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80 million channels; analog readout 

50x400 µm2 pixel size 

10 µm and 110 µm resolution in Rφ  
and in z 

Radiation hard up to NIEL 1015 1 MeV 
neq/cm2 and 500 kGy 

Operating temperature of about -13oC 

250 µm thick n-in-n silicon sensor with 
an active area of 16.4x60.8 mm2 

2x80 Mb/s readout in innermost b-layer, 
80 Mb/s in layer 1 and disks, and 40 
Mb/s in layer 2 

99.9% data taking efficiency 

95% of the detector active end of Run-1
2

Run-1 pixel detector
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LHC designed originally for 
𝓛 = 1x1034 cm-2 s-1 
Pile-up ~ 22 

LS1: long shutdown-1 

Pile-up: superposition of interactions from the same or near-by 
bunch crossings
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Why upgrade? (I)
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LHC%schedule%

Nov%3,%2014% E.%Feng%(ANL)%S%Higgs%Coupling%Prospects%in%LHC%Run%2%&%Beyond% 3%

•  Current%LHC%/%HLSLHC%schedule%
•  300%aS1%by%2022%will%give%20%Mmes%current%Higgs%boson%producMon%

•  However%Phase%1%upgrade%required%to%trigger%on%them%
•  Acer%LS2%(LS3):%%∼50%(140%lumiSleveled)%pp%interacMons/bunch%crossing%

•  Phase%1%(2)%upgrades%required%for%radiaMon%hardness%and%pileup%

𝓛  = 1x1034 cm-2 s-1 
pile-up ~ 40

𝓛  = 2x1034 cm-2 s-1 
pile-up ~ 70

𝓛  = 5x1034 cm-2 s-1 
pile-up ~ 140

𝓛  = 7x1033 cm-2 s-1 
pile-up ~ 25

Run-1 Phase-0 Run-2 Phase-1 Run-3 Phase-2 HL-LHC

2013 2015 2018 2020 2023 2025

3000 fb-1

discovery of rare physics 
requires high luminosity 

and sufficient collision energies
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Readout limitations and module failures would degrade pixel 
performance before radiation damage does 
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Why upgrade? (II)

Beniamino(Di(Girolamo(–(Pixel(Workshop(January(2013(

!   Extensive(coverage(in(past(occasions(

Beniamino(Di(Girolamo(–(Pixel(Workshop(January(2013(

!   Extensive(coverage(in(past(occasions(

Beniamino(Di(Girolamo(–(Pixel(Week(–(12414(February(2013(

Using(the(exp(func:on(
would(make(the(
failures(to(be(
extrapolated(to(~20%(
instead(of(~10%(

8(
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nSQPs allow for 
moving the optical 
components outside the 
detector volume for easier 
access to repair failures in 
future 
doubling readout speed for 
layer-1 when needed 
recovering some of the 
non-operational modules 

IBL: additional pixel layer with 
advanced technology to 
maintain and improve the 
pixel detector performance 

Layer-2 DAQ hardware 
upgrade to double readout 
speed
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Pixel upgrades in the Long-Shutdown-1

(a) (b)

Figure 4. (a) Photo of the Pixel detector with the inserted beam pipe during the integration in SR1 building,
and (b) rendering of the insertion of the IBL with the smaller beam pipe.

a big effort is made to reduce the material budget; the goal is to almost halve the X0 of the existing
Pixel B-layer. Table 4 summarizes the main layout parameters.

1.3.2 Removal of existing beam pipe

Before inserting the IBL with the new beam pipe, it is necessary to extract the VI section of the
current beam pipe. The VI section is a 7.3 m long pipe made in beryllium with two aluminium
flanges at its extremities; they support the beam pipe together with two other intermediate support
points at ± 0.85 m from z = 0. The intermediate supports use two collars attached to a wire

Value Unit
Number of staves 14
Number of modules per stave (single/double FE-I4) 32 / 16
Pixel size (f ,z) 50, 250 µm
Module active size W⇥L (single/double FE-I4) 16.8⇥40.8 / 20.4 mm2

