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ABSTRACT

Using the advantage of the high spatial resolution of the Ruder Boskovi¢ Institute (RBI) ion microprobe, small areas of a thin membrane
single crystal chemical vapor deposition (scCVD) diamond detector were intentionally damaged with a high-intensity 26-MeV oxygen ion
beam at various fluences, producing up to ~10'® vacancies/cm®. The response of the detector was tested with the ion beam-induced charge
technique (IBIC) using a 2-MeV proton beam as a probe. The signal amplitudes decreased down to approximately 50% of the original value
at low electric fields (<10 V/um) inside the detector. However, the increase of electric field to values of ~100 V/um completely recovers the
signal amplitude. The results presented herein can facilitate the development of true radiation hard particle detectors.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5081136

The behavior of thin single-crystal chemical vapor deposition
(scCVD) diamond radiation detectors' under extreme conditions
of high electric field is further explored in this work. Recently, we
demonstrated charge multiplication in electrical pulses formed upon
the impact of ions at MeV energies;” herein, we investigate the influ-
ence of high electric fields on the radiation hardness of these thin
membrane diamond detectors. Radiation hardness of particle detec-
tors is a very important parameter for complex detector systems used
in high-energy physics.>* It was previously shown® that chemical
vapor deposition (CVD) diamond-based detectors show superior
radiation hardness compared to standard Si-based detectors when
detecting high-energy particles.

In our present work, we use a 6.15-pum-thin self-supported
membrane, produced from <100> oriented single crystal “stan-
dard grade” CVD diamond (<1 ppm N concentration according
to the producer Element Six Ltd) to make a thin membrane parti-
cle detector. The manufacturing steps for the detector production
were explained elsewhere.® Al strip electrodes (300 um wide) were
PVD sputtered on the membrane area free of large structural defects.
This area was selected under birefringence microscopy observation,
in which large structural lattice defects like bundles of dislocation
or inclusions can be easily detected due to the strain formation

and appearance of light contrast. The overlap area of the electrodes
is rhombus-shaped, with the total active area being approximately
300x300 um?. To test the behavior and then the response to high
irradiation fluences, we intentionally damaged five areas of a 6.15-
pum-thin diamond detector with 26 MeV oxygen ions. This par-
ticular ion and energy were chosen because the damage profile in
the 6.15-um membrane is relatively homogenous, according to the
SRIM code simulation.” Additionally, an oxygen ion creates a large
number of vacancies per volume compared to light ions. Thus, we
could reach an extremely high concentration of radiation-induced
defects in a relatively short time. The irradiation was carried out at
the ion microbeam setup at the Ruder Boskovi¢ Institute accelerator
facility.®

Prior to the high fluence irradiation, the whole active area of
the detector was scanned with the ion beam induced charge (IBIC)
technique® to assure a homogenous response of the detector and a
charge collection efficiency of close to 100%. A low current (<fA)
of 26 MeV oxygen ions has been used for that purpose. The high
fluence irradiation using the same beam (and higher currents) has
been performed at areas in lateral size from 30x30 um? to approxi-
mately 100x100 um?. After the damage creation, the same beam was
used to perform IBIC scan at the electric field of 10 V/um. Proton
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FIG. 1. (a) Map of the damaged and virgin areas of the detector with 26-MeV oxy-
gen beam at electric field 10 V/um. (b) CCE vs electric field plots for five different
damage areas and the virgin part of the detector using a 2-MeV proton beam. (c)
IBIC pulse-height spectra of the virgin and “E” damaged area at E=1.6, 4.9, 9.8,
110 V/um (see text for selection criteria).

beam of 2 MeV, was afterwards used for IBIC scans, varying detec-
tor bias from 0 to 680 V, which corresponds to a 0-110.5 V/um
electric field. Figure 1a shows IBIC scan of whole active area after
the damage creation, using 26 MeV oxygen and 10 V/um). Table I
shows the fluences for five damaged areas and the corresponding
number of created vacancies, as simulated with SRIM in a detailed
cascade calculation mode. The highest fluence (E) is the equivalent
of 510" of 10 MeV protons/cm?, or 6.8-10' fluence of 24 GeV
protons.510

