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Upgrade for High - Luminosity LHC
I Increase in luminosity and radiation level at HL-LC
I CMS detector needs upgrade before the HL-LHC
I One of the upgrades is the replacement of the Endcap Calorimeter by a High

Granularity Calorimeter (HGCAL)
I HGCAL will be based on silicon sensors in high radiation regions

CMS calorimeter endcap upgrade design

CMS HGCAL TDR
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https://cds.cern.ch/record/2293646?ln=en


Silicon Sensors for CMS HGCAL
I Silicon pad sensors will cover a total area of 620 m2

I Hexagonal shape for optimization of wafer usage
I Three different thicknesses adapted to radiation fluences
I Two geometries: Low-Density (LD) and High-Density (HD)
I Each sensor segmented into several hundred cells of hexagonal shape of 0.5 to

1.1 cm2 in size
I Prototypes sensors (56 LD, 32 HD) have been delivered in Summer 2020 and

partially sent to RINSC

Low-Density sensor High-Density sensor
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New irradiation facility: RINSC

I Rhode Island Nuclear Science Centre, US
I Neutron irradiation of the sensors up to

1016 1MeV neq/cm2 in 180 min
I Four sensors in a puck irradiated at a time
I Irradiation of the 8-inch wafers possible only

at RINSC because of the beamport width

Reactor Core

Sensor in a puck

Cylinder
Beamport

RINSC webpage
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http://www.rinsc.ri.gov/


Specifics of RINSC irradiation facility
I High temperatures during irradiation
I Temperature during the irradiation was recorded
I Annealing already during irradiation and after
I Additional annealing up to 80min at 60◦C done at CERN

Target fluence: 5·1015 1MeV neq/cm
2, irradiation time: 76 min
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Electrical characterisation at CERN
The probe station

I Use custom-made “ARRAY system” - full wafer
IV+CV probe card

I Simultaneously contact and bias all pads in a sensor
I Per-cell IV and CV of all cells before and after

additional annealing
I Temperature controlled chuck, enables measurements

at -40◦C
I Temperature stable with time, less than 1◦C

inhomogeneity across the chuck at -40◦C

probe card

switch card

ARRAY system
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Irradiation of HGCAL silicon sensor
prototypes

I Started in August 2020, finished in June 2021
I 26 sensors characterised at CERN
I 7 irradiation rounds
I 5 different target fluences
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Visual inspection is important

I Identification of mechanical defects
I Removal of dust

I Particular focus on guard ring (GR) area
I Fully manual inspection

I Now partially automated; working on full
automation with the use of ML

Examples of features observed on irradiated sensors:
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IV test measurement at -40◦C
I Measure total leakage current by increasing bias voltage by 10V up

to 850V or Itot=2mA
I 2mA is a system-defined compliance limit to protect the ARRAY test

system
I Total leakage current well below 2mA for most sensors
I Note log scale
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IV measurement at -40◦C

I Additional annealing lowers leakage current
I Assume leakage current as proxy for fluence
I Fluence profile visible

Per-pad leakage current before and after additional annealing
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Capacitance and depletion voltage

I Capacitance of partial cells normalized to the full-cell area
I Obtained values in agreement within ± 5%
I Depletion voltage estimation based on squared-inverse of

open-corrected serial capacitance
I Thicker sensors show higher depletion voltage at the same fluence

0 100 200 300 400 500 600 700 800 900
 (V)biasU

0

20

40

60

80

100

120

140

160)2
  (

pF
 / 

12
2.

1 
m

m
fu

ll 
pa

d
 / 

A
pa

d
C

Pad 24 (full) [x1.00]

Pad 25 (full) [x1.00]

Pad 13 (outer calib.) [x1.32]

Pad 14 (inner calib.) [x4.53]

Pad 18 (edge, large) [x0.96]

Pad 5 (edge, small) [x1.44]

 preliminaryCMS HGCAL 2020/21 irradiation at RINSC + annealing

m, 2.5E15 neqµLD, 200 
 = 2 kHzLCRf

0 100 200 300 400 500 600 700 800 900
 (V)biasU

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

 
∞

→
bi

as
U)

