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Introduction

HL-LHC

= Sensor procurement needed to build modules
= $5.9M BAC plus 1.8M EU
= Timeline currently drives critical path

Labor (hours) . Direct M&S § | Indirect + Esc. () |:@ Uncertainty (F) Total Cost ()
- [CD1-v2-DR-03 402.2 OT - Outer Tracker ¢5,611,474 5,919,543  &1,775,863 57,695,406
= CD1-v2-DR-403.3 OT - Sensors 85,611,474 65,919,543 81,775,863 57,695,406
CD1-v2-DR-403.3.2 OT -PS-P Sensors 5825,126 SA70,425 5261,128 51,131,553

= CD1-v2-DR-403.3.3 OT -PS-S Sensors 61,139,607 81,202,172 S360,652 51,562,823
CD1-v2-DR-403.3.4 OT -25 Sensors 53,646, 740 53,846,946 51,154,084 55,001,030

= Group procurement w/CMS to ensure homogeneity

= CERN Market Survey qualifies vendor, manages procurement
= U.S. CMS procures from CERN our share

= Three Risks Associated with Sensors

RIHD
= Risk Type : Threat (3)

= Risk Rank : 2 (Medium) (2)

RT-402-2- OT - Temporary lozs of Senzor QC Site If a Sensor QC facility temporarily becomes inoperable due fo loss or damage of critical equipment (e.g. due to a water lzak) then the resultant dip in sensor 20 % 10 22--45-85 1-2-4
06-D throughput may jeopardize timely completion of the project. 3 months
RT-402-2-  OT - Vendor is unable to produce sensors  If vendor is unable to produce sensors that meet CMS Specification then the additonal cost and delay of identifying a new vendor jeopardizes the timely and on- 5% 54 210-315—- 6-9-12
23-D fo specifications budgst complation of the projact 2720 ks months
= Risk Rank : 3 (High) (1)
53-302-2- OT& ?HSOF quality problem during If the sensor vendor delivers sensors that do not meet specifications then the degraded performance of the tracker jeopardizes the physics performance of the 50 % 43 42 ~-79-163 2- ?h“ 6
- production i months

upgraded detector.

Probability P * Impact (kF) Cost Impact Schedule Impact
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E“\é’“’ Progress on Sensor design

Since June 2018 IPR

= Single vendor left in Market Survey

= One pulled out, one cannot satisfy
throughput demands

= VVendor withdraws default sensor
doping option: Deep Diffused Float

one

= Concerned with yield

= Reverting to standard Float Zone
silicon with two potential

thicknesses
= FZ290

= Standard technology, robust

= Thinned: thFZ240

= Higher signal after irradiation
= Better annealing properties - ?

= More fragile, more expensive (15%)

= Decision aimed for May 2019
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Schedule for 2S batc

38 39 a0 41 42
30 FZ290 arrive at CERN
30 thFZ240 arrive at CERN
Distributlon of FZ290
Distribution of thFZ240
Test full-size sensors FZ200 (Rochester, HEPHY, _..7)
~10 sensors mer site
Distribute sensor to module assembly
Test full-size sensors thFZ240 (Rochester, HEPHY, .._¥)
~10 sensors per site
Distribute sensor to module assembly
Test mini-sensors [KIT, Brown)
6 sets per material (one set: 2 strips + 2 diodaes)
Irradiation at KIT / RI
Irradiation at 51
Test mini-sensors after irradiation (KIT)
= 2 days/sensor (2x 12 sensors = 48 days = 9 weeks)
Test mini-sensors after irradiation [ Brown)
= 2 days/sensor (2x 10 sensors = 40 days = B weeks)
Irradiation at FNAL?
Test mini-sensors after irradiation [ Brown)
= 2 days/sensor (2x 12 sensors = 48 days = 9 weeks)
Material decision
FRR

hes

Now Dec Jan
43 44 45 86 47 4B 49 50 51 52 1

2 3 a

F290
FIo0

thFZ240

Feb
5

Sensor Validation Schedule

AT

Karknuhs Institute of Technalogy

Mar Apr May lun
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g i et
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= FX290 and thFZ240 samples
procured early 2019

E"‘é‘“ New Sensor Pre-irradiation testing

0 100 200 300 400 500 600

Bias voltage (V)

= Pre-irradiation Testing at Rochester =
and Vienna
= All Sensors look very good
Summary
S. Korjenevs

* Overall - Good quality sensors

» Second shipment, thin sensors, has lower depletion voltage, it’s scaling
down with thickness as expected

Also expected, and low
» Second shipment has higher leakage current P

* 3 out of 60 sensors, 5% - IV curve was not matching HPK data, - will be

retested in near future

« at least one bad strip was not reported by HPK

ki, TK Week 3/5/19

in absolute terms

« Some additional testing is needed to complete the evaluation




Irradiation campaign

= Fluences ~ expected [ Ldt at R=20
and 80 cm

e e | hesoem

neutron fraction 40% 80%

2S (3000/fb) 3 x 10**/cm? 1 x 10*/cm?
PS (3000/fb) 10 x 10**/cm? 3 x 10'*/cm?
PS (4000/fb) 15 x 101*/cm? 6 x 10**/cm?

