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Abstract

In this work, the magnitude of the electric field and the dépteinside a simplified
two dimensional model of the ATLAS planar pixel sensor far thsertable b-layer and the
super-LHC upgrade have been studied. The parameters idifhgetiie breakdown behavior
were studied using a finite-element method to solve the-diffiision equations coupled to
Poisson’s equation. Using these models, the number of guagd, dead edge width and
sensor’s thickness were modified with respect to the ATLABa@ixel sensor to investi-
gate their influence on the sensor’s depletion at the edg®auiig internal electrical field
distribution. The goal of the simulation is to establish adeldo discriminate between dif-
ferent designs and to select the most optimized to fit thesweeddiation hardness and low
material budget of ATLAS inner detector during super-LH@&tion. A three defects level
model has been implemented in the simulations to study thavier of such sensors under
different level of irradiation. Using the results of our silations, we propose guidelines
for the design of future pixel sensor structures and propestestructures to be inserted in a
wafer production to verify and calibrate our simulation rabd



1 Introduction

The ATLAS detector is a toroidal set of nested detectors. AFlis composed of an inner silicon tracker,

a transition radiation detector and a calorimetry systesigied to observe the products of subatomic
reactions occurring during the collisions of up to 7 TeV ggeprotons at the LHC. The goal of the

ATLAS detector is to study the Standard Model with unprededecuracy, test the Higgs mechanism
and explore physics beyond the Standard Model. ATLAS pisadkier is located at the center of the
ATLAS experiment, close to the interaction point. It cotsisf a set of three concentric cylinders of

silicon pixel sensor modules, disposed as shown in Fig. 1.

430mm

End-cap disk layers

Figure 1: ATLAS pixel detector : 3D view of pixel sensor moelwupport structure (left), r-phi cross-
section of ATLAS pixel detector (right)

The inner layer of the ATLAS pixel detector will be exposedatiuence of 243 x 101 ngq/cn? after
a year of operation [1] for 10(b~! integrated luminosity. A replacement of the inner deteatoable
to withstand that rate of irradiation after 3 years of operaf will be necessary for the operation of the
ATLAS detector at late LHC and super-LHC regime [2]. A newgdisensor will be required for the
inner layer to deliver sufficiently high signal after higlvéé of irradiation. Consequently, its associated
electronics will require to process low signal and triggevery low threshold. It is also desired to
reduce the thickness of the inner detector to reduce itseinfle on Bremsstrahlung photons produced
by electrons crossing the inner layer and to reduce the d¢eakarrent and the needed operation bias
voltage. Finally, limited budget and resources makes castus efficiency a major factor to consider in
the choice of the ATLAS new inner detector.

Technology computer-assisted design (TCAD) uses our présewledge of the partial differential
equations describing charge carrier's motion and intemastwith the crystal lattice in semiconductors,
coupled to finite element method to simulate the electrieahmeters of the device. This method can be
used to explore different designs of the device before dadyction and optimize its electrical parameters.
We used this method to explore different possible designthéonew ATLAS planar pixel. The influence
of many design parameters as the number and spacing of gngsd the sensor’s thickness and inactive
edge width on sensor electrical characteristics, basedhaiaion, are presented. A simple model for
radiation damage has also been implemented to simulatéfets en the electrical parameters of the
device. From our simulation results, we suggest guidelioethe design of future pixel prototypes and
propose test structures to be inserted in the wafer pramuttiverify and calibrate our simulation model.



2 Theory

2.1 Transport equation

The dynamics of charge carriers in semiconductors likeasiliis well described by the drift-diffusion
equations (1), (2), coupled to the Poisson equation (3) [3]:
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wherep etn are respectively the density of holes and electron%]li@][ D, their respective diffusion
coefficient in %”‘2], u the mobility in [%5]. G is the generation rate arrdy,, the recombination rate,

both in [Wlsl]. Theh ande subscript respectively refer to holes and electrgnis. the net charge density
in [-%], where C are CoulombJgisp is the displacement current density ig4—] that needs to be
considered in the transient solutianis the material dielectric constant.

This system of equations represents a good approximatidedcribe the behavior of charge carriers
in devices with a size of the order of a micron or more. It dogsaxplicitly considers momentum and
energy conservation of carriers. A more accurate modeletieegy balance equation system, which
includes an explicit treatment of these conservation lawa|d be used if the drift-diffusion equations
were failing in their predictions. Both system of equati@rs different orders of approximation of
the Boltzmann transport equation system that completedgriee carrier statistics in the effective mass
approximation (EMA).

2.2 Carrier statistics

The model used to represent the density of state at equitibfor free carriersn and p, is Boltzmann
statistics, which is valid when Fermi energy let&glis negligible in front ofk, T , as it is the case for our
simulation.ky, is the Boltzmann constant and T the temperature.

(Ef—qVv)

n=ne %’ (5)
(aV—Es)

p=nie T (6)

wheren; the intrinsic carrier concentration and g the elementaegtat charge.

