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ATLAS Pixel Detector - Run I

Provides high granularity track points in order to
allow reconstruction of particle positions as
accurately as possible

Three barrel layers at 50.5 mm, 88.5 mm and
122.5 mm from the interaction point respectively.

The sensor is a semiconductor planar n+-in-n silicon
pixel sensor with a bulk thickness of 256 µm.

Each sensor is bump-bonded to a set of ATLAS
FE-I3 front-end readout chips.

Performance in Run I: [H. Pernegger - PIXEL2014]

Stable and good performance during Run-1

Data taking efficiency 99.9%
Stable operation
Typically 3500 e- threshold, Noise ∼ 160 e-
Radiation damage within expectations
No accidental damages (e.g. beam loss,
operational accidents, ...)

2008 JINST 3 P07007

Figure 23. The elements of a pixel barrel module. Most of the thermal management tile (TMT) on to which
the module is glued is suppressed.

• sixteen front end electronics chips (FE) each containing 2880 pixel cells with amplifying
circuitry, connected to the sensor by means of fine-pitch bump bonding (see section 6.2);

• a fine-pitch, double-sided, flexible printed circuit (referred to as a flex-hybrid) with a thick-
ness of about 100 µm to route signals and power;

• a module control chip (MCC) situated on the flex-hybrid;

• for the barrel modules, another flexible foil, called a pigtail, that provides the connection
to electrical services via a microcable, whereas for the disk modules, the microcables were
attached without the pigtail connection [4].

The concept of the ATLAS hybrid pixel module is illustrated in figure 23. Sixteen front-
end chips are connected to the sensor by means of bump bonding and flip-chip technology. Each
chip covers an area of 0.74! 1.09cm2 and has been thinned before the flip-chip process to 195±
10 µm thickness by wafer-back-side grinding. A sizeable fraction (" 25%) of the front-end chip is
dedicated to the End-of-Column (EoC) logic. Once bonded, most of the EoC logic extends beyond
the sensor area. Wire bonding pads at the output of the EoC logic are thus accessible to connect
each front-end chip to the flex-hybrid by means of aluminum-wire wedge bonding. Copper traces
on the flex-hybrid route the signals to the MCC. The MCC receives and transmits digital data
out of the modules. The flex-hybrid is also used to distribute decoupled, low-voltages to all the
chips. The traces are dimensioned such that the voltage drop variation is limited to " 50mV in
order to keep all the chips in the same operating range. The back-side of the flex-hybrid must be
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ATLAS Pixel Detector - Run II

2012 JINST 7 P11010

Figure 9. Comparison of the edge region of the current ATLAS Pixel (APS) design (upper) and the IBL
planar sensor design (lower).

ring structure by 250 µm. The active area, defined by the 50% hit efficiency, is required to be 210 ±
10 µm from the cutting edge (see figure 9). Due to the non-vertical inhomogenous electric field,
before type inversion [30], the region has been shown to remain active for 200 µm thick detectors
at Vb = −60 V until the edge of the pixel implant. After type inversion, the hit efficiency further
improves at the pixel implant, because the depletion zone grows from the n+ pixel implant.

To ease characterization and to avoid a floating potential on pixels having an open bump con-
nection, a punch-through network (bias grid) following the APS design was implemented even
though this is known to lead to reduced charge collection efficiency in the bias-dot region after
irradiation. The bias dots are always located at the opposite side of a pixel cell with respect to
the contact bump (see figure 8). The bias grid is connected to an approximately 90 µm wide bias
grid ring which surrounds the pixel matrix. Outside the bias ring, a homogeneous n+-implantation
(designated as the outer guard, edge implant or DGUARD) extends to the dicing streets and ensures
that the sensor surface outside the pixel matrix and the cutting edges share the same potential.

Each pixel, the bias grid and the outer guard are connected to the FE-I4 read-out chip via
bump-bonds. As already noted, there are two bumps each for the bias grid (DGRID) and outer
guard (DGUARD).

