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Interesting properties for particle detection:
● Very low leakage current even after irradiation
● Can be operated at high temperatures, no cooling required
● Can be operated under ambient light
● High break down electric field and high electron saturation velocity
● High quality 4” and 6” wafers commercially available

Drawbacks:
● Active layer thickness (epi-layer) currently with limited thickness
● Higher Ionization energy compared to silicon: ~ 50 eh-pairs/µm (SiC) vs. 80 eh-pairs/µm (Si)
● Anisotropy

Silicon Carbide
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● Sensors used were manufactured by IMB-CNM, Spain

● n-type epi 4H-SiC
● 5µm thick (10 samples) or 50µm thick (14 samples)
● Full planar pad or divided into 4 quadrants
● Full surface metalization or non-metalized
● Vanadium doping for 5µm devices to form semi-insulating layer
● Proton irradiation (IRRAD) to max. 1015 p/cm²

Bond pad Guard ring

CNM SiC samples
Measurements performed at the 
Solid State Detectors (SSD) lab of the CERN EP-DT group

Rafí, 2020, https://doi.org/10.1109/TNS.2020.3029730

https://doi.org/10.1109/TNS.2020.3029730
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Electrical Characterization

Elias Arnqvist (SSD summer student), https://cds.cern.ch/record/2868507/files/CERN_Report.pdf

 Silicon carbide sensors show a very low leakage current at elevated temperatures and irradiation levels
 The threshold voltage for forward conductivity increases significantly with irradiation
 Effective doping concentration / depletion voltage decrease after irradiation
 CV can not be measured above a fluence of 1014 p/cm2

 Irradiation leads to a reduction of the effective doping concentration through compensation by defects
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Charge collection with TCT

1015 p/cm2

The existing TCT-setup (Transient Current Technique) in the SSD lab 
was extended by a 375nm UV-laser for the use with SiC sensors.

● Inhomogeneous charge collection over the opening area, strongest near bondpads
● Charge collection decreased to about 50% after 1015 p/cm2

● Identical charge collection under forward and reverse bias after heavy irradiation
● No charge multiplication under forward bias observed below the threshold voltage
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● Closed Cycle Liquid Helium Cryocooler from ARS, down to <20 K
● Vacuum ~ 10-6 mbar
● Heating coil for controlled warm-up (up to 350 K)
● TSC: Keithley + Custom LabView DAQ
● DLTS: Phystech commercial system (hardware, DAQ, analysis)

Defect characterization performed by Yana Gurimskaya and Niels Sorgenfrei, presented in
Niels Sorgenfrei, Defect Spectroscopy on Proton Irradiated 4H-Silicon Carbide Devices, 43rd RD50 workshop, Nov. 2023

Defect characterization 
TSC and DLTS setup

https://indico.cern.ch/event/1334364/contributions/5656558/attachments/2760529/4807035/Sorgenfrei%20-%2043rd%20RD50%202023%20-%20Defect%20Spectroscopy%20on%20Proton%20Irradiated%204H%20Silicon%20Carbide%20Devices.pdf
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1) TSC – Working Principle
● Cooling

– Under bias or without
● Filling (charge injection)

– Forward bias, zero bias or light injection
● Recording

– Measure current while ramping up the temperature
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Measure capacitance transients at many 
temperatures to obtain a DLTS - spectrum

Variation of voltage (zero bias pulse)
      - measurement of capacitance transient

2) DLTS – Working Principle
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Defect characterization 
TSC - unirradiated

● Intrinsic (vacancies, interstitials, antisites) or impurity (boron, 
aluminium, …) related defects

● Defect at ~ 265 K (not visible here) only filled for Tfill > 50 K
● Much less peaks observed in unirradiated Silicon

unirradiated
N (deep)

N (shallow)
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unirradiated

Defect characterization 
I-DLTS - unirradiated

N (deep)

N (shallow)

Z1/2: two overlapping defect states, 
important for carrier lifetime reduction
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Defect characterization 
DLTS - unirradiated

Nitrogen 
(deep)
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● TSC and I-DLTS measurements carried out to identify 
defects and observe changes with irradiation

● Multiple intrinsic or impurity related defects found in 
unirradiated sensors

● No strong change with irradiation observed
Many radiation induced defects expected at T>250 K

● Currently the measurement range is limited to ~350K 
 ➔ higher temperature cryostat purchased 

Defect characterization 
I-DLTS and TSC

N (deep)

N (shallow)
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● Z1/2 (@265 K) concentration increases
● H102K first increases, then decreases

● Introduction rates only decrease
● E32K peak vanishes at highest fluence, highest Vbias

● Trapped charges de-trap with longer wait times:
Field enhanced tunneling

24 GeV/c proton irradiation

Defect characterization 
TSC - irradiated

● Limited change with irradiation for 5µm
● Different electric field leads to different peak 

positions compared to 50µm sensor
● Vanadium co-doping can lead to changed 

spectrum
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Conclusions

● 5µm and 50µm CNM SiC samples were irradiated with 24GeV/c protons and measured with IV/CV, TCT, DLTS and TSC
● IVCV:

– Very limited increase of the leakage current with irradiation
– Devices become intrinsic, increased forward threshold voltage, diode properties after 1014 p/cm2 

● TCT:
– Charge collection decreases down to 50% after 1015 p/cm2

– Charge collection identical under forward and reverse bias after irradiation (no charge multiplication observed below 
the threshold voltage)

● TSC and DLTS:
– Multiple defects before irradiation, some with increased concentration after irradiation
– Most interesting defects (Z1/2, EH6/EH7) are located at higher temperatures than currently achievable 

● Cryostat with extended temperature range will be delivered mid-2024
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CNM SiC samples tested at CERN  
Electrical characterization, unirradiated

● End capacitance of 3.9pF (single pad) and 38.6pF (full area) 
reached at around 600V

● Vdep ≈ 340 V, Neff ≈ 1.95 x 1014 cm-3

● Results are consistent with nominal Neff = 2 x 1014 cm-3
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Reverse capacitance as a function of temperature.
Carrier freeze-out in the nitrogen state at 40-50K.

Identification of the deep nitrogen donor state:
- TSC: 

Et = 0.1eV (67K), electron trap
Poole-Frenkel effect observed

- DLTS (Level 1), : 
Et = 0.1eV
σ = 1 – 2e-13 cm2

Nt = 4.5 – 5e+13 cm-3

observed under majority (minority + majority) injection
- I-DLTS (Level 2/3):

Et = 0.08eV
σ = 1 – 10e-14 cm2 
Nt = 2 - 2.5e+14 cm-3

observed under majority (minority + majority) injection
From literature:
- Deep nitrogen level (quasi-cubic carbon site)

Et = 0.1 eV
σ = 1 – 20e-14 cm2 
Shows Poole-Frenkel effect

Identification of the shallow nitrogen donor state:
- TSC: 

Et = 0.02eV (32K), electron trap
Poole-Frenkel effect observed

- I-DLTS (Level 1):
Et = 0.027eV
σ = 1.34e-15 cm2 
Nt = 2.4e+14 cm-3

observed under majority (minority + majority) injection
From literature:
- Shallow nitrogen level (quasi-hexagonal carbon site)

Et = 0.05 eV
Can not be observed in capacitance measurements 
because of carrier freeze-out

Menichelli et al., 2007, https://doi.org/10.1016/j.diamond.2006.03.008
Assmann et al., 2021, https://doi.org/10.1063/5.0074046

Defect characterization 
Nitrogen donor

TSC I-DLTS DLTS

https://doi.org/10.1016/j.diamond.2006.03.008
https://doi.org/10.1063/5.0074046
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