International Round Table on Applied Research
and Innovations (@ NICA ©_5

15-16 September 2021, Dubna, hybrid (virtual /in-person) event e FOR NUCLEAR

Theoretical and applied problems of the direct conversion
of radiochemical energy into electrical energy by the
radiation-stimulated SiC*/Si heterostructure

Gurskaya A.V., Chepurnov V. |, Elkhimov D.A., Puzyrnaya G.V., Dolgopolov M.V., Anufriev A.V.
Samara University, SAMARA POLYTECH
in cooperation with Rajapov S.A. Institute of Physics and Technology of the Scientific
and Production Association "Physics-Sun” AS RUz



Investigation of the betavoltaic effect in
Silicon Carbide doped with C-14

by Combined Methods

1. Optimization of the manufacturing process of SiC*/Si heterostructures micro-doped with C-14
in the CVD reactor > industrial site.

1.1 Phase analysis. depending on the concentration, it can form the phase in Silicon Carbide
molecules, but it may not if subcritical.

1.2 Studies of the relationship between the of electron-hole density at 1 + 5 microns depth and
with electron energy less than 100 keV and the efficiency of photobetavoltaic elements or
radiation-stimulated semiconductor heterostructures. Proton and heavy ion beams test
possibilities.

1.3 Radiochemical laboratory of the 1st or 2nd class.

2. DFT Calculations of the efficiency and physical parameters of the betaconverter, taking into
account the structural features of the studied processes = the software product.

Providing access to a supercomputer for calculations.

3. Substantiation of the effects of contact formation and metallization, studies of the band
structure of the semiconductor, defects, dislocations, the position of the levels, the work
function, the manufacture of contacts for betavoltaic materials.

Scanning tunneling microscope. Encapsulation and packaging of chipsets.

4. Study of the betaconverters 1x1mm +supercapacitors @2mm for increasing the operating time
of small-volume solid-state energy storage devices with microcontrollers.

Probe installation, certification.



FORMATION AND EVOLUTION OF DEFECTS OF RADIATION DOPED
SiC */Si HETEROSTRUCTURE
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Introduction

Motivation for the study of betavoltaic energy converters
> Increase of lifetime
> Uninterrupted operation
> Miniaturization
> Reduced power consumption
> Offline work m remote access locations

Betavoltaic battery or beta-converter 1s a device for transforming beta-decay energy in DC.

HighLights
Direct energy convertion of radiochemical transformations through semiconductor structures with 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

Influence factors on energy conversion optimal technology process of growth, self-diffusion, radioactive Carbon isotope phase, the
mobility of the radionuclide.

Theoretical modeling of beta converters.

Dark currents from 16 to 90 nA were observed in the external circuit. Idling voltage was amounted to 1.6 mV (results of probe
measurements). The thickness of the activated n-SiC film in the heterostructure is 1 - 5 pm.




PROBLEMS OF CONTACTS
FORMATION AND EFFICIENCY
DETERMINATION FOR SIiC*/Si

MICROSTRUCTURES




1] Ehrenberg W,, Lang C.-S., West R. The Electron Voltaic Effect. Proceedings of the Physical Society A. 1951. V.64. p.424
2] Moseley, H.G.J., Hailing, J. The attainment of higii potentials by the use of radium. Proc. R. Soc. A. 1913. V.88 p.471.

3] Rappaport P.L, Loferski J. J., bindery E.G. A study program of possible uses new principle. Nucleonics. 1957. V.15. p.99.

Self-organizing mono 3C-SiC endotaxy technology
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Diagram of concentrations dependencies on depth. The analyzed depth ranges from 5.3 ¢ 103 to 24.3 « 10° m.

The concentration of |C 12 atoms (KDB C curve), depending on the analyzed depth, ranges from 8.4 « 10'° to 3.2 « 10'¢ particles/cm3 .




The microalloying process in the gas chamber
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Schematic representation of chemical
transport (experimental silicon substrates are
indicated 1n orange);

endotaxy reactor of the SiC / Si1 family of

heterostructures.
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Carbon-14 choice of as the fuel

1. Specific activity of C-14 1s different from the Ni1-63 about in 10 times per unit volume, due to the huge
difference in half-life times.

2. Self-absorption of N1-63 1s larger by approximately three times, which leads to the maximum limit optimal
thickness of the layer to 4 microns, and for C-14 this thickness may be up to 60 microns which 1s better

suited. The total quantity of the 1sotope C-14 may be an order of magnitude greater, therefore, guaranteed
more power for the same size of power converters.

3. The specific power of N1-63 per gram of the substance 5 times (due to more activity) exceeds the power

density of C -14. But the maximum and average energies of electrons in the C-14 decay 1s 1n 2, and even 3,
times more than in the N1-63 decay.




