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IMpencraBnena TCAD-Moneab KpeMHUEBOTO OeTa-BOJBTAMYECKOTO 3JIEMEHTA AJIs UCCIeI0BaHU s 3aBUCUMOCTH XapaKTe-
PUCTHUK 3JIEMEHTA OT €ro 00bEeMHOU CTPYKTYpPHI. 151 UMUTALIUU PE3yJIbTaTOB IreHepallu 3JeKTPOHHO-IBIPOYHBIX MTap MPU
BO3JCHCTBUU M3JIYYEHUS] OT UCTOYHUKA OeTa-4aCcTUIl IPUMEHSIJIACh HACTPOSHHAsI MOJIe/Ib ONITUYECKOM reHepaluu, uMe-
toascs B TCAD. IIpoBeneHo ucclieioBaHre 3aBUCMMOCTU BOJIbT-aMIIEPHBIX XapaKTEPUCTUK OeTa-BOJbTaAUUYECKOTO 3JIe-
MEHTa OT MPOMUJIS JErupyouieil TpUMeCH, TeMITepaTypbl ¥ TUIIA TTOJTYTTPOBOAHMKOBOIO MaTepuaJa st MICTOYHUKA U3JTy-
yeHus Ni-63.

Karoueswie crosa: 6ema-sorvmauueckuii anemenm; TCAD; onvm-amnepras xapakmepucmuka.

The paper presents TCAD-silicon betavoltaic element model for studying cell characteristics depending on its two- and
three-dimensional structures. To simulate the results of electron-hole pairs generation under exposure to radiation from the
source of beta particles the tuned optical generation model, available in TCAD has been used. The authors have researched
dependencies of the current-voltage characteristics of the betavoltaic element on structure doping profile, temperature and type

of semiconductor material for Ni-63 radiation source.

Keywords: betavoltaic element; TCAD; current-voltage-characteristic.

DIIeMEHTHI MUTAHUS C UINTEIbHBIM CPOKOM PaOOTHI OUYEHDb aKTY-
aJbHBI IJI51 MHOTUX aBTOHOMHBIX YCTPOMCTB — MHTEJJIEKTyalb-
HBIX 1aTYMKOB, CHYTHUKOBBIX CUCTEM, MEAULIMHCKUX YCTPOUCTB
u npyrux. Hanbosee nepcneKTUBHBIMM AJI51 UX CO3AAHMUS SIBISIIOTCS
MUKPOMUHUATIOPHBIE UCTOYHUKY MUTAHMSI HA OCHOBE PaUOAKTUB-
HBIX U30TOMNOB, TPAHC(HOPMUPYIOLIUX UX SHEPTUIO B JNEKTPUYCCKU T
10K — BETA-BOJIbTAMYECKMWE SJIEMEHTDI [1-2]. Takue aie-
MEHTbI MUTAHUS MOTYT ObITh U3TOTOBJIEHBI HA PA3JIMYHBIX MaTepUa-
nax — Si, SiC, Ge. BaxHel1IMMu XapakTepUCTUKAMU UCTOYHUKOB,
MIPUMEHSIEMBIX B aBTOHOMHBIX YCTPOMCTBAX C JUTUTETbHBIM CPOKOM
paboThI, IBJASIOTCS BEAUYMHBI YASIbHON MOIIHOCTHU (TOKA) U (MJIN)
BpEMSI aBTOHOMHOI paboThl. [1151 6€Ta-BOJIbTaMYECKUX IJIEMEHTOB
Hanboyiee KPUTUISCKUMU SIBISIOTCS UMEHHO BeIMYMHBI yIeTbHON
MOIIHOCTU U 3¢ (PEeKTUBHOCTD 6eTa-BOIBTANYECKOTO MPpeodpa3oBa-
Hus [1-2]. DTOT KJ1acC UCTOYHUKOB MUTAHUSI AKTUBHO UCCIIEAYETCS
Kak ¢ MOMOILbI0 MOAEIUPOBAHU S, TAK U MYTEM U3rOTOBJICHUS U aHa-
JIM3a TECTOBBIX 00pa310B POCCUMCKMMU U 3apyOe K HBIMU pa3paboT-
yukamu [1—4].

