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In this paper the simulation of silicon beta-stimulated power sources spectral sensitivity characteristics was
carried out. It was analyzed the influence of the semiconductor material characteristics (the doping level, life-
time) and power supply design on the photosensitive structures characteristics in order to optimize them.
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1. INTRODUCTION

Beta-voltaic effect was discovered in the 60-70-s of
the last century, but in recent years the interest in it
has grown significantly due to the prospects of imple-
menting the technology of microelectromechanical sys-
tems (MEMS). Energy sources advantages on the basis
of radioisotopes are: long life (over 10 years depending
on the isotope), low weight, small size, wide tempera-
ture range and high reliability. That is why the crea-
tion of radiation-stimulated energy sources and, as a
particular problem, the beta-voltaic effect study seems
the actual task [1].

Creating batteries with beta-63Ni isotope is ex-
tremely promising area of research for several reasons.
Firstly, the beta electron energy ranged from 0 to
66.7 keV with the average value 17.1 keV. These ener-
gies lie below the defect range, and can not lead to de-
fects and to destruction of the crystal silicon structure.
Thus, while the work unit time will be determined only
by the time the beta source decay (for 63Ni — 100 years).
Secondly, even electrons with a maximum energy of
66.7 keV can not penetrate human skin layers and
thereby cause significant harm. The number of carriers
generated by one beta electron, ranges from 4 500 to 17
500 electron-hole pairs at energies of 17.1 and
66.7 keV, respectively. Third, despite the low energy
density of 63Ni (0.1-1 mW/cm?2), it can be used in micro-
batteries with a capacity < 200 nW/cm3 [1].

Ways of improving the energy conversion efficiency
were the selection of structures with higher band gap
than that of silicon. For example, p-n junctions are
used and based on GaN, GaAs and SiC, which will im-
prove the structures electromotive force compared to
silicon structures. Another way to increase efficiency is
using silicon structures, which increase the p-n junc-
tion usable area [2-6].

Thus, the problem of simulation of radiation-
stimulated current source for a structures types, defin-
ing the basic parameters affecting the effectiveness and
efficiency of the source, as well as the most effective
structures calculation are extremely important. [1].

The analysis carried out in [1] shows that on the
basis of semiconducting materials requirements, the
best option for structures betavoltic effects are silicon
diodes for low-doped substrates with low surface layer.
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Creating effective radiation-induced power supply
source requires consideration of factors number that
affect the current formation process. Simultaneous con-
sideration of the electrons energy absorption, the trans-
fer of charge carriers generated and their recombination,
including recombination at the surface and boundaries
of the layers requires computer modeling [7].

2. EXPERIMENTAL PROCEDURES

In order to optimize physical and topological struc-
ture of beta-silicon power supplies the program for
spectral characteristics simulation was developed.

Simulation sensitivity silicon photosensitive struc-
tures simulation was performed by solving the basic sys-
tem of equations: Poisson equation, the continuity and the
transfer of electrons and holes equations [7].

In the numerical solution of the basic equations the
original differential equation in partial derivatives are
presented in the difference form.

Taking the boundary conditions at the fields edges
and giving initial distribution of mobile charge carriers,
it was obtained a nonlinear equations system. Thus,
instead of differential equations, it is necessary to solve
a nonlinear algebraic equations system.

If it is necessary, for the linear algebraic systems
solution with matrices, containing some non-zero ele-
ments, matching has been used successfully [8, 9].

The program was developed using the language
Borland Delphi 7 [10].

A large paper quantity are devoted to the electron
range simulation [11-14]. Programs have been devel-
oped for calculating the electron ranges including Mon-
te Carlo method [11]. The authors of [12-14] carried out
simulation of energy release.

When considering different ways to describe the en-
ergy release distribution for the simulation electron
generation in a semiconductor structure it is most con-
venient the analytical model for the electron-hole pairs
generation, proposed in [15].

Electron beam with the profile extension was simu-
lated analytical expression:

G(r)=G, F(x,y,z,E)-h(z,E)

where Go — total generation rate, which is given by:
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G, = E-I,(1-k)
qE;

where E — electron energy; Ir — electron beam current;
g — electron charge; E; — the energy required for the
electron-hole pair formation; & — the fraction of electrons
lost on backscattering.

Using the known parameters and the k& value = 0,08
for silicon expression (2) can be rewritten as

G,=1,6-10"-E-1I,

The function of the lateral velocity electron-hole
pairs generation distribution for silicon is

2, .2
F(x,y,z,E): 1,76 exp{—x +2y },

270 R o

where

23
62 =0,36d%+0,11= |
R

where d — the electron beam diameter and R total depth
electrons path.

