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UNIVERSITAT ERLIN WHY CMOS PROCESS?

* Hybrid pixel detectors: Sensor + R/0 chip

MIP

* Use commercial high-resistive CMOQOS processes for planar
sensor production:

- Large wafers (200 mm)
— High production through-put, low costs
— Poly-silicon resistors — connection to bias grid

-  MIM-capacitors for AC coupling = no leakage current
compensation circuit needed

— Metal layers for redistribution = no enlarged inter-gap
p |Xe|.S [Pohl, David-Leon: 3D-Silicon and Passive CMOS Sensors for Pixel Detectors in High Radiation Environments]

* No active components — passive CMOS sensors
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Large pixel prototype

* 50 x 250 um? pixels, ATLAS IBL
planar geometry

* Performance comparable to ATLAS
IBL sensors after irradiation
> 1 x 10 neq/cm?

* Investigation of AC-coupling
schema, pixel biasing schemes (bias
dot vs. resistor biasing)

Prototype on ATLA FE-14

A

Small pixel prototype

* 50 x 50 um? pixels, ATLAS ITk pixel
geometry

Test structures

* Many structures produced (> 15)

* Varying designs: guard rings, pixel
isolation, implantation geometries

Small pixel prototype on FE65-p2

* Investigations of break down with
TID (2 master theses)

— Identified enhanced guard ring
structure

* Investigation of sensor capacitances
(2 bachelor theses)

NN
s

-

Sensor for ATLAS ITk modules

* 50 x 50 um? pixels, 25 x 100 um?
pixels

* Full-size ATLAS ITk pixel modules

* RD53A and RD53B compatible

Single, dual, quad module sensors
AT QaD T TN

YOOt

e ey ek

\
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Byproducts of DMAPS efforts

[https://doi.org/10.1016/j.nima.2020.164130]

Dedicated design

0Z0Z 01UaI] 1yod “1-"Q Wo.4
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. . . 50 x 50 um? 50 x 50 um?
* N-in-p pixel sensor in 150 nm LFoundry technology for ATLAS-ITk DC-coupled AC-coupled Guard rings

OJORN

* Float-Zone wafers: ~8 kQcm bulk resistivity, 150 pm thin

* Different pixel designs:

30 x 30 um? NW

— 50 x50 pm? and 25 x 100 pm? pixels

25 x 100 pm? DC-coupled
- Poly-silicon as bias resistor (R,,,_ ~4.6 MQ) % > 100 um” DC-couple )
NE - n-we
= B p-vell
- DC- or AC-coupled sensors (C,. ~560 fF) = E B poly-silicon
X
\O
* Reticle stitching to obtain large sensors (RD53-size)
Single Sensors Double Sensors Quad Sensors

* Mainly single-chip sensors used for characterisation

* Irradiated at Bonn Isochronous cyclotron to
2 x 10™ neg/cm? and 5 x 10" neq/cm?
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ZIMIE ZIMIZ
: C Z1 BN 1 Z R 1B HPBAlE
*  CMOS reticle: ~1cm? — limits size of sensor Z Z Z Z
% % % %
. o Z Z z Z
* Toproduce larger sensors - reticle stitching g NIZE 1B g sal B
] -
ZIMIZ ZIMYZ
* Requires that sensor can be subdivided into smaller blocks S AT ST €
—
1A 2A 2A 1A
ZJE 21 12 AN AR
z z
1A 2A (32 2 B
ANE 1
corner edges centre

* Different reticles are illuminated one after another and stepped accordingly
— Size of sensor not any more limited by reticle size

— Quad-module sensors with size of 4 x 4 cm?
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UNIVERSITAT

- Breakdown voltage: ~ 220V

— No breakdown visible up to 400V / 600 V for both fluences

- Leakage current in agreement with requirements for ATLAS ITk

v

Production yield: ~80 %

Before irradiation:

After irradiation:

Leakage current / uAcm™2

Similar behaviour for all sensors — process variations negligible

1073 A

Leakage current / pAcm~2
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UNIVERSITAT

Measurement of bulk capacitance using bias box and LCR-meter

Measurement precision of 0.5 pF, f =10 kHz

HV connected to back side, GND connected to
bias grid (connected to all pixels)