Coverage in h , no vertex spread |h |< 3.0
Coverage in h , 2s (=112 mm) vertex spread |h |< 2.58
Active z extent 330.15 mm
Geometrical acceptance in z (min, max) 97.4, 98.8 %
Stave tilt angle in f (center of sensor, min, max) 14.00, �0.23, 27.77 degree
Overlap in f 1.82 degree
Center of the sensor radius 33.25 mm
Sensor thickness:

Planar silicon 150 ÷ 250 µm
3D silicon 230±15 µm
Diamond 400 ÷ 600 µm

Radiation length at z = 0 1.54 % of X0

Table 4. Main IBL layout parameters.

– 17 –

b-layer

beam 
pipe

new Services 
Quarter Panels

Insertable 
B-Layer
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The major ATLAS phase-0 upgrade 

Improves tracking, vertexing                                                 
and b-hadron identification 

12 million channels 

50x250 µm2 pixel size;                                                         
finer granularity than b-layer 

14 staves, each with 32 FE-I4 readout chips, mounted on the new 
smaller radius beam pipe 

200 µm thick planar n-in-n and 230 µm 3D n-in-p sensors; 
thinner than b-layer 

Radiation hard up to NIEL 5x1015 1 MeV neq/cm2 and 2500 kGy; 
5x more radiation tolerant than b-layer 

CO2 cooling at -40oC coolant temperature
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Insertable B-Layer

Figure 12. (top) XY view showing the new (smaller) beam pipe, the IBL with modules, staves and support
tube and the Pixel B-layer all implemented in the ATLAS geometry model; (bottom) 3D view of the IBL
inside the Pixel detector illustrating the geometrical arrangement.

additional track measurements from the IBL. The default ATLAS reconstruction is used for ver-
texing, b tagging and to reconstruct objects like jets and leptons. The analysis then proceeds using
ATLAS analysis data formats and as much as possible standard performance analysis software to
derive the results presented hereafter.

2.3.1 IBL geometry and material budget

The IBL geometry description required the insertion of another layer envelope into the current Pixel
detector description. In parallel, the beam pipe radius was decreased to the proposed design values.
The IBL modules are described in full detail, but support and cooling structures are smeared out
over the full module surface, as can be seen in Fig. 12. The services outside the tracking volume

– 26 –

IBL

B-Layer

only 3.3 cm 
from interaction point
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Module technologies
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Side A Side CZ = 0

3D3D Planar Planar

R29.0/R29.3 - IPT
R23.5 - Inner beam-pipe
R31.0 - IBL inner envelope
R40.0 - IBL outer envelope
R33.5 - Module radius Stave

FE-I4B chip

3D sensor

Module flex

Flex pigtail

Stave flex

3D - HV TAB
EXTENSION

a)#

b)# c)#

Figure 4: IBL layout: r� view. Visible are the beam pipe, the IPT, the IBL detector, the IST.

Value
Number of staves 14
Number of physical modules per stave 20 (12 planar, 8 3D)
Number of DCS modules per stave 16
Number of FEs per stave 32
Coverage in ⌘, no vertex spread |⌘| < 3.0
Coverage in ⌘, 2� (122 mm) vertex spread |⌘| < 2.58
Active z extent (mm) 330.15
Geometrical acceptance in z min, max (%) 97.4, 98.8
Stave tilt in � (degree) 14
Overlap in � (degree) 1.82
Center of the sensor radius (mm) 33.25
Radiation length at z = 0 (% X0) 1.y

Table 1: Main layout parameters for the IBL detector. The radiation length includes the support and
positioning tubes.

in pseudo-rapidity of |⌘| <3. In the End of Stave (EoS) region the detector services are connected to
extensions that allow to reach the Inner Detector End-Plate (PP1) where the connections to the external
and fixed services are done after installation in ATLAS. At PP0 the cooling pipe of the stave has to mate
2 ⇥ 3 m long pipes. Also at PP0, the internal (Type 0) electrical services, providing data transmission
and power to the modules, are connected to ⇠3 m long (Type I) electrical services.140

A comparison between the IBL technical characteristics and the Pixel Detector is reported in Table 2.
Minimizing material is very important in the optimization of tracking and vertexing performance.

