This was due to the high concentration of bulk defects which acted as gen-
eration and recombination centres. They created a statistical noise which
completely covered up the tiny AC-induced charge signal.

On the other hand the calculation of the Debye length Lp turned out to be
more troublesome than expected. According to equation (D.5) all free charge
carriers that can respond to the AC signal have to be taken into account
to calculated Lp, and not only the effective doping concentration Neg. If it
is assumed that, after type inversion, all irradiation induced acceptor states
respond to the AC signal, the correct charge concentration expression in Lp
would be (2Np + Neg). If non of the bulk defects would react to the AC
signal the correct term would simply be Np, as in the unirradiated case.
Both of these assumptions lead to flat band capacitances Crp that could
not be brought into accordance with the measurements. As a conclusion it
must be assumed that the bulk defects only partly respond to the AC signal.

Accordingly, the flat band voltage Vpp can not be determined with the
method that was used in the unirradiated case. A simpler method to esti-
mate Vrp uses the following relation instead of equation (D.6):

CrB 1 C C
Coe ¥ 2 [(cox>m+ (cox)mm] : (4.16)

Here, the flat band capacitances Cpp is approximated by the arithmetic
mean between the maximal high frequency capacitance (in the accumulation
regime) and its minimum (in the inversion regime). The corresponding flat
band voltage shifts AVpp was then extracted from the measured CV-curve,
in the same way as for the unirradiated capacitors.

In figure 4.48 the measured CV-curves after irradiation with 4.3 -10'* 7 crn =2

and 8 weeks of annealing at +1°C are plotted. As a comparison the unir-
radiated CV measurements are also displayed. The AVyp values obtained
with the estimation (4.16) are drawn as dotted lines. The following values
were obtained:

CSEM: AVpp ~—40V (4.17)
SINTEF: AVpg~ —4V (4.18)
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Figure 4.48: MOS-CV measurements after irradiation
with 4.3 - 10" 7 cm~2. In addition, the unirradiated measure-
ments are displayed in gray (small symbols).

The big difference between CSEM and SINTEF is conspicuous. The high
value of Vpp for CSEM can easily be explained by the radiation induced
increase of the oxide charge density (Q,x. But why is the SINTEF value so
low? Both curves are clearly stretched out. This implies that Dj; increased
after irradiation for both devices'®. But there is a big difference in case of
the flat band voltage'®. As shown on page 66 it is unlikely that the low
SINTEF value was caused by annealing during the 8 weeks storing-period.
Surface annealing only plays a significant role at much higher temperatures.

It is much more conceivable that, at least in the SINTEF device, the inter-
face traps also respond to the high frequency AC signal. According to [19]
interface traps sometimes follow the AC modulation up to 100 MHz (unfor-
tunately our CV-meter (HP4284A) was limited to 1 MHz). As a consequence,
equation (D.16) is not valid any more to calculate Vpp. Therefore, the only
statement concerning @),y and Dj; that can be made is that in the SINTEF
case Dj; is presumably of the same order of magnitude as )ox, whereas for
the CSEM device @ox is much higher.

But another fact is also striking in figure 4.48. The capacitance is still high
for gate voltages higher than Vg and low for V;, < Vgp. This can only
mean that the surface silicon layer is still n-type and did not experience
a type inversion, even after 4.3.10'* w cm 2! Similar hints were also found
from surface resistivity measurements by other groups [14]. Up to now this

'5See on page 145 for explanations about Dj;.

'8The high frequency CV-curves were also measured at different frequencies, but the
flat band voltage Vrg was not found to be frequency dependent.



4.3 Measurements on MOS Capacitors 89

phenomenon is only poorly understood. It is thought to be related to the
defect-complex formation mechanisms (see section 2.3 and [14]).

4.3.3 Summary

MOS capacitors are very powerful tools to measure parameters like oxide
charge, accumulation layer concentration or interface defect densities. There-
fore, they are very well suited to compare the quality of different production
processes. Capacitors from the vendors CSEM and SINTEF were investi-
gated in this work. They were checked before irradiation and after a dose
of ~ 10° Gy.

0 Before irradiation the oxide charge density (), in the CSEM devices
was found to be five times higher than in the SINTEF ones. The oxide
charge directly translates into the accumulation layer concentration.
This explains why no surface current regime could be found for the
unirradiated SINTEF devices in the pixel isolation measurements (see
section 4.1.2). The interface defect densities D;; were similar (within
errors) for both vendors.

0 After a harsh irradiation with 4.3 -10"* 7cm™2 £ 1.4-10° Gy the inter-
face defect density was still much lower than the oxide charge density
in the CSEM device. In the SINTEF capacitors both were presumably
of the same order of magnitude. It was difficult to give quantitative re-
sults after irradiation since a clear determination of Qo and Dj; would
have required measurements in extreme frequency domains which were
not feasible with the available equipment.

0 But a clear signature for a shallow n-type surface regime was found
that did not experience a type-inversion. The investigation of the pro-
cesses responsible for this effect are still going on. They also have to
take into account the complicated defect formation procedures in sili-
con.
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4.4 Guard Ring Tests

The function of guard rings is to prevent high currents in the sensor, which
on the one hand could completely cover up the signal charge and on the
other hand heat up the sensor, which in turn would further increase the cur-
rent. To illustrate the mechanisms involved consider a device with a single,
large, planar pn-junction, as shown in figure 4.49. Due to crystal defects the
energy band structure is destroyed at the cut edge. On the left side of fig-
ure 4.49 the oxide is not covered by a metal gate. From section 4.3 we know
that an electron accumulation layer forms at the semiconductor surface due
to the positive oxide charges. This conductive layer is at the potential Vi;ys,
because the resistivity of the cut edge on the left side is low enough to guar-
antee a charge exchange between the accumulation layer and the backside
n' implant. The full bias voltage drops over a short distance next to the
diode (marked as “high field region” in figure 4.49). When the electric field
strength at this point exceeds a certain value it causes a sudden increase of
the current flow, leading to breakdown.

On the right side of figure 4.49 another cause for breakdown is shown. There,
the silicon surface potential is kept close to ground by the covering metal
field plate, which extends to the right cut edge. This causes the depletion
region to expand laterally. If it reaches the cut edge, a huge generation
current is produced since the crystal is heavily damaged at the edge.

electron accumulation  high field region GND

depletion region

Figure 4.49: Two dif-
ferent causes for break- L nsubstrate
down. See text for expla- |

nations (after [14]).

n* contact

cut edge Vbias cut edge

The current creation on the right side of figure 4.49 is relatively easy to
control with design measures (e. g., by reducing the overlap of the metal field
plate). But the breakdown phenomena on the left side are more difficult to
avoid. They are discussed in more detail in section 4.4.1. Section 4.4.2 deals
with my measurements and results, which are then briefly summarised in
section 4.4.3.

4.4.1 Phenomenological Description of Breakdown

First, it is noteworthy that the breakdowns are purely electrical (there is
no mechanical damage) and that they are reversible, as long as the power
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dissipation is kept small.

There exist two different mechanisms for the current creation in the high
field region. One speaks of Zener breakdown and avalanche breakdown. The
Zener mechanism involves a direct excitation of electrons from the valence
band into the conduction band due to tunnelling. In avalanche breakdown
the acceleration of thermally excited electrons is sufficient to ionise other
silicon atoms and create an avalanche.

It is helpful to consider the relationship between the doping concentra-
tion Np, the depletion region width x, and the average electric field &
in a pn-junction. For simplicity, let us consider an abrupt p™-n~ junction
and neglect the depletion width in the p™ region. The depletion width z,,
in the n-type silicon is (see appendix C)

2&si€
gNp

(Vbias + Vi) (4.19)

Ty =

and the average electric field

£ =

. . N . .
(Vb1a.s+‘/z) :\/q D(Vb1as+‘/z) ’ (4.20)

Tn 26516

with &;e, as the permittivity of silicon, Np the donor concentration, ¢ the
elementary charge and V; the built in voltage of the junction.

4.4.1.1 Zener Breakdown

Equations (4.19) and (4.20) show that, when Np is large, z, is small and
£ is high. Under these conditions electrons from the valence band of the
p-side of the junction can tunnel into the conduction band of the n-side as
shown on the left side of figure 4.50. Calculations show (see e.g., [11]) that
the tunnelling probability is significant only when the width of the potential
barrier is small compared to the wavelength of the electron. For thermal
electrons at room temperature the wavelength!” is of the order of 1um.
For significant tunnelling to occur, the barrier width should be orders of
magnitude lower. The barrier width z; is given by ¢ = —E,/z; [11]. Hence,
for silicon with a band gap energy E;, = 1.12eV, a significant tunnelling
current can establish for £ > 10’ Vm 1.

4.4.1.2 Avalanche Breakdown

According to equation (4.20) the electric field £ becomes smaller for smaller
doping concentrations Np. At a certain point, £ is too small to allow the
charge carriers to tunnel through the band gap. But it might still be high
enough for the thermally excited charge carriers to be accelerated to a kinetic

1"For a free electron as an approximation, the wavelength X is given by %kT =hx.
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Figure 4.50: Energy diagrams of the breakdown mechanism
in a pn-junction. Left: Zener breakdown, right: avalanche mul-
tiplication.

energy higher than the band gap energy E,. A carrier that has an energy
higher than E, can produce a secondary electron-hole pair by knocking
out an electron from a covalent bond in the lattice (see the right side of
figure 4.50). The secondary carriers produced by this process can create
further electron-hole pairs which leads to an avalanche.

A quantitative treatment of avalanche breakdown is given by the ionisation
integrals of the minority carriers (see e.g., [11]). They state that avalanche
breakdown for electrons or holes sets in if the following conditions are ful-

filled:
In T
/ Qp €xp (—/ (ap — o) dx') dr > 1 (4.21)
0 0

ZTp z
/ Qyp, €Xp (—/ (0 — ) dm') dr > 1 (4.22)
0 0

for electrons, where oy, and oy, are ionisation coefficients'® for electrons and
holes and z,, z;, the depletion widths in n-type, p-type silicon, respectively.

for holes and

The ionisation integrals (4.21) and (4.22) can be numerically calculated with
the DESSIS program from the ISE TCAD package [16]. I have done several
such calculations for different guard ring designs and accumulation layer con-
centrations. In all of them breakdown occurred first at the p™-n junctions
between the guard rings and the bulk silicon, which point towards the cen-
tre of the diode (see figure 4.51). Therefore, it is important to have small
metal field plates on top of the guard rings - which slightly extend over the
p' implant - to reduce the electric field peaks and shift the breakdown to
higher bias voltages. (see also figures 3.11 and 4.49).

Experimentally, Zener breakdown can be distinguished from avalanche
breakdown by the following criteria [11]:

18 A material constant which is determined by the impact ionisation cross-section aver-
aged over a non-equilibrium electron distribution function [37, 48].
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O The I-V characteristic in the breakdown region is soft (slowly rising
current) in case of Zener breakdown, and hard high and fast current
increase) in case of avalanche breakdown.

