BETAVOLTAI C POAER SOURCES FOR MOBI LE DEVI CE APPLI CATI ONS CLAIM OF PRIORI TY
[ 0001] This Application clains priority under 35 USC 119(e) fromU. S

Provi si onal Patent Application Serial No. 61/637,396, filed on April 24,
2012, and which is incorporated by reference herein. FIELD [0002] The
present disclosure relates generally to power sources, and nore generally
Lo bet avol { BECAVSHIAICROWER SGURGES FORMOB E-DEVICEAPRMCABRNERAUND ART
[ 0003] As soci ety becomes increasingly nore dependent upon nobil e devices
(such as cell and smart phones, |aptops, tablets, medical devices, and |ike
hand- hel d and portabl e devi ces) ,CLAIMIORRRIORIT¥ner gy st orage devi ces (such as
batteries) are becoming increasingly in demand. An ideal battery for such
devi ces[ooon] d Taisdemiligatech dams peibatysufder 85 €8T §aro(ed yrohoulSeBbvisionalt he usef ul
life of the particular device, which lifetine could range fromnonths to
sever al P3teat Applispléeiteiip! ba. B3 haPufitedorn Aprdl 29y 2% end whish iginepposdiee cel |
phone, Ia(%iorp con%uter, etc.). [0004] For exanple, a cell phone typically

dr aws b%\f i '6 '™00 to 500 nw of power during operation, but an average
battery can only store sufficient energy to drive the cell phone for
approximately a day. The average cel l[gigppone battery stores roughly 1-5
wat t - hours of energy which is typically dissipated during one day of

aver ag O5kEkL [ : i I s -fhour s
of eneﬁggbgﬁd I}rgg?} AJSHQ%S%%%B‘% F\éll%tléﬂ%%ﬁ%lﬁlistr? igée?isﬁ‘gu?'gﬁdﬁ%éégspé%g@gomr
consunplidtevoliak pavwugibyrces fuintchileldepicoppplivatioher batteries store roughly 75
wat t - hours of energy and | ast approximtely 5 hours, indicating that the
average power consunption is roughly 15 watts. At the end of these tine
periods, it is necessary to reck&(éé Rfery to continue to use the
devi ce. &0006] The average lifetime of a cell (or smart) phone is roughly 2
years. [PR@3] i f &ssorietybeppmpeiarreasingly awre daprendayé uppomodie deycesdsghads year s.

The avergge , lifetime of | apt (an y, associatjo tablet) is roughly
3 vear <ot SFgamaft L bnss edaut brBcRede et a0 ehinatd30d hekle’ cert a n
types QfevReOChighGBlver dR¥isG SRradeeiba (IR as BARE idsF HeWRRoPAREHARINRSlY in
generators convert the energy of alpha particles emtted fromradi oactive
mat er i alenhanido Amddéal battectfor suchlvenicepwoeldtbedidsighod ts stbrd sudfidegtyenerdyeto

electricity. This is a thernoelectric conversion and is commonly used to
power dpderthearsefyblife of sharasticWar dryiss, whish difetinae caitd range feguam Broaiths tl pha

particles used in this a oach are . fairl nergetic (over, 1 and can
fanmge EraC eroTRrenibe B E RS pEneep s S B Afto- G & BB Rp o Tated "c, eac e
heat (RynfpRBAIEIcNY the particle in a suitable nmaterial, such as a ceranmic)
and then converting that heat into electricity. [0008] Anot her type of

I sot opel(-)&ﬁﬁed Pgrvggm%?elf%%gll Bﬁmee{ykﬁaﬁyc?raw&%g& eﬂIouP?E)@io 500 mw of

power during operation, but an average battery can only store sufficient energy to drive the
cell phone for approximately a day. The average cell phone battery stores roughly 1-5 watt-

hours of energy which is typically dissipated during one day of average.

[0005] Similarly, tablet batteries store roughly 40-50 watt-hours of energy and last up to
about 10 hours, indicating that the average power consumption is roughly 5 watts. Laptop
computer batteries store roughly 75 watt-hours of energy and last approximately 5 hours,
indicating that the average power consumption is roughly 15 watts. At the end of these

time periods, it is necessary to recharge the battery to continue to use the device.

[0006] The average lifetime of a cell (or smart) phone is roughly 2 years. The lifetime of
medical devices can range from one to several years. The average lifetime of a laptop (and

by association, a tablet) is roughly 3 years.



particles (electrons) into electricity. These are sonetines called
betavoltaics. An exanple of a prior art betavoltaic power source is
described in the article "Technol ogy Today," issue #1, 2011, and published
at http://ww.raytheon. conitechnol ogy_today/ 2011 j 1/ power. htm

[ 0009] B | tai c power sources have historically been useful : re | qw
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creat e phettesemitted éopadatibactiViemeterialiath Rdxef wakich (sachemt@iveeted gty weRCt r ons)
fromthe isotope create the hole-el ectron pairs. Betavoltaic power sources
are use@nergy likeelgctsisis el is sitharsnqadegsrioennversianeanghis semeohbiysed e poyver
mcrowatt.. For applications, which.requires a life tine of tens of years,
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i sot ope-based power sources Is in the nedical %I el d ere a [ow power

devi ce panicke ensittargeae bestkard to sreptedtead (hyabteing thapaeitte in Braitpieenaker i s
general ly inaccessible, and a |ong-1ife power source is advantageous.
BecauseMeHIEd syely preeramic) pag than @avertingithatheghinteplectricle tot al anount of
emtted radiation nmust be very low, which in turn requires that the anount
of powel00§8her #nethdrsypeel.isdtope-bhies! mpyHrisoatce onnvertsehe sotispa dfibetaroel ectric

generator has proven to be a ,sucgessful product. [0011]1t woul d be
desi r abPLlSs (RiRRtrons) int.elgpbicny Jbgseare semerales sallasrbetaipltaics finexarpple of
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electricity. Betavoltaic power sources traditionally work on converting

bet a (elsatet eglh)depige fistpbycallgd ambptgroligichgcausedy rpatts g photpas), betonsisad ofrhey
are used.for, | ow power applicatijons nd wher.e, accessibility to the device
is inpradis %Eﬂt?nsstﬁ§ﬁea§§ eg’fiﬁ%’?‘f’ Raligp e Lmited P%@S (F’ﬁbfﬂ]e?ﬁ\égyt?i?%?é‘ls)c ai ¢
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aspect of the disclosure is a betavoltaic power source for a nobile device
havi ng [903ef ufnetheepserf isotpre-Saspdowes spyigesisan armadiralyielt wherstadpw-

| ayers,. i | . i Sl LSO rial_that emts
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di sclosure 1s Icp I 'source as descri above, wherein the

ener gy ersion |layers c rise GaN. [0017] Anot her aspect of the

i scr ol IR T oy EbE vRr It e endinb e oAt Retioas Baer source that can
generate sufficient power to drive a mobile device for the useful lifetime of the device

without the need for recharging.



