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Integrated Clrcults at SL

Current prOJects and near term future
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Lorenzo Rota on behalf of TID IDIC Department - Iorenzor@slac stanford edu""""'“""""""""‘ !

18 May 2022 - HEPIC Workshop X & 1637 ™
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Integrated Circuits @ SLAC

The IC team:

« 7 designers with complementary expertise:
* Dieter Freytag
* Bojan Markovic
* Aldo Pena Perez
* Aseem Gupta
* Lorenzo Rota
* Mohit Sharma
* Alexandre Habib

* +2 positions being filled
(1 analog/mixed, 1 digital)

« +2 visiting/student year
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Front Office Associate Lab Director
Michael Pivovaroff
Group [FOG]
Executive Administrator
Deputy ALD, Operations Queenie Huang Business Operations Manager
Lisa Bonetti Mike Gonzalez
Deputy ALD, Plans HR Business Partner
Mark Kemp Mary Bielenberg
Deputy ALD, Strategy ES&H Coordinator
\ Angelo Dragone Hovaness Dekeyan
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Controls & Data

Systems (CDS)
Division Director

Instrumentation

Division Director

(INST)

RF and Accelerator
Research (RFAR)
Division Director

Chief Technologist
Gunther Haller

Program Director,
Detector R&D and
Applied Microelectronics
Angelo Dragone

Amedeo Perazzo Ryan Herbst Mark Kemp
Advanced Data Quantum Integrated Advanced Advanced RF
1 Systems (ADS) Devices (QD) Circuits (IC) Prototyping & Systems
Matt Weaver Paul Lorenzo Facilities (APF) (ARFS)
Welander Rota Michael Brandon
Advanced Controls Hoganson Weatherford
—{ Systems (ACS) Electronics Assembly
Ernest Williams Systems (ES) & Test (AT) Computational Applied EM
Larry Lupe Salgado Electro- (AEM)
. Ruckman dynamics (CED) Emilio Nanni
Scientific
Cho Ng
Computing Systems Sensors
(5C3) Chris Kenney [

Yemi Adesanya




Areas of research

Particle physics:
. Medical Imaging National Security

5 R&D projects currently funded by KA25 program WEO 1% \ 1%
* Development of SoC for nEXO charge readout

e Collaborations with other institutes (e.g., ALTIROC)

* Strong detector development program to deliver science- _ ,
Particle Physics
ready cameras for LCLS-II: 30%

Photon Science
* X-ray imaging: ePix, SparkPix families 60%

* Timing: Tixel (SparkPix-T)

« Collaboration with local start-ups and companies (WFO)

* Medical imaging

* National security
Distribution of projects over past 10 years
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4D Tracking on 28 nm

* Application: Future High Energy, High Luminosity Colliders

* High Luminosity = Pileup — Solution: precision timing to distinguish
between collisions occurring close in space but separated in time

* HL-LHC will produce 200 simultaneous pp interaction on average
— Both ATLAS and CMS will incorporate dedicated fast-timing detector layers (HGTD & ETL) for HL-LHC

e A future 100 TeV pp collider will produce 1000 nearly simultaneous pp collisions
— will require full integration of timing with the 3D spatial information of pixel detectors = 4D Tracking

* Technology: CERN'’s EP R&D WP5: IC Technologies survey [1] has promoted the selection of 28nm CMQOS node

20

as the next step in microelectronics scaling for HEP designs. o (1] Strategic RD Programme on Technologies
. . R for Future Experiments - Annual Report 2020.
« 4-5X higher density compared to currently used 65nm v oo T Tachnicsl Report CERN.EP.RDET-2021.001
ilrtn:j::;i:ﬂ -20} V\\ 1 CERN, Geneva, Apr 2021.
 >2X faster compared to 65nm \ sz ‘v
E.: -0} v 1 [2] Giulio Borghello, “lonizing Radiation Effects
* Better radiation hardness than 65nm (preliminary studies [2]) ul Y G 0
—@— 130nm
-80 }|~¥ - 65nm ]
B 40nm
g L 2 [G. Borghello, CERN]
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4D Tracking on 28 nm

* One of the critical circuit blocks necessary to enable 4D operation in trackers
is high-precision Time-to-Digital Converter (TDC) = Design in progress:

O Evaluation of technology timing properties: O TDC Architecture: - -~ TwoRing - - T | .
) Oscﬂlators W|thit e
‘ TT, S8, FF, £, SF * Coarse resolution: 50 ps
> Fm B6X VDD = -~ 0.8V, — 0.9V, —- 1V ) )
§ (Eihp = & 40", e 27°C. A 125°€ * Fine resolution: 6.25 ps
-é * Range: 8+ bits
Ec.j' * Implements dithering for
Q.

linearity improvement

Transistor Size

Q Voltage Controlled Delay Cell Design:

* Worst Case: 5SS @ VDD=0.8V & -40°C

TDC Characteristics . . TDC Characteristics
(Sim) - dithering off » (Sim) - dithering on