The prototype wafer mask contained two versions of FE-I4 sensors, the slim-edge design
described above and a conservative design where the edge pixels were only 250 µm long without
any overlap between pixel and guard rings. Both designs behaved identically except for the edge
efficiency where the conservative design showed the expected 450 µm inactive edge. It is the slim-
edge design that is described in this paper.

The production used n-doped FZ silicon wafers with a <111> crystal orientation and a bulk
resistivity of 2−5kΩcm, thinned to thicknesses of 250, 225, 200, 175 and 150 µm. All wafers
were diffusion oxygenated for 24 hours at 1150◦C after thinning, as for the current APS produc-
tion [31]. The remaining production steps are as for the APS sensor: thermal oxide deposition,
n+-implantation, tempering, p+-implantation, tempering, nitride deposition, p-spray implantation,
tempering, nitride openings, oxide openings, aluminium deposition and patterning, and passiva-
tion deposition.

– 15 –

A fourth layer was added between the current pixel
detector and a new beam pipe, known as the IBL.

Radius ∼ 30 mm.
Smaller pixel size: 50 µm x 250 µm.

Mixed sensor technology:

Planar pixel double-chip modules, with slim
edges in the centre.
3D sensor, single-chip modules in the high-eta
regions.

(For further details see Y. Takubo’s IBL talk next: https://indico.cern.ch/event/174805/session/6/contribution/99)

Clara Nellist PSD10, University of Surrey, UK 8th September, 2014 6 / 21

https://indico.cern.ch/event/174805/session/6/contribution/99


Motivation for Phase II Upgrade

HL-LHC phase II upgrade in ∼2022 with data taking ∼2025

Expected luminosity of 5 x 1034 cm−2 s−1

Collect 3000 fb−1 of data required for the precision
measurements of the properties of the Higgs boson, physics
beyond the SM.

All silicon tracker with greater area of pixel detectors

(1.7 m2 → ∼8 m2)

Expected fluence of ∼ 2 x 1016 neq cm−2 in the
innermost layer (∼ 4mm)

New ATLAS pixel layers → requires improved pixel devices

Inner layers
Radiation hard
Slimmer / active edges
Better granularity

Outer layers
Low cost
Large (6”) wafers
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Planar Pixel Sensors
Part of the ATLAS ITk Sensor Group.

Main areas of research are:

Performance assessment and improvement of planar pixel sensors at HL-LHC
fluences.
The achievement of slim or active edges to provide low geometric
inefficiencies without the need for shingling of modules.
Establishment of reliable device simulations for severely radiation-damaged
pixel detectors.
The exploration of possibilities for cost reduction to enable the
instrumentation of large areas with pixel detectors.
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Beam test results for inner layers
Many impressive results for highly irradiated devices.

Re-routing of the bias rail improved
the inefficiency loss [KEK]:

PolySi moved inside pixel to
mask ground potential.

Old design at 1200 V.

CERN test beam.
KEK46, irradiated.

DESY test beam.

Width is due to pointing resolution

Good efficiency can be reached at high
fluences by increasing the bias voltage.

Bias voltage [V]
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At high fluence (5 x 1015 neq cm−2) with
a bias voltage of 200 V, the 100 µm
sample is fully depleted.

(Also see S. Terzo’s talk on Friday: http://indico.cern.ch/event/174805/session/19/contribution/52)
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Large area pixel upgrades
[University of Glasgow]

Manufactured at Micron

Pixel modules in the outer regions should have a high
active area, whilst minimising the contribution to
material budget.

Lowers cost of production when going to 6” wafers.

→ build quad-modules.
Several sites have created quads to-date (KEK, UK,
Germany).

SLAC beam test, May 2014:

12.5 GeV e− beam;
Threshold = 3000 e−,
10 ToT @ 16 ke, Bias
at 100V.

CERN PPS beam test:

Irradiated to
5 x 1015 neq cm−2

120 GeV p beam;
Threshold = 3000 e−,
Bias at 800V.
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Thin edgeless assemblies

VTT active edge sensors measured in the Nov, 2013 test beam at DESY.

