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HL-LHC

E(é’“‘” Outline

= Macro Pixel Sub-Assembly (MaPSA) overview

= R&D and Prototyping efforts
= Plans towards production
= Costs and Risks

= Summary
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HL-LHC

E(% Biographical Sketch

= Brief biographical sketch for the L4 managers
= Doug Berry

10/23/19

Associate Scientist at Fermilab

Manager of CMS Phase | Upgrade Forward Pixel Test Stand and
Database (2014-2017)

« Received CMS Achievement Award for Work
LPC Distinguished Researcher

Experience Reassembling and Commissioning of CMS Phase | Upgrade
Forward Pixel detector at CERN

= Ron Lipton

Senior Scientist at Fermilab
APS Fellow
Co-Manager of DO Silicon tracker and LO upgrades

R&D on 3D integration, 8” thin wafer development, radiation hard AC

LGADs, ILC detectors, Induced current detectors, and Muon Collider
detectors
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HL-LHC

MaPSA Overview
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HL-LHC

E(é\“ MaPSA Overview

= US is responsible for managing the production of the

MaPSA (Macro Pixel Sub-Assembly) component of the PS
module.

= Assembly description
= Development Phases
= Requirements

= Responsibilities
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HL-LHC

EZ MaPSA

= The MaPSA (Macro Pixel Sub Assembly)
is the bump bonded assembly of the
pixelated PS-p sensor and the MPA
(Macro Pixel ASIC) readout chip

= The lower component of the PS module
assembly

SSA

Strip Sensor SSA

'T‘ MaPSA 'T‘ Front-end hybrid
8x MPA I—T_n:n:n:n:n—&m:m:n:ﬂ;—' MPA X8

Pixellated Strip Sensor

= Pixels are on 1446x200 micron pitch

= 200 um pitch is staggered
(effective 283 um pitch)

= 2x8 MPA chips, 1 PS-p sensor per assembly
= Underfill used for mechanical stability

= Either underfill or polymer film for HV
protection
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HL-LHC

EZ Production Phases

1. Dummy MaPSAs built in order qualify vendors and produce
mechanical grade MaPSAs

= The final dummies processed at AEMTec and 13
= AEMTec met our quality specifications

2. Prototypes using initial MPA and sensor submissions

= Round 1 quantities limited by the number of MPA wafers available

. I?-’IcI)DI?)Etup and 20 active assemblies order from two vendors (AEMTec and

« 12 out of 15 ordered setup components were delivered in August
- AEMTec had several technical issues
« 10 active components arrived from AEMTec in mid-October
- HPK are processing their components (15 setup and 10 active)
Expected delivery in January

= Round 2 prototypes were out for bids in August

= Two vendors (HPK and Quik-Pak) have been awarded the contract for 40
MaPSAs each

= Vendors selected based on past experience and fabrication capabilities

3. Production
= 2 vendors to be qualified for production
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HL-LHC

Design and QA/QC
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HL-LHC

EE%(WAS%

* The number of prototype
assemblies is limited by
the cost of pre-
production 65nm

MaPSA Assembly

fabrication

= Tested PS-p and thinned
MPA wafers with UBM
and bumps were
provided by sensor

MaPSA Assembly
Foundry HEP or \ Contractor Assembler
MPA Contractor UBM D% Test| ™
ssA Test UBM [Ball] Thin Inspect — [Dicel

Wire bondable pads

\ / Lead-free balls

Wafer-level probe test

institutes and CERN Dummy

= MPA wafers are then
diced and bump bonded

to sensors

10/23/19

Doug Berry

Prototype
Production
Required

Spares

HL LHC CMS Detector Upgrade CD-1 Review

Wafer preparation

6400
5592
808
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HL-LHC

EZ Requirements

= Underfill must fully cover the edges of the assembly to resist
sensor to ASIC breakdown
= Verified by sonographic inspection
= A variety of candidate materials are being tested

= Must withstand 800 V during assembly tests

= Underfill may not cover wirebond pads or extend to the surface of the
assembly in the spacer area

breakdown
= Verify sensor characteristics unchanged
= Verify functionality of bump bonded MPA chips
= Test hardware and software provided by CMS

= Verified by scanning acoustic microscopy EEEEEREREERE]

