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Feasibility study of using Epitaxial Silicon Diodes
for clinical electron and photon beams dosimetry
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Abstract — In this work the feasibility of using epitaxial (EPI)
silicon diodes for clinical dosimetry was studied with a Siemens
Primus Linear Accelerator from Sirio-Libanés Hospital. Three
samples of EPI diodes were investigated, concerning the influence
of pre-irradiation on their response as on-line clinical photon and
electron beam dosimeter. All measurements were performed with
the diodes unbiased, operating in the direct current mode and
inserted into a PMMA phantom. The dynamic current responses
of the diodes under irradiation with electron beams in the energy
range of 6 MeV-21 MeV and photon beams of the 6 and 18 MV
were measured at different dose-rates. The dose-response curves
of the diodes are quite linear in the range of zero up to 29.54 kGy
for electrons and evaluated from 63 ¢Gy up to 370 cGy for photon
beams. The percentage depth dose profile (PDD) and transversal
dose profile (TDP) for both electron and photon beams were also
measured in PMMA with the EPI diodes. The results were in
excellent agreement with those calculated with Monte Carlo code
using the Oncentra MasterPlan® Treatment Planning System
(TPS). The TDP was also evaluated with a commercialized array
of 2D pixel ionization chambers MatriXX from IBA Dosimetry®.

I. INTRODUCTION

Semiconductor devices have been used for photon and

electron beams dosimetry mainly in the field of radiation
protection, medical imaging and radiation therapy [1-3]. One
of the major interests in using semiconductor dosimeters is
their higher sensitivity per unit of volume in comparison with
ionization chamber. Other major advantages of Si diodes are
their fast processing time, small sensitive volume, excellent
repeatability, good mechanical stability, high spatial resolution
and the energy independence of mass collision stopping
powers ratios (between silicon and water for electron beams
with energy from 4 up to 20 MeV) [4]. However, ordinary
silicon devices present low radiation hardness, being very
prone to radiation damage effects [5], responsible for a gradual
long-term sensitivity decay, mainly for high energy electron
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beams irradiation. This is the most important constraint against
the widespread use of silicon devices in medical dosimetry [6-
9], once their routinely use demands periodic recalibration of
the dosimeter due to the drop in sensitivity with the increasing
of the accumulated dose. Nevertheless, this drawback has
been overcome with the development of radiation tolerant
silicon detectors [10] in the framework of High Energy
Physics research projects. The performance of rad-hard diodes
[11] operating in the photovoltaic mode as on-line gamma
radiation dosimeters has been investigated in our group mainly
in the field of radiation processing dosimetry [12,13]. Despite
of the higher radiation tolerance of these devices, our results
have still shown a sensitivity decay, attributed to the reduction
of the minority carrier diffusion length, for doses up to 0.5
MGy. The use of thinner diodes would improve the sensitivity
stability by keeping almost constant the active volume of the
device. This assumption motivated us to investigate the
dosimetric characteristics of diodes processed on thin n-type
epitaxial (EPI) layers with high radiation damage tolerance
[14,15].

In this work we present the preliminary results concerned
with the influence of gamma and electron pre-irradiation on
EPI silicon diodes response as on-line clinical photon and
electron beam dosimeter.

II. MATERIALS AND METHODS

The diodes used, with 25 mm? active area, were processed at
University of Hamburg [14] on n-type 50 um thick epitaxial
silicon layer (nominal resistivity of 50 Q.cm), grown on a
highly doped n-type 325 um thick Czochralski (Cz) silicon
substrate. Three samples of EPI diodes were investigated: A —
which was non-irradiated, B — which received a gamma pre-
dose of 200 kGy from a ®Co irradiator (Gammacel 220, from
University of Pernambuco) and C — which was pre-irradiated
with 200 kGy from a 1.5 MeV electron beam from a DC
1500/25/4 - JOB188 accelerator, located at IPEN-CNEN/SP.
In order to use the diodes as a dosimeter, each one was housed
in a black polymethylmethacrylate (PMMA) probe to provide
protection from mechanical stress, light and moisture. The
devices were connected in the photovoltaic mode to the input
of a Keithley 6517B electrometer and their dosimetric
responses were evaluated for electron beams within the energy
range of 6 MeV up to 21 MeV and for photon beams of the 6
and 18 MV from a Siemens Primus Radiotherapy Linear
Accelerator, located at Sirio-Libanés Hospital. During all
measurements, each diode was held between PMMA plates,
placed at the reference depth (z.r) [16] to electron beams
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studies (or 10.0 cm depth to photon beams) and centered in a
radiation field of 10 x 10 cm? with the source-to-surface
distance (SSD) kept at 100 cm. The short-term repeatability of
the EPI diodes was evaluated for all energies by registering
five consecutive current signals for the same radiation dose,
switching the beam on and off. After each step of irradiation,
when the beam was switched off, the leakage currents of the
diodes were measured to monitor possible radiation damage
effects. Measurements were performed with an average dose-
rate of 5.0 cGy/s for the electron beams energies of 6, 9, 12,
15, 18 and 21 MeV and dose-rates of 2.11cGy/s (200
MU/min) and 3.70 cGy/s (300 MU/min) for the photon beam
energies of 6 and 18 MV, respectively. The dose-response
curves of the devices, i.e, the charge released (obtained via
integration of the signal current) as a function of accumulated
dose were also studied.

