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Introduction

2

Pre-Production Starts Production 
Starts

The Core Column issue refers to a defect in the Front-End chip for an ITk pixel module, 
where large portions of a module must be disabled for it to function properly. It affects 
about a quarter of produced modules.

The issue was fully realized in 
early 2024, just before module 
production starts

Now in August 2025, the issue is 
partially resolved. 

LHC and HL-LHC Schedule

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Introduction

3

Pre-Production Starts Production 
Starts

The issue was fully realized in early 2024, just 
before module production starts

Now in August 2025, the issue is partially 
resolved. 

• What the “Core Column” issue is
• How we dealt with the issue in pre-production
• How we partially resolved the issue
• What is still unresolved
• How we plan to deal with the issue moving forward

I will discuss



ATLAS Core Column Issue | Vertex 2025 | Charles Hultquist

Background and Early 
Investigations

4
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ATLAS ITk Pixel Modules
• Two types of modules: 

– Quad (95%) - Planar sensor
– Triplet (5%) - 3D sensor

• Sensors bump-bonded to one of two versions of FE chip
– ITkPixv1 (pre-production)
– ITkPixv2 (production)

5

Quad Module

Triplet Module



ATLAS Core Column Issue | Vertex 2025 | Charles Hultquist

ATLAS RD53 Chip

• FE chip has 400 columns and 384 rows 
of 50x50 micron pixels

• 8 x 8 pixels compose a “core”, the basic 
digital logic building block

• 400/8 = 50 core columns per chip
• Chip enabled/disabled at two levels of 

granularity
– Core columns, clocked at chip 

bottom
– Individual pixels

6
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RD53 Manual

https://cds.cern.ch/record/2665301?ln=en


ATLAS Core Column Issue | Vertex 2025 | Charles Hultquist

The “Core Column” Issue

• When certain Core Columns (CC) are activated, and 
charge is injected, chip does not respond to triggers 
anymore 

– “Times out”, i.e. won’t respond until data 
processing chain is reset

• Occurs in both pre-production and production chips 
for both ATLAS and CMS

– Affects ~9% of ATLAS chips
• Historically bypassed by disabling core columns 

until chip functioned normally, and hence known as 
“Core Column Issue”

• Disabling a core column turns off 2% of a chip, 
disqualifying a module for inclusion in final detector

7

Occupancy scan performed only after disabling 
core columns in the top left chip

Core Column Cases 

Production 
Modules

163 / 683 = 23.9%

Production 
Chips

248 / 2729 = 9.1%
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Early Core Column Investigations

• Early testing in 2024 done primarily with O(20) 
pre-production modules

• Issue not observed during wafer probing
– Suggests mechanical damage during dicing 

and/or hybridization
• Difficult to identify core column issues in electrical 

testing:
– Cannot parallelize 
– Need to wait for timeout to occur

 

Initial investigation goals:

1. Develop software to identify problematic core 
columns

2. Look at statistics to identify any patterns in CC issue 

8
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Early Core Column Investigations - 
Electrical Testing

• There are multiple levels at which the issue can occur
– In some chips, core column issues seem localized 

to certain cores (top right) or 4x1 pixel regions
– In other chips, even if all pixels in CC are disabled, 

if CC itself is enabled, chip will time out
• Evidently will not be able to identify individual pixels/regions 

causing the issue in all cases
• We believe these different cases are related

– Similar symptoms across both
– Often in same physical location
– Issue unstable: different subsets of pixels need 

disabling in different conditions (e.g. injection charge, 
temperature)
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Threshold scan for a 
pre-production chip. The chip 
works after just one 8x8 core is 
disabled 

Enable mask for 
another 
pre-production chip. 
Both an entire core 
column and a small 
pixel region in an 
adjacent core 
column had to be 
disabled for the chip 
to communicate

Disabled Area in Yellow
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Early Core Column Investigations - Statistics with 
Pre-production Chips
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No clear correlation between 
core column issues and 
hybridization/dicing vendors

Different Vendors

No clear correlation between 
core column issues and 
location on wafer 

Some indication that core column 
issues are more common on first 
and last columns
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Entering Production

11

Pre-Production Starts
Production 
Starts

Summary of Early findings: 

- Significant number of pre-production modules are failing quality control: CC issue turns 
off too much of active area of module

- Cannot narrow down issue to a smaller active area in all cases

Moving Forward:

- We need to understand how to consistently identify CC issues
- We would like to understand/prevent the cause of the issue
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Identifying Core Column Issues: 
Electrical Testing

12
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Electrical Testing and Core Columns 

• First observation: there are some chips with CC that 
must always be entirely disabled for chip to 
communicate 

– Chip will time out when CC is enabled, even if 
all pixels in this column are disabled

