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ABSTRACT

With the first runs of the LHC in 2010 and luminosity upgrades expected from 2016, ATLAS and CMS
are planning to upgrade their innermost tracking layers with the ultimate radiation hard technologies.
Chemical Vapour Deposition (CVD) diamond has been used extensively in beam conditions monitors as
the innermost detectors in the highest radiation areas of BaBar, Belle, CDF and all LHC experiments.
This material is now being considered as a sensor material for the innermost layer(s) of the upgraded
trackers. Recently the RD42 collaboration constructed, irradiated and tested polycrystalline and single-
crystal CVD diamond sensors to the highest fluences expected at the super-LHC. We present beam test
results of chemical vapour deposition diamond up to fluences of 1.8x10™ 24 GeV protons/cm? illustrating
that both polycrystalline and single-crystal chemical vapour deposition diamonds follow a single damage
curve. We report preliminary results on polycrystalline diamond from an alternative manufacturer with
promising performance.
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1.Introduction

Tracking detectors and beam condition monitors of future experiments at the Large
Hadron Collider and its upgrades will be situated in radiation environments several
orders of magnitude harsher than those of any current detector. At present detectors for
tracking close to the interaction region are based on the mature silicon technology, the
radiation hardness of which is being extended with innovative processing (3-D) and
operation at higher voltages (charge multiplication). Chemical VVapour Deposition
(CVD) diamond has a number of properties which make it an attractive material for
detector applications. Its large band-gap (5.5 eV) and large displacement energy (42
eV/atom) make it a material that should be inherently radiation tolerant with very low
leakage currents and high thermal conductivity, thus ideal for thermal management.
CVD diamond is being investigated by the RD42 Collaboration[1] for use very close to
the interaction region where the most extreme radiation conditions are expected.

2.Diamond as Particle Detector

Diamond, because of its large resistivity, can be operated as a solid state ionization
chamber. In Fig. 1, the basic principle of using diamond as a particle detector is shown
[2]. A voltage is applied across a layer of diamond a few hundred microns thick. When
a charged particle traverses the diamond, atoms in crystal lattice sites are ionized,
promoting electrons into the conduction band and leaving holes in the valence band. On
average, 36 electron-hole pairs are created in each um of diamond traversed by a
minimum ionizing particle. These charges drift across the diamond in response to the
applied electric field producing a detectable electric signal. Since there may be traps in
CVD material we often use the charge collection distance (CCD) to characterize the
material. CCD corresponds to the average distance the electron-hole pairs move apart.
In thin diamond CCD is limited by edge effects, while in thick (thickness >> CCD)
diamond CCD approaches the sum of mean free paths of electrons and holes.
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Figure 1: Schematic view of operation of a diamond particle detector. The metal electrodes can be
segmented to produce a pixel or strip detector.

There are two flavours of CVD diamond: polycrystalline (pCVD) and single crystal
(scCVD). The scCVD is grown on a high-pressure high-temperature diamond substrate
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and forms a perfect diamond lattice. On the other hand, pCVD is grown on a non-
diamond substrate, therefore small crystal grains in random orientations start forming
on the substrate. The grains grow, and the larger ones have the tendency to grow faster,
terminating the growth of the smaller ones. Therefore the average grain size increases
across the pCVD thickness from the substrate to the growth side. Also the charge
collection properties of the material exhibit improvement with growth thickness.
While scCVD exhibits very little trapping, and therefore its CCD matches the detector
thickness, CCD of pCVD’s is limited by trapping. It is helpful to grow thick pCVD
wafers and polish off the substrate side, keeping the high quality material with large
grains. Top quality pCVD material today can be grown in 5”wafers, and can exhibit
CCD close to 300 um at 500 um thickness and electric field of 2 V/um. The superb
quality of scCVD is for the time being offset by size and price; scCVD, in contrast to
5”pCVD wafers, is limited to sizes of 1x1 cm?, and the price difference for the small
pieces available is nearly an order of magnitude.
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Figure 2: Left to right: schematic growth of pCVD diamond, side view photograph of the diamond
(courtesy of Element Six Ltd.), and finished 5”’pCVD diamond wafer with metal test dots on 1 cm grid.