above, wherein the energy conversion |ayers each have a thickness of about
10 mcrons to 20 mcrons. [0018] Anot her aspect of the disclosure is the
bet avol t ai c power source as described above, wherein the isotope materi al
is selected fromthe group of isotope materials conprising: (3)H, (194)0s,
(171) Tm (179)Ta, (109)Cd, (68)Ge, (159)Ce, and (181)W [0019] Anot her
aspect of the disclosure is the betavoltaic power source as descri bed
above, and further including a radiation-absorbing shield operably arranged
to substantially prevent the beta SMVMIMARY, x-rays and gamma rays from
exiting the betavoltaic power source. [0020] Anot her aspect of the

di scl os[0042] s tThe pretent distlasure podisrctabiorheeavadtaidemever bedcadbfov owetiag ei n

adj acent i sotope and energy conversion |ayers define |ayer pairs and

wher ei nMokée BeYigsso |Thaibetqye?fyﬁ PRWAF T reeRiovides cattinneenoneratian frsGrrapér

airs. [ not her ect of the disclosure. s t et avol tai c power
gour ce g%%?}éétﬁéro?%é %%3\8/3,80%% rté? HS%HQE?%'B? 8§H“e| 'B?@fes‘?eé’rlc@ formed fromthe
sane isotope material. [0022] Anot her aspect of the disclosure is the
bet avol Oé’ilgl povide bekaypliaic Rewge sRurro digciatsshiiereimaliasiupon meclappisattiass
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is the avoltalc sour ce "as desc e er el

el ect r i gaditiengifydyork onabnl@8ak bdQQe¥troh)JRA2ddI Nt dRF g\ ARRRCE ved| Idn8ived

di sclosure is the betavoltaic power source as described above, and further
i ncl udi ingtopeoltiengre vsedifot bow-pewen applivasione zen df winere theessibityopethagviea &r gy

conversion |a &ésh§g0025 ggpth r qﬁ ect of the disclosure is the
betavolWHVﬁdﬁ% PeNBIPREC ﬁéﬁ%?? d above, and further conprising the
nmobi | e device el ectrically connected to the betavol taic power source.

[ 0026] AQ8Lfler dbpbetaveltaic hewdr ssiressidisslased hetsint eandie configpede psoidea for a
mobi | e select amount of power suitable for a given mobile device that has a useful lifetime. The
integration of select isotopes with a stacking (multilayer) architecture of isotope material
and energy conversion material provides power levels that are orders of magnitude higher
than prior art betavoltaic power sources. The beta particles (“betas”), as well as x-rays and

gamma rays (“gammas”) are converted into useful electricity to drive mobile devices.

[0015] An aspect of the disclosure is a betavoltaic power source for a mobile device
having a useful lifetime. The source includes a plurality of isotope layers, with each isotope
layer comprising an isotope material that emits radiation as either beta particles, x-rays or
gamma rays having an amount of energy that is greater than about 15 keV and less than
about 200 keV, and a half-life that is between about 0.5 years and about 5 years. The
source also includes a plurality of energy conversion layers interposed between some or all
the isotope layers and that receive and convert the energy from the radiation into electrical

energy sufficient to power the mobile device over the useful lifetime.

[0016] Another aspect of the disclosure is the betavoltaic power source as described

above, wherein the energy conversion layers comprise GaN.

[0017] Another aspect of the disclosure is the betavoltaic power source as described
above, wherein the energy conversion layers each have a thickness of about 10 microns to

20 microns.



device. The source includes a plurality of isotope |ayers, wth each

i sotope |l ayer conprising an isotope material that emts radiati on having an
anount of energy that is greater than about 15 keV and | ess than about 200
keV, and a half-life that is between about 0.5 years and about 5 years. The

source also includes a plurality of energy conversion | ayers interposed
bet ween(0938k orAngrfh'ertaﬁ@eqt%#@dﬁsq'oofyé%t%%et@v@fa%%?rvs@uaﬁasésw@ﬁé t he
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years. &m&Ydip@?qu«1%ﬁ@§qi7gfmt N9piasEOIRr &8)Ge, [(150)bEAMQLEBING POVer

source as descri bed above, wherein one or nore of the energy conversion

avers {918 2, S suEUeLIIR o LBRER 400! hat ARRSE, 8fsobhe diaclasyre 1o

i ower source as scri bed above, erern the

St r uct ustovieNgr difdedhefinth@mgGabldRtiofFRbsdrB Mg ShrnPs e kbIa S prakgedo substadtiginl osur e
is the betavoltaic power source as described above, wherein the Ge

conpr i serev¢eghabetd OBIEHnaaYsemdgapeca rays froheexiingthedetavoitgictrowebet avol t ai ¢
power source as described above, wherein adjacent isotope and energy
conver si%f‘Q-ayers define layer pairs, and wherein the betavoltaic power
source includes between 10 and 250 | ayer pairs. [0031] Anot her aspect of the
di scl osl9P0) s Pnethrsaspast phihe dislasuresis tiracletawolicrawarsauess @y desaithedei n t he

i sot ope_ | ayer areﬁgor d fromfirst and second i§P¥OB s havin i fferent
hal f -1 i?Pé’é’."t’%%fSE‘]a %FH&”%?%@EF ikt il '87‘3‘3’8%%‘& FEWSr BRI tai ¢ power
sour ce @ferdfSthk bREHoRER YBweASIrEd Mciubs b&WcRh10RNHIGh WHRE p&ils. | €ast one of

beta particles, x-rays and ganma rays. [0033] Anot her aspect of the

di sclo i s the, betavoltaic power source.as describe V% and .further
el uai 82t ABIMEEGSH bEhE BRME e e e Al R R R Bralife 1 (e
bet avol e, RN thE WotshABydHe 8 foRREd ABRVEe sBRW ifotbpdiRiatdrie! uding a
conventional battery electrically connected to the betavoltaic power

sourc e-p[tolbgﬁ?)g}’l IA‘I?#!;\%I’ EgpelgF oH’HQ%ﬁs%Fo?B.% it n?et b&%&i‘ta%ckb%v&eqrsggr%g 9 dg&pi%'ég‘l

descri d
above, wherein the amount of electrical energy is at least 10 mw.

[0023] Another aspect of the disclosure is the betavoltaic power source as described

above, wherein the amount of electrical energy is at least 100 mw.

[0024] Another aspect of the disclosure is the betavoltaic power source as described
above, and further including cooling conduits that remove heat from the isotope and energy

conversion layers.

[0025] Another aspect of the disclosure is the betavoltaic power source as described
above, and further comprising the mobile device electrically connected to the betavoltaic

power source.

[0026] Another aspect of the disclosure is a betavoltaic power source for a mobile
device. The source includes a plurality of isotope layers, with each isotope layer comprising
an isotope material that emits radiation having an amount of energy that is greater than
about 15 keV and less than about 200 keV, and a half-life that is between about 0.5 years
and about 5 years. The source also includes a plurality of energy conversion layers

interposed between some or all the isotope layers and that receive and convert the energy



follow ng detail ed description presented below are intended to provide an
overview or framework for understanding the nature and character of the
disclosure as it is clainmd. The acconpanyi ng drawi ngs are included to
provi de a further understanding of the discl osure and are incorporated

[ f . th f The d | | ustrat
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serve t I ns of the disclosure. BRIEF
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t he present di scI osure; [0038] FI GS." 6A and 6B show side and top vi ews,

respect i n exa ment conversion | r for med
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[ 0040] FI G 7B shows the sane device as in FIG 7A, but rotated 90 degr ees

f f, t.h d f . _th de- based
ener oy R8adhr s oe T ayarect PSR AU SR AL oea o PSPl s e one 1t ne

el ectrogjﬁﬁ,eedvﬁ@,@mmgldeycmm@ﬁ&?éo an external nobile device; and
[0042]FIG 8 is simlar to FIG and illustrates the use of (68)Ce as the

ener gy rsi V. t.aj : 1)
e PRSI T ooy hEapekibr iEaRdomNals it beRgiRiic BONECSur d e e one s o
the di sadowsWRerein adjacent isotope and energy conversion layers define layer pairs, and

wherein the betavoltaic power source includes between 10 and 250 layer pairs.