– Often, chip will send back large amounts of junk 
data

– If these CCs are enabled, global registers 
cannot be read from chip

• Ability to correctly read global registers serves as 
good first test for CC issues
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Threshold-Dependent Core 
Column Issues

• Second observation: there are some chips with CC 
issues that only on occasion must have problematic 
CC disabled

– In subset of these modules, this happens 
more frequently when chip threshold is tuned 
lower

– In subset modules, this happens more 
frequently when attempting to read out more 
pixels at a time

 

• Suggests that injecting analog charge with pixels 
set at low threshold and many pixel reads is a good 
way to trigger CC issues

Threshold DAQ (Arb.)
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Core Column Issue Identification
• Two common manifestations of the issue are addressed by 

targeted software tools that identify and disable problematic 
core columns

• Case 1: Chip enters ‘stuck’ state consistently without any pixels 
being enabled in the core column

– Addressed by executable that attempts to read global 
registers from chip with one core-column enabled at a 
time

• Case 2: Chip enters ‘stuck’ state inconsistently, and only enters 
stuck state when some pattern of pixels/ToTs is enabled

– Addressed by standard DAQ scan that performs 
low-threshold analog injections with one core-column 
enabled at a time. 

• First step in Module QC is now using core column tools to flag 
and disable problematic core columns

• Still some cases the core column tools miss!
– Actively monitoring these cases

15
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Understanding Core Column 
Issues: Destructive Testing

16
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An Accidental Discovery

• Case where core column issues were accidentally 
induced on a good module after testing on a 
vacuum chuck

– After testing, the module continuously produced 
data unless entire CCs were disabled

• Rotating the module and repeating the 
tests on vacuum chuck reproduced 
issue in another chip

• Discovered ~100 micron bump from 
solder splash discovered on vacuum 
chuck 

• Bump was creating cracks in module 
back side coinciding with location of 
disabled CC 

• First evidence of mechanical damage 
inducing CC issues
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Pulling Apart Modules

• CC issues seen on chips with cracked backside, but 
not every case of CC issues assc. with this type of 
damage

• Two modules with CC issues and without cracks in 
back of sensor pulled apart by melting bump bonds 
using hot plate

• Defects observed in multiple locations in modules

18

• In both modules, a 20 
micron bump of silicon 
coincides with location of 
disabled CC 

• Evidence of mechanical 
damage causing CC 
issues
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Summary of Evidence for Mechanical Damage 
Hypothesis
1. Some cases of modules developing CC issues only after 

thermal cycling 
– Expansion inducing mechanical stress?
– CC Issues not noticed before thermal cycling?

2. CC issues coinciding with defects on back of chip
3. CC issues coinciding with defects between sensor and FE
4. Different manifestations of CC issues occurring at same 

physical location

19

 5.     CC issues more prevalent on
         edges of chips → damage 
         during dicing? 

– Different hybridization 
vendors see different 
distribution of CC 
issues

CC Position - Vendor A

CC Position - Vendor B

Diff. in # Bad CCs Before and After 
Thermal Cycling
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Discussions with Vendors

20
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Core Column Issues seen at Edges
• Core column issues primarily seen at edges with just 

one vendor (12/14 wafer affected) 
• Assumed issue is chipping in active area from dicing 

blades
• Promising early results from improved two-step 

dicing procedure
– Laser pre-grooving to create indent before saw 

dicing 
– Decrease in rate of CC issues reported by 

both ATLAS and CMS after this change

CC Position - Vendor A

Vendor A Dead CC by Wafer
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Core Column Issues from Debris

22

CC Position - Vendor B

Vendor C -  Dead CC by Wafer

• In Vendor B, dead core columns are distributed 
across the full chip

– Modules with debris found in pixel matrix 
were hybridized by this vendor

• Experiments to reduce silicon debris when 
flip-chipping

– Thinner dicing blade, acetone cleaning 
both ineffective

• More careful visual inspection not helpful or 
practical

– Lots of Si debris on chip after dicing; hard 
to determine which will be a CC issue

– Need effective way to remove Si debris 
before flip-chipping

Vendor C sees very little CC issues → 
there is a way to reduce Si debris
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Tape Cleaning Procedure

• Vendor B attempting to implement a new 
dicing tape procedure 

– Before picking, entire wafer will be 
transferred to another dicing tape 
on top on wafer

– Them, will be transferred again to 
another dicing tape on bottom of 
water

• Original dicing tape has lots of silicon 
debris

• New procedure removes most silicon 
debris 

• Awaiting results

23
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Moving Forward

24
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Core Column Issues: Where are we now?
Currently in production: many modules with CC issues have been 
produced

– Without immediate changes to hybridization procedure, many 
more with CC issues will be produced

– It is possible to produce wafers without CC issues, but 
manufacturing procedures and orders already set 