2.3 Generation-Recombination term

Generation/recombination terms are important to desd¢hbebehavior of silicon sensors. Generation
is responsible for leakage current present in reversestiasnsors. Recombination is important to de-
scribe the transient behavior of the device after pertishdiy a charged particle crossing the depleted
bulk. Silicon being an indirect gap semiconductor, getienadnd recombination occurs mostly through
the defect states that are present in the band gap of silitte. model used in the simulation is the
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Shockley-Read-Hall Generation-Recombination [3], whildscribes the generation-recombination in
indirect-band gap semiconductors as silicon. This modairags that the transition of carriers between
bands occurs through a single trap energy level locatedyleethe gap Eirap.

2
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Equation (7) gives the Concentration-Dependent ShodRlege-Hall Generation-Recombination
model used in our simulation, where (8) and (9) explicit tkmaentration dependence, are the
recombination lifetime for holes and electrofsgpn = 5 x 106 cm~2 a material dependent empirical
parameters anByopant the dopant concentratiomag, Tpo = 10 s

2.4 Defects and impurities

High resistivity silicon used for sensors is not a pure maleThe presence of oxygen and other impuri-
ties affects its electrical properties. Dopant are alsmdhiced during fabrication of the sensors whereas
defects are introduced by high energy particles crossiegsémsor. In the super-LHC environment ,
ATLAS inner tracker will be exposed to high level of radiatiand the large introduction of structural
defects must be taken into account in the design of the senbtwre sophisticated simulations of bulk
properties like leakage current would require a more cormgésscription of generation-recombination
mechanisms that not included in our simulation. Bulk matds simply represented by its resistivity
and generation-recombination is parameterized by radiatamage and standard Shockley-Read-Hall
recombination.

Our simulation includes a modified Shockley-Read-Hall Gatien-Recombination model that takes
into account the presence of multiple trap levels in the lgaam] introduced by radiation. The same model
could be used to obtain an accurate simulation of bulk pt@seof different types of silicon. Generation-
Recombination terms for each trap are calculated usingh@aaylobal ternir.4 is calculated following
(20).
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| andm are the numbers of donors and acceptors tRys,Rp o the Generation-Recombination
terms for respectively acceptors and donors traps. TheatderidrapsN; is taken into account through
the parameters, andt,, used for each trap level, as shown in (11) .

Finally, charge states of traps are taken into account ieg8ai equation right term. The amount of
ionized trap is determined using Boltzmann statistics.

Radiation damage introduces defects in the bulk of theasilihiat modify its behavior. A model
of defect energy state distribution reproducing the beirani irradiated sensor exists [4] [5], based on
the work of CERN ROSE and RD50 collaboration [6—10]. The nhatlews to reproduce the depletion
bias voltage , the double peak in the electric field aftediation and space charge sign inversion for



n-bulk sensors [11] [12] [13] . Many variation of this modedist to adapt to different bulk material
characteristics. For these simulations we used the pagasnddscribed in table 2.4

Table 1: Defect energy and capture cross-sections used MASD TCAD software irradiation simula-
tions for n-type silicon

| Energy (eV)| Type | on(cm?) | ogp(en?) [ n(em?) |
E.—042 [ Acceptor [ 211x10 [ 211x10® [ 1
Ec.—0.45 Acceptor | 2.11x 1071 | 211x 101 | 0.4

Ec.—0.55 Acceptor | 1x10°1° 1x10°16 0.08
E,—0.36 Donor 1x 1016 1x 10715 1

On,p are the electrons and holes capture cross-sectiom dhe introduction rate. The defect density
of state p in cm~3) as a function of fluenceg(in ney/c?) is calculated following equation 12 .

p=@x*n (12)

2.5 Impact ionization

In the super-LHC environnement, the inner detector wilfesufrom radiation damage. One of its effect
is the increase of the bias voltage needed to keep a good signaise ratio. High bias voltage must
be used to operate the sensors in over-depletion. The hitgyeodrop on the sensors results in high
electrical field inside the silicon bulk. When the electrigldiis sufficiently high, breakdown can occur
due to acceleration of free carriers: accelerated elesimnze surrounding atoms creating an avalanche.
Equation (13) describes how to compute the impact generaétion Gimpae as a function of current
densities), , and electric fielcE. Various expressions exists for thg , term. The Selberherr’s Impact
lonization Model (14) [14] has been used to account for imhatzation in our simulations.

Gimpaat = an(é) j;]

+ap(E) |3y (13)

Onp(E) = Anpe S0 (14)
CoefficientsA, , andB,, ,, are determined experimentally and are chosen as a fundttbe material.

2.6 Boundary conditions

To solve our set of differential equations we need to resiicselves to a solution in a bounded domain,
the sensor. We must choose boundary conditions reflectmgrbperties of the system we want to
simulate. Three types of boundaries were used during ouwnlation, representing the oxide-Silicon

interface, the electrode interface, and the periodicityrigary. In addition we need a model for the
cutting edge of the sensor.