[0 For Zener breakdown, the breakdown voltage decreases with temper-
ature, whereas for avalanche breakdown it increases.

O Avalanche breakdown is always accompanied by current instabilities
at the onset of breakdown. No such instabilities are observed in Zener
breakdown.

4.4.2 Measurements on Different Designs

The CMS pixel guard ring concept is illustrated in figures 3.10 and 4.51.
Most of the specific guard ring tests were done with CSEM test diodes,
which used the same guard ring concept, but had only a 1 x 1mm? large
pt backside-implant and the pixels were replaced by a continuous 1 mm?
n' implant. All of them were provided with the metal field-plates described
above. Apart from these test-diodes the guard rings of the 22 x 30 pixel- and
5 x b pixel-structures were also used. The various designs of the guard ring
test diodes are described in section 3.1, and the different devices are listed
in table 4.3.

Two methods were applied to measure the guard ring performance. Their
measurement setup is shown in figure 4.52. With the first one (method 1)
only the diode current is measured, but the guard ring current is disre-
garded. With method 2 the total current (diode + guard-ring + cut-edge)
is measured. All measurements were done with the Keithley 487 and 6517 A
current meters. An avalanche breakdown in the guard-ring region should
also be visible with method 1, since the avalanche normally extends to the
diode region. But method 2 has the advantage of indicating the whole cur-
rent that has to be supplied by the bias voltage source. On the one hand this
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Figure 4.52: Two different methods to take I-V curves of guard ring test-diodes.

With the left setup only the diode current is measured (method 1), whereas the

right setup takes also the guard current and the cut-edge generation current into
account (method 2).

is important for the detector design (power dissipation, cooling, ... ). The
current difference between the two methods, on the other hand, allows to
monitor the current through the periphery (guard rings + cut edge), which
should be kept as small as possible.

Table 4.3: Nomenclature for the guard ring designs.

abbreviation description # guards see figure
narrow narrow distance to cut edge 10 3.8
middle middle distance to cut edge 10 3.8
brick14 “brickwall” with bricks of p™ 14 —
brick28 “brickwall” with bricks of p™ 28 3.14

22 x 30 22 x 30 pixel with narrow guards 10 3.8

5x5 5 x 5 pixel with reduced guards 6 3.12

First, the devices under test were measured directly on the wafer. As an
example the I-V curves of seven 22 x 30 pixel structures are displayed in
figure 4.53. The I-V characteristic of a similar device after irradiation can
be found in figure 4.33.

Then, they were cut, glued on a PCB and bonded. The irradiations were
done at the CERN-PS accelerator (protons) and in the PSI 7E1 beam
(pions) under the conditions already described in the pixel isolation sec-
tion 4.1.4, including the biasing during irradiation. After the irradiation the
devices were stored in a refrigerator at +1°C.

In figure 4.54 one finds I-V curves of 5 x 5 pixel devices taken with meth-
ods 1 + 2 . As expected the leakage current is higher after irradiation (see
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Figure 4.54: Measurements of the I-V characteristics of 5 x 5 pixel devices to

test their guard-ring designs. Left: method 1, right: method 2 (see figure 4.52 for

an explanation). The light gray curves are from unirradiated sensors, the dashed

ones were taken after 6.5-10'* 7 cm—2 and 28 weeks annealing at +1°C, the full,

black curves denote I-V measurements taken after 5.3-10'* pcm—2 and 39 weeks
annealing.

section 2.3). However, the breakdown voltage before irradiation is lower than
after. One of the devices had a hard breakdown just below 500 V before ir-
radiation, while the other one showed a weak breakdown (limited to a small
volume of the sensor) before irradiation already at ~150 V, which becomes
more severe around 400 V. These breakdowns are visible only with method 2,
probably because one occurs very close the maximum voltage of 500 V (with
method 1 it would appear a little bit above 500 V) and the other one is
spatially limited to a small volume in the guard ring area.

However, after irradiation with pions or protons these breakdown phe-
nomena disappear. Only one device shows signs of a weak breakdown
above ~300V. Again, there is no significant difference between the sensors
irradiated with pions or with protons (see page 61). Furthermore, there is
also no difference between 28 and 39 weeks annealing. This is in accordance
with the results already presented in section 4.1.4.
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This “healing effect” after irradiation is even more pronounced for some
of the guards in figure 4.55. There, several examples of the brick-wall-
like (brickl4 and brick 28), the narrow and the middle guard rings are
plotted (see table 4.3 for explanations). All of them were measured with
method 2. Before irradiation, but after cutting, four out of seven devices
show a hard breakdown below 400V (gray in figure 4.55). These four de-
vices were chosen to be irradiated with protons to investigate the “healing
effect” (6-10'* pcm=2 + 10 weeks annealing). The resulting I-V character-
istics for these four devices are shown in black in figure 4.55. Only the two
brick-wall designs do have a breakdown below 1000 V. The standard guard
rings, which also broke down below 1000V before irradiation, are stable up
to 1kV now.

For this healing effect there exists no satisfactory explanation up to now.
Similar observations were reported by other groups (see e. g., [32, 17]). Prob-
ably some impurities from the production process were responsible for the
high electric field strengths before irradiation. After irradiation, the influ-
ence of these impurities on the electric field is smoothed by a higher defect
density in general.

From figures 4.54 and 4.55 it can also be seen that, after irradiation beyond
the type inversion fluence, the currents measured with method 2 are about
one order of magnitude higher than the currents measured with method 1.
This indicates generation currents from the guard ring area or even more
likely from the cut edge (see figure 4.49). If this current increase is due
to an encroaching of the depletion zone on the scribe line it would imply
that the space between the last guard ring and the cut edge should be
enlarged. However, in figure 4.55 there is no significant difference between
the middle and the narrow guard rings after irradiation (the narrow one has
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even a slightly lower current than the middle one). Therefore, the current
generation happens most probably only in a small volume close to the surface
and not along the cut edge. This implies that the distance between the
outermost guard ring and the scribe-line is sufficient in both cases, and that
the differences between method 1 and 2 are due to generation currents in
the silicon bulk below the guard ring area.

In addition, the measured guard ring current is still negligible compared
to the pixel leakage current after irradiation. In a full module the main
part of the current is drawn by the much larger pixel area (~42’000 pixels
with 10 nA per pixel, leading to ~0.4 mA). The guard ring current, in com-
parison, is ~1 g A for the small test devices with ~1 cm circumference, which
translates to a module guard current (circumference 16.1 cm) of ~0.016 mA.

4.4.3 Summary

Two guard ring designs were found which hold up to 1kV after irradiation
(the ones called middle and narrow, see table 4.3 and figure 3.8). This per-
fectly fulfils the requirements of the CMS pixel sensor. The breakdowns at
voltages around 300V before irradiation are no problem since the full de-
pletion voltage before irradiation is around 150 V. The same conclusion also
applies to the higher guard ring currents after irradiation.
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4.5 Measurement of the Pixel Capacitance

The exact knowledge of the capacitance of one single pixel to the rest of
the sensor is important for the read-out chip design. On the one hand it
influences the noise performance of the analogue amplifiers. The capacitance
dependent noise sources lead to an equivalent noise charge'? which linearly
depends on the detector capacitance (an introduction to noise theory can
be found in [37, 49, 50]). On the other hand it may causes a signal crosstalk
to other channels. Actually, such a crosstalk could even be used to reduce
the number of read-out channels: with enough capacitive charge coupling it
would only be necessary to read out every second channel. This is a standard
practice for some silicon strip detectors.

In section 4.5.1 the pixel capacitance is calculated with the help of
parametrised simulation results. Section 4.5.2 explains the measurement
method and section 4.5.3 deals with the results, which are then discussed in
section 4.5.4.

4.5.1 Capacitance Calculation

The capacitance can be numerically calculated by solving the three dimen-
sional Poisson-equation (4.9) with appropriate boundary conditions. After
full depletion the charge distribution in the silicon bulk is uniform (assum-
ing that the doping is uniform?’) and the Poisson-equation reduces to the
Laplace-equation:

VIV =VE=0 . (4.23)

From a known electric field distribution the surface charge distribution can
be calculated by integrating &g, [ €(z,y,0) dA over the surface at z = 0
(Gauss-integral, see e.g., [51]). With the requirement of charge neutrality
one also obtains the backside charge. In [52] numerical solutions to this
problem are parametrised with respect to the pixel size, the gap between
pixels and the depletion width. These analytical expressions can be used to
estimate the pixel capacitance, which is done in the following.

The total pixel capacitance can be divided into three different contributions
(see figure 4.56): Each pixel has a pixel-to-backplane capacitance Cy. Each
of the four nearest neighbours is capacitively coupled to the centre pixel
by C1, and all diagonal (next to nearest) neighbours by Cs. These capaci-
tance contributions are all normalised to the one-dimensional parallel plate
capacitance Cp, and all dimensions to the depletion depth z,,. The following

9Equivalent noise charge (ENC): The charge that would be necessary at the input of
the amplifier stage to compensate the noise voltage at the output.

20 As a simplification it is assumed that, after full depletion, all bulk and surface charges
are fixed charges whose electric field component is independent of the bias voltage. There-
fore they do not influence the capacitance.
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definitions will be useful: the normalised pixel side length A = L/z,, and
the normalised gap between the pixel implants ¢ = G/z,,. According to [52]
these (numerically calculated) contributions can be expressed as:

Co 1/x 23 g

20 _ 14 ikl -9 4.24
G, s+ 5 e (5 (4.24)
Ci 0.23 [1\%" 1

7t —0. - 4.2
a=aton(s) 0 (5) (425
Cs A [ ( 7 )]

= =01"-|[1-1.15¢9( — —1 . 4.26
Cp I\g+3 (4.26)

When all adjacent pixels are virtually grounded through the read-out chip
the total capacitance of a single pixel is

Ciot = Cp +4C; + 4C5 s (4.27)
with an estimated error of about 10 % [52].

In reference [52] equations (4.24) to (4.26) are plotted as functions of A
and g. For the CMS pixel detector the total pixel size (implant plus gap) will
be 150 um x 150 um. But the separation of this area into n™ implant and p-
stop area is a free design parameter, which is only limited by the design rules
of the production process. For the pixel isolation measurements in section 4.1
one was interested in keeping the ratio between the n*tand the p-stop area at
a fixed value to obtain comparable results for the different p-stop designs.
Therefore, all the designs described in section 3.1 have the same implant
width. However, in figure 4.39 it was shown that the maximum electric field
strength becomes smaller for narrower gaps between the pixel implants. The
reverse is true for the pixel capacitance: it becomes larger for smaller gaps,
as shown in figure 4.57 for two different pixel sizes. The capacitances were
calculated with equation (4.27), assuming a parallel plate capacitance C, of
300 pm thickness and a square surface-area of (150 ym — gap)?.
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For the calculations in reference [52] data from square p™-in-n pixels were
used. Yet, in CMS the pixels consist of a n™ implant in a n type bulk.
Due to the electron accumulation layer the Si-SiO4 interface is at the same
potential as the pixel implant, unless the accumulation layer (and hence the
electric contact) is interrupted by a p-stop ring. Therefore, the capacitively
active region of one pixel is the area of the n™ implant plus the n-type
surface area between the implant and the first p-stop ring. For example,
in the design proposed in the CMS Tracker Technical Design Report [4]
the n* implant is 78 ym wide and the distance to the first p-stop ring is
8 ym (shown in figure 3.2). This leads to a parallel plate capacitor area
of (78 +2-8)% ym?. With a pixel to pixel distance of 150 ym the gap between
the pixel capacitances becomes 56 ym. Using equations (4.24) to (4.27) one
obtains a total pixel capacitance of Cto; =~ 30 fF. In figure 4.57 this calculated
capacitance is marked.