[0031] Another aspect of the disclosure is the betavoltaic power source as described
above, wherein the isotope layers are formed from first and second isotopes having

different half-lives.

[0032] Another aspect of the disclosure is the betavoltaic power source as described

above, wherein the radiation includes at least one of beta particles, x-rays and gamma rays.

[0033] Another aspect of the disclosure is the betavoltaic power source as described

above, and further including the mobile device.

[0034] Another aspect of the disclosure is the betavoltaic power source as described
above, and further including a conventional battery electrically connected to the betavoltaic

power source.

[0035] It is to be understood that both the foregoing general description and the
following detailed description presented below are intended to provide an overview or
framework for understanding the nature and character of the disclosure as it is claimed.
The accompanying drawings are included to provide a further understanding of the
disclosure, and are incorporated into and constitute a part of this specification. The
drawings illustrate various embodiments of the disclosure and together with the description

serve to explain the principles and operations of the disclosure.



exanpl es of which are illustrated in the acconpanyi ng draw ngs. Wenever
possi bl e, the sane or |ike reference nunbers and synbols are used

t hroughout the drawings to refer to the sanme or |ike parts. The draw ngs
are not necessarily to scale, and one skilled in the art will recognize
where the drawi ngs have been_si n&;lified toillustrate the key aspects of
the disclosure. [0044] TheBRIEGPERCRIRTION OF THE RRAWINGSar e i ncorporated into
and constitute part of this Detail ed Description. [0045] The abbreviation
"mv' as[0936H hdl@S A, Aekadd andidBlaresehesatic @By aloepete embodimentseaf ther ei n
as (x)y WitIP'X bei nS% t he mass nunber and y the el ement synbol. [0047] The
term " r AfPEQIFUNPOWY SQUEE HEPRPIESeH A55lOSUht ext of radi oactivity of an

i sotope and includes both emtted particles and el ectromagnetic waves.

[ 0048] TIO37Er mFiGhStiag sthematic diagrarmed anexampleingohilstdevicaile.-gda smapdihgne)
particle n i ncl.udes ot her n- beta radjation, such as gamma rays and
X-I’ayS.WiﬁlH%? g?tﬁ%g‘faécr?T?W%restog(/cglO?gri’%prﬁaﬁ%trﬁ%l)oﬁ%ee" as used herein is
synonynpus Wi th "isotope-based power source,” since these two ternms are
of t en” uk9938kyndiRmBASNY 6B[showgideRpdap aissaissPetinelyorf arexatmdle cation cited

herein | s, lhcor ted herein by referenc i ding the follow ng U S
Pat ent s):"%B%‘gﬁ‘r?{‘Pgﬁ | §C4 %Or?,ve%sh&d/' lﬁﬁeﬁﬁ?ﬁﬁ%agasaar&:&é%{es and presentations:
7,301, 254; 7,622,532; 7,663, 288; 7,939, 986; 6 8,017,412; 8,134, 216;

8, 153, 4893901 T/ dathoys afststervéqye e diodgibased eRpEhe NG HIAnpere RRRIGY!Y

convert;rpa%g"dQélzg\Qeft-otﬁzqs%i#eS?%edZOOS | EEE; Presentation by the Arlington

Technol ogy socl ation, en ""The BetaBatteryTM - A long-life,

self-r gin tery," March, 03, 2010: resen ion by Larry L.
Cadekar 0086 ¢ e 2k BRI A€ot ArtbBit RE S O Setest tedbistats

Wor ksh : SAar, 43 Il ; ] The
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devi ce nohj applicati There are certain es of power, sources
hat *odoPR8e T Bl S ERmENa R i eninR 6 FER P8 SRR s B oY |
(1 sot opstdrA¥Bhobilesdt®: sty rounded by an energy conversion material (energy
conversion |ayer). The energy conversion |ayer acts like a generator. In

general i3, receives radiation,fr t he i sotope converts the energy of
the ra P?aéil]on ?ﬁ'o 'ﬁé‘é‘f'@r?"ef'gc??@ uﬁg,}aﬁe?z*.“? usgenOfg%ﬁﬁtas I?e e1%€etric current
that rephesSidhIaydr itthe®PRRAbRG NP YeMrcOf el ectrical power. [0051] The
present disclosure sets forth exanple betavoltaic power sources that can

produce at least 10 nw, and in preferred exanples, from hundreds of mv to
several watts, and which are sRETAILEREDESGRIPFOON e devi ces such as | aptops
and cell phones. Exanple useful lifetinmes for such devices is from3 nonths
to 10 \eed3d or R&febenteds sow maeyredstsil td O0&rdfskehiBodimersts af dadsabdsuee, di agr am of
an exanpl e betavol tai c_power source 6 that has a stacked structure defined
by enerefgmeleseéwdichrare dlstratedfin thesaccampaning danopss- (VERaexeBassinle) thed.  The
energy conversion layers 10 are interposed {ween me, or. al]l of the
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will recognize where the drawings have been simplified to illustrate the key aspects of the

disclosure.

[0044] The claims as set forth below are incorporated into and constitute part of this

Detailed Description.
[0045] The abbreviation “mw” as used herein means “milliwatts.”

[0046] Isotopes are denoted herein as (x)y, with x being the mass number and y the

element symbol.



[0053] I n an exanple, the material making up energy conversion |ayers 10
i ncludes or consists of GaN, while the material making up isotope |ayers
i ncl udes or consists of (179). Thus, in an exanpl e enbodi nent, betavoltaic
power source 6 has a stacked structure defined by GahV(l?Q)Ta/GahV(l?Q)Ta

[ &N (1 /1 10. bei ,
appro>(<| Mgfy fga ey orr"i‘g ag'gﬁgﬁe'ﬁg‘? %"ﬁcon\éﬁé%rﬂn 'ﬂ‘_"%ﬁ'tglﬁ?g%?ﬂsgt,oﬁehe
stacked, s} fnUtﬁPH{@otﬂfengﬁga\égéfcgéfs%f\HQ_Y&{ro &gp@%\!eﬁ defined by a sequence of

al ternating ayer-pairs ayers [0054] The speC| fic design
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devi ce; iclent average power generation to neet consumer needs; and
3) Envi finamidail dowes ab@rcethal used herat isfsyh@iybaous witteisotdp@basedtposvert

radi ation that is harnful to humans, the environnent or to any adjacent

el ect r offiugee,” $IOOTHRISHIROIRERS RER/@ften wseevnonMMaUslyf e. I n addition, the

em ssion fromthe decay process is generally known. The enission from
decayi n[poaspt opey pgemmaabliqatubmbf publithtort tieed ldrkiovis ingorpatagd herdn bl) Gamma
radi ation (gammas): This is radiation whose source is the nucleus of the

atom TieéereRes: W'L@F”&‘}ﬁ‘é follayying Posn PatenipepalgrERVRisatiery andpuklishgd aptidesat i on:
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ener gy Bt ron-i’s rre' ‘a’em’ssi’oh (‘betas): A

"beta" g $58953)26¢1 3@$ﬁzctﬂd}nsﬁerrg>m5|heeamgmavmﬁc@na*ggzomenteh@" gl7gogron is
nmeasured i n kev. ) Al pha emission (al phas): "al pha" particle is an
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Xx-rays into useful energy, and in particular into electrical energy. In an
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isotopes wherein one or more thin layers of isotope material (isotope layer) is/are

surrounded by an energy conversion material (energy conversion layer). The energy

conversion layer acts like a generator. In general, it receives radiation from the isotope and

converts the energy of the radiation into useful electricity, i.e., an amount of electric current

that represents a corresponding amount of electrical power.