Current-voltage characteristic and samples
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~Dark current —— Light current

To the left: dark (blue) and light (red) current-voltage characteristics measured on the n-S1C / p-Sic / p-Si
structure. To the right: example of the experimental structure with metallization
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Spectrum of radioactive carbon 1n SiC structure.




Electrical diagram of the measuring device
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BD — detector, AU 1s the scale Converter, A— charge sensitive amplifier, PS — amplitude
analyzer, G — source bias voltage, R - resistor leakage, C 1s a blocking condenser, GV — generator of
voltage pulses, CO — metering capacitor.



Institute of Physics and Technology of NPO "Physics-Sun" of the Academy of Sciences
of the Republic of Uzbekistan,

SILICON DETECTORS OF CHARGED PARTICLES WITH SMALL LEAKAGE
CURRENTS, MEASUREMENT OF BETA SPECTRA OF TRANSDUCERS

Silicon detectors of charged particles with low leakage currents for nuclear
spectroscopy, activation analysis, dosimetry, medicine, biology, high-energy
astrophysics, nuclear waste monitoring, archeology, environmental problems,
diagnostics of high-temperature plasma, etc. Beta spectrum studies for semiconductor
energy converters have been conducted.



Previous study of the betavoltaic device characteristic

There are several methods of calculating a generation rate:
» Via Bethe-Bloch formula

7re4ne mev2 e
(g) — 2mev2 [lnzﬂ(l_g?) In(1 — 52) o Bhat o Ul

(A.A.Gorbacevich et al.//ZHTF, 2016, V.86, no.7, P.94-99.),

» calculating recombination current density
(Bulyarski S. V. et al. // Fizika 1 tekhnika poluprovodnikov. 2017. no.31(1).
P.68-74.)

» Mone-Carlo method (S.Therrrattanakul, M.Prelas // Applied Radiation
and Isotopes. 2017. no.127. P.41-46.; K.Zhang // Sensors and Actuators A
240 (2016) 131-137)

etc.




Creating a beta-converter model in GEANT4

» Calculation electron-hole pairs generation rate inside the space charge
region of the p-n junction based on secondary electrons from processes

Elastic events
® Secondaries

Electron onivel
P —— onization

events

Following Monte-Carlo algorithm:

- Determine primary electron’s 1nitial position, momentum direction and
energy based on set probability densities

- Track primary electrons as they fly through the substance and create
electron-hole pairs along the way

- If the electron-hole pair 1s created inside the space charge region, 1t 1s
separated by the electrical field of the p-n junction

- Repeat this process many times to achieve good statistical accuracy

http://cern.ch/geant4



http://cern.ch/geant4

Model in GEANT4 Determination of the optimal depth of the p-n junction

n-SiC Detector 1

p-n junction Detector 2
_ Detector 3
p-SiC Detector 4
Detector 5
Detector 6

Detector 7

In the upper part there was a layer with the radioisotope C14. Beneath it are
layers of detectors each 1 gm thick, which register secondary electrons. The
Beta-converter model in GEANT4 dei)clay process was simulated 10 000 000 times, the results are shown in the
table.

Modeling process

N\, / p-n nepexon

Optimal depth determination results
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Red trajectories correspond to primary electrons, blue - to secondary
electrons (might not be visible due to fast absorption )




BapuaHTbl meTanamnsauymm
1. Pa3pgeneHune Hocutenen Ha bapbepe LoTTkKM (BLL),
BTOPOM KOHTAKT omuyeckmni (OK)
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2. Paspenenune Hocutenen Ha reteponepexoae SiC/Si, nnaHapHoe UcnosiHeHue
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3. PaspeneHue Hocutenen Ha reteponepexoae SiC/Si. BepTuKanbHOE UCMONHEHME.
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Conclusion

» A beta-converter model was created in GEANTA4
» Generation rate of electron-hole pairs was obtained

» Optimal depth of the p-n junction was determined

At temperature 7= 1360 - 1380 °C and normal pressure P = 10°Paq,
annealing time t = 60 minutes, the C!? carbon flux density at the boundary
J = 7.98532 « 104 particles / cm? * s and the effective diffusion coefficient

of carbon C*? D ff = 0.0495984 pm~ /s were obtained. The results obtained
are 1n good agreement with the known results. 73, Nigi E Edefect 3C-S1C.



