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The timeline of MALTA developments

H2020 MSCA ITN “STREAM’ AIDA Innova and
CERN EP R&D
iE
Ei MALTA3
H— #digital-flow-design
fingle Chip Testboard % R
MALTA1 & MLVL Mini-MALTA MALTA C Split 7 MALTA 2 Mini-MALTA 3
Jan 2018 Jan 2019 Aug 2019 Oct 2020 Jan 2021 Oct 2022
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The MALTA Sensor and basic specifications

e The “MALTA” Sensor

— Asynchronous readout architecture for
high hit rate capability with 40bit parallel
data bus for hit address and timing readout

— Data streaming for trigger less operation

— Sensor-to-Sensor high-speed signal
transmission (no-Flex system integration for

minimal X,)

MALTA-Cz main features
Pixel Pitch

Matrix size / active area

Hit rate capability

Time resolution

TID radiation hardness
NIEL radiation hardness

36.4x36.4 um?2
512x512 /18.3x18mmz2
>> 100MHz/cm?2

~2NS

>100Mrad

>1015 n,/cm?

5;,; MALTA'CZ%:EE

BEI==
%

BESS

b et

e Developed as radiation
hard tracker for HL-LHC
application

e originally developed
with specifications for
ATLAS ITK Outer layer

e Radiation hardness
for a low noise CMOS
sensor is key
development goal

H.Pernegger (CERN)
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The MALTA Pixel design

NWELL COLLECTION
NMOS PMOS ELECTRODE - =

N O J . ! W
PWELLJ NWELLJ;" L PWELL | NWELL

LOW DOSE N-TYPE IMPLANT

DEPLETION
BOUNDARY

* Small electrode design 3x3um collection electrode in
depleted pixel
* minimal capacitance (<5fF) PEPLETED ZONE
* Threshold ~100e- and ENC noise < 10e-
» Sensor thickness can be optimised for application
* epitaxial 30um active in 50um thick sensors for

minimal material
* thicker Cz substrate for larger signal or soft X-ray
sensitivity (100 to 300um)

* Sensor Matrix power consumption
* TuW/pixel analog

* 70mW/cm2 analog
*~10mW/cm2 @ 100MHz hit rate (digital power
minimised as no clock in matrix)

P- EPITAXIAL LAYER

DIGITAL

36.4 um

Vertex2022 workshop

H.Pernegger (CERN)



https://cds.cern.ch/record/2285585?ln=en
https://cds.cern.ch/record/2285585?ln=en

MALTA sensor process (TJ180nm CIS)

collection electrode in pixel ct

piel circuits
(PMOS & NMOS) Extra-deep p-well
peeppwell long pixel boundary

NMOS_ PMOS
(pwell (n-well

n- layer — n-layer

e produced in Tower 180nm CIS process
 optimisation of implantations with foundry @ | Tpg—

along pixel boundary along pixel boundary

e s (D e e N ——
' it > i —

n- layer

* produced on epitaxial and Czochralski
substrates —

(©) (d) (e)
wes ms MELEMEC ;
Additional process modifications can /I 3e-08 e Modified process
increase E-field in pixel corners LOW 00SE e 1vPE WPLANT - - Gap in deop mimpla
; < —=-Gap in deep n-implant
further reducing charge collection tails. lNGAP B secel Fluence of
‘ S A 10'3neq/cm?
°
M Reoe N P EPITAXIAL LAYER | e
o) = ARAAAAR A 2 F
Ll . NMissaadabAAA SRRy g’ 1e.08r i
Gap in the low dose N- 2 &
e type implant °
STD nuos  pwos  MWEEETRGGE of .
"~ Deep PELL ’ opw 0 5600 1e-08 2608 20-08 2e-08

P- EPITAXIAL LAYER

—
EXTRA DEEP PWELL -OW DOSEN- Time [s]

iXDPW |

* faster charge collection

P- EPITAXIAL LAYER

* substantial improvement in
radiation hardness due to

M. Munker, JINST 14 (2019) C05013 _
Extra Deep P-Well better charge collection

H.Pernegger (CERN) Vertex2022 workshop



https://cds.cern.ch/record/2285585?ln=en
https://cds.cern.ch/record/2285585?ln=en
https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013/meta
https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013/meta
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Improved Front-End - MALTA?2

