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Mission and Process

Provide integrated circuits for detectors to build
experiments

Perform critical R&D on detectors for future energy
and intensity frontiers experiments

Activities:
Primarily: advanced instrumentation for HEP;

Secondarily: where synergies and where appropriate
- leverage technologies for other fields and work
through collaborations

Projects usually brought from the community and
the laboratory

* .
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People

ASIC Group part of PPD/EED
6 ASIC designers (3 PhDs)

2 senior — project leader level

1 pursuing PhD

1 providing maintenance
of tools, licenses, scripts, etc.

1 engineering physicist (PhD)
1 test engineer
2 technicians
+ depending on needs 1 PCB drafter
+ occasional support from other resources within
PPD/EED, CD and other departments at Fermilab

group depleted by 1 person (retirement) in 2011

“ .
DOE Detector R&D review July 24-26, 2012 3¢ Fermilab



Recent major activities

. technology is
Ml 3T LA research — spinoffs in domains based on similar
: detection technique (ex. nuclear medicine),
- Microelectronics technology progression is rapid —
— leverage of emerging technologies for advancing
instruments for HEP,
=+ EXxperiments need sensor arrays or grids of unheard-of sizes
and and

- H-CAL ATLAS (ANL) and CMS (FNAL)
- CMS p; tracker-trigger
- CMS phase 2 pixels upgrade
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(content addressable /

- HL-LHC hardware tracker associative memories)
: . : X-ray Photon Correlation
- photon science instrumentation épectﬁoscopy _ with BNL)

- monolithic pixel detectors in SOI process

- highly granular pixels for lepton collider D- -

- cold electronics: IAr TPC for LBNE agequate fo ntegrated slecronice for operaton
- solid state PM G-APD, SiPM (implementation in 3D-IC) in Cryogenic)
i - others, like: design of sensors, qualification of systems* _
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Projects transitioning from KA15

Front End Electronics for the NOVA Charge (Q) Integrator and Encoder QIE10
Neutrino Detector (completed 2010) (transitioning KA15 =» project funds in 2012)

* QIE10: 0 - 330 pC range (10xhigher wrt QIES),
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Roadmap of technology processes

Choice of by understanding of needs of various projects, analysis of

process: market and seek for best compromise: performance-cost-experience;

for a project 0
200 2019 2012 20

AMS 0.35 BiCMOS/SIC
AMS035BICMOS/SiGe ——
TSMC 0.25 CMOS :';'IX (BteV) _ unavoidable for future projects,

- high costs: fabrication, tools
MIT-LL .18/.15
FD SOI CMOS

(EDA/CAD ) and people skills
OKIl .2/.15 FD SOI CMOS
VIP2b
vicTR| GF .13 CMQOS 3D-IC GF 65nm CMOS 3D-IC
mini
IBM/GF .13 CMOS - miniVIPIC2,,
TSMC/IBM/UMC/GF 65nm CMO Ls

VIPRAM
* -
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R&D towards integrated pixel systems

Trend observed is the migration of most systems, even those that until
recently were offering only one dimensional information e.g. strip detectors
(where a sensor is not covered by electronics) towards generalized pixels

real pixels of small both geometrical

dimensions and quasi-pixels where one
dimension maybe 10xlarger than other

R&D in solid-state pixel detectors
(from tracking to calorimetry)

mmmmm

CMSPIXELS

Fermilab is not involved

ex.LePix CERN

VIP, VICTR,

VIPIC MAMBO with KEK and ASI

n -
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3D-IC: definition

A chip in three-dimensional integrated circuit (3D-1C) technology

is composed of two or more layers of active electronic components,

integrated both vertically and horizontally

Through Silicon Vias (TSV) for vertical wafer/chip connectivity not only electronic chips
but also for attaching detectors to readouts

Bonding: Oxide, polymer, metal, or adhesive strengthened (W-W, C-W, C-C)
- Wafer thinning: aggressive and precise

Back-side metallization and patterning

oxide-oxide m
Back-Face fusion bond //

BOX2
a handle wafer

Face_Face oxide-oxide
usion bond
i ($=1pm) £ Fermilab
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3D-IC: benefits

Current fine-grained detector technologies face serious limitations;
incremental improvements have proved inadequate

