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The upgrades of high-energy physics experiments at the Large Hadron Collider (LHC) at CERN will call
for new radiation hard technologies to be applied in the next generations of tracking devices that will be re-
quired to withstand extremely high radiation doses. N-on-p planar pixel sensors are promising candidates
and to be implemented in the future ATLAS pixel detector. In this work, we present a comparative study for
two different designs of multi-guard structures, before and after irradiation. Both structures are based on
the p-type substrate technology with and without p-stop isolation between implants. Moreover, one struc-
ture has p-type guard rings while the other has n-type ones. Various technological parameters are varied
like thickness and doping of the silicon substrate, depth and doping of the guard rings, and thickness of the
silicon dioxide to study the electrical performances of the structures. The performance of the multi-guard
ring structures are evaluated with TCAD simulations up to a radiation fluence of 1 x 106 nej/cm? using an
existing p-type bulk radiation damage model based on the so called “Perugia three level traps model”, where
irradiation generates two acceptor levels, positioned slightly above the mid bandgap, and one donor level, lo-
cated below the mid bandgap. We have considered an increasing amount of oxide charge with the irradiation
dose. For a good quality SiO2 layer, an initial charge density at the interface layer was set to 5 x 101 cm-2 for
a non-irradiated detector, whereas for a heavily irradiated structure the charge density value can reach
1 x 1012 cm-2. They have been simulated on high resistivity silicon wafers using Silvaco Virtual Wafer Fab

(VWF) software.
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1. INTRODUCTION

Pixelated silicon detectors are the most precise de-
vices for charged particle tracking currently in use at
high-energy physics (HEPs) in ATLAS (A Toroidal LHC
ApparatuS) experiment at CERN (European Organiza-
tion for Nuclear Research), Geneva. Located close to the
interaction point, the silicon detectors are required to
function in a radiation harsh environment [1-3], Fur-
thermore, they are required to be operated at a high
voltage to maximize the signal and reduce the charge
collection time.

In almost all experiments, at Large Hadron Collider
(LHC) multi-guard ring structures are used for silicon
strips and pixel detectors. This system can offer a solu-
tion if the optimization of the design takes into account
the radiation effects. The multi-guard ring structure is a
set of electrodes with associated implants surrounding
the active area of the sensor. The aim of this structure is
to control the potential drop from electrodes in the active
area of the sensor to the cutting edge of the device. The
guard rings are biased by a punch-trough mechanism
creating a current circulating between the guard rings
[2]. The distance between guard rings and the metal
overlap have a great impact on the potential drop [4].

P-type bulk silicon detectors are expected to be more
radiation hard than standard n-type one [5-8]. However,
the n-on-p conception requires inter pixel insulation that
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is why they considered complex. This insulation between
pixels in order to compensate the electron layer formed
below the oxide that would short out the n* implanta-
tions. There are two commonly used ways to prevent
this. In each case, a p-layer insulates the n* pixels. The
insulation is achieved by a blank surface implant named
p-spray or by p-type junctions named p-stops. In the p-
spray option, the whole surface is lightly doped [9]. In
the p-stop version, separate heavily doped junctions are
used. Till now, there is no guard ring structure for the n-
on-p technology has been established [10-12]. Koybasi et
al. [13] have proposed a new design of the guard ring
structure for n-on-p sensors for different application do-
mains taking example high luminosity research field as
feature of the proposed form, the non-existing of isolation
between the guard rings implants.

The contribution in this work is to make a compara-
tive study between the electrical performances of both
structures of sensors n-on-p with p-type guard rings [13]
and n-on-p with n-type guard rings using TCAD simula-
tion tools. The influence of different structure parameters
such as, substrate thickness, substrate doping, guard
ring depth, and oxide thickness on the electrical charac-
teristics was investigated. The main focus of the device
simulations is to develop an approach to model and pre-
dict the performance of the irradiated silicon detectors
using professional software, namely Silvaco Atlas [14].
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Fig. 1 — The sketch drawing of n-on-p sensor technology with n-type guard rings isolated by p-stop implants. All dimensions are in pm

The rest of this paper is organized as follows. Section
2 is reserved to describe two different n-on-p silicon de-
tector structures studied in this paper. In section 3, we
present the obtained TCAD simulation results for both
structures with a comparative study between them.
Finally, in section 4, some remarks and conclusions are
provided with future works.