= Kapton strips are being investigated as an '0 ® o0 000 a0 1%

alternative to the underfill near toedge of fe & & » '8 o & & o ¢

the sensor o o ¢00 3 URC o g

= Bump vyield must be >99% S :‘: a8 o

= Vendor must test each production ole o sev e ¥
MaPSA both for readout and HV (0 SRESTRES R I

SRANINAERS
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§ MaPSA Quality Assurance

= Need to ensure that the MaPSA !Jltrasound

passes quality requirements before
installation on the PS module

= Bump bonds not visible after
assembly
= Visual inspection of prototype MaPSAs

= X-Ray assembled MaPSAs

= Ultrasounds measurements of bump
bonds by Sonoscan

R
.

X-R.a.y.f .

s -

L4
Q’.:
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HL-LHC

EZ IMaPSA testing probe-card system

= Probe testing is our primary QA/QC tool for the MaPSA

= As the MPA chips are bump bonded to the sensor and not on
wafer, this is not a standard probe test

= Probe card and stand and readout system are being prepared
on a single MPA chip

= Finalizing probe card and electrical tests for module qualification

- Using pixel noise measurement as qualification of bump bond
connectivity

= Once QA/QC is finalized on single chip, generalize the process
to 16 chip assembly

= Distribute the system to vendors and production centers
= Assemblies to be tested for basic functionality

= All MPA chips must be programmable and fully operation
= Bump bond yield must be > 99%

= |V performance of sensor up to 800V

10/23/19 Doug Berry HL LHC CMS Detector Upgrade CD-1 Review OT L4 - MaPSA 12



HL-LHC

EZ MaPSA Probe System

= Details covered in BO3 (Yuri Gershtein)
= Probe card connects to MaPSA via probe pins

= Probe card and interface board readout by FC7
= FC7 connected to PC via IPbus

= Using early MaPSA prototypes to develop
test stand

= Probe one MPA chip at a time

Inteceg‘eard and
Probe*€ard
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HL-LHC

E ( 'MS%

" First components received
from AEMTec

= Setup components received in
mid-August

= Not capable of performing
electrical tests

= Active components delivered in
mid-October

= 3 production issues at vendor
and sub-contractor

= Difficulty removing dicing tape
from MPA wafer (AEMTec)
= Contamination from UBM

process on sensor back plane
(AEMTec)

= Damage to MPA and sensor back

plane from dicing (DISCO)

= Also suitable to commissioning

MaPSA probe station

" [ssues at vendor may not effect

electrical performance

Doug Berry

Setup MaPSA Quality

0.2

z displacement (mm)

MaPSA Flatness

9

“Sensor Height/

*

b3
* * ¥ ¥ *

*

*
E3
¥ *
% ¥ ¥
|

1
100
x displacement (mm)

1 1 1 1 I 1 1
60 80

o
N
o
N
o

= Setup MaPSAs are sufficiently flat

HL LHC CMS Detector Upgrade CD-1 Review

= Critical for probe testing
= Commissioning of assembly sites

OT L4 - MaPSA

14



HL-LHC

E(% MaPSA Probe Card

= MPA chips bump bonded
to sensor

‘ s

" Unique issues with MaPSA = 8
assembly >

= Probe card needles make
contact with MPA
wirebond pads

= MPA chip is readout

through probe card and
FC7

= Alignment of probe card is
dependent on MaPSA
geometry
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-trical Tests with Probe Card

" Tests perfcI)Or_mec(Ijone chip at a Before
time on a biased sensor Trimming
= Power on sequence: ~30
seconds :
€ 400 ‘
= Read/write register: )
= ~30 seconds to write and o |
read out one random value of U \
to eaCh regISter ° > Thre:r?cc))ld compa::t%rDAC 200 220
= ~30 minutes to write and — Post
read out every possible , ,
value for each register / Trimming
" |nitial s-curve: ~30 seconds \
" Trimming: ~1 minute Untrimmable
= |-V curve: ~2 minutes Plotting Pixel
= Measured only once per  Effor N \ \

MaPSA % 100 150 250 2%

Threshold comparator DAC
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Project Organization

Doug Berry HL LHC CMS Detector Upgrade CD-1 Review

OT L4 - MaPSA
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-tutional Responsibilities

= Fermilab
= Physicists: Doug Berry and Ron Lipton
= Organize production and testing of the MaPSA sub-assemblies

