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Requirements for future experiments at HL-LHC and beyond C\w @3)

EPS-HEP 2021 \'sZA ATLAS
Current LHC: ~25 vertices

HL-LHC will deliver 3000 fb* after Phase I

Luminosities from 7.5 to 30x103*cm2s!

And from 200 up to 1000 interactions per bunch crossing
These upgrades present many challenges for electronics
and radiation hardness

We need high granularity and time resolution to
contribute to the physics searches.

Aim for small pitch ~30 um? and sub-nanosecond time
resolution

Monolithic pixel detectors could address these
challenges for the HL-LHC and beyond

100 km Cquumference ‘
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EXPERIMENT

TowerJazz 180 nm CMOS technology . <C\E/R_N>l>—\ @3)

 Commercial TJ 180nm CMOS imaging process with quadruple well with high resistivity
(>1 kOhm-cm) epi-layers
* Small collection electrode (3 um?)
* Small input capacitance (< 5 fF)
* Small depletion depth (~20 um) with high signal to noise ratio
* Modified process to ensure full lateral depletion
* Successfully implemented for the ALICE ITS & MALTA development
https://doi.org/10.1016/j.nima.2017.07.046
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The MALTA Chip . o) Cx As

EXPERIMENT

A new R&D development for radiation hard large area monolithic pixel chip.

< 20 mm N
A |
dot | o s e i o
E 2um | 3pm | 3pm | 3pm | 3um | 2pm electrode | |
E i el. size | el. size | el. size | el. size | el. size | el. size | el. si g_ 1
S| e g
p-:veelil pd-sie};l p:\e}gl pg—%vzep;l p%] :;—n:e);
v; ) ’
e 22 x 20 mm? full size demonstrator * Pixel size 36.4 x 36.4 um?
* 512 x 512 pixels e 2-3 um collection electrode
8 sectors with different pixel flavors * small input capacitance
* Fully clock-less matrix architecture * 3.4 -4 um spacing to electronics
e Charge information from time-walk * low cross talk
* 10 mW/cm? digital power * 1 uW/pixel analog power

¢ 70 mW/cm? analog power
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MALTA read-out architecture

@) &9

* Novel asynchronous readout architecture for
high hit rate capability with 40 bit parallel data
bus for data streaming

* Groups of 2x8 pixels with pattern assignment to
reduce data size from clusters

* Front-end discriminator output is processed by a
double-column digital logic

e Pulse width adjustable between 0.5 ns and 2 ns
* Data transmitted asynchronously over high-
speed bus to end of column

* At the periphery, arbitration and merging
resolves timing conflicts of simultaneous signals

* Timing information stored in dedicated bits
e OQOutput signals transmitted by 5 Gbps LVDS driver

2018 JINST 13 C01023

1 Double Column 2x 512

16 blue+16 red pixel groups of 2x8 pixel

EPS-HEP 2021 \ 57~ L
EXPERIMENT
5 bits 5 bits

h

v
=)
)
]
X
a
o
=
©
=

5 bit group # bus
5 bit group # bus

bits on

Hit merger:
Time-orders hits from 2x22

1x22 bits + column identifier

delay counter

Hit merger:
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MALTA R&D Stages

EPS-HEP 2021

CERN

Continuous n-layer

Large demonstrator

MALTA1 & Jan 2018 MLVLC Asynchronous
MALTA1 MLVL Jun 2018 readout
SlowControl issues
Small demonstrator
2
Mini-MALTA & Jan 2019 Cascoded FE Sorial autout
Mini-MALTA ATTRACT Jun 2020 modification Full efficiency after
1E15 ng/cm?
Large demonstrator
2x2cm?
3 types of process ey @eimifiel
MALTA C & MALTA Cz Aug 2019 ypes ot p improvements
modifications .
Enlarged cluster size
and improved time
resolution
Mini-MALTA FE Smaller matrix
3 types of process 2x1cm?
MALTA2 Oct 2020 modifications New SlowControl
B Different doping Baseline for CERN
i leviEls EP R&D WP 1.2
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MALTA1 Performance - Cluster size & Efficiency results C\w
EPS-HEP 2021 \ 5ZA ATLAS

EXPERIMENT

Cluster Size Efficiency

Unirradiated 5E14 ngg/cm? Unirradiated 5E14 n4/cm?
W6R6 S4 W6R2154 W6R6 54 W6R21 54

cluster size [pixel]
X
cluster size [pixel]

Thr=600e-

60 70
pos X [um}

30 40 50 60
pos X [um} pos X [um}

50 20 30 40 50 60 _ 70

60 70
pos X [um}

)