T« Typical: TT @ VDD=0.9V & 27°C
" FF @ VDD=1V & -30°C

Propagation Delay

TDC out
TDC out

Control Volt I imes
-on : 0 a_l_ge [N Time-interval B-- Time-interval
p0.0 50O 400 00 5000 5500 000 6500 700 L R L LR L LR LA L) LR LA RLALLALLEY LA LA LA L

INTEGRATED
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CRYO ASIC

System-on-chip (SoC) charge readout for noble liquid TPC experiments

Architecture with combined analog & digital functions

* Signal pre-amplification with channel multiplexing, A/D = —
conversion, encoding, and serialization B[

—
é_ DIGITAL LDOs

Optimized for cryogenic operation (i.e., LAr - 87 K, LXe - 160 K)

e Chip designed using custom models developed at SLAC

TOP BANK | 8 SubBanks
32 - Channels

* Characterization of 130 nm CMQOS at cryo temperatures
Analog Front-End

x64 CHs

CRYO

On-chip supply regulation

Digital Back-End

BOT BANK | 8 SubBanks
32 - Channels

* No external active components (low background)
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Small chip size (7 mm x 9 mm) with a minimal number of 1/Os
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Power scaling mode to reduce overall power consumption

Designed for reliability and testability

Chip Size: 7mm x 9mm
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CRYO ASIC

Test bench setups

System at SLAC - Characterization in LN2 (liquid or cold gas) Example results at 160 K (LN2 in cold gas)
g el 2 | T 3 { e i =
ASIC 0 - Collection Mode —
(%] 800
v wordh
[= ton
< o 20 4@ 60 &0 100 120
©
=
o uner Display 1 , 7
°. 1800 Line Display 1
z oo PSD @ Tp=3.6us
wo|
o] 2 |
System at Stanford - Characterization in LXe -
coming soon... - ' T
-l
.8 .
y < (%]} - -10
. o
= 1000 T
c - - " - . . .
=
Q Line Display 1
"
Z 2000 Line Display 1
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2 60
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MAPS on TowerlJazz 65 nm

* New technology for MAPS has recently become available through CERN:
TowerJazz-Panasonic (TPSCO) 65 nm CMOS imaging process with modified implants

* Supports stitching: enable wafer-scale MAPS
*  Deep sub-micron CMQOS process: enables new architectures with more functionality and unprecedented performance

* Sensor optimization in the TJ180 process shows radiation hardness up to 10*° neq/cm2, time resolution < 2ns with uniform
charge collection efficiency across the pixel of size 36.4 um x 36.4 um with a small sensor capacitance (2],

*  The know-how developed for the TJ180nm process is used and adapted to the TJ65 nm process.

Standard process: Modified process:
-6V 08V 6V -6V 08V 6V Gap in deep n-implant: Additional p-implant:
-6V 08V -6V -6V 0.8V -8V

= v ==

P-type epitaxial layer P-type epitaxial layer
type ep & type ep L P-type epitaxial layer P-type epitaxial layer

Backside voltage Backside voltage
Backside voltage Backside voltage

Sensor optimization in TJ180 nm process

[1] M. van Rijnbach et al., Radiation hardness and timing performance in MALTA monolithic pixel sensors in TowerJazz 180 nm, 2022 JINST C04034
[2] M. Munker et al., Simulations of CMOS pixel sensors with a small collection electrode, improved for a faster charge collection and increased radiation tolerance,2019 JINST 14C05013

INTEGRATED
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MAPS on TowerlJazz 65 nm

 SLAC joined the WP1.2 from CERN, with ALICE ITS3 upgrade as main driver

* Prototype small pixel matrix designed at SLAC for future linear collider detectors with low duty cycle, in particular tracker and
EMcal

* Pixel: CSA with a synchronous reset, Auto-Zero comparator allowing Correlated Double Sampling in the pixel.
* The architecture is optimized for a small detector capacitance of 2-3 fF

* To be submitted on May 2022 MPW organized by CERN
/

||Cf
1

Cc
In Dig_Out
4{ SF H Comp |g_ u

i

AV
Pixel Architecture

Preliminary Pixel Layout: 25x25 pum?
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Fabulous

« Several popular FPGA architectures are becoming SymbiFlow
20+ years old fabric description fimitive librar user Verilog
(layout & wires) P y (benchmark)
*  Which means that original patents have g
. FABulous (fabric synthesis & ‘3 Yosys and ABC
eXp' red mapping; physical constraints; timing) N (synthesis & mapping)
£ 1
, . . R |
* Includes Spartan-3 and Virtex-1l FPGAs from B g B oty o) | B Json
ope $) P : fabric architecture optimisation c (mapped netlist)
Xilinx 5| sation k=
£ @ I
S ( ASIC RTL ) ( model © nextpnr
« In 2021, University of Manchester has started an g &°°:‘i:a'”ts Lt 8 (p'a""im”‘e’
open-source projects called FABulous 3 ASIC backend FPGA RTL ) FASM
(Cadence) & contraints (routed netlist)
 an Embedded FPGA (eFPGA) Framework :
ASIC FPGA backend I' | BitMan
. B . C . implementation timing (Xilinx / Intel) optional (bitstream asembly)
* l|dea is that you put an “reconfigurable logic” in I b e
. Fab FPGA emulator odules e
your ASIC deSIgn (TSMC) Qnetlist & bitstreamD C Usar bitle )