-2 pa
d

/(
C

-2 pa
d

C

m, 5.3E15 neqµHD, 120 

m, 2.5E15 neqµLD, 200 

m, 1.0E15 neqµLD, 300 

 preliminaryCMS HGCAL 2020/21 irradiation at RINSC + annealing

 = 2 kHzLCRf

November 19, 2021 Oliwia Haluszczak: Si sensors radiation tolerance study 11



CV measurement at -40◦C

I Additional annealing lowers the depletion voltage

Per-pad depletion voltage estimation before and after additional
annealing

November 19, 2021 Oliwia Haluszczak: Si sensors radiation tolerance study 12



Correlation between fluence
and depletion voltage

I Higher depletion voltage observed for higher leakage current (proxy
for fluence)
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Current related damage rate
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I
V = α·φ

I Systematic uncertainties: up to 20% for fluence and 7% for leakage
current

I α−20◦C = (4.2 ± 0.2 − 0.8 + 0.2)x10−19 A/cm for current at Udep
I α−20◦C = (5.9 ± 0.2 − 1.1 + 0.3)x10−19 A/cm for current at 600V
I α−20◦C = (6.9 ± 0.3 − 1.4 + 0.4)x10−19 A/cm for current at 800V
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Take-home messages

I One of the upgrades in CMS experiment is the replacement of
current endcap calorimeters with the High Granularity Calorimeter.

I Silicon sensor will cover an area of over 600m2 in HGCAL

I 8-inch prototype silicon wafers were irradiated at RINSC and
electrically characterised at CERN for the first time.

I Additional annealing reduces leakage current and depletion voltage
I Depletion voltage and leakage current (as proxy for the fluence)

positively correlated
I Preliminary alpha-value (after annealing):
α−20◦C = (4.2 ± 0.2 − 0.8 + 0.2)x10−19 A/cm

November 19, 2021 Oliwia Haluszczak: Si sensors radiation tolerance study 15



Backup

List of the sensors characterised at CERN
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Backup
IV measurements at -40◦C

Per-pad leakage current before additional annealing
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Per-pad leakage current after additional annealing
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1.2
0.4 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.4

1.3 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.5

1.1 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6
1.2
0.4 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.3

0.3 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 0.4

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
1.2
0.4 1.6 1.0

0.9 1.4
1.1
0.3 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.0

0.8 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5
1.2
0.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.9

0.8 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.9

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.9

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.4 0.9

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
1.1
0.3 1.4 0.9

0.8 1.4
1.1
0.3 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 0.8

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
1.1
0.3 1.4 1.4 1.4 1.4 0.9

0.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 0.9
0.3 1.1 1.3 1.2 1.3 1.3 1.3 1.3 1.3 1.2 1.3 1.1

0.6

0.8

1

1.2

1.4

1.6

1.8

2

A
]

µ [
 C°

pa
d,

 -
40

I

2m, 5.3E15 neq/cmµHD, 120 

Values for U = 600.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6

0.5

1

1.5

2

2.5

3

A
]

µ [
 C°

pa
d,

 -
40

I

1.1 1.5 1.5 1.6 1.6 1.5 1.6 1.2

2.1 2.2 2.2 2.2
1.8
0.5 2.3 2.3 2.3 2.3

2.1 2.2 2.2 2.3 2.3 2.3 2.4 2.4 2.4 2.3

2.2 2.2 2.2 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4

2.2 2.2 2.2 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.4

2.1 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.4
1.9
0.6 2.4 2.4 2.4

2.1 2.1 2.2
1.7
0.5 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4

2.1 2.1 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4

1.0 2.0 2.1 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.3 1.2

1.4 2.0 2.1 2.1 2.2 2.2 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.3 1.6

1.3 2.0 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 1.5

1.4
1.6
0.5 2.1 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.3

1.7
0.5 1.6

1.4 2.0 2.0 2.1 2.1 2.2
1.7
0.5 2.2 2.2 2.2 2.2 1.5

1.3 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.2 2.2 1.4

1.4 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.2 1.5

1.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1
0.8

0.5

1

1.5

2

2.5

3

A
]