3D integration offers a transformational change to address current

roadblocks to advance detectors in these areas
d'\g“?; imp

3D ROICs - complete separation
of digital activity from low-noise
analog parts

3D ROICs - uniform distribution

of power supply and I/O pads on
the back side

ROICs can be integrated with
sensors without bump-bonds

metals+ILD
ana_lo_?
+ digital

digital
metals+ILD
metals+ILD | £
analog

analog substrate
——e PCB

7”" Siint
il ¢ /4 W, /]A?/ bump o::::r?:i:?sr
V.. /. /. 7,

DIGITAL
FUSION BONDING

@7/ | @7 | ,./ 7 - ANALOG | Z0um
/’4 y ), A ‘é,: y ) A d‘é.;”“ L‘/ o FUSION BONDING c
(N2l a2l \ﬁ\"

B as@/ fi s@/ | B Gt
sl | B I 9 I R e | e Strategic : 4 side buttable, dead-area-free detectors for
(;e ) Y O R o e use from X-ray, visible, IR imaging to classical tracking
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3D-IC: realization
Initially small efforts started at Fermilab:
* brought an expert and internationally regarded
position to Fermilab in 3D-IC (leadership role within
an international HEP community)

0 among the detector
community worldwide and eventually materialized in

the

3D-IC Consortium established , NOW
17 members; 6 countries: USA, ltaly, France, Germany,
Poland, Canada) + — activity needs to be revitalized

Fermilab organized first 3D-IC MPW run for HEP

Designs in: ; Chartered (GF) 130nm

* Many challenges in working with cutting edge technology; like:
design mistakes, incompatibility of software tools at Tezzaron T =
(not Cadence), handling of gigantic (>10GB) databases, shifting ;- 1o, aron wafer for 3Dch|ps f
Chartered (GF) requirement, etc.

AT

frame with two .
3D chips view through

. . . . e 14" and 2.2* flip horiz. the flipped wafer
3D bonding did not yield for initial lot of wafer, top wafer thinned,

pads formed

_’ < _\\in back-side
*h
* Some combination of bad luck and human carelessness: initial top wafer $

lot fabricated with reticle shift to optimize yield of full reticles N

but inhibiting 3D bonding (whole lot refabricated = 15t lot), e f only o
* 3D bonding not successful on almost all wafer pairs from 1st lot "g:g'ss:::sk
Fermilab run in fab in parallel with 2 other runs bottom wafer (identical to top wafer) ““*'“*!°"*"

* -
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| 3D-IC: impact # Fermilab

taking over responsibility for -- transfer --

future submissions H 1 1 1 1} l

* Fermilab has helped in the
process of opening access to |

P e

CNRS-INPG-UIF MICROSYSTEMS

3D-IC services by MOSIS i

ANNOUNCEMENT

CMP/CMC/MOSIS partner to introduce a 3D-IC process

Grenoble, France, 22 June 2010, CMP/CMC/MOSIS are partnering to offer a 3D-IC
MPW service based on Tezzaron’s SuperContact technology and GLOBALFOUNDRIES
130nm CMOS.

3D design kit built by CMP based on GF 130nm using
data from Tezzaron, NCSU, Fermilab and others

« Fermilab put a 2x6mm? test MOSIS concluded on positive outcome of the DARPA
chip on the MOSIS 3D MPW run run and decided to carry out the submission for
free of charge. It contains customers

blocks of NMOS devices with First MOSIS run taped out 11/2011 (CMP/CMC/MOSIS

:_?écéués for:Plt?ractIZriz:Ft,ign of partnership) — still in fabrication, 3D bonding
LBNE)egra L @ scheduled for fall 2012

* -
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3D-IC: post foundry

- Location of 3D bonding changed a few times
IEM Singapore=» EVG Tempe, AZ=EVG Austria
- Back-side processing to Ziptronix, NC,

— 1st time questionable

- Dies from bonded wafers delivered in

09/2012 showed shorts due to misalignment

- Recently 06/2012 received 2 bonded pairs

- diced chips are operational, parts distributed
- lot of 18 extra wafers in bonding now

[l
-

_Lo - : ; Z - (IR LA AN
2Lz . ,. 1 .“..(

* Main objectives of demonstration of 3D
a0 : program has been achieved
e S (Cu-Cu TC and Cu-Cu DBI bonding), but:
: * limited number of available 3D dies
* need to make a connection to sensors

* Important

Cu TC Bond at EVG St'good 3D chips! e .
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3D-IC: Fermilab designs — VIP2b