2. STRUCTURES AND TCAD SIMULATION
2.1 Structures

The n-on-p silicon detector structures simulated in
this study are: the first one is p-type guard rings pro-
posed by Koybasi et al. [13] and the second one is n-type
guard rings shown in Fig. 1. In the following, the first
structure is named “p-GR” and the second one is named
“n-GR". For both structures, the bulk material is low p-
type silicon doping. Eight guard rings with different
width and spacing between them surround the n-type
pixel. High voltage electrode doping is p-type.

2.2 TCAD Simulation

The Technology Computer-Aided Design (TCAD)
simulations have been performed with Atlas Silvaco
software [14]. Atlas simulator provides general capabili-
ties for physically-based two and three-dimensional sim-
ulation of semiconductor devices. Atlas enables the elec-
trical, optical, and thermal characterization and optimi-
zation of semiconductor devices for different types of
technologies under different conditions.

The simulation program containing different steps
starting by mesh defining are discrete elements as an
input structure followed by the determination of regions
and materials. The AC, DC, and transient electrical
characteristics are obtained by solving the Poisson’s,
continuity and mobility equations at every grid node.

More parameters can be obtained and visualized
with Tonyplot module such as carrier mobility and po-
tential distribution inside the semiconductor.

Bipolar is a material model specification employed in
the simulation that contains different physical models
such as CONMOB (concentration dependent mobility),
FLDMOB (field dependent mobility), CONSRH (Schokley-
Read-Hall recombination using concentration dependent
lifetimes), AUGER (recombination accounting for high-
level injection effects), and BGN (band gap narrowing)
[14]. Impact ionization is an important phenomenon to be
taken into account in the design of various semiconductor
devices. As impact ionization is both electric field and
temperature dependent, it is crucial to use a model that
has the correct functional behavior. In Atlas, the Selber-
herr’s model [15] is used among other models to predict
the impact ionization effect in semiconductor devices,
which is the generation of free carriers (electrons, holes)
mechanism resulting the avalanche breakdown.

In our simulation, the refined mesh was located at
the p-n junction and the interface between silicon and
silicon dioxide with a maximum height of 0.2 and width
of 0.5 um to ameliorate the accuracy of the obtained re-
sults. Simulation software users must carefully allocate
mesh nodes at the defined regions as well as define fine
meshes at regions of high activity.

3. SIMULATION RESULTS

3.1 No Bulk Radiation Damage and No Oxide
Charge

At the beginning, we simulate current-voltage char-
acteristics for the two structures with no bulk radiation
damage and no oxide charges. The structures are reverse
biased for breakdown voltage simulation. In Fig. 2, the
current-voltage characteristics are shown. The simula-
tions were carried out with a substrate thickness of
300 pm and substrate doping of 5x10!! cm=3. The pixel
and the guard rings depth are of 1.5 um and the im-
plants doping are about 1x108 cm=3. The doping of p-
stop implant and high voltage electrode are 1x10'7 cm=3
and 1x10% cm=3, respectively.
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Fig. 2 shows that there is a continuous thermal gen-
eration of electron-hole pairs in the depletion region.
This is the leakage current (or dark current) seen. As the
bias increases, the depletion region grows and the leak-
age current grows. Once the whole substrate wafer is
depleted, the leakage current will remain constant. The
characteristics in Fig. 3 show obvious knee points where
the reverse current turns to increase dramatically with
voltage. The breakdown voltage is easily extracted from
the current-voltage characteristics by recognizing the
knee point. One can see that the leakage current of the
n-GR structure is a little bit greater than that of the
p-GR structure. On the other hand, the breakdown volt-
age of the n-GR structure is much lower than that of the
p-GR structure. The difference is about 200 V.
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Fig. 2 — Current-voltage characteristics for both structures with
no bulk radiation damage and no oxide charges. Viep and Via are
mean depletion voltage and breakdown voltage, respectively