µ [
 C°

pa
d,

 -
40

I

2m, 2.5E15 neq/cmµLD, 200 

Values for U = 600.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

A
]

µ [
 C°

pa
d,

 -
40

I

0.4 0.6 0.6 0.6 0.6 0.6 0.6 0.4

0.9 0.9 0.9 0.9
0.7
0.2 0.9 0.9 0.9 0.9

0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0

1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.7
0.2 1.0 0.9 1.0

0.9 1.0 1.0
0.8
0.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5

0.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.7

0.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.6

0.7
0.8
0.2 1.0 1.1 1.1 1.0 1.0 1.0 1.0 1.0 1.0

0.8
0.2 0.7

0.7 1.0 1.1 1.1 1.1 1.1
0.8
0.2 1.0 1.0 1.0 1.0 0.7

0.7 1.1 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0 0.6

0.7 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0 0.7

0.5 1.1 1.1 1.1 1.1 1.1 1.0 1.0
0.5

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

A
]

µ [
 C°

pa
d,

 -
40

I

2m, 0.9E15 neq/cmµLD, 300 

Values for U = 600.0 V
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Backup
CV measurements at -40◦C

Per-pad depletion voltage estimation before additional annealing

6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6

110

120

130

140

150

160

170

180

 e
st

im
at

e 
[V

]
de

p
U

141157 157 159 156 160 160 155 160 163 162148
157 164 159 159 166 164 172 160 162 163 172 162 161

156 165 160
164
-3 160 176 163 163 173

181
141 177 165 172 161

162 159 165 161 171 164 173 177 172 164 165 177 162 180 -1

159 159 165 160 161 163 173 165 175 177 175 173 172 162 160 159

159 159 162 165 167 162 163 165 166 163 177 179 172 172
158
-1 161157

68 156 161 160 161162 170 163 172 164 165 175 72 174 171 157 161 157

157 162 158 162 159 179 170 166 160 162 164 167 162 166 163 160 164 -1 157

160 159 159 160 164 166 170 172 166 164 166 165 164 164 177 162 164 159 161159

153 159
157
-3 165 162 160 158 163

163
157 163 167 166 168 166 174 161 162 163 164 163 158

153 158 159 157 164 160 163 171 165 165 164 166 178 166 165 167 161 164 171 160 160 160

156 155 162 157 158 162 160 161 162 175 163 165 164 166
165
161 174 172 160 166 165 161 159 158

-4 158 157 159 153 164 162 162 171 164 166 -4 -3 166 163 176 166 161 170 160 160 159 156 75

157159 157 159 159 161 164 163 163 173 163 173 174 166 164 165 164 163 165 162
156
-1 159138

156159
156
-4 158 156 155 161 161 164 164 166 165 177 163 165 162 165 161162 160 161155

155156 156 156 160 158 164 160 164
161
-3 163 162 159 163 164 170 161 160 162 157155

154157 158 159 159 158 160 160 160 160 164 160 160 160 161 159 159 160 159155

157157 159 155 159 158 162 160 163 161 163 161 162 163 163 160 159 158154

152158 158 157 158 159 164 162 159 159 160 162 160 162 162 161158144

155157 156 158 158 160 158 162 161 163 160 161 160 160
155
-4 158157

152156
155
-4 156 159 156 159 158 161160 160 160 160 159 157151

151155 158 156 156 159 157 159 156
154
156 159 160 160 156153

155155 156 156 159 157 158 157 157 157 159 158 158158
-4 154 158 154 155 154 157 156 157 156 157 157119
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]
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2m, 5.3E15 neq/cmµHD, 120 

