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ARTICLE INFO ABSTRACT

Keywords: We have designed a prototype of silicon carbide PIN diode for tritium detection. Monte-Carlo
Tritium detection calculations showed the necessity to work in vacuum and employ thin and low-density coating
Silicon carbide layers, and drew the energy deposition profile in the device. The deposited energies have
PIN diode then been used to implement finite-elements simulations, in order to optimize three structural
Numerical simulation parameters (n— doping concentration, p doping concentration, p zone thickness) maximizing the

electrical response. Temperature lowering improves the diode electrical response.

In nuclear industry, tritium is the key reactant for ITER world fusion program, and a secondary waste from Canadian
Pressurized Heavy-Water Reactors CANDU. Because of its volatility in air and water, and ecotoxicity, quantification
of tritium environmental rejections represents an important nuclear safety topic [1]. Among the numerous available
tritium detection approaches [2, 3], the beta-voltaic detection presents several advantages: simple to implement and
non-destructive, it offers a real-time lecture of tritium dosimetry. It consists in collecting the electrons produced from
tritium f~ decay in a diode that will produce an electrical signal [4]. Nevertheless, the main technological challenge of
this beta-voltaic approach is the necessity to get a diode sensitive enough to detect very low energy electrons (maximum
and average energy of 18.5 and 5.7 keV, respectively) with a low dose rate (around 1 electron per second, inducing very
low signal-to-noise ratio). To reach that goal, the use of large bandgap semiconductors allows to significantly increase
detection efficiency [5], compared to usual low bandgap devices previously implemented with Si [4, 6, 7, 8], GaAs
[9] or InGaP[10]. Among the standard wide bandgap semiconductors employed to design a diode, we will privilege
silicon carbide (SiC), currently cheaper and larger in surface detection dimension, than diamond and gallium nitride.

This communication, divided into two parts, recaps the development of a SiC-based PIN diode for tritium detection.
First, we have performed Monte-Carlo calculations using MCNP code [11], in order to investigate the screening effect
of ambient atmosphere and diode coatings with respect to the electrons produced from tritium decay, and evaluate the
energy deposited by these electrons in the diode. Second, we have realized finite elements simulations with Sentaurus
code [12], in order to draw an optimal design for the diode, maximizing its electrical response.

The Monte-Carlo calculations have been performed with MCNP code using p,e mode, with nps = 10% sources
particles histories, in order to get a better precision than anterior studies realized at nps = 4-10° [13] and nps = 2.4-107
[14]. We have represented in a simulation box containing vacuum (see Fig. 1a) a layer of studied material, which is
bombarded by a monodirectional disk source mimicking tritium beta decay spectrum, fitted from 54 points on the data
from [15]. The resulting electron spectrum has given good correlation with the Fermi statistics from Ref. [16] (see
Supplementary Material).

We have first focused on the case of screening effect of ambient atmosphere (dry air at see level altitude, density
fixed to 0.001205 g-cm™3), by counting the electrons moving through the air sample. In a previous work [13] we found
a factor 5.7 screening effect (resp. quasi-total screening effect) after 1 mm of air (resp. 5 mm of air) at 1 bar. Here, we
have implemented two vacuum conditions, 0.1 bar and 0.01 bar, in order to evaluate how the pressure chamber affects
the screening effect of air (cf. Figure 1b). The averaging on complete spectra, detailed in Table 1, revealed than one
can reasonably work experimentally under 0.1 bar pressure condition, with a 1 cm distance between diode and sample,
that leads to less than 60% screening effect.
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Figure 1: Monte-Carlo calculations: (a) structure of MCNP screening effect simulation, (b) screening effect of air, and
consequence of pressure lowering in measuring chamber (spectra), (c) screening effect of coating materials (absorbed
energy), (d) deposition energy profile in diode for three different coatings. Calculation uncertainties are given in
Supplementary Material.