INTEGRATED
s:-l%\'s ITI\EI(\I:S\[\}ETILg(NS\EIRECTORATE SRR Designers: Larry Ruckman (TID-ES), Aseem Gupta, Lorenzo Rota 11



Fabulous

el
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Submitted on TSMC 130nm MPW on May 15, 2022
* ETA: Aug 2022

Simple Example eFPGA design to tryout the framework
* 384 logic cells
* 128 registers
* 4 DSP slices

ASIC will be wire bonded to an FMC carrier and eFPGA
bitstream loaded from a Xilinx development board

Goal: get more familiar with the open-source framework
and tools before implementing an eFPGA in a readout
ASIC.
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- AR B IFEAE NN R EOEDEAED 20

. P =T =T = — = = = e T =T s — =1 =T = .

e E R gE oo noCte e e et e s Sty

o' gf B8 7 2 2 2 4 4 ¢ & P FE 8 v
= =2 =2 = = 2 =2 2 4 =



. . JE 1 1 AI> | Ciricraor
Sklpper_ln_CMOS M ' Fermllab aF b NN | ABORATORY

* Collaboration between FNAL, CAB, SLAC and TowerJazz

* Development of a Skipper-CCD on a CMQOS process:

* Multiple non-destructive readouts enable noise
performance <0.1 e-

* CMOS integration enables higher frame-rates
* Prototype developed on TowerJazz 180 nm

» Several applications in neutrino, direct dark matter search, soft
X-rays, quantum imaging, etc...

* Current and future R&D in the scope of DoE pElectronics
proposal:

* integrate Skipper-in-CMQOS sensor with readout ASIC

* target frame-rate: 1 kHz
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Detectors for photon science: ePix/SparkPix families

Current R&D driven by the scientific goals of LCLS-II/HE and its MHz operation. Two main class of detector needs:

« 2D direct conversion Pixel Array Detectors with large DR, high QE, frame rates of 100 kHz, full-frame readout
- ePixHR/UHR, phased approach 5kHz (2021) - 25kHz (2025) - 100kHz (~2028)

« 2D direct conversion Pixel Array Detectors with MHz frame rate and real time processing capabilities, specifically
designed to address the needs of classes of experiments exploiting the full potentials of the LCLS-II.
- SparkPix, information extraction in real-time to push operation to 1 MHz in CW and GHz in burst

ePixUHR (2019.202¢)

ePixHR; sp (2019-2025) - Ful frame 100kHz-1MHz extention
+ Full frame 25kHz extention for HE +  general pourpose” cameras
first light « afficient information extraction
+ HXR senseors with high QF at HE (Advanced Calibration / Edge-ML)
Bnergies
. SparkF‘lx (2020-2025)
ePixHR 2016 2022) Reavolutionary Experiment
« Firstlight full 5kHz at LCLS-II. Specific X-ray Cameras (ESXC)

. ePixHR10K for tender Imaging = Information extraction at full rate

«  ePixHRZ50M for soft-ray Imaging (1MHz CW, 3GHz burst)

+ Advanced features (triggering,
sparsification, 2ero suppression
ale.)

100kHz-1MHz

ePix 20132018

+ Successfully exacuted
+ Inuse In LCLS experments

o1 A ﬁ TECHNOLOGY INTEGRATED
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ePix highlights

ePixHR10kt: 5 kHz frame-
rate for tender X-rays

140kPix, 5Kfps
ePix10ktHR

2.2MPix, 5Kfps
ePix10ktHR

Entries [all pixels]

RIXS control room - test beam
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ePixM: 7.5 kHz MAPS on
LF150nm for soft X-rays

EPIXM_SH_V2V3 PROTOTYPE CARRIER BOARD
PC-261-101-10-C00

Energy [eV]
4000

1000 2000 3000 5000 6000 7000
"

—— WS (a0 = 58.91 ADUs/keV
—— Fe55 5.9keV peak = 347.56 ADUs
—— Fe55 6.4keV peak = 382.80 ADUs
600 4

g

200
L

50 100 150 200 250 300 350 400
Amplitude [ADUs]

Spectrum Fe55 (raw data)

ePixUHR: 35 kHz frame-

rate for tender X-rays
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SparkPix highlights

SparkPix-T (Tixel): timing
detector with 100 ps

resolution and sparse
read-out @ 1 MHz

6.3mm

uswn 5

s

TOA itter VS Programmable Delay Value

Average Std. Dev. = 51.402070 ps

std. Dev. [ps]
(=
o
[
»
(1]
o

35 40 45 50 55 60 65
Programmable Delay Value
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SparkPix-ED: full-frame
pixel detector with
adaptive resolution and
trigger capabilities

Detector low-res

Memories:
N frames hi-res

Trigger
generation

T
- EDGE
computing

Data
analysis

Sum: 1 MHz

[Famesnoo]

SparkPix-S: sparse readout
@ 1 MHz for XPCS
experiments

16