Values for U = 0.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6

220

240

260

280

300

320

340

360

380

400

420

440

 e
st

im
at

e 
[V

]
de

p
U

400 413 417 426 418 411 422 415

389 389 391 406
390
-1 409 423 425 391

413 388 392 425 386 414 414 428 408 395

405 389 424 412 423 414 415 414 417 411 424

399 391 408 427 415 416 416 418 436 428 413 409

384 361 392 410 412 417 436 437 417
409
-1 384 414 415

386 404 404
391
-1 413 410 394 438 -8 -1 -7 412 411 -1

384 384 391 407 418 414 419 -1 -7 -1 418 415 366 407 -1

-6 370 404 409 411 418 417 403 -1 418 437 414 413 432 394 386

382 389 384 408 426 425 416 432 419 415 414 384 411 394 389

383 407 393 406 424 427 435 415 416 415 -1 -7 392 388

385
383
-1 408 407 408 427 410 -1 429 414 -7

392
-6 385

367 385 406 394 394 408
-1
-1 -1 427 425 392 384

381 383 403 406 405 393 393 392 390 404 383

366 384 386 416 403 406 407 406 405 388

382 393 395 387 398 405 386 406
-6
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260

280

300

320

340

360

380

400

420

440

 e
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[V

]
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p
U

2m, 2.5E15 neq/cmµLD, 200 

Values for U = 0.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−
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2

4
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380

400

420

440

460

480

500

520

 e
st

im
at

e 
[V

]
de

p
U

447 445 445 442 448 454 454 453

461 466 464 466
460
457 468 467 465 465

464 468 474 478 480 480 480 478 471 465

469 478 491 484 483 486 484 488 485 481 469

472 481 488 488 488 491 496 491 486 487 483 475

478 488 498 498 501 504 502 503 500
478
480 490 486 477

480 488 499
491
488 508 508 501 498 505 502 497 497 486 472

478 487 506 506 508 511 506 498 501 508 513 501 497 484 474

479 488 502 510 512 502 512 505 501 505 509 503 463 491 479 473

485 498 511 512 469 519 516 511 506 506 511 503 499 484 471

488 507 515 516 522 521 518 517 514 512 506 502 488 476

483
508
510 516 518 521 519 517 516 512 512 508

486
490 482

500 509 517 519 520 514
515
518 514 513 508 499 483

501 510 520 521 518 518 515 513 507 498 484

496 499 510 515 514 515 510 504 498 486

493 504 504 508 508 502 500 489
481

360

380

400

420

440

460

480

500

520

 e
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at
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[V

]
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p
U

2m, 0.9E15 neq/cmµLD, 300 

Values for U = 0.0 V

Per-pad depletion voltage estimation after additional annealing

6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6
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120

130

140
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160

170
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 e
st
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e 
[V

]
de

p
U

36 116 115 118 118 124 119 135 119 127 120 97
123 128 126 129 129 129 125 134 120 134 132 129 125

128 128 127
129
121 135 130 135 135 131

143
125 135 124 133 119

124 127 126 128 129 132 134 130 135 39 136 135 134 136 233

127 125 130 127 119 119 129 130 135 134 134 130 120 129 119 127

123 128 128 128 127 129 131 131 138 136 136 135 135 132
124
-1 130 128

-1 123 129 129 128 127 130 134 132 135 129 1351e+04135 133 130 130 119

123 127 127 128 127 133 127 133 120 128 140 133 129 133 133 130 128 -13 123

122 123 128 117 127 130 130 135 133 135 134 134 131 129 135 120 128 124 124 119

116 122
124
-3 120 128 120 129 130

131
124 131 136 129 134 135 134 128 130 129 128 124 123

115 117 122 128 127 124 124 130 132 131 125 135 130 135 136 136 128 130 129 124 118 124

117 122 123 123 128 129 127 129 119 131 131 132 135 134
132
126 134 131 119 129 123 124 123 115

102 116 123 118 114 120 129 127 130 131 134 132 131132 128 132 134 128 129 125 124 119 123 34

117123 117 127 120 127 120 129 130 130 129 131 132 133 140 134 134 127 126 128
118
-1 118 44

-3 124
128
112 128 124 118 126 119 130 133 139 129 131 129 129 127 129 118 119 128 123117

117116 123 117 120 119 120 125 129
130
119 128 130 124 130 130 127 120 120 123 117113