The boundaries between silicon dioxide and silicon is a senaiuctor/insulator boundary character-
ized by the presence of an accumulated charge layer at tvéaice. The boundary condition applied to
these surfaces for the Poisson equation is the Neumann éiguoaindition (15) that takes into account
the charge layergs) present at the surface . Also, electrons and holes comtiemis are set to zero on
this boundary and the current is not allowed to flow througé strface.

ﬁ'£1|ﬁ¢1—ﬁ-526¢2 = Ps (15)
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Metal-semiconductor surfaces are the boundaries betweesilicon bulk and the metallic elec-
trodes. This is usually a ohmic contact and the current analtl to flow through them. The voltage
is constant and equals the bias voltage applied to the segsam external power supply. The concen-
tration of carriers js,ns) at the surface of the contact is determined by equations (18), derived for
Boltzmann’s statistics, knowing the bias voltage appliettha electrodes. The effect of the contact work
function is considered negligible as highly doped regiaesl@cated below the electrodes.

o= (NG~ Ng)+ /(NG Ny 2+ 4 16)
2
po= - (7)

WhereNg,N, are the ionized donors concentration and ionized acceptorsentration irem—3.

Guard ring structures are metal semiconductor interfadesevthe metallic electrode self-biased. To
represent this case, we must impose a fixed bias voltage antiaurrent flow on this contact. The bias
voltages taken by the floating contacts are then found sgaftom an initial guess, using an iterative
method.

To reduce the size of the problem to be solved, we can usedigtjoboundary conditions using
geometric properties of the sensor. In our simulation, wiehei interested to the solution on the sides
of the sensor. Knowing the solution will become periodichia X-Y plane when approaching the center
of the device, we can cut our model at a distance of the edge &rough to consider the solution will
become periodic at this point. We then impose the periodandition (18) at the surface for electrons
and holes concentration and for the bias voltage.

[V-A=0
On-A=0 (18)
ip-ﬁ:O

WhererTis the unitary normal vector of the boundary.

3 Simulation goals

This section details the different characteristics of thiessrs we want to simulate and the data we can
extract from the simulation results to obtain informationtbe possible behavior of real sensors.

3.1 Depletion

Depletion voltage is an important parameter of semicorafisgnsors. As the bias voltage on the sensor’s
electrode increases, the amount of free carriers in theoséndk is reduced, up to the point where all
the carriers are gone and the depletion region extends tofaoes of the sensor. The bias voltage
where this condition is reached is the depletion bias vel{#g,). In pixel sensors, the signal generated
by electron-hole pairs generated by ionizing particlesdit generated for 3.6eV of deposited energy)
crossing the sensor is proportional to the length of thektna¢he depleted bulk of the sensor. Under-
depleted or undepleted pixels will collect less or no chavben crossed by a charged particle. Therefore
it is important to operate the pixel sensor at a bias voltagken that the depletion voltage. In addition,
radiation damage caused by exposition to high particle desmvill modify the depletion bias voltage,
given by equation (19), by changing the effective dopanteatration in the bulk, following equation
(20) [15]. For highly irradiated sensors (LO'® neq/cmz) as in the case of the Insertable b-layer at its end
of life, depletion bias voltage will become a less importpatameter as trapping of charge will reduce
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greatly the mean free path of electrons in the bulk of the@ehtowever, charge deposited at a distance
from pixels superior to the mean free path of electrons wiillisduce a signal on the pixel making it
still desirable to operate the sensor as depleted as passibl

q
Vdep = et INZ |d? (19)

Neft (®) = Na(@) +Ny (@) +Nefro* (1— e °?) +gco (20)

whereNegs ¢ is the effective dopant concentratiop,the fluencec andg. are material specific con-
stants andNa andNy the annealing and reverse annealing terms. To determindefbletion voltage in
a simulation, we plot the quasistatic capacitance ve(r$}a®)2. The inflexion point of the graph is the
depletion bias voltage.

) Dead edge .

[ indepioted P [

Damaged edge

l Damaged edge width (W)

Lateral depletion width (W)

Figure 2: Lateral depletion at the edge of the sensor

Lateral depletion width\{ is another related parameter that tells us the distanceekettihe sensor’s
edge and the lateral border of the undepleted region. Thisphaven to be important to predict the
occurrence of lateral breakdown between the outermost ping the guard ring structure. Edges of
sensors are characterized by a high concentration of def€he cutting of the sensor, its oxidation and
the diffusion of impurities damage the lattice on a certapttiW (fig. 2), that is dependent of the dicing
method used to cut the sensor from it originating wafer. éf¢kectric field reaches this zor&f (< Wy),
the high density of defects could increase the generatiom ¢€ the drift-diffusion equation, generating
high leakage current and eventually breakdown [16]. It &hba noted that a small electric field present
at the edge could be tolerated as long as the generated écalktargnt do not compromise the operation
of the sensor. In our simulation, we pay close attention éodétermination of\_ to ensure it is larger
than the\p associated to the sensor’s dicing method.