* [rradiation/measurement sites

= Low E mixed: neutrons(JSI), protons(KIT)
— measurements at KIT

= Neutrons only: neutrons(RINSC) —
measurements at Brown

= High E mixed: neutrons(RINSC),
protons(FNAL) — measurements at
Brown

i
E=

]

gy

Irradiation . .
64 strips I !L]F-EID_’

58 mmx 20.1 mm & |
Diodes+VdP
14 mmx 17.5 mm
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. I—(PK Irradiation Campaign

= Measurement program
= [V/CV @ 20 °C, sample strips Annealing steps

Irradiation with neutrons/protons

Anneal for 10 min @ 60°C

IV/CV @ -20°C, sample strips

Stepwise annealing to equivalent of 824
days @ 20°C

= After every step measure pedestals,
calibration, source run for 100V<V,,, <1000V
@ -20°C on Alibava station

IV/CV @ -20°C, sample strips

= Status
= |rradiations at JSI and KIT complete
= |rradiations at RINSC in progress

= |rradiations at FNAL after completion of
irradiation facility

60 10 3.8
60 20 6.9
60 40 13.3
60 80 27.9
100 53.7
60 140 100.0
80 25 203.1
80 57 407.4
80 120 824.1

O 00 N O U1l A W N P
()]
o
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| vaQc sQc PQC (o]

A Global measurements (2S5, PS-s, PS-p)
e I | S O r p rO g re S S Depletion voltage, current, break down v v v v

Longterm stability v

Measurements after irradiation

| Breakdown and interstrip resistance v

= Sensor production validation

= Test at Vendor st e medio oL
" Few % Sampling per batch oo Lo
= Sensors g
= Test structures (“Process”) Bac i . v

= |rradiation at Brown/FNAL o -

Number of bad pixels

®= Current Pro g ress Test structure measurements

Strip/pixel implant/aluminum resistivity v

- Sensor teSting _fu”J SpeCified and Dielectric breakdown v
regularly practice ——

= Some progress on Optimization

= Process QC — test structures fully
defined since June 2018 IPR,
procurement of equipment nearly
complete

= Equipment being moved into clean
room space

= Not CD3a scope
= Testing labor needed well after CD3




Market Survey and Procurement
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E“% Silicon Sensor production for Phase Il Upgrades

" There was a long term effort to identify other vendors, in
addition to HPK

= Although technically promising, was ultimately not successful
= |Infineon has withdrawn from the development, for commercial reasons

= Novati has been acquired by another company and, although the

development continues, they are not in a position to offer large scale
sensor production

" Focus the effort on ensuring successful single source Silicon
Sensor procurement with HPK

= For the ATLAS ITk, and CMS Tracker and HGCAL
= Coordinated effort across the three projects, with support from
CERN procurement office, to provide close coordination with HPK

= Work towards putting contract in place by Fall 2019
= Mitigates commercial risks

= Contractual framework to allow for detailed design changes prior to start

of pre-series and/or pre-production, options for fine tuning of final
qguantities to match modules assembly yields etc.




HL-LHC

E““% Coordination Committee: scope and mandate

= Silicon Sensor procurements for these three large projects are on a very large scale
Total largest so far for a HEP program: ~46’000 6” wafers + ~28’000 8” wafers

= Crucial to success of the ATLAS & CMS HL-LHC upgrades
Need to ensure that requirements and constraints on Sensor specifications, quality,
cost and delivery schedule are met

The aim is to put HPK in best position to meet the requirements and constraints for each
of these three projects

A CERN-ATLAS-CMS Coordination Committee had been formed in order to:

= Provide a single point of contact with HPK concerning these large procurements
= While maintaining the technical and financial responsibility within each of the
three projects
= Provide a coherent overview of Scope of procurement and Schedule so HPK can plan
and prepare accordingly
= Monitor, update and discuss on ongoing basis through to completion
= Provide a forum to discuss technical issues (eg. details of specs & quality requirements,
test protocols, logistics etc.) to the extent that they may impact the delivery schedule
= This may also provide some opportunity for cost optimization
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Sensor Procurement Timeline and Activities

In the process of producing a set of specifications that will go to Hamamatsu and define
parameters for “good” sensors, will lead to a frame contract this year.
Schedule:

Interpretation by Marko D, 3/5/2019

ATLAS Strip sensors

CMS Strip sensors

CMS HGCAL

CMS Pre-PRR Part 1

29 January 2019

Finalisation of draft IT documents and related documents®
(by both Procurement and Technical officers)

21 February 2019

13 March 2019

CMS Pre-PRR Part 2

14 March 2019

Specification Committee date 6 March 2019 20 March 2019 20 March 2019
Dispatch of IT documents 8 March 2019 22 March 2019 22 March 2019
Submission deadline 5 April 2019 12 April 2019 12 April 2019
Submission of FC paper - 23 April 2019 23 April 2019

Peers review meeting for FC - 9 May 2019 9 May 2019

FC meeting - 18/19 June 2019 18/19 June 2019
Frame contract signature ;;:; April / Mid May June/luly June/July

CMS5 PRR September/October September/October
Placement of order October 2019 October 2019

Delivery of pre-production and production units

As per contract and
release orders

As per contract and release
orders

As per contract and release
orders




HL-LHC

' ~%| Considerations

= Specification vs. Cost

» tradeoffs between the tightness of the specification (i.e.
leakage current), and yield (and therefore cost)

" Primary Concern: Noise due to microdischarge
breakdown

= Leakage current is best proxy for microdischarge in testing at
HPK. This needs study in prototype testing.

