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Silicon Carbide Detectors

Wide bandgap semiconductor (3.26 eV) : Low leakage currents, insensitivity to visible light

Renewed interest: High quality wafers from power electronics industry

+ High breakdown field and saturation velocity : timing applications

+ Potentially higher radiation hardness (displacement energy),
no cooling needed after irradiation

- Higher lonization energy (~30% less signal per |.1m) [1] Energy [¢V]

- Limitations in wafer thickness and resistivity

Dosimetry: pDOS,
FLASH [2]
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B Si
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Band Gap [eV]

Electron Saturation Velocity [cm/s]

Advantages and disadvantages of 4H-SiC compared to Si
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* 4H-SIiC p-n planar diodes from Run 13575 of CNM [5]
* 3 x3 mm’ active area, 50 pm epi

* Full depletion voltage : 400V, Cq.: = 18 pF

Isolation Dielectric  p* Implant Front Metal Passivation
SIO.* SIOCVD Contact pad | Al Ti+Al+Ti+W | SO+ SiN,

SiC epitax 3000 um 50 pm

\Backside Metal
Ti+ Ni+Au

A

Y

4400 pm

Device cross-section (adapted from [5]) 4H-SiC pad diode on readout board
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* Neutron irradiated (510" - 110" neq/cmz) at ATl Vienna [6]
Previous studies [7,8]

* Deep level defects (Zi2 and EHe¢/7) introduced
by radiation damage [9]

* In Si: Leakage current increase, reduction of signal [10]

|
| |

il |
N

* Electrical Characterization (I-V, C-V)
* Particle detection (a, p*, UV-TCT)

i

* Simulation Results
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TRIGA Mark Il reactor at ATl Vienna [x]
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* Leakage currents <10 pA after
irradiation (up to 1kV) at room
temperature

* Forward Bias: Reduction in current

* Indicative of n-doped epi layer
becoming intrinsic due to deep-

level defects [11, 12]

* Reverse bias limited by sparking on

surface around 1.6 kV
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Current — Voltage Characteristics
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[-V at 20C°, K2470 + K6517b

Neutron Fluence [neq/cm?]:
—— Unirradiated
— 5x 10
— 1x10%

5x 101>
— 1x10'

Reverse

1000
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* Full depletion at 400V for

. . Cp-V at 20°, LCR A4284A : 10kHz, 500 mV
unirradiated sample

Neutron Fluence

* Diode-like depletion lost after | — Unirradiated
. . : . — 5 1014 2
irradiation, fixed capacitance X 107 negfem

—— 1% 10" ne4/cm?
5 % 10%° n.4/cm?

| — 1x10'° n4/cm?

regardless of forward / reverse bias 10710

* Fixed capacitance compatible with

S0 pm thickness

Cp? [F?]

* Intrinsic epi layer after irradiation

10-11

1000 500 0 -500 -1000
Bias Voltage (V)
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. Charge collection eFﬁciency (CCE) is the most relevant metric for detectors
* Room temperature measurements

. Signals collected in forward and reverse bias

i
1050 nm

| Cold Chuck

X-Y Stage

Tri-Alpha in Vacuum (#*°Pu, *'Am, ?**Cm) 62.4 MeV p" at UV-LASER (370nm)
MedAustron (AT) <100 ps pulse length

Andreas Gsponer TIPP 2023 7
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* Signals obtained even at highest Neutron Fluence:
. . 1001 ¢ Unirradiated
fluences, in forward and reverse bias o | 5oxivi o jon
. .. ® 1x10" ng/cm?
* Bias voltage limited by readout Wl ¢ sx00 ofem?
® 1x10% ngg/cm?
® Reverse 4
. . [ ]
* Would expect higher CCE in forward | * ™™ : P
. : g o
bias due to trap filling [12] m '
N ¢ hy .o.
. 40 - : L
* At highest fluences, forward and x* il
reverse bias identical - 5 «
X x : S
M% o ..’.. /
0 - T T T T T
—-1000 -500 0 500 1000
Bias Voltage [V]
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* Signals obtained for fluences up to Neutron Fluence: i
2 . . . i ; 4 & P
110" neg/em” (limited by noise and 109 : Efrlr;flited i VS o i
. = I A
thin detectors) A 1x10%0, ! A
80 i =
* For unirradiated sensors : in | & K
. . . ' AA
accordance with depletion width o . ah A
: : : : S A i st
* Slightly higher CCE in forward bias = MA“A A“g“ i . AAAAAAA
. @) A A
than in reverse 401 B YR i 5 AAAA
A A i E 4k
* Trap filling by forward current ) e e S—— G|
l
|
forward : reverse
a i
|
—-1000 -500 0 500 1000