BoJIBIIMHCTBO MCCIeI0BAaHU OCHOBAHO HA aHAJUTUUYECKHUX
MOJEJISIX pacyeTa XapaKTepUCTUK OeTa-BOJIbTAUYECKOI0 JIEMEHTA,
U TOJIBKO HEKOTOPbIE pabOThl MOCBSIIEHBl €ro NPUOOPHO-TEXHO-
JIOTHYECKOMY MOJEJUPOBAHUIO, IPUUEM ONMUCAHNE OCOOEHHO-
cteit TCAD-mozeneit B taHHBIX paboTax OTCYTCTBYeT. XOpOIIO
M3BECTHO, YTO MOCJIe COOTBETCTBYOIIEeH Kaanoposku TCAD-Monens

TO3BOJISIET MOIETTMPOBATH 3aBUCUMOCTH XapaKTePUCTUK OeTa-BOIb-
Tau4YeCKOro d3JeMeHTa OT Pa3IMUHBIX TAPAMETPOB CTPYKTYPhI: pa3-
MEpOB, TOMOJOTUU, MPODUIS JEeTUPYIOUIUX TPUMECEii, BHYTPEH-
HUX pU3MYECKUX MapaMeTpoOB MaTepuasa u Ipyrux Gu3nKo-Tomno-
JIOTMYECKMX XapaKTepUCTUK. ONHUM U3 BaXHBIX MOMEHTOB sIBJISI-
eTcsl yueT aerpajally CTPYKTYpbl OeTa-BOJIbTan4eCKOro MCTOUHUKA
MO/ BIUSIHUEM paIMallMOHHBIX (PaKTOPOB. DTO MOXKET ObITh C/IEJIAHO
nyTeM paciuupeHus BosmoxHocteit TCAD-moneneii, paspaboraH-
HBIX B [6]. OcHOBHOI1 3a1aueii paboTHI siBJIsieTCsT «<HacTpoiika» TCAD
IUJTSI MOJISTUPOBAaHM ST 6€Ta-BOJIbTAUYECKOTO JIEMEHTA.

HoBusHna nmpennaraemoii Moneiu 6eta-3JieMeHTa COCTOUT B UMU-
TaIM¥ Mpoliecca TeHepaluy JIeKTPOHHO-IBIPOYHBIX Map OT MOTJIO-
meHus1 6eTa-4acTUIl C MOMOIIbIO ONTUYECKON TeHepanuu. Pere-
HUe 331241 3a1aHUsI CKOPOCTU TeHepalii C MOCIEAYIOINM TpUMe-
HEHUEM ABYX- MJIU TPEXMEPHBIX MOl pa3IuYHbIX GUUUECKUX
MPOLIECCOB B 00beMe MOTyNPOBOIHUKA MO3BOJISIET CTPOUTD BOJIBT-
aMIlepHble XapaKTepUCTUKHU OeTa-BOJIbTauueCKOro 3JIeMeHTa ¢ yue-
TOM pa3IMYHBIX (DAKTOPOB.

MOAEAB NCTOYHUKA UBAYUEHUSA — AHAAOTA
NCTOYHUKA BETA-UACTHUI]

IMepBbiM marom TCAD-MomennpoBaHus SBJISETCS TOAOOP MOIIHO-
CTH U JIJIMHBI BOJIHBI UICTOYHUKA BUAMMOTO U3JTyYSHUSI TI0O KPUTEPU IO
COBMaJeHUSI 00BEMHBIX paclpeiesIieHN it CKopocTeit hoToreHepanu
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Fig. 1. Generation rates dependence on Ni-63 for Si and SiC from [4].
The green oval depicts the volumes area for visible source selection
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Fig. 2. Cross-section of the betavoltaic element (a) and doping profile (b)
of betavoltaic source element for TCAD simulation [4]

¥ TeHepaIMH OT MOTJIOIIEH U OeTa-NU3ydYeHsI, KOTOPOE B TaHHOM
cllydae JAO0JKHO ObITh U3BECTHO U3 SKCIIEPUMEHTOB UJIM M3 H0CTa-
TOYHO TOYHOTO MOJIETMPOBAHMSI C TOMOLIBIO CTIELIMATU3UPOBAHHBIX
nporpaMMHbIX naketoB. Ha puc. 1 mokasaHbl 3aBUCUMOCTU CKOPO-
ctu reHepanuu ot Ni-63 u3 [4]. B oBaJsie moka3aHa 06yiacTb 3Have-
HU, 1151 KOTOPOI MPOBOAMIICS TIOAO0P CKOPOCTH (hOoTOTeHEepaLIiy.