= MaPSA test system development
= \Vendor-based QA/QC validation

= Rutgers
= Test system development (in separate WBS 402.2.4.2)
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Charge #4

Direct M&S ($)| Labor (Hours) FTE| Direct + Indirect + Esc. | Estimate Uncertainty Totd Cost($)'
($) (%)

DOE-CD1-402.2 402.2 OT - Outer Tracker (at DOE CD1) 20,575,450 376978 213.22 42,871,529 9,891,026 52,762,555
DOE-CD1-402.2.2 OT - Management 959,000 43537 24.63 1,125,217
DOE-CD1-402.2.3 OT - Sensors 4,993,973 31778 17.97 7,371,148 1,309,487 8,680,634
DOE-CD1-402.2.4 OT - Electronics 2,740,374 33044 18.69 6,222,484 1,241,158 7,463,642
DOE-CD1-402.2.4.1 OT - Macro Pixel Sub-Assembly 2,162,244 4645 2.63 2,468,116 737,873 3,205,989
DOE-CD1402.2.4.1.1 OT - MaPSA Prototypes 328,000 2025 1.15 486,140 136,020 622,159
DOE-CD1-402.2.4.1.2 OT - MaPSA Production 1,834,244 2620 1.48 1,981,976 601,853 2,583,829
402.2.4-0T-WBS L4 Base Budget Breakdown (DOE) 402.2.4-0T-Base Budget Profile (DOE)-WBS L4 Subprojects

BAC = $6.22M (AYS) BAC = $6.22M (AYS)

» 51,600
E u Budgeted Cost - 402.2.4.3
§ $1,400 mBudgeted Cost - 402.2.4.2
’E M Budgeted Cost - 402.2.4.1
$1,200
Zoom
402.2.4.3Labor - 2
1% +  $800
o
3 sooo [
$400
MaPSAs ™ mle I MaPSA
402.2,45/DMateria| \ 09241 Lab0r a s 50 - - a S

3%
402.2.4.2Labor
6%

FY17 FY18 FY19 FY20 FY21 FY22 FY23 FY24 FY25

402.2.4.3Material

Fiscal Year

®= The bulk of iEhe production effort is covered by M&S at the assembly vendors.

= Added an Engineer to the MaPSA testing task
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Risk Mitigation
= Multiple vendors
(2 or 3)

= Value
engineering

= Pitch is larger
than previous
detectors
= Staggered 200
um (283 um
effective)

= Widely available
from
commercial
vendors

= Sensors and
MPAs are
delivered pre-
tested

10/23/19 Doug Berry

o
g

-400

800

Risk Contingency (k$)

HL LHC CMS Detector Upgrade CD-1 Review

Charge #4

RU-402-2-01-D OT - Uncertain performance of Hybrids vendor
RT-402-2-11-D OT| MaPSA bump bonding cost increasesl
RT-402-2-10-D OTJ Vendor cannot perform MaPSA qualification... I
RT-402-2-91-D OT - Shortfall in Outer Tracker scientific labor

RT-402-2-09-D OT | MaPS$A yield is lower than expected |
RT-402-2-90-D OT - Key Outer Tracker personnel need to be...

RT-402-2-23-D OT - Vendor is unable to produce sensors to...
RT-402-2-46-D OT - Problem with carbon foam vendor
RT-402-2-01-D OT - Sensor quality problem during production
RT-402-2-33-D OT| More preproduction modules neededl
RT-402-2-43-D OT - Problem with carbon fiber vendor
RT-402-2-24-D OT - Problem with module mechanical parts vendor

RT-402-2-59-D OT - Damage to Flat Barrel Layer

RT-402-2-14-D OT - System test hardware has insufficient capacity
RT-402-2-60-D OT - Problems with wire bonding

RT-402-2-54-D OT - Mechanics materials degraded by radiation
RT-402-2-06-D OT - Temporary loss of Sensor QC Site
RT-402-2-25-D OT - Module assembly yield is low

RT-402-2-57-D OT - Major failure of layer assembly infrastructure
RT-402-2-58-D OT - Damage to Flat Barrel Planks

R0O-402-2-03-D OT - Module assembly can be automated
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HL-LHC

