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Lon gev ity of sen sors and por ta ble de vices is se verely lim ited by tem per a ture, chem i cal in sta -
bil ity, and elec tro lyte leak age is sues as so ci ated with con ven tional elec tro chem i cal bat ter ies.
Betavoltaics, which op er ate sim i lar to photo voltaics, can op er ate in a wide tem per a ture range
safely with out per ma nent deg ra da tion.  Though not a new con cept, which be gan in the 1950's 
and peaked in the mid 1970's, re search has been min i mal and spo radic un til re cent ad vance -
ments in ul tra-low power elec tron ics and ma te ri al iza tion of low power ap pli ca tions. The
tech nol ogy is rap idly ma tur ing, gen er at ing re search, and de vel op ment in in creas ing the beta
emit ting source and semi con duc tor ef fi cien cies. This study pres ents an up date on betavoltaic
tech nol ogy, re sults from tem per a ture eval u a tion on com mer cially avail able Gen eral Li censed
betavoltaic cells, de vel op ment of a hy brid sys tem for la tent and burst power, mod el ing and
sim u la tion tech niques and re sults, and cur rent and pro posed re search and de vel op ment.
Betavoltaic per for mance was suc cess fully dem on strated for a wide tem per a ture range (–30 °C 
to 70 °C). Short cir cuit cur rent and open cir cuit volt age were used to com pare elec tri cal per -
for mance. Re sults in di cate that the open-cir cuit volt age and max i mum power de creased as
tem per a ture in creased due to in creases in the semi con duc tor's in trin sic car rier con cen tra tion.

Key words: betavoltaic, ra dio iso tope power source, en ergy har vest ing, hy brid bat tery, solid-state bat tery,
beta emit ter, p-n junc tion, la tent power, low power, mod el ling

INTRODUCTION

Ra di a tion in ter ac tion with ma te ri als can have
ben e fi cial uses, such as in betavoltaic cells, a type of
ra dio iso tope power source where the ki netic en ergy
as so ci ated with beta (b–) de cay is con verted into elec -
tric ity. Though not a new con cept, re search and de vel -
op ment has been min i mal for many years due to lim -
ited low-power ap pli ca tions, rapid semi con duc tor
deg ra da tion, lim ited avail abil ity and high cost of suit -
able ra dio iso topes, and pub lic per cep tion. Novel and
com pel ling need-based ap pli ca tions are emerg ing in
the mil i tary, in tel li gence, com mer cial, and med i cal
mar kets that can uti lize the di min u tive en ergy pro -
duced from such cells. Pres ent-day mi cro-elec tro me -
chani cal sys tems and elec tronic de vices make
betavoltaics an at trac tive al ter na tive to elec tro chem i -
cal bat ter ies en abling ap pli ca tions to per form for much 
lon ger pe ri ods in ex treme tem per a tures. Un like con -
ven tional elec tro chem i cal bat ter ies, com mer cially
avail able betavoltaics can op er ate in ex cess of 10 years 

over tem per a tures rang ing from –55 °C to 150 °C [1].
Since the tech nol ogy is far from ma ture, many chal -
lenges and is sues re main to be solved to im prove ef fi -
ciency and en ergy den sity, and re duce cost, which will
be dis cussed in the back ground sec tion of this pa per. 

Lit tle per for mance and ag ing data ex ists on cur rent
betavoltaic tech nol ogy. Fur ther more, tem per a ture be -
hav ior data are not known. Betavoltaics made by City
Labs are be ing eval u ated un der tem per a ture and other
ex ter nal forces such at elec tric fields, mag netic fields and
high en ergy ra di a tion in the form of neu trons and gamma
rays. The re sults will pro vide a bench mark for in sert ing
betavoltaics into ap pli ca tions.

Ra dio iso topes are en coun tered by ev ery one
daily and are used safely in many lo ca tions, such as
house holds, hos pi tals, re tail stores, and air craft. For
ex am ple, smoke de tec tors rely on am er i cium-241 for
sens ing smoke.  Hos pi tals use ra dio graphic im ag ing
de vices and trac ers in many of their treat ment pro to -
cols. Tri tium is used in many prod ucts, such as exit
signs, gun sights, and watches to pro vide il lu mi na tion.
Pro me thium-147 (147Pm), a by prod uct of nu clear fis -
sion, has been used to il lu mi nate gauges for air craft.
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Be fore these de vices be come avail able, a Sealed
Source & De vice Reg is tra tion (SSDR) is re quired
from the U.S. Nu clear Reg u la tory Com mis sion (NRC) 
or agree ment state. Nat u rally oc cur ring ra dio iso topes,
such as po tas sium-40, tri tium (T), and car bon-14 are
rou tinely found in the hu man body from in ges tion of
food and wa ter.  Cos mic ra di a tion is con stantly pres ent 
where ex po sure in creases with al ti tude.