= Specifications are intended to identify “bad” pads, strips
and sensors.

= Numbers in the specs are partially based on expected
characteristics measured in a limited number of prototype
samples.

= Overall sensor leakage current provides an additional
constraint on the sensor quality



CMS

HL-LHC

Sensor Design Specification

= Design of the sensors including the full layout of the wafers
shall be provided by CERN in the form of GDSII files
= All dimensions mentioned in this technical specification document

and in the GDS files refer to physical dimensions in the processed
devices and not to dimensions in the lithography masks.

= CMS provides gds format design files to HPK. HPK typically adapts
these files to their process technologies.

= HPK designs the guard rings, decides on implant widths and pad
metal overlap

= HPK has the responsibility to insure that the design meets
the technical specifications
= The responsibility to ensure the compatibility of the designs with

the contractor’s process, and that the design of the sensors fulfills
the technical requirements shall remain with the contractor.



AS ITk, CMS Tracker and HGCAL Production schedule

Initial Proposal

- -

qi'is Q2'19 Q319 Q4'19 Q1°20 Q2':0 Q3'20 Q4'20 Q1'21 Q2°21 Q3'21 O4°21 Q1'23 Q232 Q3'23 OQ4'22 Q1'33 Q2'13 Q3°23 Q4'13  Target Total Pre Pre/Tot

Project
ATLAS Tracker
Call for Tender
Orders placed
Phys { Active thickness  Type & Technology  Sensors/waler 347 347 347 11841
shart Barrel 320um [>275um [B5%] 6" P-typeFZAC 1 Ws 106 106 4400 4400 318 007
Lang Barrel 320um [>275um [#5%] B P-type FT AL 1 106 106 106 H300 H300 318 004
RingO 320um [>2T50m (B5%] 6" Paype FLAC 1 15 15 15 900 900 45 | 005
Ring 1 3i0um [>275um [85%] &° P-type FEAC 1 15 15 15 900 900 45 005
Ring 2 130um [>275um (85%] " P.typeFZAC 1 18 15 1% anp 900 45 | 0.0
Ring 3 120um [>275um (85%)] 6" Petype FZAC 1 ET T i1 1800 1800 90 D05
Ring 5 120um [>275um (85%)] 6" Ptype FZAC 1 a0 30 30 1800 1800 90 005
Ring & 120um [>275um (B5%)] 6" P-type FZAC 1 i 3 3o 1800 1800 90 005
10800
CMS Tracker
Call far Tender
Orders placed EEE
Type & Technology  Sensors/waler 166 136 336 459 13930
CMEOTES e A00um ar 240um &" P-rype FEAC 1 B0 150 250 373 17050 17050 "853 0,05
CW5 OT PS5 «e ¢ A00um ar 240um 6" P-type FZAC 2 39 -] EL] =L 3117 31T 156 0.05
CMSOT PSp . /300um ar 240um &° Putype FZOC ] 47 a1 a7 ar 3763 3763 188 0.0
&" wafers f quarter o O 347 347 347 166 1948 2048 2171 4240 4240 4240 4240 4240 4302 4302 4302 4292 O o 45771
OS5 HGCAL
Call for Tendar
Orders placed -
Type & Technology  Sensors/waier 00 28000
CMS HEC 300um ../ 300um 8" Por N-type FZDC 1 ars 15000 15000 750 0.05
CMS HEC 200um ../ 200um E" Potype FZOC 1 225 9000 5000 450 D05
CMSHEC 120um o 120um & P-'LfaFIDC 1 100 4000 4000 200 0.05
B" waters [ quarter Y 0 [ 0 [ [ 0 [ 0 700 700  3B00 3800 3800 3800 3E00 3E00 300 O ] [ 28000
Tot wadors / a o 347 347 347 166 1948 Z04H 2871 4540 2040 HO40 B8040 BO40 B10Z B10Z R102 4292 o [1] 73771
19 September 2018 ATLAS ITk, CMS Tracker and CM5 HGCAL Silicon Sensor Procurement 16

S. Nahn 402.2 Outer Tracker CD1 Director's Review March 20, 2019 16



ATLAS [Tk, CMS Tracker and HGCAL Production schedule

Modified Proposal, under discussion: 3 months from last sensor delivery to last module ready

Q1'19 Q2'19 Q3'19 Q4'19 Q1'20 Q2'20 Q3'20 Q4'20 Q1'21 Q2'21 Q3'21 Q4'21 Q1'22 Q2'22 Q3'22 Q4'22 Q1'23 Q2'23 Q3'23 Q4'23  Target Total Pre Pre/Tot
prototypes estimated
pre-series
pre-production

ATLAS Tracker 45770
Call for Tender

Orders placed -

Phys / Active thickness Type & Technology  Sensors/wafer 521 521 21841
Short Barrel 320um />275um (85%) 6" P-type FZAC 1 159 159 4400 4400 318 0.07
Long Barrel 320um />275um (85%) 6" P-typeFZAC 1 159 159 8300 8300 318 0.04
Ring 0 320um/>275um (85%) 6" P-typeFZAC 1 23 23 900 900 45 0.05
Ring 1 320um />275um (85%) 6" P-type FZAC 1 23 23 900 900 45 0.05
Ring 2 320um />275um (85%) 6" P-type FZAC 1 23 23 900 900 45 0.05
Ring3 320um/>275um (85%) 6" P-typeFZAC 1 45 45 1800 1800 90  0.05
Ring5 320um />275um (85%) 6" P-type FZAC 1 45 45 1800 1800 90  0.05
Ring 6 320um/>275um (85%) 6" P-typeFZAC 1 45 45 1800 1800 90  0.05