3.2 No Bulk Radiation Damage with Oxide
Charge

3.1.1 Oxide Parameters Effect

The present positive charge in the SiO2 increases
with radiation and consequently creates a thin conduc-
tive layer at Si/SiOz interface. Fig. 3 shows that for both
structures breakdown voltage increases with oxide charge
until a maximum value and then decreases. The maxi-
mum value for the p-GR structure is about 6x10!! cm—2
while for the n-GR structure is 4x10'* cm~2. On the other
hand, a value of 4x10'! cm2 was found in [13] for the p-
GR structure obtained with Synopsys Sentaurus TCAD.
We note that the results obtained with the standard
parameters of Synopsys Sentaurus simulation software
are definitely different from the results with the stand-
ard parameter set of Silvaco Atlas TCAD [16-18]. The
decrease in breakdown voltage at a given oxide charges
lower than the optimum oxide charge value is due to the
non-uniform distribution of potential along the guard
rings while at oxide charge higher than the last value it
is mainly due to more abrupt potential drop at each
guard ring [13].

It can be seen from the results of Fig. 4 that there is
no influence of oxide thickness variation on both p-GR
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and n-GR structures. Nevertheless, one can see that the
breakdown voltage values of the p-GR structure remain
higher compared to those n-GR structure.

3.1.2 Substrate Parameters Effect

Thin silicon substrate is one of the possible choices to
reduce material budget in high-energy experiments.
Thinner substrate reduces carrier multiple scattering in
the detector and therefore diminishes the carrier trap-
ping probability in the bulk and as a result the charge
collection efficiency is improved [19, 20]. As shown in
Table 1, the doping concentration is kept at a constant
value of 5x10'! cm3. As the substrate thickness increas-
es from 150 pm to 300 pm the breakdown voltage in-
creases too for both structures. The decrease of the
breakdown voltage is more significant for the p-GR
structure than the n-GR. However, the higher the sub-
strate thickness, the better the electrical performance.
In Table 2, the thickness of substrate is 300 um. It is
shown that higher breakdown voltage is due to lower
doping substrate. On the other hand, the leakage cur-
rent is not influenced by the variation of the thickness
and doping of the substrate for both structures.
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Fig. 3 — Breakdown voltage as a function of oxide charges for
both structures
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Fig. 4 — Breakdown voltage as a function of oxide thickness
for both structures
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Table 1 — Breakdown voltage as a function of substrate dop-

ing for both structures

Breakdown voltage (V)
Substrate thickness »*GR 2+ GR
(pm)
150 790 342
200 897 361
250 976 376
300 1036 386

Table 2 — Breakdown voltage as a function of substrate ring

thicknes for both structures

Breakdown voltage (V)
Substrate_ doping »* GR 2 GR
(cm3)
1x10*11 1060 404
5x10*11 1036 386
1x10+12 1007 365
5x10*11 804 276

J. NANO- ELECTRON. PHYS.11, 04008 (2019)

lent for silicon (1 MeV neq/cm?). The incident radiation
creates defects in the silicon lattice, forming extra en-
ergy levels in the band gap of silicon that act as gener-
ation-recombination and charge trapping centers. The
primary effects of this radiation bulk damage are:

1. a conversion of material from n- to p-type that
leads an increase of the bias voltage;

2. an increase in leakage current proportional to
the radiation fluence that can lead to local heating and
therefore to thermal run away;

3. an increase in depletion voltage due to increas-
ing effective doping concentration;

4. a reduction of the charge collection efficiency
(CCE) due to increasing number of traps.

A trap model has been proposed by the University
of Perugia [21] to describe radiation damage caused by
proton irradiation in p-type FZ silicon. According to the
model, the radiation generates two acceptor levels posi-
tioned slightly above the mid band gap and one donor
level located far below the mid band gap. The details of
the trap model are presented in Table 5.