Low-power, low-mass, highly granular, sparsified readout pixel detector

Assume 1000 x 1000 array N
X and Y addresses are 10 X — VIP Functional g YA A" e]q 5
bits each y | 29 ial Dataout Dlock diagram .
2
Time | S (30 bits/hit) 192 x 192 array of 24x24 um< pixels
\ I 8 bit digital time stamp (At=3.9 us)
Y address bus .
A A A Readout between ILC bunch trains of
Andog "7 10 sparsified data
Start °”m3[f=ﬂ 5- s [;@ ‘5 " to0p [T Sparsification - token passing scheme
il = [ W ey T o Single stage signal integrating front-
0 4 L 21 {10001 end with 2 S/H circuits for analog
| | ] 1 H
7 ¥l _,,funu ___________ *fl‘ ______ Tokenforow\;ia.(_ Slgnal OIUtpUt Wlth CDS
ol B el Analog information available for
>l oo 100021 improved resolution
y=2 | ; ___________ 'l,__ ______ —TokenTo row Y3 <€ Serial output bus
A . 0 .
ﬁe,, L t:" | o Polarity switch for collection of e- or h*
> 1:3 23 Analog tier (top) Digital tier (bottom)
| I — — : \f -
' ke | u' 7 H Test inject
Discriminator Time T.S.
‘ Integrator | Write data ‘s"ram!:‘r OU*.
1 circul
=l V;hr Hit latch Read i
N S > Pixel D FF ea
g g— R Q skip —> data
D | Read all logic D* I« Tox,y
at
Andlog out c addr'e;s
N Analog front end s Pixel sparsification circuitry T Time stamp

. B R n -
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3D-IC: Fermilab designs — VICTR

Low-power, with in-situ processing, double layer of quasi pixel detector Long Strip Sensors

Simplified Functional View of CMS Demonstrator Chip (VICTR) Interposer

- Short Strip Sensors
£ bl
Phi strip sensor
om
> Serial RO of all top P Smgsd Bump-bonding
| & bottom strips + UC Davis ,
------------------------- coincidence Interposer

Bottom tier of 3D circuit

Readout/coincidence
ol circuit for 1 long strip Coincidence hit

on the top sensor and |—#> Top sensor hit

s " L, - ~7| 5 short strips on Bottom sensor hits
ZX/B i . 7 ii/ the bottom sensor. Shotisvb censors \
EALEEEEER C m
orne
H

v . Z strip sensor Interposer:
e, : —— TEREEH ﬁ AllVia, Tezzaron
(z strips) . -t
Y | EEEEE | Interposer Sensors/edgeless sensors:
11th Pisa meeting H 17 BNL, VTT
- uses slightly modified IC deslg 3D ASICs with TSVs:
with a custom serial RO Tezzaron
architecture ﬁ —
* Track-Trigger definitively DBl/fusion bonding: Ziptronix,
- but may nOt need 3D ASICS Short Strip Sensors T'micro, RTI
as Ferimiiap
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3D-IC: Fermilab designs — VIPIC

Low-power, time-of arrival and charge sharing corrected intelligent pixel detector
ertically Integrated “hoton maging Chip
Detector: Si 500 um thick sensors soft X-rays
o Immediate application in producing science with light source
=~ ¢ no comparable device available (2D autocorrelation @ ~10us or better)
» Develop practices and techniques applicable later in devices for HEP
* Intelligent pixels (raw data not output, processing incl. inter-pixel communication)

t|me

Beam and DAQ are ready for VIPICA

Standard XPCS analysis: multi-tau correlator | A

Probes correlations between intensity fluctuations
at times 0 and 0+t
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3D-IC: Fermilab designs — VIPIC

1400 transistors / pixel |

Digital part of pixel Pixel 80x80 pm? Analog part of pixel

— 64 x 64 array of 80 mm?; shaping time 1,=250 ns, power ~25 uW / analog pixel, noise <150 e ENC

— Two dead-time-less modes of operation (64 x 64 matrix / in 16 sub-matrices of 4 x 64 pixels):
1) timed readout of hits acquired at low occupancy (address and hit count) o,=10us
2) imaging — counting of events
— Sparsified readout with priority encoder circuit (hit pixel address readout only) - .
17 DOE Detector R&D review July 24-26, 2012 3¢ Fermilab