20800
CMS Tracker
Call for Tender

Orders placed -

Type & Technology  Sensors/wafer 23929
CMS 0T 2S ... /300um or 240um 6" P-type FZAC 1 17050 17050 2050 0.12
CMS OT PS-s .../300um or 240um 6" P-type FZAC 2 3117 3117 437 0.1402
CMS OTPS-p ... /300um or 240um 6" P-typeFZDC 2 3763 3763 563 0.1496
6" wafers / quarter 0 0 521 521 0 1772 1948 2150 3580 3580 3580 3580 3580 3580 3581 3581 3581 3581 1880 1179 45770
CMS HGCAL stock
Call for Tender 8050
Ordersplaced _
Type & Technology  Sensors/wafer 4 44 194 194 194 350 " 1050 0 T 28670
CMS HGC 300um .../300um 8" Por N-type FZDC 1 14 14 90 90 90 188 563 0 15000 15000 750 0.05
CMSHGC200um ... /200um 8" P-typeFZDC 1 14 14 64 64 64 113 338 0 9000 9000 450 0.05
CMSHGC120um ... /120um 8" P-typeFZDC 1 16 16 40 40 40 50 150 0 4000 4000 200 0.05
8" wafers / quarter 0 44 44 0 194 194 194 0 350 1050 3325 3325 3325 3325 3325 3325 3325 3325 0 0 28670
Tot wafers / quarter 0 44 565 521 194 1966 2142 2150 3930 4630 6905 6905 6905 6905 6906 6906 6906 6906 1880 1179 74440

S. Nahn 402.2 Outer Tracker CD1 Director's Review March 20, 2019 17




HL-LHC

New News

= HPK response last week of February

= CMS 6 months advanced, 3000 wafers/quarter on 6” line,
50:50

Q119 (@219 |G3'15 Q4'19 |Q1'20 [Q2'20 [Q3'20 |Q4°20 Q121 |Q2'21 [Q3'21 |Q4'21 |Q1'22 (Q2°22 |Q3'22 |Q4722 (Q1°23 |Q2'23 |Q3'23 (Q4'23 Production Pre Sum
ATLAS tender
ATLAS order
ATLAS Short Barrel |strip 1 159 159 4400 318 4718
ATLAS Long Barrel strip 1 159| 159 8300 318 861E
ATLAS Ring0 strip 1 23 23 900 46 946
ATLAS Ringl strip 1 23 23 900 46 946
ATLAS Ring2 strip 1 23 23 900 46 946
ATLAS Ring3 strip 1 45 45 1800 90 189C
ATLAS Ring4 strip 1 45 45 1800 90 189C
ATLAS Ringb strip 1 45 45 1800 90 189C
Sum 522| 522 1380 1380 1380 1380 1380 1380 1380 1380 1380 1380 1400 1400 1400 1400 1400 20800| 1044| 21844
CMS OT tender
CMS OT order
CMS OT 28 strip 1 80| 200 16400 650| 1705C
CMS OT PS-s strip 2 42 65 2930 187 3117
CMS OT PS—p pixel 2 50 83 3530 233 3763
Sum L LG Y] 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1605 22860| 1070| 2393C

= CMS+ATLAS discussing counter proposal
= Stay with 3000/quarter, but favor ATLAS early, CMS later

S. Nahn 402.2 Outer Tracker CD1 Director's Review March 20, 2019 p 18
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E“‘é’“ ATLAS + CMS Silicon Procurement Guidelines

" There will continue to be orders for prototype and pre-
series sensors until the production orders are placed

= Quarterly summary of production schedule
* Frequency (= monthly) and size of deliveries to be discussed
and agreed
= Potential scope modifications

= There can be +- 10% changes to the total quantities,
depending on module assembly yields etc.

= Delay mitigation both before and during production

= Should make allowance for possible increase from 8000 up to
10°000~12°000 wafers/quarter sustained delivery rate, in
order to maintain project completion dates (driven by overall
CERN accelerator schedule)

= Includes wafer procurement, sensor production, sensor testing



HL-LHC

C MS

lechnical Specification for the Supply of Silicon Sensors

Invitation to Tender

Technical Specification
for the Supply of Silicon Sensors

Abstract

The upgrades to the ATLAS and CMS experiments, in view of the HL-LHC
program, require the supply of silicon sensors on a much larger scale than for
previous projects in High Energy Physics. Following the Market Survey MS-
4086/EP, this is one of a series of three Invitations to Tender for the supply
of silicon sensors, one each for the ATLAS ITk, CMS Tracker and CMS
HGCAL upgrade projects respectively|

This technical specification concerns the supply of Silicon Sensors for the
CMS HGCAL.