Bias Voltage [V]
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* 370nm LASER, <100 ps pulse length
* High charge deposition (~ 10 MeV) and

waveform averaging = very good SNR

* Results in reverse bias agree well with pt

* Charge gain observed in forward bias

* Also observed in TPA-TCT [13], likely
related to the very high charge deposition
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* CCE follows a power law (o< @°¢), 60% | Reverse Bias:
. . E\\\ B 400V
even for different bias voltages BT i N X . 650V
o T CCE « 9;2->° M 800V
o o R Te X 2 ~<1 ‘\\*:f\\ B 1000V
CCE>10% for1:10" neg/ecm SRR NN by MER
30% - Pal | Ss 7l s, -m- UVLASER
‘\\\ \\\::\\\ SS
* More work needed to increase = 20%- A S % .
. . . (@) Sso SSOPS ~
radiation hardness of SiC: o S S N Ny
° | T \\\::\\:\\
Annealing [12] . - \\::\::
* Defect engineering i o |
\\*
5% T T T —
5x 1014 1x 10 5x 101> 1x 1016
®eq [cm™2]
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Planar 4HSiC-diode (CNM)
Capacitance measurement

* Doping profile extracted from 1/C° le21

measurements 35-
e 4H-SiC parameters not always accurate oy
in TCAD applications
. . . 2.5-
— extensive literature review
= 2.0- El Measurement
E’" B Doping profile - manufacturer
g Extracted profile - Sentaurus
1.0-
0.5-
0.0

1 1 I I | | 1 1 1
0 100 200 300 400 500 600 700 800 900
Reverse bias (V)
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* Full device simulation + /-/eavy/on model:

* Synopsys Sentaurus 100+
* Global TCAD Solutions (AT) (part of an
ongoing collaboration) [14] 80 -
OE
* Geant4 simulations (using AIIPix2[15]): 8 60 -
@)
* Electric field / weighting potential imported
from TCAD -
20 -

* Good agreement with measured data
0 l(I)O

Andreas Gsponer TIPP 2023
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E Allpix? TCAD - GTS
\ uv - TCT I TCAD - Sentaurus
B Ht (62.4 MeV)

300 400 500 600 700 800

Reverse Bias [V]
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* LGAD : Low Gain Avalanche Diode [16], wide-spread usage for Si
* Attractive for SIC (large signal from thin detectors, timing)
* RD50 common project [17], ongoing work at IHEP / NJU [18-20]

* Started TCAD studies to optimize design 0.2 yum Gain Implant at 1 um depth
20.0
Gain Layer Doping [cm™3]
1787 — 6.0 x101°
6.1 x 10
180 6.2 x 101
12.5 1 6.3 x 10
—'b — 6.4 x 106
gain layer n+ £1001  — 65 x10°
o — 6.6 x 10
n epi ~50-70 um 75
5.0 1
29
n+ substrate
0.0 A
(I) Z(I)O 4(I)0 G(I)O 8(I)O 1000
|dealized 4H-SiC LGAD structure [20] Sere BiEs L]

TCAD Simulation of 4H-SiC LGADs with different gain doping
Andreas Gsponer TIPP 2023 14
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* 50 pm and 100 pm epi wafers (6-inch)

* Tapeout Spring 2023, expected Winter 2023

* Guard structure optimized using TCAD

* Pad detectors
* Strip detectors

* Test vehicles
* MOSCAPs, MOSFETs

*  Process test structures

* (ate controlled diodes

*  Other structures
*  Pixel arrays

* Resistive detectors

Andreas Gsponer
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AH-SIC features extremely low leakage currents even after irradiation up to 1 - 10" neq/cm2

CCE scales with fluence «®,, ¢

Unirradiated devices can be accurately simulated using TCAD

Ongoing work on SIC LGAD, promising for timing applications
New wafer run due Winter 2023

This work was supported by the Austrian research promotion agency FFG, project number 883652.

Production and development of the 4H-SiC samples was supported by the Spanish State Research Agency (AEI) and the European
Regional Development Fund (ERDF), ref. RTC-2017-6369-3.
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* Synchrotron providing protons, carbon and (soon) helium ions for medical therapy

1 dedicated non-clinical research beamline (IR1)
* Energies up to 800 MeV for p* (= 1.3 MIPs), commissioned together with HEPHY

Intensities from kHz/cm?® to 10" /s /cm”®

Silicon tracker + beam rate monitor built by HEPHY

Andreas Gsponer TIPP 2023
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* CCE reduction by radiation damage can be mitigated using higher voltages
* Maximum voltage is not limited by material, but by HV sparking on surface
* Challenges for read-out electronics above 1kV

* — Use conformal coating

I-V and CCE for 1 x 10 ngy/cm?