3.2 Electric field shape and magnitude

The electric field shape inside the bulk of the sensor is aritapt parameter to determine its charge-
sharing behavior and its typical pulse shape. The freearamiove in the electric field and its magnitude
influences the speed at which the charge is collected. Magsbrii@ntly, as mentioned before, electric
field magnitude tell us about the probability of breakdowre da avalanche formation. Breakdown
electric field in silicon is in average close [Byeax| = 3 x 10° V/cm. As a rule of thumb, we assume
that the field must be under®|Epeax|, With a 0.5 safety factor. For a safe operation of the sersor,
model should not present a field magnitude over this limit.n#estioned before, impact ionization has
been implemented in the model to take into account the effidaigh electric field in the production of
leakage current in the device and the formation of possitdakziown.
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3.3 Leakage current

The bulk current present between the electrodes of a sensiar bias, the leakage or dark current, is
strongly dependent of the generation term of the driftuditbn equation, hence, of the amount of defects
in the bulk of the sensor. We can simulate how leakage curseatfected by the amount of defects
present in the bulk. The leakage current is often descrilsegr@portional to the depletion width\)
and to the inverse of the generation lifetintg) (15]. This current is given by the power supply applying
the bias on the sensors and determines power dissipatiamr seasors. This current also adds up to the
signal when a particle is detected, increasing the noiseeshating the energy and position resolution
of our sensor. It is important to keep its value as low as péssind route this current to the guard
rings if possible to reduce leakage that passes throughixbks @and ensure a good performance of our
sensors. In our simulation, we computed the I-V curve foheadectrode of our model to keep track of
this parameter.

4 Simulated model

Our goal in this simulation is not to reproduce in details tedavior of the ATLAS pixel sensor, but to
extract tendencies and offer guidelines for the design toféusensors. Hence, we simplified our model
by using a 2D simulation geometry represented in fig. 3. Thigehremains valid as we consider the
sensor to be half-infinite and symmetric in the YZ plane. WeeHauilt a parametric model of the sensor
that can be used to explore its behavior while changing tfierdit characteristics of the model. By
reducing the size of our model comparatively to the real @egsometry, we obtain a problem that is
easily solved in a short computing tim@ (ninutes on a standard dual-core cpu machine), which allow
us to explore a large range of parameters in a reasonabléasiomuiime.

Simulated cut plane
AN

L Pixels N

|0v

. Dead edge Periodicity
High voltage —

electrode Symmetr:
ERNNN] ymmetry
4 ov

High voltage
' E=~>Y Guard rings HV electrode K
A Guard rings structure

Figure 3: Simulation geometry, 3D view of the idealized serfleft) and Y-Z simulated plane (right)

4.1 Doping profile

The doping concentration used for our model is taken from AFlpixel Technical Design Report [17]
for an n-in-n design. The bulk is high resistivity n-typei&h . The pixel’s implant are highly doped n-
type and are insulated from each other by low dose p-typeaimipGuard ring and high-voltage electrode
doping are p-type. Fig. 4 shows the geometrical distrilouginod numerical values for doping used in our
simulation. We chose to use a simplified representation pindpprofiles as the exact doping profiles
of the sensor are not well known. Doped region are one miceap @nd decay exponentially over one
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micron outside the doped zone. This is coherent with MorgdeCsimulation of ion implantation in
silicon. This simplifies the problem, hence reducing cormgutime needed. The goal of our simulation
is not to reproduce exactly the behavior of sensors so the ¢ accuracy is sufficient for our needs.

P-spray layer N+ pixels
Acceptors (3x10"° cm™®) Arsenic (1x10"° cm™®)
S BIESEIE N S N I S Sttt
\
\ AAAARA W
\ N-bulk silicon P+ guard rings & HV electrode
Donors (8.2x10" cm®)  Boron (1x10™ cm™®)

Figure 4: Doping profiles used in our simulation

4.2 Guard Ring structure

The goal of the guard ring structure present next to the hatage electrode is to ensure a smooth
transition from high voltage to ground while approaching tluter edge of the device. Each guard ring
acquire its bias voltage by a punch-trough mechanism fagnairsmoother transition from high bias
voltage to ground at the edge of the sensor. This is needatstoethat no bias voltage difference exist
between the two sides of the wafer, close to the edge. In tnidition, no electric field is present at
the edge, preventing possible breakdown and excess leakagat [18]. These rings can also be used,
if connected to bias, to collect leakage and surface cutterttwould increase the noise in the pixels,
becoming a current-terminating structure (CTS) [19]. INLAB actual design of the pixel sensor, the
number of guard ring is fixed to 16, with a width of 10 micrond ardistance between them varying from
15 to 8 microns. A metal overhang of various width is presemtr the oxide on the high voltage side
of the guard rings and serves to control the oxide chargeliision and the electric field present in the
oxide. The guard rings represent a dead zone in our senseasiing no particle is detected close to the
structure. This forced the shingling scheme of sensors inAg tracker to avoid detection gap between
sensors. This shingling increase the amount of materialeptan the tracker and should be avoided to
reduce the material budget of the inner detector and inetdassimplicity of its configuration. One of the
goal of the simulation has been to see how we can modify théoruwf guard rings and their spacing to
reduce the dead zone while maintaining adequate later&@tampwidthW_ and lowest possible electric
field magnitude near the rings.