4 GeV electrons, using the EUDET telescope for offline reconstruction.

Perpendicular beam incidence.

(Also see S. Terzo’s talk on Friday: http://indico.cern.ch/event/174805/session/19/contribution/52)
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Recent studies of SCP technique

Reduction of the sensor edge is required to minimise dead area and thus
reduce the requirement for shingling.

Edge can be reduced in a process known as SCP.

Aim to produce defect-free edges (through cleaving) and then passivate to
keep away the lateral depletion zone.

For p-type devices; Al2O3 can be used for passivation.
For n-type devices; Oxide, Nitride.

MOS capacitors with alumina as the dielectric were fabricated to study the
effective charge density using C-V curves after irradiation.

LANL with 800 MeV protons. Equivalent to 0.71 x 1015 neq cm−2. (Jan
2014).
BNL with gammas to 30 Mrad. (Dec 2013).Method -- SCP Treatment

Cleaving Passivation

finished die

Scribing 

finished die finished die
with slim edge
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Recent studies of SCP technique

Results:

Two deposition processes
Radiation-induced changes in effective charge density for each process:

1. Negligible
2. Scales ∼ linearly with dose

Future fabrication with varied processing to study the processing
differences and their effect on the radiation performance.
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ATLAS Pixel Detector
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SIMs Results

Summary and Conclusions

Interesting fact: The SIMS process will be used by
ROSETTA to analyse the comet Churyumov-Gerasimenko
(also known as 67P). DOI: 10.1002/rcm.2448. Image
courtesy of ESA.
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Secondary Ion Mass Spectrometry

[LAL, Orsay]

SIMS system at Versailles

(Cameca IMS 7F)

www.cameca.com; Benninghoven et al. 1987

Analytical technique to characterize the impurities
in the surface and near surface (∼30µm) region

Relies on sputtering of a primary energetic ion
beam (0.5-20 keV) on sample surface and analysis
of produced ionized secondary particles by mass
spectrometry

Good detection sensitivity for many elements such
as: B, P, Al, As, Ni, O, Si etc.

It can detect dopant densities as low as 1013 cm−3

Has a depth resolution of 1 to 5 nm and can give a
lateral surface characterization on a scale of several
microns

Destructive method, since the act of the removing
material by sputtering leaves a crater in a sample

It determines the total dopant density profile
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Sample Preparation

Dicing of 4” or 6” wafers which have been uniformly doped and not
thinned.

Measurements are taken after chemical oxide etching has been performed.

Otherwise, for through-oxide measurements, no etching is performed.

n-in-n, CiS production, <100>orientation

Oxide thickness 100 nm
P implantation doses 1013 cm−2 1014 cm−2 1015 cm−2 1016 cm−2

Implantation energy (keV) 130 240 130 240 130 240 130
Annealing 4 hours, 975 ◦C

ρ = 0.25 Ω/cm (3 x 1016/cm3), 380 µm thickness

n-in-p, ADVACAM production, <100>orientation, thickness ≤ 675 µm

Oxide thickness 100 nm
P implantation doses 1013 cm−2 1014 cm−2 1015 cm−2 1016 cm−2

Implantation energy (keV) 130 240 130 240 130 240 130 240
Annealing 3 hours, 1000 ◦C

ρ = 0.2 – 0.25 Ω/cm (2.5 – 3 x 1016/cm3), 675 µm thickness
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Why Simulate?

Sim City 1989 video game cover art. Image
courtesy of Wikipedia.

Results obtained from test structures
can be used to develop reliable
simulations of devices.

Simulations, in turn, drive the
development of new sensor layouts.

Quicker and less expensive than
building multiple prototypes.

Therefore, validation of simulation
models is vital to trust predictions.