3.Radiation Properties of Diamond

Radiation tolerance might prove as the limiting factor for the utilization of a given
sensor material in a high-energy physics experiment at the LHC or its successors. The
RDA42 irradiation studies consist of characterizing each diamond sample prepared as a
tracking detector (strip or pixel) in a high energy test beam before and after each
irradiation. The samples prepared as strip detectors are read-out with VA-2 electronics
[3] for characterization in the test beam at CERN, whereas the samples prepared as
pixel detectors have been so far read-out with ATLAS FE-I3 pixel electronics [4]. All
pCVD and scCVD samples were prepared in this manner. Fig. 3 shows a photograph of
the metal pattern applied on a diamond strip detector (50 um pitch), and a complete
double sided strip module ready to go into the test beam at CERN. The irradiations
described in this paper were performed using 24 GeV protons at the CERN PS facility.
The detectors were irradiated at room temperature and in an un-biased state.

Most of the irradiation data were obtained with 24 GeV protons from the CERN Proton
Synchrotron, where samples have been taken all the way up to 1.8x10® p/cm?.
Radiation with heavy particles induces displacement damage, resulting in (additional)
defects in the crystal lattice. These appear as deep level states in the energy band-gap
and act as traps for the traversing charge. Since the band-gap in diamond is large, a
trapped charge can remain attached to the trap for months. In principle, a trap, filled
with an electron, could trap a hole, resulting in a recombination of a pair, but cross
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sections of neutral traps are an order of magnitude smaller than those of the charged
ones. Therefore it is advantageous to expose an irradiated diamond to ionizing radiation
and fill the traps — a process known as pumping or priming.

Figure 3: Left: metal strip pattern on diamond, right: double-sided diamond strip module

In the simplest model we assume that additional traps are added to diamond bulk
linearly with fluence. As the mean free path is inversely proportional to trap density
(and proportional to drift velocity), at fixed electric filed we expect the relation

1/CCD =1/CCD, +kd (1)

to describe the degradation of charge collection with radiation fluence. Here, CCDy is
the initial charge collection distance, k the damage constant, specific of particle type and
energy, and @ the particle fluence. Strictly speaking, Eg. (1) is thought adequate for the
mean free path, so we are implicitly assuming a thick diamond (thickness >> CCD).
Figure 4 exhibits CCD as measured on pCVD and scCVD diamond sensors at a field of
1 V/ um. All sensors were irradiated at the CERN PS. The initial CCD, of pCVD was
around 220 um. To bring the scCVD sensors onto the pCVVD damage curve, with the
value of the damage constant k ~ 0.7x10™*® cm?/um, their data had to be left-shifted by
3.8x10% p/cm?. This can be viewed as the 24 GeV proton fluence that induces as many
traps in the scCVD as are already present in an unirradiated pCVD, or as an effective
fluence headroom the scCVD can provide you with respect to off-the-shelf pCVD.
There are also two points of a pixel detector added to the plot, due to low fluence their
significance is rather low, bur with a somewhat smaller shift (3.2x10*° p/cm?) their
CCD’s do fall on the same, universal damage curve. With future developments, as
CCDy of pCVD diamonds improves, the scCVVD damage curve serves also as the
ultimate limit of CVD diamond performance under radiation.