4.5.2 Capacitance Measurement Method

Technically, it is extremely difficult to measure such a small capacitance.
Therefore, 140 pixels were connected in parallel to reach a measurable ca-
pacitance value of a few picofarad. This is accomplished with the help of
a parallel router chip, which was already described in section 3.1 (see fig-
ure 3.15). The capacitance was measured with the HP 4284 A capacitance
meter, and the bias voltage was delivered by the voltage source of the Keith-
ley 487.

The measurement setup is shown in figure 4.58. The parallel router chip
was bump bonded to a pixel sensor with a standard, double p-stop pixel
design (see figure 3.2). The whole setup was then placed on a grounded,
gold plated PCB laying on a chuck in a shielded probe station. The two
pads of the parallel router chip were contacted with probe needles. Through
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the bump bonds they also provided the ground potential of the pixel sensor.
The backplane of the pixel sensor was contacted with a third probe needle
to apply the bias voltage.

bias voltage

probe 1 J

pixel sensor probe 2

parallel router chip

chuck

Figure 4.58: Setup for the pixel capacitance measurement
(housed in a probe-station).

In order to accurately measure picofarad capacitances much attention must
be paid to reduce parasitic effects. The two probes were connected to the ca-
pacitance meter with coaxial cables of equal length. The cable and probe ca-
pacitances were automatically subtracted by using the open and short circuit
correction facility of the HP 4284 A (measured at different frequencies and
averaged). The small capacitances lead to high impedances Z, = (wC)™.
This means that the parallel parasitic resistances influence the measurement
results more than the serial parasitic resistances. Therefore, the parallel re-
sistance mode of the HP 4284 A was chosen (with an AC signal of 0.1V).

The parasitic capacitance contribution of the parallel router chip was also
measured alone: one of these chips without a sensor attached to it (but
with already reflowed bumps) was investigated on the same setup. Aver-
aged over 6 different frequencies between 5kHz and 1 MHz, this contribu-
tion was (10.44+0.03) pF, where the error is only statistical. The systematic
error is estimated to be about 0.2 pF (with different measurements of com-
mercial ceramic capacitors with the same setup). The same measurement
was also performed with a dummy pixel sensor placed on the parallel router
chip with narrow, 60 um thick capton pads in-between (in such a way that
the pixel area was not covered by capton). Within errors the capacitance
with this setup was the same as with the naked router chip alone.

4.5.3 Capacitance Results

The measured capacitance of the 140 pixels in parallel - after subtraction
of the parasitic capacitances of the parallel router chip - are displayed in
figure 4.59 as a function of Vj;,5. The measurements were performed for seven
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different frequencies, to filter any frequency dependent distortions. For bias
voltages blow the full depletion voltage Vrp the pixels are short-circuited
and no reliable capacitance can be measured. However, in figure 4.59 the
capacitance is only independent of the sensor bias voltage for Vyi,s > 190V,
even if the full depletion voltage was around 160 V. This can be explained
as follows:
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Figure 4.59: Total ca-
pacitance for 140 pix-
els in parallel for dif-
ferent measurement fre-
quencies after subtrac-
tion of parasitic capaci-
tances. The gray bar de-
notes the average value
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Even above Vpp the pixels are resistively connected through the labyrinth
of the open p-stop rings. These resistive channels are only pinched off (in-
terrupted) at bias voltages much higher than Vgp, as shown in section 4.1.
In figure 4.60 the measured parasitic parallel resistances for a few frequen-
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cies are shown as a function of bias voltage. For voltages lower than 190 V
the parallel resistance rapidly varies with bias voltage, but remains constant
above 190V . This implies that it is extremely difficult to measure a reli-
able capacitance below 190 V. For this reason only capacitance values for
Vhias = 200V were taken into account. The mean value in the bias voltage
interval 200V < Viias < 300V and for all frequencies in figure 4.59 is

(3.59 + 0.15 4 0.20) pF | (4.28)

where the first error denotes one statistical standard deviation and the sec-
ond the systematic error (derived by measuring commercial capacitors). Di-
viding this result by 140 leads to

Chixel = (25.7+ 1.8) fF . (4.29)
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In figure 4.61 this result is compared to the calculation of section 4.5.1 for
pixels with 150 gm side length (figure 4.57). The measured capacitance value
is slightly below the calculation. But taking into account the simplicity of
equations (4.24) to (4.27) and that they do not include any information
about doping densities or oxide thicknesses the agreement is still amazingly
good.

4.5.4 Discussion

In order to find out what the capacitance result (4.29) means in terms of
amplifier noise some more thoughts are necessary.

After 10° Gy the available signal charge will be about 12’000 e~ (assuming a
half depleted sensor?!, see [4]). Therefore, the maximal threshold should be

21 A minimal ionising particle in silicon normally creates about 80 e-h pairs per um.
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below 10’000 electrons. Requiring a signal to noise ratio of at least five, the
maximally allowed noise is ENC = 2000 e~, which is by far above the exper-
imentally found value of (840 4+ 180)e~, [49], measured with an irradiated
read-out chip and an unirradiated, 80 fF test diode as sensor.

In addition to the measured 840e~ also the leakage current of the sen-
sor will contribute to the noise. The leakage current per pixel after 10° Gy
of hadron irradiation is on average roughly 10 nA. However, the distribu-
tion has tails up to 100 nA, which have to be absorbed by the input am-
plifier [4]. For shaping times comparable to the LHC bunch crossing time
of 25 ns this leads to a charge flow of ~ 15’000 e~. Assuming that the charge
carriers are independent, Poisson statistics can be applied and the addi-
tional contribution of the leakage current to the equivalent noise charge is
ENCieax 5 v15'000 e~ = 120e™.

Concluding from this arguments one can say that a) the leakage current
makes only a minor contribution to the noise, and that b) the pixel capac-
itance of 25,7 fF can still be increased by at least a factor of three without
impairing the operation conditions of the pixel detector system after irradi-
ation. And even with a threefold increased pixel capacitance the capacitive
coupling to the neighbouring pixels would still be negligible?2.

Bearing in mind the results of section 4.2 (dealing with the electric field
strengths between pixels) and the results of the capacitance simulation on
page 99 the conclusion would be to shrink the gap between the n™ pixel
implants by up to a factor two. This would reduce the high surface field
strengths between the pixels and reduce the strong nonlinear variations of
the field strength perpendicular to the surface. It would also increase the
pixel capacitance, which would however remain in the tolerated limits.

22Using equation (4.25), the relation C = Q/V and assuming a threshold of ~ 5000 elec-
trons, a voltage step > 50 mV would be necessary to trigger a neighbouring pixel.
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4.6 'Tests with Bump-Bonded Assemblies

Pixels whose connection to the read-out chip fail charge up and probably
cause stochastic discharges. Such discharges were observed in earlier tests [7].
The atoll-like p-stop rings were introduced to avoid these discharges (see
section 4.1). However, in section 4.1.4 the inter-pixel resistance was found to
be much higher than expected after irradiation. The question to be answered
in this section is whether the atoll p-stop design is nevertheless able to
prevent stochastic discharges.
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For this purpose three 22 x 30 pixel sensors were irradiated at the CERN-
PS accelerator with 6-10'*pcm™2 (see section 4.1.4 for more details on
the irradiation) and bump bonded to unirradiated PSI34 read-out chips.
The chip is described in detail in the references [4, 49]. It is a simplified
version of the final CMS pixel read-out chip, which was accomplished for
testing purposes. A brief summary of its functionality is given below in
section 4.6.1. Section 4.6.2 deals with a beamtest at CERN and section 4.6.3
treats following laboratory tests with the same assemblies. The results are
briefly summarised in section 4.6.4.

4.6.1 The PSI34 Read-Out Chip

The PSI34 chip is a 22 x 30 pixel chip for 150 x 150 ym? pixels, which is
produced in the radiation hard DMILL SOI technology??. The basic build-
ing blocks are outlined in figure 4.62. The pixels are grouped in 2 x 30 pixel
double columns, with a common bus to a double column periphery. Each
pixel has its pixel unit cell (PUC), which consists of an analogue and a
digital block. All of them are equipped with a comparator with an individ-
ually adjustable threshold. Whenever a PUC detects a signal height above
threshold it stores the analogue signal in a capacitor and notifies the double
column periphery, which immediately copies the time stamp into a memory

23801 Silicon on Insulator, a technique to reduce the silicon volume which is sensitive
to radiation defects; DMILL: a radiation hard CMOS process, which is provided by the
ATMEL company.
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and asks for read-out. A read-out token is then sent through the whole chip
and all double columns with hits are read out. All analogue signals of a hit
double column are daisy-chained to the data line and linked with the time
stamp (3 analogue signals, to have enough dynamic depth) and a double
column address (1 analogue signal). Therefore, 64 analogue signals arrive at
the ADC for each hit.
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Figure 4.63: Simulated
influence of the anneal-
ing on Vpp for differ- i
ent temperatures (after 1900
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4.6.2 Beamtest at CERN
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By mistake the irradiated sensors were heated to 90°C for one hour during
the bump bonding process. This accelerated the annealing (beneficial and
reverse) by a factor of roughly 20’000, which lead to a full depletion voltage
of about 1500 V 2* (calculated with a model from [20], see figure 4.63) and
a much increased leakage current . On the one hand this reduced the signal
charge, since the maximal voltage of the available voltage source (Keith-
ley 487) was 500 V. The high current, on the other hand, caused the detector
to be very noisy, which made the detection of real hits difficult.

24 Before irradiation the full depletion voltage was 140 V, see table 3.2.
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Figure 4.65: Landau-distribution of a single, unirradiated
pixel and the corresponding noise.

Nevertheless, the detectors were brought to a beamtest at CERN. A sketch of
the setup is displayed in figure 4.64. No beam-defining telescope (e. g., [53])
was used because parameters that require tracking, like spatial resolution
or the Lorentz-angle, had already been measured in former beam-tests (see
e.g., [9, 54, 55, 56]). The test took place in summer 2000 at CERNs SPS
accelerator, with 220 GeV /c pions from the secondary H2 beamline. The
readout control was done with a specially built sequencer [57]. The detectors
were kept at —5°C by Peltier cooling during the test.