The pulse-height spectra for damaged parts were extracted
from the central parts of the damaged areas, while the pristine region
pulse-heights were taken from the lower right part of the active area
marked in Figure 1a. The charge collection efficiency (CCE) in dia-
mond was calibrated using a standard Si PIPS detector taking into
account electron-hole creation energies of 3.6 eV for Si and 12.8 eV
for diamond."" Figure 1b shows the CCE vs. electric field responses

TABLE I. Irradiation fluences and their corresponding vacancy densities for
five damaged regions of the detector according to SRIM.”

Region F [cm-2] VAC [cm-3] (SRIM)
A 1.50E+11 1.90E+16
B 4.40E+11 5.40E+16
C 1.10E+12 1.35E+17
D 2.30E+12 2.80E+17
E 8.00E+12 9.90E+17

scitation.org/journal/adv

for five different damaged areas as well as the response of the pristine
part of the detector for a 2-MeV proton beam. Because the material
used to produce the detector was of standard grade, the charge car-
riers were expected to have a shorter lifetime compared to a purer
electronic grade material. Therefore, a relatively high electric field
of approximately 5 V/micron is needed to reach the plateau of CCE
even for the pristine areas of the detector. Unexpectedly, the CCE
curves for damaged areas reach almost full efficiency at a sufficiently
high electric field. Signals, except for the most damaged “E” area
recover to above 95% of the original pulse height at approximately
13 V/um, while at fields above 100 V/um the most damaged area
reaches a recovery of approximately 99%. Notably (Figure 1b), the
charge collection efficiency slowly increases with increase of electric
field for the virgin and all the damaged parts. The reported value of
12.8 eV for electron-hole pair creation is valid for low and moder-
ate electric fields, while it decreases slightly at high fields. Figure 1c
shows the amplitude spectra for the virgin (peaks to the right) and
the “E” damaged part (peaks to the right) at electric fields of 1.6,
4.9, 9.8, 110 V/um respectively. It is clear, however, that at lower
fields the two peaks of different CCE merge into one of CCE ~100%
at 110 V/um electric field without significant broadening of the
peak.

Signal-to-noise (S/N) ratio is an important aspect of the signal
amplitude recovery. In the ideal case, when increasing the detector
bias and for detectors with low or zero leakage current, the noise
level should remain constant, and therefore, S/N ratio improves
with the amplitude increase. Figure 2 shows the FWHM to CCE
(FWHM/CCE) ratio of the corresponding peaks as a function of
the electric field for the virgin, “D” and “E” damage areas. FWHM
of the peak is an indication of the noise in the measurement. The
behavior of the FWHM/CCE, which is the relative resolution, fol-
lows the trend of recovery of the signal; and at high electric fields, it
reaches a minimum value of approximately 16% for both the dam-
aged and virgin parts of the detector. Considering that the 2-MeV
proton beam traverses through the 6.15-um-thick diamond material,
it deposits only a fraction of its energy of approximately 330 keV in
the detector. Therefore, the effect of energy straggling is significant.
According to the SRIM simulation,” the straggling contribution for
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FIG. 2. Peak width (FWHM) divided by CCE vs electric field for the virgin part of
the detector and the two highest damage areas (D and E).
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that particular case is approximately 11.5% of the total deposited
energy. Approximately 11% contribution to the total FWHM
is the electronic noise from the detector chain which remains
constant.