Table 1
Screening effect of air: absorbed energy of electrons (%), as function of air layer parameters (thickness and pressure).
Air layer thickness 1mm 5mm 10 mm
Air pressure 1 bar 55% 99%  99.9%
Air pressure 0.1 bar 10% 35%  55.3%
Air pressure 0.01 bar 1% 5.5% 10%

In a second step, we have focus on the case of the screening effect of three coating candidate materials for the diode
(cf. Fig. 1c), showing a quasi-equivalent screening effect for Al and SiO2 coatings (because of their similar densities),
becoming quasi-total after 2 ym of material, and a higher screening effect for Ni coating, becoming quasi-total after 0.5
um of material. Finally, a realistic simulation of energy deposition in diode (described on Fig. 1d: tritium source + air
medium at 1 bar + 100 nm coating layer + SiC detection material) has been performed for the three coating materials
(Al SiO2 and Ni). The Ni-coated diode appears to be unfavorable (majority of the deposition realized in the coating),
contrary to the Al- and SiO2-coated diodes (moderate deposition in the coating, followed by a clean deposition in the
first micrometer of SiC). We have concluded that, for an optimal detection, it was necessary to employ thin coating
layers of low-density materials such as Al or Si02, in coherence with [13], and to use the upstream surface part of SiC.

The energy depositions obtained for the Al-coated diode have been used to estimate an electron-hole generation
rate in an SiC-based diode with Al coating, through the following equation:

;== E>-D
Cr'Vactive

wherein 7 denotes the generation rate (in (number of e/h pairs) - cm™ - s™!), < E > the average deposited energy
computed with MCNP, D the number of disintegrations (in Bq), V, e the active zone volume (in cm?®), and C, the

P. Eyméoud, S. Biondo et al.: Preprint submitted to Elsevier Page 2 of 5



62

63

64

65

66

67

Silicon carbide PIN diode for tritium detection

(b) p zone thickness 500 nm, p doping 10™ atm-cm™3

g
kS

(a)

~
N

g
S

=
o

=
o

=
IS

I
N

Current density (x1078 A.cm™2)

o
=)

1.0 20 3.0 4.0 5.0

Al ohmic contact (thickness: 100 nm) 00
Reverse bias (V)
e’T Te'T & e’T -+-n- doping 1:10'® atm-cm~3-e-n- doping 5-10™ atm-cm™3

Tritiated sample

-+-n- doping 1-10" atm-cm~3-#-n- doping 5-10" atm-cm™3

(c) p zone thickness 500 nm, p doping 10'® atm-cm™3

~
>

(d) p zone thickness 500 nm, n- doping 5-10™ atm-cm™

NN
o N

=
o

-
@

e
IS

Current density (x10"8 A.cm™2)

12 1 210 4 ; ; ; } ; ; ; } } g
10 X X X X X g 0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 45 5.0
00 05 10 15 20 25 30 35 40 45 50 3 Reverse bias (V)
Reverse bias (V) —-p doping 1-10" atm-cm™ -e-p doping 1-10"® atm-cm™3
-+-n- doping 1-10" atm-cm~3-=-n- doping 5-10" atm-cm™ —+-p doping 1-:107 atm-cm™ --p doping 1:10' atm-cm™3
-+n- doping 1-10" atm-cm~3-=-n- doping 5-10" atm-cm™3 -e-p doping 1-10"™ atm-cm™3 -5-p doping 5-10" atm-cm™~3
() p doping 10 atm-cm™2, n- doping 5-10% atm-cm™ (f)  p zone thickness 500 nm, p doping 2-10" atm-cm™3,
247 n- doping 5-10™ atm-cm™3
‘£ 22 A 225
GooEmmEEE = 8 = & &&= === TE
'31'3 55888 —8—8 &858 —8—&5—&8—&48 :,;')z.zo
X 16 o 3
Z1a X5
@ 12 . z
3 G
‘E 1.0 + + t t t t + + t i g 210
€ o0 05 10 15 20 25 30 35 40 45 50 5%
3 Reverse bias (V) 1]
5 2,05 4 t ' t } t i ' t ' ]
-=-p zone thickness 100 nm-&-p zone thickness 200 nm © 00 05 10 15 20 25 30 35 40 45 50
-e-p zone thickness 300 nm-o-p zone thickness 400 nm Reverse bias (V)
-+-p zone thickness 500 nm #+T=210K &T=220K T=240K =T=260K -T=280K

Figure 2: Finite elements calculations: (a) structure of Sentaurus simulation (three varying parameters: p zone thickness,
doping concentration in p zone, doping concentration in n— zone), (b) impact of n— doping concentration on electrical
response for high p doping concentration, (c) impact of n— doping concentration on electrical response for lower p doping
concentration, (d) impact of p doping concentration on electrical response, (e) impact of p zone thickness on electrical
response, (f) influence of temperature on electrical response.