[0051] The present disclosure sets forth example betavoltaic power sources that can
produce at least 10 mw, and in preferred examples, from hundreds of mw to several watts,
and which are suitable for mobile devices such as laptops and cell phones. Example useful

lifetimes for such devices is from 3 months to 10 years or 0.5 years to 5 years.

[0052] FIG. 1 is a schematic diagram of an example betavoltaic power source 6 that has
a stacked structure defined by energy conversion layers (films) 10 and isotope layers (films)
20. The energy conversion layers 10 are interposed between some or all of the isotope

layers 20. In an example such as shown in FIG. 1, the stacked structure includes alternating

energy conversion layers 10 and isotope layers 20.
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4) Alpha emission (alphas): An “alpha” particle is an ejected helium atom. The energy of

the “alpha” particles is measured in keV.

[0056] Note that gamma radiation and x-ray radiation is essentially the same (both are
electromagnetic radiation), except that the source of the radiation is different. Gammas

come from the nucleus of an atom and x-rays come from the orbiting electrons of an atom.

[0057] The example betavoltaic power sources 6 disclosed herein converts at least one

of betas, gammas and x-rays into useful energy, and in particular into electrical energy. In
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of isotope atoms and the half-life of the isotope. When the isotope layer is “fully

converted” (i.e., is undiluted by the presence of other materials), then the energy stored in

the isotope layer is maximized.

[0059] The only way to increase the power created by a betavoltaic power source is to
decrease the half-life of the isotope, thereby increasing the number of emitted particles per
unit time, since the number of source atoms in the isotope layer is constant. Therefore, for
higher-power and relatively short-lifetime devices (e.g., up to a ten years or just a few years,
or just a few months, and not tens of years), isotopes having correspondingly shorter half-

lives are required.

[0060] As most consumer mobile devices have a lifetime that can range from a few
months to a ten years (with most having a maximum lifetime of just a few years), isotopes
with a half-life of similar duration are considered herein, with a specific example half-life
being in the range from about 0.5 years to about 5 years. By starting off with an isotope
that has a shorter half-life than (63)Ni (and assuming both isotope layers are fully
converted), the number of emitted particles per unit time can be increased by the ratio of

the half-lives.

[0061] Also in an example, the betavoltaic power sources 6 disclosed herein utilize an
isotope whose emission would not be hazardous to a user. For gammas and x-ray
emissions, example isotopes for use in isotope layer 20 have energies less than

approximately 250 keV or even less than 200 keV.

[0062] In the betavoltaic power sources disclosed herein, the isotopes can emit betas, x-
rays or gammas. Both x-rays and gammas can create hole and electron pairs in GaN
material and assist in the energy creation. In an example, more than one type of isotope is

used. In an example, at least one of electrons (betas), x-rays and gammas are employed.



18.6 Charged particle and thermal neutron activation (194)0s 6.0 82 75 87
Thermal neutron activation (228)Ra 5.76 31 19 40 Naturally occurring
(155)Eu 4.76 146 50

[0063] Example criteria for the material used for the isotope layers 20 include the

following :

1) A short half-life that substantially matches the useful life of the mobile device or
application;

2) Emission of the requisite amount of stored energy in order to provide the requisite
amount of electrical power during that useful life time.

3) emits betas, gammas or x-rays with energies less than 250 keV.

4) emits betas, gammas and x-rays with energies greater than 15 keV.

5) Does not emit alpha particles.

[0064] Criterion 1 above requires extracting all the energy out of the isotope layer 20 in
a time that is similar to the useful lifetime of the mobile device. This ensures the maximum
power is available from betavoltaic power source 6. Criterion 2 ensures that the mobile
device will have sufficient electrical power. Criterion 3 ensures that the emission from the
isotope layer 20 can be used effectively without significant harmful side-effects to either the
mobile device or to humans. Criterion 4 is to ensure that the emission produces a useful
minimum amount of power. Criterion 5 avoids the aforementioned disadvantages of

energetic alpha particles.

[0065] Another criterion is that the energy conversion layers 10 be made of a lll-1V type
compound to make the betavoltaic power source 6 radiation-hardened. It is known that
silicon devices, with their smaller bandgap, are more prone to damage from high-energy

radiation and/or betas, whereas GaN or AlGaN devices are far more damage resistant.
[0066] In an example, it is preferred that the isotope material can be artificially created.

[0067] The Table below sets forth example isotopes and their half-lives, emission energy
and mode of production. Notice that the columns for the emitted species list the maximum
energy for that species. Typically, the emission is a continuum. For example, for (179)Ta,
the maximum x-ray emission is 65 keV. However, there is a continuum of emission from 6

keV to 65 keV. The lower energy x-rays are particularly useful for creating electricity.
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252 Fast and Ther nal
Thermal neutron activation (171)Tm 1.92 67 61 96 Fast and Ther nal

activation (172)H 1.87 202 63 284 Charged particle reaction

neutron activation (147)Pm 2.63 197 46 224 Fast and

neutron

half-life | Max | Max | Max .
[sotope (Years) Gamma | x-ray Beta Known Production Modes
(keV) (keV) (keV)
3H 12.3 18.6 Chalxrge‘d particle and thermal neutron
activation

(194)0s 6.0 82 75 87 Thermal neutron activation

(228)Ra 5.76 31 19 40 Naturally occurring

(155)Eu 4.76 146 50 252 | Fast and Thermal neutron activation
(147)Pm 2.63 197 46 224 Fast and Thermal neutron activation
(171)Tm 1.92 67 61 96 Fast and Thermal neutron activation
(172)Hf 1.87 202 63 284 | Charged particle reaction

(179)Ta 1.82 65 none 111 | Photon and fast neutron activation
(109)Cd 1.27 38 25 126 | Fast and Thermal neutron activation
(106)Ru 1.02 None none 39.4 | Fission by product

(68)Ge 0.74 None 10.4 106 | Charged particle reaction

(195)Au 0.51 211 78 226 Chayrge'd particle and fast neutron

activation

(45)Ca 0.45 12.4 4.5 257 | Fast and Thermal neutron activation
(139)Ce 0.38 166 39 112 Fast and Thermal neutron activation
(181)wW 0.33 152 67 188 Fast and Thermal neutron activation

[0068]

From the above list of isotopes and the criteria set forth above, the underlined

and bold isotopes in the Table are potentially best suited for use as isotope layers 20.

[0069]

Other isotopes in the above Table may be used under more select circumstances.

For example, those isotopes that emit higher-energy betas can still work, but may create

more damage in a GaN-based energy conversion layer 10. Isotopes that emit gammas that

are very high in energy will require additional shielding. Isotopes that have no known

artificial manufacturing process will have limit availability. Isotopes that are a product of

fission may also have limited availability.