The spectrum of hadrons in (s)LHC is predominantly composed of pions in the energy
range of several hundred MeV. Therefore, a mechanism is needed to scale the damage
between particle species and their energies. The Non lonizing Energy Loss (NIEL)
scaling is widely used in silicon, although departures from NIEL were observed, mainly
between charged hadrons and neutrons. For current pCVD diamonds with CCDy in
excess of 200 um, studies with protons, in addition to 24 GeV, are being carried out at
energies of 26 (Karlsruhe), 70 (Cyric Facility, Sendai) and 800 MeV (LANL). While
the study is still in progress, preliminary data exhibit a significant difference to the
published NIEL calculation [5], while better agreement is found with a recent study
based on Displacement Per Atom (DPA) as obtained from the new version of FLUKA
[6]. A study with reactor neutrons suggests a larger value of the damage constant (3-
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5x107*® cm?/um) [7], but there the results are plagued by a yet unresolved discrepancy
between source and test beam data. With pions, two samples were irradiated up to
6x10* w/cm? at PSI [7], but due to the low fluence no precise determination of the
damage constant is possible. Although one is tempted to speculate that damage of all
charged hadrons would follow the same scaling with energy, a test to relevant fluences
with pions would add reassurance to this argument. Using scCVD for this purpose
suggests that ~10" x/cm? would be sufficient to determine the damage constant with a
10-20 % precision.
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Figure 4: Summary of CVD diamond charge collection data with sensors irradiated with 24 GeV protons
at the CERN PS. Both, scCVD and pCVD diamond data fall onto the same damage curve demonstrating a
universal mechanism of radiation damage in CVD diamond. All the measurements were taken at an
electric field of E ~1V/um, except for the green point, taken at 2V/um

4.Application of CVD Diamond in HEP

CVD diamonds are finding increased application in HEP. Their first usage was for
radiation monitoring, acting as solid state ionization chambers. This concept is now
used in all LHC experiments; of the order of 100 diamonds are installed in the four
detectors.

In addition to monitors operating in current (integration) mode ATLAS and CMS have
installed diamond sensors capable of fast (single) particle counting. The ATLAS Beam
Conditions Monitor [8] in addition features time-of-flight capability with sub-ns time
resolution to resolve beam background from proton collisions.

CMS is building a new luminosity monitor, the Pixel Luminosity Telescope [9], which
will employ 48 scCVD diamond sensors, 5x5 mm? each, in a pointing geometry. This
project constitutes the largest deployment of CVD diamond in HEP up to date.

In plans for the tracker upgrade for increased LHC luminosity, both ATLAS and CMS
explore the possibility to exploit CVD diamond for the innermost pixel tracker layer(s).
As an intermediate, but concrete step towards the upgrade, a group of institutes within
ATLAS, gathered around the DPix proposal [10], is bidding with pCVD diamond
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sensors for the Insertable B-Layer [11]. In this scope, several pixel modules have
already been built in industry (1ZM [12]) with the existing FE-13 pixel chip, and a
qualification programme for the IBL is starting as soon as the new FE-14 chip becomes
available this fall. About 20 modules with pCVD diamond sensors are expected to be
built, irradiated and tested by next summer.

5.CVD Diamond Vendors

The RD-42 Collaboration has been throughout the years traditionally working with
Element 6 [13] and its recent offspring, Diamond Detectors [14] for the supply of
electronic grade CVD diamond in both the pCVD and scCVD varieties. With the advent
of projects in sight, which require the number of diamond wafers exceeding the number
of fingers, the question of multiple suppliers becomes increasingly important, both as a
possible price and quality driver, as well as a backup source. RD-42 has explored
several companies, specializing in CVD diamond, and promising development has been
recently reported with electronic grade pCVD diamond samples obtained from one
vendor. These promising results make us eagerly await delivery of HEP-targeted pCVD
wafers from this manufacturer. The aspiration is to obtain a close-to-scCVD quality in
pCVD format and price.

6.Conclusions

Diamond sensors are slowly, but definitely making its way into high energy physics
experiments. Currently limited to beam conditions monitors, the ambition is to employ
diamond as the ultimate radiation hard material in the innermost tracking layers for the
sLHC upgrade. There was considerable improvement of understanding of radiation
damage in diamond achieved in the past few years, with a few decisive steps expected
to be accomplished in the near future. Industrialization of pixel module production with
diamond sensors has been demonstrated by the ATLAS DPix collaboration, and
diamonds are in a competitive bid as sensor material for the ATLAS IBL. A very recent
development on the vendor market brings hopes to obtain pCVD material with close to
scCVD properties.
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