BACKGROUND AND THEORY
OF OPERATION 

The first betavoltaic bat tery was de vel oped in
1953 at the RCA by Rappaport. The de vice yielded an
ef fi ciency of only 0.2 % and de graded rap idly due to
ra di a tion dam age from the beta source, stron tium-90
[2-4]. Sev eral oth ers con tin ued re search us ing 147Pm
but were only able to achieve <1 % ef fi ciency [5, 6].
The most prom is ing ef fort in the early his tory of
betavoltaic de vel op ments oc curred ca. 1974 through
re search led by Olsen at the Don ald W. Douglas Lab o -
ra to ries [7-9]. Olsen's Betacel bat tery ex hib ited a 4 %
ef fi ciency us ing 147Pm and sil i con p n junc tions. Over
285 pa tients re ceived pace mak ers pow ered by the
Betacel bat ter ies, 60 pa tients in side the United States.
Ger man and U. S. med i cal in sti tu tions were se ri ously
con sid er ing the Betacel for wider use. The United
States Atomic En ergy Com mis sion (USAEC) had au -
tho rized the li cens ing in the United States of a Clin i cal
In ves ti ga tion Pro gram that al lowed the im plan ta tion
of 50 Betacel pace mak ers per month [10]. How ever,
strides in lith ium bat tery de vel op ment en tered onto the 
scene and were sub se quently se lected for pace mak ers
in stead [11].

Most re search and de vel op ment in the last 10 years
has con cen trated on de signs us ing tri tium; since the ra di -
a tion dam age is low and thus eas ily shielded, and rel a -
tively avail able. City Labs suc cess fully pro duced tri tium
betavoltaic pro to types in 2008 (fig. 1), that are still op er -
at ing. The  Nano Tri tium™ betavoltaic was granted a
NRC Gen eral Li cense which is ap proved for man u fac -
ture and sales within the United States.

A re cent Re cent sur veys of the betavoltaic power 
sources show var ied ap pli ca tions of the betavoltaics

[12, 13] in di cat ing they are a safe en abling tech nol ogy
for mil i tary and com mer cial ap pli ca tions;very long
op er at ing life un der harsh en vi ron men tal con di tions.
The cur rent lit er a ture in di cates better semi con duc tor
ma te ri als such as sil i con and gal lium nitride and tri -
tium and nickel-63 as best beta sources [13]. There are
a few com mer cial com pa nies that are de vel op ing
betavoltaic cells at power ranges of mi cro watts. The
tech nol ogy is far from ma tu rity with much room for
im prove ment. Spe cific chal lenges ex ist in the load ing
of tri tium in thin films, large as pect ra tio beta sources,
ra di a tion dam age in the p-n junc tion ma te rial and en -
hance ment of en ergy con ver sion ef fi ciency. Ef forts to
im prove betavoltaic con ver sion ef fi cien cies are cur -
rently on-go ing as re searcher's ex per i ment with
three-di men sional de vice ar chi tec tures, op ti mize semi 
con duc tor ma te rial growth tech niques, and in ves ti gate 
uti liz ing tri tium stored in dif fer ent phases of mat ter.

A betavoltaic cell cre ates elec tric ity sim i lar to a
pho to vol taic or so lar cell [14,15]. In a betavoltaic cell,
elec trons are pro duced in di rectly via the ki netic en -
ergy of the beta par ti cles in ter act ing within the semi -
con duc tor. The ba sic con cept of op er a tion is shown in
fig. 2. The beta par ti cle en ters the p-n junc tion and col -
lides with at oms cre at ing elec tron-hole pairs (EHP) as
it slows down. A por tion of the ki netic en ergy is lost to
the lat tice. A 5 keV par ti cle cre ates 1000 or more EHP,
and those cre ated near the in trin sic or de ple tion re gion
con trib ute to the gen er ated cur rent col lected at the
con tacts. The num ber of EHP is pro por tional to the
band gap en ergy of the ma te rial, the min i mum en ergy
for an elec tron to move to the con duc tion band, and the 
num ber of de fects or traps where re com bi na tion oc -
curs. The holes are ac cel er ated to the p-side col lec tor
and the elec trons are ac cel er ated to the n-side col lec -
tor. EHP cre ated out side the de ple tion layer quickly re -
com bine and pro vide a net cur rent of zero. With a load
con nected, the elec trons travel from the n-side,
through the load and back to the p-side. The elec tri cal
char ac ter is tic for a sin gle di ode is shown in fig. 3. The
peak power oc curs at about 0.8 V and can be used in a
con stant cur rent mode or con stant volt age mode, de -
pend ing on the ap pli ca tion. The cells can be stacked in
par al lel and se ries.