[0070]

For mobile devices with expected useful lifetimes of approximately 10 years, it

may be desirable to use (3)H for isotope layers 20. Because (3)H (deuterium) is not a solid, in

an example embodiment the deuterium isotope layer 20 comprises deuterium combined

with another material to make the isotope layer solid.

[0071]

For mobile devices with a useful lifetime of about 5 years, (194)0Os is a desirable

isotope choice.

[0072]

For mobile devices with a useful lifetime of about 2 years, (179)Ta is a desirable

isotope choice.

11



179 Ta 1.82 65 none 111 Photon and fast neutron activation 109 Cd 1.27 88
25 126 Fast and Thermal neutron activation (106) Ru 1.02 None none 39.4
Fi ssion by product 68 Ge 0.74

[0073] For mobile devices with a useful lifetime of less than 1 year, (68)Ge is a desirable

isotope choice.

[0074] Thus, all of the isotopes listed above are potentially useful for isotope layers 20,

though some will be easier to work with and involve less expense.

Electrical current and power calculations

[0075] In order to assess how much electrical current and electrical power can be
generated by betavoltaic power source 6, assume an isotope layer 20 that is a 10 micron
thick layer of (179)Ta, with a half-life of 1.82 years. Further assume that 100% of the layer is
converted to isotopes. The (179)Ta isotope layer 20 emits 65 keV gammas and 111 keV
betas. The betas will be effectively absorbed in 10 to 20 microns of GaN. The absorption
length of 65 keV gammas in GaN will be over 100 microns, so that most of the gammas will
not be absorbed for the 10 to 20 microns thick GaN layer. The fraction of gammas that are

absorbed will add to the production of electrical power.

[0076] The estimated number of disintegrations per second from a 10 micron thick layer
(and an areaof 1 sz) of (179)Ta is approximately 1x10% per second. This is computed from
the calculated number of atoms in the film, half of which will disintegrate during the half-
life, divided by the half-life in seconds. The number of electron-hole pairs generated in the

conversion material is given by:
G= (N'E)/Eehp
where G is the number of electron-hole pairs generated, N is the number of disintegrations

per second, E is the beta particle energy and E.p, is the average energy that it takes to

generate an electron-hole-pair.

[0077] For 1x10™ disintegrations per second, about 1 milliamp of current is generated
from the 1 cm? isotope layer 20. Assuming a GaN energy conversion layer 10 that is 10
microns thick, the open circuit voltage is roughly 2.3 volts, which indicates a power

production of approximately 2 mw/cm”.

[0078] The actual power production will likely be slightly higher than this amount
because some of the gammas from isotope layer 20 will be captured by the GaN energy

conversion layer 10, and this will assist in the energy production. Approximately 15% of the

12



None 10.4 106 Charged particle reaction (195)Au 0.51 211 78 226 Charged
particle and fast neutron activation (45)Ca 0.45 12.4 4.5 257 Fast and
Thermal neutron activation (139)Ce 0.38 166 39

gammas are less than 10 keV, which will likely be absorbed in the GaN layer. If the isotope
layer 20 is 2 cm x 3 cm, the total amount of energy that can be produced is roughly 12 mw.

This is still too low to be adequate for cell phone use.

[0079] An example betavoltaic power source 6 includes between 10 and 250 layer pairs
30. This ability to combine the layer pairs 30 allows for construction of a betavoltaic power
source 6 that can provide an adequate amount of electrical power for the given mobile

device.

[0080] The actual thickness of energy conversion layer 10 depends upon its efficiency in
capturing the particles from isotope layer 20. Typically, a thickness of about 10 microns for
energy conversion layer 10 made of GaN would be sufficient to capture most of the 111 keV

betas emitted from an isotope layer 20 made of (179)Ta.

[0081] In an example betavoltaic power source 6, each isotope layer 20 is 10 microns
thick, and each energy conversion layer 10 is 10 microns thick, and the stacked structure has
50 layer pairs 30 that gives a total thickness of 1 mm. A typical cell phone may have a
battery that is roughly 2 cm x 3 cm x 1 mm. Thus, if the remaining dimensions are 2 cm x

3 c¢m, then a single layer pair 30 produces approximately 12 mw of power so that 50 layer
pairs 30 of GaN/(179)Ta generate roughly 600 mw of power. This is sufficient to power most
cell phones and smart phones. At the end of two years, the device would still generate

approximately 300 mw of power.

[0082] Notice that the betavoltaic power source 6 can also be scaled to fit within a
particular type of mobile device. For example, a typical tablet device has dimensions of
approximately 9” x 7”. Assuming the betavoltaic power source 6 needs to have dimensions
of 10 cm x 10 cm for an area of 100 cm?, a single layer pair 30 can produce 200 mw

(2 mw/cm? x 100 cm?). By creating a stack of 50 layer pairs 30 to define a total thickness of
1 mm, 10 watts of power can be produced. This is sufficient to power a tablet device for
several years. A 2 mm thick betavoltaic power source 6 formed by 100 layer pairs 30 is

sufficient to power a typical laptop computer.

Radiation-absorbing shield

[0083] Depending upon the particular isotope(s) used for isotope layers 20, it may be
necessary to encase at least a portion the betavoltaic power source 6 in a radiation-

13
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energy conversion layers 10 and isotope layers 20 before they can exit the stacked
structure. However, consumers and/or other electronics will need to be substantially
shielded from the gammas emitted near the edges of the stacked structure. Thus, in an
example, shield 40 has walls that are 1 mm thick and made of stainless steel, which is
sufficient to block the 65 keV gamma rays produced by isotope layers 20 made from

(179)Ta.

[0085] In an example where betavoltaic power source 6 is powered primarily with
isotope layers 20 made of (3)H (tritium), there are no emitted gammas or x-rays, and the
betas have an energy upper limit of 18.6 keV. For this example, 10 micron thick GaN energy
conversion layers 10 on either side of the (3)H isotope layers 20 is sufficient to act as a
shield for the betavoltaic power source 6. Since the lifetime of the (3)H isotope is 12.6
years, the number of particles emitted per unit time is reduced considerably from (179)Ta
(approximately 7x slower), and the average energy of betas is about 3x lower. This implies
that the average power for such a source will likely be about 20x lower than for the (179)Ta
source. Nevertheless, for certain mobile power applications that require low power, such a

betavoltaic power source can be useful.
Heat generation and cooling

[0086] The energy conversion materials used for energy conversion layers 10 (e.g., GaN
or AlGaN) are typically between 25-35% efficient. Therefore, an appreciable amount of
energy emitted by isotope layers 20 is turned into heat. For high-power devices (such as
laptops), it may be necessary to provide cooling conduits. Both the GaN (or AlGaN) energy

conversion layers 10 and the (179)Ta isotope layers 20 have good thermal conductivity.
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illustrated in FIG. 4A, there is more than one type of isotope layer 20, and these different

isotope layers are denoted as 20a and 20b. The different layers 20a and 20b as shown in

FIG. 4A can thought of as making up a combined isotope layer 20.