The penetration depth depends on the energy and
can be described by the expression:

2 1,75
R- 3,98-10°-F ’
Yol

where p — density of the material to silicon of
2.33 g/ecm3.

Function A (z, E) — gives the distribution depth for
the electron-hole pairs generation rate and can be ap-
proximated by a normalized expression:

A($)=0,6+6,21-¢-12,40-¢%+5,69-¢°,

where ¢ — depth, normalized to the total depth of elec-
tron penetration { =z/ R in the range 0< ¢ <R.

The concentration electron-hole pairs distribution
was calculated using the normalization to the total
amount of generated pairs Go.

The result is a electron-hole pairs distribution gen-
eration rate in the p-i-n structure.

For the semiconductor layers characteristics calcu-
lation database from Ioffe Institute was used [16]. To
determine the sensitivity dependence it was set the
energy range from 0 to 66.7 keV (electrons emission
spectrum from %3Ni), and in each monochromatic field
of spectral range current was measured. Moreover, in
order to analyze the physical processes occurring in the
structure, and then optimize the structure is deter-
mined separately the radiation-induced currents gen-
erated by externally p- and n- regions and by space
charge region [17]. It was set the 0.1 mW/cm? flux, cor-
responding to the range of the ¢3Ni radiation power. As
a result, the spectral sensitivity distribution was ob-
tained in the units A/W. p-i-n-structure efficiency is
calculated from the ratio [17]:
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P,
where Pin — the power of the input radiation; I» and
U — are obtained from the condition of the maximum
energy converter power.
The base structure for the simulation is shown in

Fig. 1.
T 3N{
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Fig. 1 — The base silicon p-i-n-structure chosen for simulation

The total semiconductor structure thickness is
40 microns. In the simulation it was assumed that the
electrons emission from the 3Ni occurs is uniformly per
energies. It is clear that in fact it is not so, but if it is
analyzed the structure efficiency in terms of A/W, it is
not important, because it is considered a relative value.
To separate the effective participation of the top and
bottom ©3Ni contacts in the formation signal p-i-n-
structures characteristics simulation was performed
only with the top ®Ni terminal contacts. The space
charge region is reached only by high-energy electrons.
However, the overall structure sensitivity in the A/W
decreases, since it was shared in the calculation of the
efficiency that total current is divided into more the
power source. Therefore, when analyzing the various
factors influence on the effectiveness of a separate struc-
ture appropriate to use the results in the A/W values,
and the structures comparison with one or two contacts
it must be considered radiation-induced currents.

3. RESULTS AND DISCUSSION

3.1 Influence of the p-region Electron Lifetime
Charge carriers mobility and lifetime influence is
equal, and influence on the contribution of quasi-
neutral regions in sensitivity. The less mobility and
lifetime, the fewer the number of charge carriers reach-
es the space charge region, therefore, the quasi-neutral
regions contribution is reduced. Charge carriers mobili-
ty and lifetime are reduced with increasing doping level,
however, this varies the contact potential difference,
and it will be changed the space charge region width.
Therefore, to select only the lifetime change it will be
changed the lifetime, without changing the doping level.
Fig. 2, 3 shows the change in structure sensitivity
when changing the electron lifetime in p-type region to
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the p-n junction 1 and 5 microns depth. It can be seen
that the smaller the p-n junction depth, the less influ-
ence on the spectral sensitivity of the lifetime change. It
is clear that the thinner layer of p-electrons a shorter
distance must be passed, so the impact on the spectral
characteristics of the lifetime is reduced. Any spectral
characteristics changes occur only due to the top
p-layer. The space charge region contribution and the
n-region is not changed.
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Fig. 2 - The dependence of the radiation induced power
source spectral characteristics sensitivity on the electrons

lifetime in the p-region (7=10-5+10-9s, d=1 um,
S =10% cm/s)
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Fig. 3 —The dependence of the radiation induced power
source the spectral sensitivity characteristics on the electrons
lifetime in the p-region (7 =10-5+10-9s, d=5 pm,
S =104 cm/s)

At the same time, unlike the optical photodetector
the changes occur in both the low and high energies.
This is due to the fact that high-energy electrons form
a electron-hole pairs substantial number on the whole
electrons path.

3.2 The Holes Lifetime Influence in the i- and
n- regions

The holes lifetime influence in the i- and n-regions is
more significant, since i-region is substantially larger
than the p-region. Figure 4 shows the effect the holes
lifetime changes in the i-region or lightly doped n-region.
When this change occurs solely by varying the contribu-
tion of the lightly doped n-region.
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Fig. 4 — Dependence of the radiation induced power source
spectral sensitivity characteristics on the holes lifetime in the
n-region (zp = 10-6+10-2s, d = 1 um)

A significant increase in the p-n junction depth re-
duces the life time influence. Firstly, because of the
region dimensions decrease. Secondly, because it is
reduced the distance to be traveled holes to take part in
the radiation induced current formation.

