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Properties of Diamond and Silicon



Examples of CVD Material

Surface image of pCVD sample
(Courtesy Element6 )

• pCVD diamond wafer

• Dots are on 1 cm grid

• High quality wafers grown 12 cm in diameter

• Best material from wafers grown up to 2 mm thick



New US Manufacturer

• II-VI Semiconductor

• Producing diamond sensors over
past year

• Have seen 300 µm quality material

• Now three wafers to provide 20
sensors for ATLAS

• CMS (ETH) also has an order in
place



Single Crystal (scCVD) Diamond

• Improve material eliminating grain
boundaries, defects/charge traps

• Almost a decade trying to scale up
area from 0.5× 0.5 cm2

Isberg et al, Science 297 (2002), p1670

• Features of this material include

– Full collection at 0.2 V/µm

– Collection distance≡ thickness

– Charge collection very uniform

• Grain boundaries limit pCVD



24 GeV Proton Irradiations

• Have irradiated:
– pCVD samples to 1.8× 1016 p/cm2

– scCVD samples to 5× 1015 p/cm2

• Characterise signal at intermediate fluences

• Default E = 1 V/µm

• Green at E = 2 V/µm

• Align by shifting
−3.8× 1015 p/cm2

This pCVD material ≡
scCVD material after
≈ 3.8× 1015 p/cm2

• pCVD and scCVD follow
same damage curve:

1/d = 1/d0 + kφ

k ≈ 0.7× 10−18

µm−1 cm2



Mean Free Path degradation with dose



Applications of Diamond Sensors

• Several exciting applications for pCVD diamond sensors

– High Energy Physics
– Heavy Ion beam diagnostics
– Synchrotron light source beam monitoring
– Neutron and α detection

• Beam monitoring at

– FNAL/Tevatron (CDF)

– LHC (ATLAS, CMS, LHCb)

• Pixel beam monitors for ATLAS and CMS



Diamond Sensor Requirements for Tracking



H. KaganCPAD2013 – Jan. 11, 2013

Lessons Learned: Module Production
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• Sensors
• 35 old sensors recycled from E6 (UK) from IBL work
• 10 new sensors in hand from E6 (UK)
• 17 sensors ordered from II-VI (US) – about to arrive

• Quality Control
• 9/35 old sensors/ 9/10 new sensors passed QC (ccd, I)

• Bump bonding
• 4 prototype modules bump-bonded by IZM
• 17 sensors at IZM for bump-bonding

X-ray after
bump bonding

Module on test board
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Lessons Learned: Testbeam
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Prototype Modules Tested:
• 21mmx 18mm pCVD diamond w/FE-I4A
• 336 x 80 = 26880 channels
• 50 x 250 μm2 pixel cell

Results
• Noise map uniform
• Efficiency >95%

Noise map of a DBM module
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Lessons Learned: Testbeam
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Prototype Modules Tested:
• 21mmx 18mm pCVD diamond w/FE-I4A
• 336 x 80 = 26880 channels
• 50 x 250 μm2 pixel cell

Results
• Spatial resolution looks digital
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Diamond Production
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ATLAS DBM

Beam
monitors Particle

trackers

Future detectors will require 10x – 100x more devices



Summary

• pCVD sensors with signals of 9,000 electrons over large areas

• Proven radiation tolerant up to 2× 1015 particles per cm2

• Established universal charge-trap density for protons beyond 1016/cm2

• Diamond sensors are finding applications in a number areas

– Beam abort systems at Tevatron and LHC

– Pixel beam monitors for CMS and ATLAS

• Currently working to:

– Commercialise module production for the ATLAS upgrade

– For phase 0 LHC running: build and commission:

∗ The ATLAS Diamond Beam Monitor

∗ The CMS Pixel Luminosity Telescope



The RD42 Collaboration

Over 100 Collaborators from 32 institutions



H. KaganRD42 Meeting - Mar. 16, 2012

Signal from diamond: CCD and MFP

• Charge Collection Distance (ave distance e-h move apart) defined by

• Charge Collection Distance coincides with Mean Free Path when CCD≪ t

44

d = de + dh = (vete + vhth) = (µeτe + µhτh)E
Qcol = Qcreated d/t   d=ave distance eh move apart
                            t = detector thickness
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CVD Diamond as a Particle Detector

• Microwave growth reactor

• Diamond synthesized from plasma

• Material copies substrate

• Dominant crystallites appear

• Edge view of pCVD sample
(Courtesy of Element6)



Signals from Diamond Sensors

• Image charge signal
– induced on surface electrodes

• Charge collected, Q

Q =
d

t
Q0

d ≡ (µeτe + µhτh)| ~E|

• d is the Charge Collection Distance

• Mobility saturates at | ~E| ≈ 1V/µm

• Operate typical sensor at 300-400 V



Characterisation of Wafers

Wafers now have typically 250-200 µm collection distance



Irradiations with Lower Energy Protons

• 800 MeV protons (Los Alamos):
1.9 times 24 GeV protons

• 70 MeV protons (Sendai):
2.9 times 24 GeV protons

• 25 MeV protons (Karlsruhe):
4.7 times 24 GeV protons



Damage from Lower Energy Protons

• Non-ionising energy calcu-
lations predict:
– 0.8/24 GeV p: 2

– confirmed

– 0.07/24 GeV p: 6
– see factor of 3

– 0.025/24 GeV p: 15
– see factor of 5

– 10 MeV n ≡ 24 GeV p
– in progress

• FLUKA calculations give
– Protons: 1.2, 5, 10

for 800, 70, 25 MeV

– Neutrons: 6



pCVD Diamond Sensors in CDF

• Monitors beam(loss) induced currents in diamond sensors

• Installed 2005, Monitoring 2006, Operational 2007-2011



Sensitivity to Tevatron ’events’

• Sensors near IP (red) much more sensitive to losses

• Tevatron has learned a lot about what goes on at IP during injection



A Typical Tevatron Abort

• During 11-month monitoring phase (2006)

– Tuned diamond abort algorithm

– Observed four aborts that diamond could have triggered sooner

• Was the primary CDF abort system for the last 4 years of Run II

• Post-operation assessment shows no degradation of sensors



ATLAS Diamond Pixel Sensor EOI

• Submitted 2007

• Institutions:
– Bonn, Carleton, CERN,

Ljubljana, Ohio State,
Toronto

• Approved 2008

• Goals:
– Make 10 modules
– Industrialise fabrication
– Test radiation hardness

• IBL sensor decision 2011

• B-layer replacement? 2013

• Tracker upgrade 2018?



Pixel Diamond Prototypes

• Sensor metalised at Ohio State, bumps deposited at IZM-Berlin

• Transferring complete process to IZM



Diamond Pixel Prototypes

• Modules bump-bonded at IZM, tested at Bonn
• Noise: 140e−, Efficient threshold: 1500e−, In-time threshold: 2300e−



Pixel Patterning in Industry (IZM-Berlin)



First IZM Module

• Bump-bonded in early 2012

• In testbeam at CERN during last summer



Results from Pixel Prototypes

• Position resolution of 14µm (17µm residual includes telescope)

• Few % missing bonds – dominant inefficiency