L-— =

.t;é, H g

wi 2

Q 5

o 3

() Could not Could not
8 reach lower reach lower
g threshold threshold
)

e

|_

70
pos X [um} 20 30 40 50 60 70
pos X [um}

* Efficiency losses observed in pixel corners, which are further lowered after irradiation.
* Measurement at low threshold could not be achieved for irradiated samples. Addressed in next R&D
iterations.
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I . CERN
The Mini-MALTA chips EPSEP 2001 \:>l ATLAS

EXPERIMENT

A|m to improve MALTA efficiency loss after irradiation
Matrix 64x16 pixel with 36.4um pitch

*  8sectors with different analogue front-end design ; —
*  Single serial data stream: 40Mbps or 1.2 Gbps s3] s7 | F noer
with 8b10b encoding Enlarged  Standard s
NWEN(:OgLL?CEI)ON EXt[l‘V?ELLdCOeLSCEOhP We” E"‘f::‘” 373 E“mg:cz 381 : ;t'\aﬂfggfd,
NMOS _PMOS  EiecTRODE = = NESS  PMOS  eiectrooe = 2 160 Mean  159.7 —|Mean  301.9 e [
EL = = RMS 18.96 RMS 44.3 i
DT.(E):VDOSE N-TYPE IMPLANT ; = LOW DOSE N-TYPE IMPLANT s = :_ l
EXTRA DEEP PWELL EXTRA DEEP PWELL - :_ i Ss | ‘e)z(\:zl_ldeep
Mini-MALTA | | | ||
P EPITAXIAL LAYER P- EPITAXIAL LAYER eo; :, sq | sa ‘ - standard
o wf- :
*  Improved SlowControl implementation b L Bfanizrd
. - t- ]
«  Implemented gap in n-layer and extra deep p-well o rforgel s :
process modifications : | 1 | transistors i
. I . ob— . o R
*  Periphery data synchronization using a custom 9 LA R
RAM memory
*  Larger capacitors to reduce noise
Further design iteration: E d
. . enlarged ront-en =T 3
The M|n|'MALTA ATTRACT VRESET . Eniries 378 | |[Eniries 377
Do IBIAS ITHR o—l ms IDBO—| Mo —| Hms E‘.{ E_ M M /
*  All sectors have cascode front-end (M3) and ~
enlarged transistors . oour 290
200 o
vcpo—| vcuu@:us coo—| m10 E MInI'MALTA
150(—
. . . . g ATTRACT
*  Mini-MALTA design lead to reduced noise N L -
*  Mini-MALTA ATTRACT allowed even lower Cascode enlarged sof :L
t h res h o I d ! 00: = 100 2(‘)0 3(‘)0 460 5(;0 IGh?(e)Shold [Zi?(
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Mini-MALTA Performance -

Efficiency

EPS-HEP 2021

=

TLAS

Cw
\

NS

Full efficiency after irradiation at 200e threshold at 6V bias on sectors with enlarged transistors.
Due to improved charge collection in the pixel corners with respect to previous design (MALTA1).
Also observed with focused x-ray beam at Diamond Light Source, NIM A 956 (2020) 163381

Higher efficiency for enlarged transistors, being above 97%.
*Irradiated to 1E15 n.,/cm?, and measured with 2 GeV electron beam at ELSA, with 6V bias voltage.

Non irradiated
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EXPERIMENT

Efficiency [%

Best performing
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I o I O— illlrllu‘ﬁ 60
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Enlarged Std size Enlarged Std size
transistors transistors transistors transistors
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Threshold [e]
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Mini-MALTA ATTRACT Performance - Threshold

EPS-HEP 2021

@) &9

NS

Introduction of cascoded front-end, allows to reach thresholds below 100e-
Improvements in front-end control and threshold
Additionally, more consistent values between enlarged and standard transistors

Standard front-end

W2R14 - Mean value - SUB =-6.0 V
Standard front-end

L-SUB=-6.0V
-m- ITHR= 20
@ ITHR= 60
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70
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[-SUB=-60V o
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~e- ITHR= 100
ITHR= 140 200
ITHR= 180
ITHR= 220
180
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IDB

I PWELL = 20, VCASN = 127, VRESETD = 133, ICASN = 10, IBIAS = 150 I

Cascoded front-end

W15R3 - Mean value - SUB =-6.0 V
Cascoded front-end
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-B- ITHR= 100
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TLAS

EXPERI

ENT

W15R3 - RMS Value - SUB =-6.0 V

Cascoded front-end
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-#- ITHR= 160
-8~ ITHR= 180
8- ITHR= 200
- ITHR= 220