The lifetime influence is also defined by the dopant
concentration in the lightly doped n-region. The reason
is that when the impurity concentration varies the
space charge width, and therefore increases the size of
the quasi-neutral regions.

Effect of the top p-layer thickness is due to several
factors, and especially, the distribution of the incident
radiation. When the electrons energy increases the
range of electrons increases, and therefore expands the
electron-hole pairs generation range. To participate in
the current formation carriers must either be formed
within the space charge region, or to reach the area of
the quasi-neutral regions (electrons from the p-type
region and holes from the n-region). The top p-layer
effectiveness contribution is caused by some electrons
fraction formed by emission to reach the space charge
region. It i1s accordingly determined by the top layer
thickness, i.e., the distance to the SCR, mobility and
electron lifetime and surface recombination velocity.

For calculations, the following baseline characteris-
tics of the structure:

— doping level of the top p-layers — 107 cm —3;

— doping level of the lightly doped n-region 104 cm - 3;

— doping level of the n*-substrate 1018 cm -~ 3;

In simulation the effect of the thickness of the upper
p-layer it is taken the p-electron lifetime in p-layer —
10-¢s and electrons mobility in the p-layer -
700 cm2-V-s—1 and the holes mobility in the n-layer —
450 cm2-V-s~1 and the holes lifetime in the n-layer —
10-5s in accordance with data [13]. Fig. 5 shows the
effect of top p-layer structure thickness on the struc-
ture sensitivity characteristic with the contact %3Ni,
located at the p-layer side.

Figure 4 shows the increasing the top p-layer thick-
ness reduces the sensitivity in the low energy region, at
the same time in the field of high-energy sensitivity var-
ies slightly. This is due to the fact that at low energies
main electrons part is absorbed near the surface, and at
the increase in the transition less of them depth
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Fig. 5 — Influence of the top p-layer thickness on the spectral
sensitivity characteristic structure (d from 0.1 to 10 microns),
7, = 10-6 s, p-region doping level is 107 cm -3

comes to the space charge region. At high electron elec-
tron-hole pairs generation energies is more uniformly
over the structure. With decreasing sensitivity at low
energies it is simultaneously expanding the p-region
sensitivity.

At the same time, the spectral characteristics of the
space charge region contribution is reduced and shifted
to higher energies.

Contribution into the n-region spectral sensitivity is
shifted to higher energies.

By reducing the carrier lifetime the reduction in sensi-
tivity at low energies is more noticeable because significant-
ly fewer electrons reach the space charge region (Fig. 6).
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Fig. 6 — Influence of the top p-layer thickness on the spectral
sensitivity  characteristic ~ structure. (d ~ 0,1+2 microns,
7, = 10-6 8). The doping level of the p-region — 1017 cm -3

The addition of 3Ni contact on the back side de-
creases the effect of the p-n junction depth. The reason
is the reducing the p-region contribution is compen-
sated by an n-region contribution increase.

In order to optimize the structure parameters it is
interesting to consider the doping level influence of dif-
ferent areas. Here it is considered the doping level in-
fluence of the of the spectral response curve without
changing the series resistance and spreading resistance.
Doping areas level affected in two ways — change the
space charge region width in the structure and the
change in characteristics such as a semiconductor mate-
rial lifetime and mobility with increasing doping level.
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Since the effect of lifetime discussed previously, first
consider the effect of changing the doping level without
changing the lifetime and mobility. Reducing the doping
level leads to the space charge region expansion in the
lightly doped region direction.

In Figure 7 shows the change in the structure sensi-
tivity when changing the doping level of the lightly
doped region (7, = 105 g).
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Fig. 7 — The doping level influence of the lightly doped region
(zp = 10~ s) on the spectral p-i-n structure sensitivity

With such a high lifetime the changing the spectral
sensitivity is insignificant. At the same time with a
decrease in the doping level it is increased the space
charge region contribution associated with the expan-
sion of the area. The contribution of the lightly doped
n-region on the contrary decreases (Fig. 26) at such a
high lifetime. It is caused by a decrease in the n-area
size. The p-region contribution is not changed. Thus,
there is a redistribution of the areas in the energy dis-
tribution of the sensitivity.

With a significant reduction of the lifetime contri-
bution to 10-9s n-region contribution is sharply re-
duced and the sensitivity depends almost exclusively
on the space charge region.