Studies of irradiated devices important
for phase II upgrade.
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SIMs Results

Simulation and data compared for CiS (left) and VTT (right) samples for
Synopsys Charged Pair simulation model:
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CiS low resistivity wafers
100 nm Screen Oxide, Etched
Synopsys: Charged Pair Model
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Synopsys: Charged Pair Model

Generally good agreement between simulation and SIMS data for lower
doses.

Large discrepancy with the highest dose (1016) for CiS sample.

Comparison with various diffusion models in Synopsys and Silvaco, but
no single model accounts for data.
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Summary and Conclusions

Planar sensors can be operated even at 2 x 1016 neq cm−2 with good
efficiency.

Methods to improve overall efficiency after irradiation (bias grid
optimisation) have successfully been implemented.

Several methods for edge slimming have proven to work - now optimising
cost.

Substantial cost reduction compared to current pixel detector achieved, also
by adopting n-in-p design on 6” wafers; 8” wafer production being assessed.

First outer layer (quad) modules have been prototyped by several member
institutes and have successfully operated after irradiation in a beam test.

Comparison of SIMs measurements and TCAD simulation have shown good
agreement for lower doses. Further study of diffusion models for higher dose
measurements is required.
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Thank you for your attention

Any questions?
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Backup
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Comparison of models
Comparison of SIMS data and various simulation models from Synopsys
and Silvaco for CiS sample with the highest dose (1016).
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No single model accurately simulates the SIMS data. Further work required,
possibly to merge two models together (such as FERMI and PLS SS for Silvaco,

combining the low dose and high dose simulation).
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Simulation Details

From Sentaurus Process User Guide, Version E-2010.12, December 2010:

“During the fabrication process, dopants are introduced into the substrate
with different concentration profiles. As processing proceeds through vari-
ous thermal annealing cycles, the dopants diffuse and redistribute through
the structure. The following effects contribute to dopant redistribution and
can be modeled by Sentaurus Process:

Dopant (de)activation

Dopant-defect interaction

Chemical reactions at interfaces and in bulk materials

Material flow

Moving material interfaces

Internal electric fields”
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Simulation Details

From Sentaurus Process User Guide, Version E-2010.12, December 2010:
ChargedReact

“The React ... and ChargedReact ... diffusion models, also known as five-stream diffusion models, are the most
advanced dopant diffusion models in Sentaurus Process. They solve up to three separate equations per dopant – a
substitutional dopant – and up to two dopant-defect pairs and two defect equations. The ChargedReact model is the
most accurate model available in Sentaurus Process. but because of the large number of equations required, it also
is the most computationally expensive. The React model, which is an uncharged version of the ChargedReact model,
is provided for backward compatibility.”

ChargedPair

“The Pair ... and ChargedPair ... diffusion models, also known as three-stream diffusion models, assume that dopant-
defect pairs are in local equilibrium but still solve for separate point-defect equations. These models solve one equation
per dopant and two defect equations. The ChargedPair diffusion model allows the pairing coefficients to vary with
charge state. These models are the most commonly used for advanced CMOS processes as they represent a balance
between accuracy and computational expense. For extremely fast ramp rates or for customized initial conditions,
the ChargedReact model or React model is a better choice. The Pair model, which is an uncharged version of the
ChargedPair model, is provided for backward compatibility.”
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Simulation Details

From Sentaurus Process User Guide, Version E-2010.12, December 2010:
ChargedFermi

“The Fermi ... and ChargedFermi ... diffusion models both assume that point defects as well as dopant-defect pairs
are in equilibrium. The ChargedFermi diffusion model allows the diffusivity of each charge state to be set separately.
An uncharged version of the model is provided for backward compatibility. These models can be used for longterm
high-temperature anneals where the transient effect of annealing implant damage is minimal.”

Constant

“The Constant diffusion model ..., unlike all other transport models, assumes a constant diffusivity and no electric-field
effect, and is used mainly for dopant diffusion in oxide.”
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