Critical Pa

th

Charge #3

= MaPSA are a critical component of the PS modules

10/23/19

0 T 707 T 2 T 73

708 T 705

705 T P

2028 2029

o4|o1|Qz|03|o4|01|o2|o3|o4|o1\o2|03|04\o1\02\03\o4

: DOE - CD-1--Atemative Selection and Cost Range - Receive ESAAB approval
5M’é§:ﬁ?ﬁ?ﬁ""" DOE - CD-3A-; Longlead procurements - Receive ESAAB approval |
28-0ct-2020* CMS OT - First Production PSP Sensors available
CERN delivers productron PS-Psensors (Lot01)
30-Nov-2020*" ': D E - CD-2/3 - Performance Baseline - Receive ESAAB approval
CERN delves production PS-P sensors (Lot 02)
CERN delvers production ™ e o

CERNde
P

Perform process QC for

Outer Tracker Threshold KPP

Aug 2024: Flat Barrel constructr
complete

(11.4 months of float before CMS need by
date)

Aug 2024: Module batches 1-9

construction complete
(5 7 months of float before CMS need by
date) i

buter Tra&ker Objeciive KPP: |

2023 [T5- Ld[)

o1|oz|os|o4|o1|o2|os|o4\o1\oz oa\o4\o1\oz\oa\o4|o1|02|03|o4|o1|02|03|o4|o1\oz\oa\m\ou

Long Shutdown 3

CERNGespr ()2, 2 3 PS-p Sensors

1 MO STIDUID [WIVWIY |LYL U]

roduction PS-P sensors (Brown)(Lot 06)

Perform process|QC for production PS-P sensor5 (Brown) (Lot 07)

Perform process QC for production PS P sensors (Brown) (Lot 08)
Perform process QC for producnon PS-P sensors (Brown) (Lot 09)

te production PS-P sens oré with protons
e production PS-P sens or$ with protons

Evaluate proton-irradiated p'roducnon PS-P sensors (Lol 09)
2023 (T5- Lot 09 Production PS- P Sensors Complete (Brown)

,» 402.2.4 MaPSA Batch 9

Ven

(Lot09) M8S
(Lat09) Labor

Testprodidion MaPSAS (FNAL)-Baich 09

Inspect MaPSA for PS pro

Wil

T4-PSMode Prod

-TKPPOT20
FLOAT

RESHOLD KPP {T-KPP-OT) OUTER TRACK

duction modules (Brown)-

ast-test hybrids for P'S production modules (Pringeton
Perform :OC tests of PS production rﬁodu les (Prin
Track zrrdshrp PS production modrles (Rutgers
Track ar:rdsmp PS production mo&rles (Rutgers
-TKPP-OT- OUTER TRACKER FLAT BARR

FLOAT - T-KPP-OT-1
uction Batch 09 Complete

ach 09

EtMaPSAfu PSproduction modules (Brown) Baith 09 Labor :
erform rnechamcal assembly of PS produdlon m
Track andshrp PS production modu\es (Brown) - Batch 09 Labor |

402.2.5 PS Modules Batch 9

les (Brown)-Batch 09 Labor

)- Batch 09 Labor
eton) - Balch 09 Labor
-Bach09M$
-Batch 9 Lebar

B Critical path activity
C— Schedule contingency

External milestone
(e.g. CMS need by date)

EL CONSTRUCTION COMPLETE : :
TFLAT BAWEL CONSTRUCTION COMPIETE --T0--CMS NEED BYDATE

ER CONSTRUCﬂON COMPLETE

TER TRACKER MODULE CONSTRUCTION (9 BATCHES]
- T-KPP-OT-?I OTMODULE CONSTRUCHON (9BATCHES) COMPLETE--TO — CMSNE ED BYDATE

)COMPLETE

] FLOAT — TKPP-OT OUTERTRACKERCONSTRUCTDN COMPLETE --TO - CD- 4

18Dec2024 ¢ 14-0KPP

20.Feb-2025 * CMS -
2132025

_Dec 2025: OT construction and

OT-3: OUTER TRACKER PSAND2S MQDULECONSTR

jules built" (5 rrj)omhs before "OT
0T subdeleciprs completed” (5
KPP (O-KPP:OT): OUTER TRA|