The provisions of this Technical Specification shall prevail on the General
Conditions of CERN Contracts (CERN/FC/6211-1I). The General Conditions
of CERN Contracts shall apply insofar as they are neither countermanded nor
expressly modified in this Technical Specification.



lechnical Specification for the Supply of Silicon Sensors
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Sensor Specification Review for the Calorimeter Endcap & Phase |l
= CMS Sensor Spec "

Tuesday 29 Jan 2018, 10:00 — 18:00 Europe;

a n d I nVita t i O n to | 40-S2-A01 - Salle Anderson (CERN) . . . .
Tender reviewed, Jan T v 0. .

Mar Capeans Garrido (CERN), Paclo Rumerio (Uni a | Wolfram Zeuner (CERN)

2 9 2 O 19 @ L Wil L IT-4086_Technical_..  [W) IT4086_Tech Speci.. [ IT-4086_Tech Speci.. [W] Sisensors_spec_re..
’ @ Si_sens:

SOrS_SPec_re.

mm"”f:;':: @ Si_Spec_Rev_for_Calorimeter_Endcap_Phase_Il_TK Ex -

. .
= 10 Action items to
. . i : .
improve/clarify B e o e e
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E‘\% Procurement Process at FNAL

= Project Office is working activel}/ with Fermilab
Management, Procurement and General Counsel Office to
BUt together Acquisition Plans (APs) for Silicon sensors to be
ought through CERN for the Outer Tracker and Endcap
Calorimeter.

* The timeline for the preparation and execution of the two
procurement packages has been established and the OT
process has started.

= The Outer Tracker AP will be reviewed by FRA’s Procurement
Review Board in April 2019 and because the anticipated cost

is more than S5M it will be reviewed by DOE Fermilab Site
Office as well.

= The Request for Proposal is expected to be submitted to
CERN between August and September 2019.

= |t is expected that the Outer Tracker procurement package

%gge fully executed between November 2019 and January
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CMS
E é summary

= CD3a scope for OT is sensor procurements

= R&D for remaining design decision, thickness, in
progress, aimed to converge by this summer

" LHC Silicon Consortium working on procurement
documentation

= Specification of good working sensors
= Contractual terms to ensure reliable and timely delivery

= Fermilab and Project Office working on procurement of
U.S. share

= All of this should be ready for a CD3a late this year or
early next year
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= E( ‘E’ Technical Specification for the Supply of Silicon Sensors
EI "

3.2. Sensor Properties and Requirements

It shall be the responsibility of the contractor to ensure that each sensor delivered to CERN conforms
to all the specifications and requirements listed below. The post-irradiation performance will be
evaluated by the CMS collaboration by irradiating miniature sensors, test chips, diodes, and large
area sensors. Final acceptance will be given by CERN after compliance with these specifications and
requirements is verified by CERN.
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3.2.2. Design and Lithography Mask Requirements

The design of the sensors including the full layout of the wafers shall be provided by CERN in the
form of GDSII files as stipulated in section 2.3. All dimensions mentioned in this technical
specification document and in the GDS files refer to physical dimensions in the processed devices
and not to dimensions in the lithography masks.

All relevant information to properly implement the designs by CERN (design rules) shall be
communicated to CERN at least 4 months before the final designs need to be submitted to the
contractor. Any violations of design rules in the designs provided by CERN, where the violated design
rules have not been communicated to CERN in time as described before, shall be solved by the
contractor at the contractor’s expense. The Contractor shall be responsible for the final mask designs
and shall produce engineering drawings or mask designs to be submitted to the CMS collaboration
for approval in writing before the start of production. Any modification of the finished, on-wafer
values more than 1 um, shall be agreed in writing with the CMS collaboration. The responsibility to
ensure the compatibility of the designs with the contractor’s process shall remain with the contractor.

Each wafer shall consist of one or two sensors covering most of the area of the wafer. The remaining
free silicon areas (“half moons”) shall include various test structures and test sensors designed by
CERN, which will be used by CERN for quality assurance and process monitoring. The contractor
may utilize these structures for in-house QA as well and/or reserve space to add their own test and
monitoring structures. The area of the wafer reserved for such structures shall be communicated to
CERN as part of the design rules mentioned above. The overall area reserved for these shall not be
larger than 2 cm?and shall be located outside the area reserved for the sensors as defined by CERN.
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3.2.3  Sensor Mechanical/Optical Properties
The supply shall comply with the following mechanical/optical properties:

Dicing precision: <=+10 pum (deviation of physical edge from specification in GDS)
Physical thickness: + 5%

Active thickness: + 5%

Thickness uniformity: <20 pm over each sensor

Sensor bow after process/dicing: <200 pm

Readout wire bonding pads and the backside metallisation shall be compatible with standard wire
bonding technology, without causing a degradation in sensor quality:

Pull test mean: >10g
Pull test RMS: <l5g
Probability for lift off: <50 %

Passivation: Sensors to be passivated on the pad side and un-passivated on the backplane. See the
GDS files for the openings on the passivation.
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E“% Technical Specification for the Supply of Silicon Sensors

Sensors shall be free from:
e stains or residues from unspecified chemicals or reactions;
e scratches;
e cracks at the sensor edges;

e chips at the sensor edges larger than 40 pm.

Termination structure of the edge: Contractor’s choice with agreement with the CMS
collaboration;

Alignment marks are required for module optical metrology: these are included in the GDS files
provided by the CMS collaboration and shall be included in the final design. Additional alignment
marks needed by the Contactor shall be outside the main sensor area unless locations are explicitly
agreed with the CMS collaboration.

