CMS 14t “Trento” Workshop for Advanced Silicon
Radiation Detectors, 25 — 27 Feb 2019

Charge collection efficiency study of
neutron irradiated silicon pad detectors

for the CMS High Granularity Calorimeter
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HGCAL: Upgrade of ECAL/HCAL endcaps %

HGCAL: Highly segmented Sensor tiling structure in 36 layers of Si-only
calorimeter @ 1.5<n<3.0 cassettes 300/200 pm
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Evaluate sensor performance for expected
neutron fluences & operational conditions

preserve MIP identification @ extreme
fluences
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TTU irradiation
campaign: Samples,
fluences & facilities
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U Radiation damage @ HGCAL mostly due to neutrons:
» 30 test samples irradiated @ Rhode Island (RINSC) & UC Davis (MNRC) reactors —
crosscheck dosimetries & methods for LC-extracted @ (see backup 1 — 2)

= Table: Red - Rhode Island (RI), Black - UC Davis (UCD)

Neutron irradiations: Rl & UCD samples

Wafer | Sensor type Target fluence [n,,/cm?]

300P size &\thickness 1.5e14 | 5.0el4 | 7.5e14 | 1.5e15 | 3.8el5 |1.0el6
300 pm — 300P 1+0 1+0 2+ 2 0+1
thick n-on-p| 8" 200P 1+0 | 1+1 | 0+1
diode Epi 120P 0+1

300P 0+1 0+1 0+1

6” 120P 1+0 1+0 1+2

300N 1+0 1+0 1+1

200N 1+0
Samples: 120N 2+0 1+2
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CCE study: TCT-signal
& simulation tuning
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35 e O oS-SS SO
30 ...................................... Measured_SOON @ 500\’., 243K
oS R J . W ——— Simulated_300N @ 500V, 243K

_________ Measured&s imulated
TCT-signals |

15
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Transient current [-mA]

TCT-setup: Measured signal shape vs simulated ﬁ

O Measured & TCAD simulated: 300N diode
= Particulars 440 ps, 11 um wide IR-laser
spot
= V=500V @ -30°C
O Simulation input:
= Sensor parameters from measured
CVIIV
Ryias tuned for matching signal shape

5F 1
LEe S -
_5EIIIiIIIiIIIiIIIilllilllilllilllilllilll '—0-8
0 2 4 6 8_ 10 12 14 16 18 202 |-
Time [ns] = 065 Measured & simulated Q.
o L .
G = (Data analysis: backup 3 —4)
S B : : : ; ; ; ;
O Closely reproduced transient signals & Q. % 0.4 R S NS M N G
— well understood/stable setup & samples ° *— Measured_300N @ 500V, 243K
C g 0.2 ——— Simulated_300N @ 500V, 243K
O Irradiated: CCE simulations w/ neutron ol
defeCt mOdel [2] @ -300 C (See baCkup 5) ::: ::. | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 11 1 | 11 1 | 11 1 | 11 1
_ 0 2 4 6 8 10 12 14 16 18 20
[2] R. Eber, PhD Thesis, KIT (2013) Time [ns]
.
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Results I:
CCE(300/200/120 pm)
@ -30° C
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CCE(V) @ -30° C: 300N/P

O Solid (RI) & dashed (UCD) curves: TCAD simulated 300N/P

O Filled (RI) & hollow (UCD) markers: Measured 300N/P
RI 6”& 8”:(1.05+0.05)e14,TCAD: 1.1el14

T

O Plot: IV-extracted ®@

1. ~ |
:_______ "':_ % e _* —S 4§ L —3
09 r RI'6”:(3.5x0.4)e14, TCAD: 3.9e14 Rl 6”:
P I G S S
0.8 &—— + * —————— — l(5.410.4)614,
‘i T -4=""""TTCAD: 5.2e14
0.7 . AT LoD 681
06 4 — A -7 Eneld Al A
(TN ) — A== 6" (6 A1xV-J) A --
O - A__.---77 yYcbo - - AR
U 0-5 ‘A—.-___i_.-ﬂ-" __---i"'-'-.. '% A
0.4 Y S \
' i YL P
03 a1 87:(5.4x04) UCD 8”:
' (6.1+0.5)e14,
0.2 TCAD: 6214
0.1
0
400 500 600 /700 800
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OO0

CCE(®) @ -30° C, 600 — 800 V: 300N/P

Solid (800 V) & dashed (600 V) curves: TCAD simulated 300N/P

Filled (RI) & hollow (UCD) markers: Measured 300N/P
Vetaut(HGCal) = 600 V — V. (HGCal) = 800 V
Fluences: IV-extracted @

