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Longevity of sensors and portable devices is severely limited by temperature, chemical insta-
bility, and electrolyte leakage issues associated with conventional electrochemical batteries.
Betavoltaics, which operate similar to photo voltaics, can operate in a wide temperature range
safely without permanent degradation. Though not a new concept, which began in the 1950's
and peaked in the mid 1970's, research has been minimal and sporadic until recent advance-
ments in ultra-low power electronics and materialization of low power applications. The
technology is rapidly maturing, generating research, and development in increasing the beta
emitting source and semiconductor efficiencies. This study presents an update on betavoltaic
technology, results from temperature evaluation on commercially available General Licensed
betavoltaic cells, development of a hybrid system for latent and burst power, modeling and
simulation techniques and results, and current and proposed research and development.
Betavoltaic performance was successfully demonstrated for a wide temperature range (-30 °C
to 70 °C). Short circuit current and open circuit voltage were used to compare electrical per-
formance. Results indicate that the open-circuit voltage and maximum power decreased as
temperature increased due to increases in the semiconductor's intrinsic carrier concentration.

Key words: betavoltaic, radioisotope power source, energy harvesting, hybrid battery, solid-state battery,
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INTRODUCTION

Radiation interaction with materials can have
beneficial uses, such as in betavoltaic cells, a type of
radioisotope power source where the kinetic energy
associated with beta (") decay is converted into elec-
tricity. Though not a new concept, research and devel-
opment has been minimal for many years due to lim-
ited low-power applications, rapid semiconductor
degradation, limited availability and high cost of suit-
able radioisotopes, and public perception. Novel and
compelling need-based applications are emerging in
the military, intelligence, commercial, and medical
markets that can utilize the diminutive energy pro-
duced from such cells. Present-day micro-electrome-
chanical systems and -electronic devices make
betavoltaics an attractive alternative to electrochemi-
cal batteries enabling applications to perform for much
longer periods in extreme temperatures. Unlike con-
ventional electrochemical batteries, commercially
available betavoltaics can operate in excess of 10 years
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over temperatures ranging from —55 °C to 150 °C [1].
Since the technology is far from mature, many chal-
lenges and issues remain to be solved to improve effi-
ciency and energy density, and reduce cost, which will
be discussed in the background section of this paper.

Little performance and aging data exists on current
betavoltaic technology. Furthermore, temperature be-
havior data are not known. Betavoltaics made by City
Labs are being evaluated under temperature and other
external forces such at electric fields, magnetic fields and
high energy radiation in the form of neutrons and gamma
rays. The results will provide a benchmark for inserting
betavoltaics into applications.

Radioisotopes are encountered by everyone
daily and are used safely in many locations, such as
households, hospitals, retail stores, and aircraft. For
example, smoke detectors rely on americium-241 for
sensing smoke. Hospitals use radiographic imaging
devices and tracers in many of their treatment proto-
cols. Tritium is used in many products, such as exit
signs, gun sights, and watches to provide illumination.
Promethium-147 (**’Pm), a byproduct of nuclear fis-
sion, has been used to illuminate gauges for aircraft.
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Before these devices become available, a Sealed
Source & Device Registration (SSDR) is required
from the U.S. Nuclear Regulatory Commission (NRC)
or agreement state. Naturally occurring radioisotopes,
such as potassium-40, trititum (T), and carbon-14 are
routinely found in the human body from ingestion of
food and water. Cosmic radiation is constantly present
where exposure increases with altitude.

BACKGROUND AND THEORY
OF OPERATION

The first betavoltaic battery was developed in
1953 at the RCA by Rappaport. The device yielded an
efficiency of only 0.2 % and degraded rapidly due to
radiation damage from the beta source, strontium-90
[2-4]. Several others continued research using TPm
but were only able to achieve <1 % efficiency [5, 6].
The most promising effort in the early history of
betavoltaic developments occurred ca. 1974 through
research led by Olsen at the Donald W. Douglas Labo-
ratories [7-9]. Olsen's Betacel battery exhibited a 4 %
efficiency using "“’Pm and silicon p n junctions. Over
285 patients received pacemakers powered by the
Betacel batteries, 60 patients inside the United States.
German and U. S. medical institutions were seriously
considering the Betacel for wider use. The United
States Atomic Energy Commission (USAEC) had au-
thorized the licensing in the United States of a Clinical
Investigation Program that allowed the implantation
of 50 Betacel pacemakers per month [10]. However,
strides in lithium battery development entered onto the
scene and were subsequently selected for pacemakers
instead [11].

