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Preface

In the post era of the Z and W discovery, after the observation of jets at UA1 and
UAZ2 at CERN, John Ellis visioned at a HEP conference at Lake Tahoe, California,
in 1983 “To proceed with high energy particle physics, one has to tag the flavour
of the quarks!”

This statement reflects the need for a highly precise tracking device, being able
to resolve secondary and tertiary vertices within high-particle densities. Since the
distance between the primary interaction point and the secondary vertex is pro-
portional to the lifetime of the participating particle, it is an excellent quantity to
identify particle flavor in a very fast and precise way. In colliding beam experi-
ments, this method was applied especially to tag the presence of b quarks within
particle jets. It was first introduced in the DELPHI experiment at LEP, but soon
followed by all collider experiments to date. The long expected ¢ quark discovery
was possible mainly with the help of the CDF silicon vertex tracker, providing the b
quark information. In the beginning of the twenty-first century, the new LHC
experiments were taking shape. CMS with its 206m? of silicon area is perfectly
suited to cope with the high-luminosity environment. Even larger detectors are
envisioned for the far future, like the SiLC project for the International Linear
Collider. Silicon sensors matured from small 1 inch single-sided devices to large 6
in double-sided, double metal detectors and to 6 (8) inch single-sided radiation hard
sensors. A large group of researchers inside the high energy physics community is
steadily developing and investigating new devices and is pushing the technology to
new limits. These larger and larger devices are the driving force to improve
industrial processing and quality control. Also the readout electronics evolved from
microsecond to nanosecond integration times and to radiation-tolerant sub-micron
technology devices.

This review describes the successes in high energy physics as well as the
developments in technology from the early days of NA11l to the current detector
CMS at the LHC and the design of the future one at High-Luminosity Large Hadron
Collider HL-LHC, ending with an outlook for detectors in an early design phase for
the future linear collider and the Future Circular Collider. The day-to-day life in a
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silicon laboratory and the practical handling and testing strategies and R&D tools
are also described. Particle Physics examples will be given to underline the
importance of silicon tracking devices for high energy physics.

In the second edition, the aspects about radiation are discussed in greater detail
of radiation studies, defect engineering, and concepts for very high radiation levels.
This edition also introduces measurement tools for sensor R&D. More details about
tracking systems are given, how they are operated and how their data is being
treated. Some sections demonstrate how dedicated silicon sensors are finding their
way into large high granular calorimeters and ultra-fast timing detectors.

Karlsruhe Frank Hartmann
June 2017
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Chapter 1
Basic Principles of a Silicon Detector

This chapter introduces the basic silicon properties and their technical application
to set the scene and provide understanding of the silicon sensors functionality. The
writing concentrates on examples of detectors used in particle physics experiments
— in the High Energy Physics HEP. It also describes the working principle of sil-
icon sensors as particle detectors, together with an explanation of their production
processes and design parameter considerations. A lot of teasers and links to infor-
mation about detectors of the last and future 40 years are scattered in this chapter to
underline the introduced parameters with real life examples.

The examples are taken from DEtector with Lepton, Photon and Hadron
Identification DELPHI (Chap.4) at the former Large Electron Positron collider
LEP at CERN in Geneva, the Collider Detector at Fermilab CDF residing at the
TEVATRON collider at Fermilab near Chicago (Chap.5), the Compact Muon
Solenoid CMS experiment (Chap. 6) at the Large Hadron Collider LHC at CERN
and it HL-LHC upgrade (Chap. 7) including the future high granularity silicon-based
calorimeter (Sect. 7.2) and finally the conceptual design considerations for the detec-
tors at the future International Linear Collider ILC and the Future Circular Collider
FCC (Chap. 8). The chapter also briefly introduces silicon non-strip sensors. Also
the R&D methods DLTS, TSC and TCT are being introduced. It concludes with a
quality assurance description and a walk-through prominent historic sensor failures.

1.1 Fundamental Silicon Properties

The Bible teaches us “In the beginning God created heaven and earth”. Today, we
still do not know for sure what heaven is made of, but earth consists of, at least the
upper crust, silicon and oxygen with some dirt (in the form of the other 90 elements)
thrown in for added value.

© Springer International Publishing AG 2017 1
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2 1 Basic Principles of a Silicon Detector

Silicon, the element which revolutionized the development of electronics, is
known as an important and multi-useable material, dominating today’s technology.
Its properties have been thoroughly investigated and are well known. Silicon is used
in solar cells, computers and telecommunication systems. Initially, silicon comes
from the Latin word silex; silicis, meaning “flint”. The physical properties of sil-
icon can be described as a hard, dark-grey solid with a bluish tinge. At ordinary
temperatures, silicon is impervious to air. At high temperatures, silicon reacts with
oxygen, forming an inert layer of silica. Silicon is important in plant and animal
life. Diatoms in both fresh and salt water extract silica from the water to use as a
component of their cell walls. Silicon does not occur in the free, elemental state, but
is found in the form of silicon dioxide and complex silicates. Jons Jacob Berzelius
is generally credited with the discovery of silicon in 1824. Henri Deville prepared
crystalline silicon in 1854, a second allotropic form of the element. Silicon is a semi-
conductor and a solid, which isolates at low temperatures and shows a measurable
conductivity at higher temperatures. The specific conductivity of 10°~10~#Q~'cm~!
lies somewhere between metals and insulators. Since the development of quantum
mechanics the electric conductivity can be explained with the covalent bond in the
crystal lattice. Bound electrons can be excited by inducing energy above threshold
energy (gap energy), e.g. energy from temperature, light, x-ray, 3-particles. Since
the 1960s semiconductors have been used as particle detectors. Initially, they were
operated in fixed-target experiments as calorimeters and as detectors with a high-
precision track reconstruction. Since the late 1980s they have been widely used in
collider experiments as silicon microstrip or silicon pixel detectors near the primary
interaction point. Silicon sensors have a very good intrinsic energy resolution: for
every 3.6 eV released by a particle crossing the medium, one electron—hole pair is
produced. Compared to about 30 eV required to ionise a gas molecule in a gaseous
detector, one gets 10 times the number of particles in silicon. The average energy loss
of a minimum ionising particle in silicon is 390 eV /pum, creating 108 (electron-hole
pairs)/pm; these values being high due to the high density of silicon.

The usefulness and success of silicon can be explained in a handful of keywords:

e existence in abundance

e favourable energy band gap

e possibility to engineer the gap properties by deliberate addition of certain impurity
atoms (dopants)

e the existence of a natural oxide

Since these topics are exhaustively discussed in standard literature like [169, 265,
283], this book keeps the discussion on basic silicon properties, such as band gap,
doping and pn-junctions brief. On the other hand, concepts and formulas necessary
for the understanding of the sensor functionality are presented as well as an overview
of “standard” sensor designs and the reasons for certain ranges of parameters.
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Table 1.1 Silicon properties

Parameter Symbol Unit Value
Atomic number 14

Relative atomic weight 28.0855
Structure Diamond
Lattice constant ap A 5.4307
Lattice orientation (111)
Electron configuration: 15225%2p93523p?
Density Pm gem ™3 2.328
Melting point Tn °C 1414
Boiling point T °C 2355

Gap energy (300K)/(0K) E, eV (1.124)/(1.170)
Dielectric constant & 11.7
Intrinsic carrier density n; em™3 1.45.10710
Mobility

— of the electrons Le cm? [Vs]~! 1350

— of the holes m cm? [Vs]~! 450
Effective density of states

— of the conductance band N. cm ™3 3.22.10%°
— of the valence band Ny cm™3 1.83 - 10"
Max. electric field Eax Vim™! 30

Thermal expansion coefficient 1/°C 2.5-107°
Intrinsic resistivity p kQcm 235

1.1.1 Just Silicon and Some Impurities

Quantitative properties of silicon are shown in Table 1.1. Silicon, as every semicon-
ductor, has a forbidden region in the energy band structure, the band gap. At low
temperature and in the absence of impurities (“intrinsic silicon”) the valence band
is full and the conduction band is empty. Without any impurities, the concentration
of electrons n in the conduction band and holes' p in the valence band are equal
to the intrinsic concentration n; = n = p. This is also reflected in the global charge
neutrality at equilibrium. The mechanism to alter conductivity behaviour is to insert
additional states in the forbidden region to increase the probability to excite electrons
or holes in the Fermi—Dirac sense (see Fig. 1.1). The technical expression is called
“doping”.

Silicon is a type IV material (four valence electrons), it can be doped with impu-
rities to alter its free charge carrier concentration. One can produce “n-type” silicon

lConcept of “holes”: if an electron absorbs E > AE, (Eggp) it can enter the conduction band
leaving a vacancy called “hole” representing a positive charge in the valence band which can move
in an applied electric field. These holes are treated like particles and follow the Fermi—Dirac statistic.
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Fig. 1.1 The numerous impurities establish additional levels in the forbidden zone, e.g. boron near
the valence band decreases the energy needed for hole excitation from 1.12 to 0.045eV. Useful
dopants add levels near the conduction or valence band. The A stands for acceptor, the D for donor.
The levels introduced in the mid-gap region such as those from gold or copper are undesired and
only increase leakage current but are not useful as attributed dopants

by adding type V material, e.g. phosphorus (donor impurity; excess of electrons as

majority charge carriers); “p-type” material can be realized by adding type III mate-

rial, e.g. boron (acceptor impurities; excess of holes as majority charge carriers).
Typical concentration levels are

Si atoms 5 - 10?2 cm 3

n; = 1.45 10" cm™3 at 27°C

HEP silicon sensor bulk 10'? cm—3

HEDP strip/pixel/p*-stop implant doping 10" — 10" cm—3

— on the higher end for latest generations
HEP dedicated contacts 10%° cm 3

light doping (IC industry) 10'® cm—3
heavy doping (IC industry) 10" cm—3

In thermal equilibrium the probability for occupancy of one state at the energy E
for the temperature 7 is given — taking into account the Pauli principle — by the

Fermi—Dirac statistics |

e(E—Ep)/ksT 4 1

FE.T)= (1.1)

where kg is the Boltzmann constant and E  the Fermi energy? or Fermi level.

1
fE=Ep) =3 (1.2)

Ef can be regarded as the energy where exactly half of the available levels are
occupied. With this knowledge, the location in the middle of the band gap for intrinsic
silicon and in-between the additional levels and the nearest band becomes obvious
(see Fig.1.1). The important point to remember is that the Fermi level is shifted

ZFermi energy: “the highest possible energy of a fermion at 7 = 0 K”.
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depending on the impurities. The actual value of E level is essential, whenever a
contact of two materials exists, because it defines naturally the relative levels of all
the other bands (see Fig. 1.4).

In thermal equilibrium, the Fermi energy is constant everywhere. The final number
of free charge carriers is calculated as

n:/ooD(E)'f(E,T)-dE (1.3)
0

with D(E) as the density of states, a pure quantum mechanical distribution counting
all possible energy levels up to the energy E.

The technologically important point is that for all practical temperatures, the
majority charge carrier concentration is identical to the dopant concentration, visible
in the location of the corresponding E (see Fig. 1.1). The densities of electrons n
and holes p then derive to

I

_Ec—Ep . 2omikpT
n= Nce T with Nc=2 T (1.4)
and \
_Ep-Ey . 2mmikpT \ 2
p = Nye %7 with Ny =2 T (1.5)

with N¢ for conduction band and Ny as effective state density in the valence band.
Ec, Er and Ey are the energies of the condition band, Fermi level and valence band.
The m} and m} stand for the effective masses of electrons and holes, respectively,
h is the Planck constant and the factor 2 is derived from the two possible spin states of
the electrons. Obviously the charge neutrality still holds, but free electrons find their
hole counterpart in the additional doping levels and no longer in the lower valence
band. The famous mass action law holds for intrinsic as well as doped material:

n-p=n>=Nc-Nye il (1.6)

where E, = Ec — Ey.

In ultrapure silicon at room temperature the intrinsic carrier concentration is
n; = 1.45 - 10'° cm—3 and with approximately 107> cm ™2 only about 1 in 10'2 silicon
atoms is ionised.

To finally understand the electric conduction mechanism, one has to know about
mobility p and drift velocity vp = pE. It is not difficult to convince oneself that
conduction depends on the number of free charges, their ability to move and their
“motivation” to move. Translating this into a mathematical formula, the conductivity
o and resistivity p of doped silicon material comes to
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1
o = e(uen + ppp) and therefore p = —— (1.7)
e(fen + pp p)

where e is the electron charge, p, and p, are the mobilities of electrons and holes,
respectively, with mobility . = 22 (E the electric field, vp the drift velocity), n and
p are the densities of electrons and holes, respectively. For the pure intrinsic silicon
case at T =300k we get

1

p= ~ 235 kQcm
1.6- 10*19c(135 am? . 1.45-1010%m=3 4 450<12 1 45 . 1010cm 3
(1.8)
Microscopically, mobility p is given by
€Ty
Heh = — (1.9)
me,h

with 7, the time between two scattering processes

1. at crystal defects, like dislocations or undesired impurities — this effect is not
dominant before irradiation, but is the dominant part after

2. at intentionally introduced impurities, namely the doping atoms

3. at phonons, the thermally stimulated lattice vibrations

Since the mobility p drops with increasing dopant concentration, the conductivity
o does not increase linearly with doping concentration. The mobilities in silicon
are quite high and therefore suited for the use as HEP detectors. The mobility for
electrons and holes is z, = 1350 cm?/Vs and p;, = 450 cm?/Vs, resulting in about
10 ps/pm with E> 5. 10* V/cm or below 10ns collection/readout time in silicon
sensors of several 100 wm thickness.

It is worthwhile to note that at high fields the velocity is not any more proportional
to the electric field; or said differently the mobility is not constant any more [283].
At very high fields the velocity even saturates, at around E = 107 V/cm for Silicon at
T=300k, which is an interesting property of the base material. Linearity is given for
holesupto E ~ 2 - 10* V/cm but already ends around E ~ 7 - 10* V/cm for electrons
in high-purity silicon materials. The effect is therefore close to negligible for sensors
used before the era of the LHC and even then only lightly relevant for the pixel
sensors collecting electrons. An example of hole and electron mobilities and their
dependence on field and doping concentrations in a strip sensor is presented later in
Fig.1.18.

A very important factor for silicon sensors is the base resistivity p. In material
dominated by one type of impurity, e.g. the donor dopant density N, is much larger
than the intrinsic carrier concentration, the following expression for the resistivity p
is valid: |

= 1.10
P= e(uly) (1-10)
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This is a very important parameter, which has to be carefully chosen for sensors. It
will be shown later that it is inversely proportional to the minimal detector operation
voltage. Generally, high resistivity (5 — 10 kQ2cm) material is preferred, but low?
resistivity (1 — 3 k2cm) material was chosen for the CMS experiment at the LHC —
details and reason, see Sect.6.4.1.

So far, the number of free charge carriers and the neutrality of the solid object
are considered only in a static way. In the real device, we have a dynamic equilib-
rium. Electron—hole pairs are generated and recombine all the time, only the average
concentration remains constant.

Figure 1.2 is more educational than representative for a real device. In an ideal
indirect* semiconductor (like silicon) an exited electron (hole) cannot recombine on
its own. A phonon is needed to simultaneously conserve energy and momentum. In a
real device the recombination rate is completely dominated by second order effects —
additional levels in the forbidden gap (Fig. 1.3). The lifetime 7, is completely defined
by the impurities, like interstitial atoms, such as Fe, Ni, Cu, Au, the dopant atoms,
crystal dislocation or grain boundaries:

1
= 1.11
TL o N, ( )

with v, as the thermal velocity (=107 cm/s), the charge carrier cross-section
o(~10~"5 ¢cm?) and impurity/trap concentration N;.

The important message from the Shockley—Read—Hall theory (schematically dis-
played in Fig. 1.3) is the role played by the impurities, acting not only as traps but also
as generation centres for electron-hole pairs. The direct band to band (E¢ <> Ey)
generation or recombination is technically negligible. Dislocations or precipitates in
the active device regions or point defects in the silicon crystal and especially metal
impurities like Cu, Au, Fe, Cr, etc. introduce new ‘deep’ levels inside the band gap.

3Not to compare with low resistivity IC silicon material with 10 — 100 Qcm.

4The lowest conduction band energy does not lie at the same position in k-space as the highest
valence band energy.
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Fig. 1.3 Shockley—Read—Hall in a nutshell: The Shockley—Read—Hall theory (Shockley and Read
[270] and Hall [126]) describes in detail the second order effects, which in reality are the most
relevant mechanisms. Defects take the function of step stones to generate or recombine free charge
carriers. Depending on the placement of the levels, reflecting different species of atoms, lifetimes
T range from ns to ms. R§: transit rate of electrons from conduction band to deep level; electron
capture

R: transit rate of electrons from deep level to conduction band; electron emission

R'u“: transit rate of holes from valence band to deep level; hole capture

Rg: transit rate of holes from deep level to valence band; hole emission

The deep levels are also often called generation-recombination centres or briefer
recombination centres or also intermediate-level states. The mechanism leads to a
reduction of minority carrier lifetime and thus influences device characteristics.

The emission/capture’ rates are primarily defined by the deep level cross-section
oe.n» the energy difference to the valence/conduction band and the fraction of deep
level states occupied by electrons n,; (holes pg;) in the first place, naturally dependent
on temperature. In steady state/thermal equilibrium® we have R, = Ry (tf. Fig. 1.3).
Therefore, similar to formulas 1.4 and 1.5, the emission rates R{ and Rg can be
quantified as

Eai—Ec,v Eaieh
eh _ =g BTy
R®" = (n,plar-cen - Nev-e T = (n,plai - Och  Vinsen - Ncv - € 5
(1.12)

with the activation energy E,.., & Eq4 — Ec v, the capture coefficient c, 5, the deep
level cross-section o, , and the thermal velocity v;p.e p.

Shortly, the influence of 7, on the intrinsic leakage current of silicon sensors will
be introduced.

1.1.2 The pn-Junction

In an intrinsic silicon substrate — the size of a standard silicon sensor used in high-
energy physics — there are ~10° free charge carriers but only ~2 - 10* generated
electrons induced by an ionising particle. The resulting signal would be lost in the

5The capture rate is similar, but here also the concentration of free electrons (holes) in the conduction
(valence) band to “feed” them are relevant.

6 According to the principle of detailed balance the concentrations of free electrons in the conduction
band and free holes in the valence band have to be constant.
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Fig. 1.4 How does p-type silicon behave when brought into contact with its neighbour n-type. By
joining p- and n-type together electrons move to the lower Fermi levels and holes to the higher,
building up a space charge region SCR, where in equilibrium, the Fermi energy Ef is constant
everywhere. To visualize it, first draw band diagrams for the p and n region with their defined Fermi
levels Ep_p, Ef—, separately. The dashed line depicts where the Fermi level Er_; would be in an
intrinsic sensor. Second, join the two parts, the electrons move to the material with the lower Fermi
energy, while the opposite is true for the holes. Last, in the state of equilibrium, a space charge is
built up and the potentials are shifted accordingly, with the Fermi energy constant everywhere

number of free charge carriers. Therefore, the free charge carriers have to be reduced
by several orders of magnitude. This could be achieved by cooling to very low
temperatures or by depleting the silicon volume of free charge carriers, using p- and
n-type silicon in a reverse-biased pn-junction configuration.

Cryogenic cooling would be highly unpractical for large detector applications,
therefore the basic diode properties of a pn-junction are exploited. The scope here
only describes a pn-junction in equilibrium and the actual use of high-doped material
in reverse bias at intermediate temperatures.

The principal concept of depleting a semiconductor volume, thus creating a space
charge region SCR, is visualized in Fig. 1.4. As discussed earlier the Fermi energy
in thermal equilibrium must be constant. Nature establishes the equilibrium by
the movement of the free majority charge carriers into the opposite regions (elec-
trons move to the p and holes vice versa to the n-region) leaving behind ionised
charged dopant atoms. The diffusion current jgisysion 1S described by Fick’s first law
Jdiffusion = —eDVn, equalizing the carrier density according to its gradient Vi with
the diffusion constant D.
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Some basic math is needed to achieve a “feeling” for the device. At the pn-junction
diffusion and recombination produces a space charge layer, creating an electric field
E and preventing further diffusion. The mathematical expressions are visualized in
Fig.1.5. A dynamic equilibrium is created: diffusion flow and field current of both
charge carriers are compensating each other at the pn-junction. The Poisson equation
describes the electrostatic potential ¢(x):

1
77 = o) (1.13)

with g; as relative dielectric constant os silicon in the SCR region. Assuming com-
plete ionisation the charge density o(x) (Fig. 1.5d), with the impurity densities N4
and Np (Fig. 1.5b) (acceptor and donor, respectively) plus the mobile charge densities
n(x) and p(x) (Fig.1.5¢), is described by

o(x) = —q[n(x) = p(x) + Na — Np] (1.14)

In the very localized contact region of n- and p-type silicon, the free charges com-
pensate for the charges of ionised and uncompensated impurities.

In Fig. 1.5d the depleted boundary layer is drawn. This leads to the negatively
(positively) charged x, (x,) region in the p (n) doped volume summing up to the
space charge region’ w:

w=x,—x, (1.15)

Integration of the Poisson equation including the depletion approximation® leads
to a linear behaviour of the electric field strength |E| (Fig.1.5e) n-type region
—x, <x < 0and p-type region 0 < x < x,, respectively, are

qNa
€0Esi

qNp
|E,(x)] = +——x +x,); |E,(x)| =+ (x —xp) (1.16)
€0ESsi

Integrating twice leads to the parabolic behaviour of the potential ¢(x) (Fig. 1.5f)
with the boundary condition ¢(x = 0) =0

The potentials for the n-type region for —x, < x < Oand p-typeregion0 < x < x,,
respectively, are then described by

o) = —LIE LA PP 1y ) ,x
n (X —_2| max| * Xn - (xn) X, > p(x)— 2| maxl'xp' (Xp) - xp

The total difference of potential in the space charge region gives the diffusion or
built-in voltage Viistusion

"Depleted of free charge carriers.
8Assuming an “abrupt” change of p(x) (see Fig. 1.5d — full line).
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Fig. 1.5 These diagrams display (a) A simple visualization of the atomic and charge configuration.
(b) The doping profile. (¢) The mobile charge density. (d) The space charge density. (e) The electric
field configuration. (f) The electric potential. (g) Electron energy across the pn-junction. All states

are depicting the equilibrium state, without any external voltage
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1 eq.1.10, 1.16 1
Vdiffusion = ¢p(+xp) - ¢n(_xn) = _|Emax|w a4 _ _w2 (118)
2 = 2upe

with mobility p, resistivity p and € = gyesi. From another viewpoint the potentials
¢p and ¢, are defined by the differences of intrinsic and extrinsic Fermi energy levels
and their carrier concentrations (see also Figs. 1.4 and 1.5):

N, N
Ep_n—EF_i=e¢n=kBT1H—D; Ep_,-—EF_pzeqbp:—kBTln—A
i n;
(1.19)
resulting in

kgT N N kgT . N4 -N
Viiffusion = @n — ¢p = BT (ln _D +In —A) =2 In # (1.20)

n; n; e n;

As an example with a p doping concentration of N, = 10cm™ and
Np = 102cm—3 forthe n region the widths would be x, = 0.02 pmand x, = 23 um
respectively and with

kBT1 10" . 10"

Viitfusion (' = 300 K) = ¢, — ¢, = n (1.45 - 1010)2

~04V  (121)

The whole system is completely defined by the energy barriers, which are fully
defined by the doping concentrations. Intrinsically the generation and recombination
of charges are in equilibrium and the system is stable. Creation of large volumes
with pure doping concentration difference is technically impossible; Vyifrusion 1S Of
the order of a few to some hundreds of millivolts with space charge regions of some
tens of micrometers. An additional technique is needed to increase the depleted
volume.

An external voltage +V will disturb this equilibrium of spontaneous, generation
and recombination of electrons/holes. The external voltage increases or decreases —
depending on the polarity — the intrinsic potential barrier of the pn-junction. As a
result of the external voltage the depletion width decreases or increases (see Figs. 1.6
and 1.7).

Silicon sensors are operated in reverse bias mode and the forward case will not be
considered any further. For the detector case, charge carriers created in the SCR can be
collected at the junction, while charge created in the non-depleted zone recombines
with free majority carriers or with the generation partner, and is lost. Operation
conditions, namely voltage Vexiemal, 1S therefore such that the full volume is depleted.
With Vexernal = Vibias > Viitfusion and Eq. (1.18) w results to

w = /2&pp Voias (1.22)

and vice versa
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Fig. 1.6 Forward (biaS) forward bias V>0
voltage: In the forward case, + -
the barrier decreases 0—-I]—0
significantly, the majority E A

carriers flow freely through

the diode p-type SCR n-type

> X
Flg. 1.7 Reverse (bias) reverse bias V<0
voltage In the reverse bias - +
case, the potential barrier as O-I}—O
well as the depletion width E
A

increases

D2

Vil depletion = Vip = (1.23)

2epp

with w = D as the full sensor thickness and resistivity p. Vgp is one of the most
important design parameters, describing the minimal operation value — the voltage
the sensor has to sustain without going into current breakdown. As an example,
sensors in the inner layers of the CMS tracker are 320 wm thick with a resistivity p
range of 1.5 — 3k€2, the depletion voltage Vp is therefore within

(0.032)% cm?

~ 122 — 244V
2-(8.85-10~“¥Fcm™1) - 11.7- (1350 cm2V~1s~1) . (1.5 — 3)kQ

Vrp =

To run over-depleted the operation voltage Vyys is therefore set to 400 V.
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under-depletion depletion over-depletion
inactive n++ n++
p* volume p+ p+
)i+

wD

Fig. 1.8 The field in the bulk silicon is linear, depleting a certain volume. The left
part shows an under-depleted Vyi,s < VEp sensor, while the right scheme shows the stan-
dard over-depletion Vypias > VEp case, the picture in the middle depicts full depletion
Vbias = VEp. The max field Ep,x is on the segmented side for p-in-n, where the strips are on
GND potential and the backplane is on high voltage potential

Electric field configurations for under-, full- and over-depletion conditions are
shown in Fig. 1.8. The absolute electric field values |E| for the different external
voltage configurations are given for different depths x by:

Under-depletion:  Vyiass < Vip

2V X . 2Vbias
E(x) = = (1 - —) with E,q, = (1.24)
D w w
Depletion: Vs = Vep = qu2’+;v””
N . 2 Vi
E() = 2% (D — x) with E,ppy = 20 (1.25)
€ D
Over-depletion: ~ Vyips > Vip
2Vep X Voias — ViD . Voias £ VrD
E =—(1——) Zbias T VED it By ymin = ~25 =2 (126
(x) D D + w1 / D ( )

With formula (1.26) the maximum electric fields can be, for example, calculated for
a sensor used during the LEP era and one from the CMS era. The bias voltage at
DELPHI was set to 60 V with an effective full depletion voltage of 40 V on a 300 wm
thick sensor resulting in a minimum electric field of 666 V/cm and maximum one of
3.3kV/em. With Vi =400V and Vip = 200V applied to a 300 pm thick sensor
minimum and maximum electric field strengths climb to E,,;, = 6.6kV/cm and
E,ox = 20kV/cm.
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With Viias > Vip, the equilibrium is disturbed and an electric field is now estab-
lished, sweeping the thermally generated electron—hole pairs in the SCR (generation
rate inside the space charge region Ggcr) out of the depletion region. As men-
tioned earlier, the emission process is dominated by the Shockley—Read—Hall tran-
sitions/emissions. Of course this is now an undesired effect, resulting in a reverse
current also called “leakage current” jr (1), described by

1 n; 1
jr=eGscpw = —en—w = —en;-o-vy - Ny-w (1.27)
2 TL 2

and with the surface A of the junction

1 n 1
L =-elw.-A=-e-ni-c-vy-N-w-A (1.28)
TL 2

In summary, the leakage current is completely dominated by the effective lifetime
7y (refer to formula (1.11), the generation lifetime of minority carriers), namely the
impurity states N, near mid-gap, e.g. Au and all noble metals are “lifetime killers”,

see Fig. 1.1. The temperature dependence enters indirectly via n; oc T2 - e_z*%.

For example, a CMS sensor has a leakage current of ~0.5 nA/strip at room tem-
perature, where a strip is A = 100 x 0.05 mm? with a depletion width of 300 wm,
the sensor thickness.

1 n 0.5(1.6 - 10~12C)(1.45 - 109 cm~3)(0.03 - 10 - 0.006 cm?)
T, = —e—w-A=

~ 4 m
2T, 05-109 A ms

The impurity concentration N, then amounts to

N, = b ! =2.5-10"/cm?
ovr 107-10715.4.1073 cm?

The current increases linearly with w oc +/V until the detector is fully depleted. At
higher bias voltages an electric breakdown is observed, where the current starts to
increase dramatically. The breakdown can either be explained by ‘“avalanche break-
down”, due to charge multiplication in charge collisions with the lattice or by “Zener
breakdown”, based on the quantum mechanical “tunnel effect”. Figure 1.9 shows
I x AV behaviour, as well as a breakdown. In Chap. 6 a design is introduced, which
allows bias voltages above even the maximum electric field of silicon.

The full capacitance of a sensor can be calculated by regarding the two planes
of the SCR as plates capacitor with silicon as dielectric inside. The capacitance C
decreases linearly with w until the depletion zone reaches through the full sensor
thickness w = D and therefore ~ /V:

A5 Voias < V.
Coux = { 204 Voias bias = 1D (1.29)
A

S = const. Vyias > Vb


http://dx.doi.org/10.1007/978-3-319-64436-3_6
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Fig. 1.9 The current—voltage characteristic for a silicon diode in the reverse bias direction is
depicted. The expanded view shows the / o JV dependence (for Vyias < Vpp), while the global
view shows the full scan including breakdown at higher voltages
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Fig. 1.10 The measurement plots describe the capacitance dependence on area and thickness quite
clearly. The x-axis coordinate of the kink shows the depletion voltage, defined by material resistance
and thickness. The y-coordinate of the plateau shows the minimal capacitance, defined by area and
thickness. The two upper bands depict sensors of two different geometries with slightly different
areas and same high resistivity material, both D = 400 pwm thick. The lower CV curves describe
D = 500 wm thick sensors. With increased thickness, C becomes smaller and Vgepletion D?
becomes larger. The different depletion voltages of the lower curves derive from two different
resistivities p2 > pl

Figure 1.10 expresses the capacitance C and Vpp dependency on area, thickness
and resistivity p. The capacity—voltage characteristic CV or 1/C? versus voltages
behaviour is used as a standard method to determine Vrp. The kink determines Vyp.
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1.1.3 SiO,

Silicon dioxide SiO; is very stable and chemically inert. It is a near-perfect dielectric
and one of the best insulators, with an extremely high breakdown field strength. Only
the co-existence of Si and SiO, defines the real technological value. Pure silicon is
simply too chemically reactive, without a thin layer of SiO; it will react with anything.
The excellent electrical properties of the Si — SiO, interface are also very important.
This interface has a very low density of energy states (especially for (100) crystal
orientation) in the band gap and therefore neither provides recombination centres
nor introduces fixed charges. SiO, is used as

gate oxide for transistors

dielectric in capacitors

passivation and protection

structure masking during etching, diffusion and ion implantation
insulation

For tracking sensors it serves mainly as coupling capacitor oxide and as final passi-
vation. Figure 1.11 shows the passivation of all Si areas leaving metal pads free for
connectivity.

The growth, application and structuring of SiO, are relatively easy and will be
described in Sect. 1.9.2, especially how the selective etching possibilities of Si or
Si0, allow dedicated processing.

Si - SiO; Interface

In modern silicon microstrip sensors, the surface consists of a sandwich of high-
doped silicon strips, a Si0, insulation layer with metal strips on top to be connected to
the readout electronics, called AC coupling. This metal-oxide semiconductor forms
the classical MOS structure. The subject is widely discussed for example in [194]
or in any electronic or solid state physics literature. The basics are discussed with

Fig. 1.11 The picture shows
a small section of a CMS
strip sensor, where the metal
pads are “open” for
connectivity, while the rest is
all covered with SiO; for
protection
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Fig. 1.12 The diagrams show the different optimal cases of a MOS structure: (a) Flat-band,
(b) Accumulation, (c¢) surface depletion and (d) inversion. The left part of the diagram illustrates
schematically the energy bands of the Si — SiO; interface (not including the metal), taking into
account the charge or potential present on the oxide side, independent of their origin. The right part
displays a more volume-based picture, with a defined metal gate, where the metal potential defines
the interface case. In summary the band structure is defined by energy band shifts originating from
voltage or fixed charges on the SiO; side

an emphasis on the importance of a very pure oxide to have a well-defined deep
depleted surface for a good strip isolation. The Si — SiO; interface condition is
defined by the oxide charge or voltage potential applied on the metal part, simply
two aspects of the same physical electron/hole attraction or repelling mechanism.
The mechanism acts on the majority carriers of the bulk silicon. The basic cases and
their potential structures are shown in Fig. 1.12: flat-band condition, accumulation,
surface depletion and surface inversion. In Sect.2.3 the surface property change
caused by radiation is discussed.

The SiO; layer is considered as a thin surface with a constant homogeneous charge
density o, the integrated sum of electrons, holes, ionised doping atoms or undesired
contaminations.

As for the pn-junction, the Poisson equation almost describes the field and band
interface situation, only without any net current in the insulator.


http://dx.doi.org/10.1007/978-3-319-64436-3_2
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The Fermi level Ef is constant, no charge carriers from the semiconductor can
neutralize the charges. The surface charges cause an electric field penetrating into
the Si-bulk bending the energy bands.

Two majorly different configurations have to be discussed: the surface charge
has the same polarity as the bulk majority carriers, the majority charge carriers are
driven into the bulk. When a space charge layer builds up, this case is called surface
depletion, the mandatory case for a HEP sensor. It guarantees the isolation between
adjacent strips. Without a possible compensating current, but at a constant Er the
bands are bent. E¢ — Ef increases towards the surface. With a very low majority
carrier concentration, scaling as e~¥¢=£#) at the interface, the minority carriers
concentration increases due to the mass action law, finally becoming the majority
carriers. This configuration is called surface inversion and can ruin the strip-to-strip
isolation.

In the second configuration, charges from the bulk are attracted to and accumulate
at the interface, due to the different polarity in the surface layer compared to the
majority carrier in the bulk. The bands are then bent inwards. This case is called
accumulation and of course also short-circuits neighbouring strips. One prominent
example, where an electron accumulation layer forms, is the n* face of a double-
sided sensor or in an n-in- p sensor (more later). There the n* layer attracts electrons
at the n"—n-interface. The technical solution for the strip—strip isolation in this case
is presented in Sect. 1.6.3. The flat-band configuration is the configuration just in-
between depletion (outward bending) and accumulation (inward bending). In this
case, the external charge is just compensating the charge due to intrinsic surface
states. The potentials/bands in the silicon bulk are flat.

With an additional metal on top of the SiO, layer, the situation changes. The
work functions of metal and semiconductor are not the same and the flat-band case
is now intrinsically impossible, it can only be achieved via an external voltage, the
flat-band voltage Vijat-pand (often simply Vrp). In reality, a low Vgi_band 1S @
quality factor of the oxide and refers to a low contamination level. More globally, an
external voltage can always shift between the four configurations:

accumulation (V > Vat_band)
flat-band condition (V = Vat_band)
surface depletion (V < Vfai pand)
inversion (V < Vatr-band)

With all the above, it has to be taken into account that in standard operation of strip
sensors, no voltage is applied to the metal strips. Implant and metal are at almost
the same potential and only oxide contamination, charge-up or contamination in
the overlaying passivation can change the needed surface depletion case. In short,
in a strip sensor undesired charges in the oxide can easily decrease the inter-strip
resistance by several orders of magnitude. CCDs on the other hand make use of
exactly the possibility of the band shifts, attracting and repelling charges to shift
from CCD cell to cell. In the IC industry, the MOS structure is the most important
means to open or close a conductive channel, e.g. for a Field Effect Transistor FET.
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Fig. 1.13 With a capacitance over voltage scan on a MOS structure the point of inflection reveals
its flat-band voltage. Vaa—pana measures oxide thickness and purity. A low value guarantees a
low contamination level. High values arise often from significant amounts of oxide traps and/or
interface states in the oxide. Levels for HEP sensors range between Vga—pand = 1 and 10V, where
the example of 20V flat-band voltage belongs to a rejected sensor

Dedicated MOS structures on the sensor wafer allow the measurement of the flat-
band voltage and therefore provide a means to qualify oxide quality and have a hint
of the oxide thickness. By varying the voltage over a MOS structure, the accumula-
tion configuration changes through flat-band case to depletion. In the accumulation
configuration the majority carriers are attracted to the surface and the measured
capacitance is C = C,,, while in inversion case the serial capacitance of oxide plus
bulk silicon C = C,; Cpuik/(Cox + Cru) is measured. The flat-band voltage marks
the inflection of the CV characteristic.

Figure 1.13 displays a CV curve in a MOS measurement with a Vij4¢_pand €valu-
ation of several structures of different quality during the quality assurance campaign
of the CMS experiment.

It has to be mentioned that the measurement frequency of the LCR® device plays a
role. A high measurement frequency is used to avoid any majority or minority charge
carrier movement during the individual C measurement.