T

0 300N/P: >10% benefit
from operating @ V..,
for high ®(HGCal)

10 b - - 300N @ 600V —300N @ 800V
' e 6in_N @600V m 6in_N @ 800V
0.9 = O 6in_N@600V_UCD O 6in_N @ 800V_UCD
S ~ - —300P @ 600V ——300P @ 800V
0.8 ~ ~ I | e 8in_P@ 600V m 8in_P @ 800V
N \ O 8in_P@600V_UCD O 8in_P @ 800V_UCD
0.7 { i \ A 6in P @600V UCD ¢ 6in_P @ 800V_UCD
A Y
06 R \ 00 @ > 300N/P HGCal-
hY . .
O 0.5 PRI [~ || limit: Data to extend
iy \\\\ \/ < ||| defect model from
" | 300 um HGCal d-range = Sy——F— \ 1el5— 1el6 n./cm?
03 |« > I - us
0o || 300N/P: Simulation @ 600 V s ]
-30° C verifies & A -1
01 = predicts IR-TCT data / ﬁ*
0.0 | -~
1.00E+14 1.00E+15 Similar CCE for 1.00E+16

Fluence [neq/cm2] 6/8-in
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CCE(V) @ -30° C: 200N/P

Q Filled (RI) & hollow (UCD) markers: Measured 200N/P
O Solid (RI) & dashed (UCD) curves: Fit to data

T

O Plot: IV-extracted @

1
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CCE(®) @ -30° C, 600 — 800 V: 200N/P

T

O Filled (RI) & hollow (UCD) markers:

Measured 200N & 200P (3.47+0.16)e15: ~16% benefit from
/ operating @ V,,,, — CCE(800V) = 60%

0.9

0.8 . //
07 - e —
SO \[ 200P: Trend-lines
0.6 L - S g /
~.. 800V
w 0> / Slide 10
Y04 600V e s CCE(300P)=(16.0+0.9)%
03 200 um HGCal ®-limit . el T CCE(ZQC P)=(18.6+£0.5)%
0.2 | ®8in_P @ 600V = 8in_P @ 800V _E\é i <L
0.1 | ©8in_P@600V_UCD o 8in_P @ 800V_UCD e | O Verification by
e 6in_N @ 600V m 6in_N @ 800V CCE vs V.
0.0 . : : . — backup 6
1.00E+15 1.00E+16

Fluence [neq/cm2]
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CCE(V) @ -30° C: 120N/P

d Filled (RI) & hollow (UCD) markers: Measured 120N/P
d Solid (RI) & dashed (UCD) curves: Fit to data 0 8” epi @ (3.47%0.16)e15:

/ CCE=1@ 600 V

A 4

T

" RI: (2.35£0.19)

O Plot:
IV-extracted ©

?
Q///m UCD:
~ 6 (9.31%1.05)e15

D

CCE

5 CUD. (9.0111 Uu) 15—
01 All samples 6 significant ACCE for 120P
- unless noted
0 |
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Voltage [V]
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CCE(®) @ -30° C, 600 — 800 V: 120N/P

T

a Filled (RI) & hollow (UCD) markers: 0 120N/P: CCE starts degrading
Measured 120N/P 3.5e15 < @ < 6.7e15 ny/cm?
O Solid (800 V) & dashed (600 V) curves: Fit to data = (15-20)% benefit from
operating @ V,,,, for high ©

1.0 e
0.9
0.8
0.7
L 06 —;:
U H . ‘ﬂ":!;._ —ff—
1 @ 6in N @ 600V m 6in N @ 800V B8
O 0.5 N@ N@ —e— T_e L,
0.4 | 06in_N @ 600V_UCD O 6in_N @ 800V_UCD g
—_—
0.3 | e 6in_P @ 600V = 6in_P @ 800V
0.2 -1 o 6in_P @ 600V_UCD o 6in_P @ 800V_UCD
0.1 1 A 8in_epiP @ 600V
0.0 < >
1.00E+15 120 ym HGCal @-range 4 5,1