Overall Dimensions: as provided in GDS design filgs _+/- 1 micron
Mask misalignment: <3 um between any two masks

Identification: Identification scratch pads or the equivalent as agreed with the CMS collaboration
shall be used for sensor labelling. The sensor labelling shall be marked on the identification pads by
the Contractor.
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E(“E’ , Technical Specification for the Supply of Silicon Sensors

33 Sensor Electrical Properties Before Irradiation

3.3.1 Environmental conditions

Environmental conditions shall be monitored and documented during measurements and shall be
within the following range:

Temperature: 26°C+£3°C
Humidity: <60% rtH

3.3.2  Process Parameters

Test structures shall be included on the half moon shaped cutaways on each wafer as specified by
CERN. Measurements on these structures shall show stability of the defined process parameters to be

homogenous over each wafers and from wafer to wafer. [TK]
Strip implant Ryip: <250 Q/square

Aluminium strip Rap: < 25 mgY/square

Dielectric breakdown Vgig: > 150 V (Igies < 10 nA@150 V)

Flatband voltage Vy: <5V
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E‘“‘% Technical Specification for the Supply of Silicon Sensors

3.3.3  Global sensor characteristics

Extracted from I-V (0 V — 1000 V, 20V steps) and C-V (0 V —400 V, 10V steps) curves on the full
sensor (outer guard ring floating, inner guard ring and all sensor pads grounded, backplane at high
voltage bias). The specifications shall be respected regardless if the sensor is pushed flat onto a
vacuum chuck or not.

Full depletion voltage Viq: <180 V @ 200 pm active thickness
<250 V @ 240 pm active thickness [TK]
<350 V @ 290 pm active thickness
Current @600V Iso0 (normalised to 20°C): < 2.5 nA/mm? (< 7.25 pA for 100 x 100 x 0.29 mm)
Breakdown voltage Vireak > 800 V, Igoo< 1.5 x Is00
Longterm stability: |<Als00>/<I600>| < 30% in 48h@600 V and < 30% rtH
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lechnical Specification for the Supply of Silicon Sensors

3.3.4 Characteristics of each strip

This subsection only applies to strip sensors!

Strip current Lsrip at 350 V: <2 nA/cm?2
Bias resistor Rpoly
median(Rpoly): 1.5 + 0.3 MQ (calculated for each sensor)
Rpoly: median(Rpoly) = 5% (for each strip with respect to the
median of the corresponding sensor)
Coupling capacitance Cac: > 1.2 pF/cm um (LCR settings: <1V and 1 kHz)
Pinholes Readout strip shall be isolated from implant strip (no
pinholes)
Interstrip resistance Rint: > 10 GQcm (strip to one nearest neighbour)
Interstrip capacitance Cint,1N: < 0.5 pF/cm (strip to one nearest neighbour,
LCR settings: <1V and 1 MHz)
Metal and strip implant: Strips shall be free of metal or implant breaks and / or

shorts to neighbouring strips and / or P-stop implants
If any of these requirements are not met, a strip is considered as bad.
A sensor is rejected if:
Percentage of bad strips: > 1 % per sensor

Clustering of bad strips: more than two bad strips in any set of 5 consecutive
strips
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3.3.5  Characteristics of each pixel

E“Z Technical Specification for the Supply of Silicon Sensors

This subsection only applies to macro-pixel sensors!

Pixel current Ipixe1 at 350 V:
Interpixel resistance Rint:
Additionally, pixels shall not be:
Shorts:

< 300 pA/pixel
> 1 GQ to each neighbouring pixel

Pixel implant or aluminium readout is short-circuited
with any of its neighbours

If any of these requirements are not met, a pixel is considered as bad.

A sensor is rejected if:
Number of bad pixels:
Clustering of bad pixels:

> 0.5 % per sensor

more than two bad pixels within any cluster of 4 x 4
pixels
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E“é" Technical Specification for the Supply of Silicon Sensors

34 Sensor Electrical Properties After Irradiation

Sensors shall comply with the following requirements after being subjected to irradiation with
ionizing and non-ionizing radiation of a fluence of F = 1x101° neg/cm?.

The figures below assume an annealing period of 7 days at +25°C (or 80 min. at +60 °C) after
completion of the irradiation, and measured at -20 °C:

Breakdown voltage Vireak >800V [TK]
Maximum current at 800 V: <1mA

Interstrip resistance Rins; > 100 MQcm (at 600 V bias voltage)

Interstrip capacitance Cint: To remain within pre-irradiation limits|

Defective strips: After irradiation, the numer of defective strips shall

remain within the pre-irradiation acceptance levels.
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E‘"‘é" Technical Specification for the Supply of Silicon Sensors

3.5. Micro-discharge

The sensor IV requirements in these specifications are designed so as to ensure an acceptable rate of
noisy channels due to micro-discharge. A channel shall be deemed noisy if the random probability of
noise pulses above a 6000e- threshold, when measured with a 25ns shaping time and at 800V bias, is
above 10%. The noise behavior of the sensors will be monitored throughout the module assembly.
We require that the number of such noisy and/or inoperable channels (excluding defects resulting
from sensor mis-handling by the CMS Collaboration) be maintained within the allowed limits on the
fraction or number of defective channels: sensors found to be failing this criterion shall be rejected.
In order to ensure an acceptable module yield, we require that the fraction of sensors found to fail the
noise performance criteria after module assembly be below 5%. CERN reserves the right to modify
the sensor acceptance tests and criteria at the producer, should this be found to be necessary to meet
the above requirements.