[0089] This embodiment for isotope layers 20 may be desirable if the mobile device to
be powered requires more power early in its life. For example, if the betavoltaic power
source includes 50 layer pairs 30, one could construct half of the isotope layers 20 (say,
layers 20a) from (179)Ta, and half of them (say, layers 20b) from (68)Ge. The (68)Ge
isotopes will decay more quickly and hence provide more initial power. In this way, one can
tailor the energy generation profile vs. time for the particular betavoltaic power source 6. In
some examples such as shown in FIG. 4A, the different isotope layers 20a and 20b can
reside immediately adjacent each other, i.e., not separated by an energy conversion layer

10. In another example illustrated in FIG. 4B, the isotope layers 20a and 20b alternate in the
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capturing the particles fromisotope |layer 20. Typically, a thickness of
about 10 m crons for energy conversion |layer 10 made of GaN woul d be
sufficient to capture nost of the 111 key betas emtted from an isotope

| ayer 20 nade of (179)Ta. [0081]1n an exanpl e betavoltaic power source 6,
each isotope |layer 20 is 10 mcrons thick, and each energy conversion |ayer
10 is maﬁke@rceﬁggqrm'erk, Inn#rexaner e eabRAN et rycanphisatinnsofdhe canfigurgignss 30
that giyves a t |, .t hi.ckness of nm A typical cell phone may have a
batterygf{%“ér}mi@ég?élﬁgaﬁfj&%fae e)&‘%&'cmx 1 mm Thus, if the remaining

di mrensions are 2 cmx 3 cm then a single layer pair 30 produces

appr oxi geviseint p]gzvérgegéraggwer so that 50 | ayer pairs 30 of GaN (179) Ta
generate roughly 600 nw of power. This is sufficient to power nost cell

phones mart f ayi : ld still
gener at @agggr o>€i frerg{lg??gﬁg}ertr%m\n&a%%m“&rr §5%g§§?§ﬁ%ﬁ%ﬂ&ﬁﬁggkﬁg gt avol taic
power Sgerddaee &netay1@d% of the tifdle0ehn Wheh ithe Mobild devicdapbiverdliafotthane: @ednobi | e

device. For exanple, a typical tablet device has di nensions of

appr oxi nencs} if becomeszossiptestardengrathrandsipeaveriaray or rierysesyan edes theawdile o
have di pensi.ons.of 10 cm O,cmfor an area of 0 cn?,,. a single |layer
pal r 30V IBRBMRSE BT i R B L au s 10BpRurea iR 0L ead ki 50
| ayer pabberl fyndebidiBiaic bBhR sd ek aeascifledhdh. He WRtblS delicPoypr can
be pr od'ulge .e Thtlws?c I'S sﬁ@f ?'gitpent ?o power actaebl et ! evﬁ%e ?Oor s\é'\clée)ra years.
A 2 mm inby elko betualecl doaventomatibatsary BaRatteléadricatig cbiynckOdd loaynelris piadrged BP 1 S
sufficient to power a typical |aptop conputer. Radiation-absorbing shield
[ 0083] Dé'ﬁé’l%ﬁvﬁga'ﬂ;ﬁéwefwfﬁ%@-ti cul ar isotope(s) used for isotope |ayers 20,
it my be necessary to encase at |east a portion the betavoltaic power
sour ce [0091] a iThads, &t aroexani@e, tebdoithicrpgywenteurcab.is dbnthinéd gitbwirddigonal

bet avol tai ¢ power source 6 of FIG 1 encased in radiation-absorbing shield
40 madeeleftrical sucaiieorn RASESYIIP SRR B P POEr OxEGRpITEe hYBTIAPPWAL EBEE bi ng

mat eri al, i n| |, 84 hi_ckn f.th i.at |.on- absor bi ng
el 1o otlobRE AR sBYAE Wb e oS gt PR B e BB T MiRer
bei ng us@tbr cRsha\Rlllphafie bR eabRdtes G¥erthg)fbeudeasticRrivihen nedddd ethishyay Biov it ope

| ayers 20. For exanple, for isotope %ayers 20 made from (179) Ta, the gamma
en ssi dhe petdysitait p6Heksurcd fita bemstlaskiddeweonlayenseadianwidf a bedlberar¢ai ¢ power
source 6 of FIGS. 1 and 2, the gammas generated near the center of the

st ack vgxll lPe absor bed bg nergy conversion |layers 10 and isotope |ayers 20
bef or e TARW' CENFrE%FIVEREORPYB%ed structure. However, consuners and/or other
el ectronics will need to be substantially shielded fromthe gammas emtted
near tHBOR]gesFigh. thendbBatethempticdiag@msthids viemnanghtopyiavplrespestivaly)df40 has
wal s that are 1 .t hick and de of stainless steel ich is.sufficient
'o. br ok SAEPEe RS AR § 2040 B RSP E S B o APPSO SR
(179) TaoulAREThE Rnefky @ ERLIEn 1MYEF B0 RE! 26l 104 DONRIm SQUERR, B lafig BBWET ed
primarily with isotope layers 20 made of (3)H (tritium, there are no

em t t ediganamesn etample ayentation of pasithet asl fegudvadieanalegy20pped 120Mi t of 18.6

keV. For this exanple, 10 micron thick GaN ene‘ry?y conversion |ayers 10 on
ei t her ESpegy capverpien (BpHLO stusise alPaned 1ayer 18P god pp drdapeddayesdPNas a shiel d
for the _betavql talg power sour 6. Since the lifetinme of the (3)H isotope
is 12. éeﬁ’/aé feg?nyt%ﬁmﬁ%éqn I8Yerp1§?'ti cles emtted per unit tinme is reduced
considerably from (179) Ta (approxi mately 7x slower), and the average energy
of bet 43093 aptift PBRIveGRENegatiyeselpsindesd 20 and L3N earehepsitnpgitorPWsuch a
sourcecw 1l i kel : t f 9)T rce. .
Nevert rf%}dl Aeassg!dt%(%f M%Q@ftgﬁ%q%%%gp%%%%ﬁ” app eitgétabgﬁggt% ﬁ'a%f e?&? iLtr0 e’ r(%'\/(\)/'r‘poyver,
such a|d)et &y ahd 8h EhdQANRS si8OWUE Bffsa@Nahousmel FIG. 7h6Ad 70aReF3bé@Redid cool i ng
[ 0086] The energy conversion materials used for energy conversion |ayers 10
(e.g., viesNthatillustrate an example embodiment of a betavoltaic power source 6 having a

multilayer stack configuration. FIG. 7C is a side view of the betavoltaic power source 6 as

shown electrically connected via electrical leads (wires) 104 to external device 100, such as
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or AlGaN) are typically between 25-35% efficient. Therefore, an appreciable
anount of energy emtted by isotope layers 20 is turned into heat. For

hi gh- power devices (such as | aptops), it may be necessary to provide
cooling conduits. Both the GaN (or Al GaN) energy conversion |ayers 10 and
the (179)Ta isotope |ayers 20 have good thermal conductivity. FIG 3 is

si i | ar batgerposmobilg dgvisholie RIneVAUHER { HH ek thg inBhvatage oM ge elsnaews 50

t hat pasls(htrhsr outg{(ljltglcps 1%glack so that heat 60 generated within the stack can
be drawd OUT°PSt Che®Stack thr ough the cooling conduits and then dissipated.
In an exanple, conduits 50 can be made of a solid material of high thermal

conduct gydrgy corfiégdiomfayePihaeincludieRlGecat i on [0087] During the life of
bet avol tai c power source 6, the em ssion fromthe isotope |ayers 20 wl|

