Charge Collection Efficiency of proton-
irradiated small-cell 3D strip sensors up
to 1.7E16 neq/cm2 equivalent fluence

()
Q A 32nd RD50 Workshop
Y

Hamburg
June 5th, 2018

O

, s F
Andrea Garcia Alonso AT

sssssssssssssssssssssssssssssssssssssss



The Team

M. Carulla [2], E. Curras [1,3], M. Fernandez [1,3], D. Flores [2], J. Duarte-
Campderrods [1,3], A. Garcia [1], G. Gdmez [1], J. Gonzdlez [1], S. Hidalgo [2],
R. Jaramillo [1], A. Merlos [2], M. Moll [3], D. Moya [1], G. Pellegrini [2],

D. Quirion [2], I. Vila [1].

F

ive-enm(csio) (@ “ CSIC

Canire Marional de Micmelecinbnica e CONSFIO SUPFRIOR DF INVESTIGACIONES CIENTIFICAS

~/_

This project has received funding from the European f&’\
Union's Horizon 2020 Research and Innovation | “._-L-j AI DA

programme under Grant Agreement no. 654168. ""-.;

garciaa@ifca.unican.es, RD50 Hamburg, June 5th 2018



Outline

— Motivation
— Sensor description
— Samples and experimental setup

— Results:

o Charge collection
o Power dissipation studies

— Conclusion

garciaa@ifca.unican.es, RD50 Hamburg, June 5th 2018 3



Motivation

Radiation tolerance of 3D sensors: strips and pads.

— Strip 3D sensors: avoid irradiation of the electronics and
study charge collection efficiency.

— Pixel 3D sensors with pixel electronics (ROC4SENS):

Trento workshop February 2018. Gervasio Gomez
https://indico.cern.ch/event/666427/contributions/2881255/

RD50 workshop November 2017. Esteban Curras
https://indico.cern.ch/event/663851/contributions/2788172/

Paper submitted to arXiv and to be submitted to NIM:
First study of small-cell 3D Silicon Pixel Detectors for the High Luminosity LHC

https://arxiv.org/abs/1806.01435

— Pad 3D sensors: estimate current and capacitance per pixel,

and power dissipation (critical for the operating conditions

of the sensor).
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Sensor description enml::

Centre Racional de Microslecirdnikcas IME

Sio,
20 um |
. — 8pm HRFZ Si
W
o p-type
E p+ p > 5KQ*cm
20 um | E
HY |
CNM 3D Double-Sided n-on-p 50 um x 50 um
230 um thick 25 ym x 100 um
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Sensor description. 3D pixel strips

25x100 (1E) um?
N1-3, N1-7, N1-8
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Sensor design. Readout system ilgeiahrboand

Strip geometries tested ' with 2 beetle (strip)

== FAN AC FAN AC

25x100 pm?2 50x50 pm?2
128 75-pixel strips 128 150-pixel strips

Metal routing to fit
80 um pitch electronics
(Alibava Systems).

Connected through fan AC
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Samples

F
Device Fluencez/ Geomeztry/ Number of Test
Neo/CM pm samples
25 x 100 1
0 50 x 50 1 Test Beam at CERN SPS:
> /pt E~ 120 GeV
5.7E15 25x 100 1 5
Strip 3D > Temperature -25°C
Radioactive source 2°Sr:
1 79E16 25 x 100 1 :
50 x 50 1 > Temperature -25°C
0 50x 50 5
25 x 100 (2F) 5
Electrical characterization
Pad 3D 4.2E15 e )5(0135’(()%) g (IV and CV)
Temperature -20°C
50x 50 5
1£16 25 x 100 (2E) 5
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Experimental setup: Radioactive source

Climatic

90 .
r BIAS
S [\C!} chamber VOLTAGE
N 4

Collimator .]
Seny

[ |

Scintillator + PMT
(trigger)
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Experimenta

AIDA __ AIDA ; q
telescope M M telescope | F ( A
120 GeV wt/p
) M
N N
Cold box
- Adjust position to hit ONE pair
of sensors at a time
'\