The IBL radiation length represents just 60 % of the present Pixel B-layer. Low radiation length has
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(a)

(b)

Figure 18: Comparison of the edge designs of the (a) ATLAS pixel sensor and (b) planar IBL pixel
sensor. The inactive edge has been reduced from 1100 µm to 200 µm. In the guard-ring area blueish
colors represent the n-implantation on the front-side of the sensor, reddish colors the p-implantation on
the back-side. Figure is taken from Reference [?] with modifications.

keeps a necessary gap between the two adjacent front-end chips. The nominal outer dimensions of
the sensor layout are 41.300 µm ⇥ 18.600 µm, the final dicing step during the production process580

changes these dimensions slightly to 41.315 µm ⇥ 18.585 µm.

Some further details of the sensor design are taken from [?]. The positions of high-voltage contact
pads on the p-side agrees with the flex design, which features openings to allow wire bonding
to the sensor. Fiducial marks on the p-side of the sensor allow proper alignment of the modules
during stave loading. Those marks are placed outside the guard-ring area within the dicing streets585

in the inactive area of the sensor.

Metallized scratch patterns are placed on the p-side of the IBL sensor which are placed next to the
dicing street. In combination with the four identifying sensor numbers which are implemented in
the metal mask on the n- and p-side of the sensor, this allows a unique identification of the sensor
throughout the whole quality, assembly and mounting processing of IBL sensors and modules.590

4.3.2 3D design

In 3D pixel sensors the column-like electrodes penetrate the substrate, instead of being implanted
on the wafer surface. Thus, the depletion region grows parallel to the wafer surface. The ⇡10 µm
diameter columns are alternately n- and p-type doped defining the pixel configuration. The elec-
trode spacing can be five to ten times smaller than the detector thickness (which is typically a few595

hundred microns), thereby dramatically reducing the charge-collection time and depletion voltage.
Though the fabrication process of 3D sensors is more complex, the technology has significant ad-
vantages over the standard planar design: it is less demanding in terms of cooling and bias voltage;
and the reduced drift path makes the 3D devices less susceptible to trapping.

The 3D sensors for IBL have been fabricated at FBK (Trento, Italy) and CNM (Barcelona, Spain)600

with a double-sided technology [?, ?]. Starting wafers were Float Zone, p-type, with 100 mm di-
ameter, < 100 > crystal orientation, 230 µm thickness, and a very high resistivity (10 to 30 k⌦ cm).
Columnar electrodes, 12 µm wide, were obtained by Deep Reactive Ion Etching (DRIE) and dopant
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di↵usion from both wafer sides (n+ columns from the front side, p+ columns from the back side),
without the presence of a support wafer. By doing so, the substrate bias can be applied from the605

back side, like in planar devices. Figure 19 shows details of the 3D column layout.

Figure 19: Design of the columns of the FBK (left) and CNM (right) 3D sensors.

The sensor design is detailed in [?] and also reported in [?]. Each of the 80 ⇥ 336 pixels has a size
of 250 µ/meter ⇥ 50 µm, and contains two read-out (n+) columns (two-electrode configuration),
with an inter-electrode spacing between n+ and p+ columns of ⇡67 µm. For yield reasons, it was
decided to have single-sensor tiles (8 per wafer). A 200 µm wide region separates the active pixel610

area from the physical edge of the tile.
The main di↵erences between FBK and CNM 3D sensors are the following:

– FBK sensors have traversing columnar electrodes, i.e., 230 µm deep; on the contrary, in CNM
sensors electrode etching is stopped ⇡20 µm before reaching the opposite surface;

– in FBK sensors, surface isolation between n+ electrodes is obtained by a p-spray layer on615

both wafer sides, whereas in CNM sensors p-stops are used on the front side only;
– the edge isolation in FBK sensors is based on a multiple ohmic column fence able to stop the

lateral spread of the depletion region, whereas in CNM sensors a 3D guard ring, surrounded
by a double row of ohmic columns, is used to sink the edge leakage current.