Fluence [neq/cm2]
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CCE(®): Operatin

g voltage @ HGCal

T

1.0 20 = = 3 /)
%\w okt 8" Epi K 120 Lim O Assumed acceptance limit: CCE = 60%
0.9 8” N _+..\\
08 }\\% \ O 600 V for operating V-
07 —p 300N: For all ®
80_6 i Z%E + py XL = 300P: Not for highest @
T on N ’ & 200N/P: Up to ~2e15
05 19 L 300p 8" ¥ \P 120N: Up to ~7el5
04 || ©200P | Mx 120P: Up to < 6el15
a 120p || 600 V 200 um
0Z£.300E+14 1.00E+15 b - 1_00E+1E: 0 _ > S
Fluence [neq/cm2] — 300 pm 120 pm
0.9 +8”\
0.8 T b
O 800 V for operating V: o | To 300 T e
= 300N/P: Forall®d | J 8 o 200N i X *N
= 200P: For all @ %% 11, 150N g T4 “$ T
= 120N/P: For all ® 05 | | o 300p
os || ©200P |
. ~120p || 800 V 200 pm
0 CCE(®) comparison w/ — 03 . <— >

published study: backup 7

1.00E+14

1.00E+15

Fluence [neq/cm2]

1.00E+16
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Results Il
Full depletion voltages
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V;4(®): 300N/P(meas vs sim) & 120/200N/P %

11
10 300N/P: Meas. vs simulated i d Measured V;y(®): IV-extracted @
09 800V e N J 300N: Simulated within error margins
0.8- - A X = Not fully depleted @ 600 V for
=% ~gooy  300F — ® > 5e14 n.,/cm?
X o6 e S = .
Tos e . _L_L_ YI 300P: Simulated within error margins,
04 —?‘,,Gﬁ“k o 6in_300N_UCD | except @ highest ® AV, = 7.5%
. EmIN | = No V;y @ 600 V for @ > 3el4 n/cm?
01 - , scs| o gin;%%c;P_UCD 7 = No Vi @ 800V for @ > 4el4 n,/cm?
0.0 aa hl . .---Sl‘m ‘ i
1.00E+14 1.00E+15
Fluence [neq/cm2] B = 6in_200N = 8in_200pP
12 o 8in_200P_UCD ® 6in_120N =
o 6in_120N_UCD e 6in_120P 1
11 | ©6in_120P_UCD 4 8inEPI_120P_UCD /\Q°I°
O 200P: Not fully depleted @ 800 V for o e
HGCal ®-range S0 gOONIT el ~60%
<4 Zos o cC = =
0 120N/P: Not fully depleted @ 800 V for | Zos ) =T _
@ > 6e15 n,/cm? — no charge 07 oONIP 800V
multiplication @ highest ® 0 .
o ——=— " CCE=100%
1.00E+15 1.00E+16
Fluence [neq/cm2]
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Conclusions %

O CCE study of irradiated test diodes w/ IR-TCT: Completed for 11 8-inch & 17 6-
inch samples @ HGCal operational conditions

O CCEresults @ -30° C, 600 V & 800 V:
= 300N/P: Simulation verifies/predicts IR-TCT data
o >10% benefit from operating @ V., @ high ®(HGCal)
o Nvs P: 300N performs better after ~4e14 n,/cm? — CCE 2 60% @ Vgepq
for HGCal ®-range
= 200P: 16% benefit from operating @ V., @ ~3.5e15
o 200P vs 300P @ ~1el16: Similar CCE due to ~equal depletion region
= 120N/P @ ~1el6: 20% benefit from operating @ V., .,
o No clear difference observed between polarities
= 300N/P, 200P & 120N/P: CCE =z 60% @ V,,,, for HGCal ®-ranges
= V(®): Low Vi, due to SCSI reason for higher CCE on 300N
o 200P not fully depleted even @ V,,,, for HGCal ®-range

O TCAD tuning w/ sensor & IR-TCT parameters: Reproduced transient signals —
minimized error sources for neutron irradiation modeling — extend defect model to
1e16 n./cm? w/ measured CCE, LC & Vi, @ extreme fluences
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Current density [Afcm3]

Back-up 1: Faclility crosscheck: a-factor l‘ﬁ]
Q o-factor for Rhode Island dosimetry ®:
Scaled to RT -8 +2.6
01 T = Expected: a(RT)=4.0 e-17 Alcm
-1.6
---------------- = |V-extracted @ TTU: +15
0.01 o(RT)=3.1 e-17 Alcm
° & -1.0
o o 8 * Rl o RI_max
' oRLmin e TTU
oTTU_max o TTU_min
0.001 * Ucb
1.00E+14 1.00E+15 1.00E+16 - Egg_m?x
Fluence [neq/cm2] - f TTU -
_ i i . £ o TTU_max
O o-factor for UC Davis dosimetry ®: \i L emumin
+0.8 z
Expected: a(RT)=4.0 e-17 Alcm 3
-0.7 g
IV-extracted @ TTU: +1.0 3 Scaled to RT
o(RT)=3.8 e-17 A/lcm
-0.8
0.01
—~ 5.00E+14 5.00E+15

