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ITk Pixel Detector Layout

[1]

ATLAS Inner Tracker Upgrade for the high luminosity era

Replace the current Inner Detector with an all-silicon Inner
Tracker

Strip detector: ∼160 m2 and 50M channels

Pixel detector: ∼13 m2 and 5B channels

Five pixel detector layers: L0–L4

∼10k modules will be built and tested at ∼25 sites world wide

See Caterina’s ITk overview talk on Monday
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Pixel Module Flavours

8372 modules going into the detector
L0: triplet modules (∼ 5%) for barrel (linear) and rings (round)

Using single 3D sensors

L1–4: quad modules (∼ 95%)
Using quad planar sensors

See Matias’ talk on sensor testbeam results

ITkPix v1.1 digital quad module
on flexible printed circuit

ITkPix v1 L0 linear triplet prototype

ITkPix v2 R0.5 round triplet module
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Minimisation of Material Budget

[2]

Serial powering:

On module: chips powered in parallel at 6.25 A (L2)
On stave: modules powered in series of up to 14 modules
Minimise material budget and thermal load in services

Data merging:

Per FE chip up to 4×1.28 Gbps data uplinks→ up to 16
links on a quad module
Not all links required depending on module position and
activity→ data aggregation on FE chip
Innermost layer: 12 links per triplet module (4 per FE)
L3: down to 1 link per quad module (0.25 per FE)
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RD53 Front-End Chip

[2]

Powering

On-chip shunt-LDO (SLDO) voltage
regulator for serial powering

Over-voltage protection

Under-shunt protection

Low-power mode

Identification:

Unique efuse (e.g. 0x23F A 2) to
encode a chip’s wafer number, row
and column position

On module: 4-bit chip ID via
wirebonds

Monitoring:

Analog multiplexer (MUX) for internal
currents and voltages

General purpose 12-bit ADC

Temperature sensing via on-chip sensors
or external NTC

Ring oscillators for radiation monitoring

→ See Timon’s talk about the RD53 FE chip on Tuesday←
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Pixel Module Production Flow

Modules assembled and tested at about 25 institutes world wide - organisational challenge!

Large diversity in laboratory infrastructure and production model

→ Development of exact specifications and procedures for each test

→ Development of common software tools for testing and accessing the central production database

→ Site qualification required for each assembly and testing site in many categories

28 August 2025 Lingxin Meng (lmeng@cern.ch) — ATLAS ITk Pixel Module Electrical QC - Vertex 2025 5/26



Production Database (PDB)

Record of all parts used in the detector including their history and tests

Outsourced to Unicorn University in Czech Republic

Host of mongoDB of 25 GB, development of database API and GUI

Hierachically structured by component types:

Each component type has intrinsic properties, parameters, stages and tests defined
A component type can have child component types and parent component types
Batches of components
Shipments

Unique identifiers (UUID) or unique ATLAS serial number (SN) with encoding schemes

Limited functionalities other than storage of information

Supplementary

Large files stored on CERN EOS

Custom itkdb python package as a wrapper to interface with the Unicorn API, used by most PDB
interfacing common tools in ITk
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Component Stages and Tests

All tests on a component defined in a pool associated with the lowest component

Components get assembled onto parents and go through their stages

At each stage always the same tests (or a subset) are run

Only have to define the test once - ensure consistency of test definition and enable comparability between stages
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Sensor QA/QC

Sensor QC (IV) on every sensor tile by the sensor vendor on the wafer, plus batch tests on test structures per wafer (CV)
Sensor QA is done by a few ITk institutes on 1-2% per batch after dicing (QA’ed sensors will not be used in detectors)

Visual inspection of defects

Metrology for thickness and bow
measurements

IV, CV and IT (leakage current vs
time)

Irradiated samples

Testbeam
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FE Wafer Probing

All FE chip wafers are probed at ITk institutes
using BDAQ before shipping to hybridisation
vendors

Bonn and Glasgow already probed production
wafers

Other sites (Paris, Hongkong) being qualified

Rate (per site) is ∼1 wafer (131 chips) per day

Exceptional yield of 90 %
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Module Testing for Quality Control (QC)

Non-electrical QC aims to verify requirements:

Record any visible defects that can possibly lead to degradation in electrical performance
Ensure that physical module dimensions are suitable for a good thermal and mechanical performance

Non-electrical tests: wirebond strength, visual inspection, metrology (module dimensions and bow)

Electrical QC aims to verify two critical requirements:

1 The module/chip has to function within the given system constraints
2 Each module/chip has to have performance suitable for ”good physics”

Electrical tests: sensor leakage current, FE calibrations and other basic chip functionalities, pixel matrix scans, tuning
to provide a good configuration/baseline, and pixel failure evaluation

Testing goals, detailled procedure and pass/fail criteria thoroughly documented
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Module QC * Tools