4.3 Dead edges

The dicing of pixel sensors from their originating waferates structural damage that affects the prop-
erties of the edge. A dead edge width must be included in thigideas shown in fig. 2, to exclude this
zone from the sensible part of the sensor. This dead edgeésldd inactive part of the sensor and must
be kept as small as possible.

A special attention must be taken to modelize the dead edgesititon sensor. Many models exist
to address this problem and each have its weakness that mtaitdn into account, as presented in the
following section.
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4.3.1 Oxide charge

Silicon dioxide forms itself naturally when bare siliconiis contact with atmospherical oxygen. A
naive model to simulate the edge of the sensor is to assumkcanSDxide boundary at the cutting
edge. The weakness of this model is that it does not rendeuttiece conductive as it is expected from
experimentation. But for simulation where the dynamicesalace far from the cutting edge, it can be
sufficiently accurate to modelize lateral depletion me@ran

4.3.2 Virtual implant

A method to make the edge a conductive surface is to add aairnal the edge to make this region less
resistive. As silicon becomes more doped, it becomes maordumtive, making it possible to channel
some current at the edge. In addition, when this junctiorfagyetard biased, a high current is generated
, @ way to modelize the formation of a lateral breakdown. tlangarameters as dopant concentration
and junction depth can be adjusted to reproduce experireatia

4.3.3 Amorphous Silicon

Dicing mechanism induces structural damages in the Silkcgstal lattice near the cutting region. This
induces a process of amorphisation of silicon. Amorpholisddiis a complex material where no short
or long distance orders exists in the crystal lattice. A rodtto modelize amorphous Silicon is to
introduce a high number of defects in the band gap of SilicAa.the crystal lattice of the Silicon is
highly perturbated in the cutting edge region, trap stateseeated by the defects in the crystal lattice
that are introduced. To represent such a distribution oéasfin the band gap, we use a continuous
density of states distribution to describe the band gapctiefiistribution. This distribution can then be
tuned to reflect the behavior of real sensors measured irmtivedtory. The generation-recopmbination
term related is calculated using an integral form of equa®®and 10. Equation (21) [20] shows how
we describe the defect distribution in the band gap.

9(E) = gra(E) +9rp(E) + goa(E) +gop(E)

E—Ec
tA(E) = NrpaeWra
Ev—E
tD(E) = NTDeWTD (21)

The density distribution function consists of two expormrtails functions TD, TA) and two Gaus-
sian function distributions for donors and acceptd®®(GA) giving the energy distribution iem2.
Table 2 shows the default parameters used for this modelrisiowlation. The defect density distri-
bution that is created by these parameters is representiagl i6. E, = —1.12¢V is the valence band
energy ande. = 0 the conduction band energy. The model used in these siongavas proposed H.
Noschis and al. [19]

We included the dead edge width as a parameter of our simmlaflhis allows us to extract the
lateral depletion widtihW_ for different models. Knowing the depth of the damaged zamaifferent
dicing techniques, we can determine the smallest dead eidljle possible to keep our sensor protected
from lateral breakdown, according to the different moda$sexplained in section 3.1 . To select between
the models and obtain more accurate prediction, test ateietill need to be built to verify the prediction
associated with the different dead edges models.
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Table 2: Default defect density of states distribution pagters in SILVACO TCAD software

| Parameters Values |

Nra 1.12x1071 cm—3/ev
Nrp 4.00x107%0 cm3 /e
Nea 5.00x10' cm~3/ev
Nep 1.50x108 cm3/eV
Eca 0.4ev

Ecp 0.4ev

Wra 0.025ev

Wrp 0.050ev

Wea 0.100ev

Web 0.100ev

pueq uonanpuod

Valence band

Acceptor tail
= Donor tail
Acceptor gaussian

Donor gaussian

PR PR PR |
-0.8 -0.6 -0.4

-0.2 0
Energy (eV)

Figure 5: Defect density distribution in the band gap of gohous silicon used for our simulation

4.4 Sensor thickness

The last parameter of our model is the thickness of the serl@amrent ATLAS pixel sensor exhibit a
thickness of 254 microns. However, simulation were perfatrasing a 280 microns thickness to allow
easier comparison with sensors that will be available ina@wratory. Reducing the thickness has many
advantage in term of radiation hardness in addition to hglpeducing the material budget of the inner
detector. In our simulation, we explore how thinning thessgmwill change the properties of the sensor,
in combination with the other parameters described before.