-0JKPP-OT OUTERTRACKERO

ICTION OFBATCH1OCOMPLETE

ubdetedors complete”)

months tzefore "OT instalation") |

CKER CbNSTRUCTIONAND NTEGRA'I'ICN COMPLETE
KJECTNE KPP COMPLETE---TO +- CMS NEED BY

talktion (CM$ Need by date)
30-Sep-2027*

\FLOAT 0KPPOTOUTERTRACKEROBJECT\VEI@P COMPLETE--TO - CD4

‘x DOE;- CD-4-Project Completro_n -Receive approval

integration complete

Doug Berry HL LHC CMS Detector Upgrade CD-1 Review OT L4 - MaPSA
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HL-LHC

Reviewer Question

4. Clarify MaPSA situation and risk factor - is there a mitigation or fall-back plan in case all vendors fails or
go below expectations? Add this to the dedicated presentation.

We believe there is only a very small probability that all vendors we are vetting will fail to deliver an
acceptable product. Technically, the bump bonding of the MaPSA is less challenging than previous projects
we have experience with, such as the original FPIX and Phasel FPIX modules. The UBM and bump
placement R&D is done and these vendors are secure (HPK and StatsChipPak). The flip chip assembly is
not technically challenging, but the form factor is unusual for most vendors. Initial dummy parts we
received from the first vendor show good quality of the bumps themselves in terms of uniformity of size
and placement. The actual assembly did not cause the delay in the last round. This was caused by the
vendor working through problems serially (picking parts off dicing tape, slow delivery of waffle packs,
communication with the dicing vendor). The actual module assembly went smoothly and took only a few
days. HPK assembly is delayed because they were waiting for parts from the first vendor.

We have had acceptable setup parts from two vendors. We are now starting to test the first fully active
modules. An outstanding issue is the transfer of MaPSA probe testing from Fermilab to a commercial
testing vendor, which had to wait until active parts were available.

Additional risk mitigation can consist of probe testing of the bump bonded modules at the vendor,
allowing for replacements of individual, faulty chips.

If the best vendors do deliver acceptable parts, but at a slightly lower quality than our specifications for
example with respect to fraction of functional pixels, we would have to evaluate the impact on physics
performance through simulation. However, even having a factor of two more bad bumps than specified
for example, will have only a minimal, if not negligible impact on tracking efficiency and resolution. We do
have a risk that covers lower performance of MaPSA (RT-402-2-09-D) with a probability*impact of $76k
and 0 montbhs.

10/23/19 Doug Berry HL LHC CMS Detector Upgrade CD-1 Review OT L4 - MaPSA
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HL-LHC

Eé ES&H

" ES&H issues for this project
= High voltage
= All current limited applications
= Hazardous waste generation
= Lead-free bumps specified
= Epoxies (at vendors)

" To mitigate these hazards, follow local laboratory safety
procedures at each institution
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HL-LHC

10/23/19

Summary

Doug Berry

HL LHC CMS Detector Upgrade CD-1 Review

OT L4 - MaPSA
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HL-LHC

CMS
EZ Summary

= The MaPSA probe card setup is being commissioned

= Early MaPSAs received from vendors
= Round 1 is being completed
= Round 2 vendors have been selected

= Currently commissioning the full size MaPSA setup

= Perform on-wafer measurements of MPA ASICs before dicing
= Measure the MPA chip performance after bump bonding
= Measure IV of sensor after bump bonding

= QA/QC is being validated

= Process will be replicated at the vendors for quick quality control
tests

10/23/19 Doug Berry HL LHC CMS Detector Upgrade CD-1 Review OT L4 - MaPSA
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10/23/19

Backup

Doug Berry

HL LHC CMS Detector Upgrade CD-1 Review

OT L4 - MaPSA
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Trimming and SCurve Measurement

HL-LHC

= Calibrate Before Trimming 600 Post Trimming
system using __|Threshold: o Threshold:
injected 79.8+16.1 84.9+1.4
charge 150 400

= Trimming is oo ]
performed by 200-
looking at 50- ‘ o]
scanning the
threshold "% 2 60 80 160 CTTE T s s 0 % w0
comparator
THR for a fixed Before Trimming Post trimming
calibration “|Threshold: 400- noise:
pulse "12.610.3 2.5£0.2