Figure 4.65 shows a Landau distribution of an unirradiated pixel. The mean
energy value corresponds to a signal charge of 24’000 electrons. This was the
proof that the read-out system worked correctly. From figure 4.65 a signal
to noise ratio of ~70 could be deduced. For several unirradiated detectors
the signal to noise varied between ~50 and ~100 in these tests.

The collected sample of reconstructed hits in the irradiated detectors was too
small for a Landau distribution (because of the high noise and the low signal
charge). In figure 4.66 such a hit is displayed. The continuous line shows the
contents of the analogue cells of one daisy-chained double column. The first
analogue signals (up to count 8 on the horizontal axis) consist of the three
time stamps of the hit and its double-column address. The analogue values
of the 60 pixels of a double column are displayed above z = 9. The dashed
token at the bottom indicates a pixel with an analogue signal above threshold
(the so called “digital out”). At z = 42 an (negative) analogue signal can
be seen, confirmed by it is “digital out”. In order to be recognised as a hit,
a signal had to lie 5 o above the mean pedestal of all analogue values in its
double column. In addition, a confirming “digital out” was also required.
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The total number of reconstructed hits during a runtime of seven hours is
shown in figure 4.67 as an occupancy-plot. Only two double columns (three
and four) were activated. For non of the pixels in these two double-columns
more than six hits could be reconstructed during that run.

With such low statistics and high pedestal variations it is very difficult to
make any comment concerning possible stochastic discharges. Nevertheless,
the fact that signals could be seen at all after the overheating-accident proves
the capability of this detector system to be useful even in a worst case
scenario (e.g., after an accelerator beam loss in the detector, when several
proton bunches hit one single module).
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4.6.3 Laboratory Tests

In order to further investigate the discharge behaviour of irradiated detec-
tors additional measurements were performed in the laboratory. First, we
looked for unbonded pixels and, in a second step, detected early breakdown
regions. In figure 4.68 these two characteristics are displayed for an open,
double p-stop ring sensor (see figure 3.2) on a 22 x 30 pixel floorplan. The
missing bumps (labelled with )) were determined with backplane-pulsing:
a small step pulse dV = 2.6V was superimposed on the bias voltage Vp;,s,
which was applied on the sensors backside. Due to the capacitive coupling
through the depletion region such a pulse induces a small charge flow on all
pixels: dQ = C; - dV, where C; stands for the depletion region capacitance.
This signal is then recognised by the read-out chip, provided that the cor-
responding read-out channel has a working indium bump connection to the
sensor. When a read-out channel was working with a calibration pulse, but
did not respond to the backplane pulse, the corresponding bump bond was
assumed to be bad. The breakdown regions (labelled with ¢) were found by
looking at the noise of the pixels in the read-out chip as a function of Vj;y.
Breakdown was assumed when a pixel went into permanent saturation. All
measurements were carried out at 7' = —25°C.
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None of the pixels which showed an early breakdown had a missing bond!
Furthermore, there seemed to be no correlation between missing bonds and
breakdowns. The pixels with an early breakdown worked properly at volt-
ages below the breakdown voltage, and all of them broke down between 310
and 330V. Similar results were obtained for two other irradiated devices
(both with an exceeded thermal budget, too). This indicates that the break-
downs were not due to unbonded pixels. They were caused by impurities
or defects between the n™ pixel implants and the p-stops. The electric field
strength reaches a maximum in this region (see figure 4.37), which is further
increased by the electron accumulation layer. At low bias voltages such de-
fects are not vexatious, but above 300V they cause micro discharges which
lead to local avalanches. Obviously, the open, atoll-like p-stop rings fulfilled
their task in spite of the high inter-pixel resistance after high-dose irradia-
tions.

Additional measurements on the irradiated detectors were made with the
help of an infrared laser spot. The aim was to investigate the charge col-
lection efficiency of an irradiated sensor with open p-stop rings. A 1064 nm
Nd-laser was used for these tests. The absorption coeflicient in silicon for this
wavelength is about 10 cm ! [58]. Therefore, the electron-hole pair creation
by the the absorption of the photons can assumed to be equally distributed
in the silicon bulk. The pulse heights obtained with the laser pointing at
the centre of a pixel and in the gap between two pixels (summed pulse
heights) is shown in figure 4.69 as a function of the applied bias voltage
(T' = —25°C). As a comparison, the signal charge in an irradiated sensor
(® = 6.3 - 10" cm2) at Vi = 300V was measured to be ~ 10’000 elec-
trons [7]. The straight lines in figure 4.69 are linear regressions through the
measured points. The average ratio between the two pulse heights is 0.82,
which means that the charge collection efficiency is reduced by a factor
of 0.8 when a traversing particle hits the detector between two pixels. This
is not fatal since there is still enough charge for the read-out amplifier (the
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threshold will be set at a few thousand electrons, and a MIP?® creates about
24’000 electrons in 300 pum silicon). Nevertheless, if there is a possibility the
fraction of 0.8 should be improved.

In section 4.2 we found that there are zones of low electric field strength
between the pixels when the sensor is not over-depleted. These low-field
zones are also responsible for the reduced charge collection efficiency between
the pixels in the irradiated sensor. The low field zones can be diminished
by shrinking the gap between the n™ pixel implants. This would also lead
to an increase of the charge collection efficiency between the pixels. As we
have seen in section 4.5, a reduction of the n™ implant gap would also be
tolerable with respect to the pixel capacitance.

4.6.4 Summary

0 Unbonded pixels in irradiated sensors with open p-stop rings do not
show any stochastic discharges, in spite of the high inter-pixel resis-
tance after irradiation. Such sensors could even be read out after a
20’000 times accelerated annealing during one hour due to accidental
heating.

[0 In some pixels micro-discharges occur above V3, =300V, but they
are not correlated with unbonded pixels. These discharges are most
likely due to defects or impurities close the the p-stop implants. How-
ever, since the CMS pixel sensor will probably have to be operated
at Vhias > 300V, one should keep this micro-discharges in mind for
the choice of the final production process.

25 Minimum ionising particle: a particle with v & 0.96 ¢, where the ionising energy loss
in matter has a minimum (according to the Bethe-Bloch formalism).
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4.7 Measurement of the Lorentz-Angle after Irradiation

The following measurements are published in Nuclear
Instruments and Methods in Physics Research A [55].

4.7.1 The Lorentz Effect

Due to the electric field € the charge carriers produced along the track
of a traversing particle drift to the corresponding electrode. A magnetic
field B bs & causes a Lorentz-force and hence the charge carriers do not
drift along the electric field any more. This Lorentz-effect distributes the
charge carriers to several strips or pixels. The charge sharing can be used to
calculate the centre of gravity of the charge distribution which improves on
the traversing charged particles track information.

Consider a charged particle drifting in constant electric and magnetic fields.
The resulting force on the particle is

F=q-(£+7xB) (4.30)

where v is the drift velocity and ¢ the elementary charge. When the scatter-
ing relaxation time 75 (the average time between two phonon- or impurity-
scatterings) is long enough the particle performs a circular motion (cyclotron
motion) with w, = ¢ B/m*, where m* denotes the effective particle mass
(condition w75 > 1). However, if w.7s < 1 the particle “forgets” its his-
tory with each collision and performs a random walk with an averaged net
velocity in the direction of F.If B is perpendicular to & the carriers drift
at an angle O, (Lorentz angle) with respect to the direction of the electric
field

tan(©L) = pug - |B| . (4.31)
The Hall mobility pz is related to the drift mobility via

HH=TH I (4.32)

where 77 is of the order of unity?. The factor 7z represents the influence
of the magnetic field on the scattering relaxation time 7.

The Hall factor g normally depends on the carriers energy states and on the
scattering mechanisms involved. There are some models for analytical calcu-
lations (see e. g. [12]), but in most cases of applications of semiconductors g
has to be measured or evaluated numerically with Monte Carlo techniques.
Some values for ry for different temperatures and doping concentrations
are given in [59]. For electrons in n-type silicon (Np = 1.75-10'* cm3) and
holes in p-type silicon (N4 = 3.1 - 10" cm™3) it is [59] stated that

ri; =115 and b =0.72 . (4.33)

26y is also related to the Hall coefficient Ry used for the Hall effect: Ry = ru/(no q),
where nyg is the density of carriers.
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4.7.2 Irradiation Effects

In highly irradiated silicon sensors the drift properties are affected by ra-
diation induced lattice displacements. In particular they are influenced by
the change of the effective doping, by the increased depletion voltage and
by trapping effects.

The change of the effective doping concentration under irradiation Neg(®)
with fluence ® was subject to many investigations and is quite well under-
stood. A summary and a description of the important parameters can be
found in [20]. A key result is that, after type inversion has occurred, the
effective doping concentration increases linearly with the flux.

Due to the increased doping concentration after type inversion a higher
reverse bias voltage is needed to maintain a reasonable depletion depth.
The resulting higher electric field reduces the mobility such that

n(E) = - (4.34)

15<
+z

with u, being the mobility at low electric fields; &, is a normalisation pa-
rameter depending on the material and ¢ = 1 is used for holes and { = 2
for electrons [60]. However, this formula can not be easily adapted to the
Hall mobility, e. g., it is well known that the Hall mobility becomes less de-
pendent on the electric field with increasing magnetic field strength [15].
Moreover, the magnitudes of the high field effects depend on the orientation
of the fields with respect to the crystal lattice. In [15] and in the references
quoted therein some theoretical considerations about the Hall mobility are
made. Measurements and numerical calculations dealing with these subjects
can be found in [61].

Trapping effects lead to a decrease of the number of charge carriers. But
from the electrical point of view trapped charge remains active. Since the
preamplifiers are charge sensitive, they are also sensitive to image charge
induced by trapped carriers.

4.7.3 Experimental Principle

In order to avoid a measurement of the Lorentz-angle depending on cluster-
formation or an underlying charge carrier dependent model a method was
chosen which determines the angle only using trigonometric relations.

To experimentally determine the Lorentz angle a method relying only on
trigonometric relations was chosen. This grazing angle method [62] was de-
veloped in order to determine the depletion depth profile of irradiated silicon
pixel detectors, alternatively to the commonly used C-V measurement.
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Figure 4.70: The upper figure shows a three-dimensional section
of the pixel detector with a traversing particle. o is the grazing
angle and  parametrises the mean arrival position of the elec-
tron cloud. Knowing these two angles the Lorentz-angle © can
be calculated. The front view of the detector below shows the drift
directions of electrons and holes from different bulk-depths.

The principle is shown in figure 4.70. Ionising particles, traversing the de-
tector under a very shallow angle «, generate signals which can be seen on a
line of pixels forming a “signal-street”. Each pixel in the line collects charge
from a given segment of the traversing particles trajectory and hence from
a given depth segment in the bulk. The signal ends at the pixel row under
which the particle leaves the detector or enters the undepleted region (at
depth z,). The latter applies mostly to the irradiated case when the full
depletion voltage would exceed the breakdown voltage.