Table 3 — Breakdown voltage as a function of guard ring depth
for both structures

Table 5 — The University of Perugia Trap Model [21]

Table 4 — Breakdown voltage as a function of guard ring dop-

ing for both structures

Breakdown voltage (V)
Guard rlng doping »*GR 2 GR
(cm?)
1x10%17 1042 385
1x10+18 1035 385
1x10%19 1036 386

3.1.3 Guard Ring Parameters Effect

Guard ring doping profile parameters effect has been
considered. First, the guard ring doping concentration
value is fixed at 108 ecm=3 and the guard ring profile
depth is varied from 0.5 to 2.5 um. Second, the depth of
the guard ring profile is kept at 1.5 pum and the doping is
varied from 107 to 10 cm=3. As shown in Table 3, when
the depth of the guard ring profile increases the break-
down voltage of the p-GR structure decreases signifi-
cantly while the breakdown voltage of the n-GR struc-
ture increases smoothly. Therefore, we conclude that the
p-type guard ring depth must be as shallow as possible
for the p-GR structure. Table 4 shows that there is no
influence of the doping concentration on the breakdown
characteristics for both structures.

3.3 With Bulk Radiation Damage

The principle source of radiation damage in silicon
sensors is from non-ionizing-energy-loss (NIEL). It is
normally expressed in terms of 1 MeV neutron equiva-

Breakdown voltage (V) Defect E (eV) e (cm?) On (cm?) n
Guard ring depth »*GR 2+ GR Acceptor | Ee—0.42 | 1.00x 1015 | 1.00 x 10-¢ | 1.613
(F(‘)‘?) & 57 Acceptor | Ec—0.46 | 7.00x 105 [ 7.00x 1014 [ 0.9
1 1103 233 Donor | Ev+0.36 | 3.23x1013 | 323x1014 | 0.9
1.5 1035 386 . .
9 973 395 Since the acceptor states are close to the mid band-
25 920 459 gap, they will generate electron-hole pairs, increasing

the leakage current. A small portion of the acceptor
states will be occupied and therefore negatively charged,
increasing the effective p-type doping while the unoccu-
pied acceptor states will trap excess electrons in the con-
duction band. The function of the donor state, which is
far below the mid band gap, is to trap excess holes from
the valence band.

The post irradiation performance of the guard ring
structures has been evaluated with simulations using
the trap model presented in Table 5. The simulation
has been performed for fluences from 2x104 neq/cm?2 to
1x10¢ neg/cm?2 and for charge oxide from 5x101° cm2 to
1x10!2 em~2. For more clarity, only extreme values for
each parameter are presented. Fig. 6 shows the break-
down behavior of the guard ring structures after irra-
diation for two different values of fluence where the
oxide charge is fixed at 1x10!2 cm2. Fig. 7 shows the
breakdown behavior of the guard ring structures after
radiation of 1x1015 neg/cm?2 for two different values of
oxide charge. As one can see, the breakdown behavior
degrades significantly with irradiation.

For an oxide charge of 1x10'2 cm=2, the p-GR struc-
ture is able to survive only up to reverse bias of 200 V
at fluence of 1x1016 neg/cm?2, while the n-GR structure is
able to survive only up to reverse bias of 100 V at the
same fluence.

The decrease in breakdown voltage after irradiation
is attributed to [13]:

1. the increase of surface conductivity as a conse-
quence of increasing oxide charge, so the potential drop
at each guard ring becomes steeper, resulting in higher
electric fields;
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2. the increase of the depletion voltage due to the ra-
diation-induced bulk traps, therefore for a given applied
bias voltage, the space charge region volume decreases
with irradiation and all potential drops at the guard
rings near the pixel since the depletion region does not
reach the outer ones.
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OHOBJIEHHSI BUCOKOCHEPTreTUYHHUX (PI3UYHIX €KCIIEPUMEHTIB Ha BeJIUKOMY aapoHHoMmy kKostaimepi (LHC)
y HEPHi BuMmaratume 3acTocyBaHHS HOBHX BHIIPOMIHIOBAJILHHUX TEXHOJIOTINA y HACTYITHUX ITOKOJIHHAX IIPHU-
CTPOIB CTE/KEHHS, AKI OyIyTh HEOOXITHI JJIs BUTPUMYBAHHS HAJI3BUYAMHO BHCOKHUX 103 ompoMiHeHHs. [lna-
HApPHI MKCeJbHI JATYNKHU N-0N-p € MEePCIeKTHBHUMY KaHIUIATAMY 1 ITOBUHHI OyTH peasi3oBaHi y MauOyT-
HpoMy mikcesbHOMy gerextopi ATLAS. ¥V poGori mpencraBiieHO MOPIBHSJIBHE IOCHIIPKEHHS JBOX PISHUX
KOHCTPYKII# 6araro3axucHUX CTPYKTYP [0 1 micss onpoMineHHsa. OOMIBI CTPYKTYpH 3aCHOBAHI HA TEXHOJIOTIT
HAKIJIAJKA P-TUIY 3 Ta 0e3 CTOmOpHOI 130111l MUK IMIIaHTaMu. BiieIn Toro, ogHa CTPYKTypa Mae 3aXUCHL
KUIBIA p-THILY, B TOH 4Yac sK 1HIIA — n-TUIy. {1 BUBYeHHS eJIEKTPUIHNX XapPaKTePUCTUK KOHCTPYKIHA 3Mi-
HIOBAJINCS PI3HI TEXHOJIOTIYHI TapaMeTpH, TaKl sSIK TOBIIWHA 1 JIETYBAHHS KPEeMHIEBOI IIIKJIAIKH, IIHOMHA 1
JIETYBaHHS 3aXWUCHUX KLJIEIlb, TA TOBIIWHA MIOKCHIy KpeMmuio. EdexTuBHICTH 6araro3axvuCHUX KLUIBIIEBAX
CTPYKTYP OIIIHIOEThCA 3a momomoro mopesmoBauHsa TCAD mo dumoercy BumpoMinooBauHsa 1X10+16 nej/cm? 3
BHUKOPHUCTAHHAM ICHYIOUOl MOfesi 00'€eMHOro pamialliifHOro IIONIKOIYKEHHs pP-TUIy HA OCHOBI TAK 3BAHOL
"Perugia tri level traps model", me ompoMiHeHHS reHepye ABa AKIEIITOPHUX PIBHS, PO3TAIIOBAHUX TPOXU BU-
1I1e cepeHboi 3a00POHEHOI 30HU, 1 O/IFH JOHOPHUHI PiBEeHb, PO3TAIIOBAHUN TPOXU HUKYE CePeuHU 3a00poHe-
HOI 30HU. Mu po3risiHysu 30LIBIIEHHS KIIBKOCTI OKCHIHOTO 3apsiIy 3 POCTOM J03U ompoMiHeHHs. J{yst Buco-
rosikicHoro mrapy SiO2 moyaTkoBa IIUIBHICTH 3apsifly Ha 1HTEepPdeNCHOMY NIapi BCTAHOBJIIOBAJIACS PIBHOIO
5X10*10 cm=2 /11 HEOIIPOMIHEHOTO JEeTEeKTOPA, TOMl AK [JIA CHJIBHO OIIPOMIHEHOI CTPYKTYPH 3HAYEHHS IMiJIb-
HOCTI 3apsaay Moske caratu 1X10+12 cm—2. Boru mojesrroBasivicss Ha BUCOKOOMHUX KPEMHIEBHX TJIACTHHAX 3 BU-
KOpPHCTaHHAM IIporpamHoro 3abesmeuyenns Silvaco Virtual Wafer Fab (VWF).

Kmouori ciiora: Hampyra mpo6Goro, 3axucHi kinbig, [lmanapuuit kKpemMHieBuit qeTekTop, Pamiariisi morm-
romxenns, MogemoBanus TCAD.
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