CpasHeHue DF T-pac4yemoe 30HHouU cmpykmypbi 3C-SiC: ®

a) cobcmeeHHble pacdemsi 8 VASP;
Buo cmpykmypbsi SiC, dorupogaHou mpems
amomamu(bernbiu ugem

6) Phys Rev B Condens Matter. 1993 Dec 15,48(24): 17791 -




JHepausd pacmeopeHus

Enw—Egq-Ng— Esic Nsic

EB — s 0.8
Nd T NSiC i
| Ga
rae E. - NoAHQsa 3HePrMs MOAEAbLHOM 06
CTOYKTYPbl, |
Ng Ngjc - 44CAO QTOMOB B SA. A4EUKE : P
YUCTbIX BELLIECTB, |
Ey Egc - DHEPMM YUCTbIX BELLIECTB. EB 2d
- Vienna Ab Initio Simulation Package _
(Ph)/S. Rev. B 54, 11169 (7996)} 0.2 N B

- QPYHKLMOHAA [epAbio-Bypke-
Sp3eHxoBa (PBE) (Phys. Rev. Lett. 78,
1396 (1997])) ol

|

[Nons npumecn B SIC




[LlupuHa 3anpeweHHoU 30HbI

Mopapenb

SiC
SIC+1Ga
SIC+2Ga
SIC+3Ga
SIC+1P
SIC+2P
SiC+3P
SIC+1N
SIC+2N
SIC+3N

E, 3B

1,364715
1,5670846

1,865865
1,952631
1,902859
1,673128
0,973296
2,023694
3,878932
1,728922

E (G-Touka), 3B

1,364715
0,315599

0,318708
0,962121
1,358874
1,673128
0,973296
0,868077
1,071384
1,728922




3akroyeHue

- [Ipon3BeseH pacuet BeanuunH E,, E;, E; c nomoLubro nakera VASP.

- PaccuutaHa aHeprusi pactBopPeHUs, U MPOBEAEHO CpaBHEHUE ee 3HaYeHUA AN BCEX MOAEAbHbIX
CTPYKTYP METOAOM BbIIMMYKAOU 0OONOUKM.

- PaccuyutaHbl LLUPUHBI 3arpeLLeHHbIX 30H AASI AOMUPOBAHHOIo Kapbuaa KpeMHusi, HaunbonblLas B
30HHOMU CTPYKTYPE U MPOCAEXXKEHO N3MEHEHUE B pa3HULe 3Heprun B G-Touke



The energy of dissolution of the doping atoms

The 3C-SIC structure includes a C-14 molecule that decays:

C* —» Né+eru,

We have three types of atoms to doping the structure:

n-SiC (+P), p-SiC (+Ga), C4-SiC (+N):

3C-S/C includes:
White - atom doping
Black - C-atom

Blue - Si-atom



The energy of dissolution of the doping atoms

E.n —Eq-Ng— Esic Nsic

E B =
N d + N SiC

where E, - total energy of system

mogel,

N, Ng;c - number of atoms inside unit

cells of pure substance,

E,, Es- - energy of pure substance. EB .

- Vienna Ab Initio Simulation 0z N

Package (Phys. Rev. B 54, 11169 ///
(1996))
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the proportion of doping




The enerqy of dissolution of the doping atoms

» Ey —Eq-Nq — Esic Nsic
| TR T Y
Nd+NSiC

resume:

- From a physical point of view, Eg is
expected to be negative. A positive
value indicates that there are no bonds
between the atom and the lattice

E, o

- Immediately after the beta decay of C- .

14, a new N-14 atom leaves the lattice e //N/

- The N-atom has an energy lower than

other dopants that this atom is e
predisposed to be a structural defect to ' '
a greater extent

the proportion of doping




AKMyas/ibHOCMb

YUto BAMsieT Ha 3¢ppekTuBHOCTL beTa-npeobpa3oBaHUA?
n3bupartenbHOE MNOrnoLLeHUe N3AYYEeHUSA MOAYNPOBOAHUKOM
TEXHOAOTUSI A€TUPOBaHUA U MOAOXKEHUE p-N-nepexoaa (raybuHa ero 3aneraHms)

npoLeccbl AepeKTO0bpa3oBaHUA B CTPYKTYpPE

AP dy3noHHasa aamMHa npobera co6CTBEHHbIX reHEPUPOBAHHbIX BTOPHUYHbIX SAEKTPOH-AbIPOYHbIX Map

HocUTenreu
reoMmeTpuyeckue ocobeHHOCTHU rotoBbiX 06pa3LoB U MeTarAU3aLIuU

CaMoIlIOrAoLieHne paanuon3orToria U ero akKTUBHOCTb, a TaKXXe rnepunuoAa rnoaypacriaja

crnocob BHeAPEHUSA paauou3oTona B MaTepuan noAyrnpoBOAHMKA
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