R-SUB=-60V
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IDB

I PWELL =6 , VCASN =170, VRESETD = 133, ICASN = 10, IBIAS = 150 I

Cascoded front-end threshold range changes from 80 to 180e- whereas standard is up to 1200e"
Strong improvement in threshold RMS from 40-80e- down to about 10-15e-

27/07/21

Abhishek Shar

ma

10




The MALTA Czochralski (Cz)

@) &9

SZA ATLAS

EPS-HEP 2021

Processed with high resistivity Cz substrate material

* lLarger depletion voltage and signal
* Higher radiation hardness

* High operational voltage up to 50V

Efficiency measured at DESY using 4 GeV electron beam

MALTA Cz MALTA Cz n-gap
unirradiated 1x10"% n,,/cm?
€ =98.5% e =97.0%

Sector 2, <eff> = 98.5:0.0 %

70

[=2]
S
Eff. [%P
Track Y pos [um]
D ~
o o

(4]
(=]

Track Y pos [um]

o

0O 10 20 30 40 50 60 70

Track X pos [um]

e Radiation hardness of full size MALTA with Cz

10 20 30 40 50
Track X pos [um]

* From 98.5 (un-irradiated) to 95.4 % efficiency after 2E15 n,,/cm?

Sector 2, <eff> = 97.0:0.0 %

60

70

EXPERIMENT
+——— TRANSISTORS ———
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- -
p-well n-well p-well

Deep p-well

n-well p-well

P-type Cz substrate 800 Qcm

300um HR substrate

.

MALTA Cz n-gap
2x1075 n,/cm?
€ =95.4%
) Sector 2, <eff> = 95.4:0.0 % 106, 100%

e

Track Y pos [um]
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(=]

50%
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10.1016/j.nima.2020.164381
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The MALTA2 ) £

EPS-HEP 2021 \' <7 ATLAS

EXPERIMENT

* Returned from foundry in Jan 2021 W15R4 2E15 n,./cm?, 2 Mrad (ITHR=20)

Noise Threshold

Entries

*  20.2x10.1 mm?2 sensor. About half size of MALTA
*  Matrix of 224x512 pixels of 36.4 um? size

* Faster analog front-end improves time resolution
«  New SlowControl implemented as 4322 bit shift register s
* Enlarged transistors as implemented in Mini-MALTA i
* Cascode front-end for higher gain and reduced RTS noise

(<10e" in unirradiated samples). [
* Applying all the knowledge learnt from MALTA C, Mini- ot

MALTA, ATTRACT and Czochralski

-

th1iD
Entries 114677
Mean 101.6
Std Dev 18.97
%2/ ndf 3761/61
Prob 0
Constant 6619 +25.0
Mean 102.8 £ 0.1
Sigma 16.71+0.04

Entries

i 7000~
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6000~

8000—
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4000 r
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2000(- r
L 1000

- C AN R PR
25 CO 50 100 150 200 250
noise [el] th [el]

Analog front end modifications

e

O ouT

Sl

L'; k
e TR 1110

CRT M
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. . CERN ‘g %!’
MALTA daisy chain EPS-HEP 201 \/)/ ATLAS

FXPFRIMENT

 MALTA1 has fast chip to chip data
transfer functionality
e Data from MALTA can be routed to

another MALTA to the left or to -
the right through CMOS outputs :

|
|

! S

P e e o

el
viime s foane

* Aim being to target larger sensing H 5 nlon
surfaces and reduce services

Studied in EP R&D WP1.3 activities ML W TR orpTBamaiy T R
,,,,, . ] dualOcc2D
% 500 " Entries 64266
aEEEN a B Mean x 352.5 oc
----------- = Mean y 102.3
= . Std Dev x 160
400— ‘S!d__Dclevy : 153.2 }oc
3oo:— 8000
E' 6000
200 —
: 4000
100——
- 2000
————— foHBierS JoFoH O s 00_ e 2&6::' ‘4'(1’0‘;; - o s e = 1910)? .
. . — - - N - — n r ol plx
Dual chip carrier board Occupancy of double chip exposed to Sr-90
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Key features:

MALTA Telescope

Using MALTA1 chips to trigger telescope

Xilinx Virtex-7 FPGA VC707 for readout

Trigger from MALTA planes as combination reference signals

and compatible with AIDA telescopes W7R14 (Maita std Cz) SUB=-50 V

All Sectors, <cl. size>=2.19

Cluster & efficiency plots
from currently ongoing
SPS campaign

Track Y pos [um]
<cluster size>

it i,
10 20 30 40 50 60
Tranlk ¥ nac luml
All Sector, <eff> = 96.8+0.0 %
i

Track Y pos [um]