Sensor

Same matrix design with asynchronous hit transmission and

improved FE:

> lower noise & higher gain by enlarged transistors &

cascode stage

o enables operating the chip at lower threshold (down to

O(100) e) by significantly reducing noise tail (RTS noise)

o increases sensitivity to small signal

O higher radiation tolerance (Ref. JINST 15 (2020) 02) :
with same configuration MALTA1 FE threshold = 340
el. c.f. MALTA2 FE =200 el.

o substantially improves efficiency @ 1x1015 neg/cm2:

MALTA1 FE=87%, MALTA2 FE =98%

o improve speed of analog FE

H.Pernegger (CERN) Vertex2022 workshop
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IEEE Trans. Nucl. Sci. , vol. 69, no. 6,
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https://cds.cern.ch/record/2285585?ln=en
https://cds.cern.ch/record/2285585?ln=en
https://arxiv.org/abs/1909.11987
https://arxiv.org/abs/1909.11987
https://ieeexplore.ieee.org/document/9764367
https://ieeexplore.ieee.org/document/9764367
https://ieeexplore.ieee.org/document/9764367
https://ieeexplore.ieee.org/document/9764367

Front-end performance before/after TID 100Mrad

e MALTA 2 sensor irradiated with X-ray to 100Mrad

characterise FE threshold and noise through threshold scans

MALTA2 EPI XDPW Annealing
: : 25.0
e threshold dispersion L el le T
o
- starts at ~ 7e- and increases until 22.51 IR o T
10Mrad, then saturates ~22e- 20.0 . 1
e ENC - il
- starts at ~ 6e- and increases to % ' ? I : I
~22e- < 15.01 s e :
e 24h@R/T Annealing reduces % s . . L
threshold dispersion and ENC 00 o
: s :
15 o ° e  THRESHOLD DISPERSION |
! ENC
5.0 T m
10° 10’ 10" 10’
TID [Krad]
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https://www.sciencedirect.com/science/article/abs/pii/S0168900220307786
https://www.sciencedirect.com/science/article/abs/pii/S0168900220307786
https://www.sciencedirect.com/science/article/abs/pii/S0168900220307786
https://www.sciencedirect.com/science/article/abs/pii/S0168900220307786

Substrate choice: MALTA sensor on Czochralski p-type

e Possibility of processing on high resistivity Czochralski substrate

p-type Cz substrates with resistivity of >4 kQ-cm
Can operate at 50V reverse bias for larger depletion (~100um)
= Aim for higher radiation hardness

e Implement the same design and process modifications
Continuous n-layer (standard), gap in the n-layer (n-gap), extra deep p-well

p———— TRANSISTORS ——

e To deplete large fraction of el s s s el

HR substrate: need to Pt et o T
- v v I
separate p-well from p-type N
substrate +
= influenced by n-layer doping as
well as details of NGAP width of P-type Cz substrate

XDPW implant width & doping
depth 300um HR substrate

= Have optimised in TCAD and
with foundry process experts

H. Pernegger, NIM A 986 (2021) 164381

H.Pernegger (CERN) Vertex2022 workshop
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Substrate bias voltage: Epitaxial & Czochralski

e Measured
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Substrate bias voltage: Epitaxial & Czochralski

e Afterirradiation (1e15 neutrons/cm2)
e Separation between p-well and substrate improves

e Large operation voltages (~50V) are also possible with NGAP/
XDPW which improves depletion and charge collection after
iIrradiation

epitaxial N-gap n-layer Cz continuous n-layer Cz N-gap
T 4F z & 16fF Jig £ 3 15z
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MALTA Testbeam Telescopes & Beam tests

e Custom MALTA telescope with fast read-out, online
monitoring, and cold box for irradiated samples
- Upto 7 planes + DUT or 6 planes + 2 DUT
= Triggering directly out of MALTA planes
= Scintillator for better time reference
= Continuous operation in 2021 and 2022
e Track reconstruction better than 6 um position and
~2 ns timing