Full depletion voltage
- 50x50 um? ~35V (- 8-9 kQcm)
- 25x100um? ~40V

- Slightly larger full depletion depth due to
stronger lateral expansion of depletion zone

in rectangular geometry

(Cdet)_2 / pF_z

0.00005 - I N —
0.00004 -
0.00003 -
0.00002 --- 25x100um?
—— 50 x 50 um?
—— 50 x 50 um?
0.00001 - — 50x50um?
~——— 50 x 50 um?
20 40 60 80 100

Bias voltage / V

r141.4

r158.1

r182.6

r223.6

r316.2

L
o

Cdet /
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More information about setup/method:

https://iopscience.iop.org/article/10.1088/
1748-0221/16/01/P01029

UNIVERSITAT

* Measurement of pixel capacitance with PixCap65 using CBCM

* Measurement precision: 0.3 fF

— Allows measurement of capacitance of single pixel

*  Shown values include parasitics (routing, bump-bonds)
of 10 fF

0.0008 A

0.0007 A

* Dominant contribution in this design: Capacitance between
p-stop and pixel implant (see referenced paper)

0.0006 -

0.0005 A

* Pixel capacitance: 0.0004 -

(Cdet)_2 / fF_2

@

-¢- 25 x 100um?
—$— 50 x 50 pm?

B

el
= )
)
e .
B
—
——
et

|

r35.4

F37.8

40.8

L a4.7

F50.0

F57.7

F70.7

- 50 x50 umz: ~35fF 0.0003 -
- 25x100 um?: ~51fF 0.0002
— due to larger area (C ~ A) and smaller distance 00001
(C~1/d)

20

30 40 50
Bias voltage / V

60 70 80

100.0

Cdet / fF
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VvV

UNIVERSITAT ERINTI ELECTRONIC NOISE

* Noise measured in threshold scan using the Linear ; 2 % 1015 ; N
- i before I x1 I 5x 10
front-end of the RD53A readout chip 120 irradiation " lhogfem? ' neg/cm?
1 1
— Noise: steepness of s-curve : :
110 i —®
« Beforeirradiation: ~85 e electronic noise ., : |
: K |
- No difference between sensor variants observed g 100 : :
o I I
-~ 1 1
* Afterirradiation: 2 ! !
= 9 : |
— ~100 e electronic noise (DC-coupled) o o | IO
| |
— Noise remains the same for AC-coupled 80 E E ®
detectors : :
1 1
— DC-component of noise is blocked 70 : :

50 x 50 um? 25 x 100 um? 50 x 50 um? 50 x 50um? 50 x 50 um? 50 x 50 um? 50 x 50 um?
DC-coupled DC-coupled AC-coupled DC-coupled AC-coupled DC-coupled AC-coupled
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UNIVERSITAT
* Testbeam done at DESY

— Perpendicular, 5 GeV electron beam, trigger rate: 3 - 5 kHz

Cooling box with

* DUT installed into telescope setup (EUDET-type
e setup( vpe) DUT (-15 °C)

- 6 Mimosa2lb planes = 5 um spatial resolution
— ATLAS FE-14 plane = 25 ns time-stamping capabilities
— precise tracking + proper time-stamping
* DUT read out using BDAQ53 R/0 system [10.1016/j.nima.2020.164721]
DUT

Beam

DURANTA DURANTA DUT: Device Under Test

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 10
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* (Charge measured using high precision TDC-method

e« After5x10®% neq/cmzz 5300 e charge signal @ 600 V

T T T
12000 ’ | —®— non-irrad. i
—@- 2x 10 neg/cm?
_® —#- 5x 101 neg/cm?
10000 ,,."
o 1’ ¥ 2
=~ ’
g P
S 8000 y
QL /
S /
: /
2 6000 %
@ .~
o P
= P 4
4000 A o
.~
R
: —
L
2000 ,_._.ﬁ
|
0 100 200 300 400 500 600

Bias Voltage / V

5x10% neq/cmzl 600V | DC-sensor

2500 |

|
Fit:
MPV: 5340 *& e |
£=390*e
o=7707%%e
Data

Counts

2000 4l ‘ ‘

1000 ‘

500 ‘

* Beforeirradiation:

1500+ kil ‘ ‘ i

0 '
0 2500 5000 7500 10000 12500 15000 17500 20000 22500

Charge / electrons

- ~12000 e charge signal (full depletion)

* Charge collection efficiency after irradiation:

- 2x10®n_/cm* ~ 85 % (10500 e) @ 300V

- 5x10"®n,/ecm*~45% (5300 e) @ 600V

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de
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UNIVERSITAT