Mostresearch and development in the last 10 years
has concentrated on designs using tritium; since the radi-
ation damage is low and thus easily shielded, and rela-
tively available. City Labs successfully produced trititum
betavoltaic prototypes in 2008 (fig. 1), that are still oper-
ating. The Nano Tritum™ betavoltaic was granted a
NRC General License which is approved for manufac-
ture and sales within the United States.

Arecent Recent surveys of the betavoltaic power
sources show varied applications of the betavoltaics

Figure 1. City Labs nanotritiumTM betavoltaics

[12, 13] indicating they are a safe enabling technology
for military and commercial applications;very long
operating life under harsh environmental conditions.
The current literature indicates better semi conductor
materials such as silicon and gallium nitride and tri-
tium and nickel-63 as best beta sources [13]. There are
a few commercial companies that are developing
betavoltaic cells at power ranges of micro watts. The
technology is far from maturity with much room for
improvement. Specific challenges exist in the loading
of trittum in thin films, large aspect ratio beta sources,
radiation damage in the p-n junction material and en-
hancement of energy conversion efficiency. Efforts to
improve betavoltaic conversion efficiencies are cur-
rently on-going as researcher's experiment with
three-dimensional device architectures, optimize semi
conductor material growth techniques, and investigate
utilizing trittum stored in different phases of matter.

A betavoltaic cell creates electricity similar to a
photovoltaic or solar cell [14,15]. In a betavoltaic cell,
electrons are produced indirectly via the kinetic en-
ergy of the beta particles interacting within the semi-
conductor. The basic concept of operation is shown in
fig. 2. The beta particle enters the p-n junction and col-
lides with atoms creating electron-hole pairs (EHP) as
itslows down. A portion of the kinetic energy is lost to
the lattice. A 5 keV particle creates 1000 or more EHP,
and those created near the intrinsic or depletion region
contribute to the generated current collected at the
contacts. The number of EHP is proportional to the
band gap energy of the material, the minimum energy
for an electron to move to the conduction band, and the
number of defects or traps where recombination oc-
curs. The holes are accelerated to the p-side collector
and the electrons are accelerated to the n-side collec-
tor. EHP created outside the depletion layer quickly re-
combine and provide a net current of zero. With a load
connected, the electrons travel from the n-side,
through the load and back to the p-side. The electrical
characteristic for a single diode is shown in fig. 3. The
peak power occurs at about 0.8 V and can be used in a
constant current mode or constant voltage mode, de-
pending on the application. The cells can be stacked in
parallel and series.

The high energy beta or other radiation can affect
or degrade the performance of the p-n junction. The ef-

[ Radiation source |

R s e s
@‘@f%‘%@ P —%— i< e
f ?\' Q\ . JN-type

tessessessass sressissassseiicieasiesess

Figure 2. Overview of a betavoltaic cell
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Figure 3. Typical I-V characteristics of a betavoltaic cell

fects of radiation on the performance of solar cells have
been studied with the goal of developing solar cells that
have greater resistance to radiation. The radiation as of
neutron and gamma rays on the Si solar cells under low
light conditions show reduced efficiency up to 42 %
from the initial values for a single cell and up to 47 %
for poly-crystalline cells [16, 17].

Combining the betavoltaic in parallel with a
solid-state lithium rechargeable (secondary) battery
can provide latent and burst power for many applica-
tions. In a design using a Cymbet 50 pAh lithium
solid-state rechargeable battery, the operating temper-
ature is limited to 85 °C, the maximum operating tem-
perature of the battery. The power of the betavoltaic
will be based on the burst power required and duty cy-
cle of the sensor. Various methods of controlling the
betavoltaic current to prevent overcharging the
solid-state battery is being investigated. A hybrid de-
sign, shown schematically in fig. 4 will alleviate
self-discharge losses at high temperatures.
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Figure 4. Hybrid betavoltaic and lithium battery

EXPERIMENTS

The I-V characteristics of each betavoltaic were
measured at various temperature conditions. The setup
shown in fig. 5, consists of a temperature chamber,
source measurement unit and a personal computer
(PC) with data acquisition software. Monitor cables
are 24 gauge twisted pairs shielded to remove noise.