1.1.4 Summary of Silicon Properties

To summarize, the properties of intrinsic silicon, and the concept of changing elec-
trical properties by adding donor or acceptor atoms were introduced. The connection
of p- and n-doped silicon was described, where at equilibrium the Fermi level E is
constantly forming a potential barrier and a space charge region. The situation so far

Device measuring L inductance, C capacitance and R resistance.
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describes a single diode, which in reverse bias mode is devoid of free charge carriers
and any created charge from ionisation in the SCR can be collected at the electrodes.
The Si to SiO; affinity allows an easy integration of a capacitive coupling of diode
to metal contact, thereby allowing the use of a charge amplifying chip.
For a tracking detector further segmentation of these “diodes” is needed. The
production of raw silicon wafers is described in Sect.1.9.1 while the processing
steps from wafer to silicon sensor are introduced in Sect. 1.9.2.

1.2 Ingredients to Use Silicon as Detector Basis

All tracking detectors make use of the free charges resulting from the ionisation of
a passing charged particle in a medium, e.g. gas or a semiconductor. The average
energy loss of a charged particle in a medium is described by the Bethe formula.

dE 2 2Z 1 |:;1I1 (2m66'26272ﬂ11ax) _ 52 _ 5(7)

— = = 4xNartm, 2= — 1.30

dx ATeTem = q g2 I 2 | 159
In this formula z is the charge of the incident particle, 7,,,, the maximum kinetic
energy which can be imparted to a free electron in a single collision, / the mean
excitation energy, Z the atomic number, A the atomic mass, N4 the Avogadro’s
number, m, the electron mass, ¢ the speed of light, r, the classical electron radius,

B =v/cand~y = 11 = and ¢ density effect correction. The full function of average

energy loss of a travers‘ing charged particle is given in Fig. 1.14. The most prominent
part is the minimum at approximately 5y = 3 — the minimum deposited energy in
the medium. Every detector must be able to keep its noise well below this energy to
be able to detect these Minimum Ionizing Particles MIPs.

In addition, there are statistical fluctuations, a subject investigated in depth by
Landau. The number of collisions in a finite medium as well as the energy transfer
per scattering varies. The first effect can be described by a Poisson distribution, while
the latter is described by a “straggling function” first deduced by Landau. In rarer
cases, called d-rays or d-electrons, the transferred energy is large; these d-electrons
are responsible for the asymmetric long tail towards high charge deposits. All in
all the Most Probable Value MPV of energy transfer is about 30% lower than the
average value. For silicon, the average energy used for the creation of one electron—
hole pair in the indirect semiconductor is 3.6 eV, about three times larger than the
band gap of 1.12eV, deriving from the fact that part of the deposited energy is used
for phonon creation. For a MIP, the most probable number of electron—hole pairs
generated in 1 wm of silicon is 76, while the average is 108. A resulting Landau
distribution is shown in Fig. 1.15.

Whereas gas detectors utilize charge amplification in electron avalanche clouds
by applying high voltages, solid state devices have to cope with the raw signal of
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Fig. 1.14 Charged particles lose energy, when traversing material. The figure shows the stopping
power (d E /d X)) of copper for traversing muons [326]. Exactly this effect is the fundamental princi-
ple of all ionising detectors. The sensor design needs to make sure to detect the Minimum Ionizing
Particle MIP with a momentum ~300 MeV/c with a significant signal/noise (S/N) ratio. The plot
includes the corrections to the Bethe formula at low and high energies, whose explanations are
beyond the scope of this book
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Fig. 1.15 A Landau distribution. The distribution displays the ratio of ionisation signal charge to
noise in 500 pwm silicon from cosmic particles (MIP) arriving at normal incidence in a 3.8 T field.
The distribution shows well the difference between Mean Value and Most Probable Value MPV,
and the long tail of the distribution from delta-rays is clearly visible [340]
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the primary ionisation'®. The high density (p,, = 2.33g/cm?) of silicon causes an
average energy loss of about 390 S—\n/l for a MIP, resulting in the above mentioned

108 i;—mh In a standard volume of 1 x 1 x 0.3cm? at room temperature, there are

about 4.5 - 108 free charge carriers versus 3.2 - 10* electron—hole pairs created by a
MIP, this explains the need to work with fully depleted sensors. Due to the Landau
fluctuations and the most probable signal of 22400 electron—hole pairs = 0.7 - 32000,
the most probable collected charge is therefore 22400 holes or!! electrons collected
at either side of the detector, equal to 3.6 fC.

1.3 Working Principle of a Silicon Tracking Device

An early basic overview of silicon sensors can be found in [231]. The working prin-
ciple of a silicon microstrip detector is illustrated in Figs. 1.16 and 1.17. An ionising
particle penetrates through a fully depleted silicon n-doped slice. The generated holes
drift along the electric field, created by the bias voltage, to the p* doped strips'? while
the electrons drift to the n*+ backplane. The backplane has a higher doping con-
centration thus lower resistivity to achieve a good ohmic connection ‘avoiding’ a
Schottky contact'?. Figure 1.8 on p. 15 expresses the need to over-deplete to collect
charges, in the p-in-n example holes, from the whole volume and to enforce a fast
drift to the electrodes.

The charge induced on the doped strips are then capacitively coupled (AC) to the
aluminium readout strips, which are directly (DC) connected'* to the charge pream-
plifier of the readout chip. The custom ASIC (application specific integrated circuit)
then amplifies and shapes the signal. Also, analogue-to-digital conversion, zero sup-
pression, or baseline correction may be realized here. In principle, the capacitor does
not need to be implemented on the silicon sensor, it can also be implemented inside
the readout chip or in-between, this was for example the case for the NA11 experi-
ment, see Sect. 3.2 or any pixel sensor deployed in high energy physics. Sensors with

19(1) DEPEFT: are silicon sensors with intrinsic amplification, they are introduced in Sect. 1.12.6.
(2) There are also photo-avalanche diodes and silicon photo-multiplier SiPM with intrinsic charge
amplification, but these are not used as segmented sensors for high energy tracking sensors.
(3) LGAD:s, a recent development, are similar to SiPM and introduced in Sect. 1.12.8.

"n the most common sensor p-in-n, holes are collected at the segmented side, but for n-in-p,
n-in-n or double-sided sensors electrons are also collected.

121n an n-in-n, n-in-p or a double-sided detector, electrons drift to the nt doped strips.

130ften, highest doping concentration in the backplane, here n*+, lower doping for the strips/pixel,
here p* and lowest doping for the bulk, here n to achieve high resistivity in the bulk and low
resistivity elsewhere. The extra high doping for the backplane is not done at every vendor.

4Most often by ultrasonic wire-bonding.


http://dx.doi.org/10.1007/978-3-319-64436-3_3
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Fig. 1.16 Working principle of a p-in-n AC-coupled silicon microstrip detector. Electron—hole
pairs, resulting from the ionisation of the crossing charged particle, generated according to the Bethe
formula, travel to the electrodes on the sensor planes guided by the electric field. The segmentation in
the pn-junctions allows to collect the charges on a small individual strips, where they capacitively
couple to the Al readout strips. These are then connected to the readout electronics, where the
intrinsic signal is shaped and amplified. In the case of segmented p™-strip implants in an n-bulk
silicon material, holes are collected at the p™ strips. The field concentrates on the strips as illustrated
on the right end of the figure. Electrons are moving towards the n™*-backplane
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Fig. 1.17 Working principle of an n-in-p AC-coupled silicon microstrip detector. An n-in-p sen-
sor is basically the inversion of a p-in-n sensor plus pT-stop!® implants necessary to isolate the
individual strips — see later explanation (Sect. 1.3.4). Logically also the bias voltage is reversed. It
registers electrons instead of holes on the readout electrode

integrated capacitors are called AC-coupled and otherwise DC-coupled. Because
the capacitor value needs to be large, the full strip length consists of a “p*—oxide—
metal sandwich”. Examples are given in the DELPHI (Chap. 4), CDF (Chap. 5) and
CMS (Chap. 6) experiments.

I5For a simpler figure we avoid the use of ™+ and write p* for pT-stop although its doping
concentration is lower then for the n™" strip.


http://dx.doi.org/10.1007/978-3-319-64436-3_4
http://dx.doi.org/10.1007/978-3-319-64436-3_5
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Fig. 1.18 A two-dimensional electric field configuration, emphasizing the discrete strips (left).
The field linearity across the bulk volume and sharp rise at the strip (middle). Mobilities of holes
and electrons, dependent on the electric field and impurity/doping concentrations (right). Sensor
parameters and voltage settings taken from CMS (rf. Chap. 6). Plots adapted from [134]

1.3.1 Charge Collection — An Illustration

For better illustration, we simulated a CMS-like sensor: a D = 300 pm thick, with
strip-to-strip distance (pitch) of 80 wm, a bias voltage of 400V is used with respect
to a depletion voltage of 160 V. The dynamic drift of electrons and holes, after the
crossing of a MIP particle at a45° angle, are then simulated and presented. Figure 1.18
shows the electric field configuration of the sensor and the corresponding electron
and hole mobilities. The left plot shows a two-dimensional representation of the
electric field with a linear behaviour throughout the bulk of the sensor but highly
peaking at the p™-strips (electrodes), where by design we want to collect the charge.
The electric field at the centre of one strip is plotted in the middle figure, again the
strong rise at the strip is seen, a linear behaviour for the main part and a drop to zero
on the backside where the drop close to the surface reflects the significant thickness
of the conductive back-n*™ layer. The electric field strengths are at values where
the mobility is not constant any more, as depicted in the right plot of Fig.1.18 —
see also Sect. 1.1.1. The slope in the middle reflects the change due to electric field
strength, the sharp drop/rise at the edges is due to the change of doping concentration
and change in field. The electric field guides the drifting holes towards the strip-like
electrodes while the electrons drift to the common backplane (electrode).

Figure 1.19 shows the absolute sum of current density, meaning the colour code
does not distinguish between electrons and holes. In the simulation a MIP has tra-
versed the sensor at an angle of 45° at time 0°. Already after around 200ps the
electrons and holes are largely separated and the strip near the particle entrance col-
lects holes. The holes collection is distributed to different strips a bit later depending
on the drift length. After 4 — 5ns the electrons with a higher mobility are gone while
the hole collection continues. Figure B.1 in the Appendix shows more time slots of
the same simulation. For strip and pixel configuration the drift and collection mech-
anism is the main factor defining the integrated signal; the signal in a p-in-n strip
sensor consists mainly of holes (see signal creation in the next section).


http://dx.doi.org/10.1007/978-3-319-64436-3_6
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Fig. 1.19 Simulation: An ionising particle traverses the p-in-n sensor at a 45° angle, disturbing
the static situation — same configuration as in Fig. 1.18. The eight plots show the absolute sum of
the current densities (electrons and holes) for different times. The strips, collecting holes, are at the
bottom and the backplane at the rop. Plots adapted from [134]
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Figure 1.20 rounds up the example. It displays the resulting charge, collected at
the individual strips in a time-resolved way; the integrated sums are also provided.

1.3.2  Signal via Induction — Shockley—Ramo Theorem

In reality, the signal already starts to form before the charges reach the electrodes,
namely, due to induction of electric current, when the charges move. As a matter
of fact, the signal stops when the charges reach the electrode. With induction, both
charge types contribute to the signal at both electrodes (sensor faces) but depending on
the geometry with highly different weights —the voltages and charges on all electrodes
are related/linked by their electrostatic capacitance matrix. The mechanism can be
fully explained by the laws of electrostatics and has initially been discussed by
Shockley (1938) and Ramo (Ramo’s theorem 1939). An elegant way is to introduce
the concept of the weighting field which defines how the charge couples to the
respective electrodes. The weighting field is mostly distinctly different to the electric
field which defines the charge drift. Mathematically the weighting field is determined
by applying unit potential (U = 1V) to the measurement electrode and zero to all
others and then solving the Poisson equation. It therefore solely depends on the sensor
geometry, mainly the electrode geometry and the positioning of the electrodes with
respect to each other (readout and backplane); at first order electrode size versus
distance. The weighting field does not depend on the movement of the charges.
Similar as above, we assume the moving charge is an infinitesimal small electrode
with a capacitive coupling to all electrodes, depending on electrode geometries and
inversely on distances to electrodes. Said differently, this coupling mechanism is
coded into the weighting field/potential and is therefore only dependent on spacial
location, for example highest at a strip/pixel (check Figs. 1.21 and 1.23) or weighting
field constant for a diode. For more details, especially for the full mathematical
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Fig. 1.21 The lines indicate the weighting field and weighting potential while the electric field is
considered linear for most of the volume (see Fig. 1.18). The left figure shows a 2D example — a
strip configuration. In the right the 3D case of a pixel electrode is shown. As mentioned in the text,
to derive the weighting field, the neighbouring electrodes and backplane are set to potential=0.
Figures are taken from [247]

descriptions (reciprocity theorem) and more examples, the reader is referred to [69,
246, 247, 251, 276] and an analytical calculation of some examples (pixel/pads) can
be found in [257].

Examples of the weighting field for pixels and strips are shown in Fig. 1.21.

With the knowledge of the weighting field and the charge’s velocity as a function
of position, driven by the electric (operational) field, the instant induced current
can be calculated, while simple integration over the full particle path gives the full
induced charge (the signal).

The induced currents/charges can then be described by

A%
i =—qEw -v=qu, dsW

52 52
and Qo :/ idt :q/ Ewds = q[Vwl; (1.31)

51 51

with v the charge drift velocity driven by the electric field from spacepoint s; to s»,
the weighting field Ew (x, y, z), the weighting potential Vy (x, y, z) and the signal
(charge) Q. The induced charge Q. is therefore simply given by the difference in
the weighting potentials between two positions of the moving charge, independent
on path and velocity.

Both electrons and holes induce the same “signed” signal, since with opposite
electric charge sign, they also drift in the opposite direction.

First, we discuss the example of a diode to illustrate the dynamic behaviour and
then continue with more complex weighting fields/potentials for strips and pixel
configurations concentrating on Q. In the special case of a two-electrode configu-
ration (with no space charge) the electric field and the weighting field have the same
form. For example for a plate capacitor'® with plate distance D, the electric field is
E = %ed:constant and the weighting fieldis Ey = %ed:constant (with unit poten-
tial U=1V) and the unity vector e; the direction pointing from n to p. Subsequently
the weighting potential (zero to one) behaves linear (Fig. 1.23(left), diode case). In

16 Another example would be a cylindrical drift tube.
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Fig. 1.22 Signal currents and integrated charges of a 300 wm thick diode are plotted in a time
resolved manner for different bias voltages. N = 10000 electron-hole pairs have been introduced
in the middle of the diode bulk. The figure also illustrates the value of over-depletion defining largely
signal shape and duration (left). With barely the depletion voltage the electric field at the backplane
n*T-electrode is that low that electrons arrive late (right). Mind the different x-axis time-scales.
With the linear diode weighting potential and start point in the middle of the sensor, electrons and
holes contribute equally to the signal. Figure 1.23 illustrates how this picture changes for a strip
sensor and Fig. B.2 in the Appendix shows the case for a charge deposition at a different depth

the case of a silicon pn-diode (with space charge) or a large pad configuration (pad
size much larger than drift distance) the weighting field Ey = % is also constant
throughout the whole bulk (both electrodes same geometry). Due to the space charge
the electric field is linear and has in this case the same form as the weighting potential.
Therefore, in a diode, electrons and holes contribute equally to the induced signal,
precisely for charge generation throughout the full volume or deposited in the center.

Figure 1.22 illustrates the dynamic situation in a diode assuming a linear electric
field through the entire bulk. See formula 1.31, induced current i (¢) is a multiplication
of weighting field Eyy = % and charge velocity v(¢) in turn proportional to the electric
field i1 - E(x).Inadiode, we therefore expect the velocity of holes to increase, moving
towards higher electric field thus increasing induced current (vice versa for electrons).



30 1 Basic Principles of a Silicon Detector

@ p-strip

; @ p-electrode | strip width/depth = 1/8

I
= diode (a=infinity)

aue|dyoeq-u ©®

F 06
__________ r 200 depth [um]
05 06 07 08 09 1 b
150 depth [um] 300 300

Fig. 1.23 The left plot illustrates the weighting potentials of a diode and strip sensors with
a = strip widths/ sensor depth. The a = 1/8 example corresponds to the geometric configura-
tion as in Fig.1.21 with Viy =1 at the p electrode. The right figure gives the 3D representation
of the weighting potential Vi for a strip sensor with @ = 1/8. With the holes moving to the
p-electrode, Oy (1 — Vi (x0)) and Q.(0 — Vi (xp)) gives the hole and electron contribution to the
induced signal

For pixel or strip sensors, both, the electric field E and the weighting field Ey,
(and weighting potential V) peak at the segmented electrodes. These configurations
are also reflected in Figs. 1.18 and 1.21. With the high electric field, also the drift
velocity v = uE and the charge mobility ;4 are maximal at (near) the pixel/strip
electrode (even more true for a pixel than for a strip). As a result, with high velocity
and high weighting field, the main current induction i = —gEy - v happens in close
vicinity of the electrodes; the location of original ionisation becomes less relevant.

As shown earlier (Q = q[Vw]f.f), with the knowledge of the local weighting
potential the integrated induced charge from electrons and holes can simply be
calculated by

Qur = On + Qe =qn - [Vw(p) — Vw(x0)) + ¢e - (Vw(n) — Viw(xo)]  (1.32)

assuming the charges are generated at a sensor/diode depths of xy with weighting
potential Vi (x9) and boundaries Vi (p) = 1 (Vi (n) = 0) at the p and n electrode
respectively. For example, Fig. 1.23(left) represents the weighting potentials of strip
sensors with different strip geometries and a diode versus depths.

With the figure and formula 1.32, one can derive that at mid-depth, electrons
and protons contribute equally to the signal at the p electrode for a diode, while
for a strip sensor (strip width/depth = 1/8), holes contribute 94% and electrons only
6%. With charge generated at xo = 200 pm holes would contribute 2/3 (in general
—N -e-xo/D)andelectrons 1/3 (N - e - (D — x¢)/D) in a diode and 3% (electrons)
and 97% (holes) in a p-strip. For a MIP generating charge throughout the volume
of a diode, electrons and holes contribute 50:50. Since the weighting field Ey only
depends on the given geometry it is possible to optimize the electrode design to
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maximise signal and to select which charge type mainly contributes to the signal
(50:50 for a diode to 90:10 or above for strips and pixels). However, there are
more constraints in real sensors, e.g. breakdown voltage, signal-to-noise, position
resolution, inter-strip capacitance, inter-strip resistance etc. More discussion about
strip parameters are being presented in Sect. 1.6.3. A large scale example of a pad
detector will be presented in Sect.7.2. Calculating the weighting field also becomes
more complicated with the introduction of signal routings (additional metal traces),
intermediate strips or a metal overhang on the strips, e.g. used in the AC-coupled
configuration of the CMS sensors (see also Sect. 6.4.2).

The Shockley—Ramo Theorem description is very powerful, especially when it
comes to dynamic situations and timely signal formation. The Transient Current
Technique TCT in Sect. 1.8.3 makes use of it to derive the detailed electric field
configurations in the sensors from the signal formation. For integration times larger
than the drift times, the notion of “charge collection”, even if not correct, is most
often sufficient to understand the situation, e.g. when evaluating charge distribution to
several channels (as illustrated in Fig. 1.20). Very naively, the electric field strength
(visually, the density of the field lines) gives a good estimate along which path
charges drift (to be collected) and where velocities (current induction process) are
high. The plots on the right of Fig. 1.21 show distributions of which percentage of
charge is induced in the different electrode configurations. It will be briefly discussed
in Sect.2.2.4 on p. 160 how the situation changes with the onset of trapping after
irradiation.

1.3.3 Signal Charge and Particle Position

The final position of the traversing particle is calculated by analysing the pulse height
distribution (time integrated signal) on the affected strips (see Fig. 1.24). A top view
photo of a sensor with descriptions of the diverse sensor elements is presented in
Fig. 1.25. Figure 1.26 displays a 3D view of a standard single-sided p-in-n strip
sensor design.

The strip pitch is a very important parameter in the design of the microstrip
sensor. In gaseous detectors with a high charge multiplication a signal distribution
over several sense wires is welcome to reconstruct the shape of the charge distribution
and find the centre. In silicon detectors there is no charge multiplication and small
charges would be lost in the noise distribution. Therefore, signal spreading over
many strips could result in a loss of resolution. For single-strip events the track
position is given by the strip number. The charge cloud on the way to the electrodes
also diffuses in the lateral direction. Quantitatively this is mainly affected by bias
voltage and temperature. The maximum time available for the lateral drift is the time
to travel across the full volume. It can be calculated by t,, = d/Ves = d/pten E
with the speed defined by v, , = ., E. Typical values are thickness D = 300 pm,
mobilities f1, = 1350 cm?/Vs and 1, = 450 cm?/Vs, mean electric field strengths
[(E)| = 2.5 kV/cm (DELPHI) or [(E)| = 15kV/cm (CMS). For these examples,


http://dx.doi.org/10.1007/978-3-319-64436-3_7
http://dx.doi.org/10.1007/978-3-319-64436-3_6
http://dx.doi.org/10.1007/978-3-319-64436-3_2
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Fig. 1.24 Cluster shape depending on particle location. (A) Shows a single-strip cluster, the com-
plete charge is collected on one strip. (B) Displays a two-strip cluster the second strip signal lies
just above the threshold. (C) A distinctive charge distribution provides best localization precision.
In the upper part, the 7 function is plotted against the position of a red laser hit for the three different
sensor types of the DELPHI outer detector with 50, 100, 200 pwm pitch for sensors RZ-1280, RZ-640
and RZ-320, respectively (1280, 640, 320 is the corresponding number of strips on the sensor). The

x-axis counts laser steps of 0.5 pm [137]
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Fig. 1.25 The top view of a sensor, the ring structures, like n* active edge protecting ring, guard
ring and bias ring are easy to spot. Both guard and bias rings are Al structures located on top of the
p 7 -strip implants, they are directly contacted. Precision markers are needed to enable a precision
assembly, while the strip numbers facilitate problem reports during quality assurance. The bias
resistors connect the p™ strip located below the aluminium strips to the bias ring. A number of AC
pads are processed at the end of the strips to enable several connections to the readout electronics.
The DC pad, a direct contact to the p strip, enables probing. The backplane features the same high
doping concentration n* as the protection ring
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the resulting lateral drift times are subsequently #, = 9ns and #;, = 27ns (DELPHI)
or t, = 1.5ns and t;, = 4.5ns (CMS). With diffusion o = +/2Dt and the diffusion
constant D = ukpT /q, temperature dependence comes into play and the charge
cloud diffusion for electrons and holes is the same, because u cancels with # o< 1/.
This results in a diffusion of approximately 6 p.m in the LEP era running detectors at
room temperature and below 1 pm in the CMS experiment operating at 7 = —10°C
(sensor temperature) and lower temperature. For tracks generating enough charge
on two strips to exceed the threshold value, the position can be determined more
precisely by either calculating the “centre-of-gravity” or better “centre-of-charge”!’
or by using an algorithm that takes into account the actual shape of the charge
distribution'® and the acceptance of the sensor. The best localization is achieved
for tracks in the middle of two strips, since the charge is shared equally and the
influence of noise is small. The signal for tracks near one strip have poor localization
properties, because the remaining small signal on the neighbouring strips is often

17 Assuming a uniform charge distribution, a track crossing between two strips at % - pitch will
store % - char ge on the left strip and % - char ge on the right strip.
18 Approximately a Gaussian distribution, due to the diffusion profile.
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Fig. 1.26 A 3D schematic on a p-in-n sensor is sketched. It shows the baseline of the CMS sensor
at the LHC in 2008, but could represent basically any single-sided AC-coupled, Ryolysiticon biased
sensor. In operation, the bias ring is connected to GND potential, which is distributed via the bas
resistors to the p strips. The backplane n ™ is set to positive high voltage depleting the full n-bulk
volume by forming a pn-junction pT-strip to n-bulk. The coupling capacitor is defined between
aluminium strip and p*-implant, the inter-strip capacity between neighbouring strips (both p*
and Al part). The guard ring shapes the field at the borders. The n ring defines the volume and
prevents high field in the real cut edge regions

in the range of or below the noise level. The “centre-of-gravity” or better “centre-
of-charge” method, illustrated for two strips involved, makes use of the parameter 7

where
PH;

S S— (1.33)
PH, + PHg

Ui

P H; and P Hy, are the pulse heights measured on the left and right strip, respectively.
As can be seen in Fig. 1.24; depending on final geometry and e.g. layout of interme-
diate strips the inter-strip behaviour is not always linear thus a custom function f (1)
is being used. The position is then calculated as

PH, PH - Xsuipt + P H> - Xguip2
X = Xsuipl + =77 (Xstwip2 — Xstript) = 1.34
stripl PH1+PH2( trip2 mpl) PH1+PH2 ( )
with a resolution of .
pitch
(1.35)

signal /noise
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Fig. 1.27 There are three ways to bias an AC-coupled sensor plus a fourth one for a DC-coupled
device. The punch-through and FOXFET biasing are the easiest ones but not as radiation hard as
the polysilicon resistor, which is more or less the current standard. A photo of a polysilicon resistor
can be seen in Fig. 1.43. In addition, a DC-coupled device can be biased via the connections to the
electronics, representing the ground potential

As a result, sensors with a pitch of p =25 pwm and a signal/noise (S/N) of 50
have a position resolution of 2 — 4 wm. Additional intermediate implant strips in-
between readout strips improve the resolution further by capacitively coupling to the
neighbour readout strips. The intermediate strips must be kept at the same potential "
as the readout strips to participate in the charge collection. This technique helps
to minimize number of electronic channels while achieving an adequate position
resolution. For binary readout, the position resolution is given by o, ~p/+/12.2

Design parameter values for the different structures like bias resistors and coupling
capacitances for the different needs of different vertex detectors are presented in the
following sections. Also structures like guard rings, bias rings, n™ rings, etc. will
be discussed.

Allindividual isolated strips need to be at the same potential. This is realized in one
of three different ways, illustrated in Fig. 1.27, although nowadays the polysilicon
method is most utilized for strip sensors while punch-through is being mainly used
for pixelated DC-coupled devices.

Figure 1.28 shows a 3D schematic of an n-in-p single-sided AC-coupled sensor.
In an n-in-p sensor additional measures are necessary to isolate the individual
nt-strips from each other. The reason and some technical solutions are illustrated in
the next section, while the figure features the p™-stop “atoll” solution. Section2.2.4
gives more detail why n-in-p sensors are very interesting despite the need of extra
processing steps.

1.3.4 n-Side Isolation of an n-in-n or n-in-p Sensors

Keeping in mind the band structure on the n-side, positive fixed oxide charge on
the SiO; and Si — SiO, interface attracts a layer of mobile electrons (accumula-
tion layer). Without additional precautions, n*-strips in an n- or p-bulk would be

19With the correct potential, electric field lines end here; otherwise they would adjust their potential
and not collect any charge.

2
205, ap/+/12 arising from geometrical reflections: < Ax? >= % ffl/jz x2dx = B
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Fig. 1.28 A 3D schematic on a n-in-p sensor is sketched. This represents the current baseline for
the CMS HL-LHC Upgrade detector (see also Sect.7.1) and was initially brought forward by the
RD50 collaboration. At first order it is like a negative/inverted version of the p-in-n sensors plus
pT-stops to establish the isolation of the individual strips. The schematic shows the so-called ‘atoll’
configuration where each individual strip is surrounded by its own pT-stop; while some designs
have a ‘common’ p™-stop structure

short-circuited by the electron accumulation layer. Isolation is achieved via implan-
tation of p™ implants (p*-stops) surrounding each n™ strip with an individual or
“atoll” configuration. The additional p* implants®! are necessary to dissipate the
electron accumulation layer at the Si — SiO, boundary thus isolating the readout
strips. The aim is to cover as much area as possible of the gap between strips without
actually contacting the strips. The production yield should not be lowered by coming
too close. Another possibility would be the p-spray technology, where a diffuse layer
of p-dopants is introduced. Often a combination of both p*-stops and p*-spray tech-
niques are used. These isolation designs are necessary features for n-in-p sensors
under investigation for future detectors, like at the HL-LHC. The nomenclature of *
and T here is being used in a lax way, in general the backplane-implant has the high-
est doping concentration, next comes the strip implants here n* then the p*-stops
then the p-spray and ending with the lowest concentration the bulk n or p having a
high resistivity. Another way to repel the electrons is to increase the Al strip widths,
apply a potential and use them as “field plates” (done for DELPHI). In Fig. 1.29 the

2IReminder, the p*-stops are negatively charged/have a negative space charge.
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Fig. 1.29 Positive charges in the oxide attract electrons in the n-bulk material to the interface
where an electron accumulation layer forms and short-circuits the strips. The basic mechanism
to avoid this is to repel the electrons by the introduction of p*dopant in an isolated region or
simply distributed/sprayed in the inter-strip zone. These methods are called p*-stop, p™-spray or
a combination of both. A fourth method is the use of a metal overhang of the AC pad at slightly
negative potential to repel the electrons (A more detailed discussion about the Si — SiO, interface
can be found in Sect. 1.1.3)
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Fig. 1.30 The upper layouts show both ends of a sensor; both ends contain two AC-pads per strip
and one end features the polysilicon bias resistor supplying the GND potential to the individual
strips. The lower part depicts a zoom to the individual pads. Every single strip with its pads and
bias resistor is surrounded by an individual atoll p*-stop closing in as much as possible while
additionally all strips together are also circumferenced by another p™-stop ring. Obviously this is
more complicated compared to a standard p-in-n sensor. The same layout with pT-spray isolation
would simply miss the additional p*-stops and look very much like a p-in-n sensor

different isolation methods, namely p™-stop, p*-spray and a combination of both
are schematically drawn.

Examples of application are to be found in Fig.4.12 and a photo of p*-stops can
be visited in Figs.4.11 and 5.19, a schematic can be found in Fig.5.18. More design
trials for the future are shown in Sect. 7.1.1. Figure 7.21 on p. 319 will show examples
of p*-spray, “atoll” and common p™-stop configurations and more.

Figure 1.30 shows the example of a layout of an “atoll” p*-stop configuration for
a n-in-p strip sensors.
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1.4 Single-Sided — Double-Sided, Double Metal

So far, only single-sided sensors have been introduced. Segmentation of the bulk
silicon material can be done on both sides with many benefits but also many addi-
tional challenges. The obvious benefit is a 2D readout with different strip orientation
on each side?? of a single sensor. Strip implants are then composed of p* and n™*
on the two sides, named junction and ohmic side, respectively. As discussed in the
previous section the ohmic side, with n' strips in an n-bulk, needs special atten-
tion to arrange strip isolation due to the presence of an electron accumulation layer
with additional p* doping in-between n™ strips or electron-repelling field plates
(see Sect. 1.1.3 about accumulation layer at the Si — SiO; interface and Sect. 1.6.3
about isolation strategies for n-in-n readout). Another illustrative case is presented in
Fig.4.12 on p. 188, where the DELPHI double-sided sensors are discussed. Double-
sided processing is briefly discussed in Sect. 1.9.2. Several additional processing
steps are needed and in several cases, the sensor faces are not completely indepen-
dent, as a critical example on p. 127 in Sect. 1.14 for the CDF experiment proves.
Production yield is a key issue with double-sided sensors. In many cases, the second
side needs an additional routing layer to lead the signals from the implants to the
readout electronics. The routing is normally realized via an additional isolation layer
in combination with another layer of aluminium routing strips (called double metal
layer) connected individually by “vias” to the implants (see Figs.4.11 and 4.12).
Double-sided sensors are great but their substantially increased complexity makes
them unsuitable for very large detector systems.

Routing

Often, the sensor strips do not terminate at the right location to conveniently connect
them to the readout electronics (mostly to have a common readout hybrid at a special
location e.g. at the very detector end, outside of the tracking volume). In which case
a connection to the strips needs to be routed, for example for the orthogonal strips
of a double-sided sensor or in special detector geometries, e.g. the VErtex LOcator
VELO [57, 324, 325] of the LHCb experiment, see Fig. 1.31. Many examples will be
given in the chapters describing the DELPHI (Chap. 4) and CDF (Chap. 5) detector.
Extra masks and processing steps are necessary to establish this double-metal layer.
Figure 1.32 shows the integration of a pitch adapter in the sensor itself, a study for
CMS. More complicated and longer routings are evaluated for the ‘International
Linear Collider’ ILC sensors, where the readout chips would be bump bonded to the
sensors and their 1024 channels are then routed to the strips. Such a routing is most
often achieved by adding an additional insulation layer plus metal routings on top of
it with dedicated positions to connect the first and second metal layer via “vias”. The
schematic can be seen in Fig. 1.33, while Figs. 1.31 and 4.11 show exemplary photos
of such strip configurations. The schematic of a double-sided double-metal sensor

22Common strip orientations are 90° or a small stereo angle like 0.1 — 2°.
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Fig. 1.31 The LHCb VELO (VErteX LOcator) sensor schematic is shown on the left. The black
lines indicate the active strips in ¢ (radial) and r direction (circular). The green lines show the
routing lines in the second metal plane routing the strips to the readout located at the outer fringes.
The sensors surround the beam pipe directly in perpendicular geometry. On the right, a micro-
scopic photo is displayed. More on the VELO detector and source of the figures can be found
here [324, 325]

Fig. 1.32 The photo shows
a pitch adapter PA integrated
in the sensor itself. This can
be realized in the first metal
layer with some performance
loss in the PA area or in a

2nd metal layer without any
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is shown in Fig.4.12. The insulation between metals layers consists mostly of SiO,
or polyimide. It allows very complicated routing to connect to the strips, e.g. stereo
angle, full orthogonal, crossing strips, curves having more or less dense connection
areas.

This “simple” solution has some disadvantages or at least boundary conditions to
pay attention to. The additional metal layer represents an additional parasitic capac-
itance to which signal can couple, and the channel capacitances increase thereby
increasing the system noise. Due to these reasons the insulation layer should be as
thick as reasonable achievable by the processing methods (decrease of capacitance
and reduction of signal coupling). One to two micrometer are possible thicknesses
for six inch wafers. Another problem is the mechanical stress created by an addi-
tional thick insulation layer on only one sensor face (stress of the crystal lattice and
additional bowing of the wafer/sensor). This can be balanced by adding a similar
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Fig. 1.33 Schematic of an AC-coupled strip plus a double metal layer on top. This configuration
features an additional insulation layer most often of SiO; or polyimide where additional metal lines
can route the signal to the electronics. Here, the readout strip runs orthogonal to the active strip
implant; instead of having a direct simple AC-pad [231]
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Fig. 1.34 FOSTER: A fourfold segmented silicon strip sensor with readout at the edges. A special
configuration, where the connections are at the sensor ends the strips technically segmented in four.
The concept works also for higher segmentation as long as there is space for the routing lines (larger
pitch) [73]

thick layer on the other sensor face but then dedicated voltage contacts have to
be established to the backplane (e.g. opening of insulation by an extra mask plus
etching).

The additional insulator layer is also prone to surface radiation damage (see
Sect.2.3) and one has to expect changes with radiation.

Another solution would be to achieve the routing via external structures like flex
hybrid, printed circuit boards or glass adapters, which reduce the intrinsic sensor
complexity but add complexity and mass to the complete system.

Without crossings of channels, routing is also possible in the first layer; therefore
without extra masks/processing. A special case study is being discussed in [73]
where the granularity along the strip has been increased by a factor of two with all
connections at the sensor ends. The routing of the inner (or here called far) strips
happens on the first metal layer but additional implants below the metal lines were
necessary to avoid high fields at the routing lines otherwise also they register part of
the signal — see Fig. 1.34.
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Such routing in the first metal layer is also being discussed and successfully
realized for pixel geometries to allow for different pixel sensor cells than electronic
cell geometries. The pads for the bumps of sensor and electronics have to match for
a successful flip-chipping (see more in Sect. 1.12.1) and to achieve this the sensor
contacts can be routed to the electronics pad location.

1.5 Noise Contributions

Even for a fully depleted sensor bulk volume, sources of statistical electron and hole
fluctuations exist. These fluctuations, called noise, are counter-productive and com-
pete with the signal from the traversing ionising particles. The sources are manifold
and of different severity for the diverse operation conditions and readout strategies.
A strong dependence on the peaking time t, and operating temperature 7 exists.
With signal-to-noise (S/N) being the figure of merit of a sensor, noise must be mini-
mized while signal can only be increased by increasing sensor thickness. The noise
contributing elements are load capacity C,,,, leakage current I, parallel and series
resistances Rp and Rg. A simplified noise scheme is shown in Fig. 1.35. The load
capacitance C,,, is mostly comprised of the inter-strip C;,, and strip to backplane
capacitance Cpg.