More details on FBK and CNM 3D technologies used for the IBL production can be found in [?]620

and [?], respectively.

4.3.3 Production and QA

The planar sensor production was carried out at CiS (Erfurt, Germany), while CNM and FBK
fabricated the 3D sensors. After fabrication, the electrical quality of the sensors was determined
through the measurement of the current-voltage (I-V) characteristics, as they are sensitive to bulk625

and surface defects. The tiles that satisfied the di↵erent selection criteria, described below, were
chosen for hybridization (connection between sensor and readout electronics).
The planar design includes a grid structure that allows to bias the entire sensor by means of a
punch-through technique. This bias grid was used to evaluate the quality of the tiles before the
sensors were connected to the readout electronics with the bump-bonding process. After bump-630

bonding, the pixels are biased through the front-end chip, and the bias grid, connected to ground
via a special bump in the periphery of the pixelated region, is not in operation.

Francesco Guescini 9

modules

University of Geneva

see Andrea Gaudiello’s 
poster on

“ATLAS Pixel IBL modules 
construction experience 
and developments for 

future upgrade”

• 50×250 μm2 pixels

• 2 silicon sensor technologies employed

• planar (double chips modules)

• 200 μm thick n+-in-n sensor

• slim edges

• 3D (single chip modules): CNM and FBK

• 230 μm thick n+-in-p sensor

• pros: short collection distance, low depletion 
voltage

• cons: higher capacitance, hence noise

• designed to withstand 5·1015 neq cm-2

• new FE-I4 front-end

• 80×336 = 26880 pixels

• 8.7·107 transistors

• 20.2×18.8 mm2, 150 μm thick

• bump-bonded to the sensor

• low threshold (1500 e-) and low noise

double-chip planar module single-chip
3D module

FE-I4 FE-I3

pixel

IBL

much smaller inactive planar edge

shorter distance to the 
electrodes in 3D design, 

resulting in need of 
much smaller bias voltage

6x more hit 
buffering capability
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Production chain

A.#Miucci 30/09/13

ProducDon#chain

15
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Completed in September 2013 

75% yield for planar and 62% yield for 3D after the initial bumpy 
start

9

Module production
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Completed in February 2014 

400 modules loaded on 20 staves 

28 reworks on stave due to various 
failures
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Stave production (I)
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Failure in Loading Rework after DSF FE failure Failed QA
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Loading accidents

ATLAS IBL Preliminary

From modules to staves 

PIXEL 2014 J.Jentzsch 5 

Handling Connector removal Loading 

Wing gluing Wire bonding Pull test 

From modules to staves 

PIXEL 2014 J.Jentzsch 5 

Handling Connector removal Loading 

Wing gluing Wire bonding Pull test 

From modules to staves 

PIXEL 2014 J.Jentzsch 5 

Handling Connector removal Loading 

Wing gluing Wire bonding Pull test 

From modules to staves 

PIXEL 2014 J.Jentzsch 5 

Handling Connector removal Loading 

Wing gluing Wire bonding Pull test 
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Two staves were exposed to severe 
condensation due to an accident 
during testing midway through 
production 

Further inspection revealed 
corrosion on most staves produced 
thus far  

Chemistry lesson of a near disaster 
scenario: never bring Al, Halogen 
(Cl, F) and H2O together at once 

Corrosion could be reproduced even 
on well cleaned bare flex with drop 
of DI water 

Intensive rework program to 
carefully clean corrosion residue 
and replace wirebonds 

11

Stave production (II)
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and leaks of the environmental box which was later upgraded and much improved in term of safety.
The two staves were carefully inspected under a microscope and it was discovered that most of the
aluminum wire bonds got corroded (see Figure 55 ) where few were even eaten-up. The white
residue or powder seen around the bond foot could be barely seen with normal incident light while1445

with ring or raising lights this could be easily seen. The other produced staves were carefully
inspected with the same type of illumination under the microscope for which a similar observation
was made. The decision was to stop the production until the origin of the problem was understood