45 Mesh

The mesh represent the subdivision of the domain on which ave % solve the transport equation into
a set of triangular sub domains on which we approximate thdisp to the system of equation as a
second order polynomial function. To obtain a good accuyrd®se domains must be small enough so
the real solution of the system of equation in the domaindallg polynomial on each sub domain. Each
mesh point represent a degree of freedom in the problemye.sbhe complexity of the matrix to invert
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for this kind of problems in two dimensions increase(dﬁf)z. We performed convergence studies on
the models we used in this work to optimize the mesh and keefireed mesh only in regions of interest
like the doping and the edge and a coarser one in region l&kdudtk where the parameters we solve
(n, p, @) are locally polynomial even on long distance.

5 Results

For this simulation study, we decided to concentrate onceim the feasibility of reducing the inactive
surface of planar pixel sensors by reducing the number afdgtiags and the width of the dead edge
left on the side for protection. We will present simulatiohntiee current design and explore how the
reduction of the dead edge width, of the number of guard rorghe thinning of the sensor can help
reducing the inactive area of planar pixel sensors. Sinomatf irradiated sensors was limited to a
fluence of 1&* neq/cm2 as this is the maximum fluence at which the radiation damagiehias proven
to be accurate. Further work on this model will be performedtlus model using calibration with
experimental data to extend its validity to higher fluences.

5.1 Current ATLAS planar pixel sensor design

Simulation of the current ATLAS planar pixel sensor desigrsywerformed up to 500 V for unirradiated
and irradiated sensors. The 3 defects energy level moddbders used to simulate radiation damage
[4,5]. Fig. 6 shows the simulated bias voltage for the ACWBLAS pixel design. Four pixels are
included along with the guard rings (to the left of the figlire&s fluence seen by the sensor increase,
the space charge sign invert and depletion occurs from poxelrd the backplane like in a n-in-p sensor
design.

Fig. 7 shows the electron concentration in the sensor fderdit fluences. Space charge sign
inversion has for effect that holes gradually replace sbestas the majority carrier. This is shown in fig.
8 representing hole concentration increasing as electrooentration decrease, mainly in the undepleted
region. The undepleted volume for an unirradiated sendends on 480 microns from the edge of the
sensor. This width is retained until space charge sign smwerbut it is unclear what occurs after space
charge sign inversion at the edge of the sensor.

Fig. 9 shows the simulated voltage distribution on the guingl structure after exposition different
fluences. Guard ring takes their bias voltages as the depletgion of the sensor reaches them. After
space charge sign inversion, depletion occurs from thd pige and may never completely reach the
guard ring side of the sensor. This cause the guard ring tedsedffective to control the bias voltage
drop as space charge sign inversion occurs.

Each simulation was performed to 500 V bias voltage and nakioi@vn occured. However, not all
details have been included and other processes not incindled simulation could trigger a breakdown
at lower bias voltage. The highest electrical field is preés¢the edge of the high voltage electrode and
at the surface of the inter-pixel region.

5.2 Dead edge reduction

Simulation have been performed to explore the possibibtyeduce the dead area of the sensor that
span from the edge to the first guard ring. Simulation for ageesf 100, 200, 300, 465 microns (actual
design) have been performed. Fig. 10 shows the electroreatnation for an unirradiated sensor with
different dead edge width.

To see how edge behavior change after space charge sigeiomjewe simulated the same models
after being irradiated up toel4 neqcm‘z. Fig. 11 shows the hole concentration for the same simulated
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Figure 6: Simulated 2D voltage profile for ATLAS pixel seng800 um thickness, 2500m width),
unirradiated (upper left),&ll2 nggcm=2 (upper right), £13 negem~2 (bottom left), 14 neggem=2 (bottom
right), Minimum= 0V maximum=-500V

geometry. The complex behavior after irradiation makedfiicdlt to define depletion. Next, fig. 12
shows the magnitude of the electric field after irradiatidvie observe that a small electric field is present
at the edge and increase with smaller dead edge width. Itdieainfrom the model implemented what
would be the behavior of sensors at the edge after irradiatfaurther investigation with test structure
should be done to investigate further the signification efdhtained results.

5.3 Reducing the number of guard rings

The guard rings structure represent inactive area of theosemd must be reduced, The actual ATLAS
pixel sensor has been simulated with 0,1,3,4 of the outendgirag removed.

Fig. 13 shows the bias voltage distribution taken by the djuargs for the different simulated
structures with an applied bias of 500 V. It is shown that tias boltage of the guard rings are almost the
same as before their removal, with the outer guard rings mgogfoser to ground while never reaching
it.
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Figure 7: Simulated 2D electron concentration profile foLAB pixel sensor (30@umthickness,
250Qum width) , unirradiated (upper left),el2 neqcm—2 (upper right), £13 neqcm‘2 (bottom
left), 1614 negem~2 (bottom right), minimum=0 maximum =1el3

Fig. 14 shows the electric field distribution at uinunder the guard rings for the different simulated
structures with an applied bias of 500 V. The high peak nexuter guard ring is due to the rapid bias
voltage drop from outer guard ring to passivated edge.