ALIBAVA
motherboard

EUDAQ

l > x3 (DUT+DUT+Ref)
(run control PC)
Laptop PC
ALIBAVA control y
ethernet H Control

Room
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Results: Calibration of the beetle. ADC units charge i"’ﬁ

<

§ :Z ;: electrons per ADC =314 F
5wk Example of a
E calibration
- regression for
a0 - one channel
320 ‘ ‘ ‘ ‘ ‘ ‘ I ‘ ‘ ‘ electrons
: ,
300 { Calibration factor
: : . dependence with
S om0 ; 1 bias voltage and
g : temperature
= 260 - ; -
o |- % T 1oov) Is the calibration circuit
. sov) | trustworthy to estimate
S the charge?
-30 -20 -10 0 10 20 30
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Results: Unirradiated sensors charge
collection uncertainty ‘

From unirradiated sensor MPV dispersions, error associated to the charge injection for 3D
sensors is determined, comparing with theoretically expected charge collected value.

- Theoretical value 230 um thick sensor: 17.48 ke (76 e h* /um)
50x50 230 pum 3D sensor T=-25°C MPV =19.14 ke correction=17.48/19.14 =0.9133

25x100 230 um 3D sensor T =-25°C MPV = 16.25 ke correction=17.48/16.25 =1.0757

Mean value of the correction = 0.9945

Uncertainty in the MPV:

RMS = %Z (x, — x,,)2 = \/% [(1-0.9133)2 + (1 - 1.0757)2] =0.081 D

m=1
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entries

Results: Calibrated collected charge distributions.
Unirradiated 3D sensor

500

400

300

200

100

TB2017cern Sensor N1-3 run 401 T=-25C V=-50V Calibrated charge. 9.4375 < time window < 13.4375
Landau-Gauss ]
Entries 113584 &
5 500
Mean 2.1e+04 L
Std Dev 8358
%2 [ ndf 13231/84
* Prob 0.0006058 400
MPV 1.621e+04 + 6.149e+01

Landau width
Total area
Gauss sigma

Peak: 16.2 £ 1.3 ke

30

TB: n/p 120 GeV
25 x 100 um?

T=-25°C
V=-50V

1590 + 451
4.867e+06 +4.500e+04

3200 +89.4 3 00

200

100

Q / electrons

RS2017cern Sensor N1-3 run 0007 T=-25C V=-30V Calibrated charge. 3.2275 < time window < 7.2275
Landau-Gauss
Entries 10983
+ Mean 1.998e+04
Std Dev 7778
%2 I ndf 90.07 /84
Prob 0.3055
MPV 1.591e+04 +7.934e+01

Landau width

Total area

Gauss sigma

Peak: 159 = 1.3 ke

20

30

RS: 20Sr

40 50

1144 +443

4.782e+06 + 4.646e+04
—4455 +94.0

Q / electrons

25 x 100 um?

Depletion voltage ~ -10V

-25°C
-30V
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entries

Results: Calibrated collected charge distributions.

Unirradiated 3D sensor

500

400

300

200

100

TB2017cern Sensor M1-5 run 381 T=-25C V=-30V Calibrated charge. 9.9775 < time window < 13.9775

i

ary
I’ 4
s

F

RS2017cern Sensor M1-5 run 0012 T=-25C V=-30V Calibrated charge. 3.4975 < time window < 7.4975

Landau-Gauss e
Entries 11276 =]
Mean 2.355e+04 a-:)
Std Dev 7986 350
¥2 | ndf 108.5 /82
Prob 0.02668 300
MPV 1.911e+04 + 5.972e+01

Landau width
Total area

Gauss sigma

Peak: 19.1 + 1 5ke

)

40

TB: n/p 120 GeV
50 x 50 um?

T
"4

1443 + 43.4
4.801e+06 + 4.646e+04 250
33017538

200

150

100

50

Landau-Gauss
Entries 8262
Mean 2.217e+04
Std Dev 7464
¥2 I ndf 212.8/84
Prob 3.767e-13
MPV 1.838e+04 +8.598e+01

Landau width

Total

Gauss

1227 £46.2
area 3.491e+06 * 3.940e+04
sigma -3703 £71.3

Peak: 184 £ 1.5 ke

D
=
<

Q / electrons

10 20 30

RS: 20Sr

40

50 x 50 um?