Noise is generally expressed as Equivalent Noise Charge ENC or Q,,, representing
number of electrons contributing to the noise. The different contributions sum up
quadratically:

ENC = JENCE + ENC}, + ENC}, + ENC}, (1.36)

with the shot noise term from leakage current

I -t
ENC;, = g /% ~ 107 /TL/nA b s (1.37)
e

pre-amplifier
(e.g. Mx6 or APV)

t integration time
("peaking time”)

Si sensor Rs

1 1 1

Fig. 1.35 A simplified equivalent network of a sensor together with its preamplifier. The main
noise sources leakage current Iy, parallel and series resistance Rp, Rg and load capacitance Cq4 are
shown. Such a diagram is valid per individual strip or pixel
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the parallel thermal noise term from bias resistance

ksT -t T/K -t
ENCg, = < [FB2 " nuq 5 T/K -ty/us (1.38)
.\ 2Rp Rp/ M2

the serial thermal noise term from the metal strip resistance

kT - R T/K -Rs/Q
ENCr, = Cq- = |*EL RS 0025 coypr [TLERs/E (1.39)
N
qe 6t, tp/ s

and the most significant contribution, the load capacitance
ENCc=a+b-Cq (1.40)

where e is the Euler number, kp the Boltzmann constant, g, the electron charge, 7,
the peaking time and 7T the operating temperature. The constants a and b, in the
ENC¢ term, are preamplifier-specific parameters. The slope b is mostly defined by
the intrinsic chip voltage noise u, 4, and the integration time (“peaking time”) 7,
together with a form factor arising from the pulse shape.

u

b ~ n,amp (1.41)
tp

Vice versa the above-mentioned noise behaviours have direct implications on the

design parameters of the sensors. To minimize noise the following sensor design

criteria have to be fulfilled:

small load capacitance C;o; = Cyyip (~strip length)
low leakage current I,

high parallel resistance Rp;as

small series resistance Riyip

These design choices and parameters will be discussed in more detail in the next
sections and chapters, e.g. strip length, choice of bias method, sensor quality, etc.
Furthermore, the frequency dependence, hence readout method choice, significantly
influences the design choices. For example, capacitance tuning is much more relevant

for short peaking times (~ \/ZI ), while for larger peaking times noise due to leakage

current and bias resistance is more important (~7,). Also the temperature is important
for both ENC,, (shot noise) due to leakage current (current doubles for AT~ 7°C)
and ENCg, and ENCg, (thermal noise ~kT). Obviously, detectors at the future
International Linear Collider ILC, with a longer shaping time will be sensitive to low
resistor values and shot noise from leakage current, whereas detectors at the LHC
with a very short bunch crossing use a short shaping time, where noise is maximally
affected by the ENC¢ term. To reduce the peaking time dependency one can use
an analogue pulse shape processing step after the preamplifier stage and therefore
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Table 1.2 The table shows the different noise contributions for a DELPHI and a CMS module. In
the quadratic sum, the EN C¢ term is the most significant. The higher noise of the CMS module is
dominated by the faster peaking time of 50 ns, which mostly determines the slope b in the ENC¢
term and the ENCpg, term. To compensate the high noise for long CMS modules, the sensor
thickness had to be increased to achieve a higher signal. The shot noise term ENCy, is suppressed
(Ir =1 nA). The second ENCj, value of 756e™ for CMS reflects the current increase due to
irradiation

Detector tp dep DELPHI CMS tracker
microvertex
Chip MX6 APV peak APV deconv
tp 1.8 s 50ns 12 ns, effective
T 20°C —10°C
Cror 2 x 6cm — 2 x 10cm strips - C4 = 18 pF
Cior =9 pF
a=340;b=20 |a=270;b=38 |a=400;b=060
— ENCc ~1/tp 520e™ T1le™ 1480e™
Iy, 0.3nA InAtolpA
— ENCy, ~ Jip 78¢~ 24e™ —T756e | x0.45
Rp = Ryias 36 MQ 1.5 MQ
— ENCg, ~ Jip 169~ 131e~ | x0.45
Rs = Ryuip 25Q 50
— ENCpgg ~J1/tp 13e~ 230e~ x1.45
sum ENC 552e~ 760e™ — 1073e~ | 1518e™ — 1556e~

increase the integration time, but the pulse shape processing (deconvolution mode)
itself will slightly change the different noise terms [156, 290, 299]. An example on
how the different noise terms contribute for different modules and different peaking
times is given in Table 1.2 including the modification factors for the deconvolution
mode. Some examples of the ENC¢ term for different chip versions of DELPHI,
CDF and CMS, adapted for different load capacities and different timings, are given
in Table 1.3. The three different values for the different stages of the DELPHI exper-
iment represent different chip generations. The large dependence on capacitance
for the CMS experiment presents the strong frequency dependence (peaking times:
1.8 ws for DELPHI, 132 ns for CDF and 50ns for CMS). The C,,,-dependent value
b = 60 e~ /pF for CMS seems to be high, but it is completely driven by the sampling
time; compared to the MX3 value one should appreciate the development progress
made between the year 1990 and 2000. Obviously the strip length is proportional
to the load capacitance C;,;, being composed of the strip capacity to its neighbour
and to the sensor backside. An example of linear noise dependence versus C;,; (strip
length) is illustrated in Fig. 1.36.
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Table 1.3 ENC values for

: - : Detector; Chip ENC=a+b-Ciy
the different chip generations. -
The bold numbers emphasize MARK II; Microplex EN C_ = _
some important steps, e.g. 280e” +97¢” /pF - Cror
load capacity adaptations DELPHI; MX3 ENC =
(TRIPLEX) and reductions 670e™ + 55¢~ /pF - Cyo;
even for faster shaping times DELPHI; MX6 ENC =
(CDF and CMS) 340~ 4 20e~ /pF - C1or
DELPHI; TRIPLEX ENC =
283e~ + 17¢~ /pF - Ciot
CDFII; SVX3D ENC =
500e~ + 60e~ /pF - C;o¢
CMS; APV (Peak) ENC =
270e™ + 38¢~ /pF - Cio1
CMS; APV (deconv) ENC =
400e~ 4 60e~ /pF - Cyor

Fig. 1.36 Noise increases 4,2 -
with strip length for the 4.0
different CMS forward '
detector sensors and module — 3,8
geometries. R1-R7 labels 8 3,6
the modules at different rings < 34 1 sensor / module RS
of the forward detector o ’ 2 sensor / module
situated at different radii 'g 3,2+
c 3,04
3 28
& 1R
2,6
2,4
2,2

8 10 1I2 1I4 1I6 18 20
strip length [cm]

1.6 Sensor Parameters

All parameters have to be tailored, specified in detail, validated and monitored accord-
ing to their specific need, which will be discussed in the following sections. Certain
interdependencies must be balanced to achieve best results. In the following, geo-
metric structures are discussed, including their effects on the functionality like bias
and guard ring, implant and Al together with p* strip widths and thickness. Fur-
thermore, the fundamental electrical parameters are introduced to achieve the best
operation conditions for the different needs, which are often substantially different
for detectors of the last decades and their respective environments.
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1.6.1 Global Parameters

The global sensor parameters, full depletion voltage Vrp and total leakage current,
are discussed here.

Full Depletion Voltage (Vcpiciion = VFp)

To ensure full charge collection in the detector, the silicon has to be depleted of free
and mobile carriers by applying Vi > Vgp in reverse direction. The drift velocities
and therefore the drift times and widths of the charge distribution are also affected by
the bias voltage. Wider distributions lead to events where the charge is shared between
multiple strips. For these events the centre-of-gravity calculation is possible, having
an immediate positive consequence on the position resolution. Micro-discharge is
another critical issue, which can be avoided by limiting Vs and thus also Vg safely
below the micro-discharge voltage.

The depletion layer acts like a parallel plate capacitor, therefore the bulk capaci-
tance per unit area is determined by the depth of the depletion layer w:

E0ESi [ €ocsi
Coulk = = (1.42)
w 2449 Vias

where eg; is the permeability of the bulk silicon, ;. the mobility and p the resistivity.
Depleting the full sensor w = D, formula 1.42 resolves to Vgp

_ gD*|Nyfl  D?

\% =
e 2eq€es; 2€0Esi P

(1.43)

where N,y is the effective space charge density, which is the number of donors
minus the number of acceptors, and q is the absolute value of the electron charge.
After depleting the whole bulk, w = D, Cpyx will remain constant. This gives a
characteristic behaviour Cyyx over voltage.

[ qeosi| Neyr | )
Coulk =[ o thie = 0 (1.44)

€0Esi
% Vbias > VFD

The value of Vg is directly observable in a CV plot, where Cy,,x becomes constant
and the curve flattens. The absolute Vyp mainly depends on the resistivity p and
therefore N.rr (see also Fig.1.10 on p. 16). The applied voltage also influences
the collection time of the electron—hole pairs, which furthermore defines the time of
lateral diffusion. The diffusion determines the cluster size of the signal, see discussion
on p. 23. A deviation of depletion voltage behaviour for segmented devices is briefly
presented in Sect. 1.6.3.

Another criterion for a large silicon vertex detector is the ability to apply one
single Vyiqs, therefore Vipp o< D?*. N,sr should not vary over the individual sensors.
A good uniformity of wafer resistivity is very beneficial. Unfortunately, the direct
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dependence of Vgp on the raw silicon resistivity results in a range of up to 200V in
the CMS experiment, especially for low-resistivity silicon sensors. In the ideal case,
Vrp should be homogeneous, because several sensors are ganged to one module
(e.g. see DELPHI Fig. 4.6 or CDF Fig.5.14) and only one voltage can be applied, or
even worse many modules are connected to one high voltage power supply channel.
In addition, the Lorentz angle [74] is dependent on the operation voltage, which has
to be taken into individually for position resolution and track reconstruction.

Total Leakage Current (/;.4cqgc)

A low total leakage current is one of the major criteria for the quality and func-
tionality of a microstrip detector. Leakage current is a source of noise in the final
readout system, which should be kept as low as possible. Leakage current shows
up in all detectors coming from generated electron-hole pairs in the silicon in the
presence of an electric field. The leakage current is proportional to the depletion
layer thickness w of the sensor which is proportional to 4/ Vyas. It should be constant
after reaching Vg p. Deviations from this rule are direct indications of sensor flaws,
e.g. variations in processing. Bulk sensor currents are direct indications for bulk
impurity concentrations, defining the charge carrier lifetime, and thus the current.
The leakage current should not exceed a certain limit, excess leakage current results
in noise. High current, especially a localized one, is also a defect signature. When
measuring the global leakage current, bulk current must be distinguished from sur-
face currents deriving from interface traps, which cannot be avoided and/or “bad”
oxides, scratches and/or process errors. Bulk leakage currents are strongly tem-
perature dependent (Sect. 1.1.2), while surface currents are much less temperature
dependent. Finding the sources of high total leakage currents, can help to improve
process methods (see Sect. 1.14).

The strong dependence of leakage currents to temperature leads to an additional
critical effect — thermal runaway. Especially after irradiation, sensors have to be
cooled to avoid a thermal runaway due to increase of leakage current and voltage —
power. Heating power in the silicon can be expressed by

Ee

Psilicon = Vbias : Ilea.kage ~ Vbias : Ts%licon . e_”“““/"{"kg (145)
with the effective energy E,rr describing the bandgap energy E,, (T') and its temper-
ature dependence close to room temperature [64]. For the relevant temperature regime
E.ry = 1.21€V is used. The system is self-feeding; higher temperature introduces
higher current, which vice versa increases power and temperature. Assuming a linear
cooling power, a critical temperature limits the stable running. The system overheats,
“runs away” above Ti,isicai, While it stabilizes for T < T, isicar at Tyrapre (Se€ also
Fig. 1.37). For non-irradiated silicon T, is well above room temperature.
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Fig. 1.37 Thermal runaway. 3
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1.6.2 Bias-, Guard- and Outside Protection Rings

The ring structures surrounding the active area including the sensor outer edge are
discussed in this subsection as well as passivation.

Passivation

Passivation is the final step to protect the sensor from the environment. It often
consists of a crude form of SiO,, sputtered on the sensor or a film of polyimide®>.
Only the bonding and testing areas (Al) are later opened, refer also Fig.1.11. In
contrast to the passivation needs in industry, the material for sensor protection has to
be without contaminants. Already small charge concentration in the passivation can
change the well-designed field configuration on the implants and Si — SiO, interface,
e.g. negative charge concentration can evoke a surface inversion layer, opening a
hole conduit from strip to strip decreasing inter-strip resistance. An example of this
undesired effect is presented in Sect.6.5.1.

Bias Ring

The bias ring and backplane are the main contacts to apply the bias voltage. The
bias ring runs around the whole active area of the sensor to ensure a homogeneous
potential for all strips. It either connects to all bias resistors, therefore supplying all
implants with voltage, or via the punch-through effect or FOXFET described earlier.
The bias ring is not ultimately necessary for DC-coupled sensors, where the potential

BPolyimide (sometimes abbreviated PI) is a polymer of imide monomers, it is resilient against
ionising radiation.
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Fig.1.38 The bias ring connects the strips to a defined potential, e.g. GND on a single-sided p-in-n
sensor. The bias ring in the first two photos surrounds the guard ring and connects via polysilicon
resistors to the individual strips — DELPHI n-side. On the lower left,a CMS sensor corner can be seen,
with the bias ring inside the field shaping guard ring also providing bias potential via polysilicon
resistors. On the lower right, a DELPHI Ministrip sensor corner is displayed, with (from right to
left) two outer guard rings, a bias ring and a gate to control the FET channel /conductivity between
bias ring and strips. Note the bond pads for one guard ring, the bias ring and the FOXFET gate

can be applied via the readout chip connection. A DELPHI and CMS example with
polysilicon biasing plus a FOXFET bias example from DELPHI is displayed in
Fig. 1.38. The different biasing schemes are explained in Fig. 1.27.

Guard Ring(s)

The guard ring shapes the field inside the sensitive area to minimize edge effects and
guarantees a defined homogeneous potential for all strips, including the edge ones.

Two basic connection schemes can be applied. First, a direct connection of the
guard ring to a certain potential, often GND, provides a drain for the leakage cur-
rents from the edges of the detector, e.g. applied for the DELPHI sensors. The sec-
ond configuration uses one or more “floating” guard rings to discretely adapt the
potential, especially for high voltages, where the voltage drops from outside in. The
ultimate example of a single guard ring serving as multi-guard structure is described
in Sect.6.4.2. For the purpose of field shaping, an implant ring with the same type
as the strip implant (p™ / n™ for p-in-n / n-in-p respectively) is located underneath
the guard ring. The Al planes and implants are directly connected by vias.
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Sensor Edges
Active Edge

Cracks caused during the cutting process at the edges introduce energy levels in the
forbidden gap — large defect density at the sidewalls. The suppression of resulting
leakage currents can be accomplished by avoiding high fields inside the cracked
region. This can be achieved by introducing a broad implant at the edges of the sensor
front face. This so-called ‘edge field shaper’ on the ‘front-side’ has the same polarity
as the backside doping, n** for p-in-n or p™* for an n-in- p sensor — the concept also
works for double-sided sensors. This feature is graphically presented in the photo 1.25
and schematic 1.26 (p-in-n) and 1.28 (n-in-p). The edge implantations on both sensor
faces then levels to the same potential, in most cases the HV potential. The edge
therefore has a defined potential on the top. This design was first, very successfully,
introduced for CDF RUN II (the nt* edge field shaper) and is consequently used in
the current and future CMS sensor design. Without such a “protection” the depletion
zone would reach the sidewalls creating a conductive surface and hence increase the
leakage currents significantly.

This edge feature has historically, when first implemented, been called “active
edge” but is today very common. The term “active edge” is therefore, today, mostly
used for the “slim edge” concept described in the next paragraph.

Slim Edge

Due to very tight spacial constraints in a pixel detector, especially in the barrel
section, pixel sensors cannot be staggered in the z direction, hence the inactive sensor
edge defines a real inactive zone within a detector layer. The “active edge” (see last
paragraph) is therefore uncomfortably large (500 — 1000 pm) and also multi-guard
ring structures are large. There are additional ways to decrease the sensor edge but
these come with additional processing and with steps unfortunately not available at all
suppliers — the goal would be to go down to ~50 — 100 pm to tile sensors seamlessly.
There is also a high demand from medical applications. The Deep Reactive Ion
Etching DRIE, a 3D process, as described in Sect. 1.12.7 can be used to create very
defined practically defect-less edges/sidewalls because they are etched instead of
cut/sawed; one ‘simply’ etches a trench through the full sensor, itself resting on a
handling wafer. One also often reads ICP-RIE (Ion Coupled Plasma Reactive Ion
Etching.) or shortly ICP when discussing trench etching. This 3D process also allows
to have a well-defined doping layer on the vertical ‘sensor edge’. Even after the trench
etching, the sensors rest on the handle wafer thus full wafer processing is possible
hence doping via diffusion can be done for the sidewalls as is done for the pillars
in a 3D sensor — Fig. 1.39 illustrates the additional steps. This allows to reduce the
inactive distance between edge to active zone and have it at a well-defined potential.
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Fig. 1.39 Slim edge/active edge. The goal is to have a very smooth sensor sidewall featuring a very
low defects concentration and which is homogeneously doped. A wafer with phosphorous-doped
backside?* is chemically bonded to a handle wafer. The trenches are created by DRIE. They are
filled with highly phosphorous doped polysilicon to allow phosphorous diffusion into the sidewalls.
The red lines symbolize the doping. Before the removal of the polysilicon all other processing steps
happen (strips, polysilicon resistors, Al, etc.). Afterwards the polysilicon walls are being etched
away by reactive ion etching and finally the support wafer is being removed

It is also possible to define the cut-edge region by doping or passivating with
charged-up material,> after cutting by laser, diamond saw or even cleaving. This is
only possible at FABs?® which are able to process on individual structures. Most often
processing is only done on full wafers, where the sensor edges are not accessible.

Another possibility described in [97] introduces an initial scribing perfectly along
the crystal lattice orientation on the surface, e.g. via laser or DRIE and then cleave
the sensor. The sidewall surfaces are then passivated®’ with dielectric with interface
charge. This connects the dangling bonds and creates an appropriate interface charge
with silicon. The sidewall becomes effectively resistive in a controlled way.

Slim edge design is being used in the LHC TOTEM detector where the sensors
are perpendicularly placed as close as possible to the beam pipe [261].

1.6.3 Design of Strip Parameters

This section illustrates the basic design choices for aluminium readout and implant
strips as well as the resulting electrical parameters, like coupling and inter-strip capac-
itances. Also inter-strip and bias resistances are discussed here. Common strip faults
are introduced. The AC-coupling case is described. Figure 1.40 shows an electron
microscope picture of a cut through an AC-coupled strip.

Layout of Implants and Aluminium Strips

To define the Al strip implant configuration several criteria have to be taken into
account. In an AC-coupled sensor, the coupling capacity must be larger than the inter-
strip capacitance and all parasitic capacitances. To first order the aluminium strip

24Phosphorous for n-bulk sensors; boron for p-bulk sensors.

25The reason to dope the vertical cut edges is to define a well known doping profile and potential,
dominating any crystal defect from the cutting.

26FAB fabrication line of silicon devices, CMS sensors, etc.
2TNegative charged passivation for p-type, e.g. Al,03 and positive charged for n-type, e.g. SiO»
or SizNy.
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Fig. 1.40 Cut perpendicular through a single strip. The picture shows the upper part, especially
the metal part and the passivation oxide protecting it from the environment

and the implant strip define parallel plate capacitors between themselves, between
the Al strip implant complex and the backplane and the neighbours. The system is
therefore described by the plate capacitor formula C = 808,%. The system requires
a thin oxide d with a large width ~A to maximize the coupling capacitance. On
the other hand, the width ~A must not be too large to minimize the inter-strip
capacitance and capacitance to the backplane. Of course, here also the strip pitch
plays an important role. The minimum oxide thickness is limited by technological
application and insulation robustness considerations. A standard choice of oxide
thickness is around 200 nm. The strip designs also represent a geometrical deviation
from a full plate capacitor to the backplane. The full depletion voltage of a strip array
is greater than the one of planar diodes. For junction-side, single-sided detectors, the
increase in depletion voltage is caused by the fact that the equipotential lines are
encircling the strips and are getting parallel to the surfaces only at the depth of about
the pitch p. A semi-analytical solution of the Poisson equation is described in [22].
Using the strip pitch p, strip width w for p™-doped strips, and diode thickness D, the
following relation is given in [22] for single-sided sensors:

VF D ,strips

2p w
ke S T — 1.46
VD, diode * D [f (P):| (140

where Vpp diode 15 the full depletion voltage for planar diodes and the functional form
f is given in [22] as

f(x) =0.00111x? + 0.0586x" + 0.2400.651x + 0.355x> (1.47)
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For a double-sided sensor with strip width w’ for n™ strips the function changes to:

/

VFD diode D P p
This deviation has to be taken into account when N.yy o Vrp is extracted from a
segmented sensor instead of a diode. In reality the situation is a bit more complicated,
also slightly dependent on implant depth and metal to implant area (overhang or no
overhang), and different for wedge-shape sensors. The equation is therefore a good
starting point but a calibration measurement should be done for each new sensor type

and its diode on the same wafer. The sensor capacitance to backplane per unit length
follows a similar dependence:

Cback, strips _ 1

Chack, diode B 1+ % [f (w)]
p

(1.49)

For p-side strips, the inter-strip capacitance C;,, and total strip capacitance
Cior = Cint + Cpack can be expressed as:

Cror[pF/cm] ~ (a b %) (1.50)

witha < 1,e.g.0.75and 1.4 < b < 2, e.g. 1.8, depending on pitch and strip imple-
mentation details (overhang; depth). Clearly, wider strips have a higher Cp,¢ (area)
and higher C;,; and smaller pitchs have a higher C;,,; (distance). A real-life example
is being presented in Sect. 6.4.2 on p. 245. In general n™ strips have larger capacitance
than p™ strips since the charge accumulated between nt strips makes the n cathode
effectively larger. a, b in formula 1.50 are thus generally larger — outside the band
given above, e.g. b can be larger than 2 or a = 3. This, though, can be mitigated by
a decent design of p*-stop and strip capacitance values for today’s n-in-p sensors
are again in the same regime as for p*-strips.

In addition to the capacitance calculation, the detector design must take the
potentials and resulting field configurations into account to guarantee a stable
operation above the depletion voltage without any breakdown or micro-discharge.
The Al strip implant configuration evolved over the last detector generations,
going along with higher depletion voltages and potential configuration differences

between single- and double-sided sensors. The breakdown field in intrinsic silicon is
2
Vireak = 2;11\51!;, ~ 30 V/um, defining the maximum field allowed before breakdown.
This dictates at least some limits on the implant profile, which should be thick and
round to avoid edge or point-like structures with a high field, see Fig. 1.41a.
In the case of single-sided sensors, both the implant and Al strip can be at the

same potential, most often GND. With double-sided sensors on one side, the implant
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Fig.1.41 Different strip designs. In first approximation, an AC-coupled sensor has a doped implant,
a SiO; layer and an Al electrode connected to the readout. The common interest is to minimize the
maximal E field at the pr-junction to avoid breakdown, by shaping the implant profile — avoid sharp
edges and enlarge implant profile (this is demonstrated in part a). To increase coupling capacitance,
the insulator oxide should be thin and Al and implant width large. Depending on the global sensor
design and its operation environment, the strip layout has to be chosen very carefully to give the best
possible field configuration. Double-sided sensors, having a voltage potential (see part ¢) between
Al and implant, benefit from a narrower aluminium width with respect to implant. This ratio is
very dependent on the needs, where a metal overhang is often sensitive to micro-discharge. In the
single-sided CMS sensor, a large well-defined metal overhang was applied. With this configuration
the electric field is drawn partially into the SiO7, which has a higher breakdown voltage. A deep
implementation of an additional polysilicon layer inside the oxide also moves high field into the
oxide (see right complex in b)

to Al strip potential difference?® equals Vi, (see Fig. 1.41c), resulting in a strong
fringe field at the edge of the strip. This results in micro-discharges caused by a
large local field. The pure bias voltage is no longer the only field defining entity;
(MOS effect). In addition to this, charge-up in the oxide, which comes with poor
oxide quality, poor passivation or charge-up during radiation, also influences fields
locally and can lead to local micro-discharge. To avoid the MOS and oxide charge
effect the Al electrode on a double-sided sensor should be narrower than the implant
underneath to reduce the electric field strength through the bulk in the vicinity of
the implant strip edges, since the electric field could cause the undesirable micro-
discharge, a precursor to breakdown of the junction. This leads, for example in the
CDFII case, toa 14 (or 16) wm Al electrode with a 18(or 22) pm implant for a sensor.
Some possible configurations are displayed in Fig. 1.41b, where an implementation
of doped polysilicon into the oxide was tried to shift the highest field into the oxide
resulting in a 30 times higher breakdown voltage. The micro-discharge effect is

280ften split bias is used, where both coupling oxides carry Vi;qs/2 or the chip is kept floating.
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described in detail in [225, 226]. Micro-discharge is a local problem, it also generates
random pulse noise even before full breakdown. Figure 1.42 shows an example of
current increase, localized in single strips at two different voltages. Of course the
effects are all related to a high local field*, which happen above Vyp. In a single-
sided sensor, both aluminium strips and implants are at almost the same potential.
The MOS effect is negligible and the Al electrode can be enlarged with respect to
the implant to draw the high fields to the electrodes into the oxide. Another example
of hand-tailored strip design is also described in [34, 47, 49, 77] and in Sect.6.4.2
where the special needs of the CMS detector and its radiation tolerance needs are
explained. CMS uses a 4 — 8 wum metal overhang to draw the maximum field into
the SiO,, refer to Fig.1.41b. In short, each new geometry needs to be carefully
simulated to ensure proper operation without breakdown in the given environment,
while respecting needs of good coupling to inter-strip capacitance correlation; the
above discussion can serve as a guideline.

In addition to the discussion on micro-discharge and capacitance correlation, a
broader metal strip width can also act as an electron repellent field plate with an
applied potential on the n*-side instead of p*-stops (see Figs. 1.29 and 4.12).

Sensor Strip Capacitances

Three different components define the strip capacitance network. The basic design
strategy is to maximize charge coupling towards the readout electronic avoiding
parasitic capacitances and to minimize capacitance load, to ultimately reduce noise.

Coupling Capacitance (Ccoupling)

The coupling capacitance is measured between the implant and the aluminium read-
out strip, which is directly connected to the readout electronics. Coupling capacitance
should be large as they are directly proportional to the signal. A large capacitance
means a thin isolation layer between the implant and Al strip, which is difficult to

2 At least for p-in-n sensors, where the field builds up from the junction side.
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achieve with a high reliability and without creating a short circuit between implant
and readout strip, called a pinhole. Shorts or ohmic connections between Al and
implant would violate the AC design, creating a DC coupling with a free bulk charge
flow into the preamplifier. This limits the coupling capacitance to the manufacturing
process reliability. DELPHI used integrated coupling capacitors, the value of
7 — 15 pF/cm was high enough with respect to the inter-strip and backplane capacity
of 1.5 and 0.2 pF/cm, respectively. Using dry and wet oxidation (see Sect. 1.9.2 on
p. 84), CDF increased the capacitance up to 140 pF per strip, a value of 20 pF/cm was
specified for CDF to allow reliable production of two-layer capacitor dielectric (SiO;
and Si3Ny). With longer strips and broader metal strips CMS reached values between
300 and 600 pF depending on the sensor geometry — specification was CIL i Fm .Ithasto
be mentioned that reliable voltage resistant and thin, thus large, coupling capacitors
were only technically realizable with additional nitrate layers.

Inter-strip Capacitance (Ciger—stiip = Cint)

The inter-strip capacitance C;,; is one of the major contributions to the capacitance
load into the amplifier. It should have a certain value to share charge between two or
more strips. Spatial resolution is improved by events distributing charge on two or
three strips, for one could calculate the “centre of gravity”. Therefore good charge
sharing between direct neighbours is desired. Sometimes additional intermediate
strips are introduced to have a better charge sharing, without large effect on Cj,;.
In order to get most of the signal into the preamplifier, the inter-strip capacitance
should be much smaller than the coupling capacitance. These two restrictions led to
the specified value 1.0 pF/cm and the ratio CC—,,,[, = % for the CDF intermediate
silicon layers sensors. For CMS the ratio stays between 1:30 and 1:60. This value is
mainly determined by sensor layout and the strip width to pitch ratio.

Backplane Capacitance (Cypack)

To measure the strip to backplane capacitance Cp,«, the measurement instrument has
to be spanned from strip to backplane, while bias voltage is applied.*® This is a major
effort for high V4,5 because the LCR instruments are restricted to lower voltages
(same as for global CV). In most cases Cp 1s approximated to Cgetector—total / (NUMber
of strips) from the global CV measurement. But even without full or any bias voltage
applied, the relative Cp,., measurement is an excellent identification tool for strip
defects as there can be strip breaks, shorts between several strips and shorts to the
implant®!. A broken strip shows a lower capacitance, but the capacitances of both
strip ends sum up to the nominal value. Shorted strips come in pairs or groups; the
capacitance will then be N times the nominal capacitance. Pinholes, short-circuit
readout strip to implant, result in a very high increase of capacitance. The capaci-
tance measurement of pinholes is strongly frequency dependent and so a quasi-static
instrument must be used. By measuring the values for every single strip, quality
control can approximate the load uniformity of the preamplifier.

30Without full bias voltage, only the capacitance to the plane of the SCR would be measured.
3Known as a “pinhole” (see Sect. 1.6.3).
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:
Fig. 1.43 A bias resistor made of polysilicon Rpoly. The picture shows clearly the long and thin
meander pattern of the polysilicon line, which ensures a high resistor value on a small area. The
vias at the end of the polysilicon resistors to the p™ strip as well as the vias to the bias ring are
visible. Beneath the meander, the p* strip runs further to maximize the active area of the sensor. The

pictures show a zoom of a CMS rectangular sensor, a CMS wedge-shaped sensor and a DELPHI
n-side zoom

Strip Capacitance (Csyip = Cior)

Cior = Cins + Crack includes all capacitances of a readout strip including inter-strip
capacitances and strip to backplane capacitance. It reflects the total capacitance load
to the chip amplifier. Cy,, is a major noise source of a silicon detector. CMS limits
C,o to 1.2 pF/cm by defining width/pitch = w/p = 0.2, see Sect.6.4.2.

Aluminium Strip Resistance

There is a correlation between the resistance of the metal strip and the signal pulse
shape imposing a minimum acceptable resistance. Resistance R per unit length can
be calculated from the width (w) and thickness (d) of the aluminium with resistivity

par by
par = 2.824-107° Qcm

(d=12pm)(w = 8 um)

Rgyip/cm = ~30Q/cm (1.51)

and thus relates to the specifications of the metal strip width and thickness. While the
width as discussed earlier is defined by other constraints, the remaining adaptable
parameter is the thickness. The example calculation in formula (1.51) shows the
specification of the CDF II ISL sensors, requesting a minimum thickness of 1.2 pm.
The aluminium resistance determining the strip resistance acts as a series resistor for
the readout electronics. For short peaking times, high p4; significantly influences the
noise (see Sect. 1.5). It is worth noting that also DC-coupled sensors strips are fully
covered by aluminium which reduces resistivity and thus noise.

Bias Resistors (Rp,s)

The bias voltage to the sensor is supplied through a set of polysilicon resistors
Ryias = Rpoly, connecting the implant strip to the bias ring, which is wire-bonded
to the biasing terminal. Microscopic photos of polysilicon resistors are presented

in Fig. 1.43. Noise contributions®? from the bias resistors are proportional to /2T,

32Thermal noise.
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where kp is the Boltzmann constant, T the temperature and R the bias resistor. This
dependency imposes the requirement for a high value of bias resistance. Referring to
formula 1.39 on p. 41 the contribution is highly dependent on the readout frequency
~ integration time ¢, for experiments with long integration times, e.g. at LEP or
ILC a high Ry;,s value is more important than for the LHC experiments. Variations
of Ryias lead to voltage differences among individual strips and a non-uniform field
distribution. Another upper limiting factor is the associated potential differences
between neighbouring strips. Reliable polysilicon resistors with very high resistivity
and only small deviations are difficult to process. The specification for the CDF II
ISL sensors is Rpjps = 4.0 — 10 MQ with £10% variation within a single sensor.
For CMS a lower value is possible due to the operation temperature of —20°C, the
specifications are 1.0 —2.0 M2 with a maximum spread within one sensor of 0.3 M€2.
To measure the real bias resistor, the sensor has to be at least partially depleted to have
the final field configuration on the strip side, isolating the individual strips; otherwise
several resistors are measured in parallel, resulting in a lower resistance. Vice versa
a low bias resistance, together with a higher leakage current is an indication for a
low inter-strip resistance.

With many bias resistors in parallel the global inversely summed up resistance is
negligible compared to the bulk resistance (initially several G2 and still many M
after radiation) — Ry, has no significant effect on Vii,s. The individual bias resistor,
though, can be determined by measuring the voltage drop AV over the resistor and
the strip leakage current /y,, and taking the bulk resistance into account (from an
IV value above Vgp). But, in most quality assurance setups, a defined voltage V., is
imposed over the bias resistor, the current is measured and Ryias = Vser/ Imeasurea 15
calculated. Applying too high a voltage may disturb the fields, lowering inter-strip
resistance and thus result in too low measured Ry;,s values — CMS had to change the
measurement voltage from 10 to 2 V. For irradiated sensors the single-strip current,
in the same order as the imposed current, has to be taken into account.

1%
Rijgs = ————— (1.52)

I measured — I strip

The polysilicon resistor processing is explained in Sect. 1.9.2, especially Fig. 1.61.
In reality the company establishes the final design, the customer defines value and
size. With an estimate on the value of the sheet resistance[square]33, a meander
structure can be designed.

To design a sensor, high values of Ry, are preferred for their low thermal noise,
especially long ladders must have high value resistors because they all add up parallel,
therefore the readout electronics see a lower value and therefore higher noise. On
the other hand large resistors increase the RC time constant. For highly irradiated
sensors, the formerly very high (order of G£2) bulk resistivity drops and a good
fraction of the applied voltage drops then on Ry, an undesired effect, which would
require a lower value. Here, Ry;,s also limits the strip current. With a high current,

33 A square is a defined square size to allow normalization of a resistance per area.
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e.g. after radiation, Ry;,s defines the potential V = RI of the implant with respect to
the aluminium strip. This should be taken into account when designing the readout
electronics.

Inter-Strip Resistance Riyer—suip = Rins

A high inter-strip resistance is necessary in order to accomplish the isolation of
all individual strips. R;,, should be in the order of several GS2. Obviously, this
value is not applicable with doped silicon at non-cryogenic temperatures. It is only
achievable with a fully depleted surface at the Si — SiO; interface reaching deep into
the bulk volume. Inter-strip resistance is a very delicate parameter, sensitive to all
kinds of oxide charge or even charge concentration in the passivation oxide spoiling
the surface depletion to surface inversion or accumulation. Charge-up of the surface
oxide will always affect R;,;.

In Sect.2.3, it is illustrated how radiation can decrease the inter-strip resistance
ending up in values of several tens to hundreds of M€2. The most complicated part is
the R;,; measurement in the presence of bias resistors, in the order of several M€,
connecting all strips to the bias ring. This can be principally solved in applying a
small voltage ramp on one implant strip (via the DC pad) and measuring the resulting
current on the neighbouring DC pad, while both voltage supply and amperemeter
share the same ground, namely the bias ring. Unfortunately only a small voltage on the
order of about 1 V can be applied without disturbing the depletion layer configuration,
thus short circuiting the strips. Applying 1 V over a resistance of 1 G2, the resulting
current of 1 nA is in the order of the leakage current. With resistance values of
10 — 100 G2 or high strip leakage current, e.g. after irradiation, the measurement
current cannot be resolved any more, therefore the method can only give a lower
limit for R;,;.

Strip Faults

The most common strip faults are introduced, together with a measurement example
and their effect on the readout electronics. There is always a compromise of defective
strip fraction e.g. in CMS it was 1% per sensor to have a maximum of 2% bad strips
on a two-sensor module. Long modules, with 10 sensors daisy-chained, need a much
stricter criterion and vice versa a very simple and standard sensor design. A specified
request of zero strip faults would decrease the numbers of accepted sensors, thus the
yield. This would result in substantially higher cost. In the case of the daisy-chaining
of several sensors, the sensor containing a strip fault should be placed as far from
the readout hybrid as possible. This is especially true for breaks and pinholes, where
the strip should be disconnected. The basic faults are illustrated in Fig. 1.44 as well
as photos of shorts and breaks.

Pinholes

Pinholes are shorts or low ohmic connections between an aluminium readout strip
and the implant. Charge can flow freely into the preamplifier, possibly overloading
the amplifiers* of a large part of a chip or even of one whole chip (refer to [137] and

34Strong dependence on the ASIC design.
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Fig.1.44 The location of pinholes and breaks are shown in the sensor scheme. Shorts are displayed
in the first two photos, one results from a processing fault, whereas the second came from wrong
handling. The breaks are simple process faults, but are often also results from scratches

[136]). These strips must be identified if not avoided in the manufacturing process
and remain disconnected from the amplifier. Commonly the following strategies are
used to identify pinholes:

e applying several volts over the insulation between Al readout strip (AC pad) and the
implant (DC pad). Simultaneous measurement of the current identifies all shorts
and measures the resistance of low ohmic connections. Pinhole signatures are mA
signals on a sub pA background for good strips.

o high Ccoypiing hints the presence of a pinhole but for an LCR device Ceoupling
measurement is also frequency dependent. With quasi-static devices>, measur-
ing Q = CV in steps, Ceoupling is out of range for pinholes.

e strip to backplane capacitance Cp, also identifies pinholes quite easily. In this case
the operation voltage is applied via the LCR metre, which cannot stand high volt-
ages. Of course, a decoupling box could be applied but then the above-mentioned
methods are as effective and easier. Therefore, the method is only easily applicable
for low depleting sensors.

Finally in case of a pinhole, the wire connection between strip and preamplifier has to
be pulled. In the case of the SVX43 chip, single channels can be even disconnected
later, when configuring on chip level (refer p. 97).

Breaks

Breaks in the aluminium are no danger to the readout, but will disconnect the rest of
the strip and therefore all strips of the next sensors in a line. Breaks in the implant, as

35 A quasi-static capacitance measurement, where Q = CV is measured for several values of V,
works only with negligible current. In the case of a pinhole, the applied voltage V initiates a current
driving the measurement value into overflow — pinhole signature.