Development of new algorithm for

Inte”igent pixe|s (V|P|C 1 /2) reconstitution of full event charge

Pixel exchange data and detector processes Each pixel is an asynchronous

information in situ outputting smaller quantity processor (maCh'n?ry)’ :
. , exchanging data with neighbors
of ‘digested’ results

Applied directly in X-ray science,
Ex. defeat charge sharing (degrades DQE, hardware cluster reconstruction
amplitude and timing spectroscopic performances) — ' ——

in X-ray detectors =» dynamic cluster
reconstruction in tracking detectors

Central hit Side hit
no charge sharing max charge sharing

100x100um?, 130nm GF, 2k transistors / pixel
Je -
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PIXEL NW PIXEL N PIXEL NE

Intelligent pixels - e A
C8P1 algorithm: 3 from PIXELE ﬂ' » #

A

summing node X4

summing node X1

r
1
1
1
1
IN i
r ===1t0 SH slow
1
1
1
1
1
]
1
1
1
1

Continuous summing of signals from
neighbors in every pixel,

Triggering on X>threshold performing all
way comparators and latching one

PIXEL W

from X1
from X2 PIXEL E
from X3
from X4

Fe———

. . . — L
winning pixel i > @ H 3>05
— =
summing node X3 summing node X2
PIXEL SW PIXEL S - PIXELSE
control originated from ; ;
) fast shaming fiter PIXELNW PIXELN ~ PIXELNE
10f \ noise ping | ! }
i : ~ !
L . (& a NS
1 difference & P = S
08 . ”/@/ S 0®
| yields clear \,Z_ ____________ e &/
osk| I result ; !
¥ i 1
dl VIPICZ E r--toSHfast i
oalll H ' !
amp. comp ~compw |4 'N~>~ E--- ----- ;— COMPE |-
] 1 1
PIXEL W ; ! i PIXEL E
o = ! to SH fast in other pixels !
AR - B : H
2.x1077  4.x107 6.x107 8.x1077 IYIO"‘«MAAXJDL‘? /\5‘ """""" h S "lz{\\
_____________________ Qc’ 2 047 S
<°‘“/ : Q
&
P X\. | IS S S | N S S N | R S SR S | B S !
A>B? 2x107 4x107 6x107 & Lx10° 12x10° 14x10° ; ;
previous result, uknown, new result latched PIXEL SW ; PIXEL S  PIXELSE

;’t. -
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Silicon On Insulator (SOI) pixels

« Collaboration established with KEK and under a Japan-US agreement (MoU
2007) on (industrial partner).
« also domestically with ASI through SBIR

electronics
layer \ Electronics

active volume

with E field
BOX e fully or +
buried oxide  partially
200nm depleted

- <€ sensor
] TN
Unity, without
post-foundry bonding
Al 200n4

process was a slightly modified version of a commercial
FD SOI process at the beginning

* -
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SOl pixels: Fermilab process improvement

to avoid back-gating in transistors (DC potential underneath the BOX shifts threshold of transistors),
to avoid injection of parasitic charges (from the SOI electronics to detector),
to avoid strong electric field in BOX (that results in accelerated radiation damage).

improvement proposed

I—»To amplifier __ by Fermilab
| | : r>T0 ground (P 200-300 keV Simulation with Silvaco

Feature introduced in the
design kit together with
scientist from KEK and
engineers from OKI/LAPIS

This well collects
the charge carriers

SILVACO — This well separates digital circuits
i Rlocs bl from sensor substrate and
o Microns ;s | prevents back gating effects

u -
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SOl pixels: Results

gradually improve circuitry and understand better the technology
dedicated resources are limited and risk to abandon this direction
technology applicable for example in pixel upgrades for STAR at RHIC

Intensity Graph 2 Count wScan values wsource wmask - Intensity Graph 2
—-1000 - = F-1000

Aouanbaiy

g
&
=
2

apnyjdwy
apnydwy

-20
-22
-24
-26
-28
-30
=32
-34
-36
-38
-40
-42

JESa ]
YFERARE

ChEEAERYENEBRRREBEERRE S &AL

0 2 46 810121416181)22242628303234363840424446485052 0 2 46 810121416181)2224%28303234363840424446485052

(1.9%1.9mm?) square W mask 109Cd source (22keV X-rays) flat field
with MAMBO 5 — submission cost

covered by US-Japan funds RE ilab
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23