T=-25°C
V=-30V

50 60

Q / electrons
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Results: Calibrated collected charge distributions.
radiated 3D sensor at 5.7E15n,,/cm? F

entries

RS2017cern Sensor N1-7 run 0005 T=-25C V=-180V Calibrated charge. 2.4175 < time window < 6.4175
TB2017 Sensor N1-7 run 362 T=-25C V=-180V Calibrated charge. 10.3825 < time window < 14.3825

5 ™ Landau-Gauss
L -
= Landau-Gauss = 200 - Entries 4358
- Entries 5660 = B
B S B Mean 1.975e+04
B :‘:: ;e 2'023:;:: 180 Std Dev 7793
250 v - ) .-
. @ ndf 11.9/84 [~ 12/ ndf 411.5/80
B Prob 0.02267 160 Prob o
TOl .
B MPV 1.5516+04 + 0.228e+01 - * MPV. o 156%er0a14ndes02
200 Landau width 1456 + 61.6 140 [ Landau width 1492 + 80.0
B Totalarea  2.307e+06 + 3.278e+04 B Total area 1.7356+06 = 2.797e+04
B Gauss sigma 3200 £112.0 120 Gauss sigma -3039 £ 165.3
1501 100}~
B Peak: 15.5 + 1.2 ke 80 Peak: 15.6 + 1.3 ke
100} B
i 60
sok 40—
so0- B
B 20
B 103 B 3
0 L L ..I | L L L L ‘ L L L L | L \' L >< l 0 0 L - >< l 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Q / electrons Q / electrons

TB: /p 120 GeV RS: 9°Sr
25 x 100 um? 25 x 100 um?
T=-25°C T=-25°C
V=-180V V=-180V
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Results: Calibrated collected charge distributions.

entries

rradiated 3D sensorat 1.72E16 n./cm? :

. . . RS2017cern Sensor M2-3 run 0004 T=-25C V=-175V Calibrated charge. 2.6875 < time window < 6.6875
TB2017 Sensor M2-3 run 362 T=-25C V=-175V Calibrated charge. 10.1125 < time window < 14.1125

700 Landau-Gauss

Landau-Gauss

entries

900 Entries 14368 [ Entries 8474
= - Mean 1.64e+04
- Mean 1.748e+04 B - -
SO0 Std Dev 7186 600 Y
- 2 ndf 5207182 N 2 I ndf 535175
700 [ Prob 0 N { Prob 0
= MPV 1.342e+04 + 4.400e+01 SOO | MeV _ 1.256e+04 + 3.153e+01
B Landau width 1322 +28.9 B Landau width 1287 £15.7
600 [ Total area 5.08e+06 + 5.142+04 : Total area 3.460e+06 + 3.883e+04
[ ) . - Gauss sigma 0.009327 = 131478836
SOO - Gauss sigma 1745 +59.9 400 j +
400 300~ ¢
- Peak: 134 + 1.1 ke B Peak: 12.6 =+ 1.0 ke
- [ B
300 -
- 200
200 N
- 100~
100} B
— B 3 :
[ 1 n3 B 103
0 | il PRI AN N R N AT ol v b4 10 0 el Ll = X 10
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Q / electrons Q/ electrons

TB: /p 120 GeV RS: 9°Sr
50 x 50 um? 50 x 50 um?
T=-25°C T=-25°C
V=-175V V=-175V
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entries

Results: Calibrated collected charge distributions. (i"éﬁ
rradiated 3D sensorat 1.72E16 n./cm? :