sl ow y : < if i ' i t he
over” ofRER: o EsbU AL he b Rt dr e Rl R TR on o AR BB '
or i gi nage Veffidient E&kolbhtells heasipdtn rhhdd sndl@sisinaibr €o tie daidel gtHirctUre

bet avol taic power source 6 so that it can generate sufficient power (i.e.,
enough reastedfercbesadliaid mversantses. & an axamplpaihe Se ratenalder prerBvr mance
requirenents. at a select f e date. For anple, if 100 of wer is
neaded (B Bpirdp@raTaE oo e chdebhmekaatartr ey poivegronayRarsif T | &
desi 1 abldrddo MR b EQIRELAY Bhl AirkysD AVRTs WRLERe Calr BRRBARAAI, BRPYIoM NI
approximately 2 mv of initial power, so that after two years, the source
is stilpowdridahibageseratéd:i ent power of 100 mw. Multiple isotopes [0088] Not
all of the isotope layers 20 in betavoltaic power source 6 need to be made
of the g8 | SQIPRSIIRLRE] B exahlDlERtEYAHEY SoRdr8dieR® thadd ot MephdtmigC power
source 6 illustrated in FIG 4A, there is nore than one type of isotope

| ayer 28yeranfl(68ies eSaihf§ emdigtirati®otcopbe lusgcefos appleatiemowbkeredbe Rfsginanaf 20b.
The different |ayers 20a _and 20b_as shown in FIG 4A can thought of as
maki ng B (e8)EsrmnRsePiiaie fefhe paRlsation. Itixmrsy HatSedapagiytento Fare Psot ope

| ayers dfglgderrgysefﬁeen%f3 ; roﬁylrgi Inflayt rr“iO WRRhlir?th%es\éhce%gxp%'nafgaﬁ?{ﬁsrea(iio hiskdlar €S
nore power early | i PSVTTPIPR . YEGr exanpl e, 1T the betavoltalic power source

i ncl udegio@QbhRM@heRA dofivatSiondfer.coul d construct half of the isotope |ayers
20 (say, layers 20a) from (179)Ta, and half of them (say, |ayers 20b) from

(68) Ce. [Oga)-%@eﬁ 6%%%@9%?@? é’\llgg)?aﬁcf}glle beflG6/Yc PB&vgr ﬂigjlr&ké Xanaiﬂgugggﬁ%o%r{%\p’i%%%‘? ror e

initial ne can tarlor t energy generatio ile
vs. tinm® g dheomaisotspd IaferPir ompl If&i atdBrABssed Aiodes abthd dhes@@no¥aHn s
such as shown in FIG 4A, the different isotope |layers 20a and 20b can
resi de layaredld ta ednyeetdhaeeergy &aohthetisnsppe layers 20nioto elegieieitn dptByhavevener gy
conversjon |layer 10. In anather exanple, illusirated ip FIG 4B, the isotope
| ayerst ﬁtathéhﬁ‘e ‘B%ﬁefjé?ﬂﬁf'%' MaKing, P %%%WEB%NG@BPQ‘%’?%%Y “AWeRP exanpl e
enbodi : [ I t f bioarad i ra 4A and 48
can be%terép%ggﬁg?gg?’%%&%‘?g Sge'e%’gresg | &E‘%ég%%ﬁ%fég’?%gﬁg%&t ﬁgs bet avol t ai c
power soHfigeratiodbslORe dwidebemany fayblsathat geneadie phogycad energiyneddOtvict t he
tinme, even when the nobile device it powers is not being used. Hence, it
beconme$spohinsiver @p Ggirkiederkasgd gorfigwratianse M cpafigyratien alge magipeizesihen t he
nmobi | e dev%ce.li Iself is not in use. FIG 5 discloses a nobile device 100
havi ng ‘8% 8 §¥ﬁ'3éef8§°eand that is powered by the betavoltaic power source 6
as disclosed herein. The nobil e device 100 may also include a conventional
bat t er J08 R hat Itayibbe ppeaenitothariedilied it Hhedrd thd varaysgradifigatians apdt avol t ai c

power source 6. [[0091] Th in_an.e | e val.t aj [ . e 6is
combi nd8" YK an{ble%‘?cht(?#g? PEP& (;'?C)é%rap%\évﬁpggtt%p%gﬁ&@O'ﬁgﬁ%‘c’e@@?%% Ccreate a
hybri d spQyess tROWIsERsurENGhBYRTd iftPaABE that AME frR st d¥fosuR cdlRPEHet | Ng pover
when the nobile device is not in use (for exanple, while the owner of the
cel | pmonkficationabhdvariationb efhindjicldsore pswidedttbey gdrea witbadibe .scapd of thmy al | ow
for the betavoltaic power source 6 to be nade with fewer |layers and/or with
a snml |2gpPenrgasLlaims Ipf theiep@tvpleenver si on | ayer
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[ 0092] FI GS. 6A and 6B are schematic diagrans (side view and top view,
respectively) of an exanpl e enbodi nent of a di ode-based energy conversion

| ayer 10 for betavoltaic power source 6. The energy conversion |layer 10 has
atop 12 and a bottom 14. FIGS. 6A and 6B illustrate an exanple orientation
of positive and negative el ectrodes 120P and 120N. Energy conversion | ayer
10 i ncl Whasisglamegédsed | ayer 10P and an N-doped | ayer 10N separated by a P/ N
junction |ayer 10.1. [0093] The positive and negative el ectrodes 120P and
120N can be positioned to allow for easy integration with isotope |ayers 20
(e.g., @t the 4100, ahidRIQ b Rice $6ES SBbAOBMAEHRIhg AYsRFyl libtAfel on the sane
side, but offset, as shown). FIG 7A and 7B are respective side views that

i Il ustraimprdsingexanpl e enbodi nent of a betavoltaic power source 6 having a
mul tilayer stack configuration. FIG 7Cis a side view of the betavoltaic
power source @ PAdralityqlpsosoreclaysreaitlyecbritrierByei @irisingandsgtoPeads (wi r es)

104 to external  device.100 _such as batter r il.e I The pl us
vol t ageatsgia Bt EHe Y vt Py B rortid Lt o BB Tttt Lo
| eads 10oulEfle¥ gy INNEE Sle@itr tRWPEbJURAL kEVEhHI RS tHaR dBAPFd kevs BRYLWaR! SO be
noted that energy conversion |ayers 10 can include or consist of Ce.