4 to 6 MALTA1 reference planes (100 um

. w A
10 20 30 40 50 60 70

thick, 36 um pitch size) Track X pos ]
Achieving 14 um track-hit resolution using only 3 tracking planes and
General Broken Line (GBL) algorithm in Proteus with 4 GeV e~ beam
in DESY

Portable, versatile and flexible telescope essential for continued test-
beam during LS2
Based on custom multi-threaded application

R EAARREEEE S
005 W7R4 Epi Std @ -6V
[ <cluster size>=1.2

rr
e TB data B
— Gauss ® step func. fit
— Gauss component ]
C — Step func. component 7
0.04  run 6701 P ponent 7

0.03- /\

AN

[ P N N I AT N A ol
96740 80 220 -10 0 10 20 30 40 50
clu-trk AX [um]

Resolution of ~10.5um
as measured at DESY

6 plar;é +2 DUT DAQ @SPS (Eurrentﬂl; ongoi_r»{g)
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Conclusions & Outlook C\E/RW @)

EPS-HEP 2021 \' <7 ATLAS

EXPERIMENT

* Large area monolithic chip with chip-to-chip data transfer and routinely thinned to 100 um.

* Portable self-contained telescope system used in multiple placed SPS/DESY.

*  MALTA monolithic CMOS sensors continuously improved with excellent performance of Mini-MALTA and Cz
iterations.

* Modifications such as the n-gap and extra deep p-well show full efficiency after 100 Mrad and 1E15 n../cm2,

* Many improvements applied to the design of MALTA2 and early measurements show very promising results.

*  MALTA3 design already underway and will incorporate latest process modifications, FE design with improved
time resolution and asynchronous read-out in a large device.

v .
77

Yoy, 75

2L

7/
'YI' 7/ /

)”'
4%,
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Backup
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Asynchronous oversampling

EPS-HEP 2021

EXPERIMENT

Read-out on Xilinx 7-series VC707 [CUiaEREoocooEEE "
° Implemented asynchronous oversampling of :'
thedata LGS0 SESEEOO O ... o
 2copiesofthedata(0,45)  FeeeoES SEEEEEEEEEEEEENNE. pusesases
* 2clock buffers (0,90) e bRl (USEEEEERERE . roseens
e 2 samplings per clock (0,180) :
* 8 samples per signal S
* 320 MHz clock domain e
* 4 GHz effective sampling ~ proelig0 S0t o0 e
......... —
* 3to 4 samples per pulse T
BUFIO | CLK b,

~ CLKIN ]
BUFIO/‘ CLK90 D,  LRRRRRRRY f kR o (R =i oo oo IOCCEEER AR EELL]
urg ok | wwow S "
BUFG: IntClkDiv | | e b P S SRR , | |, s s : ........
~N——— 220 S O . . .. ..... ; ........
-IDELAY 7 ......... :. ........
— &) U arecoeyumt | ::::::::f:ﬁ:::::::f
=3

Xilinx application note XAPP523 1 O 1 2 1 4
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MALTA1 Performance - Effect of the p-well structures
EPS-HEP 2021 \ 7/ TLMAS

EXPERIMENT

Sector 3
Med deep p-well

Sector 4
Max deep p-well
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pos X [um}
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g 70 g
> 0.9
g
60 0.6
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|
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3
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MALTA telescope TLU CERN
EPS-HEP 2021 ILAS

EX RIMENT
Custom Kintex based Trigger Logic Unit (TLU) s 600- ///* —i
* 500~ // =
«  VHDL FW, CMS IPbus and C++/python driven s00F- E
* Veto, signals width and combination logic 200" E
configurable from GUI - :
. 4. 2001~ =
» Support for scintillator and up to 6 planes - :
100:—/ Test with Sr-90 =
U040 80 80 100 120
Planes: Veto [ns]: - W].jith [ns]: - Trigger: Provide trigger to: Connection: Planes Wldth[nS]

z s < Max rate (Hz) . = .