TB2017 Sensor N1-8 run 403 T=-25C V=-175V Calibrated charge. 9.3025 < time window < 13.3025 RS2017cern Sensor N1-8 run 0006 T=-25C V=-175V Calibrated charge. 2.1475 < time window < 6.1475
Landau-Gauss 35500 Landau-Gauss
Entries 8604 = Entries 5242
Mean 1.5615e+04 6 Mean 1.408e+04
500 Std Dev 6695 | Std Dev 5771
x? I ndf 140.1/80 2 I ndf 315.4/49
Prob 3.762¢-05 400 Prob 1.352e-40
MPV 1.128e+04 + 5.302e+01 * MPV 1.038¢+04 + 3.838e+01
400 Landau width 1070 +34.8 Landau width 1211 £23.1

Total area 3.781e+06 + 4.209e+04

Gauss sigma —2315 +86.1 300

Totalarea  2.182e+06 + 3.132e+04
Gauss sigma 2.263e-06 + 7.815e+01

300

Peak: 11.3 £ 0.9 ke 200

Peak: 104 + 0.8 ke
200

100 100

L L 0 1 1 1 1 1 1 1 1 1 ] ) dafal l ] 1 ' L X_I_03
30 40 50 60 0 10 20 30 40 50 60

TB:n/p 120 GeV ™™ RS: 0y Qclectrons
25 x 100 pm? 25 x 100 um?
T=-25°C T=-25°C
V=-175V V=-175V

<
I
<
o
e
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. oo . ary
Results: Charge collection variation with fluence [ PS

o

T T T T T T T T T T T T T T T T T T T 120
20 : ] F
SOV [ - 100
—>8 ]
15 — T % e
——————————————————————————————————————————————————————————————————————————————————— - 80
- 30V Q
e 7 180V f 0
N g e - 60 [
_ ~~
(@4 : XX
. 175V e
B RD53 noise: 0 T 7 40
300 e 5 |- B 50x50 TB ]
,,,,,,, s 25x1007B| .
m Beetle ROC noise: B 50x50 RS
15-2ke * 25¢100 RS
0 | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | | 0
0 510" 110" 1,5 10*° 210"
¢ /n cm?
eq

Charge collected by the two sensor geometries, and efficiency
at TB and RS, for the three fluence values.
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Results: Power dissipation studies. Pads a8

<

i

5 pad sensors of 50x50 pum?

Fluence values:

v Unirradiated
v 42 E15n,,/cm?
v' 1E16 n,,/cm?
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Results: CV characterization 50x50 pads

=J
=0
-1

Capacitance, pF
@
o
=}

(3D diodes 50x50) unirradiated T = +20°C Freq = 1 KHz

fer}
S
L=

o
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Capacitance, pF
o
L4,
= T

500

450

400~

350

== 7781-DET-3-Pad_i
| == T7781-DET-3-Pad_|
—=— T7781-DET-5-Pad_h

| == 7781-DET-5-Pad_i

unirradiated

:I:|::..::::..:I:..:I:I.._.-_:'I
10 15 20 25

Vbias, V

{30 diodes 50x50) t = 0.42E16 nwi::rrr2 T =-20'C Fregq =1 KHz

—e— 7781-DET-3-Pad_j
—— 7781-DET-3-Pad_|
~=— 7781-DET-5-Pad_h
—— 7781-DET-5-Pad_|

4.2E15 neq/cmz

L
20 40 60 80 100
Vbias, V

Unirradiated C_ ~ — around 35-40 fF per pixel.

Irradiated (4.2E15 neqfcmz) C_, — around 35 fF per pixel.

Irradiated (1E16 neqfcmz) C_, — around 35-40 fF per pixel.

Specified max. capacitance of RD53: around 100 fF per pixel

Capacitance, pF

(3D diodes 50x50) f=1E16 n,cm 2 T=-20C

| —=— 7781-DET-3-Pad_i
—— 7781-DET-3-Pad_|

| —— 7781-DET-5-Pad_h

| =—=— 7781-DET-5-Pad i

IE16 neq/cm2

Lo b b P by by o
20 40 60 80 100 120
Vbias, V
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Results: IV characterization 50x50 pads