The high en ergy beta or other ra di a tion can af fect
or de grade the per for mance of the p-n junc tion. The ef -
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Fig ure 1. City Labs nanotritiumTM betavoltaics Fig ure 2. Over view of a betavoltaic cell



fects of ra di a tion on the per for mance of so lar cells have
been stud ied with the goal of de vel op ing so lar cells that
have greater re sis tance to ra di a tion. The ra di a tion as of
neu tron and gamma rays on the Si so lar cells un der low
light con di tions show re duced ef fi ciency up to 42 %
from the ini tial val ues for a sin gle cell and up to 47 % 
for poly-crys tal line cells [16, 17].

Com bin ing the betavoltaic in par al lel with a
solid-state lith ium re charge able (sec ond ary) bat tery
can pro vide la tent and burst power for many ap pli ca -
tions. In a de sign us ing a Cymbet 50 µAh lith ium
solid-state re charge able bat tery, the op er at ing tem per -
a ture is lim ited to 85 °C, the max i mum op er at ing tem -
per a ture of the bat tery. The power of the betavoltaic
will be based on the burst power re quired and duty cy -
cle of the sen sor. Var i ous meth ods of con trol ling the
betavoltaic cur rent to pre vent over charg ing the
solid-state bat tery is be ing in ves ti gated. A hy brid de -
sign, shown sche mat i cally in fig. 4 will al le vi ate
self-dis charge losses at high tem per a tures.

EXPERIMENTS 

The I-V char ac ter is tics of each betavoltaic were
mea sured at var i ous tem per a ture con di tions. The setup 
shown in fig. 5, con sists of a tem per a ture cham ber,
source mea sure ment unit and a per sonal com puter
(PC) with data ac qui si tion soft ware. Mon i tor ca bles
are 24 gauge twisted pairs shielded to remove noise.

The temperature cham ber is a Test Eq uity Model
107, which is pro gram ma ble to op er ate from 132 °C
down to –40 °C and does not re quire liq uid ni tro gen
forcooling. Betavoltaics are tested in side the cham ber.
A cham ber was pro grammed to the pro file shown in
fig. 6 where  the  tem per a ture is cy cled daily  be tween

80 °C, 25 °C and –40 °C. A ther mo cou ple read tem per -
a ture data and stored the read ings in a sep a rate
standalone data log ger in stalled on the PC. Ramp time
be tween tem per a tures is one hour. Betavoltaic mea -
sure ments are taken 30 min utes af ter a tem per a ture is
reached to allow for thermal equilibrium.

The Keithley 2602B source mea sure ment unit
(SMU) is used to per form cur rent-volt age mea sure ments 
(or I-V curves). Both chan nels are used; chan nel A con -
nects to cell 1 and chan nel B con nects to cell 2. The unit is 
in ter faced with a PC by Ethernet. Mea sure ments are
pres ently ex e cuted us ing a Keithley TSP (Test Script
Pro ces sor) Ex press soft ware tool. LabView GUI is be ing
de vel oped to in voke the Keithley to con duct and I-V test
and save data. Both chan nels can be op er ated si mul ta -
neously. Each chan nel can source the cur rent and mea -
sure volt age or source volt age and mea sure the cur rent.
The source can ei ther be stepped as shown be low or
pulsed in a pos i tive or neg a tive di rec tion. Other op tions
are sam ple rates, in te gra tion time and num ber of mea -
sure ment loops. The re sults can be viewed, plot ted and
saved in the Data tab.

RESULTS 

Betavoltaics were eval u ated un der tem per a ture
from –30 °C to 70 °C by ap ply ing a volt age and sink ing
the cur rent us ing a Keithley 2602B source mea sure -
ment unit. For in di vid ual cells, Cur rent-volt age (I-V)
curves were ac quired by step ping the volt age from 1.00
V to -0.10 V in steps of 1 mV and mea sur ing the cur rent. 
Fig ure 7 shows I-V curves mea sured on Sam ple BV07.
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Fig ure 3. Typ i cal I-V char ac ter is tics of a betavoltaic cell

Fig ure 4. Hy brid betavoltaic and lith ium battery

Fig ure 5. Betavoltaic ex per i ment set-up

Fig ure 6. Tem per a ture cy cling pro file for
betavoltaic eval u a tion



From cold to hot, the open-cir cuit volt age, Voc, de -
creased from 0.95 V to 0.65 V while the short-cir cuit
cur rent (Isc) in creased from 82 nA to 86 nA. Be cause of
the strong tem per a ture de pend ence on volt age, the
max i mum power in creases with de creas ing tem per a -
ture.