With a magnetic field perpendicular to the electric field the drifting charge
carriers are deflected by the Lorentz-force. They reach the surface with a
displacement proportional to their drift length. Therefore, Pixels near the
end of the “signal-street” are expected to share some charge with the adja-
cent pixel rows. From the angle of incidence of the traversing particle (« in
figure 4.70) and form the deflection distance y = z,, - tan ©p, it is possible
to obtain the Lorentz-angle directly. Due to the linear dependence of y on
the charge creation depth ©y, can be parametrised by a single angle (£ in
figure 4.70). This then leads to the simple equation

tan
tan o

tan O, = (4.35)
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4.7.4 Experimental Setup

For the measurements mentioned above two silicon pixel detectors were
available. They consisted of 256 n-type pixels (8 rows a 32 pixels) in a 280 pm
thick low resistive n-type bulk. The pixel dimensions were 125 ym x 125 ym,
isolated with a closed, 8 yum thick p-stop ring. The full depletion voltage
was measured to be —123 V, the bias voltage applied for the measurements
was —144 V. A more detailed description of the devices can be found in [7].
For the readout the 256 pixels were routed with metal connections to wire
bond pads. The readout was done with two APC-128 analogue readout
chips [63].

O-level trigger TU::?Q
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>
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< > EE
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Reset
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DAQ
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Figure 4.71: The setup
of the beam-test with
the pixel detector in the
middle of the four x-
y planes of the telescope.
The overall length was
about 60 cm.

Lxy  2xy Trigger diodes 3xy  Axy

One of the detectors was then irradiated with 6 - 10'* pions per cm? and
annealed for more than a year in a cooled environment (4 1°C). This device
was also kept cool during the measurements. After the irradiation the n-bulk
material had converted to p-type which means that the depletion zone was
growing from the pixel side. Therefore, this detector was still operational
after irradiation even when it was only partially depleted. The bias volt-
age applied was —256 V which led to a depletion zone of 160 ym. The full
depletion voltage was calculated to be around 800 V.

In order to obtain information about the track positions a beam telescope
built by the University of Ziirich was used. Four layers consisting of two
crossed silicon strip detectors each led to a spatial resolution of less than
1 pm. The strip detectors (32 x 32mm? of size) had a 50 um readout pitch.
For the readout VA2 chips were used with a shaping time of 2.3 ys. More
details about this telescope can be found in [53, 56].

For the grazing angle measurement the pixel detectors were tilted by o = 8°
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with respect to the horizontal beam axis. As a trigger two silicon diodes were
placed in front and behind the pixel detectors (see figure 4.71). A Lab-View
controlled VME crate was used for the data acquisition. In order to have
good statistics for the alignment the trigger diodes could be switched to
logical “or”. The data taking was done with both in coincidence.

The experiment was performed at the CERN SPS accelerator ring using
225 GeV /c pions. The trigger rate achieved was about 100 Hz. Two super-
conducting Helmholtz coils provided a longitudinal magnetic field of up to
3 Tesla.

4.7.5 Analysis

First, the data alone were searched for typical signatures of pixel-streets
which were then used to align the pixel detector relatively to the telescope.
In a third step the telescope impact information was taken into account and
finally the angle 8 was extracted.
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Figure 4.72: Left: accumulated street signals in the unirradiated detector, one
pixel per bin, impact point on the left, magnetic charge deflection downwards;
right: the same plot generated with data from the irradiated detector.

Figure 4.72 shows the pixel-streets. Here a few hundred events were super-
imposed and aligned according to their impact pixel. The impact point is
located on the left. The B-field vector pointed from left to right, which led
to a downward deflection. The pixels on the right of the signal street had
the longest drift-path and hence the biggest deflection.

Figure 4.73 shows the same data as figure 4.72 but with a finer binning for
the impact point. The horizontal axis is the same as in figure 4.72 whereas
the vertical axis only covers two pixels (in units of pm).

For the analysis only equation (4.35) was applied. The angle of incidence of
the traversing particle (o) was measured using the projection of the pixel
detector onto the telescope detector plane. All the telescope entries which
had a corresponding pixel entry were recorded. With the knowledge of the
physical dimension of the pixel detector the angle « could be obtained from
the the telescope information. Afterwards the angle a was cross-checked with
a vertical laser beam reflected from the surface of the pixel detector. The
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irradiated device
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Figure 4.73: The same picture as in figure 4.72 but with the telescope impact
information included; left: unirradiated detector (Vis = —144V, T = 20°C,
B = 3 T); right: irradiated detector (Viis = —256V, T = —3°C, B=31T).

result for o was (7.6340.03) ° in the unirradiated case and (5.93+0.07) ° in
the irradiated one.

For the angle 8 the charge distribution asymmetry

Qn — Qz

A 0. 10 e [-1,1] (4.36)
was calculated for each pixel of a signal street, where @); stands for the charge
collected by pixels of the impact pixel street and @), for the charge deflected
to its neighbour. For A = —1 all charge carriers drifted parallel to the E-field
and were collected by the impact pixel row. A value A = +1 corresponds
to the case where all charge carriers were collected by the neighbouring
pixel. Therefore, the interval A = [—1, 1] corresponds to a full pixel pitch of
125 pm. In figure 4.74 the values for the +3 T data are plotted versus the
street length for the unirradiated and the irradiated detector. The angle § of
equation (4.35) was obtained by fitting a straight line to the data. In order
to decrease the systematic error the values of 8 at symmetric B fields £2T
and +3 T were averaged in the unirradiated case. Due to technical problems
only data for +3 T were available for the irradiated device.
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Figure 4.74: Charge asymmetry A along a pixel street according to equa-
tion (4.36).

In figures 4.73 and 4.74 it can be seen that for the unirradiated device
the charge sharing is linear as a function of street length (which in turn
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is proportional to the depth of the released charge carriers). The results
are given in table 4.4. However, the situation seems more complex for the
irradiated device, since the first part of the pixel street (originating from the
bulk area close to the surface) indicates a reduced charge sharing compared
to the second part (which comes from the deeper bulk-area). This different
behaviour must be attributed to the changes in the device that occur after
type inversion, where the effective doping Neg increases and other effects like
charge trapping arise The change of Ng together with a limited bias voltage
may also lead to low field regions close to the surface between pixels and
therefore modify the detailed charge sharing pattern due to the Lorentz-
effect. Less distinctly, such effects may have already been present in the
unirradiated sample. This is why the first three data points in figure 4.74
were not used for the fit.

For the analysis of the irradiated device we used two straight line fits (fig-
ure 4.74 right) leading to two extreme values for the Lorentz-angle. In ta-
ble 4.4 the results are shown. They refer to the conditions prevailing during
the run.

Table 4.4: Lorentz-angle values of unirradiated and irradiated
sensors for different magnetic fields.

Or O
B-field unirradiated irradiated
2T  (12.841.3)° -
3T (18.2+1.2)° (6.2+3.0)° < ©p < (26.8+3.6)°

4.7.6 Discussion

The values for the unirradiated silicon are in good agreement with previous
measurements [9, 53]. Moreover, the results for 2 and 3 Tesla are consistent
with the B-field dependence of equation (4.31).

The interpretation of the situation in the irradiated case is more complex.
The charge sharing pattern is not uniform over the depth of the device. The
result in table 4.4 shows a rather large range that is due to the simplified
straight line assumption in our analysis. OQur current understanding is that
the reduced Hall mobility in the high £-field regions of the detector do not
sufficiently explain the observed experimental behaviour. In addition, it is
assumed that regions of low electric field strength below the surface between
the pixels suppress the Lorentz-effect. In order to verify this idea a simula-
tion was performed to model the contributions that could not be resolved
by the measurement. A detailed description and the results of this simula-
tion can be found in [7]. It includes time resolved signal formation on the
sensing electrodes, trapping effects for electrons and holes as well as unde-
pleted regions. The comparison between simulations which model regions of



4.7 Measurement of the Lorentz-Angle after Irradiation 119

low field, and calculations where these regions were disabled support our
interpretation of the experimental data.

However, in a measurement this behaviour normally remains concealed if the
applied method does not probe the sensor for various bulk depth segments.
The grazing angle method, which acts like a “three dimensional light spot
measurement”, is an ideal tool for such studies.

The temperatures and bias voltages during the measurement were not iden-
tical for the unirradiated and the irradiated devices. It is expected that the
Lorentz-angle varies with changing conditions. The comparison of the two
results would therefore require a correct scaling of the different temperatures
and bias conditions. However, it is important to note that our measurements
for the irradiated device were done under the similar conditions that will be
encountered by the CMS pixel detector at the LHC accelerator.






CHAPTER

FIVE

CONCLUSIONS FOR THE
CMS PIXEL DETECTOR

The main conclusion from the investigations presented in this work is that
we have a working sensor design which is able to meet the demands of
LHC, in particular to cope with the high radiation dose-rate. The addressed
problems and their answers are listed in the following:

0 The pixel isolation was found to saturate at a fluence of ~ 2 - 10 ha-
drons percm? with an inter-pixel resistance of a few GS. In spite of
this unexpected high resistance no stochastic discharges were found.
Such discharges were observed in former tests [7]. Therefore, the cur-
rent p-stop design fulfils its task. There was no significant difference
between oxygenated and standard silicon sensors with respect to the
pixel isolation.

0 A guard ring design was found that holds up to 1kV after irradiation,
which by far meets the specification of 300 V given in the CMS Tracker
Technical Design Report [4].

[0 The total pixel capacitance was measured to be (25.7 + 1.8) fF for the
pixel design proposed in the Technical Design Report [4]. This value
is lower than expected. Therefore, an increase due to design changes
can be tolerated.

O MOS capacitors proofed to be good instruments to investigate the
Si-Si0y interface. In unirradiated devices the oxide charge- and the
interface defect-densities could be measured. This allows to determine
variations between the processes of different vendors. For example,
such measurements clarified the observed differences in pixel isolation
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Conclusions for the CMS Pixel Detector

between CSEM and SINTEF. After irradiation a shallow layer of un-
known thickness was found right below the Si-SiOs interface, where
type inversion did not occur even after a fluence of 6-10'4 cm—2.
With the grazing angle method [62] a tool is available to investigate
the Lorentz-effect (charge sharing among pixels in a magnetic field)
as a function of bulk depth. It was found that the charge sharing is
still sufficient after a harsh irradiation and with partial depletion only.
However, the charge sharing pattern is not uniform over the whole
depletion depth. Zones with high electric field gradients between the
pixels strongly influence the charge drift, and make the charge sharing
less predictable.

Nevertheless, there is still room for improvements. Many of the presented
measurements indicated possible ameliorations of the design. Since many of
the design parameters are highly correlated and some are even contradic-
tory, careful reassessments should be made when a parameter is going to
be changed. Below, some summarising recommendations from my measure-
ments and simulations for the final pixel design are itemised.