In conclusion, we have shown that the resistance of single-
crystal CVD diamond detectors to radiation damage could be sig-
nificantly improved if high electric fields (up to 100 V/um) are
used. The signal amplitude can be recovered almost completely in
severely radiation-damaged diamond detectors having defect con-
centration levels of damaging ions that cannot work at all, if standard
(1-10 V/um) electric fields are being used. In addition, it has been
shown that by increasing the electric field, the signal-to-noise ratio
improves as well. Finally, it has been observed that the electron-
hole pair creation energy slightly decreases by increasing of the
electric field. Although these findings have been performed in rela-
tively small detector volumes, advantages of the high electric fields
are evident and give new insight into the possible application as
an extreme-radiation hard detector that can be used in high-energy
physics experiments or other very high radiation conditions (e.g.,
fusion reactors).
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lence for Advanced Materials and Sensing Devices’ (Grant No.
KK.01.1.1.01.0001).”

ARTICLE scitation.org/journall/adv

REFERENCES

'V. Grilj, N. Skukan, M. Pomorski, W. Kada, N. Iwamoto, M. Jaksi¢, and
T. Kamiya, Appl. Phys. Lett. 103, 243106 (2013).

2N. Skukan, V. Grilj, I. Sudi¢, M. Pomorski, W. Kada, T. Makino, Y. Kambayashi,
Y. Andoh, S. Onoda, S. Sato, T. Ohshima, T. Kamiya, and M. Jaksi¢, Appl. Phys.
Lett. 109, 043502 (2016).

3G. Gorine, G. Pezzullo, I. Mandic, A. Jazbec, L. Snoj, M. Capeans, M. Moll,
D. Bouvet, F. Ravotti, and J. M. Sallese, [EEE Trans Nucl Sci 65(8), 1583 (2018).
“E. Currasa, M. Mannelli, M. Moll, S. Nourbakhsh, G. Steinbrueck, and 1. Vila,
JINST 12, C02056 (2017).

SW. de Boer et al., “Radiation hardness of diamond and silicon sensors com-
pared,” Physica Status Solidi (a) 204(9), 3004 (2007).

M. Pomorski, B. Caylar, and P. Bergonzo, Appl. Phys. Lett. 103, 112106 (2013).
7]. F. Ziegler, M. D. Ziegler, and J. P. Biersack, Nucl. Instrum. Methods Phys.
Res. B 268, 1818 (2010).

8M. Jaksi¢, 1. Bogdanovi¢-Radovi¢, M. Bogovac, V. Desnica, S. Fazini¢, M.
Karlusi¢, Z. Meduni¢, H. Muto, Z. Pastuovi¢, Z. Siketi¢, N. Skukan, and T. Tadi¢,
Nucl. Instrum. Methods Phys. Res. B 260, 114 (2007).

M. Breese, E. Vittone, G. Vizkelethy, and P. Sellin, “A review of ion beam induced
charge microscopy,” Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 264(2), 345-360 (2007).
10g, Muller, PhD Thesis, “The beam condition monitor 2 and the radiation
environment of the CMS detector at the LHC,” CERN 2010, https://inspirehep.net/
record/886902/files/ CERN-THESIS-2010-175.pdf.

""M. Pomorski, E. Berdermann, A. Caragheorgheopol, M. Ciobanu, M. Kis,
A. Martemiyanov, C. Nebel, and P. Moritz, “Development of single-crystal CVD-
diamond detectors for spectroscopy and timing,” Physica Status Solidi (a) 203(12),
3152-3160.

AIP Advances 9, 025027 (2019); doi: 10.1063/1.5081136
© Author(s) 2019

9, 025027-3


https://scitation.org/journal/adv
https://doi.org/10.1063/1.4833236
https://doi.org/10.1063/1.4959863
https://doi.org/10.1063/1.4959863
https://doi.org/10.1109/TNS.2018.2797540
https://doi.org/10.1088/1748-0221/12/02/C02056
https://doi.org/10.1002/pssa.200776327
https://doi.org/10.1063/1.4821035
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2007.01.252
https://doi.org/10.1016/j.nimb.2007.09.031
https://doi.org/10.1016/j.nimb.2007.09.031
https://inspirehep.net/record/886902/files/CERN-THESIS-2010-175.pdf
https://inspirehep.net/record/886902/files/CERN-THESIS-2010-175.pdf

