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Diamond Sensors Laboratory

AN INSIGHT INTO RADIATION TOLERANCE
OF DIAMOND DETECTORS
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• Diamond Physical Properties

• Diamond Detectors - State of the Art

• Diamond Meterial
• Diamond Detectors

• Radiation Hardness

• NIEL – Non Ionizing Energy Loss
• Radiation Damage in Diamond
• Infuence on Detector Parameters
• Recovery after Radiation Damage – Annealing, High Field Operation

• Summary and Outlook

OUTLINE
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DIAMOND PHYSICAL PROPERTIES

‘a wish list’
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DIAMOND MATERIAL

• pcCVD

• Large area: Si wafer size (8 cm diam. Diamond Materials) 
• Thickness: nm to mm
• Price: few k€/cm^2

• scCVD

• Area: HPHT size ~5 x 5 mm (up to 2’’ R&D mosaic)
• Thickness: few microns to mm
• Price: ~ 2k€/sample (5x5 mm)

• DOI – diamond on iridium

• Area: Si size (2 x 2 cm samples already synthetized)
• Thickness: hundred of microns
• Price: start-up created

• Natural scCVD 

• Rare, not reproducible in any aspects 
• Price: Not commercial

• HPHT IIa – electronic grade (?)

• Area: up to cm (?)
• thickness: few microns to cm
• Price: few hundreds €/5x5 mm
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DIAMOND DETECTORS BASICS

drift-diffusionpcCVD

scCVD in 2004 DOI in 2010

solid state ionization chamber

in 2001
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DIAMOND DETECTORS IN USE

Start detectors scCVD

2x2 cm pcCVD PSD particle beam monitoring

scCVD PSD for X-ray beam monitoring

mosaic scCVD fast n detector

2x2 cm pcCVD strip ToF heavy ions

High temp α-particles spectroscopy of SHE

CMS beam condition monitors pcCVD

CMS PLT pixel system scCVD
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DIAMOND DETECTORS COMMERCIAL SOLUTIONS

Some Commercial Solutions for Diamond Detectors: 
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NEW DEVELOPMENTS

Diamond on Irrdium DOI

3D diamond detectors (laser 3D printing)

scCVD membrane detectors

2x2 cm^2
courtesy Mladen Kis, GSI, Darmstadt
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NIEL – NON IONIZING ENERGY LOSS

- crystal lattice damage through NIEL

- most damage caused by low energy
particles

NIEL/ioniz. for primary knock-on atom

SRIM

Hardness factor

- PKA  damage cascades

(PKA)
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NIEL – NON IONIZING ENERGY LOSS
Lower NIEL and higher atom displacement energy - more radiation hard ?

Hardness factor
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RADIATION DAMAGE IN DIAMOND

Damage cascades in diamond (2keV)

A recent study (simulation) of primary defects 
production in diamond

50% of self-annealing
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RADIATION DAMAGE IN DIAMOND
Secondary defects formation in diamond ?

At RT V0 and I are immobile in diamond

At RT primary defects in Si migrate:

- Formation of secondary defects
- change in time of detector parameters

..Si needs cooling

inverse lifetime

Leakage current space charge - defects engineering 
and NIEL violation in Si

- diamond should be more static 
after irradiation
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RADIATION DAMAGE IN DIAMOND

UV-VIS absorption after 26 MeV p irrad.

Photoluminescence after fast n irrad. GR1 – monovacancy realted center

R2, R11 – interstitial related centres
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RADIATION DAMAGE IN DIAMOND

Diamond is COLD at RT…..
- trapping (low CCE) —> space charge
- Leads to: polarization and priming
- no leakage current at high fluxes..

Si is hot at RT 
- trapping<->de-trapping

- Charged defects (Neff, Vdep)
- high leakage current (limiting factor)

d

Short summary: - lower defects production (NIEL) rate for diamond compared to Si

- mainly point defects creation (V0 + I)

- charge trapping but no leakage currents

- no secondary (complex) defects production after irrad. at RT

Radiation induced defects affect charge carriers transport in semiconductors
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INFLUENCE ON DETECTOR PARAMETERS – I-V

No increase in leakage current for diamond detectors after irradiation 
Actually dark current is getting better with fluence  passivation of already existing defects