36The SVX4, the successor of the CDF SVX3 chip.
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long as they to not create a point-like defect increase Iip are almost invisible within
AC-coupled sensors since the charge will still fully couple to the Al-line. With a
higher implant than Al resistance a complete implant line cannot compensate a break
in the Al line. Sensors with Al breaks should be placed at the end of the ladder (like
pinholes). Breaks are identified by comparing the current strip capacitance with the
nominal strip capacitance. Strips with lower capacitance are candidates for breaks.
For the DELPHI sensors, the capacitances of both strip ends were measured, where
sum of the two values equals the nominal capacitance Cies; + Cright = Crominal- If the
sum is equal to the nominal value the aluminium strip is broken.

Shorts

A short is given by a connection of one or more neighbouring strips. This is not a
crucial fault, but will result in a higher load capacitance which associates a higher
noise and also generates multi-strip hits, degrading the resolution. This kind of fault
has no preferred position in the sensor row. Shorts are found by measuring Cgip.
Capacitances which are N times the nominal capacitance should come in groups of
N members. Cyyip = N - Chomina for N strips shorted together.

Leaky Strips

Strips with a high leakage current I, can increase the channel noise dramatically. In
combination with a pinhole, a not so rare case, the current can even overload the whole
chip. There are many reasons for leaky strips, e.g. defect bias resistors, inhomogeneity
in the bulk silicon especially in the surface region, faulty strip implantation, non-
depleted regions, etc. (refer Sect. 1.14). These strips often come in groups, which
means a whole region has some defect. Very high currents increase the shot noise.
In some cases, leaky strips even have a stochastic time structure, e.g. resulting from
micro-discharge and therefore can produce noise deviating from standard shot noise.
During quality control leakage current will always be measured at the maximum
operation voltage, e.g. 80 V for CDF or 400V for CMS; high current average or
localized outliers are critical. Some examples of high strip leakage currents are
presented in Sect. 1.14.

1.7 Practical Aspects of Handling and Testing
Silicon Strip Devices

One reason to use silicon sensors is their robustness. Si0,-passivated silicon sensors
are impervious to their environment in some well-defined boundaries. Sensors do
not degrade even after resting in cupboards for years. A clean room is sufficient for
sensor testing and module assembly; no dedicated rated cleanroom of better than
class 100,000 is necessary.

On the other hand sensors are thin, brittle and fragile. The passivation layer is
only around 1 — 2 pm thick and provides almost no protection against mechanical
damage. Scratches from bad handling or heavy dust during transportation degrade



1.7 Practical Aspects of Handling and Testing Silicon Strip Devices 61

sensor properties, refer to Sect. 1.14. Also probe needles with probe tips around
2 — 7 wm need to touch the aluminium pads and the risk of damaging the pad or even
to pierce through the metal is not negligible. Sensors need to be handled with care
and some healthy paranoia not to destroy them. Vacuum tweezers are standard tools
to avoid any direct human contact. The cleanliness of the sensor surface is also very
important for the later wire-bonding. Remnants, e.g. fat from a human fingerprint, can
already significantly degrade bondability. Humidity levels in the laboratories have
to be in well-defined ranges; very low humidity increases the risk of static electric
discharge and also charge-up of the sensors; a high relative humidity level (>30%)
can lead to increase of leakage current, as silicon is hygroscopic. A standard method
is to allow a normal humidity (40 — 50%) in the laboratory while sensors are stored
in a dry cabinet and sensor probe stations are flushed with dry air during testing.
Charge-up of the passivation oxide can affect the Si — SiO, interface layer, refer to
Sect. 1.14.

There are some dependencies, which can be explained more by “10-years-gut-
feeling” and experience rather than by some mathematical formulas.

e sensors have to be stored in a dry and dark environment

e sensors have to be handled with vacuum tweezers

e face masks have to be worn, the human breath contains some acids, which can
degrade sensor performance

e sensors are tested under low relative humidity (<30 — 40% RH)

e testing should be one’s second nature but a certain paranoia helps to prevent stupid
faults out of carelessness

e if a measurement looks “strange” repeat it; sometimes the sensor needs to be
conditioned, e.g. some charge-up has to be drained off

e most often electric defects are reflected in optical defects

e strange results often reflect wrong measurement parameters, e.g. too high voltage
detoriating surface depletion for inter-strip resistance measurement (Sect. 1.1.3)

e bad contacts are often related to insufficient opening of the aluminium pads and
remains of SiO, are good insulators. In this case bonding also becomes more
difficult

e a stabilized temperature is mandatory for measurements of irradiated sensors to

— get reasonable, understandable and comparable results

— avoid thermal runaway, which may even destroy the sensor

— measure the « parameter (see Sect.2.1), which is strongly temperature
dependent.

1.7.1 What Is the Standard/Exhaustive Set of Quality
Assurance Tests?

Sensors for HEP detectors are procured from industry. The quality assurance by the
producer is very strict and part of the contract. A strip yield above 98 — 99% is a
standard requirement. Furthermore, maximum leakage current and a range for the
depletion voltage is requested. In addition all the above-discussed strip parameters,
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like inter-strip capacitance, inter-strip resistance, bias resistance and coupling capac-
itances are specified. Furthermore more process-related parameters, like flat-band
voltage, breakdown voltage, aluminium resistivity, dielectric breakdown voltage,
etc. are specified. Process parameters are only tested on sample basis and mostly on
dedicated structures.

Depending on the number of sensors, sample testing is appropriate after pre-
production is sufficiently evaluated. For example, CMS asked for 5% of the full
production before placing the final full contract. Without full testing there is always
the chance to spoil the full module when assembling several sensors and the readout
hybrid (each potentially faulty).

The minimum tests are

e global current—voltage characteristic (IV)
e full capacitance—voltage ramps (CV) to determine depletion voltage

Quality Assurance on Sensor Level

For strip testing, there are different more or less exhaustive strategies but some
standard sets of tests are

e global tests:

— IV scan (0 — Vyy, ), where V;y  (CDF) = 100 V and V;y,  (CMS) =550V
(or 800 V)

— CV scan (0 — V¢y,, ), where Vey, (CDF) =100 V and Vcy,  (CMS) =
350V

e common strip tests:

— leakage current of each strip at Vi, (to determine noisy, leaky strips), where
Viuip(CDF) = 80V and Viy;,(CMS) = 400V

— bias resistance of each strip (Rpoly)

— I current over Cyc, where Vi, (CDF) = 60V and V;;,;(CMS) = 10V to
identify pinholes

— coupling capacitance Ceoypling With quasi-static C-metre or low LCR frequency
(~100Hz)

e measurements on sample, problem basis or on dedicated structures

— inter-strip resistance
— inter-strip capacitance at high LCR frequency (~1 MHz)

To guarantee the quality, every single strip has to be tested to identify the percentage
of bad strips. For double-sided sensors, all tests have to be done on both sides.

Process Monitoring

Until the CMS experiment, process parameters were checked on first prototypes
together with the producer or not at all. For the 24328 sensors of CMS, a new con-
cept was developed to allow an easy measurement of silicon device parameters and
to efficiently monitor the production process [35, 183]. A set of test structures was
designed and placed on every wafer for all sensor types. Figure 1.45 shows the cutoff
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Fig. 1.45 Half-moon with test structures. Left to right, the structures with the following acces-
sible process parameter are located (1) TS-CAP (Ccoupling, Vbreak)- (2) sheet (Resistivity ),
Resistivity,,, Rpoly). (3) Gate Controlled Diode GCD (/surface). (4) CAP-TS-AC (Cinter—strip)-
(5) full minisensor. (6) CAP-TS-DC (Rinter—strip)- (7) Diode (Vrp). (8) MOSI (VRat-band)-
(9) MOS2 (Viat-band)

from a 6 in. wafer with the test structures. These test structures also allow destructive
tests to be done, like breakdown voltage of the coupling capacitors. A proposed set
of measurements is leakage current and breakdown voltage measurement plus deter-
mination of depletion voltage on a minisensor comparable to the main sensor plus
tests on standard diodes. Flat-band voltage and surface currents can be extracted on
MOS and special structures called Gate Controlled Diodes GCD. Inter-strip parame-
ters like resistance and capacitance plus aluminium and implant resistivity and bias
resistance can be taken from individual dedicated structures. Of course, this effort
is reasonable, if the measurements and analysis are fully automated. An example of
parameter evolution versus time is presented in Fig. 1.88.

Irradiation Quality Control

With radiation becoming an issue for today’s and future detectors in a collider exper-
iment, radiation hardness studies are more and more important. For CMS a dedicated
radiation hardness quality control concept was set in motion to irradiate around 5%
of the above-described test structures plus about 0.5% of the received sensors and
even a couple of fully assembled modules. Proposals for pre- and post-radiation tests
at nominal operation temperature on sensors and minisensors are

e mandatory tests on sensors

— IV and CV (determine Vgp and compare with model)
— inter-strip capacitance and resistance

e additional measurements

— coupling capacitance
— bias resistance
— strip leakage currents

e measurements on modules

— noise
— signal-to-noise
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Unlike sensor quality control, measurement of all strips is not necessary, the
difference of pre- and post-radiation values are important. To get an even deeper
understanding, all parameters, also strip parameters, are measured for several bias
voltage values to better understand the behaviour below and above depletion voltage.
After irradiation often over-depletion is even more important than before. The CMS
irradiation quality control example is described in detail in [80, 111].

Pixel Sensor/Module Quality Control

For pixel sensors with the much higher channel count and much lower cell values,
e.g. load capacitances, the only reasonable test on sensor level is the global I'V-scan,
sometimes also a global CV-scan. All further quality assurance is being done after
bump bonding to the readout chip. Often, so-called bare module tests are done con-
necting a probe card to the chips reading out the bare sensor-chip sandwich. With a
reasonable yield of all components real quality assurance testing often only happens
after full pixel module assembly with the final readout. These tests are then very thor-
ough including additional IV-scans, full chip characteristics, thermal cycles, X-ray
exposure and high rate tests.

1.8 R&D Methods and Tools: DLTS, TSC, TCT,
Edge TCT, TPA-TCT, SIMS and Simulation

Several specialised expert methods complement the above described tools to have a
more complete understanding of new materials or new sensor concepts on a more fun-
damental R&D level. These tools allow insight on fundamental damage mechanisms
on crystal level and also give better judgement on dynamics of sensors before and
after irradiation. The goal is to use the results to “defect engineer” future detectors.

The following paragraphs introduce the basics of these tools with enough detail to
understand the usage and presented results. The real effort to finally exploit, setup,
understand, debug and calibrate any of these expert systems is worth a Master or
doctoral thesis. As a matter of fact the currently most detailed descriptions are to be
found in doctoral theses.

Deep Level Transient Spectroscopy DLTS and Thermally Stimulated Current
TSC are tools to identify the defect levels in the band gap. DLTS has a higher reso-
Iution while TSC allows to probe higher defect concentration thus higher irradiated
samples. The Transient Current Technique TCT gives information about the electric
field profile therefore the effective space charge profile (and sign) given by initial
doping or defect concentrations resulting from radiation; it is also a means to evaluate
effective trapping times. Secondary Ion Mass Spectrometry SIMS is a destructive
way to determine concentration of dopants and impurities, a more standard tool used
in industry and solid state labs.

These days, these tools are finding their way into evaluation of base material
and sensor design or company qualification up to the mainstream standard quality
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assurance or process monitoring. Dedicated examples and results will be presented
in Sects.2.2 and 7.1.
In addition to the tools described in the next paragraphs, there are:

PITS (Photo Induced Transient Spectroscopy)

FTIR (Fourier Transform Infrared Spectroscopy)

RL (Recombination Lifetime Measurements)

EPR (Electron Paramagnetic Resonance) and ESR (Electron Spin Resonance)
PC (Photo Conductivity Measurements)

TDRC (Thermally Dielectric Relaxation Current technique) similar to TSC but
used to study surface defects in the oxides.

1.8.1 Deep Level Transient Spectroscopy — DLTS

Deep Level Transient Spectroscopy DLTS is a widely used method to characterize
deep level defects (energy levels) in semiconductors. After a filling of trap levels by
light injection or by a voltage pulse, the following relaxation transients, either current
(I-DLTS) or capacitance (C-DLTS) are measured. It is a very precise method and can
derive the defect concentration N, their thermal activation energy E, and their cross-
sections o, and o,. The measurement process and data treatment is complicated; the
basics will be described in a superficial way here and for a more detailed description,
e.g. how the digital data is being refined, the reader is referred to [187] and [219]. We
will concentrate on C-DLTS since later presented results have been obtained with
this method. C-DLTS has been initially introduced by D.V. Lang [187] at the Bell
Laboratories and has been patented by him. Today these systems are commercially
available and in use in several labs dedicated to sensor R&D in HEP. The method has
some limitations: It works only for trap densities N;.., = N; much lower than the
shallow doping concentration Npopans = Np (N; << Np), respectively the method
only works for low radiation fluences below @ = 10'! to 10'? n ey /cm? for the high
resistivity sensors used silicon detectors. Different to other methods, it is possible to
distinguish between electron and hole traps directly by looking at the transient signal
polarity and/or by different trap filling methods.

The basic principle is illustrated in Fig. 1.46 for a p-in-n diode. For better illus-
tration we split the electron and hole trap configurations in two columns. Initially a
reverse bias voltage Vi is applied to remove all free charge carriers from the deple-
tion zone/volume . In this case all majority carrier traps®’ in the depletion zone
above the Fermi level E are empty while the minority carrier traps are still filled.
The traps are then filled by pulsing the bias voltage | 2 | thus changing their electric
charge state. With a pulse still below 0V only majority carrier traps (here electron
capture) are filled while higher pulses respective forward polarity voltage pulses also
fill the minority traps (here hole capture). The filled trap condition changes the space

37Reminder: Majority carriers for n-type bulk: electrons, for p-type bulk: holes.
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Fig. 1.46 DLTS - The Principle of operation for a p-in-n diode. The left column illustrates the
case of electron traps, the right one for holes. shows the reverse bias case with Vg applied
and a depletion zone established. In a voltage pulse is applied; /eft not passing O to only fill
the majority carrier traps and right up to forward polarity also filling minority traps. The voltage
and capacitance values are schematically shown in the lower plots timely for , and 4 The
measurement is taken after the voltage pulse| 3 |when the captured carriers are emitted due to thermal

excitation energy and “being removed” by the re-applied reverse bias voltage. The information is
in the temperature dependent exponential emission behaviour AC(¢). Schemes from [219]
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Table 1.4 Light penetration depths in silicon for different wavelengths at T=300k. A TCT setup
normally features a red laser to deposit charges only on one sensor face plus an IR laser to penetrate
the full volume. Electron—holes creation with an IR laser mimics closely the traversing of a minimum
ionising particle. In some cases also a 980 nm laser is used, e.g. when a deep backside diffusion or
a handle wafer has to be passed to deposit charges at the face of the effective active volume. Values
from [120]

Light wavelength A | 405 640 980 1064 Below band gap
[nm] energy
Penetration depth 0.1 3 100 1000 Meters (transparent)
[pm]
Surface Near p-beam MIP No single photon
surface absorption

charge of the system thereby decreasing and/or increasing the system capacitance
for electron capture and/or hole capture, respectively.®

After the pulse with Vg applied again plus adequate thermal excitation energy,
the filled traps are de-trapping . The electron and/or hole emission results in a
corresponding change of system capacitance — the exponential transient AC(¢) we
are recording. This transient is obviously temperature dependent. With higher trap
concentrations than N, << Np the AC transient would dominate the base value of Cp
(at reverse bias) and not exhibit an exponential behaviour. Now the different polarity
of capacitance change (rise or fall) shows the respective trap configurations. The
information is in the exponential time constant of the transient which, again, is also
temperature dependent. A main challenge is the measurement of small capacitance
changes. Another way to fill traps in a controlled way is via light injection where an
infrared pulse (light passes through the whole bulk) fills both kinds of traps.

It is also possible to fill only one type of traps, using a red or green laser (short
wave-length) with a very shallow penetration depth (some pwm, see Table 1.4 on
p. 72). Depending on the face of illumination, one charge carrier type is swept away
immediately while the others passes the whole bulk thereby filling the corresponding
traps (reverse bias voltage applied). Shining on the junction side (p-electrode) holes
are removed immediately and electrons fill the traps in the bulk. Shining on the ohmic
side (n-electrode) holes are traversing the bulk filling hole traps exclusively. Now,
how to measure the emission transient; how to evaluate it and how to extract the
relevant information from it?

With some approximations the trap concentration N, is basically proportional to
the transient amplitude ACy = C(t = 0) — Cg

|AC|

R

N, ~ 2Np (1.53)

381n a graphic way one can say the additional space charge of the filled traps decreases/increases
the depletion zone thus the full capacitance.
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with Np the doping concentration and C the global capacitance at full reverse bias
voltage. The limit to detect trap concentrations therefore depends on the sensitivity
and accuracy of the measurement device. For example, for

ACo,pin ~ 5 1F, Cg & 50 pF — (N;/Np) ~ 2(ACo,min/Cr) ~ 2 - 107*

The time constant 7; of the exponential decay is inversely proportional to the emis-
sion rate constant e, ; = % =1, ,} of electrons/holes of the defect levels (rf.
formula 1.12). The transient itself follows the concentration of occupied traps n(z),

decreasing with carrier emission, and therefore has the form

i

AC(t) = C(t) — Cr = ACy - e 7 o n(t) = Nye 7 (1.54)

from which 7; = 7,5, can be derived.
With formula 1.12 from Sect. 1.1.1 we get the temperature dependence

1 Re&! _ Eavedr
Coh = 7 = Oc¢h " Utheh * NC,V -e kBT (155)
Te.h (n, plar

with R®" full emission rate and (n, p)ai concentration of deep level (trap) states.
We get the activation energy E, . as the inverse slope and the trap cross-section

.. as the x-intercept from the corresponding linear Arrhenius plot®
E
In 70 enNew = —Inogp + —2 (1.56)
ksT

The measurement cycle consists of a temperature scan with steps of about 1K
and smaller steps at interesting points of emission peaks. At each temperature point
several fill and transient cycles are recorded ( - ). Several methods and/or cor-
relations are being used to process the analogue signal often in combination. For
example the double boxcar integrator used in the original system by Lang in 1974,
simply measures the capacitances at two defined times #; and #, (a well-defined
interval) giving two distinct capacitance values C(#;) and C(z;). Their difference
AC, = C(1;) — C(tp) is plotted versus temperature. At low temperatures, the emis-
sion is suppressed, thus the transient is too slow to record while at high temperatures,
the emission is too fast to record and AC ; is zero/small. When the emission time
at the corresponding temperature (corresponding time constant 7,) matches the time
window, AC| » exhibits a maximum. Another method is to vary the time window at
a given temperature. Digital signal processing various correlator functions (e.g. sine)
or Fast Fourier Transformation or Laplace Transformation are used.

An important example of an DLTS plot is shown in Fig.2.13 on p. 152.

_Ea . . .
39 Arrhenius plot: Plot the exponential temperature dependent decay e *57 in logarithmic scaling
against the inverse temperature.
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In a nutshell, in DLTS

a temperature scan is being done

— traps are filled and the emission is recorded several times at each temperature
step (emission visible in the change of system capacitance)

transient gives trap concentration MV,, its cross-sections o, and o, and activation
energy E, . p

is very precise

works for low concentration of traps up to radiations of @, = 10'! to 10'? n ey /cm?
trap filling can be steered (fill electron or hole or both traps)

transient gives information of trap type (electron or hole)

With DLTS, even the N; depth profile can be measured by variation of fill pulse or
different starting reverse bias voltage levels (test different depletion voltage depths).

1.8.2 Thermally Stimulated Current — TSC

The Thermally Stimulated Current technique TSC has been already applied to semi-
conductors the first time in 1968; further reading see [48, 353]. TSC works for higher
defect concentration levels than DLTS and thus higher radiation levels. An important
example is shown in Fig.2.12 on p. 152. The basic steps of TSC are:

1.

Cooling

The sample is usually cooled to a low temperature while under reverse bias where
traps stay empty.*’

Filling

Atthe low temperature, the traps are filled by forward bias pulses or light injection
— same procedure as used in the DLTS system. As before, with IR light injection
from one sensor face, only one trap type is filled.

Recording

The emission current is then recorded while heating the sample with a constant
heating rate resulting in the TSC spectrum. At specific temperatures, specific traps
located at these energy levels emit their charges showing peaks — same as for the
DLTS.

Measuring only currents, the TSC cannot distinguish between charge carriers. The
difference between TSC and the DLTS method is that traps are filled only once at low
temperature and the spectrum is recorded in a single temperature scan. DLTS and
TSC, being similar in equipment needs, and are often combined in a single setup; just
add an electrometer for the TSC to the capacitance meter being used for DLTS. With
an applied constant heating rate of 5 = ‘2—{, the temperature dependent emission rates
e..n, are time dependent (T ~ ¢). Heating rates are about 3(t) =0.1k/s.

401f cooled at zero bias voltage the majority carrier traps are already being filled during the process.
In case of a very high majority trap level concentration with respect to the majority carriers itself,
only the traps near midgap are being filled.
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The measured current for a fully depleted volume is given by

qo- A
2

CA-D
%Tee,hm ny (1) =

een(t)d1’)

(1.57)
with n,(¢) also being time dependent [106]. A is the diode surface and D the diode
thickness. The main interesting parameter is n, ¢ the absolute fraction of occupied
traps during the filling process (1,0 = N; if fully filled). Time integration*' over a
given peak gives Q; = f I7sc(t)dt and therefore

D o
Itsc(t) = een(t) -mp- el

Qs

— =N, 1.58
—ap=M (158)

nt,() = 2

Therefore n, o can be derived from the peak integral (it is also possible to derive
it from the peak height). Also in the TSC case, to achieve a good resolution, the real
measurement is more complicated than obvious at first glimpse.

For the plots in this book the delayed heating method has been used. A temperature
starting point T (near to a previously identified peak) is chosen, the traps are filled
and the temperature ramp is then executed several times but with different delays
before starting. With emission happening right away after filling, the peak heights
(also integrated current during the ramp) are lower the longer the initial delay; or
said differently the longer the delay the more traps emptied before the start of the
ramp at T = Ty. Repeating the measurement for several Ty, one can then derive the
trap cross-section o, ; and activation energy E, . ; from the Arrhenius plot of peak
height versus delay time.

Other methods would be to vary the heating rate or in more complicated situations,
where different peaks overlap more sophisticated deconvolution methods are applied,
e.g. numerical least square fits on the whole spectrum.

In a nutshell, TSC:

e measurement cycle

— device under test is cooled down to low temperatures; most often under reverse
bias;

— traps are filled by voltage pulse or light pulse;

— traps are emptied during a temperature ramp with the global current as emission
signal

e can be used at higher defect concentration thus higher radiation levels
e trap concentration, trap cross-section o, ; and activation energy E, ., can be
derived.

“lFor practical reasons with a constant heat rate time can also be substituted with temperature
T =Ty + B().
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1.8.3 Transient Current Technique — TCT

The first Transient Current Technique TCT measurements were made in the 60ties
[14, 185], and since 1990 these systems are widely used in HEP to investigate irra-
diated sensors, see examples at [93-95, 108, 176]. Today TCT systems are com-
mercially available for R&D but also for educational purposes. These systems are
powerful expert tools able to derive the velocity profile and thus the electric field and
effective space charge profile of the silicon device before and after radiation. In addi-
tion, depletion voltage, charge collection efficiency, space charge sign and effective
trapping times can be derived. Again only the basics of the technique will be described
underlined by examples allowing to understand results commonly presented. For
more details and further examples the reader is referred to [80, 89, 92, 171, 172].
From my colleague and world expert Gregor Kramberger:

What makes a Transient Current Technique such a powerful tool is its simplicity. Yet, it
allows for so many different usages which make it unique in its reach. Virtually all detector
and material properties can be explored with it. If you are looking for a single tool that will
give you the insight into semiconductor detectors that is it.

In a time-resolved manner, as described in Sect. 1.3.2, signal formation follows the
drift velocity of the charge. The Transient Current Technique exploits this behaviour,
measuring the induced signal currents with a fast oscilloscope in a fine time resolved
way and mapping them to the electric field using the relations below

Len(t) = =Nejp - Ew - e (1); with (1) = L(t) + 1,(1) (1.59)

with v the charge velocity driven by the electric field, the weighting field Ey and
N, the injected charge carriers. For a diode the weighting field E,, = % is constant
(similar to the electric field in a plate capacitor without space charge E = %) resulting
in the following relation

Ne.n(0)
D

1
Ie,h(t) = —Ngn—

hp V(1) = - poE(r(t) (1.60)

with diode thickness*? D and non constant electric field E(r(¢)). The current is directly
proportional to the electric field. The maximal field itself £ = Y= s varied by
changing the external bias voltage (rf. Fig. 1.8 in Sect. 1.1.2) and is linear over the
sensor depth.

The charges (electron—hole pairs) are generated in the active volume of the sensor
by injection of light (laser). The electron and holes then drift to their corresponding
electrodes. In principle charges can also be generated by «- or 3-radiation but with a
laser the exact timing (triggering) is known, the measurement can be repeated several
times in a controlled way and also the power (amount of initial charges) can be tuned

“2The relation is correct for a fully depleted diode otherwise D becomes w, the thickness of the
depletion zone.
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(controlled). Using different laser wavelengths the location of charge creation (pene-
tration depth) can be selected as well. With a red laser all charges are created near the
surface and only one type participates in the drift. With an IR-laser electron—hole pairs
are created in the whole volume (for standard sensor thicknesses). Table 1.4 gives the
different wavelengths versus the penetration distance in silicon. For example in a p-
in-n diode, light is injected at the n-side, the electrons are immediately** collected by
the n-electrode while the holes drift for several nanoseconds towards the p-electrode
along a linear growing electric field therefore gaining velocity vgife = poE. How
does this look like in reality and how to interpret the signals? The example of hole
or electron ‘generation’** via red laser and hole—electron ‘generation’ via IR-laser
is illustrated in Fig. 1.47.

Figure 1.47a (hole ‘generation’) schematically shows the light injection on the
n face and the holes drift towards the pT-electrode. The electric field configurations
for bias voltages below and above depletion voltage are overlaid. On the right, the
measured currents are displayed for different bias voltages. The initial steep rise
reflects the light pulse. The current (charge carriers’ velocity) increases until the
holes reach the collecting electrode when the signal steeply falls off. The current
slope reflects the electric field; higher voltages have steeper slopes and a shorter
collection time. For low bias voltages holes are ‘injected’® in a non-depleted region
with no field present, thus take a long time moving via a diffusion mechanism into
the field region — see long tail. As soon as the depletion voltage is reached the signal
has a distinctive kink (here around 20 V) meaning Vpp is between 16 and 20 V.

Figures 1.47b (light injection at the p™ face) depicts the electron ‘generation’;
with a three times higher mobility electrons are collected much faster than holes but
they see the opposite field configuration thus slow down during their drift (opposite
slope). The field driven drift (thus the induced signal) stops when the electrons reach
the un-depleted zone for Vi, < Vip otherwise when they reach the nt electrode.
The linearity of the field and the dependence on Vi is clearly visible.

With a n-in- p diode the signal shapes would be reversed; e.g. electron ‘generation’
would exhibit a positive slope as in Fig. 1.47a, of course with faster rise time given
the difference in mobility.

Figure 1.47c illustrates the ‘generation’ of holes and electrons with an IR laser
in the whole volume; the signal corresponds to the movement (collection) of both
charge carriers; the tails reflect the slower hole collection.

All in all, the full TCT system consists of a set of fast lasers with different wave-
lengths, an amplifier, some filtering circuits to disentangle bias voltage from the
signal, a focussing system, a fast oscilloscope plus a computer to store and further
analyse the signal. To measure irradiated sensors/diodes the whole system normally

43The induced signal ends so fast that is gets filtered by the bandwidth of the amplifier and/or scope
(several GHz). In simulation, however, one sees the very fast and short amplitude.

44The jargon is to ‘inject’ electrons or to ‘inject’ holes.

45 Again, this is jargon for generation of electron-holes with laser light, while one charge carrier
sort is collected immediately at the near electrode, here electrons thus holes are ‘injected’.
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Fig. 1.47 The left part of the figure schematically illustrates the charge carrier ‘generation’ in a
p-in-n sensor and the charges drift path without any information about the timely behaviour. The
electric field configurations for voltages above and below depletion voltages Vrp are schematically
overlaid. (a) Shows hole ‘generation’, (b) electron ‘generation’ and (c) both via IR laser. On the
right the measured currents are depicted for the three different cases. The slope and height of the
transient corresponds to the electric field resulting from the applied bias voltage. The signal drops
sharply when the charges reach the electrode. The higher electron mobility is being reflected by the
shortened time axis of (b). With Vi, < Vpp holes are ‘injected” into a non depleted zone without
electric field thus do not drift thus do not feature the above described slope and drop; this is shown
in (a) for voltage below 20 V. TCT plots from [171]

features a cold chuck and dry volume. Some systems can be set under vacuum to
evaluate the device under rest DUT under cryogenic conditions. To resolve the signal
and correctly extract the electric field the laser pulse has to be in the order of ~100 ps
and one needs a fast (GHz or better) oscilloscope; at high voltages the full electron
signal stays below 6ns for a 300 wm thick and even lower for thin sensors. In a real
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system, special care has to be taken to eliminate any reflections in the cables and
to fully understand the network of passive components and the diode itself plus the
laser pulse shape — use a spice simulation and further process the signal accordingly,
translating to the real current in the sensors/diodes.

With more complicated field configurations, a simulation of the whole system
is compared in an iterative way to the measurement results, e.g. for strips or pixel
systems where the weighting field is more complex or for highly irradiated samples.
The main use case of TCT is to examine the behaviour of irradiated materials and
specific sensor geometries. Several technical terms will be used here, which will
only be fully introduced in Sect.2.1 and more use cases will be given in Sect. 2.2.3.
In the next paragraphs the “methods” to determine depletion voltage, to determine
if the diode is type inverted and a way to evaluate effective trapping times 7,7y are
introduced.

Full Depletion Voltage — QV-Method — CCE

The integrated signal, the collected charge Q = f I (t)dt versus the set voltage Q (V)
can be used to determine the depletion voltage. Comparing the collected charges Q
for non-irradiated and irradiated DUTs at a given voltage, normally above Vpp,
determines the Charge Collection Efficiency CCE after radiation. For reasonably
short integration times, only charge carriers created in the depleted zones of the
device contribute to the integrated signal Q. This is due to the comparable long time
(~50ns) charges need to leave the un-depleted zone via the diffusion process and
the additional electron-hole recombination during that time.
This can be exploited in two ways to measure the depletion voltage.

1. Injectred light at the un-depleted side (e.g. n* for p-in-n) for several bias voltage
levels and record Q. A decent signal, with a kink, only starts for Vyi,s > Vrp.
See also Fig. 1.47a, where the ‘kinks’ on the right indicate voltage values above
depletion.

2. Using an IR laser depositing charge carriers throughout the volume, Q increases
linearly with depletion depth reaching a plateau when the complete bulk is
depleted (see also CV method in Fig. 1.10). TCT, though, does not fully replace
the CV method but, by comparison, rather confirms the correct LCR frequency.

It is worthwhile to note that a similar method is used when the sensors are installed
in in-accessible places. The signal is then scanned for different bias voltages and the
signal plateau is determined (see also Sect. 6.6.2 later).

Space Charge Sign Inversion — SCSI — Double Junction

As will be explained in Chap. 2, radiation crystal defects can act as donors or accep-
tors. In an n-bulk acceptors can lead to the point where the sensor/diode bulk space
charge changes sign (Space Charge Sign Inversion SCSI or often briefly named “type
inversion”), meaning, e.g. n-bulk changes to p-bulk. During this gradual change the
depletion voltage changes and this can be measured with the CV or QV method but
these measurements provide no information about the space charge sign. With bulk
changing from 7 to p also the location of the main pn-junction changes from the
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p- to the n-electrode thus also the electric field changes direction/sign. Measuring
the N,rr and electric field profile with the TCT method gives a direct answer. This
is illustrated in Fig. 1.48.

The feature of the double peak/double junction in Fig.1.48 (lower right) will
be further discussed in Sect.2.2.3. With the onset of trapping, the second peak is
often reduced/hidden and the signal needs further interpretation and corrections. A
side remark, due to the double junction/double peak, experts have been discussing
in the RD50 forum for some years if mCz material undergoes SCSI or not. TCT
measurement were done from different faces (electron OR hole ‘generation’) and
the slope of the first peak was interpreted as “the” slope while the second peak thus
second slope was hidden due to charge trapping, where charges did not reach the
electrodes.

Effective Trapping Time Toyy

IR light, generating electrons+holes throughout the full volume is excellently suited
for Charge Collection Efficiency measurements. The reduction of charge collection
with radiation can be derived from the division of CCE = Q—“dd at voltages above
depletion voltage. The difference of collected charge before and after irradiation
Oirapped = Onon—irrad — Qirraa can be attributed to charge carrier trapping — with a
certain trapping centre concentration, depending on the amount of radiation, and with
a constant effective trapping time constant 7y, ,. Taking trapping mathematically

into account, the full signal description of the TCT method is

Ly(t) = —eq - Noj(0) e “Per - Eyy - v, (1) (1.61)

while the following part accounts for the signal reduction due to trapping

New(t) = Nep(0)e e (1.62)

Without trapping the measured integrated current signal Q,, (V) for all voltages above
depletion voltages does not change. With trapping the measured charge Q,, (V) still
increases with higher voltages thus higher field thus higher drift velocity (less time
for trapping — less trapping) thus higher integrated signal*®; basically more charges
are being collected at the electrodes or better: more contribute with a higher drift
velocity to the induced signal. Adding all up, the correlation between measured I,,
and corrected I, current is given by

=1

I.(t) = Ly(t)e en (1.63)

46This is true for short current integration times as necessary for the LHC (bunch-crossings every
25ns); with integration times longer than de-trapping times, the full charge would be measured.
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Fig. 1.48 The upper part shows the transient currents of p-in-n diodes of two different thicknesses
before irradiation with electrons injected. The inlaid plots show the corresponding CV scans. The
diode layout cartoons show the electric fields and depletion zones for the different voltages. In the
lower part, the same measurements after radiation are shown. The change in slope direction of the
left plot of the 500 pwm thick diode clearly shows the SCSI. The 300 wm thick diode on the right
shows an even more interesting feature namely a double junction with high field regions on both
diode faces. Again the proportionalities from transient current to velocity to field to space charge
give direct insight in the space charge. TCT measurement plots are from [80]
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with 7 as time of the laser pulse thus charge ‘generation’ and the fitting parameter 7;,.
Selecting/Fitting*’ 7,, = Teff,,» the time integral of I.(¢) gives the corrected col-
lected charge Q. = f 1.(t)dt. Now Q. will be constant for all voltages above deple-
tion voltage. The difference between corrected and measured charge Q. — Q,, is
equal to the charge lost due to trapping at a given voltage.

The described method to extract effective trapping time has been introduced in
[171, 174]. Itis also vital to correct for trapping to understand the real field and Ny,
profile corresponding to the corrected 1. (¢) shape.

Varieties of the TCT-Systems

Several varieties of the TCT-system exists:

TCT, multi-channel-TCT, Scanning-TCT, edge-TCT and Two-Photon absorption
TCT; the last two systems with additional parameter extraction capabilities, will
be described with further detail in the next paragraphs. A multi-channel TCT is used
for segmented sensors (pad or strips), where the different segments/channels are
each connected to a fast oscilloscope (several channels simultaneously) this is often
combined with a movable laser (point of light injection) and then called scanning
TCT. The point of charge ‘generation’ can, for example, be moved along the pitch
of a strip sensor where the signal formation properties depend on geometry thus
electrical E and weighting field Ew of a multi-electrode system. It is thus possible
to study electric field properties and charge sharing between strips in the presence
of intermediate strips, routing lines, pads, or trapping.

Many CCE and depletion voltage results of Sect.7.1.1 have been obtained with a
TCT setup; especially for highly irradiated samples. It is worth to note that for new
materials (mCz, Float zone with different oxygen content, Epitaxial silicon, ...) to
understand the radiation tolerance wrt. to bulk damage, the measurement on diodes
with a simple geometry is fully sufficient!

In a nutshell, TCT

e is mainly used to understand changes after irradiation of different materials and
sensor geometries

e is based on fast charge ‘generation’ (<100 ps) by shining focussed laser light
and measurement of the effective transient current with timing/GHz resolution.
The measured transient current depends on the electrons/holes velocities in turn
dependent on the electric field

— red laser on p/n electrode face injects electrons/holes, respectively
— IR light injects both electrons and holes in the whole volume

o the electric field profile and thus the effective space charge profile can be derived
— the slope of the TCT signal is directly linked to effective space charge concen-
tration

e depletion voltage, space charge sign, charge collection and effective de-trapping
times can also be determined

o the results need to be corrected for trapping for full exploitation.