MALTA telescope at SPS

Cluster arrival time in different planes:
Cluster size versus hit position (Cz

—

S S T T IR 5 0.07 T T T T T
] - — s - = 2
E = Planet : F ] S 3
0.04— —}— Plane2 ] 0.05F 4 8 60 g
-+ 4 r MALTA telescope 1 > ‘_=;
C Plane3 b C tracking time 1 % v
0.03— Plane4  — 0.04¢ 1 Fso
C —+— Planes b C ]
C E 0.03;— E 1.6
0.02} g 15
“F E 0.01 .
0 o 7--'. il Ll ‘.\ s : o_ 1 1 1 [ 13
115 120 125 13 135 140 14 115 120 125 130 135 140 145 :
cluster time [ns] cluster time [ns]

M. Van Rijnbach BTTB 2022

20 30 40 50 60 70

Track X pos [um]
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NIEL Irradiated MALTA2 sensors

» Good performance of Cz samples at 2x1015 n/cm?
» Sensor back with conductive glue to PCB for more uniform substrate biasing

* Cluster size increases with substrate voltage
* Maximum at ~2.2 at 50 V at 100 e-

» After 2x1015 n/cm?2 efficiency better than 98% at 50 V bias at threshold = 100 e-

A 24 < 100 . =
2 — MALTA2, Cz NGAP, 300 pm, 2. = B
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B ®100e S A w 70 SoX s ]
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L ¥ 205¢ v - Sy T e .
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1.6 © 2u456e AT v e -© 50 & -/ _-’d" =
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1.4 A W5 u A - o _,,.-'E] JPPT 40 ‘:‘ ""/'. pe o intermediate dopin'g n-Iaye,r, =
B S gt B v e K 2E15 1 MeV neg/cm? 3
- R ARG, o . Fiducial region onl —
1.2~ A AT 30%",5, gion only :
- » 2 20k -
F rrcar i) - ”*r"lﬁlII@IIIIIIIIlllllllllllllllllllll :1 11111111111111111111111111111111111111 ]
15 10 15 30 35 40 45 50 55 5 1 0 1 5 20 25 30 35 40 45 50 55
SUB [V]
SUB [V]

Vertex2022 workshop




Timing properties of MALTA2 sensor FE

e FE time-walk measured on special pixels with analog output

e Sensor measured with
90Sr source

e 90% of hits (not clusters !
arrive within 25ns

= late hits are small hits from
shared clusters

¢ |[n-time threshold ~ 200e-

—) 50
70k charge sharing effect 30 um EPI 45
40
) £
— 30
; S
25
= :
= 20 2
= Z

200 400 600 800 1000 1200 1400
CHARGE [e”]

IEEE Trans. Nucl. Sci. , vol. 69, no. 6, pp. 1299-1309, June 2022

Vertex2022 workshop
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Timing properties of MALTA2 matrix

e Signals discriminated in pixel and transmitted through pixel logic
down column to periphery

: 300 350 400 450

l injection external readout

sensor

MALTA preliminary

- Y direction (down the column)

128 p— .
- correction

PR Y S N S NN SR ST S S S ST S S S S S S

SPS test-beam 2021

PR -

\4

pixel circuit T

500
pixelY

e Measure Time resolution with
injected pulses
Total jitter from FE to DAQ is

dominated by FE

Jitter varies from 4.7ns @ 100e- to

160ps @>1200e-
Uniform across the chips

Column pf&pagation time
~3ns for 224 rows

periphery

"
/ trigger

5.0

P

4.5 1

4.0' [

= 3.5
&,

e 3.0
[Sa}

£ 25
=

& 2.0

= °

SHRE
1.0
0.5
0.0

single pixel

Time resolution
~ 160ps @ 1200e-

200 400 600 800 1000 1200 1400

Iniected charae le-

H.Pernegger (CERN)
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MALTA2 Time resolution in beam tests