Percentage depth dose (PDD) measurements were carried
out in a PMMA phantom with B and C diodes at different
electron beams energies and B diode irradiated with 6 MV and
18 MV photon beam energies. The SSD was kept at 100 cm,
changing the depth of the dosimeter from 1 mm to 80 mm with
PMMA plates to electron beams and from 5 mm to 200 mm
for photon beams. The PDD measurements were repeated from
the top to the bottom position in the PMMA phantom. For
each position, two signals were consecutively registered. The
transversal dose profile (TDP) was measured in PMMA at the
reference depths for 12 MeV and 15 MeV electron beams and
at 10.0 cm depth for 6 MV and 18 MV photon energies. The
TDP data were gathered moving the treatment table across the
whole irradiation field (10 x 10 cm®) crossplane axis.

The PDD and TDP experimental results with electron beam
energies were compared with Monte Carlo calculations
performed using the Oncentra MasterPlan® Treatment
Planning System (version 3.2, algorithm eVMC) from
Nucletron®. An additional experimental evaluation was also
made with TDP provided by a commercial dosimetry system,
which consists of a 2D array of 1020 parallel plates ionization
chambers (each one with 0.5 cm diameter and 0.76 cm center
to center spacing), called MatriXX, from IBA Dosimetry®.
Finally, for photon beams, the PDD and TDP experimental
results were compared with calculations provided by Colapse
Cone Convolution and Pencil Beam codes using the
OncentraMasterPlan® Treatment Planning System (version
3.2, algorithm eVMC).

III. RESULTS

The dynamic current responses of the EPI diodes under
irradiation with electron and photon beams are presented in
Fig. 1a and 1b. The results obtained evidenced that, for the
same average dose rate, the current signals are very stable in
both cases, although it was not observed any improvement on
the instantaneous stability of the pre-irradiated diode
responses. For all energies, data show good instantaneous
repeatability of the diodes, characterized by coefficients of
variation (CV) better than 2.8% and 0.04% to electron and
photon beams, respectively.
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Fig. 1. Five signals consecutively registered with the diodes under irradiation
with: (a) 15 MeV electron beam irradiation at 5.0 cGy/s dose rate; (b) 18 MV
photon beam at 3.70 cGy/s dose rate.

However, it is worth to note that even for the C diode, the
current signal was almost four orders of magnitude higher than
the dark current of the diode (= 2.5 pA), acquired after each
step of irradiation when the electron beam was just switched
off.