E 17 > 1/7eff, ,» Qc would be too high or vice versa /7, < 1/7fy, , too low.
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Fig. 1.49 Edge TCT, a novel tool to achieve a deep understanding of charge propagation was
developed in the JoZef Stefan Institute, Ljubljana, Slovenia. Infrared laser light shines from the side
allowing dedicated charge deposition per unit depth. The left figure shows the different TCT signals
per depth in a non-irradiated n-in-p FZ sensor (Vpizs = 100V); y = 270 wm is situated near the
backplane and y = 20 wm near the strip region. The initial peak represents the collected electrons
and the long tail comes from the drift of holes. The shortest signal can be seen for y = 220 pm,
where electron and holes have an equal drift time. In the right figure, a bias scan at y = 20 wm has
been done. The second peak in the induced current is getting shorter with voltage as well as the
electron peak is getting higher. TCT plots from [178]

Edge-TCT

A new tool developed in the Jozef Stefan Institute in Ljubljana sheds new light on
dynamics in strip sensors at dedicated locations inside the device’s bulk — Edge TCT
[178]. Combining the TCT method with the “grazing” signal method, infrared laser
light shines into the sensor from the side (edge). After preparation (cutting, polish-
ing) of the side of a sensor, light can be injected perpendicular to the strips therefore
shining into defined regions with respect to volume depth and illuminating homoge-
neously several strips. In this configuration the normal weighting field for strips/pixel
(rf. Sect. 1.3.2) does NOT need to be taken into account; strips and neighbours expe-
rience the same charge without disturbing the real field configuration. The effective
factor corresponds for the weighting field of a diode 1/D simplifying the analysis.
In reality one has to take into account the growing beam spot with distance in the
volume due to Gaussian propagation. Figure 1.49 shows a charge deposition versus
depth scan. The method is very effective and offers more information than front or
back face light injection only. The detailed description of this impressive tool and
the possible analyses is beyond the scope of this document.

The system allows very detailed studies for example the determination of the
“velocity profile” where the IR laser scans over the sensor thickness (example in
Fig.2.21 on p. 159), “trapping time”,“electric field” and “charge collection profile”’;
these are described in [178]. An example how to investigate 3D sensors with edge-
TCT is described in [278].

Two Photon Absorption — TCT; TPA-TCT

A new Two-Photon-Absorption-TCT TPA-TCT concept allows ‘generation’ of
electron—holes in a “spotlike” fashion — in reality an ellipsoid, couple of microm-
eters wide times a couple of tens of micrometers long, somewhere targeted inside
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the sensor/diode volume! Geometry of the electric fields, localized detector response
can be evaluated in a full 3-dimensional and real-time fashion. This allows direct
investigation of interesting regions, e.g. near a strip or pixel cell or a dedicated deep
well in HV-CMOS structures.

With photon energies (wavelengths) below the bandgap energy
(Ephoton> Egap ~ 1.1€V, two photons are necessary simultaneously (within ~100
attoseconds) to create an electron—hole pair. The first photon creates a virtual state
for about Tyirual ~ # ~0.1-1075s; adding the second photon totals to enough
energy to cross the band gap creating an electron—hole pair. The trick is to focus
a single laser with A= 1300nm or 1500nm™*® at the spot of interest or better move
the focused spot by having the device under test DUT or laser optics on a moving
stage. A femtosecond pulse laser*” in mode-locked mode enhances the probability of
TPA ensuring the timely coincidental presence of two photons for the same intensity.
Special optics are necessary to work for these high wavelengths. The injection can
be done from top, bottom or edge, thereby directing the ellipsoid (longer in beam
direction); as for the normal TCT metal obstructs the laser beam.

Another interesting testing mode is to keep the focus outside the sensor volume
and scan irradiated samples. For non-irradiated samples, with the focus outside,
Single Photon Absorption SPA is not possible due to the low absorption at this
wavelength. For irradiated DUTs trap assisted SPA can be observed; another way
to check relative trap concentration. In irradiated samples the trap assisted SPA also
gives an offset along the full laser line to the TPA signal — which can be corrected
for by measuring first with the focus outside (subtract I(t) from trap assisted SPA).
The trap-assisted SPA being linear with intensity is more suppressed with respect to
TPA, which is non-linear with intensity for A = 1500 nm compared to A = 1300 nm.
For two use-cases in HEP, the reader is referred to [113, 114].

1.8.4 Secondary Ion Mass Spectrometry — SIMS

Secondary Ion Mass Spectrometry — SIMS is a well know method to analyse the
composition of ‘surfaces’ with a depth profile of several micrometers. It is commer-
cially available and is used commonly in any material science and material quality
assurance lab. The surface of the specimen is subjected to a focused ion beam sput-
tering small pieces from it. The pieces are then analysed by a mass spectrometer thus
determining their elemental, isotopic or molecular composition. Depending on the
machine sensitivities of parts per million up to parts per billion can be achieved.
For silicon sensors, SIMS is being exploited to understand impurity levels but
also the general composition of the different areas, like bulk, p- or n- implants,
Si0,-passivation or thermal grown oxide and metal. Dedicated “SIMS” fields are

48 Any wavelength above 1150nm would do the trick; the absorption maximum is at about
A= 1300nm. A= 1500 nm lasers are commercially available from telecommunication industry.

49Typical pulses are 100 fs wide.
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placed on the half-moons of the wafers with all the above items in a representative way
(see also Sect. 1.7.1). SIMS is often used during initial R&D or early material/sensor
evaluation of first production pieces. The method allows depth profiling from several
Angstroms to tens of micrometer. Levelling or even cutting a sensor and polishing
the edges can even give insights throughout the full thickness of the individual layers
and their molecular composition.

1.8.5 Simulation

Software simulation packages are becoming more and more powerful. The tools are
also often adapted and improved to reflect specific needs. The main ones are Synopsys
TCAD [282], Silvaco TCAD [273] and Cogenda [66] plus many non-commercial
tools.

The four main usages are (a) device simulation, (b) dynamic system simulation,
(c) simulation of radiation effects and (d) simulation of the complex system to
improve tracking in the final experiment.

Simulations are necessary to understand and optimize the breakdown voltages,
leakage currents and the capacitance network; minimize load and parasitic capaci-
tances. New sensor designs are simulated by the designers and often again by the
producers. Strip width to pitch ratios, metal overhangs, p™-stop implant widths and
distance between implants are some examples, others are the optimization of doping
concentrations of p*-stops, strips and backplane implants or p*-spray doses, implant
depths, etc. Basically all parameters discussed in Sect. 1.6 and also routing schemes
as described in Sect. 1.4. From this field configuration, mobilities, drift velocities etc.
can be derived. For example, the simulation presented in Fig. 1.19 on p. 26 illustrates
quite nicely field, mobilities and the dynamic charge carrier movement in a strip
Sensor.

Another important aspect is the simulation of complicated dynamic systems as
the Transient Current Technique TCT (see Sect. 1.8.3) or the grazing angle method in
conjunction with radiation (see Sect. 2.2.3). In these cases the full system is simulated,
compared with the measurement, parameters are adapted in an iterative way and in
the case of measurement to simulation match, the right parameters have been derived.

During the design stage, the full system — sensor plus front-end readout — is
simulated to tune the electronics design (amplifier, shaper, etc.).

The simulation of radiation effects is becoming more and more predictive up to
radiation levels expected for the experiments at the future High-Luminosity Large
Hadron Collider HL-LHC. One basically exploits the understanding which defect
energy levels and defect concentrations are being introduced in the different materials
with the different particle radiation fluences — energies and particles see Fig.2.11 on
p. 151. Technically the multitude of defects are approximated by 2, 3 or 4 effective
levels representing donor and acceptor levels plus trapping and current generators.
An example of such models and how they are deployed in simulation can be found in
[37]. This allows a decent projection of evolution of leakage currents, space charge


http://dx.doi.org/10.1007/978-3-319-64436-3_2
http://dx.doi.org/10.1007/978-3-319-64436-3_2

1.8 R&D Methods and Tools: DLTS, TSC, TCT ... 81

hence electric field configuration and trapping. The main bottlenecks are still the
input parameters derived from microscopic measurements; e.g. introduction rates
of defects, cross-sections, etc. Also evolution of strip/pixel parameters with surface
damage is being simulated, mainly the change of inter-strip capacitance and inter-
strip resistance and the influence with respect to breakdown voltages.
Unfortunately, no general parametrization, as the HH-model (rf. Chap. 2) for
n-type Float-Zone sensors, exists yet for CCE, trapping and depletion voltage for the
next generation of sensors. Full simulations with trap models are useable tools.
Another example is the PIXELAV [280, 281] simulation, used in the full CMS
pixel detector, producing so-called pixel templates “knowing” a priori the expected
pixel cluster shape depending on the spatial placement with respect to the primary
interaction zone of the pixel module; e.g. “knowing” the principle incident angle
of the particle but also taking into account the Lorentz angle, the operation voltage
(thus field configuration) and the possible partial depletion configuration, etc. all
following the evolution with radiation. This improves the spacial resolution per se
but also allows prediction of future behaviour with radiation. The tool is also being
used to optimize future pixel designs (pixel cell geometry, sensor thickness, etc.).

1.9 Production of Silicon Sensors

The basic material for the manufacturers of silicon sensors is sand SiO, quartzite,
existing in abundance. It is cheap, the price of a sensor is completely driven by the
number of processing steps and the required quality. The success of the different
companies is due to a deep understanding of the different processes and required
recipes. The basic principles are known to everybody but the tiny details are always
“company secrets”. The subject of silicon processing could easily fill a unique book.
The next sections focus on the following steps:

e silicon crystal (“ingot”) production
slicing into wafers, lapping, etching and polishing wafer
processing

— oxidation

— photolithography in-between almost all the steps
— doping by ion implantation

— annealing

— metallization

dicing (cutting) the sensor out of a wafer
e testing

This sequence grandly simplifies the real process with nearly 60 — 100 steps, e.g. some
additional annealing for re-diffusion of previously introduced dopants or removal of
defects. In addition, in between each major step there are extensive cleaning cycles,
lots of acidic chemicals as agents are used as well as very pure de-ionised water.
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1.9.1 From Pure Sand to Detector Grade Silicon

The starting material is simple mined quartz sand (SiO;), undergoing extensive
purification and distillation. The first step is to produce metallurgical grade silicon,
95 — 99% pure silicon (MG-Si) in a series of melting processes at temperatures from
1500 to 2000°C, while applying carbon in the form of coke or coal. The oxygen then
combines to carbon monoxide, leaving chips of MG-Si (Si O, + 3C — SiC +2CO
then 2SiC 4 Si O, — 38i 4+ 2C O at temperatures around 1500 — 2000°C).

In the next purifying step MG-Si is subjected to HCl in a fluidized-bed reactor to
form trichlorsilane (Si + 3HCIl — SiHCIls; + H, at temperatures around 300°C);
in this course many impurities are removed. The next purification step to accomplish
an impurity concentration of less than 1 ppba® is achieved by distillation.

The hyper-pure Si H Cl3 conversion to hyper-pure silicon is finally accomplished
by Chemical Vapour Deposition (CVD), where Si HCI3 is vapourized with highly
pure hydrogen additive in a deposition reactor (Si HCl3 + H, — Si + 3HCl attem-
peratures around 900 — 1100°C). The final silicon then slowly grows on ~1000°C hot
slimrods in a few days to Electronic Grade Silicon (EGS) and has achieved the com-
monly known “eleven nines” (99.999999999%) < 1/100 ppb) purity. The slim-rods
are then broken to pieces, dopants are added and the whole melange heated up to
a melt in a quartz crucible. The real processing starts by growing a single crystal
ingot from the polysilicon including the needed dopant additive. The most common
method of wafer development is the Czochralski (“Cz”) growth: The silicon melt
is held just a few degrees above the melting point and a single rotating crystal as
seed initiates the growth at the top. The slow retraction allows the melt to solidify
in perfect crystal orientation at the boundary. The growth is controlled by the pull
rate, the melt temperature and the rotation. Intrinsically for this method, oxygen dis-
solves into the melt during the process, enriching the final crystal homogeneously
with oxygen.

To get n- or p-type base materials, dopant atoms such as boron or phosphorus
can be added to the molten silicon in precise amounts to dope the silicon.

It has been shown, in a further step, that the homogeneity can largely be improved
by conducting the whole process into a magnetic field; the resulting material is then
called magnetic Czochralski or simply “mCz” — more of its benefit in Sect.2.2 and
Chap. 7.

The second method is the Float Zone Crystal technique (“FZ”), where a polysili-
con rod is brought into contact with a seed crystal and the rod is then locally melted
with RF heating. The RF heater and therefore the melted zone moves along the rod.
The impurities have a different diffusion constant and tend to stay in the liquid, leav-
ing a pure single crystal. The ingot growing apparatuses of the FZ and CZ techniques
are displayed in Fig. 1.50. In addition the silicon rod has no contact to any melt or
crucible. Oxygen concentrations are inherently very low.

301 -ppba: part per billion active (impurities).
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Fig. 1.50 The left picture shows the Float-Zone method FZ, where a polycrystalline silicon cylin-
der from a mold with a single crystal seed on one edge is subjected to RF heating, melting the
cylinder to form a single crystal or “ingot”. The impurities have a higher solubility, therefore impu-
rities diffuse to the boundaries further purifying the crystal. The right picture shows the Czochralski
method CZ, where the single crystal “ingot” is directly drawn out of the melt using a single crystal
as seed. The Czochralski method is most common globally, it additionally allows easy adding of
dopants directly into the melt

FZ ingots are doped by gas diffusion to achieve n- or p-type base materials. n-type
can also be achieved by Neutron Transmutation Doping NTD, where with
308i+n — 31Si — 3!P+3~ one achieves better uniformity.

The typical length of a single crystal ingot is 1 —2m. The ingots are normally not
fully round and are then grinded to real cylinders, also a flat or a notch is applied
to indicate the crystal orientation. Very early’' sensors have been produced on 2in.
diameter wafers while today 4 — 6in. wafers are common and 8in. wafers are can-
didates for some HL-LHC detectors — many examples in the next chapters. Today’s
electronic ASIC industry works mainly with 8 — 121n.

For several years the FZ technique was superior to the CZ method with respect
to purity (e.g. oxygen content) and was therefore the only possibility to achieve
“sensor grade” silicon. Also high resistivity material was not available due to the
lack of commercial applications. With a better purity and therefore a longer charge
carrier lifetime it was also the preferred material for solar cells. Nowadays, the CZ
also realizes “sensor grade” material and probably the high oxygen content makes it
interesting for the HL-LHC project, see Sect.7.1.1. On the other hand, since higher
oxygen concentration seems to improve radiation tolerance, oxygen is often added
to FZ in a later step by diffusion — DOFZ Diffusion Oxygenated FZ.

The silicon ingot now needs to be cut into thin disks, called “wafers”. The actual
thickness is still not final but already below 1 mm. The cutting is achieved by a disk
with a diamond blade or for multiply synchronous dicing a Multi Wire Saw MWS,

3119535, early silicon ingots if 3/4 to 1in. diameter were fabricated by Montecatini.
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Fig. 1.51 A silicon ingot, source of about 200 wafers. The picture shows raw silicon chips, a full
size silicon ingot and sliced silicon wafers of different size. [Copyright Siltronic AG]

where diamond-coated wires are arranged in parallel to cut several disks at once.
The sliced wafers have to be cleaned before processing, which is achieved by

e lapping: grinding away large imperfections, also wafer edges are shaped

e etching “chemical polishing”: full removal of imperfections, micro-protrusions
and surface impurities, wafers in special chemicals are agitated, rinsed, heated,
dried, like porcelain dishes in a home dishwasher

e polishing: final polish®? is needed to ensure a minimum number of defects and
guarantee the specified thickness of the silicon wafers

An ingot and cut wafers are shown in Fig. 1.51.

1.9.2 Processing

The processing steps are not different from standard integrated circuit chip processing
(memory chips, processors). The photolithography step, explained just once, happens
basically in between all further steps. As an initial step, a high resistivity polished
silicon wafer (1 — 10k2cm) is covered with SiO;.

Silicon oxide growth is a key process step in the manufacture of all silicon devices.
Outer layers of silicon wafers in a heated quartz tube, a furnace (see Figs. 1.52 and
1.53), are transformed to SiO, by an atmosphere of O,, H, O steam or N, O. In the

52To process a double-sided sensor, the wafer needs to be polished on both sides. This step, as easy
as it sounds, is not available on both sides from all manufacturers.
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Oxidation in dedicated furnace

n-Si bulk n-Sibuk o2

Fig. 1.52 Silicon oxidation: to enable segmentation and structuring, the raw silicon wafer is first
subjected to an oxygen or water atmosphere at 800 — 1200°C in a furnace (see Fig. 1.53). The wafer
is afterwards fully embedded in a SiO; layer

Fig. 1.53 Two quartz tubes in the furnace are visible on the left photo including the loader of
several wafers. Each individual furnace has a well-defined atmosphere and always remains at the
same temperature and content mixture. There is one furnace for each individual process. On the
right, several burning furnaces are shown. Courtesy of ITE Warsaw [347]

“dry” process, pure dry oxygen is employed, the oxide grows very slowly realizing
very uniform layers with high quality and few defects at the oxide — silicon interface.
This process is mostly used for dielectrics for coupling capacitances (~100—200 nm)
of AC-coupled sensors and for MOS (~100 A) transistors.

In the “wet” process, H, O steam is injected, the oxide grows fast. The additional
hydrogen atoms may degrade the oxide quality, the process is mostly used for thick
field oxide or maybe passivation oxide (~pum). The processes are

Si+ 0, — Si0, “dry”
Si +2H,0 — Si0O, +2H, “wet”

For SiO, used as insulator, e.g. in-between metal layers, SiO, obviously cannot
be grown, in these cases sputtering is used — deposited oxide.

Figure 1.54 describes the photolithography and etching process. First, for each
layer, a mask>® is needed, which is normally a chromium pattern on a glass plate.
Then, the wafer is covered with UV light-sensitive photoresist, which is spilled on
the fast rotating wafer in the spinner (see Fig. 1.55). UV light exposure of the resist
through the mask transfers the patterns to the wafer. A final development step, like in
every photo studio, is also necessary. Figure 1.56 shows a picture of the mask-aligner

53The mask itself must be very precise and is very expensive.
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(1) develop (2) etch SiO, (3) ash resist (4) windows in SiO,
UV light
photo mask l l l l l J/ J/ etch
Sio, n-Si bulk n-Si bulk n-Si bulk
For double sided, put etch etch

another mask on this side

Fig. 1.54 First segmentation step: The oxidized wafer is now covered with photoresist, parts of the
resist is then masked and subjected to UV light; after final development, the sensor is etched. As a
final step the resist is etched away leaving defined windows in the SiO; layer

Fig. 1.55 Photoresist is roughly spilled in the middle of the wafer, centrifugal forces, during fast
rotation, homogeneously distributes the resist on the wafer. Courtesy of ITE Warsaw [347]

Fig. 1.56 On the left the mask-aligner is printing the mask onto the photoresist with UV light,
opening the windows for the next etch process step. On the right, the spinner and developing
machine can be seen. Courtesy of ITE Warsaw [347]
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and the spinner, this part of the clean room area needs to be especially clean. Any
dust particle during lithography will end up as a sensor defect later. Additionally, in
some cases, the photoresist undergoes a heating cycle for hardening purpose to make
it more resilient for different processing steps.

The pattern allows a controlled removal/etching of SiO; on the sensor to enable
a controlled implantation later, the SiO, serves as a screener.
There are two basic etching methods:

o wet etching uses liquid etchants, where wafers are immersed in the solution. Wet
etches are selective, isotropic and fast. Time, concentration and applied tempera-
ture of the immersion are important. Also crystal orientation has to be taken into
account, e.g. (100) Si can be etched 100 times faster than (111) Si. Wet etching
is also used for SiO,, silicon nitride, polysilicon, photoresist, etc.

e dry or plasma etching uses gas phase etchants in a plasma. Directional etching is
possible by applying electric fields to direct ionic species in the plasma, there are
reactive and ionic components. The etching is also very selective. Plasma etching
stresses the object and needs an annealing step at higher temperature afterwards,
it is therefore not applicable after metallization.

In Fig. 1.57 both plasma and wet etching laboratories are shown. The full etching
recipes are always adapted to the dedicated device and are an important know-how
of the manufacturer. Basically Si is etched in a two-step process

Oxidation Si + 2HN O3 — SiO, +2HN O,
Reduction Si0, + 6HF — H,SiFg+2H,0

while etching of SiO; is a one step process

Etching SiO, + 6HF — H,SiFg + 2H,0

Fig. 1.57 On the left, the plasma etching laboratory of a silicon plant in an institute is shown. On
the right, the wet etching facility is displayed. The secret and art lies in the special recipes to use
the right acid, the right duration and time on the different structures and materials, like Si, SiO> and
Al. Courtesy of ITE Warsaw [347]
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Fig. 1.58 The picture shows an ion implanter. lons are accelerated and guided onto the target inside
the sphere, where several wafers are rotated and homogeneously hit. The ions do not penetrate
through the masking layer (SiO; or photoresist), therefore well-defined patterns, e.g. strips/pixel
can be implemented on the wafer. Courtesy of ITE Warsaw [208, 347]

Aluminium etches in water, phosphoric, nitric and acetic acid mixtures.

And finally the photoresist has to resist all the above etchants to serve as a mask.
After the etching, the remaining resist will be etched away, last portions of the resist
will be dissolved by oxygen or fluorine plasma, mostly this goes along with another
wet cleaning step. In the next step the strip implants or homogeneous backplanes
are realized by ion implanting or diffusion. An older version of an ion implanter can
be seen in Fig. 1.58. A couple of patterned wafers are placed in a rotating disk to
guarantee a homogeneous irradiation. Ions are then accelerated towards the wafer
and are finally implanted, e.g. a 15keV B beam results in a shallow doping or a
30 keV As™ beam for a deeper backplane doping. Typical doping concentrations,
depending on the beam current/intensity, would be Naceeptors & 5 - 10'8 /cm? strips
or Ngonors & 5 - 10'° /cm? for the backplane. Doping penetration for energies below
300keV stays well below 1 pwm. The SiO, or photoresist acts as a mask. The standard
example, also cartooned in Fig. 1.59, is the implantation of small p™ lines into the
n silicon bulk, creating many local pn-junctions — the strip and ring pattern. The
ion implantation results in a very shallow doping. After the implantation, a high-
temperature step is necessary to stimulate dopant diffusion, driving dopants further
into the volume and smoothing edges. It also anneals structural damages. This high-
temperature process also ‘activates’ the dopants.

Full plane doping, like the backside, is often realized via diffusion. Diffusion
dopant sources can be gases, doped amorphous silicon or dopant-enriched glasses,
like boron or phosphoric glasses, which are deposited on the surface and etched away
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implanting J’J:I/[il/mj_n‘& S p+ p+
diffusion TTTTTTT n++

Arsenic

Fig. 1.59 Ion implantation or diffusion is utilized to realize the pn-junction with B on the front
side and avoid a Schottky contact on the backside with arsenic As or phosphorus P (here higher
doping concentration e.g. n* for a p-in-n sensor). SiO; is used as a mask

oxidation etch coupling oxide
- - - - - -
p+ p+ p+ p+ etch p+ p+
n++ etch NFY n++

Fig. 1.60 To capacitively isolate the p™ from the aluminium readout strip, a layer of high-quality
SiO; is introduced by thermal growth. As for all thermal oxidation the oxidation is applied to the
full wafer. A photoresist step on the front and an etching step is needed to allow backside oxide
removal. In most real structures, patterns of silicon oxide and silicon nitride are applied for the strip
pattern

after the diffusion process. During one side processing the other side is protected by
a SiO; layer.

For an AC-coupled sensor, several steps are needed to build high-quality thermal
grown oxide, where the basic steps are shown in Fig. 1.60. The full wafer again under-
goes one to several high-temperature steps in the oven with steam, oxygen or nitrogen
atmosphere to achieve a sophisticated, thin and voltage-stable oxide; sometimes also
layers of polyimide are applied. The result is a thin isolating oxide above the strips
and thicker oxide in the strip intermediate areas. Quite often additional oxide depo-
sition is applied beneath the final pads for micro-bonding to increase thickness and
strengthen the structures. To remove the oxide from the back, photoresist is spilled
on the front without mask, and the back oxide is etched away.

For the basic strip concept all steps but the final metlization and passivation are
described so far. Besides the strip and ring structure processing, several additional
steps are needed to apply the bias to the p™ strips. The most complicated and most
common case, the polysilicon resistor biasing, is introduced briefly in Fig. 1.61.

Finally the back side will be fully metallized for simple electric contact, while
the front side must be patterned and needs additional steps (Figs. 1.62 and 1.63).
For metallization, most often aluminium Al with some percentage of Si is used, due
to its good electric conductivity (3.7 - 107 S/m), its good connectivity to silicon
and finally its easy shaping by photolithography. Aluminium coverage is achieved
by Chemical Vapour Deposition CVD or a sputtering process. For the front side
another lithography step deposits photoresist, in a later development step windows
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(1) deposit polysilicon (3) Photolithography (4) photolithography (6) sputter aluminium
(2) dope to achieve to structure meander to open contact hole (7) photolithography
specified resistivity (5) dope to lower to define metal strips and pads
contact resistivity (8) etch
r. 50 keV, 6x10'*/cm
aor 501 51 VT L
HHHHNNHl i Raor
resistor resistor

photoresist —
— i ——

=~
Si0, _ntt T n-bulk N+ PT nobulk

Si0, _n++ p* n-| buﬂ(

Fig. 1.61 The request of a polysilicon biasing comes along with several additional process steps.
First, the sensor is fully oxidized and then covered with a CVD-deposited layer of polysilicon.
Resistivity is defined by a controlled doping by ion implanting, with, e.g. boron. As done initially,
the wafer is oxidized, structured by a lithography process where only the final bias meander is
covered with photoresist, and most of the poly is etched away. The absolute resistance is now
defined by initial resistivity, length and width of the polysilicon resistor. Another lithography step is
needed to open small windows for the metal contact to lower the contact resistivity of the polysilicon
locally. Final opening of the contacts into the oxide to the pT-strips, the poly meander and the bias
ring allows final metallization. The cartoon is presented as a side view of the sensor

(2) spill photo resist

. (3) develop (4) etch Al
(1) Al sputtering UV light (5) remove/etch resist
1 1 l 1 photoresist
Photo____ /_ etch etch
- - mast - - - : - -
p+ p+ + + + TF + +
n++ n++ . & . . n++ ’ .

photoresist etch

Al sputtering

Fig. 1.62 As for the oxide, the full surface is metallized by a CVD sputtering process. Another
lithography and etching step later, aluminium strips, pads and rings are formed. For a good electric
contact, the back side is fully covered with aluminium

Fig. 1.63 The left shows all the p™ structures and polysilicon resistors before the final aluminium
is applied in comparison to the final step on the right. Bias- and guard ring implants are connected
using electric “vias” to the metal layer above; here in the configuration of a continuous via contact,
while also discrete “vias” as used for DC pads are common



1.9 Production of Silicon Sensors 91

(0) Initial situation: (1) open windows for (2) add p+ stops (4) apply aluminuim(both sides)

strip implants ready p+ stops (a) implanting or  (a) sputter alumium
(p-side protected) (a) spill resist diffusion (b) spill resist
(b) apply mask, UV (b) anneal (heat) (c) apply mask, UV
(c) develop (3) apply oxide (d) develop
(d) etch window (e) etch non-strip region
(e) remove resist (f) remove resist
n+ strip implants pt stops
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]

p+ strip implants

Fig. 1.64 The cartoon illustrates the many additional steps needed to structure the ohmic side. n*
strip segmentation on the ohmic is implemented analogue to the p+ strips technique on the junction
side described earlier. Additional p*-stops necessary for n* strip isolation also need lithography,
implantation and annealing steps analogue to the strip processing. Coupling oxide is applied via
thermal growth (this step is not illustrated). Finally on top of the n* strips aluminium (with some
Si content) strips are formed (for use case rf. Sect. 1.4)

are opened and aluminium is etched away. Additionally, there are a lot of testing steps
in-between all these processes to guarantee quality and to fully identify problems
early in the process chain.

At this stage, a single-sided DC-coupled sensor is completely processed waiting
for its final cleaning, passivating and cutting step. For the second face, the ohmic
side processing, only the combined layer processes are briefly described; the detailed
steps, like lithography and etchings, etc., are the same as for the junction side and
are not elaborated in detail. The different steps are illustrated in Fig. 1.64. One of
the complications is the necessary protection of the other side. Double-sided sensor
processing is only possible on substrates that are polished on both sides. A strip-like
segmented n" layer replaces the formerly described full area n implantation. To
establish strip isolation additional p*-stops are needed. And finally, aluminium lines
are needed on top of the n™ strip above the coupling oxide, as well as all pads, bias
and guard rings.

In a lot of cases, the processing does not end here. Another isolation layer (of
SiO, or polyimide) is needed, pierced by vias, connecting to aluminium routing
strips above the isolation.

In principle none of the above-described steps are problematic if isolated. In
the full combination with the necessary purities, one has to fear pinholes, failed
vias, increased capacitance, cross-talk between channels, tiny contamination in some
oxide layers, failures affecting neighbour or other side strips, etc. Keep in mind that
different from standard chips, one single sensor covers the full wafer, therefore one
single defect may be enough to reject a processed whole wafer. Finally the full wafer
is passivated most often with a rough layer of sputtered SiO, but also commonly with
polyimide. The passivation is for protection, otherwise silicon would react with all
contaminants in the environment. A last etching step is required to make the required



92 1 Basic Principles of a Silicon Detector

Fig. 1.65 The cutting of
chips with a diamond saw.
Note the high water flux to
avoid heating up due to the
high saw rotation speed.
Courtesy of ITE Warsaw
[347]

Fig. 1.66 A CMS sensor cut
from its wafer. The blue foil,
the wafer rests on, was not
cut

metal pads accessible for micro-bonding (see Fig. 1.11), of course another mask and
etching step is needed.

Sensors and chips are always processed on the full wafer, the last step before
testing and packaging is the precision cutting of the sensor out of the wafer, see
Figs. 1.65 and 1.66. Sensor or chip cutting is normally done by a diamond saw and
continuous water flushing. Experience tells that even for experienced companies,
breaks and burns are common. Meticulous optical checking during quality control
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is very important. To have more complicated cuts than straight lines, laser cutting is
the state of the art, used for LHCb VELO>* sensors.

Another way to ‘cut’ the sensor out of the wafer is Deep Reactive Ion Etching
DRIE. Trenches are etched through the full sensor thickness. The method is often
used for 3D sensors, described in Sect. 1.12.7. To apply this method a handle wafer is
necessary to avoid the sensor falling down at the end of the etching process. Since this
method gives a very precise edge without any chips as resulting from diamond saw
cutting the number of crystal defects is very low and the distance to the active volume
can be reduced. The inactive sensor edge can be made smaller. This is interesting for
pixel sensors, where staggering in z is not possible due to tight spacial constraints.
It is often called slim edge or active edge. Another cutting method would be by
CLEAVING. Cleaving and DRIE is also discussed in Sect. 1.6.2.

An example summary of all main process steps needed to process a double sided
sensor is shown in Table 1.5, a real case.

1.9.3 Thinning

Important sensor parameters are (a) its physical and (b) its active thickness. Having
areduced “physical” thickness is to minimize mass and therefore multiple scattering
in the final tracking system. This is especially interesting for smaller detectors where
electronics and services are located fully out of the fiducial volume; e.g. NA11 and
DELPHI. Processing physically thin sensors is a challenge for the manufacturer but
also to finally assemble modules. The system becomes more fragile. The standard
is a thickness of 300 pm but also 100 — 200 wm physical thick sensors have been
produced.’> Some companies leave a temporary thicker ring around the whole wafer
for holding purposes during processing steps while the real sensor area is already
thinned.

Areduced “active” thickness is to minimize the operation voltage, leakage current,
thus power and to decrease drift paths; interesting for highly irradiated sensors to
mitigate trapping (rf. Sect.2.2.4).

Thinning is complicating the process at the manufacturers and there are limits to
what can be handled in the full automatic processing lines. Thin wafers tend to break
and hence decrease yield.

The different options of thinning are illustrated in Fig. 1.67.

(a) shows the standard ~300 pm thick sensor for comparison;

(b) shows the same with a reduced thickness of 200 wm with full processing hap-
pening on thin wafers;

(c) shows a thin active wafer chemically bonded to a low resistivity handle wafer
where the active thickness is reduced but not the physical one (mind the backside

S4LHCDb is one of the four detectors at the LHC, the sensors for the VErtex LOcator VELO detector
are shaped roughly as a half-moon and the round cutting was achieved by laser cutting.

S5 Recently 200 wm on an 8in. wafer.
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Table 1.5 The different processing steps of a real double-sided sensor are listed as an example

Step | Processing description Days | Notes

1 Silicon selection and scribing

2 Field oxide Thermal at 1000°C; 0.9 wm dry+wet+dry,
Ar/N

3 Image main implants 9 p™T on junction side, n+ on ohmic side.
Deposit resist, open windows, etch in BOE?*
10 min (should reach silicon), strip resist

4 Reoxidation (cap oxide) 5 Thermal at 900°C; 0.2 wm wet+dry

5 Main implants p* junction side: boron 80keV 2E15;
n*+ ohmic side: phosphorus 150keV 5E15

6 Image secondary implants 8 p T -stop on ohmic side (isolation), image n
implant on junction side
Etch in BOE 10 min (should reach silicon),
back BT; front PT at same time

7 Secondary implants 2 p* implant on junction side: boron 20 keV
SE14
n implant on junction side: phosphorus
40keV 5E14

8 Oxide partial strip 8 Remove 0.1 pm of SiO; in BOE sulphuric and
rinse, then thin down

9 Reoxidation Thermal at 900°C; 0.1 wm wet+dry
Total time at 900°C; 1 h, in steam for 20 min
Three steps: Ar, Oy, H,O

10 | Poly deposition 0.7 pm 2h at 600°C

11 Poly implant 2 Bt 1.3E14, 80keV, both sides
Boron resistivity about 30 %

12 | Silox deposition 8 0.8 pm

13 | Image silox for poly contacts High-dose implant, both sides or one at a time

14 | Poly high-dose implant 4 Boron resistivity about 20-100 % on both
sides

15 Image of poly, plasma etch 2 Plasma etching 10 min

16 Anneal 3 30min at 900°C; ~3000 A

17 | PECVDP 6 0.1pwm adjusted to have 0.3 pwm over implant

18 | Contact (via) opening Wet etching BOE about 2.5 min

19 | Wafer cleaning Remove about 0.01 pm of oxide

20 | Metal deposition 4 Sputtered Al—Si

21 Metal imaging, wet etching 4

22 Passivation silox deposition 3 350°C thickness 1 pm

23 | Passivation window opening Wet etch that stops on metal

24 | Cutting 5 Cut and wash with de-ionised water

25 | Probing

4BOE stands for buffered oxide etch. It is hydrofluoric acid (HF) with ammonium fluoride (NH4F)
and water to “buffer” the etching effect. Regular HF would etch too fast. The HF solution etches
only SiO3, not silicon.
YPECVD: Plasma Enhanced Chemical Vapour Deposition
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Fig. 1.67 Thin Sensors (a) Standard 300 pum thick sensor. (b) Standard, processed directly on a
thinner wafer. (¢) Thinner active thickness sensor processed on a handle wafer. (d) Same as (c) but
handle wafer partially etched down later. (e) Front side processing up to metal layer on full wafer,
then thinning of islands; then backside implant and last metallization steps. (f) Deep diffusion wafer
— no advantage for physical thickness but active thickness can be chosen — processing on standard
thickness

implantation happens before the wafer to wafer bonding); also an Epitaxially grown
sensor grown on a handle wafer looks the same but even lower active thicknesses
(down to 20 wm) can be done.

(d) shows how the handle wafer could as a late step be partially thinned down by
an etching process to allow manufacturing on thick wafers but achieve low mass
and good stability in the end — very interesting. The handle wafer can also be fully
removed.

(e) is a variation of the (d) but without handle wafer. All steps on the front side up to
the metallization are done prior to etching. The backside implantation is done after
etching with the metallization as final step top and bottom. The difficulty lies in the
placing and focusing for the metal process with thin and thick sensor areas.

(f) is a so-called deep diffusion dd sensor, which will be further discussed in Chap. 7
(very high doping concentration — very low resistivity — for a large part of the backside
volume, i.e. n™" for an p-in-n sensor). The active thickness of the initial wafers can be
chosen consciously; e.g. 300 wm physical thickness with 100, 200 or 250 pwm active
thickness interesting for the outer HL-LHC detector parts; or 200 pwm physical with
100 or 150 wm active thickness interesting for the inner pixel layers. These wafers are
procured from the wafer suppliers. Due to the deep diffusion process they come with
anatural high oxygen concentration and are used only for FZ and not for Cz material.
The full processing then happens on the standard wafer thickness comfortably for
the manufacturer.

1.10 Readout Electronics — Strip ASICs

As will be discussed throughout the next paragraphs of this book, not only are the
silicon sensors evolving, but the involvement and evolution of the front-end elec-
tronics is probably even more impressive. Initially in the 1980s the silicon crystals
were held by a frame and signals from each strip were fanned out to amplifiers
held by bulky printed circuit boards (see Sect.3.2). In a collider experiment, where
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space constraints in the vertex regions are very tight, a similar assembly is cer-
tainly not applicable. Fortunately, in the 1980s another development in industry and
also in the universities, the integrated circuit revolution, made custom Application
specific Integrated Circuits ASICs broadly available. This initiated the opportunity
for amplifier miniaturization and optimization. Without ASIC development, silicon
microvertex detectors as we know them today would not have been possible. Small
electronic chips around 5 x 5 mm? were developed serving mostly 128 sensor chan-
nels. They were placed together with some passive components on small platforms of
ceramic, beryllium-oxide or flex (polyimide). These platforms, called hybrids, were
then attached on the end of daisy-chained sensors or sometimes even on top of the
sensors itself. Photos of such assemblies can be seen in Fig.4.7 (DELPHI hybrid),
Fig.4.6 (DELPHI module), Fig.4.10 (DELPHI Ministrip module and pixel module)
and in Fig. 6.33 (CMS components of a module).

