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Abstract: This work investigates the influence of doping type on the dose responses
and the accumulated dose stability of n- and p-type silicon MCz diodes. The operating
principle of diode-based dosimeters relies on measuring the radiation-induced currents
delivered by non-polarized diodes throughout the exposure time. An electrometer
promptly reads the current signal, linearly dose rate dependent. The offline integration
of the current signal provides the charge generated in the sensitive volume of the diode,
expected to be proportional to the absorbed dose. The experimental approach involves
analyzing the repeatability of the current signals, the dose responses of both pristine
and pre-irradiated diodes, the correspondent charge sensitivities, and the sensitivity
decay with increasing doses. For doses up to 175 kGy, the results reveal a linear dose
response of the MCz(p) diode, characterized by a chatrge sensitivity of 3.1 uC/Gy.
Within the same dose range, the response of the MCz(n) diode is visibly saturated and
given by a fourth-order polynomial function. This saturation effect is likely linked to
radiation damage effects manifesting in the current decay with increasing accumulated
doses. This surmise is confirmed in this work by a less pronounced drop in sensitivity
of the p-type diode than that recorded for the n-type diode when both are subjected to
175 kGy. This behavior is ascribed to the working principle of the diode in the short-
circuit current mode and the differences between the diffusion lengths of minority
carriers in n- and p-type silicon materials. The diodes' response stability and dose
lifespan remain to be further investigated.

Keywords: silicon diodes, rad-hard diodes, radiation processing dosimetry, high-dose
dosimetry
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Parametros de estabilidade de dose
acumulada em diodos de silicio tipo p
e tipo n

Resumo: Este trabalho tem como objetivo investigar a influéncia da dopagem (n ou p)
nas respostas dosimétricas e da estabilidade da dose acumulada de diodos de Si dos tipos
MCz (n) e MCz (p). O principio de operagao dos dosimetros baseados em diodos reside
na medida das correntes induzidas pela radiagdo em diodos nao polarizados durante todo
o tempo de exposi¢ao. Um eletrémetro adquire em tempo real o sinal de corrente, que
dentro de certos limites depende linearmente da taxa de dose. A integracdo do sinal de
corrente fornece a carga gerada no volume sensivel do diodo, que se espera ser
proporcional a dose absorvida. A abordagem experimental adotada envolve a analise da
repetibilidade dos sinais de corrente, das respostas de dose para diodos limpos e pre-
irradiados, as sensibilidades de carga correspondentes e a queda da sensibilidade com o
aumento da dose acumulada para ambos diodos. Para doses de até 175 kGy, os resultados
revelam uma resposta linear do diodo MCz(p), caracterizada por uma sensibilidade de
carga de 3,1 uC/Gy. Dentro do mesmo intervalo de dose, a resposta do diodo MCz(n) é
visivelmente saturada e dada por uma fungao polinomial de quarta ordem. Este efeito de
saturagdo esta provavelmente ligado aos efeitos dos danos da radiagiao que se manifestam
na redugdo da corrente com o aumento das doses acumuladas. Esta hipotese é confirmada
neste trabalho por uma queda menos pronunciada na sensibilidade do diodo tipo p do
que aquela registrada para o diodo tipo n quando ambos sdo submetidos a 175 kGy. Este
comportamento ¢ atribuido ao principio de operacio do diodo no modo de corrente de
curto-circuito e as diferengas entre os comprimentos de difusio dos portadores
minoritarios em materiais de silicio do tipo n e do tipo p. A estabilidade de resposta e o
intervalo operacional dos diodos ainda precisam ser investigadas.

Palavras-chave: diodos de Si, diodos resistentes a radiagao, dosimetria de processamento
por radiacdo, dosimetria de altas doses.
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1. INTRODUCTION

The development of radiation-hard silicon diodes to face the harsh radiation
environment in high-energy physics experiments [1-3] has renewed interest in applying them
in gamma radiation processing dosimetry. The operating principle of diode-based dosimeters
relies on measuring the radiation-induced currents delivered by non-polarized diodes
throughout the exposure time. An electrometer promptly reads the current signal, linearly
dose rate dependent. The offline integration of the current signal provides the charge
generated in the sensitive volume of the diode, expected to be proportional to the absorbed
dose. It holds within a certain dose limit since departures from linearity between charge and
dose have been observed for a few tens kGy [4-6]. The origin of such a nonlinear dose-
response is related to radiation damage effects that shorten the diffusion length of the
minority carriers, reducing the sensitive volume of the diodes. Therefore, different doping
types (n or p) must play a meaningful role in the diode’s response stability at increasing

accumulated doses.

This work aims to check whether this statement holds in high-level dosimetry
applications by investigating the dose-response of n- and p-type silicon diodes processed
through a similar Magnetic Czochraslki (MCz) technique. The experimental approach is

focused on the current sensitivity decay as a function of the accumulated doses for both diodes.