* Using 75 e/h-pairs per um:

- ' ' i 200
Charge S|gnal.can be translated into depletion 200 Resistivity: 8.00 kacm P
depth (@assuming only depleted region .- Resistivity: 8.50 kQcm 2]
contributes to signal) 1759 ___ Resistivity: 9.00 kQcm eac e
¢ Data ,;;’/ ®
*  Extracted bulk resistivity: 8 - 9 kQcm e 0 P :
= /.//".'-"“
- Fully depleted at around 30 - 40V £ 1251 A
. 74
(150 um thin FZ-bulk) 3 P S5
* Inagreement with CV-measurements 2 ,/"
] £
A 751 ‘,/
o
50 fo
d [pm} ~ 0-3\/Vbias [V} * Pbulk [Q Cm] 25 - 7
0 10 20 30 40
Bias voltage / V
28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 12
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No efficiency drop near stitching line observed
- Stitching works!

Investigate efficiency close to stitching line
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UNIVERSITAT

* Hit-detection efficiency measured using 5 GeV electrons at DESY
Efficiency | DC-coupled 150 um thin passive CMOS

* Detectortuned to ~1200 e threshold with noise occ. <10-® 100
* Beforeirradiation: . I /‘"
—  Fully efficient at very low bias voltage (~5V)
98
- At 80V: 99.8 % efficiency = | ]
- Requirement after |lrrad|at|on
o g |97 % (intime)efficiency | /| | | _
* Afterirradiation: o,
g:_J unirradiated
- ~99.7 % efficiency after 5 x10% neq/cm2 W 56| —#— DC-coupled
2 x 10%° neq/cm?
—  Fulfills ATLAS ITk requirement (> 97 %) —¥— DC-coupled
%3 5 x 105 neq/cm?
e In-time hit efficiency (< 20 ns): > 99.4 % after 5x10%™ neq/cm2 —#— DC-coupled
S 10 200 300 400 500 600

Bias voltage / V

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 14
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UNIVERSITAT ERNYI IN-PIXEL EFFICIENCY/CHARGE

In-pixel efficiency | non-irrad. | 80V  In-pixel efficiency | 5 x 10 neq/cm2 | 400V In-pixel charge |5 x10™ neq/cmz | 400V

60 T T 100.0 100.000 4934
1 1
] 1
1 998%! — 87.5 99.375 4785
50 99\?9/9- _i
1 1 98.750
401 : : 75.0 4636
—_ i ! 62.5 98.125 — 4486
£ 30 1 | T g
= 99/8% 99.8% I 50.0 e 97.500 = 4337
= I 1 2 2
o 20 A 1 1 [ E
= ' : 37.5 96.875 4188
] 1
09 [ 25.0 96.250 4039
1 1
0"“'{' """"""""" I“' 12.5 95.625 3890
1 1
-10 I : : . : . 0.0 95.000 -10 L ol 3741
-10 O 10 20 30 40 50 60 -10 0 10 20 30 40 50 60 -10 O 10 20 30 40 50 60
column Tum1 ‘\ / column [um] / column [pum]
Efficiency Charge

— Efficiency loss mainly in pixel corners

— (Can be explained with lower charge in pixel corners due to lower
electric field and more charge sharing in pixel corners

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 15
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UNIVERSITAT RNV CONCLUSION

* Demonstrated that large-area passive CMOS pixels sensors compatible with the future ATLAS ITk readout
chip can be manufactured

— Reticle stitching was successfully used
« Radiation hardness up to fluence of 5 x 10" neq/cmz demonstrated:

— Sensors are functional up to 600V
- >99% (in-time) hit-detection efficiency (@ > 400 V)
- Charge signal at 600V: ~ 5300 e (5 x10™ neq/cmz)
* Cost-effective solution for pixel sensors of large-area detectors

* Suitable for radiation harsh environments like ATLAS/CMS exp.

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de
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UNIVERSITAT EL YR

THANKYOU FORYOURATTENTION

The measurements leading to these results have been performed at the Test Beam Facility at DESY Hamburg
(Germany), a member of the Helmholtz Association (HGF)

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de
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More information about setup/method:

https://iopscience.iop.org/article/10.1088/
1748-0221/16/01/P01029

UNIVERSITAT

* Measurement of pixel capacitance using PixCap65 using CBCM

* Measurement precision: 0.3 fF

— Allows measurement of capacitance of single pixel

*  Shown values include parasitics (routing, bump-bonds)
of 10 fF

0.0008 A

0.0007 A

* Dominant contribution in this design: Capacitance between
p-stop and pixel implant (see referenced paper)

0.0006 -

0.0005 A

* Pixel capacitance: 0.0004 -

(Cdet)_2 / fF_2

@

-¢- 25 x 100um?
—$— 50 x 50 pm?