(3D diodes 50x50) unirradiated T = -20°C

unirradiated

Current, uA

—— 7781-DET-3-Pad_i
—e— 7781-DET-3-Pad_|
= 7781-DET-5-Pad_h

e 7781-DET-5-Pad_|

102:‘....||...|....|I...|Z...|....|Z.E
1] 5 10 15 20 25 30
Vbias, V
(3D diodes 50x50) f=0.42E16n_cm? T= -20°C
<102
4 A
= 42E15n /cm
5 &
E L
3
O

10}

r —t— 7781-DET-3-Pad_i

—s— 7781-DET-3-Pad _|

= 77B1-DET-5-Pad_h

=—a— 7781-DET-5-Pad_|
1-||=...|===|===.||.==-
0 20 40 60 80 100
Vbias, V

Unirradiated at 30 V
4.2E15 neq/cm2 at 100 V=———=> around 3 nA per pixel
1E16 neq/cm2 at 100 V. =——> around 6 nA per pixel

Sensor consumption: 14 mW/cm?2

RD53 chip estimated dissipation: 2.37 W/chip
0.6 W/cm?

(3D diodes 50x50) f=1E16 nﬁqcm* T =-20°C

<
10° - 2
= IEI6n /cm
c - f i eq
o
5
[&] L
10
- == TTB1-DET-3-Pad_i
—— 7781-DET-3-Pad_|
—— T781-DET-5-Pad_h
—e— 7781-DET-5-Pad_i
) S BRI AT R P I

0 20 40 60 80 100 120 140
Vbias, V
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Conclusion %

» Charge collection efficiency of strip 3D sensor:

= Small size 3D strip sensors present a large charge collection
efficiency (65%) when reaching high irradiation fluences.

» Electrical characterization of pad 3D sensors:

= Power dissipation much lower (2%) than the chip maximum
value at half the final fluence.
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Thank you for
your attention
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BACKUP
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Results: Calibrated collected charge distributions.
Reference planar sensor 300 um thick -

TB2017cern Sensor REF run 403 T=20C V=-200V Calibrated charge. 14.0275 < time window < 18.0275

FH Landau-Gauss
= 2000 * Entries 51641
5 Mean 2.802e+04
1800 Std Dev 9737
12 I ndf 55.01/36
1600 Prob 0.01826
MPV 2.246e+04 + 2.007e+01
Landau width 1873 £37.0

Expected collected 1400
charge value for 1200
300 um: 1000

22.8 ke 200
600

400
200

Total area 1.786e+07 + 1.059e+05
Gauss sigma -2521 £ 66.3

Peak: 22.5 £ 1.8 ke

...-‘."."7"'."......|....|....|..%XIO3

10 20 30 40 50 60

Q / electrons

CDO

Unirradiated planar sensor at TB measurement
T=+20°C; V =-200V
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Results: Charge collection variation with fluence

O
F
M1-5 TB 19.15 0 -30V
M1-5 RS 18.4 0 30V
N1-3 TB 16.25 0 50V
N1-3 RS 15.9 0 -30V
N1-7 TB 15.1 5.7E15 -180V
N1-7 RS 15.6 5.7E15 -180V
M2-3 TB 13.4 1.72E16 175V
M2-3 RS 12.6 1.72E16 175V
N1-8 TB 11.3 1.72E16 175V
N1-8 RS 10.4 1.72E16 175V

Charge collected by the sensors for the three fluence values.
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entries

Results: Calibrated collected charge distributions.

radiated 3D sensor at 5.7E15n,,/cm?

TB2017 Sensor N1-7 run 314 T=-25C V=-120V Calibrated charge. 10.1125 < time window < 14.1125

120

100

80

60

Landau-Gauss
Entries 1668
Mean 1.529¢+04
Std Dev 7334
¥2 I ndf 4773169
Prob 0.9762
MPV 1.127e+04 + 1.247e+02

Landau width 1027 +84.5

Total area 7.174e+05 £ 1.874e+04

Gauss sigma —2442 +204.2

Peak: 11.3 £ 09 ke

40

20

20 30

TB: n/p 120 GeV
25 x 100 um?
T=-25°C
V=-120V

40

50 60

Q / electrons

garciaa@ifca.unican.es,

entries

250

200

150

100

50

ary
I’ 4
s

F

RS2017cern Sensor N1-7 run 0002 T=-25C V=-120V Calibrated charge. 2.0125 < time window < 6.0125