O Only one p-stop ring with wide opening

Due to the very high inter-pixel resistance after irradiation one open
p-stop ring around each pixel provides enough isolation. In order to
prevent an early pinch-off of the conductive channel, the opening of
the p™ rings and the distance between them should be made as large as
possible. A value of 15 yum or even 20 um seems to be feasible. There
is no significant difference between oxygenated and non-oxygenated
silicon with respect to the inter-pixel resistance. Hence, future pixel
isolation tests can also be done with standard silicon.

Smaller gaps between the n™ implants

This measure reduces the high field strengths at the sensor surface
between the pixels and leads to a more predictable charge sharing pat-
tern, since the non-linearities of the bulk electric field between pixels
are reduced. A disadvantage is however the higher pixel capacitance.
As shown in this work the pixel capacitance can be increased by a
factor of three without infringing the operation conditions of the CMS
pixel detector system. Since this recommendation contradicts point [1,
a compromise has to be found. For example, the distance between
the n* implants could be chosen as 50 um and the p-stop ring width
as 8 um, resulting in a gap of 18 yum between the p-stops.

Guard ring design with ten guards, as it was presented in this work

The guard ring design with 10 guards fulfils the CMS pixel require-
ments and does not need to be modified. However, since the perfor-
mance of guard rings very much depends on the production process
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some care will have to be exercised if the sensors are finally produced
by other vendors.

O Use oxygenated silicon

From various CERN measurements it is known that oxygen enhance-
ment in silicon reduces the g factor (the radiation induced acceptor
introduction rate). In this work is was shown that the oxygenation
does not influence surface parameters like the inter-pixel resistivity. It
has however a beneficial effect on the 8 factor, since it was shown to
increase the type inversion fluence. These results strongly suggest to
use oxygen enriched silicon for the CMS pixel detector.

U Moderate doping of the p-stop rings

A lower doping concentration in the p-stop rings would lead to a
smaller doping gradient and hence to lower electric field maxima at
the edges of the p-stop rings. At the extreme this leads to the p-spray
technique, in which the p-implant is not spatially defined with a mask,
but sprayed over the whole wafer with moderate concentration. So far,
only very few vendors have experience with this technique.

With these recommendations the final pixel sensor design would look like
figures 5.1 and 5.2. In figure 5.1 a proposal is shown for the pixel front side
of the sensor. For the guard rings on the backside, the design already shown
in figure 3.8 is proposed. For reasons of completeness it is displayed again
in figure 5.2.

nt* implant

p-stop ring

pJr backplane

Figure 5.1: Proposal for the front side. Figure 5.2: Backside proposal.
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APPENDIX A: LIST OF SYMBOLS

Area (e.g., of a diode)

Magnetic field strength

Capacitance

Interface trap capacitance

Oxide capacitance

Parallel plate capacitance

Silicon depletion layer
capacitance

Radiation dose or dose rate

Thickness or distance

Interface defect density

Oxide thickness

Energy

Electric field strength

Fermi energy

Band gap energy

Equivalent noise charge

Planck constant

I(V,;,) Current through pixel at V,,

Leakage current per volume
Electron/hole current density
Boltzmann constant

Length of a channel
Luminosity

Debye length

Effective mass

Minimum ionising particle
Lightly n-doped

Heavily n-doped

Electron concentration
Acceptor concentration
Donor concentration
Effective doping |[N4 — Np|

Intrinsic electron concentration
Non ionising energy loss

Lightly p-doped

Heavily p-doped

Hole concentration

Printed circuit board

Primary knock-on atom
Elementary charge

Interface charge density

Oxide charge density

Silicon surface charge density
Interpixel- or channel-resistance
Hall factor (um/p)

Signal to noise ratio

Time

Temperature

Under bump metallisation
Potential or voltage

Breakdown voltage

Reverse bias voltage over a p-n junction
Flat band voltage

Full depletion voltage

Gate voltage of MOS capacitor
Built in voltage of a p-n junction
Potential of a test- or mid-pixel
Drift velocity of electrons/holes
Thermal velocity of charge carriers
Width of a conductive channel
Depletion depth in n-type silicon
Depletion depth in p-type silicon
Current related damage rate
Ionisation coefficient for electrons
Ionisation coefficient for holes
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B Acceptor introduction rate Ps Sheet resistivity
after type inversion o Conductivity
1) Impact parameter T Generation or recombination
& Permittivity of vacuum relaxation time
Esi Dielectric constant of silicon 7 Scattering relaxation time
gox  Dielectric constant of SiOy o Fluence (time-integrated flux)
] Pseudo rapidity ¢ Potential
©r  Lorentz angle ¢ms  Work function difference
pg  Hall mobility between Al and Si
Unp Mobility of electrons and holes ¢y Silicon surface potential
p Resistivity w Angular frequency 27 f
pm  Density

Pq

Volume charge density



APPENDIX B: CHARGE DRIFT IN SILICON

In this short compilation some empirical
tools are listed to calculate the approximate
silicon drift dependencies on high electric and
magnetic fields, temperature, doping and ir-
radiation induced trapping. It was published
as an Internal CMS Pixel Note [64].

B.1 Introduction

The most accurate description of transport phenomena in semiconductors
can be given by solving the Boltzmann equation ([65] Roth, Conwell). But
quite often one is only interested in macroscopic parameters and their be-
haviour in strong fields (and not in the exact energy states of single elec-
trons). The aim of this work is to summarise some simple approximating
tools and values in order to get an idea how this parameters can be scaled
with changing environments such as electric and magnetic fields, tempera-
ture, irradiation, etc.

B.2 A Classical Equation of Motion

It was shown in the past ([65] Smith, [66], [67]) that transport of electrons
and holes in semiconductors in electric and magnetic fields can be described
relatively well by a single classical (vector-) equation for each particle (accu-
racy = 10%). The nature of the quantum states is introduced by the concept
of the effective particle mass (m*). This equation also includes a linear damp-
ing term g/u - dr'/dt which describes the scattering (at lattice phonons and
impurities) in terms of a relaxation time. The effect of the distribution of
electrons in the energy bands can then be included by allowing the relaxation
time and effective mass to be functions of particle energy and performing a
suitable average calculation.
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One parameterisation of this equation is [66]

25 df¥ = - ar
A T S NS SO A (B.1)

mﬁqudt uodt

where 7 is the position vector of the electron or hole, B (£) the magnetic
(electric) field, respectively, m* the effective mass averaged over all directions
and g the charge with appropriate sign for electrons or holes. The mobilities
w and pp are the normal mobility and the Hall mobility (ug = 7@ - p).

The mobility is related to the averaged scattering relaxation time 75 (ap-
proximately the mean free time between two scatterings) by

p=—-Ts . (B.2)

Without magnetic fields the drift velocity can be written as
’l_)'d = Uu- g . (B3)
If both fields are applied, equation (B.1) has to be solved with the appropri-

ate directions of £ and B. For the general directions of electric and magnetic
fields the steady state solution is [66]

L e
dt = y/ t = Hred
dz/dt

L+ ph By uhBeBy —puB. pBuB + puBy
x U%{B:UBZ/ + puB, 1+ N%{Bz H%{Bsz — By
/‘%{BmBz — puBy M%{BZBy + pa By 1+ /‘%{Bg

where the reduced mobility p,.q is given by

I

= — B.5
HMred 1+II'%IB2 ( )

For small field strengths and doping concentrations below 102 cm—3 the
drift mobilities at room temperature are [59]

i, =1350cm?V ts ! and p, =480cm?V ls ! . (B.6)
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B.3 Hot Electrons and Holes

Within a high electric field, free-charge carriers (electrons or holes) gain
energy from this field. Since the carriers must remain in the energy band
structure of the semiconductor this energy has to be relaxed to the lattice
through increased carrier-phonon scattering. This effect becomes important
if the energy gained from the field is of the same order of magnitude as
the thermal energy of the carriers (e.g. when the drift velocity u - £ becomes
higher than the thermal velocity ~ \/k T'/m*). Since this behaviour is similar
to an increase of the carrier temperature the carriers are said to be hot (hot
electron effect, see [65] Ferry).

Due to the increased phonon scattering the mobility does not remain con-
stant but decreases with increasing field strength. Then, according to equa-
tion (B.3), the drift velocity no longer increases linearly with the field. At
very high electric fields, the velocity saturates.

An empirical analytic expression for the mobility dependence on doping
density and electric field strength was derived in reference [60]. The first
term in equation (B.7) describes the doping dependence on the mobility
whereas the second stands for the field dependence

B Mmax — Mmin 1
M= § Hmin + N o’ . 3 1+1/8 (B7)
L+ (1+(2))
Nref Ee
&, is a function of doping given by
)
E. = = (B.8)

Mmax — Mmin

Pmin+ ———~=&
1 + N eff
Nref

Negr is the effective doping density and £ the electric field. Ny is a
normalisation-parameter, as well as «. 8 = 1 is valid for holes and 8 = 2 for
electrons, vy, is a constant related to the maximal saturation velocity. pimay is
the mobility in pure silicon and g, stands for the mobility saturation value
at very high doping.

However, if the doping variation is so small that the mobility can be assumed
to be independent of it (N4, p < 101° cm*?’) the field dependence and the
temperature are the only scaling parameters remaining. Again, there are
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empirical expressions for the mobility and the velocity [60] given by

1o E/E
= and v = vy ‘ 175 (B.9)

1/8
1 £ ’ 1+ £ ’
e g

with po = v, /&, € is the electric field, &, is here treated as a normalisation-
parameter, as well as v,,. And again 0 = 1 is employed for holes and 8 = 2
for electrons.

AL AL B AL B 107 L BELRLL a1 oo
57108 | electrons E £ electrons
PR o i
N n r ’
< holes E 106 , i
1] S, E - holes 3
L, 102 L E > C
= r
Lol vl il ol SN 105 A il ol
102 10® 10* 105 106 102 108 104 105 106
E [Vemd E [Vcm

Figure B.1: Left: mobility, right: drift velocity vs. electric field; according to
equations (B.9); T =300K, N4 p < 10'® cm™3.

B.3.1 Temperature Dependence

In [68] the equations (B.9) are quoted with § being a variable, depending
also on the temperature. In figure B.1, y and vy are plotted as functions of
the electric field £, according to equations (B.9) (T=300 K). The parameters
are taken from [68] (N4 p < 10 cm™3, T > 250K). The values employed
with their temperature dependencies are given in table B.1.

Table B.1: Temperature dependent parameters for equations (B.9).

electrons holes

V= 1.53-10° - T 987 cms ! v, =1.62-108- 7 92cms !
E =101-T*Vem ! E =124-T188Vem !

B =257-10"2. 71066 B = 0.46 - TO17

An even simpler relationship between yi,,, p1, and T' can be found in [59]. The
following values approximate the temperature dependence of the mobilities
for doping concentrations Ny p < 10 cm=3 and T > 100K:

fin < T7242 o T30 (B.10)



B.4 Magnetic and Electric Fields 131

A very good review related to electron and hole velocities in silicon and their
temperature dependence can be found in [69] in which drift velocities were

measured with the Time-of-Flight technique for high resistivity silicon?.