B

el
= )
)
e .
B
—
——
et

|

r35.4

F37.8

40.8

L a4.7

F50.0

F57.7

F70.7

- 50 x50 umz: ~35fF 0.0003 -
- 25x100 um?: ~51fF 0.0002
— due to larger area (C ~ A) and smaller distance 00001
(C~1/d)

20

30 40 50
Bias voltage / V

60 70 80

100.0

Cdet / fF
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UNIVERSITAT RNV CROSS-TALK

* 10 % cross-talk measured with convential 25 x 100 um? sensors
measured using the RD53A readout chip

— Due to unavoidable overlap of metal layer Overlap of metal

and pixel implant layer and pixel
implant

* No overlap for passive CMOS sensors

* No cross-talk measured for passive CMOS sensors
— 50 x50 um? < 0.6 % cross-talk (minimal measurable cross-talk)

- 25%x100 um?: < 2.5 % cross-talk (minimal measurable cross-talk)

Hreg
Hx - Minj

cross-talk [%] = x 100

JOSUoS

odd even

cross injection -

left-odd injection

corner injection

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de
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universiTATERDNE T RACK RECONSTRUCTION USING BTA

* Data analysed with beam telescope analysis (BTA): https://github.com/SiLab-Bonn/beam_telescope_analysis
*  Kalman Filter algorithm used for track fitting (unbiased residuals)

* Hit-detection efficiency: # number of track assoc. to DUT / # total number of tracks

Noisy pixel masking

* Association distance: 120 um

Clustering

Track finding

Track fitting

Result analysis

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de
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VvV

* Instead of on-chip charge measurement (ToT) use TDC-technique to precisely measure charge

- Discriminator output signal (length ~ charge) sampled with 640 MHz

- 1.5625 ns discretisation error For simplicity:

Consider only

* Precise charge calibration using X-ray sources possible for every detector single-hit events

* Measurement of charge collection behaviour of pixel detector

oy }

& Qs
g ! :
: : |
= 1 1
= 1 .
= hit delay
wn - '4
g G HitOR < *| TDC value
7 Virn ! |
N AR '
< 1
5 '
. T TDC clock :
% UA s time walk t ClocC
1 4 (640 MHz)
g ToT,
>
a —ToT; t
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UNIVERSITAT ERNYI IN-PIXEL EFFICIENCY/CHARGE

In-pixel efficiency | non-irrad. | 80V  In-pixel efficiency | 5 x 10 n,/cm?| 400V In-pixel charge |5%10® n, /em? | 400V

60 T T 100.0 100.000 4934
1 1
] 1
1 998%! — 87.5 99.375 4785
50 99\?9/9- _i
1 1 98.750
401 : : 75.0 4636
—_ i ! 62.5 98.125 — 4486
£ 30 1 | T g
= 99/8% 99.8% I 50.0 e 97.500 = 4337
= I 1 2 2
o 20 A 1 1 [ E
= ' : 37.5 96.875 4188
] 1
09 [ 25.0 96.250 4039
1 1
0"“'{' """"""""" I“' 12.5 95.625 3890
1 1
-10 I : : . : . 0.0 95.000 -10 L ol 3741
-10 O 10 20 30 40 50 60 -10 0 10 20 30 40 50 60 -10 O 10 20 30 40 50 60
column Tum1 ‘\ / column [um] / column [pum]
Efficiency Charge

— Efficiency loss mainly in pixel corners

— (Can be explained with lower charge in pixel corners due to lower
electric field and more charge sharing in pixel corners
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UNIVERSITAT
* Sensorsize > reticle size = reticle stitching required

* Different reticles:

Resistor biasing for every pixel flavors, likely
benefitial to prevent cross-talk