creation energy of an electron/hole pair. Experimental determination procedures of C, with high-energy beams led to
values around 2.4 times the SiC bandgap [17], however, for our simulations we have set it at the SiC bandgap value
(3.21 eV), since we are considering radiation-matter interaction of weak energies in a cooled semiconductor, that will
annihilate the phonons contribution. Although this approach can slightly overestimate the absolute number of generated
electron-hole pairs, it will not change the fundamental conclusions on the following simulations, since we will perform
relative optimization of electrical response on several varying parameters of the diode.
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Figure 3: Electrical field profiles in SiC (in V - cm™') associated to the plots of Figure 2c (p zone thickness 500 nm, p
doping concentration 1-10' atm - cm™3, 5V reverse bias): (a), (b), (c) and (d) respectively corresponds to 5-10%, 1-10%,
5-10%, 110" atm - cm™ n— doping concentration. White lines correspond to depletion region limits.

Then, from the electron-hole generation rate, we have implemented a finite-element modelling, using Sentaurus
code, of the electrical response of a SiC-based PIN diode with Al coating, submitted to a tritiated sample irradiation
(diode structure presented on Figure 2a). Using the Incomplete Ionization Model for the acceptor doping, we have
studied the impact on electrical response of three diode parameters, namely p zone thickness, p doping concentra-
tion, n— doping concentration, varying on respective [100 nm, 500 nm], [5-10'* atm - cm™3,1- 10! atm - cm™],
[5 <10 atm - cm=3,1 - 106 atm - cm‘3] domains (full data in Supplementary Material). We have also verified that
1D-defects have negligible impact on electrical response (see Supplementary Material).

In a first step, we have computed the electrical response for four values of n— doping concentrations (Fig. 2b and
2¢). One can see that n— doping concentration has a weak impact for high concentrations in p zone (Fig. 2b), and a
strong impact for lower concentrations in p zone (Fig. 2c). In the low p concentration case (Fig. 2¢), the dispersion in
electrical response with n— concentrations is due to the trade-off between depletion region and beta-induced electron-
hole generation. To illustrate that point, we have reproduced on Figure 3 the electric field profiles associated to the
four plots of Figure 2c: one can clearly see a more intense electric field at the p/n— junction (peak of electric field, see
associated plots in Supplementary Material) when doping concentration in #n— zone is equivalent to the one of p zone.

In a second step, we have evaluated the impact of doping concentrations in p zone, by plotting the electrical
response for six p doping concentration values (Fig. 2d). The procedure has revealed a better electrical response with
the decreasing of doping concentration in p zone. Consequently, we will preferentially employ a doping concentration
in p diode lower than 2 - 10'5 atm - cm~3.

In a third step, we have estimated the impact of p zone thickness, by plotting the electrical response for five thickness
values of p zone (Fig. 2e). The path revealed that the electrical response increases when p zone thickness decreases.
Our technological objective will thus be a p zone thickness between 100 and 200 nm.

Finally, we have estimated on Fig. 2f the impact of temperature variation on electrical response, using 500 nm thick
pzone and 2 - 10'3 atm - cm™3 (resp. 5- 10'* atm - cm™3) p (resp. n—) doping concentration. The path revealed a slight
increase of the electrical response when temperature decreases, enhancing the interest to cool down the diode in order
to maximize its detection efficiency.

These finite elements simulations have given some important information for the future diode conception step.
Starting from a given SiC substrate with n+ doping at 5 - 10! atm - cm™3, we will first grow a 5 gm - thick SiC layer
by epitaxy with implantation of n- dopants at 5 - 10'* atm - cm™3. On this n— zone, we will then grow a SiC p zone at
1-10' atm - cm~3 concentration, that will not exceed 200 nm in thickness. After adding the thin ohmic contact made
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of low-density metal, we will then couple the diode to a liquid nitrogen cooling mechanism in order to maximize its
electrical response.

To conclude, our preliminary Monte-Carlo investigations have enhanced the necessity to work under vacuum,
employ very thin coatings layers of low-density materials, and use the upstream surface part of SiC in order to
optimize the tritium betavoltaic detection process. The deposited energies computed in Monte-Carlo have then been
used to implement finite elements calculations, that led to an optimal design for the PIN diode represented on Fig. 2a,
maximizing the electrical response: (i) n— doping concentration of 5-10'# atm-cm™3, (ii) maximal doping concentration
in p doping equal to 1 - 10'® atm - cm™3, (iii) maximal thickness of p zone equal to 200 nm. Temperature-dependent
simulations revealed the interest to cool down the diode in order to optimize its electrical response.
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