UCD dosimetry verified by IV-extracted ®

Fluence [neq/cm2]
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[LC/V| [A/em3]

ILC/V| [Afem3)]
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Back-up 2: LC/Vol - Before/after annealing

PR B Y

pup——y

-a-0-0-8-

LA

i
i
R T

I

fd

——2027_1e16_ql_Ild_ann
- -2027_1e16_q1_Id
——2027_1el6_h1_ltot_ann

T

0 Annealing 80min @ (59.9£0.6)° C
 Before annealing: Black dashed curves
IV-extracted: Ad(1e16) = 11%,
AD(1.5e15) = 20%, AD(7.5e14) = 7%
Before/after annealing:

v 5" UCD: ---2027_1e16_h1_ltot
—=-2027_1el6_|1_ltot_ann
20N 1e16
- -2027 1e16 |1 _ltot
I I [ I
0 100 200 300 400 500 600 700 800 900 1000/1100
|[Voltage| [V]
i 3
“._._.__,.,..h.-u-l‘!
.-l-"""...‘. E
\/ H
fd |

-=-16_1.5e15_12_Id_ann
--16_1.5e15 |11 Id
N ——16_1.5e15_h2_Id_ann| |
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ILC/V| [A/em3)]
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120N 1el16: AD = -3%

200N 1.5e15: A® = -3%
300P 7.5e14: A® = -5.6%

>

Negligible effect from
annealing to IV-extracted ®

8” Rl: 300P 7.5e14

e

- -11 7.5e14_h2_ltot

11 7.5e14 _h1_ltot_ann

0
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|Voltage| [V]

Timo Peltola - Tredi2019, 14th "Trento" Workshop, 26.2.2019

20



Back-up 3: CCE(p-on-n) - Offset-corrected Q_

Timo Peltola - Tredi2019, 14th "Trento" Workshop, 26.2.2019

0.8 08p
H_ . H—400v R
fi-rsov #2027/2026: |, [l | 1€16 Ny, lcm? #2026:
1200V -on- 00V -
osll_ e, 120 pym p-on-n | (875 | raw-data Q.
g . 600V
3 *®E-s00v QO Fixed param: 3°5-esov o
R S, H—700v / -
%0'4§ -350V u T= '(302 — %0'45—750V :
S 0.3f_ o = 0_3;—800\/ 1
5 400V 30.0)° C 3 H-seov
8 0.25_450\/ - DAC:62 8% E: 0.25—900V |
S 44 ) S . f—osov / .
© 0.1—500v 0151000 ~
E ‘ = ' After-sianal
.'.-’_ T \TC\O Ulvl Al
e -0.1F Olls\Jt = O
= T /22
_0.% L1 1| L1 1| L1 1 1 I 1 I 1 | | I | I I | I [— . _0% | I - | L1 L1 | L1 1 L1 L1 | | I - | I - | | N I |
5 50 55 60 - 5 30 45 50 60
Time [ns] Pre Slgnal Time [ns]
negative offset -|_|7
0.8 g 08 —400V - - 450V NS -
07 07 ||—s00v —s550v CCE
I e T ettt T=BO0V "SSBSUV|T T T TTTTTTTTmSmTosssssmssmoes F---
06 e —— 06 ||—700v —750v
- / eeToT T TTT 3 800V —850V
305 / & 05 [ —900v —950v
g" 0.4 [[ -V g" 0.4 kL
5 il A . —200V g
g 03 ¢ #2027 ref: —2s0v | g 03
2 02 . —300V | 5,
8 y onset- —350v S
0.1 | o - 0.1
/ corrected Qg I /
0 / —450v | . .
500V o
-0.1 0.
25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
Time [ns] Time [ns]
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Back-up 4: CCE(n-on-p) - Offset-corrected Q_