Common elements for the testing setup:
Common modular enclosure to keep the module safe during
handling and testing
Common type-specific (for quads and triplets) power and data
adapter boards and pigtails
Module testing temperatures comparable to later stages with
DCS, environmental control and monitoring
Common design for coldbox available

Common QC software:
Using YARR [3] as DAQ (SW and FW using commercial FPGA boards via common order)
Module QC * Tools: pip-installable python packages:

module-qc-database-tools (MQDBT) [4] to interface with databases, e.g. generate config files or upload measurements
module-qc-measurement-tools (MQT) [5] to run measurements and record raw values
module-qc-analysis-tools (MQAT) [6] to interpret the measured results, do calibrations and apply cuts
local database (LDB) [7] to orchestrate these functionalities, automatically run analysis, act as local file manager
Example here: → https://itkpix-srv.ucsc.edu/localdb←

Testing time per module full QC is 1h40 without IV and source scan→∼2 hours per module
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Interactions Overview
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Module QC Electrical Tests

Tests are ordered by relevance

Sensor biased at operational voltage and module powered at
nominal current
(except sensor IV, SLDO and low power mode)

Eye-diagram to obtain optimal data link delay settings

Chip efuses always checked against expected

Simple (one test requires one input) and low level tests

Sensor IV

Core column scan

FE chip calibrations
Calibration of internal ADC
Analog register readback
SLDO regulator curve
Calibration of the injection circuit
Low power mode test
Data transmission

Complex (one test requires multiple inputs) and high level tests

Minimum Health Test (MHT)
Digital scan
Analog scan
ToT scan
Threshold scan

Tuning (TUN)
Global threshold tuning
ToT tuning
Global threshold tuning
Pixel threshold tuning

Pixel failure analysis (PFA)
Digital scan
Analog scan
ToT scan
Threshold scan
Noise scan
Disconnected bump scan
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Leakage Current vs Bias Voltage

Measurement using mqt: defined voltage range, step, settling
time and current compliance

Analysis via mqat: output IV plot and results table

Plot measurement, normalised current to 20 ◦C, voltage and
current limits, breakdown indicator and environments

Plot bare module IV: comparison required comparison by
specification

Triplet module: three single sensors are biased in parallel
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ADC Calibration

Goal:
Cross-check and update the ADC calibration done at wafer probing with the
help of an external multimeter

The calibrated ADC can be used to conduct all following measurements
without an external multimeter

Procedure:
Use the Vcal DAC range to output voltages

Record the ADC count and measure the Vcal voltage via VMUX using an
external multimeter

28 August 2025 Lingxin Meng (lmeng@cern.ch) — ATLAS ITk Pixel Module Electrical QC - Vertex 2025 15/26



Analog Register Readback

Goal:
Read back and verify all chip internal voltages and currents after configuration (e.g.
reference voltage for over-voltage protection - VrefOVP)

Cross-check and update the VDDA/D trim obtained at wafer probing

Measure:
All internal currents and
voltages
Temperature using all
on-chip sensors and
external NTCs
VDDA/D vs trim value
All ring oscillators vs
VDDD
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SLDO Regulator VI Curve

Goal:
Verify the characteristics of the SLDO curve

Check all the FE chip internal values are within normal
operational range (e.g. the shunt current)

Procedure:
Record the voltage vs current at the linear portion from
∼7.5 A down to below the nominal current
Measure relevant internal currents and voltages at each
current point
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Calibration of the Injection Circuit

Goal:
Cross-check and update the injection DAC (Vcal) calibration measured at wafer probing

Measure injection capacitance to ensure chip tuning accuracy

Procedure for Vcal calibration:
Scan the Vcal DAC from 100 to 4000
Measure the Vcal value using VMUX

Procedure for injection capacitance:
Measure from the capmeasure circuit Icapmeas, Icappar and
VDDAcapmeas via VMUX
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Low Power (LP) Mode

Goal:
Verify functionality of the low power mode for the nominal low power current

Ensure LP mode can be used during integration to check connectivity before the connection of cooling

Procedure:
Send LP signal

Power on module in at LP nominal current

Measure relevant currents and voltages

Run LP digital scan to ensure communication
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Data Transmission

Goal:
Ensure data-link quality is sufficient for operation in the detector system with full services and connected to lpGBT

Ensure on-module data aggregation is functional in different configurations

Procedure:
Record an eye diagram with the DAQ

Test data link sharing in 2-to-1 (0.5 link/FE) and 4-to-1 (0.25 link/FE) merging modes
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Minimum Health Test (MHT)

Goal:

Minimal set of scans to check functionality of chip in between stages
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Tuning (TUN)

Goal:

Check that a tuning was overall successful and the chip behaves as
expected.
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Pixel Failure Analysis (PFA)

Goal:

Ensure good physics data efficiency and determine number of failed pixels in each category

High to low level exclusive pixel failure categories

Distinction between electrical and bump bond failure

Retiring source scan to be performed batch-wise

Radiation protection, setup, handling requirements
Disadvantage due to SMD components vs duration