5.4 Thinning of the sensor

Thinning of a pixel sensor can be beneficial to a detector gh fiuence environnement. Charge col-
lection occurs in a small region leaving most of the sensefess. Lower bias voltage is needed and
trapping is reduced due to small travel distance of holesedgtrons in the bulk. We performed simu-
lation with the actual ATLAS pixel design with a thickness1df0,200 and 30@m. Fig. 15 shows the
electron concentration for the 3 performed simulation. etatdepletion at half-height, defined as the
distance from edge where the silicon is undepleted, isgitdor the 100um thick model, 540um for
the 200umthick model and 48@m for the 300umthick model. The guard ring structure begins at 470
umin the same coordinated system.

For a fixed bias voltage, we notice that the depletion is morepiete in the thinner sensor as the
electric field is higher. This means that a thin sensor coeldgerated at lower voltage. A more elaborate
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Figure 8: Simulated 2D hole concentration profile for ATLAIRgb sensor (30Qum thickness, 2500m
width), unirradiated (upper left),e12 nggem=2 (upper right), £13 nggem=2 (bottom left), 14 nggem—2
(bottom right) , minimum=0 maximum =1ebi 3

sensor thinning simulation study is also foreseen in theréut

5.5 Space charge sign inversion (SCSI)

For our actual ATLAS sensor design, we simulated the CV ctondetermine the depletion bias voltage
of the model and verify that the model reproduce the spacegehsign inversion that will occur in
ATLAS pixel sensor submitted to super LHC fluences. Fig. léwshthe depletion bias voltage of
the sensor, for a.2 kQcm FZ n-type sensor, as a function of fluence. We observe a bmhsivilar

to the prediction of the Hamburg model, represented by thekbline, fitted here on simulation data
(gc = 0.0260 + 0.0002). This verify that the model used for previous simolatis consistent with the
scenario predicted from experimentation for LHC and supgdClinner detector pixel sensors.
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6 Discussion

6.1 Edge reduction

Simulations performed in this work show that for unirradasensors, the lateral depletion of the current
ATLAS pixel sensor design biased at 500V is sufficient to @cothe edge of the sensor from lateral
breakdown. The choice of a large edge width was conservatioice made to keep a safety margin.
Simulation shown in section 5.2 show that the edge widthacbelreduced to 10Qmwhile keeping an
undepleted zone at the edge of the sensor that is sufficigatbtect against damage at the edge. New
laser cutting or plasma etching technologies could be usegduce the thickness or the damaged area
at the edge of the sensor, making it possible to safely rethecedge of the sensor to a smaller value of
the order of 20Qum.

6.2 Guard ring reduction

The other approach to reduce the inactive area would be teceethe number of guard rings in the
multi-guard ring-structure. The problem that could arismf this approach would be an augmentation
of the electric field profile at the guard ring surface. If patal drop between guard rings or between a
guard ring and the edges becomes too high , the electric figjdtmeach breakdown value for silicon.
In the simulation we performed, we show how removing up to thefouter guard rings would affect
only slightly the electric field distribution under the gdaing. Also, removing a guard ring do not
affect much the potential taken by the other guard ring piteigethe structure. As we can see in fig. 9,
the highest potential drop occurs at the fifth outer guard.ridence, removing this one would bring a
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Figure 10: Simulated electron concentration profile for aitradiated ATLAS pixel sensor for a dead
edge width of (from left to right, top to bottom): 100, 200B&nd 468 microns , minimum=0 maximum
=leldcm 3

very large potential drop of more than 100V between the ogii@rd ring and the edge of the sensor.
This would be unacceptable as this would add a possibilityredkdown of sensor. This represents an
indication that the geometry of a slimmed guard ring stmecghould be further optimized to be able to
operate with such reduced guard rings.

One concern for n-in-n sensor like actual ATLAS pixel desigtihe behavior of the guard rings after
space charge sign inversion. Fig. 9 shows how potentidilalision changes as a function of radiation
damage. After space charge sign inversion, the outer girgdoecome more effective to lower the
potential toward the edge while inner guard ring become fautige. Removing the outer guard rings
would allow the inner guard ring, closer to each other, toobse effective and would limit the number
of ineffective guard ring after space charge sign inversion

Finally, during this work, it has been noticed that the gudnd behavior is closely linked to the
doping profiles and oxide charge values that are used forlaiibn. To be able to perform accurate
simulation of the behavior of real device, we need to be abt®impare simulated result to measurement
in order to fine tune the model’'s parameters. Last subseutilbliscuss the test structures suggested
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Figure 11: Simulated hole concentration profile for an iraetl (b14neqcm*2) ATLAS pixel sensor for
a dead edge width of (from left to right, top to bottom): 10002300 and 468 microns, minimum=0
maximum =1lel4m3

for insertion in the wafer production to calibrate our siatidn and better understand the guard ring
behavior.