0.6 0.6
- #5004 ref: #5004/5005: = 1e16 n,/cm?2 #5005:
0.5H~150V 120 pm n-on- 05— oo -
Lo faw-data Q. H P - raw-data Q.
'5 0.4:_250: // = —‘__ e D leed par am: g 0.4:;2223 o
& H-300 ST _ i e P S R
%0.3: 350V /. . T_ _(30-2 - %0.3:_75w T
S oy = 30.1)° C s
goal L - DAC=64% &
[&] s @]
0.1~ -/
2 Time [ns] 45 50 PreTs.Agna:Lf
_ 1 positive offset s
" 150V ‘V — 400V - - 450V NS
05 || —200v 05 |{—500V —550V
—250V —600V —650V
S04 || —300v 5 04 | —700v —750v cC
2 —sv| | == T N N e e RN B
£ 03 ] --ao0v £ %% || —o0ov —9sov P e
5 — 450V S 1KV pp -
§ 02 500V / \ g 02 1 v —
3 o1 / #5004 ref: S o1 — .-
o v ) =
/ offset- After-signal 1e16 #5005:
0 pomme -— g =
corrected Q.,,  Positive offset offset-corrected Qg
01 — extract Q. **
25 30 35 40 45 50 25 30 35 40 45 50
Time [ns] @ early t Time [ns]
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Back-up 5: TCAD: 2D-structure & defect model %ﬂ

O 2D-structure: 6-inch sample deep diffused doping 1.0 CCE(®): 320 pm n-on-p
profile for 320 um physical & 200 pum active . strip detector
thicknga_ss o S

§06- ‘.‘-.‘1.?!_|
0.4
100 | proton model
------ neutron model
Al contacts 0291 @ proton measurement [1]
B neutron measurement
200 | ; ; : 0.04— T T T T T T T
Deeli)éjlffgsm_n 1(D£)9) reg_;on, 0.0 50x10"  1.0x10”°  1.5x10"°  2.0x10"
peaaoping = 2eocm Fluence (n_/cm?)
300 1 100000 |——n-on-p: I£:6e14 cm-2
. ——n-on-p: F=9e14 cm-2
0 100 200 300 a0 500 \\\ |
U CMS Neutron defect model parameters, ®,, =1e14 I
~lel5cm? @ T =253 K[2]: s \
Type of Level o, o, Concentration I
defect [eV] [cm?] [cm?] [cm3] — 1000 g
Acceptor | E; -0.525 | 1.2e-14 | 1.2e-14 1.55*@ L&/f
Donor E,+0.48 | 1.2e-14 | 1.2e-14 1.395*® Double peak of
— o E-field @ V=800 V
[2] R. Eber, PhD Thesis, KIT, 2013 ’ P om0
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Back-up 6: 300P vs 200P - ®=1e16 n,/cm? %

9e+25 - JCD:300P g =< tar
V Teff —

_— ~~1.3e15 /35015 / CCE = |— 1 — ¢ Teff
3 / / pd Vfd tar [3]
S 7ERs / /
< y _ -
§ 6E+25 / / PP RN — Equal q) & V - TEffl - TEﬁZ’ tdrl =~ tdr2
8 / / 4”/' (J.0oxl.U5)elo
§ /1 |+#3003_1.5e15_]1

P / / ' :> CCEZq9 Vedazoo
. / / ~#3004_6in_3.8¢15_h1 | —_— —
AE+25 I

g —=#4004_1e16_h4 CCE 300 Vf d200

3E+25 | | S —_
1000 1200 1400 soc\), OItagts[c-)\c:] 2000 2200 2400 R(CCE) R(Vf d)
Linear fit extrapolation: V;, = 2.4 kV RO ~5019_1e16_UCD| > /
1
_ 5.01E+26 ——
0 200P vs 300P @ 1el6: 7 Vi=1.25 kv~
= 300P: ACCE=6%, AV,;=8% g KO
» 200P: ACCE=3%, AV;=7% 2301026 UCD: - ,
— R(CCE) = 1.17+0.07 = 1.39:0.15 = R(V;) § _ ~  200P(9.3x1.05)el5 //
— Vi results in line w/ observed CCEs 101E+26 ,/
oo
1E+24 $essessacatass sastert™]
. 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
[3] Z. Li, JINST 4 P03011 (2009) Voltage [-V]
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Back-up 7: CCE(®) — TTU vs published study ¢
+o ? 300 pm N K 120um O Published 2017 CCE study [1,4]: Filled
09 _% + TTU: markers for CCE @ -20° C
08 [ WTORIONI 8" Epi = 6-inch dd-FZ test diodes
07 | 4 ToR1208 {, % == Q TTU: Hollow markers for CCE @ -30° C
Goe | ¢ TDR200° R ; 7‘;0 + = p-on-n: 6-inch dd-FZ test diodes
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[4] E. Curras et al., JINST 12 C02056 (2017). Fluence [neq/cm2]
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