The temperature chamber is a Test Equity Model
107, which is programmable to operate from 132 °C
down to —40 °C and does not require liquid nitrogen
forcooling. Betavoltaics are tested inside the chamber.
A chamber was programmed to the profile shown in
fig. 6 where the temperature is cycled daily between

Temperature cycling

Temperature [°C]

0 4 8 12 16 20 24
Duration (hours)

Figure 6. Temperature cycling profile for
betavoltaic evaluation

80 °C, 25 °C and —40 °C. A thermocouple read temper-
ature data and stored the readings in a separate
standalone data logger installed on the PC. Ramp time
between temperatures is one hour. Betavoltaic mea-
surements are taken 30 minutes after a temperature is
reached to allow for thermal equilibrium.

The Keithley 2602B source measurement unit
(SMU) is used to perform current-voltage measurements
(or I-V curves). Both channels are used; channel A con-
nects to cell 1 and channel B connects to cell 2. The unit is
interfaced with a PC by Ethernet. Measurements are
presently executed using a Keithley TSP (Test Script
Processor) Express software tool. LabView GUI is being
developed to invoke the Keithley to conduct and I-V test
and save data. Both channels can be operated simulta-
neously. Each channel can source the current and mea-
sure voltage or source voltage and measure the current.
The source can either be stepped as shown below or
pulsed in a positive or negative direction. Other options
are sample rates, integration time and number of mea-
surement loops. The results can be viewed, plotted and
saved in the Data tab.

RESULTS

Betavoltaics were evaluated under temperature
from—30 °C to 70 °C by applying a voltage and sinking
the current using a Keithley 2602B source measure-
ment unit. For individual cells, Current-voltage (I-V)
curves were acquired by stepping the voltage from 1.00
V10-0.10 Vinsteps of 1 mV and measuring the current.
Figure 7 shows I-V curves measured on Sample BV07.
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Figure 7. I-V curveds of sample BV07 at temperatures
from —30 °C to 70 °C

From cold to hot, the open-circuit voltage, V., de-
creased from 0.95 V to 0.65 V while the short-circuit
current (/) increased from 82 nA to 86 nA. Because of
the strong temperature dependence on voltage, the
maximum power increases with decreasing tempera-
ture.

Six betavoltaic cells connected in the series were
evaluated from —30 °C to 70 °C. I-V curves were ac-
quired by stepping the voltage from 5.00 Vt0 0.10 Vin
steps of 5 mV and measuring the current. Figure 8
shows that betavoltaics can operate in series where V.
and I, operate similar to individual cells. To fully
charge the battery to 4.1 V in a hybrid design, seven
betavoltaic cells in series are needed at 70 °C while
five cells are needed at 30 °C. The lithium solid-state
rechargeable battery performance evaluated under
temperatures from 30 °C to 70 °C showed that the
charge/discharge times increase by 20 % from the
coldest temperature.A hybrid design that operates at
both extremes requires control circuitry that is being
developed to prevent overcharging the battery.

A plot of V. vs. temperature for samples BV06
and BVO07in fig. 9 indicates it decreases at a rate 0f 4.0
and 3.2 mV/K, respectively. The difference in the V7,
vs. temperature rate is a function of the p-n junction
properties, which indicated the variability between
lots when they were made.

The sensitivity of the current and temperature
was evaluated by plotting /. vs. temperature. Figure
10 shows that the current decreases with temperature

Betavoltaic 60-cell in series V-1 behavior under temperature
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Figure 8. I-V curves of six samples (BV07-BV11)
connected in series at temperatures from —-30 °C to 70 °C
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Figure 10. ;. vs. temperature for samples BV06
and BV07

at a rate of 0.025 and 0.044 nA/K for Samples BV06
and BVO07, respectively. The large difference between
the current is due to the passivation quality of the p-n
junction surface.