Crosstalk-based disconnected bump scan with analog
injections into neighbouring pixels

As fast as analog scan and very reliable

Source scan vs crosstalk-based scan to determine broken bump bonds
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Issues Encountered

Core column issue: see Charlie’s core column talk on Tuesday
Core column scan added into module QC routine, further developments and investigations ongoing

VDD trim saturation
VDDA and VDDD: voltage regulator trimmable via DAC
Measure the full range and determine the best trim for 1.2 V
Saturation often seen on modules, not observed during wafer probing,
likely due to different powering conditions and power-sharing on module
Some chips on a module go into undershunt - less severe when given
more power

✓ Improved/solved by increasing the nominal current
(6.06 A→ 6.25 A for outer system quads)

Varying analog ground measurement
During site qualification observed large differences
Chip quantities through VMUX measured against module GND
Chip analog GND has an offset vs module GND defined only by the flex
design and wirebonds

✓ Diagnosed to be from GND loops in site-specific multi-module setup
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Module Data Reporting - Module QC Statistical Tools

We notice most of the issues through support on Mattermost and during site qualification

Need to closely monitor systematic behaviour of relevant quantities

”Module QC Statistical Tools” create a website with module resports that shows various quantitites on all module data in the PDB

Updated on a daily basis via git pipeline

Yield breakdown of each parameter per test Distribution of each parameter value
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Conclusion and Outlook

Ready for ITk pixel module production:

Developed a comprehensive QC testing suite with good documentation and robust software development

Cover more than only electrical QC testing: interaction with databases, measurements, analysis, interpretations,
visualisations and GUI

Module electrical QC tests are in very good shape thanks to year long discussions and work at all fronts: test
specifications, PDB structure, software development, user support and feedback, and careful monitoring of data

Future improvements

Core column scan to cover more cases, e.g. threshold dependence

Increase testing speed and automation, e.g. move to fileless communication between
software packages

Develop module categorisation and scoring system

Support for module testing on loaded local support - many tests already work with FELIX HW
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extra slides
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Module Assembly

All modules assembled by hand, using common custom tools
Dispense glue via stencil to attach bare module (sensor-FE) and module flexes

Glue choice: thermal/electrical conductivity, mechanical property (hard, soft),
strength, radiation hardness, thermal expansion→ can potentially destroy bump
bonds and more (see the Strips talk next week)
Glue pattern (stress), distribution/thickness→ liquid is difficult to control
Very tight constraints→ small tolerances of a few 10 µm

Dispense glue via stencil onto flex Assemble flex onto bare module
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IV Analysis

Original breakdown definition made for IV on sensor tile works fine on nice measurements performed on probestations

IV measurement on a modules has more fluctuation

Precision of HV supply often worse than specified - barely able to measure currents when cold

→ Simplify breakdown definition using leakage current as limit
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Module QC Database Tools (MQDBT)

python -m pip install module-qc-database-tools

Repo: https://gitlab.cern.ch/atlas-itk/pixel/module/module-qc-database-tools

Mostly used to generate module and chip configuration files once the module finishes the assembly stage

mqdbt generate-yarr-config --sn <ATLAS serial number>
Fills minimal values taken from wafer probing results: ADC calibration, Iref trim
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Module QC Database Tools - Other Functions

← component review

All other mqdbt functions→

28 August 2025 Lingxin Meng (lmeng@cern.ch) — ATLAS ITk Pixel Module Electrical QC - Vertex 2025 26/26



Module QC Measurement Tools (MQT)

python -m pip install module-qc-tools

Repo: https://gitlab.cern.ch/atlas-itk/pixel/module/module-qc-tools

Interfaces with DAQ (and DCS if necessary)

mqt measurement <measurement> -c <hardware config> -m <connectivity>

Outputs raw values (no conversion/interpretation/fit)→ rerun analysis if necessary

Output data format strictly defined and schema-validated
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Module QC Analysis Tools (MQAT)

python -m pip install module-qc-analysis-tools
Repo: https://gitlab.cern.ch/atlas-itk/pixel/module/module-qc-analysis-tools
Central repository/package for all module level electrical and non-electrical analysis
Take well-defined measurement inputs (from mqt or other sources with the same schema)
mqat analysis <analysis> -i <input measurement>
Package and functions can be imported by other tools, e.g. localDB or software for loaded
local support measurements
Convert values using calibrated chip parameters, plots and pass/fail using a cut-file
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Local Database (LDB)

LocalDB top page with
a list of functions

Searchable list of components Display of past stages
and results

LocalDB consists of a local mongoDB and a custom viewer with a user-friendly and colourful GUI

Automatically run analysis upon uploading measurement output and displays analysis results

Local or cluster-wide file browser with customisations (e.g. defining site-specific stages/tests)

Imports other mq*t to generate config, run analysis and compile module summary reports to sign off a stage
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