103 100%
—— Current
® CCEfora
- 50%
102 5
) F20% o
E 10! 3}
= -10% ©
O
100 - - 5%
T T T T Ll T T T Ll 2%
0 200 400 600 800 1000 1200 1400 1600
Reverse Bias Voltage (V) Sample with surface damage after 1.6 kV
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* UV-LASER: PILAS PIL1-037-40FC, 370 nm, < 100 ps pulse width

* 370 nm: A =40 cm~' = uniform charge deposition

e SiIC samples with and without metalization

e UCSC board and RTP 164 (16 GHz, 40 GSa/s) for readout, pulse analysis code

Peak Area le=11 Peak Area Jeq2
2.00

NO METAL

1.75

1.50
64.4
1.25 by
ot
E ]
E 645 1.00 <
! x ¥
A | &
4 -+ 4 e < 64.6 0.75
E Nt - ¥
: 64.7 0.50
3 548
64.9 ™ 0.00 64.6
325 326 327 328 329 330 331 332 333 33.0 331 33.2 33.3 33.4 33.5 33.6

¥ [mm] f [mm]
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Proton CCE (forward + reverse)
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] xXX7 A - ¢ o XA EER A A
40 141 % %% + A
! = A § X A
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j .
i I____E\T_o_is_e_fil_n_it_ ___________________________ Neutron Fluence: -
20 4 | A Unirradiated
: A 5x10ng,
! A 1x10" ng,
0 - : A Reverse
H X  Forward
1
0 200 400 600 800 1000
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oo Neutron Fluence:
100 - ‘¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ ¢ ® Unirradiated
® 5x10M n./cm?
® 1x10% ngy/cm?
¢¢¢‘. 5 x 1015 nggfcm?
80 A .....‘... eq
‘...00’ ® 1x10 n./cm?
4 .0.. Y 14 ® Reverse
0 ... Y L0 X  Forward
® °* Y Lie
oy 601 ¢ .. ......
E : o’ .o'..
N # " o® Tt L L
® ** ******
40 ® :* g x XX
xX X
&) xTe X
L *x ® *xx
X exX
20 - ® x| oX
° , =
° o0t lesssusunnnaneets
0‘ T T T T T T
0 200 400 600 800 1000

Bias Voltage [V]
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* High charge deposition (~ 10 MeV)

M B Unirradiated
and waveform averaging 401 0 siagun
B 1x10% ng
* UV Results agree well with proton 120 ® 5x10"neg
B 1x10%ng,
data B UV Laser
1001 A 62.4 MeVp* .lllll.llllllll
. . . |
* Discrepancies likely to UV laser T 80 '
. = i |
=]
alignment on metal gap 5 : Y
60 - u A A A gqununnot
A A : m N m = " A A A A A
[ ] A ]
07 ® g 4" N
=1 A hm an"
20 1 . n " .
[ ] [ =
llllll..........
|
0 - . . . . .
0 200 400 600 800 1000

Reverse Bias Voltage [V]
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* UCSC Board bandwidth limited by detector capacitance
Tiet = Coet Rin, Tnia=1/ (2w £)

* Thin detectors = Fast signals (< 1ns) , large capacitance (18 pF full depletion)
* At low voltages (high capacitances), UCSC TIA acts as a CSA
* Forirradiated samples, the waveforms are identical (except scaling)

> Decrease capacitance, reduce input impedance

Unirradiated 5 x 10™ nggfcm?
1.0 4 Reverse Bias [V]: 1.0 Reverse Bias [V]:
—_— 150 — 2750
— 0.0 — 350.0
0.8 25.0 0.8 1 425.0
300 500.0
5 55.0 i 575.0
3061 80.0 3 0.6+ - 650.0
= —— 125.0 7;1 725.0
g 250.0 E 800.0
E 041 375.0 £ 0.4 — 875.0
5 — 500.0 15 — 950.0
= =
— 625.0 — 1025.0
024 — 750.0 a5 — 11000
— 875.0
Pl =59 s= —— 1000.0
2 = 0.0 prmameend o 0.0 AN ]
Simplified Amplifier Model T . T T T | T T T T T
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
Time (ns) Time (ns)
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Quite a large spread in literature values for €sic and Fsic

Verity literature values using a comparison between Siand SiC detectors
Tri-Alpha source (Pu®*®, Am**", Cm™**) in rough vacuum (107" mBar)
Spectroscopic CSA (Cividec Cx-L, 1.2 ps shaping time)

Si (left) and SiC sensors (right) sensors

Vacuum Setup in HEPHY clean room

Andreas Gsponer TIPP 2023 26
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* Need to take into account ~ 1 um of passivation
and metalization on top of sensors using a
Geant4 simulation

* Good agreement to recent literature values

€ic=7.7*01eV
PRELIMINARY
Fsic = 0.10 = 0.01

Andreas Gsponer TIPP 2023
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2250

2000 -

1750 A

1500 -

1250 A

1000 A

750 -~

500

250 1

Si @1000mbar
¢ SiC @1000mbar
|

PRELIMINARY

T T T T

1.2 1.4 1.6 1.8 2.0 2
Signal [V]

Comparison between Si and SiC spectra used to compute the
ionization energy and Fano factor for 4H-SiC
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