2. MATERIALS AND METHODS

The diodes used in this work are manufactured on silicon wafers made by Okmetic
y
Oy (Vantaa, Finland) and processed in Micronova research infrastructure for micro-and

nanotechnology, jointly run by VTT Technical Research Centre of Finland and Aalto
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University [7]. The electrical and structural characteristics of these diodes, such as total

depletion voltage (VED), leakage current at total depletion voltage IF@VFD), useful atea
(A), chip thickness (d), resistivity (p), and type of doping, are presented in Table 1.

Each diode, conductively glued on a ceramic plate, is enclosed in a black acrylic
(PMMA) case to be protected against light and mechanical stress. The frontal pad electrode
is directly connected, via coaxial cable, to the input of a Keithley® 6517 electrometer to
record the output currents from the diode. The short-circuit current mode is achieved with
the grounded backplane electrode and the guard ring structure floating. For analysis, the
acquired current signals, i.e., current amplitude as a function of the exposure time, are
transferred online to a computer with an interface programmed in LabView®. The

experimental setup is shown in Figure 1. All experimental procedures are adopted to adhere

to the ISO/ASTM 51702 [8] and ISO/ASTM 52628 [9] recommendations.

Figure 1: Experimental setup and details of the dosimetric probe (photo botton right).
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Source: Authors.

Irradiations are performed in a Nordion Gammacell 220 at a 1.535 kGy/h dose rate,

previously calibrated with standard reference alanine dosimeters (2.75%, k = 2). During the
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irradiations at a constant dose rate, the basic dosimetric parameter is the prompt-induced
current signals delivered by the diode. The corresponding charge produced in the sensitive
volume of the diode is assessed offline by integrating these current signals. The
corresponding dose response is assessed by plotting the charge as a function of the

accumulated dose.

The primary dosimetric characteristics of the routine dosimeter response, including
repeatability, charge sensitivity, and dependence on the accumulated dose, are investigated
for both pristine and pre-irradiated diodes. The best pre-dose value is assessed by

continuously irradiating the diode and monitoring the induced current decay below 5%

(ISO/ASTM 51702 [8] and ISO/ASTM 52628 [9]).

Table 1: Electrical and structural characteristics of the MCz diodes.

Vep d p
Diod Ir@Vep (A A 2 T
iode o @V @A) Amm) ) o) ype
MCz 350 0.4 25 300 09-1 n
MCz 117 1.2 25 300 09 -1 p

The repeatability parameter is evaluated using the coefficient of variation (CV), which is
the current standard deviation expressed as a percentage of the average value of the current
signals delivered by the diode during five consecutive irradiation cycles at 5 kGy each. The charge
sensitivities are obtained through the slope of the dose responses, provided they are linear. If
not, the charge sensitivity varies with the accumulated dose and is assessed for each point on the
dose-response curve. Variations in the repeatability and charge sensitivity with increasing

accumulated dose are used to infer the endurance to radiation damage effects of both diodes.

The overall uncertainty of the dose values is assessed by adding all the components
(types A and B) of the standard uncertainties in quadrature. As the statistical errors are
negligible (= 0.15%), the experimental combined uncertainties (3%) are restricted to the
electrometer precision (1%), time acquisition (0.005%), and Gammacell calibration (2.75%).

The uncertainty values are expanded to k = 2 (confidence level of 95%).
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3. RESULTS AND DISCUSSIONS

3.1. Dosimetry response of pristine diodes

The dose response of pristine diodes covering doses up to 175 kGy is presented in
Figure 2. The data acquired with the MCz (p) diode is well-fitted (R2 = 0.99999) by a linear
function between charge and dose. It enables the charge sensitivity, given by the linear plot
slope, to be assessed as 3.13 uC/Gy. Conversely, the response of the MCz(n) diode within
the covered dose range is visibly saturated, likely due to the significant current decay with
increasing accumulated doses. So, it is impossible to define a single charge sensitivity
parameter and a nonlinear function, somewhat arbitrarily capable of reproducing the dose
response, is used instead. A fourth-order polynomial function best adjusts the data gathered
with the MCz(n) diode, corroborating our previous findings with similar diodes published
elsewhere [6]. Furthermore, this result also wvalidates the ICRU Report 80 [10]
recommendation to determine the degree of the polynomial response of routine dosimeters

established in high-level dosimetry.