Chip Features

Low noise and large gain were one of the most critical requirements for the readout
electronics. Signal amplitudes only rise to around 3.6 fC for a minimum ionising par-
ticle in 300 wm thick silicon. Most chips work in the Double Correlated Sampling®®
mode DCS. Small readout pitches of 25 — 100 pum require high connection density on
sensor and chip side. The connection to the silicon sensors is being achieved by ultra-
sonic wire-bonding. An electron microscope picture of a wire-bond foot attached to
a silicon sensor pad is presented in Fig. 1.68. Connection pictures in the DELPHI
case are presented in Fig.4.15 on p. 188, while CMS bonding is shown in Fig.6.35
on p. 254.

Fig. 1.68 An electron
microscope picture of a bond
foot. These connections are
achieved via a thin wire (17
or 25 pm is standard width)
bonded via ultrasonic power

56Double correlated sampling: Charge is integrated on a capacitor C| with signal absent, while the
charge of the next time slot is stored in capacitor C, with potentially signal present. The charge
difference between both capacitors represents the SIGNAL. This technique reduces leakage current
effects and low frequency noise.
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In addition the high number of readout channels of the chips requires multiplexing
and in some cases the chip readout is only active, when a signal is present (pulsed
power mode) to dissipate as little power as possible in the detector volume. In many
cases channel signals are only read out when charges are above a certain threshold
to avoid wasting bandwidth with zero information (sparsification). In the hadron
colliders, especially the LHC and the future HL-LHC, radiation hardness of the
readout chips was one of the most difficult challenges in the last millennium. Most
chips are processing pure analogue signals, but some are already implementing the
digitization in the front-end chip. Table 1.6 summarizes different choices and time
evolutions.

Application Specific Integrated Circuits ASICs History

The next lines illustrate the historical evolution, improving noise values, adding
features, increased readout speed, decreased feature size, always fighting against
high capacitance and high-radiation environment.

DELPHI - LEP

The first Very Large Scale Integration VLSI®’ chip, the Microplex designed in
Rutherford Appleton Laboratories and fabricated in Stanford University [349] was
used for the MARK II [193] experiment at SLAC. It was a NMOS chip, the pre-
decessor of all MX [19, 157] and Triplex chips used in the DELPHI (MX3, MX6
and TRIPLEX) and Opal (MXS5) experiments at LEP produced in CMOS technol-
ogy. These chips contained 128 channel charge-sensitive amplifiers, low noise, high
gain chips for medium capacitance values with multiplex feature and pulsed power
mode. In the last DELPHI upgrade stage, the TRIPLEX chip was introduced, being
optimized for higher load capacitances, required for longer modules.

CDF — TEVATRON

The early MX chip version was also evaluated to be used in the CDF experiment
at Fermilab but longer silicon modules, with higher load capacitor values initiated
a new development in Berkeley, the SVX [122] chip series, which was used from
1992 to 2008 and beyond. The SVX was also the first chip designed for a high-
rate environment. All SVX versions have the sparsification feature and use double
correlated sampling.>® For the later CDF and DO operating since 2000, a new dead-
timeless readout chip with analogue-to-digital 7-bit conversion on chip level, the
SVX2/SVX3 [360] with a 46 capacitor deep storage pipeline plus one reference
cell, was introduced. A total of 42 cells were used for storage, 4 as actual flagged
readout buffer plus 1, which is finally utilized in the digitization process. The chip is
purely digital and can be programmed. It can operate in the following modes: readout

57Very Large Scale Integration VLSI stands for the process of creating Integrated Circuits ICs by
combining thousands of transistor-based circuits into a single chip.

581n the first version, with DC coupling, even quadruple correlated sampling was used to suppress
the direct current flowing into the amplifier.
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“hit channel” or the “hit channel plus neighbours” or “all channels”. The SVX3 is
optimized for 396 and 132 ns beam crossing intervals. It is composed of a front-end
(analogue) part separated from the back-end (digital) part.”® The current SVX chip
version, the SVX4% [116], is produced in 0.25 pm radiation-tolerant technology
and with about 30% less noise than SVX3. The SVX4 has the feature to decouple
individual channels via a program mask, this feature is especially profitable when a
channel is noisy or connected to a pinhole.

CMS - LHC

For the LHC, with much shorter bunch crossing intervals, a low-noise analogue
chip, the Analog Pipeline Voltage chip APV25 [109, 125, 156] was developed. The
APV25 was fabricated in 0.25 pm CMOS technology — Quarter Micron Technol-
ogy — which is radiation tolerant, when obeying some special design rules, namely
enclosed transistor layout techniques where thick transistor-relevant oxide structures
are avoided. A photo is being presented in Fig. 1.69. This feature will be further dis-
cussed in Sect. 6.4.1 on p. 238. The chip is optimized for the 25 ns bunch crossing at
LHC. As the name says, the chip produces analogue output, converted via analogue-
opto-hybrids to laser signals and routed via ~100m optical fibre links to the CMS
ADC (Analogue to Digital Converter) modules located in the adjacent service cav-
ern. With about 25,000 electron—hole pairs per MIP in 300 pm thick silicon around
110 mV/MIP is expected at a sampling frequency of 40.08 MHz. The chip stores
charges in a 192 elements deep pipeline to cope with the 4.8 s trigger latency. The
pipeline cells are connected to the Analog Pulse Shape Processor APSP, which works
in Peak, Deconvolution or Multimode. Despite bunch crossings every 25 ns, the APV
peaking times #p are 50 ns long, optimized for low-noise performance. The APSP dis-
criminates signals from consecutive bunches. Overlapping signals are deconvoluted
by adding three consecutive peak mode samples with correcting weights [125]. This
deconvolution reduces the pulse width to 25 ns. In peak mode, each signal is read out
without weighting and multimode corresponds to three consecutive peak mode sig-
nals. The signals of the 128 channels are multiplexed. A new important feature is the
common mode®! noise suppression. The APV can work with both polarities, mean-
ing the amplifier works for electrons and holes, because it was originally designed
for p-in-n silicon and Micro Strip Gas Chamber MSGCs.

CMS for the HL-LHC

The full description of the CMS Tracker design for the high luminosity phase

(HL-LHC) is described in Sect. 7.1. The main new challenge is the selective readout
at 40 MHz for track trigger data (1f. Sect. 7.1) while, with same bunch crossing times
integrating/shaping times do not really change. Due to the higher luminosity the sen-
sor cell sizes are reduced thus Charge Sensitive Amplifiers CSA are optimised for

Mnitially, these parts were even produced separately, only later a monolithic chip was produced.
01t was designed for the planned RUNIIb of the TEVATRON, which was finally abandoned.
61Common mode: Baseline fluctuations common for all channels of a chip.
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Fig. 1.69 Photo of the CMS _ crir
APV chip. Wire-bonds are Controls !
connected to the surrounding - FIFO
hybrid. VSS and VDD pads : :
are to connect analogue and !

digital voltages. [Courtesy 128 pads to
CMS, IC] - — sensorcells

Analogue

Pipeline

the new lower capacitance values and for electron readout as foreseen with n-in-p
sensors. The CMS Binary Chip CBC is a consequent further development of the
APV. It features a synchronous but only binary readout with an internal threshold
comparator. The amplifier pulse shape peaking-time should be <20ns with a return
to the baseline within 50ns — no deconvolution mode is necessary as for the APV.
The noise target of the pre-amplifier and post-amplifier combined is <1000 elec-
trons for 5cm long strips with a leakage current up to 1 wA. A 130nm process has
been chosen and the chip will be bump bonded to the flex hybrid connecting power-,
GND-lines, control communication, trigger and clock signals, data-out, and all sen-
sor channel connections. The chip can accommodate 256 channels where the odd
and even channels are alternatingly connected to two different sensors. Individual
channels can be masked. The chip is able to correlate particle hits from one sensor
(in the odd channel groups) to the other sensor hits (in the even channel group). The
acceptance window sizes (number of channels) can be programmed on the upper
sensor and also the centre of the window®” can be freely programmed. In case of a
hit in the lower sensor and a corresponding one in the upper sensor acceptance win-
dow the chip identifies a so-called ‘stub’ (close-by hits represent high momentum
tracks, less bending in the magnetic field). Stub information relevant for the trigger
is sent out at 40 MHz. The normal readout data, to be sent after a trigger decision,
can be stored for a latency of 12.8 s in dual-port SRAM cells with 512 cells plus
32 buffers where data selected after a L1-accept can be stored. A readout rate for the
full data set (Trigger Level-1 accept rate) is foreseen to be 750kHz. The CBC will
readout the so-called 2S-module consisting of two strip sensors.

Atlower radii PS-modules with ~1.5 mm long macro-pixel- plus strip-sensors will
be installed. The Macro-Pixel-ASIC MPA and Short Strip ASIC SSA are processed

%2The chip allows to offset the centre of the acceptance window to accommodate for tracks with an
angle depending on the 3D location of the module in the Tracker.
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in 65 nm technology.%* The MPA, featuring the same ‘stub’-finding logic as described
above, has similar integration times and a binary readout (electron polarity) with
internal threshold comparator. Obviously number of buffers for a latency of 12.8 s
and readout rate (40 MHz for stubs and 750kHz for full data set) are the same as
the CBC. The SSA features 120 channels and will also be bumb bonded to the flex
hybrid. The MPA will be directly bump bonded on to the sensor with standard (not
fine-) pitch industrial bump bonding, less expensive than fine pitch BB necessary
for micro-pixel HAPS. The MPA has 16 - 120 channels. The SSA transfers the hit
information to the MPA where the ‘stub’-finding logic is located. With the macro-
pixel granularity 2D points will be generated. PS plus 2S ‘stubs’ will allow high
precision tracking and vertex identification with about 1 mm precision for tracks
above 2 GeV at trigger Level-1.

Current Designs and Future Developments

With the smaller feature size, hence the possibility to place a larger number of
transistors per area, it is possible to implement many more features directly on the
chip level. Noise values of the different chip generations are presented in Table 1.3
on p. 44 where the noise—load capacitance correlation is discussed.

The initial chips were produced in a 5 wm CMOS process, followed by 3, 1.2, 0.8,
0.5 and 0.25 pm in the current collider experiments. Today, there are prototype chip
runs in 130nm CMOS and 65 nm for the future HL-LHC upgrades [205]. Dedicated
exploration runs with 28 nm feature size are also envisaged.

As an interesting fact, it can be noted that already in the time of the SVX, the so-
called “multiproject wafer” system was used. To reduce cost only design files are sent
to companies, which then combine projects from different groups and subcontracts
a number of different vendors for mask and final chip fabrication. This is a common
practice today to enable the HEP community to have several design runs for a chip
at reasonable costs. As an example the CMS HL-LHC strip chips (MPA and SSA)
share a common engineering run with the common ATLAS/CMS RD53-pixel chip
prototype.

For the LHC detectors, quarter micron technology is radiation tolerant, when uti-
lizing special design rules/designs (enclosed geometry, rf. Fig.6.23 on p. 240). In
2008, with first prototypes of feature size 130 nm available, the community antici-
pated that these advanced technology nodes (feature size 130nm and lower) would
be intrinsically radiation tolerant without enclosed geometry. Extensive tests have
shown that minimal size transistors, used in high density digital logic blocks, are
too sensitive to radiation and therefore each new technology must be certified for
radiation tolerance.

Today, with adequately sized transistors, no special cell design is necessary.

%3 Early prototyping is done together with the future pixel chip from RD53 (see later) to save
engineering cost.
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1.11 Readout Electronics — Pixel Readout Chips — ROCs

Pixel ASICs often called ROCs Readout Chips underwent a very similar evolution.
Hybrid Pixel Detectors will be described in Sect. 1.12.1 with examples in Chap.4
and Sect. 6.1. With a full 2D pixelated sensor the ROCs cover the full passive sensor
and are bump bonded (BB)** to it (see e.g. Sect.4.2 or 6.1). Metal balls (bumps) are
‘placed’ on the sensor or chip cells, e.g. by direct placement (jetting of individual
balls or with a stencil holding multiple balls) or more conventionally by lithography
processes (full metal coverage — photo-lithography — etching leaving only metal-pads
(e.g. cylinder) — reflow to balls). The chip is then flipped and placed on the sensor,
final connection is established by pressure and thermal soldering (also called reflow
soldering) — more in Sect. 1.12.1 and photos in Figs. 1.70 and 1.73 on p. 108.

OMEGA —> CDFSPS8/8b 06/95 for DELPHI

The first pixel chip installed in a HEP collider was the SP8 chip for the DELPHI
Very Forward Tracker VFT (rf. Chap.4) developed by RD-19 and the DELPHI
collaboration. It was a true 2D chip processed in 3 wm CMOS feature size with zero-
suppressed binary readout called Sparse Data Scan SDS at the time. It combined
charge amplifier, discriminator, leakage current compensation, shift register output
and had a tunable delay. 8 chips have been connected together via a Kapton bus
glued on top. Signals down to 5000 electrons could be cleanly measured. Many
connection schemes have been tried in house due to the high cost of fine pitch BB
at industry, while in the end, the ‘cheap’ flip-chip C4-process (Controlled Collapse
Chip Connection — CCCC) was done in industry [216]. This was possible due to
the relatively large bumps of 100 um diameter® on 330-330 wm? pixels with a
80 wm diameter bond pad. The ROC area was 0.8 - 0.8 cm? with 24 - 24 pixel cells
or 0.8 - 0.6cm? with 16 - 24 pixel cells and 10+6 chips were placed on a pixel sensor
totalling 8064 pixel cells. A photo of DELPHI SPS chip section with bump balls is
presented in Fig. 1.70. A photo of a module is displayed in Fig.4.9 on p. 181. More
details can be found at [144, 253, 254, 264].

PSI46, PSIDIG and PROC600 for CMS

For the LHC, fast and radiation tolerant pixel chips are necessary, even more impor-
tant as for the strip system located at higher radii. The CMS pixel chips have been
realized in quarter-micron technology (CMOS 250 nm) with enclosed geometry (rf.
Fig.6.23). Version PSI46 has served CMS well until the detector replacement in 2017
when Layers 2 — 4 have been equipped with the PSIDIG chip and an improved high-
rate version for Layer 1, the PROC600. The first CMS pixel detector is described
Sect.6.1 and its upgrade in Sect.6.2. The full details on the chip architecture are
beyond the scope of this paragraph and can be found at [54, 149, 163]; the final
application is described in Sect.6.1. The chips have a zero-suppression mechanism

640ften also called flip-chip.

5 A previous version had a bump of 150 pwm which was finally decreased to reduce the capacitive
load.
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and the full pulse height information of a hit channel is passed to the subsequent read-
out boards. In addition, individual pixels can be masked and thresholds trimmed. The
PSI46 transfers the analogue information (pulse height) while the PSIDIG chip has
an on-chip 8-bit ADC and transfers the pulse height as digital information at much
higher bandwidth. All chips have 52 columns by 80 rows serving 100 - 150 jLm?
pixel cells. The PSI46 readout chip uses a two stage preamplifier and shaper before
the signal is passed to the comparator. When a pixel is hit (above threshold), the hit
information is stored and the periphery is ‘notified’. A ‘token’ is sent out and the
information of a double-column is then transferred asynchronously to the periphery
and being buffered there during the latency time until the trigger arrives. This sim-
plifies the individual cell circuitry. The mechanism is called ‘double column-drain’.
Thresholds of about 3200 electrons have been achieved for the analogue chip PSI46.

For the CMS Phase I pixel upgrade new chips have been developed to cope
with the beyond-design luminosities — higher pixel hit rates. Thresholds of about
1600 electrons have been achieved for the new chip — PSIDIG. It works well up to
a hit rate of 120 MHz/cm? compared to 80 MHz/cm? for PSI46. The main changes
are adjustment of buffer size to store more events during the trigger latency and
implementation of an additional readout buffer stage to reduce dead time during the
column readout. Each digital ROC then outputs data at 160 MHz to the Token-Bit-
Manager chip TBM. On the TBM, 2 ROC streams are merged, hence the 320 MHz,
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and a parity bit is added. So the data stream leaving the TBM is 400 MHz. The
digital readout allows for much higher data transfer (320 MHz) to cope with the much
higher numbers of channels fed through the same numbers of optical fibres. More
details can be found at [164, 212]. One evolution further, the PROC600 changes the
column-drain architecture itself allowing even higher rates up to 600 MHz/cm? hence
the name PSI ROC 600 MHz/cm? — more at [277]. Radiation tolerance has been
improved from 20 MRad (PSI146) to 100 MRad (PSIDIG) to 600 MRad (PROC600)
by clever architecture. The chips are flip-chipped to the sensor and wire-bonded to
a flex hybrid where then a Token-Bit-Manager chip TBM sends ‘token’ to several
chips, collects the data and then sends it to the high speed optical links.
All chips are thinned before BB to minimise material budget.

The RD53 Chip for the ATLAS and CMS in the HL-LHC Phase

For the High Luminosity LHC operation a new R&D collaboration RD53 [337] has
been formed to realise a first version of a pixel chip. ATLAS and CMS might then
adapt for a final version. The RD53 ROC will be the only active element on the CMS
Phase 2 pixel modules! The chip has to cope with the following challenges:

e Extreme hit rates: up to 3 GHz/cm? (inner layer, Pile-up=200)

— Hit loss (dead time + buffer losses) <1% at 3 GHz/cm?

Extreme radiation tolerance: 1 Grad of TID; 2-10'® nyev/cm? fluence (inner

layer after 3 ab™'). Can be reduced to 0.5 Grad with one Layer-1 exchange.

e Small pixels 50 - 50 um?, real challenge to implement all features — 144,000 pixels
per chip

e Threshold: 600 to 1200 e~ and Time Walk: <25ns

e Very long trigger latency: 12.8 ps

— Hit buffering (increased by factor ~100) — high density technology

e High trigger rate — full readout rate: 750kHz equal to ~1 TBytes/s

e Large pixel chip around 22 - 18.4 mm? with roughly 1 billion transistors

e Deal with serial powering

e Electrical links transmitting over long distance of 1 — 2m to the optical links,
located at higher radius (1 — 4 links of 1.28 GBits/s per chip)

e Low power density (~1 W/cm? for the inner layers)

e Flexible enough to work with diamond, silicon planar, or 3D silicon sensor with
different sensor cell capacitances.

e Fine pitch bump bonding

To match all the requirements on such a small 2500 wm? pixel cell, a very small
CMOS feature size is necessary. The chip will therefore be realized in the 65nm
technology without enclosed geometry, but avoiding minimum transistor sizes in
critical high speed digital functions. First measurements showed that the smallest
transistors are less radiation tolerant. The small feature size is also necessary to
minimise the power consumption and realise the necessary speed.
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Fig. 1.71 Left, main part of the chip consist of analogue cells. Hit information is shifted to the
periphery to be buffered and then transmitted. Middle, some logic is already implemented near
the cells in a column like architecture including buffering. Right, cartoon-layout for the RD53
chip where the main real estate consists of digital cell with some distributed analogue cells. Speed
requirements do not allow transport to the periphery any more. Hit information are stored locally

The 65 nm process is a strong technology node extensively used in industry, e.g.
automotive. It will be available long-term and has significantly increased density,
speed and complexity compared to 250 or 130 nm. Design tools and libraries exist to
allow collaborative design with a larger HEP community. IP blocks can be developed
at different places, distributed and later merged.

The chip will have a <4-bit (maybe 5) digital readout (<8-bit for low occupancy
operation) and an on-chip data compression circuit to decrease transmission rate
(still in the regime of high-speed memory chips) via electrical links to the optical
links located at higher radii, due to radiation tolerance, at a distance of about 1 m.
Also a shunt-LDO% will be implemented to work with serial powering. Figure 1.71
illustrates the evolution of chip layouts where hit information is not transmitted to the
periphery and stored there but buffered and processed close to the analogue amplifier
cells.

For the RD53 chip, 2 by 2-analogue cells®’ share buffers, hit processing like Time-
over-Threshold ToT counting and management, Analogue-to-Digital Conversion
ADC, configuration logic — a ‘simple’ processing core. 8 by 8 of these pixel regions
then share clock and trigger distribution plus control input and data output circuits. A
2.2 x 1.84 cm? chip with 2.2-1.64 cm? active area consists of 144,000 pixels sharing
common periphery control, chip monitoring, power handling, data compression and
control input and data output. The chip contains a differential cable driver with signal
emphasis matching equalizer filters in the receiver end. At higher radii with lower
hit rates, data from several chips are combined to a single electrical link. The data
aggregation circuit is part of the chip itself; thus several chips feed data to a single
chip, sending merged data with 1.28 GBits/s to the opto-conversion module operating
at 10 GBits/s.

A correct layout is crucial to avoid digital interferences in the low-noise analogue
front-end.

66The shunt-LDO regulator is a new regulator concept which combines a shunt and a Low Drop-Out
LDO regulator, it is also implemented in the ATLAS FE-I4A ASIC [119].

5"Maybe 4 by 4.
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1.11.1 Chip Developments for the Future

Long term R&D is ongoing in industry and in the HEP community to realise a 3D
chip where different layers have different functions and short vertical connections
(Through Silicon Vias TSV). The reasons to tile chip functionality vertically are:

e reduce interconnect length

— improve speed
— reduce interconnect power

e reduce cross-talk (disentangle e.g. analogue and digital circuits)
e reduce chip footprint size

The industry target would be to have up to five layers with the following function-
alities: Layer 1 digital electronics (ICs); Layer 2 Memory (RAM); Layer 3 Analogue
electronics; Layer 4 Optoelectronic devices and waveguides; Layer 5 RF-MEMS
+ integrated antenna. This would allow dedicated processing in one layer and data
in/out (I/O) in another with short path data transfer. One could even think about
several digital layers.

The HEP dream would be a sensor layer connected (wafer to wafer bonding
with TSVs) to a full analogue layer then connected to a digital processing layer
and maybe to another one handling I/O. This would allow full optimization of all
circuits individually without cross-talk and short paths. This technology is under
discussion for the future linear collider. Of course all layers would be thinned to
minimise material budget. The layers are often called ‘Tiers’. First prototypes in
the HEP community have been realised, like the Vertical Integrated Pixel VIP with
three Tiers for the International Linear Collider ILC. Cost and yield remains a major
challenge for such 3D integrated circuits.

1.12  Other Silicon Detector Types

In this section different silicon-based detectors are shortly described. Pixel devices
HAPS, CMOS, HV(HR)-CMOS, and SOI sensors are introduced. Silicon drift detec-
tors are used as an alternative 2D position sensing device. DEPFETs are developments
where charge amplification is implemented with a different concept from standard
devices. The 3D detectors are deviations from standard planar processing mainly
developed for harsh radiation environments. LGADs also provide fast timing infor-
mation.
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1.12.1 Hybrid Pixels — An Alternative with a High Number
of Channels

The full name is Hybrid Active Pixel Sensor HAPS. The technological difference
between silicon strip sensors and silicon hybrid pixel sensors is marginal. The strips
are segmented further down to a pixel structure (e.g. strips 100 - 150 wm), the readout
is adapted to small capacitances and is designed to handle DC coupling to the pixel
implants. Consequently, the connection of the small structures to readout electronics
is not possible with the standard wire-bonding anymore. The solution is a readout
chip the size of the sensor with the same channel “pixellation” as the sensor which
is placed in a sandwich configuration on top of the sensor. It is “bump bonded”
or “flip-chip-bonded” to the sensor. The pads on the sensor and readout chip are
treated with a special under-bump metallization. A lithography step opens holes in
the applied photoresist over the pads and a dedicated bump metal is filled in the
holes. After removing the resist, the bumps are shortly heated to reflow into balls.
Finally the readout chip is flipped, aligned and pressed onto the sensor. Another short
heating step connects readout to sensor. There are several recipes for a sturdy bump
connection, e.g. Cu as bump on a PbSn surface or an indium bump on a Under Bump
Metallization “UBM” (sandwich of Ti, Ni, Au). A cartoon of the bump bonding
processing steps and a HAPS scheme can be found in Fig. 1.72 while a picture of
actual bumps and bump bond pads can be seen in Figs. 1.73 and 1.70 on page 103.

The obvious benefit of 2D information from pixel detector comes with the prize of
a huge number of channels to be handled. The ~1.75 m? pixel detector of CMS has
about 127 million channels, about 13 times the channel number of the 206 m? strip
detector. HAPS always comes with sparse readout, where only pixels with signal are
read out. Due to the DC coupling, a current compensation circuit to counter the dark
current is needed in addition to the pixel amplifier. The granularity is limited by the
minimum size of the bumps but still suits all the needs of HEP detectors.

HAPS were first used in the DELPHI experiment in the forward region, the exam-
ple is described in Sect. 4.2 with a pixel module picture, refer to Fig.4.10. In the LHC
area full silicon pixel detectors of several barrel layers and forward disks are used in
ALICE, ATLAS and CMS (see Sects. 6.1 and 6.2).

1.12.2 CMOS Detectors — Monolithic Active Pixels — MAPS

Monolithic Complementary Metal-Oxide Semiconductor sensors or abbreviated
CMOS or MAPS (Monolithic Active Pixels) are pixellated sensors favourably used
in industry and medical applications to detect visible light — it is the successor of the
Charge-Coupled Devices CCD sensors. CMOS devices are equipped as digital cam-
era in every modern mobile phone. It works as an ionising particle sensor as well as
for visible light. CMOS sensors fully integrate electronics and sensor volume in one
wafer, better yet there is a thin epitaxial layer serving as solid state ionisation volume
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Fig.1.72 Scheme of a Hybrid Active Pixel Sensor HAPS. A HAPS is a sandwich of a silicon sensor
and a standard CMOS readout chip. The sensor is of the high resistivity-depleted DC-coupled type
processed as described in Sect. 1.9.2. The readout chip is realized in standard CMOS technology on
a low-resistivity wafer, the same size as the sensor, and its readout cells are distributed in the same
“pixellated” way as the sensor pixels. The merging is realized via so-called “bump bonding” or
“flip-chip-bonding”. After preparing the pads with a dedicated under-bump metallization a further
lithography step opens holes on each pad to place the bump metal (a), e.g. Cu or In. After remov-
ing/etching the photoresist the metal undergoes another temperature step, the so-called reflow to
form balls of metal (b). The chip is then “flipped”, aligned and pressed onto the sensor, warmed up
for reflow, connecting sensor channels to readout cells (c)

Fig. 1.73 Bump bonding at PSI for the CMS pixel detector. The left shows a bare contact on the
pixel silicon sensor. In the middle part, an electron microscope picture of the structured indium
bumps before the reflow process is shown. On the right, the bump ball after reflow is shown. The
distance between bumps is 100 pwm, the deposited indium is 50 wm wide while the reflowed bump
is only 20 wm wide [51, 259]
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with standard NMOS®® electronics on top. The main difference to other solid state
sensors used in HEP is the lack of any bias (depletion) voltage. A shallow depletion
layer created purely by the prn-junction collects charges right away. Charges created
in the EPI layer®® are collected via diffusion to the N-wells. To achieve reasonable
signal values, also true for light detection, EPI layers are rather “thick”, in the order
of 15 — 20 wm. The material must guarantee a long lifetime of the charge carriers
to ultimately avoid trapping during the random walk. The still low signal is com-
pensated by very low capacitance values, hence very small noise, finally resulting
in reasonable signal-to-noise values up to S/N = 30. The concept only works for
pixels and not for strips where capacitance values are much too high. Figure 1.74
gives a cross-section of a CMOS pixel cell and indicates the charge collection path.
The NMOS electronic implementation directly in each pixel cell represents the first
amplification step. The possibility of active electronic implementation directly in the
sensor readout cells leads to a large variety of detector types. In-cell amplification,
shaping, storage, comparator logic, sparsification are examples, and for the future
linear collider several types are listed in Sect.8.1.

diverse NMOS electronic cells sensing cell (electrode)

Sio

2

Y Y or ionising particle
Fig. 1.74 Cross-section of a CMOS sensor, one pixel. The scheme nicely depicts an example of
NMOS transistors and the N-well to collect electrons from ionisation or photo-effect. Electrons
created inside the shallow depletion zones are fully collected while electrons from the EPI layer
randomly walk towards the N-well and with an excellent lifetime behaviour, only some of them
will be trapped. Nevertheless, CMOS devices have an excellent signal-to-noise ratio due to their
very small capacitances and low currents, therefore the low noise compensates for the low signal

The ALICE detector at the LHC will completely replace its inner tracking system
with MAPS sensors [284] based on triple-well technology thus able to use NMOS
and CMOS. A 10 m? detector is planned consisting of thin (50 jum) monolithic

%or PMOS in n-bulk devices. Today, there are also more complicated designs/processes with
“nested wells”/tripple well technology, allowing both NMOS and PMOS.

%9EPI layer: Created through epitaxy or epitaxial growth: A thin (0.5 — 20 jum) layer of single crystal
silicon is grown over a single crystal base substrate through chemical vapour deposition CVD. For
HEP sensors thickness up to 60 wm are processed. These devices are different to the ingot growth
and laser cutting described in Sect. 1.9.1.
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active silicon pixel sensors with pixel cells of 30 - 30 um? and a moderate radiation
tolerance of 10" 1 pey / cm? sufficient for the expected fluences at ALICE. Several
volts will be applied to the sensor part to increase the depletion zone but not to fully
deplete the bulk. The electronic design is based on the so-called “Rolling Shutter”
readout — a serial, row-by-row readout fast enough for ALICE but not for the other
LHC experiments. The system is a perfect fit for ALICE. A further evolutionary step
of this technology is described in Sect. 1.12.4.

1.12.3 Silicon on Insulator Detector — SOI

Silicon on Insulator (SOI77) technology, tested first in the SUCIMA [209] collabora-
tion, has the potential to develop into the future star of sensor technology — see next
section about HV-CMOS, where a variety is a plausible candidate for a full mono-
lithic detector. The main difference between CMOS technology and fully depleted
sensors is bulk resistivity and volume. A monolithic combination of electronics and
depleted sensor would be very useful. For Hybrid pixels HAPS readout ASICs and
sensors are processed separately and then merged by bump bonding. In SOI, the
high resistivity, thick “sensor” silicon wafer with a SiO, surface will be chemically
bonded to the low resistivity, thin “CMOS” silicon wafer. The processing then starts
from the “CMOS” side where cavities are etched to the “sensor” part, to enable
sensor side processing in a pixellated way and start CMOS processing afterwards
in standard commercial IC technology. Basically it is a combination of the CMOS
detectors and the hybrid pixels, as a monolithic device without bump bonding. With
in-pixel processing it is possible to reduce power and increase speed. A challenge of
the ‘basic’ technology is the so-called “back-gating” effect where the high operation
voltage of the sensor part’! affects the analogue transistor functionality operating at
much lower voltages. Especially with thin oxide, transistor threshold V;; values are
changed up to the point of non-functionality with full bias voltage applied. There
are solutions to shield the CMOS circuits, e.g. by implementing an additional deep
P-well ‘through’ the oxide insulation underneath all electronics cells. Another solu-
tion would a double-SOI sensor with “CMOS layer —burried oxide — silicon — burried
oxide — depletion sensor zone”.

A scheme of a basic SOI cell is shown in Fig. 1.75. Different to standard CMOS
sensors SOI sensors are operated fully depleted and can accommodate NMOS and
PMOS.

7OGenerally, the term SOI describes the basic wafer type “silicon chemically bonded to insulator
to silicon” which is being used in other processes as well, e.g. use one silicon face as handle
wafer. Thus, there is a potential mix-up with the term. Today 2017, SOI sensors are included in the
HV-CMOS family, see next section.

"IVoltage to fully deplete the sensor.
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Fig. 1.75 Scheme of a silicon on insulator sensor. The scheme shows the basics of a SOI sensor.
Passing charged particles create electron-holes pairs moving to the electrodes in a fully depleted
high resistivity n-type sensor while the electronics are realized in a low resistivity n-type base
material, separated by a layer of SiO,. The connection of both parts is realized by etching while
the electronics processing follows standard IC methods. In difference to CMOS devices the sensor
wafer can be thick, of high resistivity and depletion is possible. NMOS and PMOS transistors are
possible to be processed on the electronics wafer. In principle SOI can also be done with p-type
sensor and electronics bulk

The basic production steps as used for SUCIMA are

1. bond” a high resistivity (sensor-grade silicon) wafer with a low resistivity
electronics grade sensor EGS wafer with a SiO, layer by thermochemical bonding
of the SiO; parts. One is called electronics volume, the other sensor volume

2. the low resistivity silicon wafer (electronics volume) side must be thinned down
to about 1 pm thickness

3. etch a cavity in the electronics volume for the later pn-junction processing

4. create P-well on the CMOS side (later NMOS), add the p* channel stopper to
P-well and n™ channel stoppers to substrate (later PMOS) (not all litho steps are
listed here)

5. create pn-junction: cover CMOS part with SiO;, open SiO, between electronics
and “sensor” volume, process p* on “sensor” (here implantation via diffusion)

6. apply an oxidized layer of polysilicon to protect the “sensor” side from contam-
ination of the following processes

7. apply first metal layer, connecting pn-junction to CMOS and all necessary CMOS
to CMOS connections

8. sputter Si0,, open CMOS contact opening and apply a second metal layer to
route CMOS contacts

The technology is finally on the way to maturity; it is currently under discussion
as a candidate for the ILC detectors. As of today, SOI sensor technology is not a
HEP standard.

72The bonding of the two wafers is done at the SOI wafer producer.
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1.12.4 HV - CMOS/HR - CMOS

HV-CMOS (High Voltage CMOS) is probably the current most interesting concept
with huge potential for the future, especially in full monolithic realization looking
towards the ILC and FCC (see Chap. 8). The idea/hope is to exploit the large-scale
production lines of CMOS technologies also on larger wafers (8 or even 12in.) at
lower cost and also avoid expensive fine pitch bump bonding as in HAPS, all along
with in-pixel amplification. The pace of the development is high these days and
this section is therefore to be considered a snapshot. The holy grail would be a full
monolithic, low mass, radiation tolerant, small-cell pixel sensor at reasonable power,
adequate speed ...and all at reasonable/low cost!

The key to radiation tolerance and speed is to establish, like in conventional passive
sensors, a depletion zone in ASICs technology to establish an electric field and thus
make use of electron/hole drift instead of random walk as in previously described
MAPS. With depletion depths of w = 50 — 100 wm, reasonable signals of more
4000 electrons are achievable to be further amplified in simple circuits (or ~1000
electrons with thin EPI on a handle wafer). This enables a fast and efficient charge
collection within LHC time frames (25ns) and a device with short drift paths is less
vulnerable against charge trapping after radiation. Samples have shown radiation
tolerance of several hundreds of Mrad and fluences of 10'> to 10'® ey /cm?.

Several different variants are under development/evaluation. Combinations of
simple ‘in-sensor’ circuits plus standard ASICs similar to HAPS up to full monolithic
designs and even a ‘strip’-sensor version are being proposed. Full monolithic HV-,
HR- CMOS (High Voltage—, High Resistivity CMOS) sensors are often also called
depleted MAPS DMAPS. The goal is to increase bulk resistivity p and applied
voltage Va5 since the depletion depth w depends on them according to

w~L/p-V (1.64)

The enabling technologies, different to standard CMOS processes, are:

e HV-NMOS, HV-PMOS, DMOS circuits as used in automotive and power
management allowing for a moderate ‘high voltage’ (~120V) -
High Voltage — HV-CMOS

e ‘high resistive’ wafers, high compared to standard CMOS circuitry but still low
compared to the standard HEP passive sensors, e.g. 1 —2kQcm — High Resistivity
— HR-CMOS

e Radiation tolerant circuitry, e.g. by utilizing small feature size (130 to 180nm or
smaller) and/or enclosed geometries

e Backside processing to allow for a backside ‘HV’ contact

e Stitching (more later) to allow for larger sensors, e.g. in the strip or large (quad)
pixel case, as used in photo image sensor processes
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Fig. 1.76 Cross-section of a HV-CMOS sensor, one pixel cell. The picture shows the very basic
version of a HV-CMOS sensor cell — a triple well configuration. The main feature is the deep
N-well isolating/shielding the CMOS electronic cells from the ‘high voltage’. It allows for PMOS
and NMOS circuitry plus the application of a relatively low ‘high voltage’. Many of the exemplarily
shown CMOS cells form a full circuitry embedded in the deep well, e.g. a charge sensitive amplifier
CSA, etc. The sensor electrode is connected to the CSA. Higher circuitry complexity increases the
cell size thus cell capacitance. More design variants and use cases are explained in the text

Voltages up to 120V have been exploited, still only giving a 10 — 15 pm depletion
depth for a standard CMOS resistivity of 20 2cm. Best are combinations of the above
items. These technologies are not available in every FAB line.

Figure 1.76 illustrates the basic principle which comes in a large variety of imple-
mentations. The NMOS and PMOS cells are embedded in deep wells thus iso-
lated/shielded from the depleted sensor bulk with ‘high voltage’ applied. The picture
shows a deep N-well with embedded PMOS while the NMOS circuitry is further-
more confined in its own P-well (as in the previous MAPS Sect. 1.12.2). In this case,
the N-well serves as the PMOS substrate but also as collection electrode. This is the
so-called triple-well process. In principle, deeper nesting is possible allowing larger
fill factors (see later), e.g. a quadruple-well process.