Core Column 
Fraction

Prod. 
Modules 23.9%

Prod. 
Chips 9.1%
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Core Column Issues in the ITk 

• Need to consider the possibility of including modules with CC issues in detector
– 60-70% module yield needed. Expect ~25% of modules produced will have 

CC issues
– ITk has a delivery date - can’t halt production indefinitely

• We have seen cases of CC issues arise only after some significant testing. Likely 
some CC issues will only appear after ITk turned on

It’s worth considering the effect of the core column issues in the final detector
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Core Columns and Serial Powering
• Pixel modules will be serially powered in ITk – shunt mechanism 

needs to work correctly to correctly share current among chips in 
module 

– sLDO failure is a yield killer
• Strong correlation between sLDO failures and core column defects

– ~70% of modules with disabled CC have sLDO problems vs. 
<30% of all modules have sLDO problems

– Shunt current is zero up to 7-8A (normal operation should see 
shunt turn on at 6A)

27

Failing SLDO Passing SLDO

• Modules with sLDO issues must be excluded even if CC issues were 
mitigated
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Stability
• Still need to answer if the core column issue will be stable in detector

– Will new CC issues develop on “good” modules while in operation?
• Small increase in the number of core columns disabled over Quality Control testing 

– So far, studies are done across a variety of different sites/conditions, hard to gather conclusive results
– Plans to gather large # of modules with CC issues from different vendors, and perform a variety of 

stability tests

28

Stability Test Description Status

Thermal Cycling Perform CC tests when module undergoing thermal cycling every ~25 
thermal cycles 

In planning

Long Term Operation Perform freq. CC tests when module held at cold temp for extended time In planning

Radiation Perform CC tests when module undergoing radiation every 100 MRad Setting Up

Loaded onto Supports Track CC statistics before and after modules loaded onto local support Ready to 
track
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Core Column Issues on Tracking Performance
• Initial studies of CC issue on tracking performance were carried out while understanding of CC issue 

was still developing
• Simulation uses fixed # of CCs disabled per module (1,2,4, or 10), for some % of modules
• Most loss of measurement affects d0 resolution, although not a detrimental effect
• Studies need to be repeated with better understanding of distribution of CC issues
• Need to see effect on physics results (e.g. b-tagging)
• Need to assess if CC modules can reasonably be used during operation

29

ITk is designed to be a 
robust detector. Even 
with 15% dead 
modules, Track 
Reconstruction 
efficiency is still >80%

Robustness Distribution of ITk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2018-003/
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Conclusions
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Pre-Production Starts Production 
Starts

The issue was fully realized in 
early 2024, just before module 
production starts

Now in August 2025, the issue is 
partially resolved. 

LHC and HL-LHC Schedule

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Summary

● The Core Column issue affects 
about 25% of production modules

● How to identify a Core Column  
issue in electrical testing 

● The Core column issue is caused by 
a manufacturing defect during 
hybridization

○ Some improvements in 
Manufacturing may lead to 
better results

● How to prevent manufacturing 
defects causing the issue in 
practical manner

● The stability of the issue

● How the issue will manifest itself 
in the ITk

What We Have Learned What We Are Still Investigating
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Backup
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Scratching the Surface
• Attempted to induce CC issues with scratching diced single production chips and then 

probing
– Different scratching strategies attempted

• Able to damage a double-bias column with high-pressure
– Unsurprising, as power layers on top of chip

• No core column damage induced

35
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Electrical Testing and Core Columns

• Core column pathology understood in some cases:
– E.g. entire column that consistently cannot 

communicate
– E.g. some columns that can communicate depending 

on threshold/injection, related to analog circuitry
• Still, there are cases that are not understood (e.g. right)

– We have yet to see a “smoking gun” that explains the 
electrical behavior of the core column issue

• CC issue difficult to address from an electrical perspective
– Complex information retrieval from digital logic circuit
– Specific pathologies in logic causes time-out in circuit
– Similar behavior to SEUs

36

In this chip with a CC issue, attempting to inject 
charge to digital circuit to record a ToT result of 6 also 
results in some significant number of pixels recording 
a ToT of 0. The different colors represent different 
trigger edge delays



ATLAS Core Column Issue | Vertex 2025 | Charles Hultquist

ToT and Core Column 
Issues

• Some cases of modules where core 
column issue is only seen when a 
certain ToT is hit

– Not always the case
• Core Column modules also 

associated with an overall lower and 
wider ToT distribution

• Analog injection results in spread of 
ToT, some of which will cause 
timeout, hence the analog charge 
injection used to identify CC issue
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Threshold Register (Arb. Units)
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In this production chip, 
a specific injected 
charge causes a 
time-out. As the 
threshold increased, 
the injected charge 
required to cause 
failure increased 
linearly. This suggests 
a specific ToT value 
causes the time-out 


