First measurements with silicon detectors irradiated above 3e17 n/cm?
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Motivation RD50 status report May 2017:

RD50 Prolongation Request: May 2018

5.2.2 Extreme fluences:

Explore the macroscopic device properties
(I-V, C-V-f, CCE) on different p-type silicon
materials up to fluence values ranging

from 1e16 to 5e17 neq cm-2 and beyond with
neutrons and protons of different energies.

Continue previous work:
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Motivation and Challenge

®* LHC upgrade

= LHC upgrade towards High Luminosity LHC (HL-LHC)
after LS3 (~¥2024-26); expect 3000 fb! (x6 nominal LHC)

[I. Dawson, P. 5. Miyagawa, Sheffield University,

Atlas Upgrade radiation background simulations]

®* FCC - Future Circular Collider
= ....later than 2035
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Semiconductor detectors will be exposed to hadron fluences equivalent to
more than 10'° n_,/cm? (HL-LHC) and more than 7x10%" n_,/cm? (FCC)

amese———

=>» detectors used now at LHC cannot operate after such irradiation

RD50 : mandate to develop and characterize semiconductor sensors for HL-LHC....J and FCC |? _

G.Casse and M.Moll, RD50 Status Report, May 2017 -2-

- G Kramberger et al., Charge collection studies on custom silicon detectors irradiated up to 1.6E17 ny,/cm?,
2013 JINST 8 P08004 (Charge collection with Sr-90 with spaghetti detectors up to 1.6E17 neqlcmz)

» Marko Mikuz et al., Extreme Radiation Tolerant Sensor Technologies”, The 26th International Workshop on Vertex Detectors, 10-
15 September 2017, Las Caldas, Spain (E-TCT: electric field, mobility, trapping .... estimated up to 1E17 neqlcm2 )

https://indico.cern.ch/event/627245/contributions/2676707/attachments/1523242/2380562/Extreme-Vertex-Sepl7.pdf
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https://indico.cern.ch/event/627245/contributions/2676707/attachments/1523242/2380562/Extreme-Vertex-Sep17.pdf

Samples:

e A12 mini strip detector
* 50 um thick LGAD pad detectors from CNM
* “spaghetti” detectors

Irradiated in reactor in Ljubljana up to 3E17 neqlcm2

=>» spaghetti detectors were preirradiated with 1.6E17 neqlcm2 in 2013 - total fluence 4.6E17 neq/cmz

4x4 mm2, n-on-p, strip pitch 80 um LGAD, 50 um thick, CNM,
A12 mini, 7x8 mm?2, 75 um pitch, 300 um thick, all strips connected together 3x3 mm?2
300 um thick on one side

I. Mandi¢, 32nd RD50 workshop, June 2018, Hamburg



Current

-V, A12 strip detectors measured on E-TCT setup I-V, LGAD and spaghetti measured on probe station
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* LGAD:

* strip detectors:
=>» small increase of current with fluence
=>» not much difference between
reverse and forward current

=>» current increases with fluence more than
in thicker strip detectors

=>» larger difference between reverse and forward
bias current at 3e16

=>» breakdown (multiplication)?



Current

Current at 1000 V, 300 um thick detectors
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T=-23C, 1000V Spaghetti 2013 from:

G. Kramberger et al,
2013 JINST 8 P08004
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Fluence (1e16)
=» slow increase of current with fluence

Warning: temperature uncertainties significant
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Charge collection

e average waveform from Ortec142 + 25 ns shaper caused by fast electron from Sr- 90 source
* measured up to bias voltage at which current ~ 90 uA (900 V voltage drop on 10 MOhm bias resistor)
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Charge "
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Charge collection

Compare 50 um thick LGAD with 300 um Spaghetti detectors

=>» at 3e16 n/cm2 at 460 V LGAD gives similar charge as spaghetti at 1000 V
=>» at high fluence in pad detector thickness D cancels with weighting field factor
=>» In 50 um thick detector larger E field at same voltage than in 300 um

“spaghetti” from G Kramberger et al, 2013 JINST 8 P08004
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Q ~ (dg/dx-D)-(1/D)-L,

L = v-T, charge collection distance

v increases with £ (until saturation)
At high @, saturation at higher V

Magic formula (300 um spaghetti
® > 1e15):