In other designs, the full CMOS circuitry resides fully in a deep P-well (embed-
ded inside the p-substrate) plus a smaller dedicated N-contact in the p-substrate
serving as sensor electrode or with the CMOS embedded/shielded in a buried oxide
BOX —both variants are illustrated in Fig. 1.77. The point is to embed full CMOS cir-
cuitry (NMOS & PMOS) allowing reasonable complexity but ‘protect’ it against the
higher, otherwise incompatible, voltages. The deep well (or deep well + electrode’?)
covers one pixel cell. One of the enabling technologies, the nesting of several deep
wells is not available at every CMOS process. The first example (Fig. 1.76) allows
homogeneous depletion zone growth and short drift paths but has a large capaci-
tance compared to the second example with the dedicated cell+electrode concept,

73To limit the pixel capacitance, designs exists that split-up the deep N-well into several connected
blocks.
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Fig. 1.77 Cross-section of a HV-CMOS sensor with extra electrode, one pixel. The full CMOS
circuitry is embedded in a deep P-well (left) or P-well + BOX (right). The BOX concept is basically
the same as SOI (see Sect. 1.12.3). The electrode is separate and connected to the CSA in the P-well.
The cell capacitance is much lower thus noise can be lower and speed can be higher, but the drift
path is longer and the depletion zone grows more lateral. Higher circuitry complexity decreases
the fill factor and increases the drift path length. This design aims more towards full monolithic
implementation

for which the depletion zone grows more laterally (Fig. 1.77). Higher circuitry com-
plexity increases the cell size thus cell capacitance of example one (well = electrode),
or decreases the fill factor (electrode/area) and increases the path length in example
two (well + electrode).

It has to be mentioned that the input capacitance to the CSA is, in general, larger
by about a factor two compared to a passive sensor in the HAPS concept due to the
additional capacitances in-between the deep wells. Also the capacitance to backplane
is high for thin devices.

HV-CMOS as CCPD (Capacitive Coupled Pixel Detector) or Strip Detector

The most simple circuit to be implemented in the individual pixel cells would be
a charge sensitive amplifier CSA, pushing the amplification stage or at least part
of it into the ‘sensor’ — Capacitively Coupled Pixel Detector, CCPD more at [235,
237, 238]. The amplified signal is large enough to allow capacitive charge coupling
and no direct ohmic bump bonding sensor-to-readout cell connection is necessary
— fine pitch bump bonding (BB) is a cost driver. BB also limits the minimal pixel
size! This opens the possibility to ‘connect’ the pixel cells capacitively with a simple
glue connection” to a standard pixel HAPS readout ASIC (ROC — Readout Chip)
responsible for the more complex processing like clustering, ADC, buffering, trigger
processing, fast data transmission, sparsification, etc. A certain number of bump
connections are still necessary to provide power. Through Silicon Vias TSVs for
power connection could be another solution. With the amplification in the sensor
cell, the ROC is not impacted by the sensor cell capacity thus low threshold values
should be achievable (e.g. 1200 electrons or lower”).

One can also daisy-chain many HV-CMOS pixel cells into a strip-like configu-
ration with conventional wire-bonding at the sensor end to a standard strip readout-
ASIC - in principle any arbitrary pattern is possible — more at [236]. This concept

74The glue has to be very thin, in the order of ten micrometers only, to achieve a good coupling.
TSThreshold values well below 1000 electrons have been achieved.
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is also called “Pixelated Strip Detector” PSD. With this, the former large area ‘pas-
sive’ strip sensor could be replaced by an active HV-CMOS sensor with the caveat
of dissipating more power over the full surface. The cell location within the ‘strip’
can, in principle, be encoded in the CSA pulse amplitude or pulse length and with
a dedicated analogue readout ASIC be decoded again. This feature would allow 2D
information in a single strip within a single readout channel at the sensor end.

An even more interesting use-case would be for the (innermost) pixel layers,
namely the increase of pixel granularity; e.g. four HV-CMOS cells of different
pulse amplitude of 25 x 25 wm? area could feed a single pixel readout ASIC cell of
50 x 50 wm? achieving the position resolution of a 25 x 25 wm? cell by decoding
the different amplitudes.

Without ‘stitching’, the strip length or pixel sensor size, is limited by the maximum
CMOS reticle’® size, which is about 25 x 25 mm?. Some companies can overcome
this limit. Function blocks (lithography photo masks, reticle-size of smaller) can be
‘stitched’ together by transferring these blocks into the photoresist on the wafer. Basi-
cally parts of strips, composed of small HV-CMOS pixel cells, can be tiled/stitched
together. Other lithography mask blocks could then form the sensor edges. This
technology is mainly being used for large photon imaging detectors where not only
number of pixels but also sensor size per se matters.

The combination where the HV-CMOS (CCPD or strips) simply replaces the pas-
sive sensor is appealing because no substantial system design changes are necessary.
The full complex CMOS logic stays in the readout ASIC with some amplification
stage in the HV-CMOS sensor.

HV-CMOS full monolithic and its challenges

The real goal for the future is to establish a full monolithic sensor with all necessary
logic implemented — see also [140, 234]. This could dramatically decrease material
budget and has the potential to simplify the system level complexity. Lots or progress
happened on this front, the situation is fluid, stay alert.

Here, the real estate of electronics and readout electrode has to be shared. The
whole electronic circuit itself needs to be radiation hard thus of small feature size.
Readout speed must be increased’’ and buffering for long trigger latency be provided
to the level of current ‘pure’ ROCs. Cells of 25 - 25 um? seem out of reach with today
feature sizes accessible to HEP and cells 50 - 50 um? would be very challenging.”®
This would largely relax the digital complexity of the HV-/HR-CMOS sensor. With
larger electronics cells, the electrode thus capacitance would increase (1f. Fig. 1.76)
or the fill factor sensor electrode to readout would shrink (rf. Fig. 1.77). Another
concept would be to read out all events at full speed and outsource caching, trigger
handling, etc. to an additional ASIC.

T6Defined by the field of view of the lithographic equipment; normally featuring one or more
individual electronic chips.

7TThe ‘rolling shutter’ concept as used in the ALICE upgrade is not adequate.

781t is already a challenge to implement all logic into an 65 nm ASIC for a 50 - 50 wm? cell without
sensor electrode and special deep well design rules — see Sect. 1.11.
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Still, despite the numerous obstacles and challenges, the technology has a huge
potential for future detectors to provide high granularity, low material budget and
large surfaces at affordable cost. Next generation devices could be the good fit for
the future linear collider, while more advancements and probably some steps down
in feature size would be necessary to accommodate the needs for the Future Circular
Collider FCC (rf. Sect.8.2).

1.12.5 Silicon Drift Detector

Figure 1.78 shows the concept of a silicon drift detector including the drift path of
the created electrons and holes.

Silicon drift sensors are today used in the heavy ion experiment STAR [327] at
Brookhaven [331] and have been implemented in the ALICE [330] experiment at
CERN. These sensor types were first proposed in 1984 [117]. The concept is identical
to gaseous drift chambers.” There are p™ strip implants on both planes of the n-type
sensor plus nt diode segments on the end of the sensor. A set of voltages is applied
to the p™ strips with suitable gradient decreasing towards the n* anode. In the n*
implant region the charge cloud is then focussed to the anode. The y-coordinate is
measured from the anode segmentation while the x-coordinate is represented by the
drift time (typically pws/cm); a traversing time stamp is necessary. The homogeneity is
very important and puts strict limits on the quality of the sensitive device with respect
to material uniformity and small number of defects. The drift velocity needs to be
predictable, therefore temperature needs to be monitored continuously and a strict
calibration of the field homogeneity is necessary. The device delivers 2D information
over large areas. ALICE covers 1.3 m? = 30 - 10° pixels.

Fig. 1.78 The concept of a p+ drift strips on bias potential
silicon drift sensor. Several

p™ strips on the same segmented __——

potential build a anodes

homogeneous field between
sensor planes while the edge
is structured with n*
elements where the free
charge carriers drift to; the
Y-coordinate is defined by
the n* elements while the
X-position is defined by the
drifting time. Depletion zone
builds up horizontally

p+ drift strips on bias potential

79 Although, there is no amplification like in gas detectors.
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Fig. 1.79 The concept of a DEPFET sensor. The volume is depleted from the side n* strips down
to the back p* implantation. The potential minimum of the sideways depletion is shifted towards
the FET side by optimizing bias configuration. An ionising traversing particle creates electron—hole
pairs in the depleted volume. Holes are lost in the back of the device, while electrons travel to and
accumulate at the potential minimum below the external GATE at the so-called internal GATE, thus
increasing charge density and thus modulating source—drain current of the FET. The electrons stay
there until actively cleared [194]

1.12.6 Depleted Field Effect Transistors DEPFET Detectors

In contrast to all the silicon sensors previously described in this book the Depleted
Field Effect Transistors Detectors DEPFET sensor has an intrinsic amplification
feature. The concept was proposed by J. Kemmer and G. Lutz in 1987 [166, 167].
It combines a fully depleted zone (detector bulk) and a field effect transistor FET
(surface). A schematic of a DEPFET is displayed in Fig.1.79. When applying a
negative voltage on the back the depletion grows sideways, as for the silicon drift
sensors described earlier. Electrons created by a traversing ionising particle now drift
along the electric field versus the surface of the sensor. Different from all the other
sensors, the charges are not collected directly and fed to an external charge amplifier.
Electrons travel to and accumulate at the minimum potential zone formed below the
gate — the so-called infernal gate. This accumulation increases the charge density,
thus increasing the FET (source—drain) current accordingly. Since the charge is not
collected/‘drained’ another active mechanism is later needed to remove it from the
internal gate. Actually quite high “CLEAR” voltages in the order of 12 — 20V are
needed. The CLEAR voltage increases the depletion zone towards the clear contact
to drain the accumulated charges. Recent developments foresee a punch-through
contact, which removes the charges from the internal gate — the constant clear design
[194]. A correlated double sampling can be achieved by reading the current signal
before and after a CLEAR. DEPFET sensors are used in pixel design. Low noise
(just a few electrons per pixel) and intrinsic amplification allow them to be thin
and make them ideal candidates for tracking detectors at the future International
Linear Collider ILC. The missing radiation hardness prevents usage in a hadron
collider, additional charges in the interfaces and bulk from radiation damage would
deteriorate the FET behaviour; open channels and constant currents would be the
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result. Figure 1.79 depicts the first proposed version of a DEPFET detector. In today’s
DEPFET sensors, since deep implantation is possible, additional deep N-wells are
applied to localize the electron accumulation [195]. DEPFET applications will prob-
ably be used in the X-ray Evolving Universe Spectrometer XEUS [338] mission as
well as in the vertex detectors of the future ILC. The most inner pixel detector of the
Belle 2 experiment will consist of DEPFET sensors [32].

1.12.7 3D Silicon Detectors

Initially introduced in [229], 3D sensors give a good possibility to gather enough sig-
nal from the whole sensor volume for highly irradiated sensors, even after the onset
of trapping. It will be shown in Sect. 2 that radiation levels of @,, = 10" nipey /em?
and beyond mainly affect the charge collection efficiency and are the limiting factor
for detector operation. For @,, = 10'® ey /cm? a thickness above some tens of
microns does not contribute anymore to the signal formation — the whole charge
carriers are trapped before reaching the electrodes; or better said they are all trapped
after a drift distance of some tens of micrometer and therefore the induced signal is
significantly suppressed. The basic concept of 3D sensors is to etch pillars into the
bulk volume and implant alternatingly boron and phosphorus doping via diffusion
to the pillar walls or pillar filling with doped polysilicon. A scheme is displayed in
Fig. 1.80. The sensors are then depleted horizontally instead of vertically thereby
limiting the collection length to a few tens of microns but having a substantial vol-
ume at their disposal, for example the standard 300 pm thickness. In addition the
small distance between p and n pillars allows for a low depletion voltage®® even after
irradiation. Lower depletion voltage also corresponds to lower power consumption.
The technological challenges are the deeply etched pillars. Today Deep Reactive Ion
Etching DRIE (Bosch or cryogenic) is an industry standard procedure, but unfor-
tunately it is much more expensive than the planar processing techniques. The 3D
technology is becoming HEP standard. The capacity for a couple of square meter
is available although the technology is not available among the big mass produc-
tion sensor FABs of HEP. Figure 1.81 shows a pillar produced with the Bosch DRIE
process. The wave-like walls clearly shows the alternating of etching deep down and
depositing screeners (here polysilicon) to avoid a broad horizontal etch.

Diffusion processes finally implant the walls with p- or n-type dopants. This
is also a two-step diffusion process, because alternating p- and n-type pillars are
needed where one type of pillar is always masked, when the others are implanted.
To operate the sensor, both bias voltage potentials need to be routed to the different
pillars. Figure 1.82 shows a cut through a pillar with a zoom to the bottom part. The
profile of polysilicon deposition and implantation is nicely visible.

The main challenge of 3D sensors is the additional etching process not compatible
with the standard equipment used for planar technology. The technology nevertheless

80Reminder: Vpp o distance?.
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Fig. 1.80 Deviating from the standard planar sensor process, deep holes are etched into the silicon
to achieve pillars finally serving as electrode junctions to span the depletion zone in a horizontal
way instead of the standard vertical one. The electrons and holes travel a much shorter way and
are therefore less sensitive to trapping. The pillars can be combined to a strip or pixel pattern. With
the high radiation levels at the inner radii the normal configuration is the pixel one. Abbreviations:
GND ground potential; HV bias voltage
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Fig. 1.81 The wave-like profile of the hole walls tells of the BOSCH etching method that was
used. Frequent changes between etching and polysilicon deposit to mask from further etching ends
in a deep hole with a uniform wall. The picture on the right shows the zoom of the one on the left.
Courtesy of CNM-IMB (CSIC), Barcelona [62]
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Fig. 1.82 The p and n implantation is realized via a diffusion process, the final polysilicon layers
serve as protection. Courtesy of CNM-IMB (CSIC), Barcelona [62]

matured and today 96 sensors are installed in the Insertable B-Layer IBL detector
at the innermost radius and high z location of the ATLAS pixel detector [287]. Also
CMS/TOTEM have installed 24 3D sensor in the CMS-TOTEM Precision Proton
Spectrometer CT-PPS detector, see more in [252].

Still mass production and yield is a challenge.

On the way to maturity as a sensor technology several different configurations
have been explored and several proved effective.

The main species are

e single type versus double type columns
e single-sided versus double-sided processing
e full-3D versus not passing through columns

and several combinations are possible and in addition some are more suitable to also
process an active edge, where the DRIE is utilized to ‘cut’ out the sensor without
cutting. This is a very precise method to form the sensor edges with close to zero
defects and no detrimental chips from diamond saw cutting.

The Scanning Electron Microscopy SEM pictures in Fig. 1.83 display a 3D single-
side Single Type Column STC (left) suffering from a low field region between
columns due to lateral depletion. In the STC scheme biasing is simpler than in a
single-sided Double Type Column DTC where GND and high voltage have to be
routed on one side to the individual column electrodes (see Fig. 1.84). But the STC
collection mechanism is not very efficient and the technology is not processed any-
more. 3D Double-sided Double Type Columns DDTC (right) are more complicated
but have a full electric field over the whole volume and GND and high voltage to bias
the detector can be applied separately from both faces. Here, the holes are etched
from both sides into the bulk to have n-type pillar from above and p-type from below,
allowing for an easier masking and final voltage connection. This two-sided process-
ing also compensates for mechanical stresses from the pillar etching. Figure 1.80
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Fig. 1.83 The SEM micrograph pictures show a cut through the 3D sensors. Two different con-
figurations are displayed, namely a single-type column and the newer, double-sided double-type
column. The latter can overcome some low-field regions and simplifies the biasing scheme (top and
bottom). Courtesy of CNM-IMB (CSIC), Barcelona [62]

Al pad on n-type column
Al pad missing in this test structucture
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Fig. 1.84 The photo shows a cut through a test structure of a single-sided Double Type Column
DTC sensor. Columns with n- and p-doped polysilicon fillings are visible. First the n-type columns
are etched, filled with polysilicon, which is then n-doped by a diffusion process. Then a global oxide
layer is grown. Afterwards, the p-type columns are etched. To facilitate the following processing,
all columns are filled with p-doped polysilicon, while the p-part inside the n-type columns, serving
no function, is well separated by the oxide layer. Courtesy of CNM-IMB (CSIC), Barcelona

shows double-sided double type columns DDTC with not passing through elec-
trodes (no full-3D). Another common nomenclature for a 3D-Double-sided Double
Type Column detector is 3D DDTC detectors (non through passing columns) and
3D-DDTC+ (through passing columns). The ATLAS IBL detector [287] uses double
type column in full-3D and not pass through configuration.

An important difference between full-3D and double-sided 3D is the possibil-
ity to process active edges (see also Sect. 1.6.2 Slim Edge on page 49). Only in a
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single-sided process where all columns are etched from one side the sensors can be
oxide bonded to a handle wafer. In this case the etching process can etch trenches
around the sensors at the same time the columns are processed. As the columns, the
sensor edges can now also be doped or filled with doped polysilicon. After removing
the handle wafer the sensors have smooth edges much better than diamond saw diced
or laser cut ones. But without the handle wafer the individual sensors would simply
fall away, thus trench processing is not possible in a double-sided process.

In addition to the different basic etching schemes described above, there are
further combinations of active (connected to the readout) and passive (not connected)
columns/electrodes. Most often more passive than active type columns are processed.
Simulations are mandatory here to understand and optimise the field configuration.
Often individual pixel cells are composed of more than one active column plus several
passive ones.

There are additional “features” of these sensors which have to be taken care of in
the full system design. The 3D pixels have much higher load capacitance compared
to planar pixels of ‘standard’ thickness and therefore come along with a higher noise
which has to be accounted for in the front-end chips. For very thin D = 50 — 100 pm
planar sensors the capacities are comparable to 3D. While a planar sensor is sensitive
in the full volume, the 3D columns themselves (empty or filled with polysilicon) do
not contribute. Islands (column positions) of full inefficiency are clearly visible with
incident angles of about 90°. This can be easily overcome by tilting the sensors or
in a barrel configuration having them at higher z-position, away from the primary
interaction where they are naturally hit at an angle (at high 7). The second is the
configuration for the IBL detector of ATLAS; where they are located at the end of
the staves.

Small 3D Cell Size — the Challenge for the HL-LHC Detector Upgrades

3D sensors are candidates for the innermost layers due their high radiation tolerance
and the high radiation environment at that location (see example in Fig.7.1). Such
high radiation goes hand in hand with a very dense particle environment (high occu-
pancy) requiring very small pixel cells to be able to resolve individual tracks. Cell
sizes of 50 x 50 and/or 25 x 100 wm? are being considered for the HL-LHC detec-
tors. This in turn requires a narrow 3D column diameter, especially in multi-electrode
configurations for individual pixels cells. To reach a reasonable depth the aspect ratio
depth:diameter becomes difficult to process but with smaller depths the concept loses
its advantage. Currently aspect ratios of (depth:diameter) 25:1 are achievable, e.g.
8 wm diameter holes down to a depth of 200 wm. Cryogenic DRIE is being investi-
gated to achieve aspect ratios of about 40:1 in the future. In addition such small cell
sizes pose more difficulties in cell isolation and connectivity; a common challenge
for planar and 3D sensors. Obviously also the cell load capacity will increase with
smaller column distances.


http://dx.doi.org/10.1007/978-3-319-64436-3_7
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1.12.8 Low Gain Avalanche Detectors — LGAD

Section 2.2.5 describes charge amplification encountered in highly irradiated diodes
and strip detectors. This finding triggered the evaluation if one could utilize the
amplification effect in a controlled way. A detector design to achieve a moderate
gain has been studied and achieved within the RD50 collaboration — it is called Low
Gain Avalanche Detector LGAD, and the reader is referred to [56, 101, 232, 233,
262, 263] for more details. Generally, electric field strengths above 2 - 10° V/icm
activate the impact ionising multiplication. With the high signal (signal-to-noise),
in-chip comparator thresholds are crossed fast (small “jitter”’), thus ultra fast timing
(several tens of picoseconds) is manageable.

Today, 2017, ultra fast timing detectors are in high demand for the LHC very
forward detectors and the future HL-LHC detectors (ATLAS and CMS).

The concept is to have a localised controlled amplification stage at the readout
cell, implementing a high n**-strip®' with an underlying doped p* deep implant, all
embedded in a p-bulk with p**-backplane. This creates a high field between n*+
and deep p* implants — the multiplication layer. Figure 1.85 shows the scheme of an
LGAD with two different cell varieties. The mechanism is based on the avalanche
photodiode technology also used in Silicon-Photo-Multiplier Si-PM. The high field
necessary to trigger the avalanche is realized due to the highly doped n** and p*
implants plus the bulk fields squeezed to the n ™+ implant edges. The doping concen-
tration is therefore critical to reach a high enough field of 30 V/ium, a concentration
of atleast 5 - 10'> cm~3 is necessary. A small increase in doping concentration trans-
late to substantially higher gain — or an early breakdown, the doping concentrations
must be precise. In addition, the electric field across the bulk forces the electron drift
to the amplification stage.

Active thicknesses of LGADs between 50 and 300 wm have been realised,
although thin sensors are clearly preferred for fast timing due to the increased bulk
field strength (easier to over-deplete) and highly reduced drift length/time and thus
reduced trapping effect — with the high field the drift velocity is also saturated. The
thinner the sensor, the faster is the signal, the faster the rise time, the faster the
slew rate dV /dt! Leakage current and noise are correlated with gain. Gain has to be
optimized since noise rises faster than signal at higher gains.

Individual cells are mostly kept small to have a low current and capacitance (mind,
with a thin detector cell, capacitances are on the high side). High currents could also
evoke cell breakdown due to the internal gain. Junction Cells with Termination
Extension JTE, distributing the high field more homogeneously, as shown in the
right part of Fig. 1.85 are more reliable [101].

The JTE serves another purpose, namely making sure the charges generated
“in-between” cells (inter-strip or inter-pad region) are not amplified. An amplifi-
cation of particle hitting the inter-strip section would generate a “late” signal with
respect to the initial drift thereby diluting the timing information. This has an unsatis-

81The n*+ has a higher doping concentration than the deep p* deep implant.
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Fig. 1.85 A schematic of a segmented Low Gain Avalanche Detector LGAD is shown emphasising
several different features — electric field, amplification, cell isolation, cell varieties. Cells can be
strip, pads or pixels — mostly millimetre sized pads these days. The bulk is fully depleted. The
amplification stage is localised between the deep p* implant and the n™"-electrode, see field
configuration on the right. As for an n**-in-p sensor the cells need to be isolated, here by p*
stops. On the right another variant with a Junction Termination & Guard Ring is shown — Junction
Termination Extension JTE. The JTE controls the electric field at the border region. A significant
high bias voltage is applied between n™ cells (pixels or pads) and p**-backplane

factory implication on the sensor fill factor since the inter-strip part is then insensitive.
Fill factors up to 95% haven been achieved.

Time resolution, the relevant parameter, is mainly limited by Landau fluctuations
and the “jitter” term (noise and steepness of the signal) and TDC®? digitization.
Signal lengths are of the order of a couple of nanoseconds. At relatively low gain,
time resolution scales with gain (high gain — high signal — faster rise — smaller
“jitter”), and for gain values of 20 — 30 a time resolution of o, = 30ps has been
realized [55].

The detectors are operated at low temperature (T~-20°C); leakage current
decreases thus does shot noise, gain increases thus slew rate dV /dt increases with
an all in all net gain of signal-to-noise thus decreased o;.

Today, 2017, the situation is fluid and many optimizations and developments are
to be expected; especially with respect to radiation tolerance.

Radiation Tolerance of LGADs

The standard radiation effects (leakage current, depletion voltage, trapping) and
their mitigation strategies, as discussed in Chap.2, are valid for LGADs. In addi-
tion the p* deep implant is significantly effected by acceptor removal, meaning
the effective doping concentration N,y is reduced below the value necessary for a
high field resulting in amplification. Boron atoms from the lattice become intersti-
tials thereby turning ineffective as acceptors. At fluences of @,, = 105 nipey / cm?
the gain is significantly reduced, still a o, of 55 ps has been measured. At
@,y = 1.5-10" njpev/cm? the LGAD behaves more and more like a normal pla-
nar detector. At around @,, = 2 - 10'® njyey /cm?, depending a bit on initial doping
concentration, the acceptor removal is basically complete. The goal, though, is to be
radiation tolerant up to @,, = 10" 1 pev / cm?, e.g. for HL-LHC. For early studies,
the reader is referred to [180] but the investigation is in flux.

82TDC Time to Digital Converter.
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One idea to counteract the acceptor removal effect is to use gallium instead of
boron as dopant, which is more difficult to de-place. Another possibility would be
to add carbon, filling the interstitial places, keeping N,s, high. This is somehow a
paradigm change since in the past (see also Fig.2.10 on p. 149 and the associated
section), we wanted to avoid carbon — difference is, in the bulk we want to have low
N,y (avoid carbon), while in the pT-deep implant, we want high N,sr (add carbon).

1.12.9 Technology Advantage — Disadvantage — Usage

The main advantages and disadvantages of the different technology types are sum-
marized and examples of historic, current and future usage are given in Table 1.7.

1.13 Some Last Words About the Design of Detectors
for High Energy Physics

The main purpose of silicon detectors in high energy physics is the precise and
efficient measurements of particle tracks without disturbance of the track itself. What
are the requirements and obstacles of a real detector in a nutshell? Low mass, low
noise, high signal, fast response, low power and radiation tolerance are required.
Unfortunately the requirements are partly orthogonal, e.g. reduction of mass and
radiation tolerance leads to thin detectors resulting in a low signal resulting in a
low noise requirement resulting in increased power resulting in additional mass in
cabling and cooling resulting in more mass.

The DELPHI detector, the largest of the LEP silicon detectors, is described in
Chap.4. Chapter5 describes the world’s largest detector in the year 2000 at the
TEVATRON at Fermilab, the CDF II detector. In Sect. 6.4 examples of measures to
reach an acceptable level of radiation tolerance are presented. In Sect. 8.1 some inno-
vative strategies are visioned to realize a silicon detector for the ILC, where radiation
is low but multiple scattering is a major problem, with ultra-high precision physics
planned. The next level of radiation tolerance challenge and very high occupancy at
the high luminosity HL-LHC is described in Sect.7.1.1.

1.14 Some Always Unexpected Problems Along the Way

Unlike space technology, all the HEP experiments always target for the newest pos-
sible technology. Silicon areas need to be large, sensors and electronics must be
radiation resistant, space requirements are painfully tight. Only specialized com-
panies produce sensors often in close collaboration with the HEP community. The
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technology is similar but also sufficiently different to standard ASIC production and
light structures are preferred to very robust ones. Also high electric fields need better
material purity, well-defined doping profiles, voltage robust designs, etc. The HEP
community encountered many problems along the way and this subsection gives an
exemplary, but small, picture of some problems encountered in the last 20 years.

Pinholes Creation During Shipment

DELPHI, one of the LEP detectors pioneering the use of silicon microstrip and pixel
sensors as tracking and vertexing detectors faced a mysterious sensor behaviour at
its last upgrade. Perfect sensors, fully qualified at the company and subsequently
delivered, showed a large number of pinholes, not at all compatible with the vendor
measurement! It has to be acknowledged that measurements at these time were done
manually strip by strip [17] and investigations were demanding. As a side effect,
this incident led to the installation of fully automatic probe stations in the university
laboratories.

It was finally identified that the plastic package of the sensor was reacting with
the thermal-grown oxide thereby creating pinholes. The “flakes” caused by the “evil
plastic” packaging are shown in Fig. 1.86. Because of this problem, the 1996 upgrade
was partially delayed by 1 year to 1997.

Low Inter-strip Resistance
Low Inter-strip Resistance at CDF

Another incident with sensor degradation due to shipment was encountered during the
CDF II sensor production. Sensors arrived at the quality control centres with regional
low bias resistors and high leakage currents hinting to low inter-strip resistances. A
dedicated inter-strip resistance measurement confirmed the suspicion. After some
investigation the problem was attributed to be lint content in the packaging causing
charge-up in the passivation oxide. Bathing in de-ionised water cured the charge-up

and therefore the inter-strip resistance problem. Measurement results are shown in
Fig.1.87.
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Fig. 1.87 Low inter-strip resistance after shipping. Lint content leads to charge-up. Low inter-strip
resistances were indirectly detected by leakage current plus bias resistance measurements and were
confirmed by dedicated additional measurement runs [35]

Low Inter-strip Resistance at CMS

During a certain period sensors were delivered to CMS with inter-strip resistances in
the order of megaohms instead of gigaohms. The dedicated process control spotted the
defect on dedicated test structures. It was immediately confirmed on the large sensors.
Several hundred sensors were affected and accordingly rejected. A contamination
in the passivation oxide created an accumulation layer in the Si — SiO, interface
beneath “short-circuiting” the strips. The failure was traced back to a small parameter
variation in one machine in the production line. The inter-strip resistance history is
displayed in Fig. 1.88.

High Current on Isolated Strips

High leakage currents on isolated strips are a source for shot noise and in some
cases with an irregular time structure due to micro-discharges, also a source of high
common mode noise, affecting full chips (128 channels, see [60]). Such failures could
also create fake hit signals. The cases in this chapter are just examples of leakage
current origins and are not meant to be exhaustive. As a reminder HEP sensors are
fully depleted devices with high electric field strengths on the strip side and especially
on the edges of the implants or in the CMS case on the edges of the implants and
the aluminium strips (Sect.6.4.2). This region is kind of delicate and deviations as
point-like structures disturb the field configuration and can cause local breakdown.
Figure 1.89 shows a CDF II example where small protrusions on the p* implant
strips caused a current increase from several nanoampere to several microampere.
The exact defect location was identified by an IR camera finding a hot spot on the
Sensor.
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Fig. 1.88 History of inter-strip resistances of sensors delivered during 2 years for the CMS tracker.
Late 2003 and early 2004 several sensor batches showed a low inter-strip resistance [35]
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Fig. 1.89 A single-strip fault increasing strip leakage current by 2 orders of magnitude. The small
protrusion or un-regularity between the implants on the p™-side distorted the field strong enough
to increase the leakage current locally. These defects often come in clusters
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Fig.1.90 A single-strip faultincreasing strip leakage current by 2 orders of magnitude. The photo on
the left shows a single-strip fault on the n-side where the p*-stop is defective. The corresponding
strip currents on the n- and p-side are displayed in the right plot. The single defect affects all
geometrical corresponding strips on the p-side geometrically covered by the stereo layout

Fig.1.91 Scratches resulting in high leakage currents. Most prominent is the scratch in the middle
picture, it was present on about 50 sensors in a row, until the producer was notified. A pick-up tool
was damaging the sensor with a placement precision of about 2 — 3 pm

Another prominent and severe leakage current problem was identified on the
CDF II ISL double-sided sensors where one defective strip on the n-side affected a
strip cluster on the p-side. A defect, a “mousebite”, in the p™-stops disturbed the
field. The number of leaky strips on the p-side correlates to the geometric coverage of
p strips to one n-strip, with the 1.2° stereo angle configuration. Figure 1.90 shows an
example of a “mousebite” and the corresponding strip currents of the p- and n-side.

A prominent CMS case was superficial scratches only affecting the aluminium
layer. Figure 1.91 shows examples of these scratches. Scratches were introduced
during assembly but also prominently at the producer. On several sensors, the exact
same scratch pattern on exactly the same strip number for many sensors was found
where a pick-up tool impressed its mark [130].
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Fig. 1.92 Some pinholes with optical counterparts

Pinhole Development

With the use of charge amplifiers, direct currents are prone to saturate the preampli-
fiers. Pinholes, low ohmic connections from p* implant to aluminium readout strip
must be avoided (see Sect. 1.6.3).

During the prototype phase of the SVX II sensors, pinholes developed in the SiO,.
In the double-sided sensors there is a net electric field across the dielectric when bias
voltage is applied. In addition wire-bonding weakened the isolation with respect to
breakdown voltage. With this feedback the company was able to resolve the issue by
applying a mix of “wet” and “dry” oxidation [43].

During the sensor prototyping of the CMS sensors, coupling capacitors were
also weak and the number of pinholes per sensor was well above specification.
Introducing an additional silicon nitride layer to the existing silicon oxide layer
solved the situation.

Pinholes are sometimes optically identifiable, see Fig.1.92. Pinholes are some-
times “created” in final steps during shipment and also during module assembly by
careless handling, thus producing deep scratches.

Corrosion

During the CMS quality and process control, including long-term testing of the
silicon sensors, strange stains on the guard and bias rings have been observed. The
result of a systematic investigation proved that the detectors are affected by Al,O;
corrosion after some time under voltage in a humid environment. Depth profiling
showed that the metal structures are compromised down to the level of the SiO;.
Finally, significant concentrations of potassium were found at precisely the location
of the corrosion, serving as a catalyst for the electrochemical reaction.

Some examples of these dark-hued shades are displayed in Fig.1.93. A full
description of the incident can be found in [139]. Systematically the parameter space
of time, voltage, humidity and temperature was investigated at passivated and non-
passivated areas. Test duration went up to 2,000 h. Conclusive results on the necessity
of voltage and humidity to drive the stain developing process were obtained. Testing
at T = —10°C still showed a slow stain development. An electrochemical process
fuelled by water, heated by electricity and catalysed by some impurities corroded the
aluminium structures.
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Fig. 1.93 The pictures give an optical impression of the severity of the corrosion [139]
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Fig. 1.94 Lateral element distribution. Comparing the optical picture with the material analysis
results the missing aluminium and the abundance of oxygen catches the eye. Some spurious potas-
sium conglomeration triggers a closer look (see left figure). Zooming in another region, a significant
matching of potassium remnants and corroded regions is identified [139]

Investigating the origin of the stains, samples were submitted to an Environmental
Scanning Electron Microscope ESEM. Structural damage of the region under inves-
tigation was visible. Secondary electron emission reveals the element distribution.
An atomic weight distribution of 24.31% O, 72.07% Al, 1.67% Si, 0.2% P, 0.45% S,
0.8% K was identified. By varying the primary electron energy in the ESEM analy-
sis one varies the penetration depth. In some places the same element composition
was found independent of the depth. Scanning a large lateral area and recording the
element content, the missmatch of Al:Si:O in the affected regions (see Fig.1.94)
becomes obvious. Examining deeply the low content impurities, such as P, S and
K, a significant matching of potassium concentration in the region was identified
(see zoom on the right side of Fig.1.94). Maybe leftover potassium from a SiO,
etching step ended up causing some undesired side effects, namely aluminium cor-
rosion. Since potassium hydroxide is a common agent in ASIC production [210], an
improper removal of acids is assumed to be the cause of the problem.



Chapter 2
Radiation Damage in Silicon Detector Devices

The intent of this chapter is to introduce the radiation effects and give a general
understanding of radiation damage — its mechanism, microscopic and macroscopic
effects. The very basics of radiation damage are presented in [219] (Description of
the so-called “Hamburg Model”) and [356, 357], recent studies on fully segmented
sensors on a large sample can be found in [79] and [80]. The three main effects (bulk
and surface defects) introduced by radiation are

e displacement of atoms from their positions in the lattice (bulk)
e transient and long-term ionisation in insulator layers (surface)
e formation of interface defects (surface)

2.1 Bulk Damage

Detectors at the LHC and also already at the TEVATRON operate at high parti-
cle fluxes, necessary to achieve a large statistical sample on particle collisions, to
understand physics of the events in a hadron collider environment. To understand the
depletion voltage, leakage current or trapping of an irradiated sensor the following
mechanisms have to be taken into account:

1. the damage to the lattice created by traversing particles
2. the following diffusion' processes — annealing

The following sections describe the microscopic and macroscopic changes in the
material with radiation and subsequent changes with time. The introduced models

I'The term “diffusion” used here is more a descriptive one combining effects like diffusion, migration,
break-up, re-configuration of defects or better reactions between defects propagating through lattice
— also often summarized by the term “annealing”.
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describe the evolution of sensor parameters like leakage current, depletion voltage
and Charge Collection Efficiency CCE. A significant dependency on the type of radi-
ation particle exists. In addition, for charged particles, a strong dependence is seen for
different irradiated silicon materials — especially on their oxygen or carbon content.
The models, with the initial constants, describe the data very well. But for a large
production, it is strongly advised to launch a dedicated radiation campaign allowing
subsequently the re-fit of Hamburg model parameters for the specific sensors.

2.1.1 Damage by Particles

Traversing particles are not only ionising the lattice but they also interact with the
atomic bodies via the electromagnetic and strong forces. Atoms are displaced and
create interstitials /, vacancies V and more complex constructs, e.g. di-vacancies V,
or even triple-vacancies V3, also di-interstitials I, are common. All these defects
deform the lattice. Some examples are depicted in Fig.2.1. In addition diffus-
ing Si atoms (interstitials I) or vacancies often form combinations with impurity
atoms, like oxygen, phosphorus or carbon, again with different properties. All these
lattice displacements populate new levels in the band gap, changing the initial silicon
properties.

