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Abstract. To construct beta converters with maximum efficiency it is neces-
sary to carry out the theoretical calculation in order to determine their optimal
parameters - the geometry of the structure, the thickness of the deposition of
the radioisotope layer, the depth and the width of the p-n junction, and others.
To date, many different theoretical models and calculations methods had been
proposed. There are fairly simple theoretical models based on the Bethe-Bloch
formula and the calculation of the rate of generation of electron-hole pairs, and
on calculations by equivalent circuits. Also, the Monte-Carlo method is used
for theoretical modeling of beta converters. This paper explores beta converter
optimization using the Monte-Carlo method. The purpose of the study is to
conduct Monte-Carlo simulation of the beta converter to determine its optimal
parameters.

1 Introduction

The General trend in the electronics of semiconductor structures associated with the miniatur-
ization of equipment, has renewed interest in the study of betavoltaic effect [1, 2], which was
discovered in the early XX-th century. Attempts to create devices for obtaining electric en-
ergy on the basis of this effect began a little later [3, 4]. At the moment, such power supplies
can work much longer than known batteries, and their use is assumed for autonomous opera-
tion, for example, sensors for monitoring various processes in construction, in production [5].
Also, the inclusion of such power sources is possible in new types of sensors of micro-and
nanoscale autonomous operation with low energy consumption, in "smart" systems [6].

The principle of operation of a betavoltaic cell is similar to that of solar cells, where
electron-hole pairs are generated in the space charge region when irradiated by photons. Hov-
ewer, unlike photons, high energy beta electrons can create multiple electron-hole pairs. In
a betavoltaic cell radiation sources are radioisotopes experiencing beta decay. To date, such
isotopes as H-3, Ni-63, C-14, S-35 and semiconductor structures SiC, GaN, GaAs are consid-
ered in this area. These semiconductors have a wide band gap and high Debye temperature,
which determines the resistance of the material to external influences. Among the mentioned
semiconductor structures silicon carbide can be distinguished, which is suitable for operation
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at temperatures over 400◦ in corrosive environments, as well as in radioactive conditions [7].
In the previous work, the authors considered some issues related to the choice of radioiso-
topes, semiconductor structure and technology for obtaining a semiconductor structure for
betavoltaics [8]. A good overview of the current state of the problem is available in [9]
where, in particular, says about the physical characteristics of betapropiolactone.

A theoretical study of the efficiency of beta-decay energy conversion by a semiconduc-
tor requires the construction of a model for the generation of electron-hole pairs, taking into
account the deposition/implantation thickness of the radioisotope layer, the depth and width
of the p-n junction and a number of other characteristics. Among the approaches mentioned
are methods of moments related to probability theory and mathematical statistics [10], meth-
ods of mathematical physics [11], estimation techniques [12]. In these methods, a series of
papers on theoretical model calculations of beta-converters, in particular, on the basis of Ni-
63, which allows to make a conclusion about the existence of the maximum thickness of the
active layer that contains a radioactive isotope [13, 14], otherwise, due to self-absorption of
beta radiation can’t get out of the "parent" layer and not ’create’ electron-hole pairs in space
charge region p-n junction.

This article discusses the efficiency of the C-14 beta decay conversion in the silicon car-
bide structure, explores beta converter optimization using the Monte Carlo method. The
purpose of the study is to conduct a Monte-Carlo simulation of a beta converter to determine
its optimal parameters.

2 Mathematical modeling of the beta converter using Monte-Carlo
method

2.1 Beta-converter structure for modeling

The structure of the beta converter based on C-14 was discussed by the authors earlier. Our
theoretical model correlates with the experimental data on endotaxy of silicon structures.
This method was developed at Samara University at the Department of Solid State Physics
and Non-Equilibrium Systems [8]. The scheme of the developed beta-converter is presented
in Figure 1. During the simulation, this scheme will be used.

This paper discusses the simulation of the beta-converter by the Monte-Carlo method in
the GEANT4 library. The GEANT4 package will be used to implement the Monte Carlo
simulation. GEANT4 is a library for the C++ programming language, developed at CERN
to simulate the passage of particles through matter [15]. In particular, GEANT4 is used to
simulate processes in particle detectors at LHC and other accelerators. To begin modeling
in GEANT4, one needs to create a geometry, that is, specify the geometric dimensions, co-
ordinates and composition of all substances involved in the process. It is also necessary to
list all the physical processes that will be taken into account in the simulation, for example,
in this case, they are the ionization of substance, scattering at multiple scattering centers,
and bremsstrahlung. GEANT4 incorporates cross sections of many physical processes, de-
termined from various experiments. Then one needs to determine how much of the geometry
is a detector, that is, it will record the particles flying through it. Finally, it is necessary to
determine the source of the primary particles with which each simulation cycle will begin.

Once the necessary objects have been identified, statistical modeling begins. GEANT4
divides the particle trajectory into small sections - “steps”. At each step, probabilities of
physical processes are played out and the state of the particle – its energy, momentum, and
other parameters – is updated.
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Figure 1. The structure of beta-converter.

A huge advantage of GEANT4 is the fact that it is a library for C ++. Thus, it is possible
to supplement and redefine the classes built into GEANT4 and create your own, thereby
adapting the package to any task.