Jlnst IpuBeIeHHbIX 3aBUCUMOCTEM 1151 Si mogoOpaHbl 3HaUYCHU ST
MOUIHOCTH M JJIMHOW BOJHBI BUAMMOTO UCTOYHUKA U3ITYUCHMUS:
P =4,33-107 Br/cm® 1 A = 450 HM, TTpH 3TOM PACXOXAeHIe 3HAUCH W
cKopocTeil hoToreHepanuu B nuamnasoHe koopauHat 0,5—2,5 MKM
OT MIOBEPXHOCTH TOJTYITPOBOAHUKA cocTaBisieT meHee 10 %.

AHaJIOTUYHBIEC TAPAMETPBI ObLIN MOTOOPAHBI IJIST IPYTUX UCTOY-
HUKOB U MaTePUAaJOB.

MOAEAB CTPYKTYPbBI BETA-BOABTAUYECKOTI'O
DAEMEHTA

Ha puc. 2 mokazaHa Molesib CTPYKTYPbl 6eTa-BOJbTANYECKOTO 3Jie-
MEHTa, aHaJoru4yHas [4].

Jlnst Takoro aJieMeHTa ObIIM CO3aHbl ABa BapMaHTa MOICIU:
CO CTYTNEHYaThIM U TayCCOBBIM pacIipelieIeHUSIMU IIPUMECeH o TITy-
6uHe mosynpoBonHuKa. COOTHOIICHWE MEXTY pacripeeIeHUsIMU
MOKa3aHo Ha puc. 3.
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Fig. 3. Two variants of doping profiles for betavoltaic element with abrupt
doping distribution

Batteries with a long life are extremely rele-
vant for many stand-alone devices: smart sen-
sors, satellite systems, medical devices and
so on. The most promising for creating them
are micro-miniature power sources based
on radioactive isotopes, transforming their
energy into electric current — BETAVOL-
TAIC ELEMENTS [1-2]. Such batteries can
be manufactured in different materials: Si,
SiC, Ge. The most important characteristics
of the sources used in standalone devices with
long life, are power density value (V) and/or
the battery life. For betavoltaic elements the
value of specific capacity and efficiency beta-
voltaic transformation are most critical [1-2].

Most studies are based on analytical models
of calculating betavoltaic element characteris-
tics, and only some are devoted to its device-
modeling technology, without any description
of TCAD-work patterns [1-5]. It is well known
that after appropriate calibration TCAD-
model can simulate the betavoltaic element
characteristics dependcies on structure's dif-
ferent parameters: size, topology, dopants pro-
file, internal physical parameters of the mate-
rial and other physical and topological param-
eters. One important consideration is checking
betavoltaic source structure degradation due to
radiation factors. This can be done by empow-
ering TCAD-models developed in [6].

The novelty of the proposed beta cell
model is to simulate the process of generation
of electron-hole pairs upon absorption of beta
particles by optical generation. Solution of the
problem allows constructing current-voltage
characteristics of betavoltaic element taking
into account various factors.

The first step of TCAD-modeling is the
selection of the power and wavelength of vis-
ible wavelength radiation source according
to the criterion of coincidence of volume dis-
tributions of photo generation velocities and
generation from the absorption of beta radi-
ation, which in this case must be known.
Figure 1 demonstrates the generation rates
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Ha puc. 7 npeacraBiaenbl BAX mozeneil 6eTa-BoibTanyecKuX

current of the betavoltaic element

HOJIY‘{CHHLIC pe3ybTaThbl, B YaCTHOCTHU HANPAXKECHUA XOJIOCTOro

3JIEMCHTOB, U3INOTOBJICHHBIX Ha KPEMHHWUU U Kap6nzle KpPpEMHMUA. Xola, TaK>K€ XOPOIIO COr1acyrTcCsda C TaHHBIMU [4, 5]

dependencies on Ni-63 in silicon from [4].
The oval depicts the area of generation rate
values for visible wavelength radiation source
selection.

For Fig. 1 generation rate simula-
tion in Si the parameters of visible radia-
tion source are as follows: source power
P = 4.33-107 W/sm’ and wavelength
A =450 nm. For oval depicted region the error
for generation rate simulation is smaller than
10 %.