Frenkel pair

Di-vacanc
@5 o O O 0 o o

® Impurity| substitute

o—0 0 0 o © o—©0
® CoO, Interstitial impurity

o0 0 0 0 ¢ o—©0

Fig. 2.1 The figure shows an exemplary selection of atomic displacements in the lattice after col-
lision with traversing particles. These vacancies, interstitials and complex clusters are creating new
levels in the energy scheme of the semiconductor and therefore change the elementary properties.
As abbreviation, vacancies are labeled V, interstitials I, di-vacancies V;. Impurities are labeled with
their atomic sign, their index defines their position as substitute or interstitial, e.g. Cs or C;
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are most effective : QNeﬁ; VFD : — lower CCE .
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Fig. 2.2 The different defect level locations and their effects. All relevant defect levels due to
radiation are located in the forbidden energy gap. (a) Mid-gap levels are mainly responsible for
dark current generation, according to the Shockley—Read—Hall statistics and decreasing the charge
carrier lifetime of the material. (b) Donors in the upper half of the band gap and acceptors in the
lower half can contribute to the effective space charge. (¢) Deep levels, with de-trapping times larger
than the detector electronics peaking time, are detrimental. Charge is “lost”, the signal decreases
and the charge collection efficiency is degraded. Defects can trap electrons or holes. (d) The theory
of inter-centre charge transfer model says that combinations of the different defects in so-called
defect clusters additionally enhance the effects

The resulting macroscopic property changes are

e increase of dark current

e change of depletion voltage level (N.rr) due to creation of mainly additional
acceptor levels

e decrease of charge collection efficiency due to defect creation, acting as traps

The basic important levels and their roles and macroscopic effects are shown in
Fig.2.2. Defect analysis and even defect engineering was started in the R&D
collaboration Rose/RD48? and is nowadays continued within the RD50 collaboration
at CERN. Within this chapter the basic mechanisms are described, special cases and
defect engineering will be described in Sects.6.4.2 and 7.1.1. The topic of defect
engineering is fully covered and up to date in [336]. For example vacancy plus
phosphorus VP removes the donor property of single phosphorus. A special case is
the di-vacancy plus oxygen combination V, O, which introduces additional negative
space charge. A detailed table of defect combinations and respective quantitative
energy levels can be found in [194, 219]. The defect distribution and clustering in

ZROSE: R&D On Silicon for future Experiments.
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Fig. 2.3 Simulation of defect formation with radiation and diffusion. The upper three simulations
show the microscopic picture of defect distribution. About 10MeV protons (left) produce a quite
homogeneous vacancy distribution, while more energetic protons with 24 GeV (middle) form more
clustered and discrete defects. Neutrons with 1 MeV (right), interacting only due to strong inter-
action, do produce more isolated clustered defects. The plots are projections over 1 wm of depth
(z) and correspond to a fluence of 10'* niyey/cm?. The lower three figures are displaying final
constellations after a certain annealing time and therefore diffusion effects occurred. Many initial
defects decay, e.g. Frenkel pairs, where interstitials recombine with vacancies. Others form more
local clusters, like formations of di- and triple vacancies, with again different levels and therefore
different properties. The full study is described in [150]

Fig. 2.3 clearly show the difference between irradiation with charged and neutral par-
ticles and different energy levels that emerge from them. Especially the additional
Coulomb force of a charged particle enhances small energy transfer and therefore
local short distance defects, known as Frenkel pairs. Neutral particles, like neutrons,
acting via the strong force result mainly in long-range cluster defects. With enough
energy the initial Primary Knock on Atom PKA acts further on several additional lat-
tice atoms. In the non-relativistic approach, the maximum transferred energy Eg yqx
can be calculated in the case of recoil for a particle with mass m, and kinetic energy
E, with

mpymg;

Ermes = Gy s
p i

2.1)
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For electrons with energy E, and mass m,, higher kinetic energies are needed for
lattice damage. Eg 4 can be calculated by the approximate relativistic relation

E, + 2m, c?

22
o 2.2)

ER,max == 2Ee

Table 2.1 shows the average and maximum energy transfer of different particle types
with the incident energy of 1 MeV.

Also, the energies needed to knock an atom from its original lattice place are
clearly dependent on the binding forces and therefore on the material. In the case
of silicon, the minimum energy needed to displace a single lattice atom (Frenkel
pair) is Egngle defect ~ 25 €V, while Ejyger ~ 5 keV [343] is needed to produce a
defect cluster. Table 2.2 lists the minimum kinetic particle energies needed to transfer
Egingle defect OF Eclusier, Subsequently creating a single point defect or a cluster.

The Non Ionising Energy Loss NIEL hypothesis allows a first-order normalization
of radiation damage with respect to different particles with different energies, see
also Table 2.2. According to NIEL, the damage manifestation depends only on energy
transferred in collisions regardless of particle energy and type. We will see later that
this is not always true.

The displacement damage D(E) can be calculated by

ER.max
D(E) = ZUi(Ekm)/ Ji(Ekin, ER)P(ER)dEr (23)
i 0

where all possible interactions are summed up. o; is the cross-section of the process
and f;(E, T) is the probability of having a collision of a particle with Ey;,, transfer-
ring arecoil energy of Eg. P(ER) is the Lindhard partition function [190], describing

Table 2.1 Maximum energy transfer (E Recoil.max) versus average (E gecoil,av) Of different particle
types with incident energy of 1 MeV. Clearly the long-ranging Coulomb force favours a small energy
transfer and therefore point defects, while the strong force produces mostly clusters

Electron Proton Neutron Sit
Force Coulomb Coulomb and nuclear | Elastic nuclear | Coulomb
ER max|keVI/ER ay[keV]| 0.155/0.046 | 133.7/0.21 133.9/50 1000/0.265

Table 2.2 The minimum kinetic particle energies to create single point or cluster defects can be
derived with formula 1.45 (p and n) and 1.46 (¢~). The 6OCo—photons could only create a cluster
defect via a secondary electron (dominantly via Compton effect), but it cannot energize e~ up to
8MeV

Particle Esingle defect Ecluster
neutron; protons 185eV 35keV
electrons 225keV 8MeV
60Co-gammas 1 MeV No cluster
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the fraction of energy going into silicon atom displacement, e.g. P(Eg) ~ 50% for
10MeV protons or P(Eg) =~ 42% for 24 GeV protons and P (Eg) =~ 43% for 1 MeV
neutrons [150]. The resulting displacement functions are plotted in Fig.2.4. As stan-
dard the 1 MeV neutron equivalent fluence [nyvev/ cm?] is used and abbreviated with
®,,, corresponding t0 Dyeysron (1 MeV)/cm? = 95MeV mb/cm?, with millibarn:
mb = 10~ cm?. It is therefore possible to scale radiation damage from different
particles and different energies by a simple numerical factor s to make comparison
possible. « is defined as the ratio of the individual damage particle factor for a given
energy and 1 MeV neutrons.

_ JDEYH(E)E _ @

K= = 2.4)
OSMeV mb - (e}

where ¢ = f ¢(E)dE is the irradiation fluence. The 1 MeV neutron equivalent flu-
ence @, is then calculated by

¢eq =r® = K’/ ¢(E)dE, [cpeq] =n MeV/Crn2 (2.5)

In plots and in literature the 7] vy /cm? unit is often omitted and without specific
reference to a particle type all fluences are given as 1 MeV neutron equivalent.

Leakage Currents

Mid-gap defects are constantly produced during radiation. They degrade mainly the
lifetime 7, being efficient electron—hole pair generators they therefore increase the
dark currents. It was found in many experiments that there is a linear behaviour of
dark current versus fluence. The shot noise increases with ENCy VI respectively;
see also Sect. 1.5.

Al

= 0 (2.6)
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where V normalizes for a given volume. « is called the current-related damage rate.
The correspondence is shown in the left part of Fig.2.5. The good linearity over
several orders of magnitude allows the technical use of diodes to determine the
particle fluence by the increase of current.

Depletion Voltage

The situation for the effective space charge concentration is a bit more difficult.
It is displayed in Fig.2.6. Starting with an n-type-doped silicon bulk, a constant
removal of donors (P + V — V P centre) together with an increase of acceptor-like
levels (one example is V + V + O — V,0) shifts the space charge first down to an
intrinsic level and then up to a more p-like substance. The material “type inverts”.
When the material changes from n to p, the space charge changes sign this is often
referred to as Space Charge Sign Inversion — SCSI. The depletion voltage therefore
drops first and starts rising later. Figure 6.28 in Sect. 6.4.2 shows an example of the
CMS sensor irradiation campaign and the evolution of depletion voltage.

Neyr = Npoe %4 — Ny ge™ 4% — b, (2.7)
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Fig. 2.6 Depletion voltage versus fluence and annealing time [219]
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Fig. 2.7 Evolution of Vgp for different fluences and annealing durations. To have a basis for
radiation evaluation, CMS irradiated several sensors and modules to get actual adapted fit parameters
to the Hamburg model for the specific procured sensors. In this case, the beneficial constants g, were
found tobe (1.11 £ 0.16) - 10~2 cm~! and 7, (60°C) = 21 + 8 min; the reverse constants are gy =
49140.27-102cm~! and ty(60°C) = 1290 %= 262 min. The different Vgp curve behaviours in
the left plot can be explained by the different sensor thicknesses of D =500 wm (upper curve) and
320 wm (lower curve) — mind Vgp ~ N - D2. At fluences of Dog = 1014 n]Mev/cmz, Vep of
the thick sensor would have increased above 1000 V. The initial compatible Vgp values are due to
the different sensor resistivities. Data are compared to calculations for an annealing time of 80 min
and an annealing temperature of 60 °C at each fluence step. More about this study is described in
Sect.6.4.2 and [351]

With the evolution of N, ¢ can be parameterized in first approximation with the donor
and acceptor removal rates cp and c4 plus the most important acceptor creation term
bd,,. Since there is a significant temperature-dependent diffusion, Formula (2.13)
parameterizes the evolution in a more common and general description.

Charge Trapping

The trapping rate is proportional to the concentration of trapping centres N;, resulting
from defects. Therefore the trapping probability can be formulated by

1
Teff

= Z N;(1 = P)ovy, (2.8)

i

with P; the occupation probability and o; the charge carrier cross-section. In first
order the fluence dependence is linear and can be written as

N; = g; ®eqfi(t) = = 7¢eq 2.9

Teff

with the introduction rate g;; f;(¢) describes the annealing with time. An example
is plotted in Fig.2.9 (left side). The slope is different for electron and hole trapping,
they are differently affected due to their different mobilities. Some initial numbers
for proton and neutron irradiations are given in Table 2.3. The degradation of Charge
Collection Efficiency CCE can then be described by
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Table 2.3 Introduction of trapping centres, significant for electrons and holes of neutron and proton
radiations [184]

Ye,0 [10-1¢ cmz/ns] for Electron Yh.0 [10-10 cmz/ns] for Holes
Fast charged hadrons | (4.97 £ 0.14) (5.25+£0.17)
Neutron (3.53+£0.24) (5.10£0.39)

Qen(t) = Qo,,e e, where € Ngefects (2.10)

Teffen

The above assumption is valid as long as the drift velocity vp is much smaller than
thermal velocity vth and trapping distance A = vy, - tau.yy. At effective fluences of
@.; = 10" ny pev/cm? and above, trapping becomes the most limiting factor of
silicon usage as a particle detector. The charges no longer arrive at the collecting
electrodes in 300 wm thick sensors. Examples of charge travelling distances x for
®,; = 10" nivev/cm? and @, = 1016 njpjey /cm? are

° 7'eff(1015 nlMeV/cmz) =2N8:X =Vp - Tefy = (10’cm/s) - 2 ns = 200 pm
° Teff(1016 nlMev/cmz) =02ns:x = (107cm/s) -0.2ns =20 um

The following list summarizes the main operation limiting effects of radiation
bulk damages for the different @, levels:

e at 10" nyyev/cm? the main problem is the increase of leakage current
e at 10" ny ey /cm? the high resulting depletion voltage is problematic
e at 10'® 11y /cm? the fundamental problem is the CCE degradation.

2.1.2 Annealing - Diffusion of Defects

Interstitials and vacancies are very mobile at temperatures 7 > 150 K. The lower part
of Fig. 2.3 displays the result of defect diffusion. Basically, there is the possibility of

e Frenkel pair recombination (I + V — Si)
e multi-vacancy and multi-interstitial combination (e.g. V +V — V;)
e combination of more complex defects (e.g. C; + O; — C;O; or V + P — V P)

where the former types are short-range and very mobile processes and therefore
happen with a shorter time constant, while the latter happens with a longer time
constant. The whole process is called annealing with a beneficial part reducing the
damage and a reverse annealing part degrading macroscopic sensor properties. Some
parts are stable and do not evolve with time. The diffusion processes are naturally
temperature dependent and some effects, e.g. depletion voltage evolution, can even
be effectively frozen out at temperatures below 0 °C. In addition, different levels in
the energy band behave differently with respect to time constants and temperatures.
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Table 2.4 « and 77 for different temperatures

Annealing temperature in °C | 21 40 60 80
ag in 10717 A/em 7 6 5 4
77 in min 140000 260 94 9

The table shows the o parameter and the time constants 7; for the current annealing for different
temperatures. Below room temperature the time constants are longer than 100 days and annealing
is almost frozen out

Annealing — Leakage Current

The annealing of the dark currents is displayed in the right part of Fig.2.5.

The « parameter, respectively the dark currents, can be parameterized. In first
order « can be fitted by a sum of exponentials, pointing to the existence of several
contributing defects with different decay time constants. The radiation afflicted cur-
rent continuously decays exponentially until it follows more or less a logarithmic
behaviour or even saturates for higher temperatures after several months. According
to [219] the annealing behaviour can be described by

_ t
a=oay+are 1 —ﬁ~lnt— (2.11)
0

with a; ~1.25-107"7 A/em, 8~ 3-107'® A/cm and 1y = 1 min. 7; takes the
annealing temperature T, dependence into account, where

1 _Eg
— = kOl . ekpla (212)
TI

with ko; = 1.2733.108% 57!, eg 7, ~10 days at room temperature.

ap=—(89+1.3)-107"7 A/cm + (4.6 £ 0.4) - 1074 AK/cm - - is a fitted para-
meter dependent on the annealing temperature. Table 2.4 gives « and T; examples
for different temperatures.

The average « after a standard annealing scenario of 80min at 60°C is
4-107"7 A/cm, measured at T = 20°C. The « value changes about 15% every
1 degree. The effect is temperature dependent and also effective but strongly reduced
at sub-zero temperatures. Different from the time dependence of the depletion volt-
age, which starts to rise at later times, the current annealing always decreases the
dark current and is therefore only “beneficial”.

Annealing — Depletion Voltage
The annealing of N, sy and therefore the depletion voltage evolution can be described

by

ANeff(@egs 1, T) = Neo(Peg) + Na(@egs t, T) + Ny (ey, 8, T) (2.13)
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where @, stands for 1 MeV neutron equivalent fluence, with the stable term N¢ o, the
short-term annealing term N4 and the second-order long term Ny. This description
is called the Hamburg model and it is depicted in the right part of Fig.2.6. In its
basic nature it parameterizes the space charge change due to donor removal plus
acceptor creation with fluence and latter annealing. It was proposed in [219] and
with some adaptation of the initial time constants to the different sensors it has been
very successful.

Before discussing the three annealing terms in some detail, it must be mentioned
that the stable term is the most relevant one in a high-radiation environment. For
the LHC experiments, the beneficial annealing needs to be exploited during the
maintenance periods to heal the short-range defects and therefore reduce the depletion
voltage, while the reverse annealing term needs to be suppressed by freezing out at
sub-zero temperatures, both are possible. It also has to be mentioned that all constants
in this chapter are taken from [219] and need to be re-fitted for the user case, see
e.g. [350], some constants reflect, for example, the oxygen content. As an example,
Fig.2.7 illustrates the CMS radiation campaign, where sensors were subjected to
several fluences and annealing parameters were fitted.

The Stable Term N¢

In the current understanding, the stable damage term consists of two components,
the donor removal and the acceptor creation rate.

NC((peq) = Nc,o(1 — 376%4) + gc(peq (2.14)

where c is the initial dopant (donor in n- and acceptor in p-bulk) removal constant and
Nc,0/Neffnon-irradiatea 15 the fraction of initial dopant removal, depending strongly
on the oxygen concentration, where oxygen can bind vacancies, which would other-
wise combine with phosphorus (V + O — V O instead of V 4+ P — V P). This is
of course grandly simplified.

Michael Moll — spokesperson of the RD50 collaboration responds to this subject:

For p-in-n sensors, the donor removal component of the Hamburg model can not be described
by a simple process V + P — V P only. There is something more behind that and we still
do not exactly understand what it is.

Ranges from 10 to 80% donor removal are observed after neutron irradiation
in p-in-n sensor. On average the initial donor removal rate here is
Nco-c=(7.5%+0.6) - 1072 cm~'. The second term describes a creation rate of
stable acceptors with an average measured g. = (1.49 +0.04) - 1072 cm~'. Neither
terms are time dependent as there are no evolutionary diffusion processes.

The Short-Term Annealing N4, the Beneficial One

Monitoring the sensors directly after irradiation, a fast change of the depletion volt-
age can be observed. For type-inverted material Vrp decreases with time, while it
increases before type inversion. This can easily be interpreted as an increase of the
effective doping concentration N,ss. The introduced acceptors decay and inverted



146 2 Radiation Damage in Silicon Detector Devices

sensors with negative space charges become less negative while sensors that are
not type inverted with positive space charge become more positive.’ The decay of
defects can be factorized in a series of first-order exponential decays. In extremely
long duration HEP experiments, the short time constants of minutes and hours are
not relevant and the series can be reduced to

NA(¢eq’ 1 = (pquaeié; Ny = ga(peq (2.15)

The average value of g, = (1.81 £0.14) - 1072 cm~' was determined. The time
constants 7,, describing diffusion processes, are naturally temperature dependent
and can be parameterized by

L, o wi — _ngtl2 13 —1
— =k = ko - e "% with E,, = (1.09 £0.03) eV and ko, =2.47)5-10" s
Ta :
(2.16)
They are summarized in Table 2.5 together with the time constants 7, describing the
reverse annealing term.

The Long-Term Annealing Ny, the Reverse One

After a long time another first-order effect,* with another time constant Ty, becomes
effective —reverse annealing. Space charge becomes even more negative, more accep-
tor levels form. Reverse annealing can be parameterized by

Ny = Nygo-(1—e™"/™) (2.17)

with
NY,O =gy Qeq (218)

being directly proportional to the particle fluence, with the introduction rate gy
depending on the radiation type and radiated sensor material, e.g. neutron radiation
on standard n-type FZ has gy.eurron = 4.8 - 1072 cm~!. Time constants are given in
Table2.5. The diffusion is temperature dependent and can be described after [219] by

1 By
— —ky=koy-e i withkgy =7.4-10" s and Eyy = 1.31eV  (2.19)
Ty

3Reminder: acceptors are introducing negative, donors respectively positive, space charge.
4Reverse annealing is also often described in literature (e.g. [107, 266, 267]) as a second-order

effect with a parameterization of [1 - ] describing accurately N,ry versus time for long

1
I+t/7y
annealing times at higher temperatures. Nevertheless, the physical mechanism is ruled out due to
the missing dependency of the effect on fluence. The rate, depending on the probability of two

defects combining, does not increase with the number of defects.
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Table 2.5 Annealing time constants; beneficial and reverse annealing [219]
Annealing temperature (°C)| —10 0

10 20 40 60 80
53d 10d 55h 4h 19min | 2min

6ly 8y 475d | 17d 21h 92 min

The numbers define immediately the running and maintenance conditions of experiments in a high-
radiation environment. Operation temperatures below 0 °C freeze out the reverse term completely
and largely the beneficial one. During the maintenance periods the detectors temperatures should
be elevated in a controlled way to benefit from the short-term annealing and to absolutely avoid the
reverse one. An example of the foreseen maintenance scenarios of CMS are described in Sect. 6.4.2

Short-term annealing 7, 306d

Reverse annealing 7y 516y
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Fig. 2.8 Depletion voltage versus fluence and annealing time at room temperature. The plot shows

the simulated depletion voltages according to the Hamburg model for 300 and 500 pm thick silicon,
the two CMS sensor configurations. The ordinate shows the depletion voltage versus fluence and
temperature. For detector operation in high-radiation environment, it is clearly necessary to make
use of the annealing up to the point where the reverse annealing becomes too strong. Of course
there is one plot to be drawn per temperature, which defines the annealing time constants [80]

The full depletion voltage evolution with respect to fluence and time for a fixed
temperature is presented in a condensed form in Fig.2.8.

Annealing of Effective Trapping Probability

Formula (2.9) [175] already introduced the term f;(#) and the proportional factor .
Experimental data show a decreasing probability of electron trapping and an increase
of hole trapping in time. The right part of Fig.2.9 shows the annealing of the effective

inverse trapping times. The interesting operational parameter Charge Collection
Efficiency CCE is then basically proportional to the electric field and trapping.

Y1) =

1 ' t '
=—eu+——ew) (2.20)
Teff T0 T

[e¢]
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Fig. 2.9 Trapping time versus fluence and annealing time [184]

Still today, the statistical sample is not large, especially not on low-temperature sam-
ples. Saturation already starts after several hours at T = 60 °C, when the annealing
time constants 7, for electrons and holes are on the order of hours at elevated tem-
peratures. The effect counts for roughly 20% for electrons and 20 — 50% for holes. It
can be neglected at sub-zero temperatures. Pixel detectors® at ATLAS and CMS even
benefit from the fact that inverse trapping times decrease for electrons and therefore
CCE increases with time.

To summarize, the macroscopic changes deriving from diffusion, called annealing,
are highly temperature dependent, while frozen out at sub-zero temperatures they
are dominant at room temperature and above. Leakage current, Charge Collection
Efficiency CCE and depletion voltages evolve with time in the following way:

e leakage current always decreases

e trapping probability decreases for holes and increases for electrons

e acceptor levels first decay in the beneficial phase and increase later in the reverse
annealing phase. This leads to an increase/decrease of depletion voltage before
and decrease/increase after type inversion.

The recipe is to benefit from the beneficial annealing for voltage and current and
avoid the reverse annealing phase to stay in applicable bias voltage levels.

2.2 Defect Analysis, New Materials and Detector
Engineering

It was mentioned, in the last sections, that impurities can influence the radiation
hardness. Due to meticulous studies, mostly in the framework of RD48 [191] and
RD50 [336], several influences are understood at the microscopic level or at least

5 ATLAS and CMS pixels use n-in-n technology where most of the charge is induced by electrons,
while for standard strip p-in-n sensors most of the charge is induced by holes.
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empirically on the macroscopic level. A lot of different silicon sensor substrates
with several types of diffused atoms were investigated, e.g. oxygenated, carbonated,
Li-covered, etc. Substrates created with different growth techniques were investigated
and irradiated to several fluence levels, e.g. FZ, CZ, magnetic6 CZ, epitaxial material.
To present all studies is beyond the scope of this book but a fair number of examples
from RD50 will be described in the next paragraphs. The discussion of final sensor
choices for the CMS Tracker Upgrade for the HL-LHC will be presented in Sect. 7.1
in detail.

Today, the most important beneficial effect identified was, that for oxygen-
enriched material, the stable damage parameter g. decreased and the reverse anneal-
ing time constant 7y increased. However, this effect is only valid for irradiation by
charged particles.” The effect is already being technologically exploited. Today, the
pixel sensors of the ATLAS and CMS experiment are oxygenated. The beneficial
effect of high oxygen concentration and the degrading effect of carbon content are
shown in Fig.2.10.

The next paragraphs introduce the study of microscopic effects and their impact
on macroscopic parameters and the fact that NIEL is no longer valid for N, nor
for effective trapping times, for different materials; depletion voltage becomes an
academic concept, how sensors behave at very high fluences, and briefly discuss the
effect of amplification in HEP sensor prototypes. In general, investigations are ongo-
ing and the understanding of radiation damage mechanism and device engineering
is growing every day.

5mCz: CZ crystal growth in a magnetic field to achieve a homogeneous oxygen distribution.
"Note that this violates the NIEL hypothesis.
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2.2.1 Study of Microscopic Defects and Their Impact
on Macroscopic Parameters

Meticulous studies about defects induced by radiation have been conducted in the
RD50 and WODEAN [354] framework. The goal is to answer the following questions
for microscopic defects:

e correlation between chemical constellation and energy level; e.g. VO-complex
at Ec — 0.176eV, or ES seems to be a tri-vacancy-complex [160]. Not much is
known for more complex structures

e correlation between defects and macroscopic effects (operations/measurement)
— (a) Leakage current? (b) Space charge (Donor? Acceptor? Neutral?)?,
(c) Trapping?

e which are point or cluster defects?

e how do they evolve with time (annealing)? Differently said, which defects are
responsible for reverse annealing?

e are they charged or neutral at operation temperature?

e which particles (p, 7, n, s and e radiation) at which energy induce which defects?
NIEL?

e Defect Engineering: which materials (FZ, DOFZ, Cz, mCz, Epi) are affected by
which radiation type and which defects develop?

— What can we do to avoid certain malicious defects? E.g. add oxygen since the
VO complex has no negative effect and is stable.

A combination of radiation and measurement, standard mainly DLTS and TSC (both
briefly introduced in Sect. 1.8), is shedding light on the topic. The phase space has
not yet been exhaustively explored but more and more pieces of the puzzle have been
identified in the past 2 decades. Figure2.11 tries to summarise the different energy
levels of certain defects and their role as we understand them.

A comprehensive set of corresponding publications can be found at [153]. Ref-
erence [250] tabulates the defects with their energies, cross-sections and the most
recent understanding of their effects. Selected, relevant examples will be presented
in the following paragraphs. Some examples of defects and their potential effects:

The I (0/-) point-defect is being generated with +y radiation and contributes to the
leakage current. H116K(0/-), H140K(0/-), H152K(0/-) are the main culprits for the
reverse annealing of the depletion voltage (more later). The current indications mark
E205a(-/0) and H152K(0/-) as important trapping centres. It seems that oxygen binds
vacancies and also the bi-stable BD is oxygen dependent with a higher introduction
rate with proton than neutron irradiation. The E4/ES are believed to triple-vacancy-
complexes.

Two prominent and pedagogic examples of the microscopic to macroscopic cor-
relations will be presented for illustration; a tiny fraction of the many studies. The
understanding is continuously growing.

One example is presented, where levels H1 16K, H140K, H152K, as acceptors,
can be identified being responsible for reverse annealing. These levels do not form
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Fig. 2.11 A selection of radiation induced defects and their energy level in the band gap.

To put everything in perspective, the levels of the common dopant atoms, phosphorus and boron,
are given. The asterisk (*) indicates point defects, the others are more complex! The upper right
indices gives the potential charge-states of the defects. The right value defines the space charge
state of the defect in the SCR at room or operation temperature. Two examples: The free electron
from the P atom (0/+) acts as majority charge carrier and the P is positively charged (n-doped). The
VO-complex (-/0) is neutral — 0. “ZERO” means they are neutral; not active as dopants. Therefore
the “red” defects (0/-) in the lower half act as acceptors and the upper “blue” defects (0/+) as donors.
The left index value represents the defect state when a charge carrier has been trapped. Mind, for
acceptors the free charge (carrier) occupying the trap is a hole and for donors it is an electron. The
“green” defects, located near mid-band, contribute to the leakage current. The charge state transition
from left to right is what we measure with DLTS (space charge change — capacitive change) or TSC
(released charge — current). For example, the H152K(0/-) complex releases an electron measured
as a current by TSC and space charge changes from neutral to positive, where DLTS measures the
corresponding capacitive change

with ~y radiation and are therefore cluster defects. The concentration of these levels
increases with long-time annealing and are quantitatively compatible with negative
space charge build-up (N,.ss change). Figure 2.12(left) shows the Thermally Stim-
ulated Currents Method TSC to determine the defect level concentrations while
Fig.2.12(right) shows the corresponding N,ss change. The goal of material defect
engineering is now to either avoid the creation of these defects or to create counter-
acting donor effects with similar annealing behaviour.

E4a and E4b, bi-stable defects, have been discovered by [105]. A study, described
in detail at [159], uses the bi-stability of the E4 effects to prove the strong correlation
with the leakage current. This is visualised in Fig.2.13.

Several diodes of different materials have been irradiated to moderate levels
(regime where DLTS still works). Due to the bi-stability of the defect, the E4 con-
centration can be changed with charge injection. The DLTS spectra were recorded
after three different steps: at first after annealing at 200 °C for 30 min, where both E4
levels annealed out completely (open squares), secondly after injection of 1 A/cm?
forward current (full circles) which leads to a full recovery of both levels and finally
after a subsequent annealing at 80 °C for 60 min (solid line), restoring the initial state
of the spectrum. The leakage current clearly follows the E4 concentration. The very
similar behaviour of E4a with respect to E4b suggests that both defect states are
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Fig. 2.12 Thermally Stimulated Currents Method scans were done after each annealing step. The
rise of the microscopic levels H116K, H140K, HI152K can be observed after each annealing step
in the left figure while the right figure shows the corresponding change in depletion voltage (Neyy)
for each annealing step, determined by the CV characteristic and a TSC scan [241]
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Fig.2.13 The DLTS measurement on the left show a clear rise of the E4 concentration after current
injection (1 A forward current) and a decrease to the original level after isothermal annealing of
80°C. The leakage current strongly follows the E4 concentration, shown in the plot on the right
[159]

the same defect complexes in a different “charge” state. Their annealing behaviour
is similar to that of double-vacancies, suggesting that the complex is an n-vacancy
complex.

The knowledge, which defects corresponds to which macroscopic parameter and
which irradiation type introduces them, has grown considerably in the past decade. In
addition the knowledge which defect is a point defect and which a cluster improves
our understanding of the annealing process. All this can be fed, in a more simplistic
way, into dedicated simulation and we start to achieve predicting power of parameter
evolution with radiation and annealing.
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2.2.2 Different Materials and Different Radiation
Types — NIEL Violation

Already RD48 [191] proved the beneficial effect of high oxygen concentration in
silicon material (DOFZ) with respect to depletion voltage evolution, violating the
NIEL hypothesis — see also Fig.2.10. This led to the exploitation of Czochralski
material (Cz) and later to magnetic Czochralski (mCz®) where oxygen enrichment
comes naturally during the melt process.

Radiation damage studies produced surprising results and in Fig.2.14 no distinct
SCSI point is present for these materials. After a long campaign of CV and TCT’
studies, it became clear that with the new materials and with high fluences applied,
one can no longer assume a linear electric field with one single junction at one side.
A double peak or double junction can be qualitatively explained by two opposite
linear fields at both ends defined by different space charge regions at both ends
and possibly a zero or constant field region in the middle. More quantitatively, fits
suggest a parabolic field throughout the sensor volume (more in the next Sect. 2.2.3).
Often, with charge trapping, charges (TCT signals) drifting from the injection side
are trapped before they reach the other side and double peaks are smeared out; thus
a trapping corrected TCT analysis is mandatory.

As aresult, the depletion voltage parameter becomes a more abstract concept and
for high radiation levels, CCE or better signal-to-noise becomes the more realistic
and important parameter'® to measure. Consequently these are the main parameters
evaluated for the HL-LHC upgrade program; see Sect.7.1.1.

Fig. 2.14 Cz and mCz (red 800 ‘ ‘ ‘ ‘ ‘
points) do not exhibit the e (72 b 1150°C) 112
distinct point of space charge © MCZ <100> 10
. . 5 600 | i —
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) {8 5
=3 g
§ 400 6 E
T 14 &
=7 200 Z
12
0 0

0 2 4 6 8 10

proton fluence[10'4 ¢cm2]

8 An applied magnetic field during the melt creates an electric current distribution and an induced
magnetic field. The active Lorentz force then dampens the oscillations in the melt, resulting in a
more homogeneous oxygen distribution.

°In a Transient Current Technique TCT measurement the current slope represents the field and a
sign change in slope indicates SCSI. Today we see a double peak thus a double junction (see also
Fig. 1.48 and Sect.2.2.3).

10With higher and higher “depletion voltages” even above a possible operation voltage, the only
important parameter is the collected charge at the amplifier.
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Fig. 2.15 Change of N,ss in EPI-DO material versus irradiation with different particles. Acceptor
introduction is enhanced for neutron irradiation, similar to n-FZ material, while protons generate
mainly donors [242]. In the corresponding study, with the Thermal Stimulated Current TSC method,
the deep level states E30K have been identified to act as donors [158]

Furthermore, it has been realized that for some materials charged particles intro-
duce distinctly different defects than neutrons. Figure2.15 shows for EPI-DO (DO —
diffused oxygen) the introduction of negative space charge after neutron irradiation
with the corresponding SCSI. Instead, for protons, donor generation is enhanced
(positive space charge) and therefore no SCSI is observed.

In the case of n-FZ sensors, both neutron and proton radiations introduce predom-
inantly p-type defects. In the case of n-mCz, the neutrons introduce mainly acceptor
(p-type) defects while charged particles produce mainly donors (n-type) defects — a
clear violation of the NIEL hypothesis. This particular feature of the n-mCz silicon
can have a favourable consequence on the degradation rate of the electrical proper-
ties of the detectors when the damage is due to a comparable mix of neutron and
charged hadrons because the radiation induced defects can partially compensate each
other [177]. To test this effect, n-in-n FZ and n-in-n mCz detectors have been irra-
diated with neutrons only, 25 MeV protons only and with an equal mix of neutrons
and 26 MeV protons to a total dose of 1 - 105 1 1pev/cm?. Figure2.16 shows the
CCE(V) measurements of these devices and confirms the compensation effect. The
two n-FZ detectors exhibit almost identical CCE(V) characteristics after the neutron,
proton and mixed irradiations, while the n-mCz shows a faster rise of the CCE(V)
in the case of mixed irradiation relative to the neutron and proton irradiations. The
compensation effect of n-mCz is very interesting for locations/radii with similar
radiation levels from neutrons and charged particles but, in reality, the location with
the highest levels (inner radii) are largely dominated by charged particle radiation.

Another interesting plot showing the difference in annealing of FZ and mCz can
be found in Fig.7.17 on page 313.

The Role of Oxygen as we understand it

In the inner pixel detector, ATLAS and CMS are using sensors processed out
of Diffusion Oxygenated Float-Zone DOFZ wafers. Materials with high oxygen
concentration are high on the ingredients list for the future upgrades, due to the find-
ings of RD48 & RD50. As shown in the previous and later sections higher oxygen
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Fig. 2.16 Charge Collection Efficiency of mCz and FZ detectors after a total dose of
1-10% nypey/cm? obtained with neutrons only, 26 MeV protons only or mixed (equal dose of
neutrons and 26 MeV protons) irradiation. For FZ sensors (open bullets) neutron, proton or mixed
irradiation give similar results at the same equivalent NIEL fluence — the mixed irradiation is just the
average of protons and neutrons. For mCz (solid bullets), the picture is quite different — the mixed
radiation shows a much higher CCE than either proton or neutron only, specifically at lower volt-
ages. This is a clear indication of donor — acceptor compensation with the different radiation types
(decrease of |N.rr|). At higher voltages, above depletion, the CCE difference becomes marginal

concentration seems to improve the radiation tolerance with respect to the change
in depletion voltage (see e.g. Fig.2.10 on page 149 and Fig.7.17 on page 313). In
general, in oxygen enriched silicon, the built-up of net negative space charge (accep-
tors) after charged hadron radiation is suppressed. Oxygen catches/binds vacancies.
Therefore some cases (EPI, mCZ) do not exhibit “type inversion” after charged
hadron irradiation and/or exhibit a donor/acceptor compensating effect (see former
sections), clearly violating NIEL. Figure2.17 shows a clear microscopic to macro-
scopic correlation: The radiation induced E(30K) concentration in oxygen enriched
material is much higher while the H116K, H140K, H152K defect concentration
seems unaffected by radiation. E(30K) is an electron trap and a donor (positive space
charge) in the upper half of the Si band-gap while the unaffected H complexes are
hole traps with acceptor levels (negative space charge) in the lower band-gap; the H
complexes are also relevantly responsible for the reverse annealing. Thus the donor
E(30 K) is an oxygen-related defect.

Another beneficial side effect is that interstitial oxygen strengthens the lattice and
reduces the brittleness of the sensor.

New Materials and NIEL

Obviously, the “old” NIEL mantra is not really adequate any more for the new
materials! Charged particles damage differently, protons may even compensate for
neutron damage. NIEL is still useful for scaling between different proton energies
especially to evaluate the leakage current after hadron irradiation. But, while new
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Fig. 2.17 The left figure shows the the microscopic defects for standard FZ and diffusion oxy-
genated Float-Zone DOFZ material determined with the TSC technique; both samples have been
irradiated with 6 MeV electrons (creating point and cluster defects). The corresponding introduc-
tion rate for E(30K) (donor) and H (acceptor) defects versus electron energy is shown in the right
plot. Clearly E(30K) introduction (red triangles) is enhanced at high oxygen concentrations while
H (black diamonds) is not. More information in [249]

materials seem to be more radiation tolerant, a complete evaluation of each material
must be conducted separately for neutron, proton and mixed irradiation. Even the
correct radiation mixtures at different radii in the experiment should be checked.
Much more complicated and extensive campaigns are necessary to evaluate new
materials, processing schemes or companies.

2.2.3 Double Junction

One of the important questions in the last years was: “Does material x,y type-invert or
not?”. Another question: “Why do we collect charges from considered un-depleted
zones in a given device after high radiation?” Is the simple description of a linear
field through the full sensor bulk, as depicted in Fig. 1.8 on page 14 still applicable
after high irradiation?

Figure2.18 and earlier Fig. 1.48(lower right) on page 76 show TCT spectra not
compatible with a standard assumed linear field across the entire sensor bulk. No
clear single slope is visible but a double peak representing fields on both bulk ends
with opposite sign. Since the fields are results from space charge, we also expect
opposite space charge at the different ends. More examples of the phenomenon will
be given, ending with an explanation.

Figure2.19 depicts the expected linear field configuration after inversion (left)
plus a simple two linear field configuration approximating the double junction
(middle) and finally the reality parabolic situation determined by simulation and
further evaluation of the double peak (right). The lower part of Fig.2.19 shows the
TCT spectra of a 320 wm thick p-in-n diode after radiation with front side (electron)
injection with red laser, plus its derived electric field configuration.
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Fig. 2.18 Oscilloscope photo of one of the early reported double peaks in a TCT scan [94]
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