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FASTPIX

* Monolithic pixel sensor demonstrator chip in modified 180 nm CMOS

imaging process

- Hexagonal pixels with small, few fF capacitance collection electrodes

+ Large signal-to-noise ratio in favor of detection efficiency and timing

performance

- Non-uniform electric fields, time dependency on in-pixel particle incidence

« Design variations aiming at charge collection optimization

« Target: excellent spatial and temporal resolution with high efficiency
« Future high-energy and high-rate particle collider experiments

« Wide application range (e.g. spectroscopy, microscopy, medical ATTRACT EASTPIX:
Sub-Nanosecond Radiation Tolerant
CMQOS Pixel Sensors

applications)

UH
Universitat Hamburg 4/26/23 Justus Braach | FASTPIX | GENTNER DAY Spring 2023

DER FORSCHUNG | DER LEHRE | DER BILDUNG

NS

CE/RW
\
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The Sensor
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- Four groups with different pixel pitches: - Different design parameters implemented
I: 8.66 um, II: 10 uym, Hll: 15 pm, IV: 20 ym Collection electrode size, geometry of implant structures
CERN B
\f_)’ ‘ Dniversitt Hamburg 4/26/23 Justus Braach | FASTPIX | GENTNER DAY Spring 2023

DER FORSCHUNG | DER LEHRE | DER BILDUNG



The Pixel Celli

STANDARD PROCESS
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MODIFIED PROCESS
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M. Munker et al 2019 JINST 14 C05013
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OPTIMIZED PROCESS
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- Process and design modifications for uniform depletion and accelerated charge collection

+ Add implant structures at pixel edge = shape electric field = uniform acceleration of charge to collection electrode
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https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013

Sensor DeS|gn Parameters in Optimized Process
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CLICdp Timepix3 Telescope Setup

« CERN SPS North Area test beam on
beamline H6 at 120 GeV/c pions

DUT on
chip board - AR
Hy i/ e A + FASTPIX read out by Oscilloscope
F ... controlled by Caribou DAQ
4 .. connected to telescope DAQ
 FASTPIX: -6V for substrate and p-wells

* Per 5 sec. spill ~ 1000k in telescope
yields ~ 0.5k triggers on matrix

 DUT between upstream and downstream
Timepix3 (TPX3) reference planes

* Microchannel Plate PMT (MCP-PMT) as
time reference

- ~ 0(10 ps) MCP-PMT timing precision
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Cluster Size and Efficiency — 20 ym Pixel Pitch

N _ - . .
O [ - W03 #3 — 20 ym matrix without deep n-implant
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o O 3 __— ............... entries: 3636 __ oL i : 05 oL 0.95
~ - : - [ ] ‘ . 0.4 : 0.94
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[ ] W15 #3 — 20 pm matrix with deep n-implant
B | 99.14 (+0.21 -0.26) %, 1981 total tracks
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= ittt e, 08 “« | 0.98
0 2 4 6 8 1 O 2 b, 0.7 & 5p 0.97
cluster size [ | 0.6 : 0.96
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« Standard W03 vs Modified W15 for 20 pm matrix ) i 0.4 r 0.94
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« Fully efficient operation, threshold of 38 electrons sol W g 0.2 : 0-32
-50[ 0.1 i 0.91
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-200-100 0 100 200 g 10 -5 0 5 10
- No significant difference in cluster size or efficiency Xirack [WM] Xirack [HM]
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Cluster Size and Efficiency — 8.66 ym Pixel Pitch

A | T I T T T I T T T I T T T I T T T I T i
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Cluster Size and Efficiency — 8.66 uym Pixel Pitch

W03 matrix 0 (8.66 um) at 66 e
—— mean: 1.11 = 0.02
entries: 553

©
oo
g

« |IF full efficiency at the same threshold:

W15 matrix 0 (8.66 um) at 51 e’

mean: 3.68 = 0.05
entries: 549

- More charge sharing with Standard W03

= Expected larger cluster size for Standard W03
compared to Modified W15

o
~
[

i

BUT small pitch causes:

! ] - Increased charge sharing

# entries (normalized)
o
(@)

o
N
|

- . - On average smaller signal on seed pixel

i T => Signal more likely to stay below threshold
0) 2 4 6 8 10 -> Hit and remaining pixels in the cluster remain
cluster size undetected
- Standard W03 is 40% less efficient than Modified -> Process modifications of Modified W15 help to
W15 for 8.66 um pixel pitch contain the charge within single pixel
= Modified W15 has around 3 times higher mean - More margin for efficient detector operation of
cluster size small-pitch matrices
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Spatial Residuals for Optimized Process

Spatlal ReS|duaI

RMS [um]

RMS of Spatial ReS|duaIs
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RMS of spatial residuals for all matrices between 1.9 ym and 4.3 ym