The dose-responses of the devices, given by the curves of
the charge as a function of the accumulated dose (Fig. 2a, 2b)
are quite linear (correlation coefficients of about 0.9999), with
charge sensitivities better than 0.21 uC/Gy and 1.60 uC/Gy to
electron (Fig. 3) and photon (Table I) beams energies,
respectively. Besides of being more sensitive, the non-pre-
irradiated diode exhibited minimum dependence on the
electron beam energy in comparison to the others EPI diodes
studied. In the case of photon beams, both diodes used
presented a similar energy dependence, which might be
attributed to the structure and small dimensions of the devices.
Some studies are under way to clarify the origin of this effect.
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The measurements of the percentage depth dose profile
(PDD) in PMMA are presented in Fig. 4(a) and 4(b) for
samples at different beam energies together with the
theoretical values obtained through the Oncentra MasterPlan®
(OMP) planning system. The good agreement between the
experimental and simulation results evidences that the EPI
diodes, even the pre-irradiated ones, can be used for measuring
PDD profiles. Fig. 5(a) and 5(b) depict the transversal dose
profile (TDP) measurements performed in PMMA with the B
EPI diode in both type of irradiation. The experimental results
plotted agree with the TDP simulation performed with the
OMP Monte Carlo code and the measurements performed with
MatriXX® for 15 MeV electron beam. The results for 6 MV
photon beam were in excellent agreement with those
calculated using Colapse Cone Convolution and Pencil Beam
codes, confirming the excellent spatial resolution of the EPI
diodes.
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Fig. 2. Dose-Response curves of EPI diodes for: (a) 9 and 15 MeV electron
beam energies, (b) 6 and 18 MV photon beam energies. Experimental
uncertainties are smaller than the symbols size in both figures.

Table I: Charge sensitivities of EPI diodes for 6 and 18 MV photon beam
energies.

Energy (MV) Sensitivity (uC/Gy)
EPI A EPI B
6 3.54 1.60
18 5.08 2.32
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Fig. 3. Charge sensitivities of EPI diodes as a function of the electron beam
energy. Experimental uncertainties are smaller than the symbols size.
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Fig. 4. PDD profiles in PMMA under irradiation with: (a) 9, 12, 18 and 21
MeV electron beams; (b) 6 and 18 MV photon beams. Monte Carlo (lines),
Colapse Cone Convolution (solid line) and Pencil Beam (dash line)
calculations are presented for comparison. Experimental uncertainties are
smaller than the symbols size.
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Figure 5: TDP measurements performed in PMMA with the EPI diodes for:
(a) 15 MeV electron beam irradiation; (b) 6 MV photon beam irradiation. For
comparison, Colapse Cone Convolution (solid line) and Pencil Beam (dash
line) calculations are presented. Experimental uncertainties are smaller than
the symbols size.

IV. CONCLUSIONS

The influence of pre-dose on epitaxial silicon diodes
envisaging their application in on-line clinical electron and
photon beam dosimetry was investigated in the 6 - 21 MeV
electron energy range and in the 6 and 18 MV photon energies.
The results indicate very good instantaneous repeatability of
these devices to electron and photon beams operating in
photovoltaic mode, mainly for the non-pre-irradiated EPI
diode. As expected, the highest sensitivity was achieved with
the A EPI diode also. It was observed that the charges
produced in the sensitive volume of all samples increase
linearly with the absorbed dose (correlation coefficients better
than 0.9999). Indeed, the pre-irradiation with electrons makes
the dose response of the C diode slightly dependent on the
electron beam energy, what it was not observed with A and B
diodes. However, the responses of these later devices were
dependent on the photon beam energy. Further studies and
Monte Carlo calculation are demanded to clarify the origin of
these effects.

The PDD profile and TDP results for both electron and
photon beams are in excellent agreement with Monte Carlo

simulation and with calculations performed using
OncentraMasterPlan® Treatment Planning System to photon
beams. Based on these results, one can conclude that the
investigated devices can be used as an on-line radiotherapy
electron and photon dosimeter for beam scanning purposes and
relative dosimetry. It worth noting that these results are
preliminary and still remains to be investigated the long term
stability and the radiation hardness of these diodes for
absorbed doses higher than investigated in this work. All these
studies are under way.

Acknowledgments
The authors highly acknowledge Drs. 1. Pintilie
(Department of Semiconductor Physics and Complex

Structures, National Institute of Materials Physics, Romania),
G. Lindstrom and E. Fretwurst (both from University of
Hamburg, Germany) for useful discussions and the free supply
of the diodes. The authors are also grateful to Prof. Dr. Helen
J. Khoury from Physics Department, University of
Pernambuco, for the use of the Gammacel 220. T. C. dos
Santos is grateful to CAPES for the award of a scholarship.
This work was partially supported by Conselho Nacional de
Desenvolvimento Cientifico e Tecnoloégico (CNPq) under
contract n° 310493/2009-9.

REFERENCES

[1]1 E. Grusell, J. Medin, “General characteristics of the use of silicon diode
detectors for clinical dosimetry in proton beams,” Phys. Med. Biol., vol.
45, pp. 2573-2582, 2000.