6.3 Thinning

Reducing the thickness of the sensor is also an approacts ttiatussed to improve the sensor behavior
after irradiation. Simulation presented here shows thetths no problem encountered using this method
to harden the sensor against radiation. It is even beneiiictatrm of lateral depletion as thinner sensor
gets wider undepleted region at the edge than thick sen&tss, thin sensor can be operated a lower bias
voltage to produce full depletion. While depletion is no¢ tmost relevant factor for highly irradiated
sensors as mean free path of electrons become smaller thaeabhable depletion depth, it would
be beneficial for the early operation of the Insertable Betegnd would yield to higher signal in late
operation as charge drifting through the bulk and not remchie electrodes would still induce some
signal as the Ramo weighting field will not be null even in ti@gion.
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Figure 12: Simulated electric field profile for an irradiatgel4 neqcmfz) ATLAS pixel sensor for a
dead edge width of (from left to right, top to bottom): 100,02@00 and 468 microns, minimum=0
maximum= 2.5e5 V/cm

6.4 Suggestion for test structures and design

The final goal of this simulation is to gain insight into thdlirence of the sensor design on its perfor-
mance. This work aims at suggesting modifications to be doiieetactual ATLAS pixel sensor design
in order to increase the active surface of the sensor. Twa steategies have been explored: reducing
the number of guard rings and reducing the width of the dea@ eggion. In section 5.2, it has been
shown that with a damaged edge width of less than (100 dead edge width could be safely reduced
down to 100um. It is however unclear how lateral depletion occurs aftexcepcharge sign inversion.
Comparison of the simulated results to measurements osttastures should be performed in order to
constrain our model and better understand how to simulajesedfter space charge sign inversion.

In Section 5.3, it has been shown that up to 4 of the outer guags could be removed without
hurting the capacity of the guard rings to control the paéulrop to the edge of the sensor. Removing
5 or more guard rings would cause the potential drop from thiermost guard ring to the edge to be too
steep, generating an intense electric field that would résudreakdown of the sensor. A future work
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Figure 13: Simulated bias voltage distribution for actudLAS sensor with 0,1,3,4 of the outer guard
rings removed

will aim at optimizing the guard ring width and spacing fomimizing the amount of guard rings needed
for protection on normal operation of the pixel sensor.

Finally, it has been shown in this work that the behavior ef gluard rings after space charge sign
inversion is not well understood. Therefore, we suggeshd¢tude in a wafer production a set of test
structures that would allow us to study edge behavior, fine twur simulation and improve our models.
Three structures have been proposed:

e Test structures for total and electrically active dopingfibes (fig. 17)
e Contactable Multi-guard ring diodes (fig. 18)

e Baby-pixel sensors for charge sharing studies

Test structures for total and electrically active dopantgtwould allow us to measure doping pro-
files on the different implants produced in the wafer product These profiles could be implemented
in simulation in order to reproduce more accurately thetetzd properties of the sensor produced.
These chips will consist of simple rectangular structufegx@4 mm with uniform implantation. A test
structure would be designed for each of the implant usedam#fer production.

A set of simple diode with simple guard ring structure, cetisg of 1 to 4 large guard rings, could
be useful to compare guard ring behavior to simulation anel time parameters like oxide charge or
impact ionization model parameters. This geometry wouldibmple to simulate and would allow us to
constraint free parameters of the simulations while angidiimplification and approximation inherent
to simulation of large scale structure.

Finally, a set of small pixel sensors could be useful to stlthrge charing behavior of the produced
sensors. Charge sharing could inform us on inter-pixebtswh and on the electric field distribution
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Figure 15: Electron concentration for different ATLAS pixensor thickness, from left to right : 100,
200, 300um, minimum=0 maximum =1eldm 3

inside the sensor. Comparison of the experimental dataigfieiation to simulation could be useful to
constraint our models of radiation damage and our breakdowatel. Finally this structure could allow
us to gain information on trapping in irradiated device, ebhcould then be simulated.
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Figure 16: Space charge sign inversion inékQcm n-type ATLAS sensor, calculated from CV method
with TCAD simulation data
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Figure 17: Test structure design for total and electricatlifive doping profile measurement

7 Summary and conclusion

In this work, we presented a framework to study the eledtgoaperties of semiconductor pixel devices
and simulate the actual ATLAS pixel sensors, including idssnodification to their design. We per-
formed a series of simulations with modified guard ring dtriee; edge width and depth, for different
amounts of exposition to radiation. From the results of theukation, we obtained two recommenda-
tions on the design : reducing the dead edge to1®and removing up to 4 of the outer guard rings.
We have shown that thinning can be beneficial to lower the\m#age, leakage current and keep good
signal after irradiation.

A lot of parameters need to be constrained so as to obtain awougrate simulations and to under-
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Figure 18: Contactable multi-guard rings diode design

stand better the radiation damage and guard rings beh&Veosuggested a set of test structures that will
help us to calibrate our simulations and improve the ramhatiamage model. Extensive characterization
of the produced sensors coupled to simulation will allowasld a calibration of our simulation and
improve the quality of the future ATLAS tracker pixel sensor
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