300 4

200 ~

100 A
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HL-LHC

LHC

Sensors

Prototype

Integration

FY17

10/23/19

Prototype

FY138

Setup

Prototype

Components

Prototype
Prototype

Prototype

Prototype

Prototype

Prototype

FY19

Doug Berry

FY

20

HL LHC CMS Detector Upgrade CD-1 Review

prerc

Cartoon Schedule

Installation

Sensor QC sites

&

Sensors

Test Systems

Data Acquisition

Assembly sites
Module Hybrids
Module Mechanics

PrePd Production

Planks
Rings

Assembly Flat Barrel
CERN Integration

FY24 FY25

OT L4 - MaPSA

FY26

28

FY21 FY22 FY23



=2 |[Dummy MaPSA QA/QC

= 4 Serpentines tested in series
= Expected resistance ~ 180-200 ohms (varies with wafer)
= Missing bump corresponds to 40—50 ohms
= First and last 8 MPA different # of strings per measurement —
different baselines

HI.-LHC

400

AEMTec

350
300

250 | ®® - e P

® o o

2 200
2
[N J o000 o © o ° ° ° ® o000

00® @ 0% ¢ ENSNIPADOEENRAND ¢ Gmm o, o

150 o @ o o o0 o000 [ ]

© CUD® D ¢ O GD CHNAEDEIDENGe 000 Socemmid o
100

0.00E+00 5.00E+01 1.00E+02 1.50E+02 2.00E+02 2.50E+02
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HL-LHC

AEMTec Bump Quality

* The wafers from AEMTec are only
partially bumped

= Only about 10% of the MPA
chips are fully bumped (156
good chips within 22 wafers:
full yield = 10%)

= We received maps for the 6
wafers that have fully bumped sz

= Partially bumped chips used . .
for dummy MaPSA

= Used the OGP (optical CMM) to
photograph the wafer surfaces to
survey the bumps

= Labview vision program to
locate good and missing
bumps

21255

10/23/19 Doug Berry HL LHC CMS Detector Upgrade CD-1 Review OT L4 - MaPSA 30



HL-LHC

E(% Dummy MaPSA QA/QC

= |[f we see an open in the daisy
chain, it is not clear whether it is
due to a missing bump or a flaw
in the dummy wafer lithography

= We saw examples of flaws and
scratches in the initial batch from
RTI/Princeton

= To verify the quality of the MPA
before bumping we added a set
of serpentine resistors to the
MPA layout

= Each serpentine resistor is about 40
ohms

= They are shorted by the PS-p
bumped part of the daisy chain

= Normal jumpers are about 36x
lower ~1 ohm

= Each good chain are about 12-20
ohms

serpentine

PS-p jumper

bump
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RI-ID Title Probability Cost Impact Schedule Impact P * Impact (k$) P * Impact (months)
= WBS / Ops Lab Activity : 402.2 OT - Outer Tracker (21)
B Risk Rank : 3 (High) (5)
RU-402-2-01-D  OT - Uncertain performance of Hybrids vendor 100 % 0 -- 168 -- 648 k$ 0 -- 2 -- 12 months 272 4.7
RT-402-2-91-D OT - Shortfall in Outer Tracker scientific labor 30% 0--0--1049 k$ 0 months 105 0.0
RT-402-2-01-D OT - Sensor quality problem during production 50 % 46 --79-- 163 k$ 2 -- 3 -- 6 months 48 1.8
RT-402-2-46-D OT - Problem with carbon foam vendor 25 % 23 --158 -- 396 k$ 1--6 -- 12 months 48 1.6
RO-402-2-03-D  OT - Module assembly can be automated 66 % -500 k$ -2 months -330 -1.3
= Risk Rank : 2 (Medium) (15)
RT-402-2-11-D  OT - MaPSA bump bonding cost increases 20 % 500 -- 1000 -- 1500 k$ O months 200 0.0
RT-402-2-10-D OT - Vendor cannot perform MaPSA qualification tests 33 % 200 -- 400 -- 600 k$ 0 months 132 0.0
RT-402-2-09-D OT - MaPSA yield is lower than expected 15 % 370 -- 640 k$ 0 months 76 0.0
RT-402-2-90-D OT - Key Outer Tracker personnel need to be replaced 25% 75--225--570 k$ 0 -- 0 -- 3 months 73 0.3
RT-402-2-23-D OT - Vendor is unable to broduce sensors to specifications 5% 210 -- 315 -- 2720 k$ 6 -- 9 -- 12 months 54 0.5
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