Qupy = k- @V,

k=26.4¢el/V,b=-0.683
® in 1e15 n/cm2, Vin volts

At V =1000 V for 300 um detector
magic formula predicts:

® =3el6: Q,py = 2600 el

® =1el7: Qppy = 1100 el

® =3el7: Qpy =500 el




C. Scharf et al., RD50 workshop, Krakow, June 2017

E-TCT https://indico.cern.ch/event/637212/contributions/2608643/
umHuﬂ:j";ﬂijl'i;";fm Absorption of light in irradiated silicon
Absorption coefficient increases 0.4
with irradiation: A =1052 nm
0.3 /A!
* light absorbed in the material —
3 0.2 ey

before the sensitive region o u = . o
. 3 —s—transmission +20 °C
=>» small signal! L

—-edge TCT -20 °C

0.1
=+—edge TCT -30 °C
linear fit
0 ¢
0 S5E+15 1E+16 1.5E+16

Proton fluence [n_ /cm?|

a(®,T)
ay(T)

®* T dependence for damage induced absorption = interband absorption

®
>a(P,AT) = ay(AT) - (1 + D gps(2) )

P ,ps(1052 nim) = 4.30E16 /cm?
@ ,ps(1064 nm) = 3.32E16 /cm?

Absorption coefficient & « ng;.(®) = Plot —1vs.@
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E-TCT

Light A = 1064 nm, absorption length Xin Si: Absorption in 80 um silicon vs fluence at different
d1 (distance from the edge of the strip detector),

* before irradiation: X =1 mm linear increase of absorption coeff. with fluence (C. Scharf et al.)
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E-TCT

* E-TCT pulses normalized to same laser light intensity. Laser beam position close to the strip (depth y ~ 20 um)
=>» very small pulses at 1e17 and higher
=>» pulses are short (no need to integrate for 25 ns at high fluences)
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Velocity profiles
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* Efield in whole detector = high field in the neutral bulk
* not much difference between reverse and forward at 3el7
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Mobility

Method from M. Mikuz et al.: mobility estimated from velocity profiles in forward bias

Assumptions: 1) electric field in forward bias: E = V/D, (V bias voltage, D detector thickness)
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= 190 um/ns does not change with fluence,

Good agreement with values from M. Mikuz et al.:

non-irr (model)

5 1661 + 134
10 1238 + 131
50 555+ 32
100 407 + 40

Value at 3e17 uncertain = should be interpreted as upper limit
=>» zero field mobility decreases with fluence

=» velocity increases linearly with field up to high E .
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E-TCT Charge collection profiles

. Corrected = 10— PPV YRR
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E-TCT Charge collection

* Integrate charge profile along detector depth (y) and get charge = estimate of charge collected from a MIP
e correct for change of light absorption with fluence
=>» doesn’t work for 3e17 because correction factor very high (~ 200) and uncertainty large

* plot the charge vs fluence

=>» consistent with “magic formula” for collected charge measured with Sr-90 with spaghetti detectors at 1100 V
(warning: spaghetti detector and E-TCT weighting field as in pad detector. Charge could be different in real strip or pixel geometry)

Magic formula (300 um spaghetti):
G Kramberger et al, 2013 JINST 8 P08004

Qupy = k- ®°-V,

k=26.4¢el/V,b=-0.683
® in 1e15 n/cm2, Vin volts
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Summary: measurements with silicon detectors irradiated up to 4.6e17 n/cm?

Current:

e difference between forward and reverse bias up to about 1e17 in 50 um LGAD detectors

* in 300 um thick detectors not much difference between forward and reverse bias already at 3e16 n/cm?
e current increase with fluence in 50 um LGAD larger than in 300 um strip detectors

* In LGAD breakdown at relatively low voltage, breakdown voltage decreases with fleunce

Charge collection with Sr-90
* Collected charge with Sr-90 source measured with 50 um thick LGAD detectors up to 3e17 n/cm?
* no signal seen in detector irradiated to 4.6e17 n/cm?
=>» larger collected charge measured with thin detectors at lower bias voltage compared to 300 um devices

E-TCT
=>» small signals because of increase of light absorption coefficient with fluence
» electric field in whole detector volume at all bias voltages
» zero field mobility decreases with fluence
* dependence of collected charge on fluence agrees with “magic formula”

About 1000 el collected charge at 1e17 n/cm?, less at higher fluence
=>» using Si as detector material above 1e17 n/cm? will be a great challenge