CONCLUSIONS

Betavoltaic power sources are a safe enabling
technology for military and commercial applications
that require decadal time periods under harsh environ-
mental conditions. Hybrid designs where betavoltaics
trickle charge a solid-state battery or capacitor offer
potential uses in sensors and surveillance devices. The
fact that betavoltaics deliver more power as tempera-
ture decreases makes them a suitable replacement for
cold temperature applications where batteries fail.
Though performance degrades at a higher tempera-
ture, it is not permanent and returns to its same perfor-
mance as the temperature lowers. The technology is
far from maturity with much room for improvement.
Understanding the effects of temperature and other ex-
ternal forces on performance will assist designers in
using the technology and research in identifying criti-
cal areas that can be improved.
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NEP®OPMAHCE BETAHAIIOHCKUX BATEPUJA
NP EKCTPEMHUM TEMIIEPATYPAMA

JlyroBeyHOCT ceH3Opa W MpeHOCHBHX ypebaja 3HaUYajHO je OrpaHWYEeHA TEMIIEPaTypPOM,
XEMHjCKOM HeCTaOWNHOIIhy U IypemeM eJIeKTPONINTAa KO KOHBEHIMOHATHHUX €JIEKTPOXEMU]jCKUX
6arepuja. berananoncke Gartepuje, Koje pajie CINYHO (POTOHANMOHCKHUM, MOTY TIOY3[][aHO CIY>KUTHU Y
IIMTPOKOM TEMIIEPATyPHOM or1icery 6e3 TpajHor cinabibetha. Mlako oBO HUje HOBUHA, 3amodeTa SO-1x rognHa
IPOIILIOT BeKa ca BpXyHIeM 70-1X TO[iHA, UCTPAKABAKE ¥ OBOj 00JIACTH OWIIO je MUHIMAJHO U y3TPEMIHO,
CBE JIO CKOpAIIlkETr HAPETKa Y €JIeKTPOHUIM YITPAHUCKUX CHAra u JOCTUrHyha mpuMeHe HUCKUX CHara.
Texnonoruja je yOp3aHO ca3peBaia, mojpcTuuyhm mcTpaxkuBama M pas3Boj y nosehamwy m3Bopa Oeta
3pauema W e(pUKACHOCTH TOJympoBogHWKa. OBaj paj IpencTaBlba caBpeMeH INPUKa3 TEXHOJIOTHje
OceTaHAIOHCKUX OaTepwja, pe3yiTaTa NpPOICHEe yTHIaja TeMIepaType Ha KOMEPIHjallHO JOCTYITHE
JUICHIMpaHe OeTaHAINOHCKe OaTepuje, pa3Boja XHOPUAHOI CHCTEMa 3a JIATEHTHY M CHary mpacka,
MOJIEJIOBaha U TEXHUKE CUMYJIaNFje ca pe3yiaTaTuMa, TeKyher i fajber mpaslja pa3Boja U HCTPaKUBAA.
CgojcTBa 6eTaHATOHCKUX OaTepHja YCIEITHO CYy MPEACTBIbeHA Y MMPOKOM oricery Temrepatypa off —30 °C
no 70 °C, xopuntheweM cTpyje KpaTKOT CIIOja U HAallOHA MPa3HOT Xofa — paju nopehemwa eIeKTPUIHUX
nepcopmancu. Pesynraru nokasyjy a ycies pacta CONCTBEHe KOHIEHTpallje HoCuIalla HaeleKTpUCcama
MOJIYITPOBOIHIKA, HATIOH MIPA3HOT XO/la U MaKCHMaJjlHa CHara oIajiajy ca mopacToM TemIepaTtype.

Kmwyune peuu: bettianaiioncka baitiepuja, cHaza paouoaxiiueHoz u3sopa, Upuxkyilbarse eHepauje,
Xubpuona baitiepuja, ioayiuposooHu4Ka baitiepuja, beitia emuitiep, p-n Ciloj, AailleHIlIHA
CHA2a, HUCKA CHAZd, MOOCAOBAHE