In the second step we construct the model
of betavoltaic element structure through the
technological simulation or through the struc-
ture editor tool.

Figure 2 presents the two-dimensional
structure (@) and doping profile (b) of betavol-
taic element (from [4]) for TCAD simulation.
The abrupt doping profiles of diffusion layers
were used for simplicity.

Two models of structure were developed
for this element: with abrupt and Gaussian
doping distribution. Those doping profiles are
shown on Fig. 3.

In the third step, after selecting parameters
of a source of visible light radiation authorizing
generation rate similar to that described in [4],
the current-voltage characteristic of the source
of beta radiation with an area of 1x10 pm?,
which is shown in Fig. 4. was calculated.

After the simulation techniques were
tested the current-voltage characteris-
tics dependencies of the betavoltaic element
on doping profile model, temperature, and
type of semiconductor material were calcu-
lated and investigated.

The CVC for abrupt and Gaussian doping
profiles are shown in Fig. 5. This result dem-
onstrates the great mismatch error for open-
source voltages. The Gaussian profiles are
preferable for exact simulations.

The temperature dependence of open-cir-
cuit voltage and short-cut current for Gauss-
ian doping profile structure is demonstrated
on Fig. 6. Those results are in good agreement
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TakuM 06pa3oM, MOAXOMI, IPUMEHEHHBI IJIST MOAETUPOBAHUS
6eTa-BOJbTAaMYECKUX 3JIEMEHTOB Ha ocHOBe Si u SiC-moka3biBaeT
CBOIO COCTOSITEILHOCTD ¥ MOXKET OBITh TPUMEHEH [JIsI UCCIIEA0BAH U
KOHCTPYKIIMi1 6eTa-BOJIbTaANYECKHX 2JIEMEHTOB C YUETOM PA3TUIHBIX
BHEIIHUX (haKTOPOB.

3AKAIOYEHUE

ABTOpPBI CYMTAIOT, YTO B JAHHOI paboTe MPeIIOKEH U Pealn3o-
BaH HOBBII MOAXOMI K (PU3UKO-TOIOJOTHIECKOMY MOIEINPOBAHUIO
6eTa-BosIbTanuecKuX 3J1eMeHTOB. CyTh [101X0/4a COCTOUT B UMUTA-
LMY MPOLECCA FEHEPAL MY 3IEKTPOHHO-IBIPOYHBIX I1ap OT IOTJIO-
HieHns 6eTa-yacTUL C IIOMOILBIO ONTUUYECKON reHepauun. OCHOB-
HOI1 3a71a4eii TAaKOro MOAX0/Aa ABJILETCS I0A00p MapaMeTPOB UCTOY-
HMKA BUAMMOIO U31ydeHus. [JlaHHbI OAXO/ MO3BOJISIET OTKA3aThCsl
OT CJIIOXKHBIX MOJIEJIEli MOTJIOIIEHNs OeTa-U3IyYeH sl U CHUMAET
OrpaHMUYEHU S HA UCCIIEAYEMbIE KOHCTPYKIIMU 3JIEMEHTA.

Pa6oma evinoanena 6 pamkax npoekma npozpammol
dynoamenmaavnvix uccaedosanuii Hauyuonaavnozo
uccaedosamenvcko2o ynugepcumema «Boicwasn wkoaa sxonomuxu»
(BIIID) TZ-99 2019 e.
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with data from [5]: error of temperature sen-
sitivity for U, is 17 %, and for I is only 4 %.

Figure 7 demonstrates the CVCs for sili-
con and silicon-carbide betavoltaic elements.
The open-source voltage levels for those
structures are in good agreement with data
from [4, 5] too.

Thus, the results of our TCAD betavoltaic
model testing confirm the adequacy of pro-
posed approach for betavoltaic elements struc-
tures investigation and development with due
account of various external factors.

CONCLUSION

The authors believe that this paper proposed
and implemented a new approach to physical
and topological modeling of betavoltaic ele-
ments. The approach consists in simulating
the process of generation of electron-hole pairs
upon absorption of beta particles by optical

generation. The main objective of this approach 3.

is the selection of the visible light source
parameters. This approach makes it possible
to do away with complex patterns of absorp-
tion of beta radiation and removes restrictions
on the design of the investigated element.

Work carried out within the framework
of TZ-99 Basic Research Program of the
National Research University Higher School
of Economics (HSE) 2019.
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