[2] H.J. Khoury, C. A. Hazin, A. P. Mascarenhas, E. F. da Silva Jr., “Low
cost silicon photodiode for electron dosimetry,” Radiat. Prot. Dosim.,
vol. 84, pp. 341-343, 1999.

[3] M. Casati, M. Bruzzi, M. Bucciolini, D. Menichelli, M. Scaringella, C.
Piemonte, E. Fretwurst, “Characterization of standard and oxygenated
float zone Si diodes under radiotherapy beams,” Nucl. Instrum. Methods
Phys. Res. Sect. A, vol. 552, pp. 158-162, 2005.

[4] G. Rikner, E. Grussel, “Effects of radiation damage on p-type silicon
detectors,” Phys Med Biol, vol. 28, pp. 1261-1267, 1983.

[5] S. Pini, M. Bruzzi, M. Bucciolini, E. Borchi, S. Lagomarsino, D.
Menichelli, S. Miglio, F. Nava, S. Sciortino, “High-bandgap
semiconductor dosimeters for radiotherapy applications,” Nucl Instr and
Meth A, vol. 514, pp. 135-140, 2003.

[6] G. Lindstrom, M. Moll, E. Fretwurst, “Radiation hardness of silicon
detectors — a challenge from high-energy physics,” Nucl. Instrum.
Methods Phys. Res. Sect. A, vol. 426, pp. 1-15, 1999.

[71 A. Candelori, “Radiation-hard detectors for very high luminosity
colliders,” Nucl Instrum Methods Phys Res Sect A, vol. 560, pp.103-
107, 2006.

[8] L. Bosisio, S. Dittongo, E. Quai, I. Rachevskaia, “Observation of
substrate-type inversion in high-resistivity silicon structures irradiated
with high-energy electrons,” /EEE Trans Nucl Sci, vol. 50, pp. 219-22,
2003.

[91 Z. Li, C. J. Li, E. Verbitskaya, “Study of bulk damage in high
resistivity silicon detectors irradiated by high dose of Co-60 gamma-
radiation,” IEEE Trans Nucl Sci, vol. 44, pp.834-839, 1997.

[10] J. Harkonen, V. Eremin, P. Luukka, S. Czellar, T. Maenpaa, A.
Dierlarmm, M. Frey, Z. Li, M. J. Kortelainen, T. Lampen, H. Moilanen,
E. Tuovinen, E. Verbitskaya, E. Touminen, “Test beam results of a
heavily irradiated current injected detector (CID),” Nucl Instrum
Methods Phys Res Sect A, vol. 612, pp. 488-492, 2010.

231



[11]

[12]

[13]

[14]

[15]

[16]

J. Harkonen, E. Tuovinen, P. Luukka, H. K. Nordlund, E. Tuominen,
“Magnetic Czochralski silicon as detector material,” Nucl Instrum
Methods Phys Res Sect A, vol. 579, pp. 648-652, 2007.

F. Camargo, J. A. C. Gongalves, H. J. Khoury, C. M. Napolitano, J.
Harkonen, C. C. Bueno, “MCz diode response as a high-dose gamma
radiation dosimeter,” Radiat Meas, vol. 43, pp. 1160-1162, 2008.

F. Camargo, H. J. Khoury, C. R. Nascimento, V. K. Asfora, C. C.
Bueno, “Evaluation of a multi-guard ring structure (MGR) diode as
diagnostic X-ray dosimeter,” Nucl Instrum Methods Phys Res Sect A,
vol. 580, pp. 194-196, 2007.

G. Lindstrom, I. Dolenc, E. Fretwurst, F. Honniger, G. Kramberger, M
Moll, E. Nossarzewska, 1. Pintilie, R. Roder, “Epitaxial silicon detectors
for particle tracking — Radiation tolerance at extreme hadron fluencies,”
Nucl Instrum Methods Phys Res Sect A, vol. 568, pp. 66-71, 2006.

T. C. dos Santos, W. F. P. Neves-Junior, J. A. C. Gongalves, C. M. K.
Haddad, C. C. Bueno, “Evaluation of rad-hard epitaxial silicone diode
in radiotherapy electron beam dosimetry,” Radiat. Meas., in press — doi:
10.1016, 2011.

TRS 398 (2000) Absorbed Dose Determination in External Beam
Radiotherapy International Atomic Energy Agency.

232