Landau-Gauss
Entries 4124
Mean 1.39e+04
Std Dev

%2 I ndf 43.89/66
Prob 0.9836
MPV 9596 + 196.6
Landau width 660.3 +54.4
Total area 2.162e+06 + 6.074e+04

Gauss sigma

Peak: 9.6 + 0.8 ke

20 30

RS: 29Sr
25 x 100 um?
T=-25°C
V=-120V

40

50 60

Q / electrons
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entries

Results: Calibrated collected charge distributions.

rradiated 3D sensorsat 5.7E15n, /cm?

120

100

80

60

40

20

TB2017 Sensor N1-7 run 308 T=-25C V=-160V Calibrated charge. 10.5175 < time window < 14.5175

|

Landau-Gauss
Entries 2020
Mean 1.848e+04
Std Dev 7851
%2 I ndf 89.66 /76
Prob 0.1355
MPV 1.405e+04 + 1.419e+02
Landau width 1185 +£90.8
Total area 8.426e+05 + 1.94%e+04

Gauss sigma —3200 +213.6

Peak: 14.1 £ 1.1 ke

50 60

Q / electrons

entries

250

200

150

100

50

ary
I Q)
s

F

RS2017cern Sensor N1-7 run 0004 T=-25C V=-160V Calibrated charge. 2.8225 < time window < 6.8225

Landau-Gauss
Entries 4846
Mean 1.727e+04
Std Dev 6965
x2 I ndf 3745175
Prob 2.208e-41
MPV 1.368e+04 £ 1.039¢+02

Landau width 1208 +56.0

Total area 1.972e+06 +2.967e+04

Gauss sigma -2709 £104.9

Peak: 13.7 £ 1.1 ke

40

50 60

Q / electrons

Irradiated 3D sensor N1-7 at TB and RS measurements
T=-25°C;V=-160V
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entries

Results: Calibrated collected charge distributions.

rradiated 3D sensorat 1.72E16 n./cm? F.

TB2017 Sensor M2-3 run 307 T=-25C V=-150V Calibrated charge. 9.8425 < time window < 13.8425
= Landau-Gauss
120 Entries 1601
B Mean 1.608e+04
B Std Dev 6991
B 22 ndf 79.05 /68
100 | Prob 0.1692
= MPV 1.182e+04 + 1.266e+02
= Landau width 1448 +91.4
SO0+ Totalarea  6.662e+05 & 1.720e+04
= Gauss sigma -897.4 +300.6
60—
B Peak: 11.8 £ 0.9 ke
40—
20—
= 3
O | 1 | 1 | X ]. 0
0 10 20 30 40 50 60

TB: n/p 120 GeV
50 x 50 um?
T=-25°C
V=-150V

Q / electrons
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700

600

500

400

300

200

100

RS2017cern Sensor M2-3 run 0003 T=-25C V=-150V Calibrated charge. 2.2825 < time window < 6.2825

Landau-Gauss
ries

444444444

Peak: 11.3 £ 0.9 ke

<
—
o

30

RS: 29Sr
50 x 50 um?
T=-25°C
V=-150V

60

Q / electrons

40 50
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RS2017cern Sensor N1-7 run 0001 T=-25C V=-100V Calibrated charge. 2.5525 < time window < 6.5525 RS2017cern Sensor N1-7 run 0006 T=-25C V=-200V Calibrated charge. 2.6875 < time window < 6.6875
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Results: Charge collection variation with fluence [ PS
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Charge collected by the two sensor geometries at TB and RS,
for the three fluence values.
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Results: Electrical characterization of pads

(3D diodes 50x50) unirradiated T = +20°C Freg =1 KHz
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10° (3D diodes 25x50) unirradiated T = +20°C Freq = 1 KHz
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Results: Electrical characterization of pads

CYV characterization 25x50
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Results: Electrical characterization of pads

(3D diodes 25x50) unirradiated T =-20°C

IV characterization 25x50
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Results: Electrical characterization of pads
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