= 0 cc ) . 0 cc : - ) — 50007 i Hlt (1)
28 cc ’ u 19 cc : ) _ ep-ade-gw-01 ~ SCinﬁ"ator MALTA

: ‘ - Busy (1) T

| sesnciiiator |
[ plane s
32 ce 19 cc [_close panel |
e . - = output length [ns] _ . L
EE—— 9 ' = : Fast H|t|(1) st 5
(Trtanea T

o R e ) TLU CLK (0)

Avg Rat [Hz] Cu t Rat [Hz] Counters Run
Scintillat Scintillat tillat Time [s]
el EERE Irigg Reset counters
Plane 1 Plane te 1 Plane 1
Plane 2 Plan at Plan
Pl 3 Plane rate 3 Plane 3
Pl 4 Pla te 4 P1 4
2020/09/24 16:02:47: Set w 19 [clock cycles]
2020/09/24 16 19 [clock cycles]
2020/09/24 16:02: 19 [clock cycles]
2020/09/24 16:02: 19 [clock cycles]

TLU GUI operating and monitoring telescope
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MALTA telescope tracking C\w @?}

X
ey
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70—
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-

Using General Broken Lines (GBL) algorithm
to mitigate multiple scattering effects

Tracking resolution -
Distance from the cluster barycenter to the

Entries

60

|T1[T

o E
track intercept using a clusterizer algorithm k- E
Embedded in Proteus software : ]
Using MALTA Cz un-irradiated “F E
100 ]

lelelel lelel LI lolalel lolale)
—qOO -80 -60 -40 -20 0O 20 40 60 80 100
YCIustcr - YTrack [“m]

x
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o
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70

T
—

TT T
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Mini-MALTA

@) &9

EPS-HEP 2021 ' 57\ ATLAS
M

Modified
Process

NWELL COLLECTION
NMOS PMOS ELECTRODE -— =
N NWELL
)
=
; : LOW DOSE N-TYPE IMPLANT
29 E
o
= O £
R
T O
O 0O &
2 E © P- EPITAXIAL LAYER
NWELL COLLECTION
NMOS PMOS ELECTRODE i =
0 [ E o CREpEm
>
— — =N LOW DOSE N-TYPE IMPLANT s
O © EXTRA DEEP PWELL EXTRA DEEP PWELL
Vv »w &
= »n O
= oS
T 0= 2
© 08 7
2 - O P- EPITAXIAL LAYER
0
B
NWELL COLLECTION
NMOS PMOS ‘ ELEC2ODE - =
PWELL | NWELL | = L PWELL JJ@U
,,,,,, DEEP PWELL . DEEPPWELL _

LOW DOSE N-TYPE IMPLANT

DEPLETION
BOUNDARY

DEPLETED ZONE

P EPITAXIAL LAYER

EXPERIMENT

Sectors

_ n-gap
standard,

L PMOS
reset
extra-deep

- p-well

- standard

|A enlarged transistors I standard front-end I
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Efficiency [%)]

Mini-MALTA efficiency vs threshold C\w @?}

EPS-HEP 2021 \'sZA ATLAS
M
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100_I T T T T T T T T T T | T T T T | T T T T T T T T T [ T T T T T ]

3 W1R3+W5R3 (2x10'® neg/cm?) 3 . .
% 1« Efficiency above 97% sensor modification
90 — . i
L TE \ E with enlarged transitions

F EE 4 e« Higher efficiency for enlarged transistors
80
eE BB 3 e« Efficiency above 90% after 2e15 neq /cm?2

- % E N -

700 2 o™ = irradiation

. e Large trans. T =
65— . a Large trans. + extra p-well —

E m Large trans. + n-gap 3
60 © o Std trans. =

- A A Std trans. + extra p-well =
S5 (1 o Std trans. + n-gap \ =]

LT T T

100
Threshold [e]

Efficiency versus threshold for two different
Mini-MALTA samples, neutron irradiated to
2e15 neq /cm2, and measured with 2 GeV
electron beam at ELSA, with 6 V bias voltage
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Mini-MALTA Performance - Pixel response C\E?W @3)
EPS-HEP 2021 \'SZ_A\ ATLAS

EX

Photon pixel response as function of dose

* Reduction of pixel response in continuous n-layer of 10%
* Almost no reduction on extra deep p-well and n-gap
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CERN

EPS-HEP 2021 \\_/ ATLAS

EXPERIMENT
W7R12 Cz std, SUB=-12V W9R11 Cz n-gap, SUB=-12V

Cluster size 1.8 Cluster size 1.4

MALTA Performance - Epi vs Cz std & n-gap

Cluster size before irradiation at -12V:
*  Cz has a higher cluster size (1.8)
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*  Greater charge sharing 2 § 3 195
*  Modified N-gap performs worse ] ER 18%
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Cluster size after irradiation at -50V:
*  1E15 MeV ng,/cm? at DESY with 4 GeV electron beam W7R1 Cz std, SUB=-50V WORO0 Cz n-gap, SUB=-50V

«  Czstandard more affected by irradiation : From1.8t0 1.2  « Cluster size 1.2 P Cluster size 1.4 s
2 N 3 &
*  Cz n-gap modification less affected: From 1.4 to 1.2 5 92 = .
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