116124 123 116 124 116 124 127 127 129 128 118 128 121 128 119 120 126 117115

116 80 122 123 119 128 119 124 127 128 120 119 129 130 130 120 118 116116

113116 123 123 122 124 127 127 124 124 123 125 125 126 124 119 119114

114117 122 122 121 123 123 124 124 123 123 124 124 119
115
-3 119115

120117
123
125 122 123 116 123 123 123 125 123 116 118 118 117115

116114 122 123 117 122 123 122 123
117
143 123 118 123 116116

116115 116 115 117 118 116 117 117 117 118 117 115117
111117 118 118 116 117 118 114 115 119 116 -3 -3
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2m, 5.3E15 neq/cmµHD, 120 

Values for U = 0.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−

0

2

4

6

220

240

260

280

300

320

340

360

380

400

420

440

 e
st

im
at

e 
[V

]
de

p
U

244 245 247 257 255 252 257 247

247 256 256 258
247
233 261 260 260 259

242 255 258 259 254 265 264 263 261 260

245 257 260 261 261 266 266 267 265 264 260

245 257 263 260 263 267 267 264 268 266 265 257

242 254 260 261 262 264 268 268 269
264
233 267 266 262

244 256 258
237
232 262 265 270 272 271 269 268 267 264 272

244 245 257 259 261 264 265 273 275 271 268 267 264 262 260

242 243 253 258 260 261 267 271 272 272 269 267 262 264 260 236

246 246 252 257 260 261 268 271 269 267 266 266 265 259 237

241 245 254 257 260 260 265 266 266 266 265 264 260 235

241
238
221 255 257 259 261 263 265 264 265 264

218
233 238

240 244 247 255 257 259
251
227 262 263 262 258 255

240 240 246 254 256 258 258 259 260 257 242

229 241 243 245 247 254 256 255 254 246

221 241 238 239 244 245 244 246
244
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260

280

300
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340

360

380

400
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440
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]
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U

2m, 2.5E15 neq/cmµLD, 200 

Values for U = 0.0 V 6− 4− 2− 0 2 4 6

6−

4−

2−

0
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6

360

380

400
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440

460

480

500

520

 e
st

im
at

e 
[V

]
de

p
U

348 350 349 356 354 358 356 356

356 354 354 359
358
360 367 360 360 357

360 366 370 374 374 377 375 374 369 361

360 374 374 377 377 378 379 378 379 373 368

362 375 381 379 382 380 383 380 380 380 379 365

370 379 381 385 385 393 385 387 383
382
380 380 379 369

373 378 385
385
387 391 394 384 382 386 385 382 381 378 367

370 378 383 392 393 400 383 381 382 394 394 382 383 374 370

363 376 383 395 395 401 396 382 384 380 398 385 384 380 371 361

374 381 392 396 399 405 398 395 382 401 397 385 384 375 369

375 384 396 398 400 402 401 399 399 396 392 384 379 368

381
387
387 400 399 404 400 402 399 396 392 386

381
379 372

379 388 397 402 399 400
398
399 397 396 392 380 374

380 382 400 398 400 398 398 394 392 379 377

380 382 391 393 393 394 393 382 378 374

381 382 380 382 380 381 379 376
374

360

380

400

420

440

460

480

500

520

 e
st
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at

e 
[V

]
de

p
U

2m, 0.9E15 neq/cmµLD, 300 

Values for U = 0.0 V
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Backup
Alpha-value at 20◦C

10 210
)2Irradiation fluence (1E14 neq/cm

410

510

)3
A

/c
m

µ
) 

/ V
 (

de
p

(U
=

U
C°

pa
d,

 +
20

I

=-2 V
fb

STD. oxide, ind. p-stop, U

=-2 V
fb

STD. oxide, comm. p-stop, U

=-5 V
fb

STD. oxide, ind. p-stop, U

=-5 V
fb

STD. oxide, comm. p-stop, U

 A/cm-170.1)x10±C)=(2.5
°

(+20α

 preliminaryCMS HGCAL 2020/21 irradiation at RINSC + annealing

I Systematic uncertainties: up to 20% for fluence and 7% for leakage
current

I α20◦C = (2.5 ± 0.1 − 0.5 + 0.1)x10−17 A/cm for current at Udep
I α20◦C = (3.5 ± 0.1 − 0.7 + 0.2)x10−17 A/cm for current at 600V
I α20◦C = (4.1 ± 0.2 − 0.8 + 0.2)x10−17 A/cm for current at 800V
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