-> Smaller pitch = lower RMS

Xirack Xnit [Hm]

| L

~+- W18 (8.66 um)

<+ W18 (10pum)
W18 (15 um)

+W18(20pm)

superscrlpt ihreshold ine

20 30
matrix index

= Spatial resolution down to 1 ym after unfolding telescope tracking resolution of ~ 1.7 um
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Time Residuals for Optimized Process

Time Residual

RMS of Time Residuals

N [ " T ! i N L ! L
q_) i RMS =107 ps tr.natrix ZIi 1 8 02 _ ...................... +79 ...... <+ W18 (8.66 m)—
"E‘ - RMSg 74, = 103 ps corre::';‘;gr:v:er T 4p) i .i.ez 68+x:8 (:Oum) )
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** I ] o
- - 0.16
400 |- .
I j 0.14
200 - n 0.12
n > |
i i 0.1
O l L l L
1 1
At [ns] matrix index

RMS of time residuals for all matrices between 100 ps and 200 ps

- Larger pitch = lower RMS: smaller mean cluster size + more uniform lateral field = larger share of signal collected by
single pixel = pos. influence on time resolution
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Time Residuals for Optimized Process
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Smaller pitch = shorter drift distance but also more charge sharing and larger cluster size
- Deteriorated time resolution for the seed pixel = better performance for larger pixel pitch

= 20 ym matrix shows 15% better timing performance compared to 10 ym matrix in optimized process
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Summary & Outlook

Successful integration in existing Timepix3 telescope, reconstruction and analysis framework

Process modifications are essential to maintain efficient operation for small pixel pitch

FASTPIX reaches spatial resolution down to 1 pm

FASTPIX reaches ~0(100 ps) timing precision for optimized process

NEXT STEPS
- Further improvements of reconstruction and analysis methodology

- Additional test beam campaigns focusing on measurement statistics and implications of angled tracks
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Sensor Design Optimization
Before FASTPIX

Optimization performed with 3D Technology Computer Aided Design
simulations (3D TCAD)

Fundamental challenges:

1. Increase and shape field significantly while maintaining small sensor
capacitance

2. Limitations of circuitry on sensor and vice versa

Electrostatic potential from 3D TCAD (color scale), streamlines (black
arrows) and electric field minimum (star symbol):

Total current [A]

3e-8

2e-8

le-8

1 A A R AV 4 B A . . . . . +
0 5e-9 le-8 1.5e-8 2e-8 2.5e-8

Slide taken from: M.Munker, iWoRIiD 2021

Single pixel current pulse from transient 3D TCAD
MIP simulation in pixel corner :

—— Standard process
—— Modified procedd with deep n-layer
L —— Gap in deep n-implant

Pitch of 30um
Voltage p-well/substrate = -6V/-6V

Time [s]

Standard process: Modified process:

Gap in deep n-implant:

Pitch of 36.4um, voltage p-well/substrate = -6V/-6V
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Frontend and Periphery

Reset & leakage PMOS & NMOS 4 analog channel outputs
compensation source followers

AVDD AVDD AVDD AVDD

pd —_ —_ SF-OUT - —_
BUF

IRESET>—| IBIASP >—|E . |E

VRESE i >—|E AVDD sourcegl SO0 |E

{ A-OUT

A SF-OUT +—ipLyik-- DLY2
IBIASN >—| SF-OUT )—-

=S B
AVSS PWELL AVSS VTHR 2

Sensor p-n junction 64 digital channels to one fast OR & 2 DLY outs
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Readout Architecture (Digital Channels)

A
« Asynchronous readout with oscilloscope and

VTHR- =l = = /= o o e e e e e e S m e e mm e m e off-chip processing

: « Time-based position and time-over-threshold
: > encoding on 3 channels: DLY1, DLY2
|

SF-OUT )

i

>
A <----ToT----t ;0.2
OR ) 1- J - : ~ \ |
1
: l<t----ToT----51 EO.Z
| i
| %01 L
DLY1 ) {-— . -- 3 o \A
: : I<t----ToT----&1| 0.2 r\
] 1 —
1 | (gl 0 1
1 1 ) .
DLY2 1- | | ’ ! - 8 \ L
1 | | 1 56 64 72 80 88 96
I I : : > Time [ns]
to t4 to t3 time
| I9---->|-=-=-=-==-=-===- - |
ToA Pixel Pos. ToT
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Readout Architecture

@7 FAST OR
[T =
A ——C——¢ '
SV B R AL LaC
SF-OUT)>—I-
hls\ . cmps 2000
VTHR >_/I/__ | ¢ ¢ ¢ W 100 ps m 4000 il
100ps
—Gc—¢ 2000
C100ps ll
OLY) 100ps [DLY] 035 —50 -25 00 25 50 75