In this paper, the Monte Carlo method and the GEANT4 package will be used to simulate
the movement of primary beta electrons in a beta converter, ionization of a substance with the
formation of secondary electrons, and counting the number of secondary electrons reaching
the p – n junction region. The random variables in the simulation are:
• Origin points of primary beta electrons. Beta electrons fly out during the decay of carbon-

14, which occurs in the upper layer of the beta-converter, containing carbon-14. The prob-
ability of decay at a specific point is determined by the distribution of the carbon-14 con-
centration in this layer. Carbon-14 distribution is known from experimental data.
• Momentum directions of primary electrons. From the theory of beta decay is equally prob-

able in all directions.
• Primary Electron Energy

Simulations will be performed 107 times to achieve good accuracy. Since the generation
rate of electron-hole pairs is the number of pairs created per unit of time, during the simulation
we will assume that we have a radioactive source with an activity of 107 Bq, that is, exactly
the same number of simulation cycles assumed. Thus, we can immediately calculate the
values per unit time, and for the same reason these values will be directly proportional to the
activity of the radioisotope.

2.2 Calculation electron-hole pairs generation rate in the region of the p–n
junction

The geometry of the model is as follows: The beta converter in GEANT4 is a volume of
1 × 1 × 0.1 mm. The thickness of the top layer of n-SiC (where C is C-14) (green) is 5 µm,
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Figure 2. Model of beta-converter in GEANT4

the thickness of the Space charge region area of the p – n junction (red) is 3 µm. The p-SiC
(green) layer is 5 µm. The rest of the volume is occupied by a silicon substrate (blue).

Simulation progress:
1. Within the n-SiC14 region, the coordinates of the carbon 14 decay point are randomly
determined.
2. The direction of the momentum of the primary beta electron and its energy are determined
randomly, in accordance with the set probability densities.
3. The primary electron, passing through the sample, knocks out the secondary electrons.
The trajectories of all secondary electrons are tracked in turn.
4. If the secondary electron falls into the region of the p – n junction, this fact is noted (we
increment the number of hits) and the electron is removed from consideration.

During the runing, 107 simulations of this process were performed. The following re-
sults were obtained from the simulation results: 107 primary beta electrons formed 6039018
electron-hole pairs in the SCR of the p–n junction. Since 107 primary electrons are assumed
to be released per unit of time, we can obtain a formula relating the activity of a radioisotope
and the rate of generation of electron-hole pairs in the p–n transition region:

G = 0.6 × A (1)

Considering specific activity of C14

AC14 = 5.20 × 1018Bq (2)

And its mass in the beta converter, which is about 0.1 micro gram we get the following value
for generation rate:

G = 3.12 × 1011 (3)

4

EPJ Web of Conferences 222, 02012 (2019) https://doi.org/10.1051/epjconf/201922202012
QFTHEP 2019



Figure 2. Model of beta-converter in GEANT4

the thickness of the Space charge region area of the p – n junction (red) is 3 µm. The p-SiC
(green) layer is 5 µm. The rest of the volume is occupied by a silicon substrate (blue).

Simulation progress:
1. Within the n-SiC14 region, the coordinates of the carbon 14 decay point are randomly
determined.
2. The direction of the momentum of the primary beta electron and its energy are determined
randomly, in accordance with the set probability densities.
3. The primary electron, passing through the sample, knocks out the secondary electrons.
The trajectories of all secondary electrons are tracked in turn.
4. If the secondary electron falls into the region of the p – n junction, this fact is noted (we
increment the number of hits) and the electron is removed from consideration.

During the runing, 107 simulations of this process were performed. The following re-
sults were obtained from the simulation results: 107 primary beta electrons formed 6039018
electron-hole pairs in the SCR of the p–n junction. Since 107 primary electrons are assumed
to be released per unit of time, we can obtain a formula relating the activity of a radioisotope
and the rate of generation of electron-hole pairs in the p–n transition region:

G = 0.6 × A (1)

Considering specific activity of C14

AC14 = 5.20 × 1018Bq (2)

And its mass in the beta converter, which is about 0.1 micro gram we get the following value
for generation rate:

G = 3.12 × 1011 (3)

2.3 Calculation of the optimal depth of the p-n junction

The optimal depth of the pn junction is the depth at which the largest number of electron-
hole pairs are formed. To calculate the optimal depth of the p-n junction in GEANT4, the
model shown in Figure 4 was made. From the model from paragraph 2.1, a layer of n-SiC14

Figure 3. Model made to determine the optimal depth of the p-n junction

with carbon-14 remained. Under it were created layers of detectors with a thickness of 1
micron each. The detector number corresponds to its depth under the n-SiC14 layer. The
detectors record the number of formed electron-hole pairs at a certain depth. The results of
107 simulations of this model for the first 10 detectors are shown in Table 1.

Table 1. Result of simulations.

Detector number Amount of detected electron-hole pairs
1 2109458
2 1679731
3 1474314
4 1310688
5 1177058
6 1061822
7 963735
8 879160
9 800190
10 727735

According to the simulation results, we can conclude that the optimal depth of the p
– n junction is directly below the n-SiC14 layer. Consequently, the current beta converter
design is optimal. It is important to note that out of 107 primary electrons, about one million
electron-hole pairs are created at each 1 µm depth. That is, with an increase in the width of
the p – n junction by 1 µm, it can additionally separate another million electron-hole pairs.
Thus, 1 µm of the width of the SCR gives an average 10% increase in efficiency.
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3 Summary

Statistical modeling of the C14 based beta-converter was performed, and the value of electron-
hole pairs generation rate inside the space charge region was obtained. Optimal depth of the
p-n junction is determined to be right under the layer of radioisotope. We conclude that
GEANT4 is a suitable framework for beta-converter modeling and determining its parame-
ters.
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