Six betavoltaic cells con nected in the se ries were 
eval u ated from –30 °C to 70 °C. I-V curves were ac -
quired by step ping the volt age from 5.00 V to 0.10 V in 
steps of 5 mV and mea sur ing the cur rent. Fig ure 8
shows that betavoltaics can op er ate in se ries where Voc

and Isc op er ate sim i lar to in di vid ual cells. To fully
charge the bat tery to 4.1 V in a hy brid de sign, seven
betavoltaic cells in se ries are needed at 70 °C while
five cells are needed at  30 °C. The lith ium solid-state
re charge able bat tery per for mance eval u ated un der
tem per a tures from  30 °C to 70 °C showed that the
charge/dis charge times in crease by 20 % from the
cold est tem per a ture.A hy brid de sign that op er ates at
both ex tremes re quires con trol cir cuitry that is be ing
de vel oped to pre vent over charg ing the bat tery.

A plot of Voc vs. tem per a ture for sam ples BV06
and BV07 in fig. 9 in di cates it de creases at a rate of 4.0
and 3.2 mV/K, re spec tively. The dif fer ence in the Voc

vs. tem per a ture rate is a func tion of the p-n junc tion
prop er ties, which in di cated the vari abil ity be tween
lots when they were made.

The sen si tiv ity of the cur rent and tem per a ture
was eval u ated by plot ting Isc vs. tem per a ture. Fig ure
10 shows that the cur rent de creases with tem per a ture

at a rate of 0.025 and 0.044 nA/K for Sam ples BV06
and BV07, re spec tively. The large dif fer ence be tween
the cur rent is due to the passivation qual ity of the p-n
junc tion sur face.

CONCLUSIONS

Betavoltaic power sources are a safe en abling
tech nol ogy for mil i tary and com mer cial ap pli ca tions
that re quire de cad al time pe ri ods un der harsh en vi ron -
men tal con di tions. Hy brid de signs where betavoltaics
trickle charge a solid-state bat tery or ca pac i tor of fer
po ten tial uses in sen sors and sur veil lance de vices. The
fact that betavoltaics de liver more power as tem per a -
ture de creases makes them a suit able re place ment for
cold tem per a ture ap pli ca tions where bat ter ies fail.
Though per for mance de grades at a higher tem per a -
ture, it is not per ma nent and re turns to its same per for -
mance as the tem per a ture low ers. The tech nol ogy is
far from ma tu rity with much room for im prove ment.
Un der stand ing the ef fects of tem per a ture and other ex -
ter nal forces on per for mance will as sist de sign ers in
us ing the tech nol ogy and re search in iden ti fy ing crit i -
cal ar eas that can be im proved.
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PERFORMANSE  BETANAPONSKIH  BATERIJA
PRI  EKSTREMNIM  TEMPERATURAMA

Dugove~nost senzora i prenosivih ure|aja zna~ajno je ograni~ena temperaturom,
hemijskom nestabilno{}u i curewem elektrolita kod konvencionalnih elektrohemijskih
baterija. Betanaponske baterije, koje rade sli~no fotonaponskim, mogu pouzdano slu`iti u
{irokom temperaturnom opsegu bez trajnog slabqewa. Iako ovo nije novina, zapo~eta 50-ih godina
pro{log veka sa vrhuncem 70-ih godina, istra`ivawe u ovoj oblasti bilo je minimalno i uzgredno,
sve do skora{weg napretka u elektronici ultraniskih snaga i dostignu}a primene niskih snaga.
Tehnologija je ubrzano sazrevala, podsti~u}i istra`ivawa i razvoj u pove}awu izvora beta
zra~ewa i efikasnosti poluprovodnika. Ovaj rad predstavqa savremen prikaz tehnologije
betanaponskih baterija, rezultata procene uticaja tem per a ture na komercijalno dostupne
licencirane betanaponske baterije, razvoja hibridnog sistema za latentnu i snagu praska,
modelovawa i tehnike simulacije sa rezultatima, teku}eg i daqeg pravca razvoja i istra`ivawa.
Svojstva betanaponskih baterija uspe{no su predstvqena u {irokom opsegu temperatura od ‡30 °C
do 70 °C, kori{}ewem struje kratkog spoja i napona praznog hoda ‡ radi pore|ewa elektri~nih
performansi. Rezultati pokazuju da usled rasta sopstvene koncentracije nosilaca naelektrisawa
poluprovodnika, napon praznog hoda i maksimalna snaga opadaju sa porastom tem per a ture.

Kqu~ne re~i: betanaponska baterija, snaga radioaktivnog izvora, prikupqawe energije,
.........................hibridna baterija, poluprovodni~ka baterija, beta emiter, p-n spoj, latentna
.........................snaga, niska snaga, modelovawe