¢ Pixel position [ns]
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CLICdp Timepix3 Telescope Schematic

coincidence
unit
— ] I_
Trigger Logic Unit SPIDR
40 MHz clock readout boards

discriminators

Caribou

[ readout board

oscHIoscope

PMT| PMT PMT
particle
beam
MCP
PMT
scintillators 3 Timepix3 planes FASTPIX 3 Timepix3 planes scintillator

(downstream)

(DUT) {(upstream)

6 x Timepix3 connected to SPIDR readout boards

« Coincidence of

-PMTs is fed to TDC on
a SPIDR board

FASTPIX and oscilloscope controlled by Caribou
and connected to telescope DAQ

« FASTPIX at -6V bias at substrate and p-wells

- Oscilloscope triggers on FASTPIX fast OR

= Triggers are fed to TDC on a SPIDR board for
synchronization

Analysis with Corryvreckan reconstruction

framework O

e 2020 JINST 16 P03008
= DLY calibration, raw data decoding scripts (C++)

« 2021 JPS Conf. Proc. 34, 010024

= Alignment, analysis in Corryvreckan

- High-level analysis and plotting (Python, C++)

ttH mb g
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https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03008
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Readout and Measurement Setup

= B - Caribou Data Acquisition System

: Most recent publication by E Buschmann

o DOI 10.1088/1748-0221/18/02/C02005 H H
5 ‘ i ] T

7 i —

Stand-alone setup for initial laboratory tests and calibration

FASTPIX on

= FASTPIX chip board contains wire-bonded detector, connects
chip board to readout system

provides power, bias voltages and currents and
configuration/control of detector

- FPGA/SoC runs Peary, the detector specific control firmware
and data readout/processing software

FPGA

‘ SoC

L SE XILINXS
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Independent Time Reference - MCP-PMT

DOWNSTREAM

HAMAMATSU R3809U-50 CT1742

= Acceptance ~1 cm?, expected resolution below 10 ps (see: J. Bortfeldt et al.)

= Built-in amplifier and bias-T circuit (V55 = 2.6 kV) > Oscilloscope-based readout

= Custom 3D printed housing adapts to high-precision rails of telescope arms
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Threshold Calibration with Test Pulses

E " T T T T T ] é E 100 = T T T T T T -':é
S 150 1® s | 15
S 1= S 80 1=
n i | E wn i i E
| - 60 - =
100 - - 8 [ :8

- 100 40 - .

- dSignal /dl 1 [ dsignal /dl ]

50 -_ _Fitlgna oy __ 20 L T Fitlgna - .

- Intercept: (160.405 = 0.123)e [ Intercept: (90.908 = 0.117)e ]

-  Slope: (-114.986 + 0.197)e/V O | Slope: (-65.354 + 0.187)e/V —

T BT B SR SR SR SRR R P BT BRI SR S B R

O 02 04 06 08 1 1.2 O 02 04 06 08 1 12
Ithr [V] Ithr [V]

Signal in e is calculated using the design value of the test pulse capacitor

= Range follows approx. linear trend but fails to extend to higher electron-thresholds
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Eta Correction for hexagonal

-—————
[ ——

———————

M
4
°

——————
R p—
——_———-—

Correction in radial coordinates (r,p) account for different

axes in hexagonal grid Hakan Wennlof et al.

pixels

Reference position: Center of lowest, left-most
pixel in cluster

Algorithm for two-pixel clusters

ASO = Ptrack — Pcluster
T'track, projected =— Ttrack * COS (AQO)

phiDiSttrack, projected — Ttrack ° sin (ACP)
= No correction in angular direction

Algorithm for three-pixel clusters similarinr

Inew — Tnew ° COS (Qpnew) + Zreference

Ynew = Tnew ° S111 (Spnew) + Yreference

- Correction in angular direction possible

- Two possible -ranges: [-60°, 0°] & [0°, 60°]
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https://gitlab.cern.ch/hwennlof/corryvreckan/-/tree/hexEtaCorrection

Unbiased Residual in x - all cluster sizes — 20 ym

Residual in local X Residual in local X
® _ : residualsX " — . residualsX
2 C E Entries 9742 @ 1200 Entries 9880
£ 200 noEta Mean 0.1013 £ 0.04258 | £ " hexE Mean  -0.02621=+ 0.0404
c = L
- - Std Dev 4.201+0.03011 | B exEta StdDev  4.015 + 0.02857
800 1000 —
700 B
600 800 [—
400 | =
300 f_ 400 —
200 200~
100 — B
0 :| I N B R I L 1 I 1 [ 1 I 1 [ 1 I 1 [ 1 I 1 [ 1 I I R S | 1 I 1 0 _I I 11 | I I L I 1 1 1 I 1 1 I 1 | I I 1 1 1 1 I | I —| 1 I 1
20 15 -10 5 0 5 10 15 20 -20 -15 -10 5 0 5 10 15 20
Xirack Xpit [0M] Xirack Xt [4M]