B.4 Magnetic and Electric Fields

Consider a charged particle drifting in constant electric and magnetic fields.
The resulting force on the particle is

— —

F=q-(E+7xB) . (B.11)

If the time between two phonon- or impurity-scatterings 75 is long enough
the particle performs a circular motion (cyclotron motion) with w, = ¢ B/m*
(condition w, 75 > 1). This method can be used to measure m*. However, if
we Ts K 1 the particle “forgets” its history with each collision and performs
a random walk with an averaged net velocity in the direction of F.If B is
perpendicular to &£ the carriers drift at an angle ©f, (Lorentz angle) with
respect to the direction of the electric field

tan(©1) = py - | B (B.12)

where B is the magnetic field and pg the Hall-mobility. This Hall mobility
is related to the normal drift mobility via

UH =TH" 4 (B.13)

where g is of the order of unity?. The factor 7z represents the influence of
the magnetic field on the scattering-relaxation time 7,5. For not too strong
magnetic fields it can be written as ([65] Conwell)

i _ (BT)E)
1Y (ETs)?

where E denotes the carrier energy. In general, 75 is a function of carrier
energy. If 7, were independent of energy then r would simply be 1. However,
the energy dependence is normally not so extreme that rgy differs greatly
from unity, e.g., if only phonon scattering (acoustic mode) occurs, g can
be calculated to be 37w/8. For impurity scattering alone ry has a value of
about 1.93 [12]. In most cases of applications of semiconductors there are be
several scattering mechanisms involved. Silicon is even a more complicated
case insofar that the surfaces of constant energy are not spherical. Hence g

TH (B.14)

! Also a good analysis of the negative differential mobility (NDM) in (100) silicon for
electrons is included.

%rg is also related to the Hall coefficient Rz used for the Hall effect: Ry = rz/(ne),
where 7 is the density of carriers (Hall voltage V}y = Rul.B./d).
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has to be measured or evaluated numerically with Monte Carlo techniques.
Some values for rg for different temperatures and doping concentrations are
given in [59]. For T = 300K, Np = 1.75- 10" cm 3, Ny = 3.1-10"* cm 3
it is stated that

rp =115 and 7% =0.72 (B.15)

for electrons and holes.

An interesting fact is that in this classical picture the energy dependence of
Ts vanishes in the limit B — oco. Hence 7y =~ 1 for very high strengths of
the magnetic field.

At very high magnetic fields also quantum mechanical effects can also be
found. The condition for this to occur is hw, = hgB/m* > kT ([65]
Conwell). Here the energy bands are converted into a series of energy levels
known as Landau levels due to the quantisation of the cyclotron motion of
the carriers (see e.g. [12]).

B.4.1 Magnetoresistance

Let us look at a carrier drifting in an electric field £, and a magnetic field B, .
The velocity of the carrier, which drifts at an angel ©, with respect to the
electric field (equation (B.12)), can be split into a component parallel to the
electric field vg, and a Lorentz component vy, perpendicular to the electric
and the magnetic field. This velocity component however interacts with the
magnetic field B, again and creates a repulsive second order Lorentz force
which counteracts the original accelerating electric force (see figure B.2).
This effect is known as the transverse magnetoresistance®. The following
“derivation” is very approximate and should only be used in order to get an
idea about the order of magnitude of the effect.

X L, EXJ Fe=-qE VEx i // .
z 3
Bz L 0 L | JFIL
y : y
0 FL=-0-xB Viy -

Figure B.2: Kinetic interpretation of the transverse magnetoresistance for
electrons. The velocity vy, interacts with B, and gives rise to F,.

Geometric considerations and equation (B.12) lead to

vr, = vg, tanOp = pu&y - py B, . (B.16)

3There is also a longitudinal magnetoresistance (£ || B). But in silicon it is much
smaller than in the transversal case, and there is no simple estimate for its strength (see

e.g. [12]).
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With the definition Fy, = g - ¥ X B the repulsive second order Lorentz force
becomes

Fr,=quuu&s B . (B.17)

The quotient Fy,/q€, gives the ratio of this second order Lorentz-force to
the original accelerating electric force
Fr,

Py =—ppn B} = —rpp’B; (B.18)
X

for example, in a magnetic field of 4 T the absolute value of this quotient
is about 0.3 for electrons and 0.05 for holes. For such strong fields the mag-
netoresistance normally can not be neglected. Further information on this
subject can be found in [12].

For high magnetic fields the magnetoresistance effect should be taken into
account in the equation of motion (equation (B.1)). In this simple model
with & = (€2,0,0) and B = (0,0, B,), both velocity components v, as well
as vy are affected by the same factor. The ratio of v, and v, however, which
corresponds to the tangent of the Lorentz-angle, remains independent of the
magnetoresistance

tan@L:z—y —uy B, . (B.19)

T

More accurate models which distinguish high and low fields can be found
in [12].

B.5 Effective Mass m*

In the equation of motion (equation (B.1)) the effective mass of the charge
carriers (electrons and holes) is quoted instead of the free electron mass.
With this concept the “definition” of the electric force as F = ¢-& = m*d& /dt
remains valid even for the different energy states which charge carriers can
have in a energy band.

Since in silicon the surfaces of constant energy are not spherical the effective
mass depends on the energy band orientation. For electrons one normally

distinguishes a longitudinal and a transversal effective mass  as determined
in [70]

m; =0.98m; and my =0.19my . (B.20)

“In the Brioullin zones of silicon the surfaces of constant energy in the conduction band
are rotational ellipsoids. Since they have two symmetry axes it is convenient to describe
them with two effective masses.
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Here, m{ denotes the free electron mass. Due to the degeneration of two
valence bands in silicon, there are also two effective masses for holes. Here
the terminology commonly used is light and heavy holes. The values quoted
in [68] are

m; =0.16mg and m) =0.49mg . (B.21)
In the equation of motion the averaged effective mass is required. Nor-

mally, the so called “conductivity effective mass” is calculated by the inverse
sum [48] which

for electrons is

1 1 1 2
==+ = B.22
w3 (ml * m> (B.22)
and for holes is
1 1 ( 1 1 )
— ==l + —5 . (B.23)
m;; 2 m‘;’ mﬁ
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The relationship between the charge distribution p, in the depletion region
and the electrostatic potential ¢ is given by the one dimensional Poisson-
equation

d2¢ Pq q
dz2 i i ( D A) ’ ( )

where g;e, is the permittivity of silicon and Np 4 denotes the donor (ac-
ceptor) density, respectively. The second equation already makes use of the
depletion approximation, which assumes the depletion region to be totally
free of any mobile charges (ng = py = 0). The depletion region widths z,, and



136 Depletion Width Calculation

zp can now be calculated separately. If we take the origin at the junction,
the n-type region equation becomes

2
U:—qND forO0<z <z,
dx? Esi€o
d2
d—ﬁ =0 for z > z,, (C.2)

Integrating (C.2) with respect to z and using the condition that the electric
field is zero at x,,, we can write

do T
Rk 1— = C.3
Ela) =~ = (1- 2 ) (©3)
where the maximum field &, occurs at £ = 0 and is given by
N
Em=—LLy . (C.4)
&sifo

The expression for £(z) can be integrated once again to yield

P(z) = aNp (:vnw — %2) : (C.5)

&ibo

In deriving this relation we used the boundary condition ¢ = 0 at z = 0.
The potential V;, at the edge z,, can be obtained from equation (C.5) as

gNp
= . C.6
Vn 2€sigown ( )

Similar calculations made on the p-side of the junction lead to the following
expressions:

£(x) = Em (1 + ﬁ) (C.7)

Tp
En =221z, (C)
() = Z;]Xj (a:px - %2> and (C.9)
v, = —quNi 2 (C.10)

Equation (C.10) was obtained by substituting z, = —z in (C.9). The electric
field at = 0 must be continuous, so that the values of &, are the same for
both sides. Hence,

NA‘-Tp| ZND|J?n| (C.ll)

which means that the space charges on the two sides of the junction have
the same magnitude. From this equation one can also see that the depletion
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width on each side of the junction is inversely proportional to the doping
concentration on that side. Thus, in a junction where N4 is orders of mag-
nitudes higher than Np, the depletion region extends largely on the n-side,
making z, negligible compared to z,, (one sided abrupt p™-n junction).

The total change in potential from the p- to the n-side is the difference
(Vo — V), which can be written as

q
26556

Vo= Vo = Vbias + Vi = (Npz} + Naz?) . (C.12)
It can be seen from equation (C.12) that, in a asymmetrical junction where
N4 and Np are different, the major portion of the potential drop occurs on
the low doped side, where the depletion region is thicker. If the differences
are several orders of magnitude, the high doping part of the voltage drop
can be neglected (V}, in the example above). With this approximation one
obtains the well known depletion region formula:

g = \/ 2esice (Voias + Vi) (C.13)
gNp







APPENDIX D: MOS-CAPACITORS

D.5.1 Model of an Ideal MOS Capacitor

In this appendix the equations needed to obtain the oxide charge concentra-
tion @,y and the interface defect density Dj; from MOS-CV measurements
are developed. The calculation mainly follows arguments given in [11, 19, 47].

Vg + small AC signal —|

. -
e e

gate (Al)
1 SiO,
R

n-silicon

Figure D.1: Cross sec-
tion of a MOS capacitor.

n*-implant (ohmic contact)

The MOS capacitor in figure D.1 would act as a parallel plate capacitor with
Si09 as dielectric medium if silicon were a perfect conductor. However, the
MOS capacitor is more complicated because the silicon surface potential is
influenced by the gate voltage.

When a DC voltage Vj is applied between the gate and the silicon substrate
the potential at the silicon surface under the gate is altered, but no current
can flow because of the insulating oxide layer in between. Consequently,
the surface space charge region in the semiconductor remains in thermal
equilibrium. But the change of the potential at the semiconductor surface
results in a modification of the mobile charge concentration at the surface,
depending on the magnitude and the sign of V.

One part of V; appears across the oxide (Vo) and one part across the silicon
(¢s), so that

Vy=Vox + s - (D.1)
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If we assume the electric flux to be continuous (no charges directly at the
interface) we get from Gausses law:

goxgo@ = giels = —Qs (D2)
dox
here g,x& and &;ie, represent the oxide and silicon permittivities, respec-
tively, & is the electric field at the surface of the semiconductor , ()5 the
silicon surface charge density and dox the oxide thickness. The small signal
capacitance of a MOS capacitor is defined by

_ 49y _ _ds
AV, dVy

(D.3)

where Q; = —Q; is the charge per unit area on the gate electrode. With
the definitions (per unit area) of the oxide capacitance Cox = €ox&/dox and
the silicon depletion layer capacitance Cs = —dQs/d¢s = &ico /Tn (Tn repre-
sents the depletion depth) the normalised capacitance C/Coy can be written
as [11]:

A (D.4)

For a given oxide thickness dgy, Cox is constant and independent of the gate
voltage. Hence, if the voltage dependence of C; is known the ratio C/Cyy
can be calculated for a given V;. This is done in the following.