The repeatability parameters, characterized by the coefficient of variation (CV) of five
consecutive current signals of 5 kGy each, are 1.8% and 15% for the MCz(p) and MCz(n)
diodes, respectively. These results demonstrate that the p-type diode, in addition to meeting
the stringent repeatability condition of better than 2.0% in the medical field [11], can be used

without any prior conditioning, unlike the n-type diode.
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Figure 2: Charge dose response for pristine diodes MCz (n) and MCz(p).
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3.2. Dosimetry response of pre-irradiated diodes

Pre-irradiating a diode involves introducing numerous defects into its silicon bulk.
This process ensures that when the diode is exposed to radiation later, any resulting changes
in the current signals are minimal and can be neglected. For the diode to function effectively

as a routine online dosimeter, the current variations must remain below 5% to adhere to the

recommendations set by ISO/ASTM 51702 [8] and ISO/ASTM 52628 [9].

The correlation between the dose response saturation and the current decay with
increasing accumulated doses might be inferred from the data plotted in Figure 3. It shows the
output currents continuously delivered by MCz (p) and MCz (n) diodes when irradiated up to
175 kGy. The currents are normalized to those acquired at the beginning of irradiation to ease
the visualization of the two independent data sets. When the irradiation starts, the current
signal is maximum but rapidly diminishes by almost 5% (p-type) and 38% (n-type) at 25 kGy.

However, the relative decrease in sensitivity slowly tends to saturate throughout the irradiation.
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Figure 3: Normalized current as a function of accumulated dose for diodes MCz (n) and MCz(p).
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Regardless of the doping type, both diodes suffer from radiation damage effects that
manifest in a current drop with increasing accumulated doses. However, the p-type doping
tavors the radiation tolerance of the MCz (p) diode with a sensitivity drop of 20%, well below
that achieved by the MCz (n) diode (65%) at 175 kGy. Analyzing the current data in the
saturation region depicted in Fig.3 and setting the limits of sensitivity variation to less than
5%, the optimal pre-irradiation dose is 100 kGy. This dose is expected to balance enhanced
response stability and a minimal current sensitivity decay. Indeed, repeatability parameters

are improved with this condition, with CV values of 1.6% for MCz (p) and 5.8% for MCz(n).

The beneficial effect of pre-irradiating the diodes is evidenced in the dose responses
shown in Figure 4. The linear relationship between charge and absorbed dose in the MCz(p)
diode is confirmed; however, the charge sensitivity (3.02 uC/Gy) is slightly lower than
before irradiation (3.13 nC/Gy). The dose-tesponse of the MCz(n) diode is best described
by a second-order polynomial function, which indicates a relative reduction in the
saturation of current signals and, consequently, in the charge produced in the diode as the

accumulated doses increase.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(4A): 01-13. ¢2601.




Eag Pascoalino ef al.
BJRS '

Figure 4: Charge dose response for pre-irradiated diodes MCz (n) and MCz(p).
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For comparison purposes, all relevant dosimetric parameters gathered with both diodes
are shown in Table 2. An analysis of the data on charge sensitivities, dose linearity, and

repeatability parameters reassures the better dosimetric performance of the MCz (p) diode.

Table 2 — Relevant dosimetric parameters of MCz (p) and MCz(n) diodes.

Diode Pre dose Best fit Saq CvV
(kGy) (kGy) (o)
MCz - p 0 lincar 3.13 +0.03 1.6
100 linear 3.02£0.03 1.4
Polynomial
MCz-n 0 Ath order -—- 14.5
Polynomial
100 2nd order o 19

These overall results corroborate the greater radiation endurance of p-type diodes
reported in the literature about diode-based dosimeters applied in medical dosimetry [12-15].

In these applications, similar to the one herein described, the diodes operate without
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externally applied voltage. Under this condition, the diffusion current due to the excess
minority carriers produced on each side of the junction greatly contributes to the output
current signal. For this, each minority carrier (electrons on the p-side and holes on the n-
side) diffuses toward the depletion zone and, if it reaches the junction edge, is swept by the
built-in potential and collected. Physically, only minority carriers produced outside the
junction at a distance from its edge equal to or less than their diffusion length can be
collected. So, the sensitive volume of the diode depends on the minority carrier diffusion
length, which is strongly affected by radiation damage effects. As the diffusion length of
electrons (p) is much greater than that of holes (n), the sensitive volume changes with
increasing accumulated dose might be, comparatively, smaller. Consequently, the p-type

diode response is expected to be more stable.

4. CONCLUSIONS

A comparative investigation concerning the doping type influence on the accumulated
dose stability of MCz(p) and MCz(n) diodes is reported in this work. The experimental
approach involves analyzing their dose responses, the correspondent charge sensitivities, the
repeatability parameters, and the sensitivity decay with increasing doses. Mitigation of this

decay is achieved by pre-irradiating the devices to 100 kGy.

The results evidence both a better repeatability parameter and a less pronounced drop
in sensitivity of the p-type than that recorded for the n-type diode. This behavior can be
ascribed to the working principle of the diode in the short-circuit current mode and the
differences between the diffusion lengths of minority carriers in n- and p-type silicon
materials. The response reproducibility (or long-term stability) and the dose lifespan of these

diodes remain to be further investigated.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(4A): 01-13. ¢2601.




zﬁg Pascoalino ef al.
BJRS '

ACKNOWLEDGMENT

The authors highly acknowledge the collaboration of Eng. Elisabeth S. R. Somessari from
the Gamma Irradiators staff IPEN-CNEN/SP) for her indispensable help duting the irradiations.