Unbiased residual in x — pixel pitch pcerny = 20 pm = papsq = 23.1 ym
« Binary resolution approx.: (20 pm/ 12V2)ceggn =5.8 um = (23.1 ym/ 12V2 )ppgq = 6.7 um

« Telescope tracking resolution at DUT position: approx. 1.7 um
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Time Walk Correction — 20 um Pixel Pitch

All Cluster Sizes 1-pixel Clusters

? 4 timewalk2d_inner 'E 4 timewalk2d_inner
—"E Entries 114394 350 _E Entries 71020
T3 Mean x 88.54 3 Mean x 90.44
g Mean y 0.162 k] Meany 0.2471
bl StdDevx  41.25 = StdDevx  36.71
Std Devy 0.2467 Std Devy 0.1942
1 1

ity

uncorrected

o H\’-\H\’I\[HH‘HH‘HHHH‘HH‘HH
o \\\r—\H\’{[\\\\‘HH‘H\_‘_\‘HH‘HH‘HH

0 0
-1 -1
100
-3 50 -3
4 Co b e e e L o 4 co L e e e e e L
50 100 150 200 250 300 350 50 100 150 200 250 300 350
ToT [ns] ToT [ns]

E 4 = timewalk2d_inner E 4 = timewalk2d_inner
PR Entries 114394 350 : F Entries 71020
] Mean x 88.54 w3k Mean x 90.44
5 F Meany  -0.003961 300 i C Meany  -0.005136
= o Std Dev x 41.25 Ay Std Dev x 36.71
-8 E " StdDevy  0.1608 - StdDevy  0.1445
C, n C
il Cu
1= 1
whd - L =
0 Eo E
o °E °F
= RS “E
co C
8 -2 . 2
C C
:'FI 1 :'.lll
3" 3 *.I
[« s
= = \ - Ll - L. R
0 0 50 100 150 200 250 300 350
TAT [nel

Correction shown for all cluster sizes and 1-pixel clusters in this example

Seed-pixel residuals over ToT
on pixel-by-pixel level

Correction method
Split data into two sets
Set 1: obtain mean per ToT bin

Set 2: correct by subtracting
mean of corresponding
ToT bin from set 1

Repeat vice versa

Correction per cluster size for
1-, 2-, 3-, 4-, 2 5-pixel clusters

Impacts on timing performance

« Signal share collected in
seed pixel

* In-pixel particle incidence
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In-Pixel Timing for Optimized Process

W18 #1 - 10 um matrix W18 #3 - 20 um matrix

dt_inpix_inner 0.15 dt_inpix_inner

= Entries 97832 : = Entries 114009
= Meanx -0.01174 : = 10 Meanx  0.0004373

5 Meany  0.0151 e Mean y -0.0511
> 4 StdDevx  2.639 > StdDevx  5.265
_§_<’ Std Dev y 2.64 _g_g Std Dev y 5.226
@ e 5
£ £

e walk corrected
IIII|IIII|IIII|IIII|III III|IIII|IIII|IIII|IIII

5 4 3 2 0 1 2

-10

e walk corrected

-10 -8 -6 -4 -2 0 2 4 .6 8 1]0
in-pixel X [um

|
3 4 -0.1!
in-pixel x [Mm?
track

Smaller pitch = shorter drift distance but also more charge sharing and larger cluster size

- Deteriorated time resolution for the seed pixel = better performance for larger pixel pitch

= 20 ym matrix shows 15% better timing performance compared to 10 ym matrix in optimized process
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Time Residuals for Optimized Process

W18 #1 - 10 um matrix

0.1

g 03 ; ; s
& IS time walk corrected
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= B X
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. [ " ©
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_ ? i 53691
B 13718 m22117
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cluster size

W18 #3 - 20 um matrix

® 0.3 T : :
£ [ o time walk corrected
= T 5
- B Q@ é 70
< 025 oo ST O SO OO ; + ..............
= - Ol wn ; 288
g [ T3 ;
s [ Mo |
,_g 0.2 'QE.E ................................................................................................................................
T o Q
= o 1
- )i
0_15__ ..... m& ................................................... .8751 ..................................................................
v
B : 34249
370760
0.1_ ........... S

supeérscript: erftries in sufbset

0-05 Il 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

1 2 3 4 5
cluster size

Larger cluster size = more charge sharing = deteriorated time resolution for the seed pixel

- Better performance for smaller cluster size

- Timing precision of 103 ps in single pixel clusters with 20 um matrix in optimized process
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