At V; = 0V the MOS system is in thermal equilibrium, the bands are flat
and there is no charge in the semiconductor (flat band condition, ¢; = 0V).
A small AC signal, e. g., applied to measure the capacitance, produces a nar-
row dynamic depletion region in the semiconductor, whose thickness equals
the extrinsic Debye length Lp (the screening length of the Debye Hueckel-
theory), given by

kT egie,

Lp= |-
q*(no + po)

(D.5)

For a n-type substrate ng = Np and py = 0. Substituting Cs = &g, /Lp in
equation (D.4), the normalised flat band capacitance Crp/Cox
= C(¢s = 0V)/Cox can be written as

Or_ 1 (D.6)
COX 1 + C1OxLD
&sio

When the gate voltage is made positive the electron concentration increases
above ng (accumulation regime, see figure D.2). This causes a decrease of
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Figure D.2: Energy band diagrams of an ideal MOS capacitor

under flat-band, accumulation, depletion and inversion conditions;

FEyp: Fermi energy, E;: intrinsic Fermi energy, E.: conduction band
edge, E,: valence band edge.
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the effective Debye length and a consequent increase of the capacitance Cs.
Thus, the ratio C/Cox starts to increase for positive values of V, until a
large number of excess electrons are pulled close to the oxide. As a result C;
becomes large and C/C,yx approaches unity (i.e., C = Cpy).

For a negative value of the gate voltage V, electrons are pushed away from
the interface creating a depletion region in the semiconductor (depletion
regime). The depletion region capacitance, in series with the oxide capaci-
tance, reduces the total capacitance well below C,y. For more and more neg-
ative values of V,, the depletion region continues to grow until V; becomes
sufficient to create strong inversion® at the surface (inverstion regime, see

figure D.2).

Inversion Depletion ~ Accumulation

AC

/’

Figure D.3: Ideal
Cox MOS capacitance-
voltage curves: (a) high
frequency, (b) low fre-
Vgate quency, (c) depletion
Y > approximation.

VFB
(ideally Vg =0V )

Theoretically, the potential distribution ¢ in the surface region could be
obtained from the solution of the one-dimensional Poisson equation

PO P pe =a(Np — N4+ po — no) (D.7)

dz? Esi€o
and Cs could be calculated as a function of V,. However, since C' = Cyx
in the accumulation case anyway, Cs has only to be calculated for deple-
tion and inversion. And this can be done with the depletion approximation.
Accordingly, the depletion region is regarded as completely free of mobile
carriers, so that ng = pg = 0. For a n-type substrate this simplifies the
Poisson equation to

d*¢ Np

—_— == ) D.8
dx? Esi€o (D-8)

Solving this equation with the boundary conditions d¢/dz = 0 and ¢ = 0

%Strong inversion is said to occur if the the minority charge carrier concentration ex-
ceeds the majority carrier concentration. This condition corresponds to the threshold
voltage in MOS transistors.
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at x = z,, leads to

qNpx2

2
x
s =o.(1-2) win go= 270 (D9
With the definitions of ¢,, Cs and equation (D.1) the ratio C/Cyy can be
written as

© ! . (D.10)

Cox 2V,
1+ —2—C2
\/ q&icNp o

Calculations made using the depletion approximation and equation (D.10)
are shown by the curve (c) in figure D.3. The curves (a) and (b) are explained
in the next paragraphs.

As mentioned above the MOS capacitance C' is measured by superimposing
a small AC signal (about 5mV) on the DC gate voltage. In the accumula-
tion and depletion regime the change of the charge in the semiconductor in
response to the applied signal requires the flow of majority carriers (i. e., elec-
trons in a n-type bulk). They either move in or out of the depletion region.
The time constant associated with this charge transport is the scattering re-
laxation time 7,, which is in the order of 10~ s. For signal frequencies w, for
which wts < 1, the C-V curves for the accumulation and depletion regimes
is independent of the frequency. But in the inversion regime the charge flow
in response to the AC signal also includes movements of minority carriers
(i.e., holes) between the inversion layer and the neutral silicon bulk. Here,
the MOS system shows a strong frequency dependence.

At high frequencies and in the inversion regime the response to the AC signal
is mainly that majority carriers (electrons) move in and out of the depletion
region edge at ¢ = z,. The measured capacitance in this situation is the
oxide capacitance C,y in series with the depletion region capacitance Cs.
The capacitance C reaches a minimum when strong inversion occurs at the
semiconductor surface. Then, the inversion layer concentration shields the
depletion region from a further increase. This corresponds to the curve (a)
in figure D.3.

But if the frequency is so low that electron-hole pairs can be generated be-
fore the AC signal changes its sign the generated holes move to the inversion
layer while the electrons replace the electrons that had moved out of the de-
pletion region edge. In this case the inversion layer fully responds to the AC
signal and the measured capacitance C' is the oxide capacitance alone. Thus,
C/Cox rises again towards unity in the inversion regime (dashed curve (b)
in figure D.3.

Common frequencies for the high frequency curves are 10kHz or higher.
Theoretically, the low frequency behaviour should be observable below
about 100 Hz. But in reality so called quasi-static techniques with frequen-
cies of 1 Hz or below have to be applied. (see e.g., [19])
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D.5.2 Real MOS Capacitors

In the discussion of the ideal MOS capacitor we have assumed that there is
no band bending in the semiconductor for V; = 0 V. This condition is not re-
alised in practise. The following factors lead to a non-ideal behaviour of the
MOS capacitor: (1) metal-semiconductor work function differences, (2) im-
mobile oxide charges, (3) mobile ions in the oxide and finally (4) interface
traps.

08 —

06 |- ] |

@ s (VOItS)

Figure D.4: The metal-
silicon workfunction dif-
ferences ¢ns plotted as a
function of silicon doping
for Al, Au and polysili-
con gates (from [11]).

Workfunction differences ¢,s: Analogous to the built in potential of a
p-n junction, the work function difference between the gate metal and
the semiconductor causes a band bending at the semiconductor sur-
face. In order to achieve the flat band condition, a gate voltage equal
to the work function difference ¢, must be applied. The work func-
tion differences for several materials are plotted in figure D.4. For our
doping concentrations of 2 — 3 - 10'2cm ™2 in n-type silicon (see sec-
tion 3.3) ¢ms & —0.5V, which simply causes a parallel shift in Vpg:
AVPms = _0.5V.

Immobile oxide charges Qox: These charges consist of two different con-
tributions, namely fixed and trapped charges (see figure D.5). Both are
normally positive. The first category originates in the oxidation process
and is not influenced by irradiation, whereas the latter one increases
even for low doses until it saturates at about 3 - 10'2cm~2 [19]. Tt
has been determined experimentally that most of the immobile oxide
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charge tends to reside very close to the Si-SiOs interface. Therefore
it is a common practice to assume a sheet charge Qo right at the
interface, which causes a parallel flat band voltage® shift of

Qox
Cox

AVEr = — (D.11)
These oxide charges are also responsible for the electron accumulation
layer at the semiconductor surface. The positive net-charge of the oxide
charges cause a negative “mirror-charge” in the silicon, which is known

as the electron accumulation layer. For more details it is referred to [19]
and [71].

Metal

Mobile ionic charge (Q,,)

Oxide-trapped charge (Q,,)
g*. + + Fixed oxide
— — — charge (@)
e B @B e &8 s . .
* Figure D.5: C(lassi-

\‘Mem _— fication of charges in

charge (Q) thermally grown oxide

i (from [71]).

Mobile oxide charges: They are primary due to alkali ions like Na™, K+
and LiT, which are present in the cleaning solutions that are used
during the production process. But the concentration is fairly low and
therefore they are not taken into account in the further analysis.

Trapped interface charges Qj;: They are mainly due to the breaking of
covalent bonds at the Si-SiOy interface, created by structural defects
or radiation. Unlike the other imperfections discussed so far, which all
cause a parallel shift of the C-V curve along the voltage axis, the in-
terface traps cause an uneven shift at different surface potentials. This
is because the amount of charge trapped at the interface depends on
the surface band bending. The amount of (positive) interface trapped
charge in donor like traps’ in a n-type bulk is smallest in accumula-
tion and highest in inversion. The reversed order applies to acceptor
like traps® (with negative charges). As a result the C-V curves are
stretched out along the voltage axis. This stretch-out can be written

6The flat band condition means that the energy bands of the semiconductor are not
bent at the surface, i.e., that no charge is induced in the semiconductor.

"A trap that is neutral when it is filled with an electron and positively charged when
it is empty.

8Traps which are negatively charged when filled with an electron and neutral when
empty.
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as
Cox d‘/g = [Cox + Cit(¢s) + Cs(¢s)] d¢s (D'12)

with Cit(¢s) = —dQi¢/d¢s being the interface trap capacitance per unit
area. For frequencies high enough that the interface trapped charges
do not respond to the AC signal (about 1MHz or higher) the C-V
curve is only stretched (due to changes in C;), but Vpp is not shifted
(i.e., Cjx = 0). The oxygen- and the depletion-capacitances are simply
in series:

CsCox

— o Tox D.13
Co+ Con (D-13)

Cur

For very low frequencies all interface traps respond to the AC signal
and C} is maximal. The traps act like a capacitance C}; in parallel
with Cs. Therefore,

o Cox(Cs + Cit)
Crr = Co 1 C. 1 Cn (D.14)
and
Ci(s) = q | Di(#s) + Di(9)| = aDin(s) (D.15)

with D%(¢s) [D%(¢s)] being the acceptor [donor] like interface trap
density, respectively.

Thus, for high frequencies, the whole CV-curve is shifted along the V, axis
by work function differences and oxide charges with

AVpp(HF) = ¢ms — g‘”‘ (D.16)

and stretched out by interface trapped charges, according to equation (D.12)
with Cj = 0. For low frequencies, the same stretch-out function applies
(with Cj # 0), but the interface trapped charge also contributes to the flat
band voltage shift:

Qox

AVip(LF) = s — 2 + Cq / Du(E)E (D.17)

where Dj; is integrated over the band-gap.

For the experimental determination of Dj; equations (D.13) to (D.15) are
used. Equation (D.13) is solved for Cs:

C, = (i _ )1 (D.18)
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and equation (D.14) for Cj:

= (g=-g >_1_cs . (D.19)

Crr  Cox

With equations (D.18) and (D.19) the interface trap capacitance Cj; can be
expressed as

Crr\ " Cur\ "
= _ 1— 1— , D.2
Cit = (Crr — CHr) ( Cox) ( C ) (D.20)

which can be translated into an interface state density (Djy)? with equa-
tion (D.15):

Dy = 4t . (D.21)

9 According to equation (D.21) the units of Dy should be [Ccm™2 eV ™). But since the
interface traps do have charged and uncharged states, it is a common practice to give the
interface trap density in [cm™2eV™1].
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