Nb acceptance cut values to be tuned, may be somewhat different between Tracker and HGCAL
(HGCAL has a higher level of redundancy compared to the Tracker)
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lechnical Specification for the Supply of Silicon Sensors

3.6. Information and Documentation

3.6.1. General

The contractor shall perform checks to ensure consistency of processing and to maintain all
requirements, in particular, electrical parameters, within the present technical specification.

In particular, the properties of the polished silicon substrate material used shall be tightly controlled
by the contractor to ensure uniformity over the production. Adequate evidence of this shall be
provided prior to manufacturing, in the Production and Quality Plan, as defined below. Different
sensors batches shall be easily identified with particular silicon substrate batches.

The contractor shall set up a Production and Quality Plan, to be submitted to CERN for approval,
specifically including:

Definition, quantity, and identification of production and delivery batches ensuring
traceability;

Raw material control;

Acceptance testing, measuring methods;

Labelling;

Format of data supplied with delivered sensors, including wafer batch information.

Any proposed change with respect to the approved Production and Quality Plan incurred during
production must be subject to prior approval by the CMS collaboration in writing]
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lechnical Specification for the Supply of Silicon Sensors

3.6.2. Data Supplied by the Contractor

The contractor shall provide the following data for each main sensor for this submission round:

Sensor type;
Sensor version to trace changes to masks or the production process.;
o Issuing of new versions shall be agreed with CERN
Contractor’s serial number, which shall allow full traceability to wafer and production batch;
The sensor serial number (CMS identification code, as defined below);
Temperature, humidity level, voltage step and delay time of IV and CV measurements;
IV and CV curve measurements as defined in section Error! Reference source not found.;
Full-depletion voltage (Vs) extracted from CV curve of the sensor;
Sensor leakage currents at 600 V (Iso0) and 800V (Isoo) extracted from IV curve of the sensor;

List of bad pad numbers indicating the failure type as defined in section Error! Reference
source not found..

Substrate description (i.e., origin, orientation, approximate resistivity and any special
comments, which shall include information, coded if necessary, to ensure traceability of the
substrate and polishing);

Sensor thickness at 5 points (¢enter and 4 points near to the corners) on the sensor;

Flatness (or bow): height difference of the ¢enter with respect to the 4 points near the outer
radius.

The contractor shall provide the above data by electronic submission to a database provided by CERN
prior to delivery to CERN. CERN will provide the necessary technical documentation and
infrastructure to facilitate access and correct submission of data.
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E(“é’ Technical Specification for the Supply of Silicon Sensors

4. PERFORMANCE OF THE CONTRACT

Unless specifically mentioned otherwise, the contractor shall apply the most restrictive clause in case
of ambiguity between the clauses of the contract, including its annexes.

All deliverables and activities that are not explicitly mentioned in the technical specification but are
essential for the execution of the contract shall be considered an integral part of the technical
specification and therefore subject to clause 3.1 of General Conditions of CERN Contracts.

4.1. Definition of a Production Batch

All wafers from the same production batch shall have been processed together or consecutively
throughout the full production process and therefore share similar electrical properties. A batch shall
consist of a minimum of 35 wafers containing one or two sensors and the accompanying half moons
with test structures. The contractor shall clearly identify all sensors and half moons from the same
batch.
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4.3. Acceptance and Warranty

4.3.1. Acceptance Process

Acceptance of the supply shall be given by CERN only after the delivered supply is deemed to be in
conformity with the contract, including documentation and data referred to in this technical
specification, all acceptance tests specified in article 4.3 have been successfully completed and all
tests or other certificates have been submitted to CERN.

The warranty shall be as defined in the tender form.

The contractor shall be notified of each delivery of supplies to CERN. Only if the supply and its
packaging are undamaged, CERN shall claim responsibility for the risk of damage thereon.

CERN shall be entitled to carry out detailed inspection (optical, electrical, functional and irradiation
tests) to ensure that the delivered sensors comply with the specifications and that measurement results
provided by the contractor are consistent with the measurement results obtained by CERN. CERN
shall notify the contractor of its decision not later than 3 months after the delivery to CERN. In case
no notification has been given within these 3 months, acceptance of the concerned supply is given
automatically.

In case acceptance and therefore remuneration is denied, CERN shall provide all relevant
measurements and investigations concerning this decision to the contractor. Any impact on the
subsequent production of the supply shall be discussed with the contractor and, if applicable,
appropriate measures shall be implemented to prevent subsequent parts of the supply to fail in a
similar way |
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4.3.2  Acceptance Tests carried out by CERN

Acceptance test will be carried out by CERN on a per batch basis by sample measurements of sensors
and test structures. CERN will randomly select one or more sensors and / or test structures for a full
optical and electrical characterisation, and irradiation tests.