(a) (b)

Figure 55: (a) White residue of the corrosion issue found on staves and observed under a microscope.
(b) Scanning Electron Microscopy (SEM) image of corroded wires and residues.

and actions taken to cure and rework the 11 out of 12 already produced staves that were a↵ected.
Given this major crisis a number of actions were taken as:1450

– Identification of the origin of the problem and in order to improve the QA system and to
release the rest of the production safely

– Setting up a task force to investigate the corrosion issue, evaluate possible evolution of this
phenomenon and identify the possible improvement like cleaning and coating.

– Organize a rework center to clean all the wires and re-bond the defective stave1455

– Release an additional module production with remaining components to secure the number
of IBL stave for the integration

The investigation started with water which is one of the essential ingredients to trigger the corro-
sion process. When there is a temperature excursion and when the environmental condition is not
correctly controlled the risk to reach the dew point is considered to be high. Therefore and after1460

investigation of all the QC and QA steps two set-up were identified with high risks. The first one is
the climate chamber (with a volume of 1.6 m3) that was used to qualified the stave in a temperature
range from �40�C to +40�C by cycling ten times. Given the large volume and the fast ramp it was
observed by doing a monitoring study in the vicinity of the stave modules, that the dew point was
reached for a couple of minutes during the fast temperature ramp-up (see Figure 56). Even if the1465

volume was flushed with dry air during the cycles and the humidity controlled activated, this was
not enough to guaranty the absence of water. Apart from the corrosion issue the stave electrical
and mechanical integrity was not a↵ected which was confirmed with electrical characterizations
and metrology surveys. For the rest of the production the newly loaded staves were not thermal
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Compressed four day program after the 
condensation incident 

Still putting staves through rigorous 
testing 

Excellent tuning performance down to 
1500e target operational discriminator 
threshold; important after radiation 
damage 

Uniform response over all staves 

18 of 20 staves passed QA; 2 failing 
that saw severe condensation and used 
as rework practice 

12

Quality assurance (I)
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14 of the 18 qualified staves used 
for IBL 

99.9% of pixels operational; 
impressive given the target of 
better than 99% 

0.1% dead pixels cluster on the 
edges of the chip as is the case for 
the 3-layer pixel detector

13

Quality assurance (II)
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Integration and installation (I)

last stave 
integrated around 
the new beam pipe 
end of March 2014

transported to the 
cavern in May 2014

installation completed 
end of June 2014
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Each stave went through short series of functionality test before 
and after integration around the beam pipe 

The detector went through QA standard tests right after 
installation in the cavern using the same RCE readout system 
from the QA before switching over to the final DAQ system to be 
used for data taking 

Results confirmed, 100% functional damage free integration, 
transport and installation of the detector

15

Integration and installation (II)
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First IBL stave joined 
ATLAS cosmic runs in 
September 2014 

CO2 cooling system 
assured safety of IBL 
during the bakeout of 
the new beam pipe at 
230oC in October 

9/14 staves joined 
ATLAS runs in October 
2014 

Full IBL joined ATLAS 
runs in November 
2014 in the presence 
of a solenoidal 
magnetic field

16

Commissioning milestones

IBL

26 November 2014
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The ATLAS detector is now just 3.3 cm away from the LHC 
collisions and ready for the LHC Run-2 conditions thanks to the 
new innermost pixel layer: IBL 

Construction and installation completed two years ahead of its 
original schedule 

Initial commissioning done and already providing space points on 
charge particle tracks 

On going effort is focusing on the implementations of automatic 
recovery mechanisms of readout components in the event that 
they become non-responsive to maximise data taking efficiency, 
and protections for operational safety of the modules in the 
presence of magnetic field and beam

17

Summary
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Questions?
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First IBL stave in an ATLAS run

¾ first IBL ROD in ATLAS 

Status and Plans for Pixel/IBL  –  K. Lantzsch  (CERN) p. 13 

Impressions from ACR 

06.10.2014, ATLAS week 