Bias resistor: ~ 4.5 MQ

Edge pixel reticles Center pixel reticles
s g 50 x 50 um? 25 x 100 um?
2A salll 1B 2B 3B
8] [ @
. . H n
* Repeated for different designs: single
quad
g G g e =
1A | 2a 28| 2a | 2a | 1A __ ) )
; DC E MIM capacitators for AC-coupling: 0.56 pF
3A! 1111111 E aAll
H ~ n N n B
3A . 1 il “ 1 | 1 E 3A ! E EdoubVLe Z0mm
T 2 Tl T EaMlE [1aT2a[2a [ 2a | 24
3A 1 1 1 1 3AlE 3 - .
) T s ! BLEIARLTARI:TARL:IA | [E
sl 1 01 1 1 3al 2B 2B 2B 2B 15
B g =, 2 Lsz’Lami;Fq__‘....._.ﬁ:Lr‘e:” e | -
mn|RA R AR A 1A|2a|l2a]2a]2a
91 (& =\ (= = I
60mm 60mm
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UNIVERSITAT ERINTI IN-TIME EFFICIENCY MEASUREMENT

* Atthe LHC, particle bunches collide every 25 ns Hit delay: time between trigger
and hit detection

— Necessary to detect all hits of a single collision within 25 ns to disentagle them

- In-time efficiency: ,Probability to detect a hit within a given time window"

35 T T 100.0
—— Mean

[ 1 Standard deviation
30 99.9

* Importantis variation of hit delay: ,time-walk"

* Mainly influenced by the design of analogue front-end

N
w

99.4

98.4
The smaller the

input charge,

96.4

Hit delay / ns
= N
[6,] o
[
/%/

l

Hits up to corresponding hit delay / %

Discriminator Charge-sensitive amplifier

the larger the ol N 6.7
hit delay W
> 5 . 67.9
time-walk t \Q
o) Yt T
-—> 0 0.0
ToT, 2000 4000 6000 8000 10000 12000 14000
> Charge / electrons
- T()T2 t
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UNIVERSITAT ERINTI IN-TIME EFFICIENCY MEASUREMENT

* Atthe LHC, particle bunches collide every 25 ns
— Necessary to detect all hits of a single collision within 25 ns to disentagle them

- In-time efficiency: ,Probability to detect a hit within a given time window"

* Important is variation of hit delay: ,time-walk" e

* Mainly influenced by the design of analogue front-end

103

* Hitdelayintest beam is measured by recording
the difference of scintillator signal and
discriminator output using TDC-method

20

102

ze spec

# of clusters

* Define atime window: 20 ns “regular” efficiency 10* 5

107 5 I B N

Ein_time — Ehlt X PAt 150 200 250 300 350

L . —v Hit delay / ns
in-time efficiency ‘\ in-time probability
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UNIVERSITAT EEININ IN-TIME HIT-DETECTION EFFICIENCY

* Measurements done using the Linear front-end of the RD53A readout chip

*  For sufficient high bias voltage: In-time efficiency larger than ATLAS ITk requirement (> 97 %)
* Reason for lower in-time efficiency at smaller bias voltage:
—  Smaller charge signal due to smaller depletion depth (only depleted volume contributes)

- Larger hit delay variations (- time-walk)

- Lowerin-time eficiency (in-time probabiity T

100V 400V 400V 600V
Regular efficiency / % 98.74 99.77 99.16 99.76
In-time probability / % 9714 99.82 97.29 99.65
In-time efficiency / % 95.91 99.59 96.47 99.41

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 26
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UNIVERSITAT EL YR

‘) Q [l Iwmdt L [TI6)dt Ly,

Imr[.',
(V—7
T 527 ]

More information about setup/method:

https://iopscience.iop.org/article/10.1088/
1748-0221/16/01/P01029

250

225

200

175

Current / nA

150

125

100

75

Charge-Based Capacitance Measurement (CBCM)

* Periodic switching of switches S1and S2 lead to average current

|
Fit to data:

T Cy=40.1fF

Pixel(10,17)

2
Frequency / MHz

28.02.2023
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VvV

UNIVERSITAT ERLIN THE RD53A READOUT CHIP

* Signal processing — Fast charge digitisation

* RDS53A prototype readout chip for ATLAS/CMS pixel detectors:

— Demonstrate suitability of 65 nm CMOS process for HL-LHC

[Michael Daas, 2021]

- Choose optimal analogue front-end design The RD33A readout chip

* 400 x 192 pixels with size of 50 x 50 pm?

° In this work: Linear front-end used for sensor characterisation

Pixel matrix including front-end designs

< >
<

[Maurice Garcia-Sciveres, 2017]

28.02.2023 Trento Workshop 2023 - dieter@physik.uni-bonn.de 28
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