Results shall confirm that each tested sensor is fully compliant with the specifications described in
section 0. Complementary measurement on test structures included on the half moons are performed
and shall be compliant with the specifications described in section 1.1. In case non-compliant results
are found, CERN reserves the right to perform additional measurements and inspections on sensors
and test structures to better understand the consequences and causes of the non-compliance.
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E‘“‘% Technical Specification for the Supply of Silicon Sensors

4.3.3  Non-compliant sensors

Non-compliant sensors shall be returned to the contractor at the contractor’s expense and replaced by
compliant sensors not later than 4 months after CERN notified the contractor of the non-compliant
sensors. If more than 3 sensors of a batch are found to be non-compliant, the full batch shall be
rejected where each sensor shall be considered as non-compliant regardless of its actual state. If more
than 5 half moons, from different wafers of the same batch are found with at least two non-compliant
measurements each, the full batch shall be rejected where each sensor shall be considered as non-
compliant regardless of its actual state.

If more than three consecutive batches are rejected due to the above-mentioned reasons, CERN shall
reserve the right to stop the production after consultation with the contractor. The contractor shall be
responsible to investigate the cause for the repeated failures in their production process and shall find
a remedy. Production shall only be resumed when the contractor is able to prove that the problems
have been identified and corrected. CERN will cooperate in finding and correcting the problem by
providing all measurement results extracted from affected sensors and test structures and conduct
additional investigations after consultation with the contractor.
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4.4. Contract Follow-up and Progress Monitoring

4.4.1. Monitoring Group

A monitoring group shall be set up, composed of representatives of CERN, the contractor’s contact
persons and any other representatives deemed necessary by CERN. The monitoring group shall meet
quarterly to:

e evaluate the progress of the contract execution;
e discuss any issues that may affect the quality and / or the delivery of the Supply.

It shall immediately be informed of any difficulty encountered in the execution of the contract and
shall assess any modification proposed. If required, it shall approve the change of sub-contractors.

In addition to the above quarterly meetings, CERN may call for Ad-hoc meeting at any time during
the execution of the contract.



ICMS Sensor Committee Review Report

= Action item: Close the loop

= Several specifications were still not fully defined and an iteration
with HPK is necessary. Specification must be technically sound and
cost-optimized. The big options of TK, sensor thickness FZ290 and
thFZ240 relevant for costing, can go into the tender. Other smaller
definitions/decisions of specifications defining cost must be
optimized BEFORE submission of tender. Otherwise it is preferred
to delay the tendering process.

Given the iteration and definition on specifications happens timely
and successfully, the committee supports the plan to have the CERN
Specification Committee review around the{06.03.2019 fto dispatch
the tender beginning of March. Technical or cost risk shall not be
taken. The committee requests a follow-up meeting tolendorse the
remaining choices/change timely before the CERN Specification
Committee review.

In this meeting, the committee requests a summary talk of past tests
conducted, which evaluated the technology, e.g. n-in-p. This should
contain, e.g. charge collection efficiencies, resolution, test beam,
operation with most recent electronics.

Now 20.03.19
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Review Report Action ltems

= Action Item: Fine Tuning

A small number of specifications need some fine tuning.

The IV shape criteria need to be well defined. This is one of the
main points to ensure good noise-free sensors without decreasing
production yield unreasonably. The criteria must prevent sensors
with too low breakdown voltage passing the QA.

= There might even be a different definition for different thickness.
The term micro-discharge must be well defined.

Define “number of sensors bad” per batch to reject a full batch
without further testing. Numbers 2 or 3 seemed reasonable to the
panel. It was noticed that a higher “number of bad test structures”
was mentioned compared to the “number of bad sensors”; the
panel believes the same quantity could be used.

The term ‘batch’ must be well defined. Sensors processed
consecutively AND from the same ingot! Numbering of batches
should be ordered in sequence of production.

More parameters to fine tune (also cost optimized): Oxygen
concentration; thickness uniformity and sensor bow (an
measurement at supplier), sensor cut line, total HGCAL current
100uA, pad current; depletion voltage; percentage on bad strips
(this could affect price)
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More action items

= Action item: Verify peak throughput

= Clarify with HPK the delivery schedule and confirm that they can
increase the peak load to 10000 to 12000 wafers/quarter. The
committee takes note that this is an ongoing process.

= Action Item: Clarify Frame contract

= Clarify if HPK feels at ease to provide a cost optimized offer for the
specifications proposed and how potential changes would be
possible after the IT.

= Action item: Progress with GDS files

= Prepare all GDS files for all sensor types and iterate with HPK. The
committee takes note that this is an ongoing process and supports
that HPK will adapt them for final mask production taking over the
responsibility to deliver sensors in specs and also take care of
defining the periphery.

= Action item: PRR

= The committee recognizes that a strategy for QA is already much
advanced. Prepare a full PRR including QA and readiness of centers.
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= Action item: Choose design

= TK, demonstrate the path and plan to choose between FZ290 and
FZ2xO0.

= Action item: Prepare CERN Finance Council

= Organize a dedicated session with projects and procurement to
prepare well for the FC. The material for the FC should be shown to
the panel beforehand.

= Action item: Double check robustness of thin sensors

= The committee takes note on the recent positive results on the thin
implant backplane ‘robustness’ — see reported scratch tests of last
batches. The committee still considers it a risk factor and
encourages the projects strongly to thoroughly investigate the
fragility of the thin implant backplane (HGCAL 300 and 200, Tracker
FZ2x0), especially with later module production in mind.

= Action item: Spellchecking

= The committee is invited to thoroughly read the two tender
documents.