FUNDING

This work is part of the Brazilian Institute of Science and Technology for Nuclear
Instrumentation and Applications to Industry and Health (INCT/INAIS), CNPq project
406303/2022-3. FAPESP partially supportts this work under contract 2018/05982-0.

CONFLICT OF INTEREST

We have no conflicts of interest to disclose.

REFERENCES

[1] MOLL, M. Displacement Damage in Silicon Detectors for High Energy Physics.
IEEE Trans. on Nucl. Sci., 65 (8), 1561, 2018.

[2] PELLEGRINI, G.; RAFI, ].M.; ULLAN, M.; LOZANO, M.; FLETA, C;
CAMPABADAL, F. Characterization of magnetic Czochralski silicon radiation
detectors. Nucl. Instrum. Method A., v. 548, n.3, p. 355-63, 2005.

[3] LIAO, C. ; FRETWURST, E. ; GARUTTIL E. ; SCHWANDT, J. ; PINTILIE, I. ;
NITESCU, A. ; HIMMERLICH, A. ; MOLL, M. ; GURIMSKAYA, Y. ; LI, Z.
Investigation of high resistivity p-type FZ silicon diodes after 60Co y-irradiation. Nucl.
Instrum. Method A., v. 1061, p. 169103, 2024.

[4] CAMARGO, F.; GONCALVES, J. A. C;; KHOURY, H. J.; NAPOLITANO, C. M,;
HARKONEN, J.; BUENO, C. C. MCz diode response as a high-dose gamma radiation
dosimeter. Rad. Meas., v.43, p. 1160-2, 2008.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(4A): 01-13. ¢2601.




zng Pascoalino ef al.
BJRS '

[5] GONCALVES, J. A. C.; MANGIAROTTI, A.; BUENO, C. C. Current response
stability of a commercial PIN photodiode for low dose radiation processing
applications. Rad. Phys. Chem., v. 167, p. 108276-9, 2020.

[6] BUENO, C. C.; CAMARGO, F.; GONCALVES, J. A. C.; PASCOALINO, K;
MANGIAROTTI, A.; TUOMINEN, E.; HARKONEN, J. Performance
Characterization of Dosimeters Based on Radiation-Hard Silicon Diodes in Gamma
Radiation Processing. Front. Sens., v. 3, p. 770482-93, 2022.

[7] HARKONEN, J. Development of Radiation Hard Particle Detectors Made of
Czochralski Grown Silicon. Acta Phys. Pol. A, v.124, p. 372-6, 2013.

[8] ISO/ASTM 51702. Standard Practice for Dosimetry in a Gamma Facility for Radiation
Processing. 3rd ed. ISO. Geneva, Switzerland, 2013.

[9] ISO/ASTM 52628. Standard Practice for Dosimetry in Radiation Processing. 1st ed.
ISO.Geneva, Switzerland, 2013.

[10] ICRU Report 80. International Commission on Radiation Units and Measurements,
Dosimetry Systems for Use in Radiation Processing, ICRU Report 80 (International
Commission on Radiation Units and Measurements), 2008.

[11] IEC 61674. International Electrotechnical Commission, Medical Electrical Equipment -
Dosimeters with Ionization Chambers and/or Semiconductor Detectors as Used in X-
Ray Diagnostic Imaging, second ed. 2024.

[12] DIXON, R.; EXTRAND, K. Silicon Diode Dosimetry. Int J Appl Radiat Isot., v.33,
p. 1171-6, 1982.

[13] RIKNER, G.; GRUSELL, E. Effects of Radiation Damage on P-Type Silicon
Detectors. Phys Med Biol., v. 28, n. 11, p. 1261-7, 1983.

[14] RIKNER, G.; GRUSELL, E. General Specifications for Silicon Semiconductors for
Radiation Dosimetry. Phys Med Biol., v. 32, n. 9, p. 1109-17, 1987.

[15] JURSINIC, P. A. Implementation of an 7 vzvo diode dosimetry program and changes in
diode characteristics over a 4-year clinical history. Med. Phys., v.28, n.8, p. 1718-26,
2001.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(4A): 01-13. ¢2601.




=

BJRS

Pascoalino e# a/.

LICENSE

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution, and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third-party material in this article are included in the article’s
Creative Commons license unless indicated otherwise in a credit line to the material.
To view a copy of this license, visit http://creativecommons.org/ licenses/by/4.0/.

Brazilian Journalof of Radiation Sciences, Rio de Janeiro, 2024, 12(4A): 01-13. ¢2601.