Ef fici dife tiGe isidtarcecabbst hAyearbeethabmdes ywacs; ané sinmilar to the device
architecture needed far betavoltai c power sour the Ge

6. | | e,
material for AMStTGYYOERVRBYICORAUPRIY eﬁ?O”t@é?PSSQ%FB’E‘}eG;P?‘In%@?@gBE?F&F(‘?Q?g t he
fze: g?’slgg%;%(zlch%q réc%Yv%r n'dtc%ﬁ\llért thed rrg\ﬁfé&% tpgubié)tﬁ)tﬁn@ &Lt 2nd X-rays.

pace can be conserved, nore power can be generated.
[ 0095] Ru@icihtith bb®ier tHeafiolil: @XaRver Rl AR liktindoower source 6 made from
alternating | ayers of (68)Ce. Such a configuration can be used for
applications where the lifetime of the (68)Ge is appropriate for the
application. i S. noted that Ge can be used.to ke .a, di ode- based ener gy
cohver don' | ayif bIGUREERPPE 8 AoV DI Lo L HesEp gt ion
di ode- hased shsri@veaenversion |ayer. [0096] Accordingly, an exanple
betavol?gﬁccpo Y source 6 can include an isotope layer 20 (e.g., a (139)Ta
i sotope layer) for long life, and Ge-based di odes as the energy conversion
| ayers 10 to convert the energy fromthe isotope |ayers 20 into
electriZity. Noedethvolieie@ower beutrce perordingtaadaiphbevhargindpe gnengiki ng up t he

di ode enbodi nent of ener anver si I r .10 can,al so be an isotope
(e.g., PBYSELN [Peht ea&BZ‘&?%E?’i"E e8§/\?&31°é'§¥§ﬂf?9? ?OT%C?Q'C&WH guration all ows
for twice as many |l ayers that generate energy and thus generate tw ce as
much power as GaN di ode- based configurations. This configuration also

maxi m zes t heThsketaboltaiapdadr usqeaazeordir@dd €]dim winherdie ttepipatiopaimadteridl ivos e
skilled in the art that various nodifications and varjations can be made to
the pr eskesteddras thasgrospwf isatane aissplicagPrising: the EBHAs: (AT dbFETHf t he

a1 Ao Caes (el PAERE s of Scl ocure provi ded they come. wi thi n

the scope of the appended clains and their equivalents. Wat is clained
is: 1. A betavoltaic power source for a nobile device having a useful
lifetire, conphesetagoltaic power souecemcuordinigtty cEimils btrtee cbapesing awadihtigach

i sotope |layer conprising an i sotope material that emts radiation as either
bet a p@Pfq%fr@ssh'%@) pRSrably Argasemta Rig¥ei4le Hstaan?f%ﬂ%mr%sra@rﬁéma fHat is

greaterfrom@ﬂgﬁgﬂw%&%g’véﬁ%ﬂ L ISSEIscet han about 200 keV, and a half-life that

is between a years and "about 5 years; and

6. The betavoltaic power source according to claim 1, wherein adjacent isotope and
energy conversion layers define layer pairs and wherein the betavoltaic power source

includes between 10 and 250 layer pairs.

7. The betavoltaic power source according to claim 1, wherein the isotope layers are

made of the same isotope material.
18



a plurality of energy conversion |layers interposed between sone or all the
i sotope layers and that receive and convert the energy fromthe radiation
into electrical energy sufficient to power the nobile device over the
useful lifetinme. 2. The betavoltaic power source according to claiml,
wherein the energy conversion |ayers conprise GaN. 3. The betavoltaic
power source according to claim1, wherein the energy conversion |ayers
each haye a thickness of about 10 m crons.to 20.m cron 4. T

ot avol Vai ¢ pderoSoimals R et o g d fa ambaBi rra bl She materi al
i s sel egbadicdireamtdyheadeQ¥R0Pfwi sot ope materials conprising: (3)H (194)0s,
(171) Tm (179)Ta, (109)Cd, (68)CGe, (159)Ce, and (181)W 5. The betavoltaic
power source according to claiml1, further conprising a radiation-absorbing
shi el d oper abl arranﬁed to prevent the beta particles, x-rays and gama
rays frdm exi tthA§etavaltpiepawer sairee HEREtnsOH® 1, whereip gheyagidli dfai ¢ power
source %cqﬂraiengrtqs Ct'léés%éo V\v/\r/]erei n adj acent isotope and energy conversion
| ayers e e fé{r ?)al i°s ~and™Wherei n the betavol taic power source includes
bet ween 10 and 250 | ayer pairs. 7. The betavoltaic power source according
to claim1, wherein the isotope |ayers are nade of the sane isotope

mat eri alQ. 8. Thhbetreblaiopbakcsqoereaccsolingte daimdk, diniertinclediag pedingwher ei n

t he anount of el ectrical ?ner%,is at least 10 nw. 9. The betavoltaic power
sour ce @ABItHthAG eBoYa hakirem tisdstPpe aEeRRIBUFRNVYSTSIYN 18¥8Fi cal energy is at
| east 100 mwv. 10. The betavol taic power source according to claim1,
further including cooling conduits that renove heat fromthe isotope and
ener gy rionver $heBeladye4is powddsouFdteadaeidmOiotobdi 1) Byvetiersompeisingek@mdbng t o
claim1l, further conprising the nobile device electrically connected to the
bet avol dexice glavivigally conrasted tohe hetswolgiobewkesqyveser source for a nobile

devi ce having a useful lifetinme, conprising: a plurality of

i sotope layers, with each isotope |ayer conprising an isotope naterial that
emts radiati [ gﬁﬂ@ f : j than about 15
keV andﬁldess ?hrbaeﬁg)ggg%tp%glgg ey%3 fd;rr?dﬁgﬁLa %"Eélgﬁa(\a/'n ﬁg{sgﬁgﬁ%gﬁ/\tgen about 0.5
years aaehprRgt 5 years; and a plurality of energy conversion

| ayers interposed between sone or all the isotope |ayers and that receive
and convert tR@Iwpliygfisprapslevess, Madi eachootons oy @narisinglandspiPBy of no | ess

than 10 nw.to power the nohile device over the useful lifetine. «, The
bet avol PAFERHORET e R ey Pa g e PEF A ED e e7tRr R BPURAT BT ¢ he
ener gy fra¥SifaPihd R%ED ReaN@ A IFE ehatli BAWEeR abodt.5 V8% s BRE a¥eliAil C power
source according to claim13, wherein the diode structure includes either
GaN or years; add. The betavol taic power source according to claim 14, wherein
the Ge conprises )
a plurality of energy conversion layers interposed between some or all the isotope
layers and that receive and convert the energy from the radiation into electrical energy of

no less than 10 mw to power the mobile device over the useful lifetime.

13. The betavoltaic power source according to claim 12, wherein one or more of the

energy conversion layers have a diode structure.

14. The betavoltaic power source according to claim 13, wherein the diode structure

includes either GaN or Ge.

15. The betavoltaic power source according to claim 14, wherein the Ge comprises

(68)Ge.
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(68) Ce. 16. The betavoltaic power source according to claim 12, wherein
adj acent isotope and energy conversion |layers define |ayer pairs, and
wherein the betavoltai c power source includes between 10 and 250 | ayer
pairs. 17. The betavoltaic power source according to claim12, wherein the

i sotope |layers_are fornmed fromthe sane isotope material. 18. The
bet avol t&i ¢ polits betayatiais rawassavisg aE@ringitorrlam Liyydiesein adipceptisrtapr and

i ncludes_at |east.one of bet rticles, Xx-r r . 9. The

bt avol €218 HETECarTs ARE P I 6 s S B Re PR FRIT Bal®Y Roured®: e

nobi | e geiueen&lRehnbaal byo yerestsed to the betavoltaic power source. 20.

The betavoltaic power source according to claim12, further conprising a

conventional battery electrically connected to the betavoltaic power

sour ce.
17 The betavoltaic power source according to claim 12, wherein the isotope layers

are formed from the same isotope material.

18. The betavoltaic power source according to claim 12, wherein the radiation

includes at least one of beta particles, x-rays and gamma rays.

19. The betavoltaic power source according to claim 12, further comprising the mobile

device electrically connected to the betavoltaic power source.

20. The betavoltaic power source according to claim 12, further comprising a

conventional battery electrically connected to the betavoltaic power source.
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