6x10^13 p/cm2   

26 MeV p irrad. 20 MeV n irrad.

6x10^14, 1x10^16 p/cm2    
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INFLUENCE ON DETECTOR PARAMETERS - CCE

Example: TCT measurements after 26 MeV proton irradiations

- no space charge 
created defects are neutral

- cross-sections for trapping e and h
very similar

- drift velocity not affected

Similar behaviour for fast 20 MeV n irradiation

Short-range α-particles

orh e

- defects homogenously distributed
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INFLUENCE ON DETECTOR PARAMETERS - CCE

polarization polarization priming

Progressive filling of deep-traps, changes internal E  build-up of space charge

traversing mips (e – Sr-90)Stopped α-particles Stopped α-particles
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INFLUENCE ON DETECTOR PARAMETERS-POLARIZATION

stable

6 microns scCVD membrane detector low energy C beam (damage and probe)

polarization polarization

C ion

5 µm

C ion

5 µm 5 µm

C ion
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INFLUENCE ON DETECTOR PARAMETERS - PRIMING

over night priming @ 0V

‘Thick’ 300 microns scCVD, 
a mip pumping and a probe (Sr-90 e)
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INFLUENCE ON DETECTOR PARAMETERS- CCD

no leakage current = 
no change in the noise

a mip spectrum after 1.18x10^16 26MeVp/cm2
irradiation with a scCVD detector

~
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INFLUENCE ON DETECTOR PARAMETERS

 3D Diamond Detectors

 Membrane Detectors

Superior radiation hardness
through device engineering:

CCE 

3 µm thick

5 mm

Expected CCE vs. electrode distance and integral fluence
(for 26 MeV p irradiation)
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3D DIAMOND DETECTORS

3D laser printing of diamond detectors

First (neutron) RadHard data from 3D diamond

3D geometry

Up to x4 gain

Large volume reduced drift distance: mips, fast n
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MEMBRANE DETECTORS

4.5 MeV p

50 µm vs. 6 µm scCVD

1.3 MeV p

Analytical solution

Traversing (both probe and damage)

same trapping for e-h, moderate damage

various ions, energies, thicknesses
fit the model

Free standing scCVD down to 3 microns 
(limited by a size of diamond slab)

Developed for low E x-ray beam monitoring
and external microbeams.

also good for ΔE telescopes, thermal n, HI

Ar/O plasma
etching
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HEAVY IONS DAMAGE -1.23 AGEV AU BEAM

60 µm scCVD strip detector Hit map post irrad. CCE map

HADES (GSI) diamond start detector (T0, beam profile, counting 10^7/s ch)

5
m

m

‘Continuous’
damage 
model
coming
this year

Preliminary observations:

Radiation hardness definition depends on application
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CCE RECOVERY – HIGH TEMP. ANNEALING

~350 C ~650C

Annealing of I + V0 in diamond (optical absorption)
Annealing of electronic defects in diamond (TCT)

- samples annealing @ 1000 C

- almost complete recovery for holes

- less recovery for e (secondary defects?)

- ok for bare diamond – difficult for detectors
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CCE RECOVERY – HIGH FIELD OPERATION

Sample: 4x4 mm 3.5 micron thick 
scCVD membrane e6 (<1ppm N e6)

RBI Zagreb, microbeam facility, 18MeV O ions

Unpublished data was here, interested ? Please contact the author at:

michal.pomorski@cea.fr
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CCE RECOVERY – HIGH FIELD OPERATION

Unpublished data was here, interested ? Please contact the author at:

michal.pomorski@cea.fr
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SUMMARY AND OUTLOOK

Diamond detectors are not forever …

They degrade as other semiconductor materials do:

Creation of immobile primary defects (mainly V0+I) leads to:

charge trapping  reduced CCE
trapped charge  polarization(CCE↓) and priming(CCE↑)

there is no leakage current after radiation damage

We can recover damaged diamond detectors by:

Thermal annealing (unpractical T > 600C)
High Electric field operation (very promising)
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SUMMARY AND OUTLOOK

Some hints if you are going to operate radiation damaged diamond detectors:

- use thin detectors if you can (or 3D)

- forget about 1 V/µm operation filed – as high as possible, if no leakage current

- alternating detector bias fights polarization effect

I do not know if diamond detectors are radiation hard
it depends what is your criteria of RH

!!! THANKS FOR YOUR ATTENTION !!!
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