The changes sensitivity dependence in the spectra p-i-
n structures subject on the mobility changes and lifetime
in accordance with [13]. However, the main changes are
due to changes in the lightly doped n-region contribution.

The of the radiation-induced power source efficiency
calculation performed according to the calculation
method adopted for the solar energy converter [11].
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Fig. 8 — The radiation-induced power efficiency dependence on

the electron energy. The p-layer thickness — 1 pm. 63Ni metal-

lization is arranged on the front side
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Figures 8 show the radiation induced source effi-
ciency dependence.

4. SUMMARY

1. It was carried out the lifetime impact simulation
for mobile charge carriers in the radiation-induced
power sources on their sensitivity dependence on the
fast electrons energy.

2. In order to optimize the p-i-n structures parameters it
was calculated the parameters when changing the top layer
depth and changing p-doping levels structure areas.

3. It is shown that at low doping lightly doped n-
region the field support the maximum mobile carriers

REFERENCES

1. U.S. Nagornov, Contemporary Application of Betavoltaic
Effect. (U.: USTU. 2009).

2. A.S. Korolchenko, S.A. Legotin, V.N. Murashev,
M.N. Orlova, Metallurgist 54 No 5-6, 328 (2010).

3. A.S. Korol'chenko, S.A. Legotin, S.I. Didenko,
S.P Kobeleva, M.N. Orlova, V.N. Murashev, Russ. Microe-
lectron. 40 No 8, 620 (2011).

4. V.N. Murashev, A.S. Korolchenko, S.A. Legotin, Metallur-
gist 56 No 3-4, 303 (2012).

5. V.N. Murashev, V.N. Mordkovich, S.A. Legotin,
0O.I. Rabinovich, A.A. Krasnov, J. Nano- Electron. Phys. 6
No 4, 04012 (2014).

6. V.N. Murashev, M.P. Konovalov, S.A. Legotin, S.I. Didenko,
0O.I. Rabinovich, A.A. Krasnov, KA. Kuzmina, J. Nano-
Electron. Phys. 7No 1, 01011 (2015).

7. M. Op, Elements and technological process simulation
(M.: Radio & Connection: 1988)

8. G.I. Marchuk, Methods of mathematics (M.: Science: 1989).

J. NANO- ELECTRON. PHYS. 7, 03014 (2015)

collection generated by fast electrons.

4. It is shown that when the level of doping lightly
doped n-region the structure sensitivity is less depend-
ent on the lifetime.

AKNOWLEDGEMENTS

The current study was supported by the Federal
Targeted Program "Research and development on prior-
ity directions of scientific-technological complex of Rus-
sia for 2014-2020, state contract Ne 14.575.21.0010.
(unique identifier for applied scientific research (project)
RFMEFI57514X0010).

9. A.A. Samarskiy, Introduction into methods
(M.: Science: 1982.).

10. M.A. Bazalevsky, G.I. Koltsov, S.I. Didenko, S.Y. Yurchuk,
S.A Legotin, O.I. Rabinovich, V.N. Murashev, LP. Ka-
zakov, J. Nano- Electron. Phys. 6 No 3, 03019 (2014).

11. A.G. Maslovskay, C.N. Ilika, A.V. Sivynov Electronic ways
simulation in solidstates by Monte Carlo (M.: Science:
1996).

12. V.V. Gan, Aton Science Issues 88, 32 (2005).

13. U.S. Nagornov, 1-st Russian conference on process and
structure in nanotechnology simulation, 254 (2008).

14. U.S. Nagornov, Russian conference on process and struc-
ture in nanotechnology simulation, 284 (2009).

15. Poh Chin Phua, K.S. Vincent, Ong, IEEE T. Electron Dev.
49 No 11, 2036 (2002).

16. http://www.ioffe.ru/SVA/NSM/

17. S. Zi, Physics of Semiconductors (M.: MIR: 1984).

digital

03014-5


http://dx.doi.org/10.1007/s11015-010-9315-0
http://dx.doi.org/10.1134/S1063739711080105
http://dx.doi.org/10.1134/S1063739711080105
http://dx.doi.org/10.1007/s11015-012-9575-y
http://dx.doi.org/10.1007/s11015-012-9575-y
http://jnep.sumdu.edu.ua/en/component/content/full_article/1336
http://jnep.sumdu.edu.ua/en/component/content/full_article/1336
http://jnep.sumdu.edu.ua/en/component/content/full_article/1410
http://jnep.sumdu.edu.ua/en/component/content/full_article/1410
http://jnep.sumdu.edu.ua/en/component/content/full_article/1257
http://dx.doi.org/10.1109/TED.2002.804703
http://dx.doi.org/10.1109/TED.2002.804703
http://www.ioffe.ru/SVA/NSM/