 Time of arrival of leading hit in Time-resolution
the cluster w.r.t. scintillator 5 T
reference © 0.16 (\ MALTA2 Cz, XDPW,
* Included scintillator jitter : 014k high doping n-implant
0.5 ns e RMS: 1.8 ns
« Signal latching at FPGA: 0.12-
3.125/sqrt(12) = 0.9 ns ot
» Timing resolution integrated on : MALTA2
full chip 1.8 ns rm.s. including 008 100um thick
above system contribution - unirradiated
. . 0.06 | threshold
» Time resolution unfolded ~ - ~170e-
1.45 ns 0.04~
* propagation along column 0.021
corrected B -
o e L b b L

[lll
910 120 130 140 150 160 170 180 190
time since L1A [ns]

H.Pernegger (CERN) Vertex2022 workshop



MALTA2 In-time efficiency in beam tests

—

g ! g T
c C c
2 .0
(3] Q B .
% 095 MALTA2 Cz, XDPW, 5 0050 MALTA2 Epi, XDPW,
2 - high doping n-implant o - low doping n-implant
< C — 25 ns window T - 25 ns window
0.9+ T 09+
i — 15 ns window - 15 ns window
— 8 nswindow - 8 ns window
0.8_— 0.8:—
Czochralski - Epitaxial
0.75[ 0.75
o i Il W l 1 L1 111 l 111 1 l Ll 1l l 111 1 l L1 1 l L1l l :
ZOO 110 120 130 140 150 160 170 180 0_¥|||||||||||||||||||||||||||||||||||||||
time since L1A [ns] 00 110 120 130 140 150 160 170 180

time since L1A [ns]

* In-time efficiency 98% in 25ns (LHC) time window & 95% in 10ns time
window

* Better in-time efficiency on Cz substrates (higher signal amplitude)

H.Pernegger (CERN) Vertex2022 workshop



MALTA2 Timing versus hit position in pixel

Epi, XDPW, 100 pum thick Cz, XDPW, 100 pm thick

Ind
o
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~

o
~
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3
3
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&

(4]
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E
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0
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>
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50

»H
(=]

30

20

10
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10 20 30 40

-25 -2.
50 60 70 %10 20 3 4 5 6 70 20
Track X pos [um] Track X pos [um]

* Induced current signal from hits under deep-p-well in pixel corner is delayed by ~2ns
wrt hits close to the electrode

» this is due to the very non-uniform weighting field in small electrode pixel designs
and their drift field & velocity

* This has been confirmed by simulation (TCAD, Weightfield2 with MALTA doping
profiles)

* FE Time-walk adds to this due to smaller signals in pixel corners due to charge
sharing

H.Pernegger (CERN) Vertex2022 workshop



MALTA Modules with multiple sensors

» Develop module concepts for the MALTA sensor as part of EP RD WP 1.3
 low material budget assemblies
» direct signal transmission from sensor to sensor

Secondary 3 ~&em
Secondary 2 Primary
—SeConA S bata
= SO e )
e Built modules with up to 4 sensors, 0.035
tested in Lab and beam tests 0.03

e Daisy chain data of several sensors into

single output

e Chip to chip readout works: hit address
& timing information transmits well to

primary and DAQ

H.Pernegger (CERN)

Vertex2022 wo

0.025

0.02

0.015

0.01

F. Dachs / Elba 2022
m

Testbeam with 4-chip
module:

Cluster time for hits in chips

TT
R
=
3
o

2

Secondary 3 Primary peak :126 ns
S " 1 Secondary 1 peak :134ns
econcary Secondary 2 peak :144ns

Secondary 3 peak :150ns

170 180
Cluster timing [ns]



MALTA Module assemblies with silicon bridges

* No wire bonds - use silicon bridges to interconnect signal and power

* Bridges are produced in same TJ180nm process and can include
active components like regulators (sensor powering) or amplifiers/
buffers (signal transmission)

* Aflip chip process is used to place a silicon
interposer (silicon bridge) between adjacent
MALTA chips for data and power transfer

* Silicon bridge processed as part of the
engineering run

* Potential to adapt design to use silicon

bridge for:
* Logic
* Additional Power delivery Silicon bridge connection two MALTA 1 chips
* Interconnection is realized using Anisotropic
conductive film (ACF) MALTA bridge (Si) ‘