R&D on pixels: HL-LHC CMS upgrade

Implementation target: process in collaboration with Italian

2GHz/cm? hit rate at HL-CMS translates to event rate per pixel (50%100M™™m?2)
>150kHz

Speed and maintaining low power are directions of R&D (to maintain <1% of
pile-up durations of analog signals must be less than 100ns)

Current benchmark in HEP pixels is FEI4 for ATLAS (LBL, UBonn, CPPM) —
but its architecture has limits — thus decided to explore:
* Fast higher order filtering (to avoid pile-up, out of time hits and lower threshold)

» Offset auto-zeroing comparators (to avoid real estate hungry trimming DACs and to simplify)

* Per pixel clock-less ADC (to convert to digital in situ at low power and allow further digital
processing)

* Explore architecture with arbitrary form hardware cluster recognition
» Study pixel size that would explore different experimental conditions CMS vs. ATLAS (mag.
field)
Exploring common design element between ATLAS team to:
* Exchange experience, evaluate synergies
* Conclude on merging developments into one ROC or maintain two concepts if reasonable and
advantages are clearly identified

Target prototype submissions in 2013 (shared among participants)_* ]
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R&D: 3DDigSiPM if funds for new strategic R&D

- Develop a novel type of fully digital, scalable photonic component capable of
detecting single and multi-photon bursts, their time-of-arrival, intensity and
position with high efficiency and purity (single photon detector)

optimized sensors and electronics (large area using advanced techniques developed for 3D-IC),
digital per pixel electronics (masking noisy pixel and obtain best timing),

Leverage experience and privileged access to 3D-Ic techniques working with companies
(Tezzaron, Ziptronix, ASI, SVTC, and other).

- Establish technological procedures, as a toolbox for advanced detectors whose use
may range from HEP, medical imaging, material science, detection of special
nuclear material to commercial imaging.

Sensor Cell
T 0
[_:] I:IET:] i iti Y
OO » Spot Spatial Position (X;Y
LJ‘_‘{.._-;L__ O]
' | ] @
TIUREEE Y » S
I}-«-{:——J,—ﬁ\H— P 2| [\ Pulse Arrival Tin-- -
| ! ule|
I I
Time | COCCOOC |
Impinging JCILC LIS ILICICE o Time
Light Pulse B | 0] T
R :
— - - * a Pulse Energy
COCCo0 | Q.
O |
COCCoO |
X Time

n -
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Resources: EDA/CAD tools

Cadence - main frame
+ Mentor Graphics — Silvaco (and Magma + Tanner)

« tools selected from various vendors to ensure only
strictly necessary functions, no advanced analyses and
facilitations in design process available; guidelines:

- common environment frame and affordability

« adv. technology nodes <100nm are strongly tools linked

— (underway)

- (2010)
— (2011

- (2012)

* -
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Resources: instruments

« ASIC test lab spaces

+ “clean room” (probe stations /one capable 8"/ and
measurement instruments)

+ 2 labs (FlexRIO National Instruments systems and test
equipment + lab. radioactive sources)

B+ robotic chip testing station (upgrade) \
~+ + manual bonding station |
+ PCB components mounting lab

« Instruments are becoming outdated; some are not up to current
measurement standard and procedures — needs addressing
. 2= Fermilab
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Conclusions
Solid-state detector instrumentation €=» ASIC + sensors = physics data,
Valuable resources are: people’ skills, science environment and collaboration

Interesting R&D projects with the challenges were found allowing becoming
leaders in new areas like 3D circuits,

Working in R&D collaborations, like SOIPIX, opens access to technologies and
to groups of targeted interests; contribution of Fermilab is visible, however
continuations are uncertain depending of resources and funding,

Intelligent pixels direction for much higher level of in-situ processing
Intensive work on strategic directions, ex.:
3D-IC technology in a wide spectrum of scientific uses
HL-CMS pixels upgrade and tracking-triggering
Technology development like 3D Dig SiPMs
Challenge is to keep up (education) with progression of pelectronics in industry

Desirable to establish PhD in EE/Device Physics following the CERN model of ‘CERN PhD”
and/or other schemes for students

Investment unavoidable in CAD/EDA

Challenging to maintain collaborations in areas : digital design / automated chip floor-
planning / mixed mode automation, and challenging to maintain leadership position while

certain tasks are out of reach, like tasks in nodes <100nm EE ilab
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