J. Weick / TWEPP 2022 O ACF ‘ Chip 1:

H.Pernegger (CERN) Vertex2022 workshop



Outlook: MALTA3 with integrated hit time tagging

« MALTA matrix is based on asynchronous signal transmission

» Hits are stored using in-pixel flip-flops
and transmitted asynchronously
over high-speed buses to the end-
of-column logic (digital periphery)

"
=
o
©
X
o
@
=
©
i

1 Double Column 2x 512

* No clock distribution over the active
matrix to reduce power consumption
and maintain hit-time information

 For MALTA1 and MALTAZ the signals
are aggregated on 40bit parallel bus

« Time stamping is currently done in
FPGA

v

16 blue+16 red pixel groups of 2x8 pixel

== 5 bit group # bus
5 bit group # bus

Yvyyy At N yYywyy v

H.Pernegger (CERN) Vertex2022 workshop



Outlook: MALTA3 with integrated hit time tagging

* Integrate time-stamping and data serialiser directly on sensor in periphery
* Developed in same TJ180 process as MPW chip (submission 2023)

O
[
IS)
* Modular 24-column | =
block design to scale .
to desired sensors E 2 g ~N £ 8
m?trllx Sllze U2p t30 fUII' ' i.wm.... CIRCUITRY ’F‘?:;:"BN COL:I’JKMNS 8 og
reticle size (2x3 cm) Fa e [ i LJE i | E Z
R R LogIC --{GENERATOR —— - =

* Improved timing + . gl CES) o £
reference pulse and | |||T =] I || = o €
masking s < 5
I s~ e ; FIFO =]
* Time-stamping of i ' eIy
S|gna|S On'ChIp MALTA3 MONITORING _— SLOW -n x| SERIALIZER & o g
. . . CIRCUITRY CONTROL DRIVER O hadt
* Time-stamping logic I ‘ ‘ l TS
@ 1.28GHz " v <
. . Z o

e Serialized h|gh_ Block diagram of MALTA3
speed output STFC “Precise” chip (PLL & serialiser already

D. Dobrijevic TWEPP 2022  demonstrated on silicon)

H.Pernegger (CERN) Vertex2022 workshop



LHCb UPGRADE 2 - Upstream Tracker upgrade %

MAPS (LV-CMOS and HV-CMOS)

given the UT requirements:

* NIEL 0.5 to 3 x1015 n/cm?Z2
» desired time resolution <3 ns
* required pixel size < 50x150um

* high rate capability and data
stream of MALTA as trigger input

chp Stave
I_II llll

Plane

Reticle size EEEEEEE
~202«214mm || | Ll

lllllll
lllllll
- O

Pixel
Orientation I
50x150 pm2

36 modules, ~1355 mm

Module

l«——— 36 modules, ~1355 mm ——>|

lllllll
0 = [€——— 12 staves, ~1672 mm ———————>

LHCb plans to upgrade its Upstream Tracker and Mighty Tracker with

MALTA is consider as LV-CMOS candidate for the Upstream Tracker

S. Panebianco / Saclay
J. Wang / Syracuse

~
A P8 1ich 1om 23
RO .. vy 222

LHCb
UPGRADE!II
CERN/LHCC 2021-012



Summary

 The MALTA sensor is being developed as radiation hard monolithic
CMOS sensors for future trackers

 The MALTA sensor is based on small electrode pixels and a
trigger less asynchronous readout architecture

* We have achieved 98% efficiency after 2x1015 n/cm2 NIEL
irradiation and good FE performance after 100Mrad

 The MALTA sensors allows time-tagging of clusters with a time
resolution of 1.8 ns for trackers in 40MHz to 100MHz bunch
crossing experiments

e Develop multi-sensor MALTA Modules with new assembly
techniques aiming at low-mass implementation and high data rate

* For MALTA3 implement on-sensor time-tagging and data
serialisation to enable system integration for asynchronous matrix
readout in future experiments

H.Pernegger (CERN) Vertex2022 workshop



