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ABSTRACT

Currently, no portable power source extends beyond 10
years in extreme temperature environments, e.g. -40°C to 80°C.
Conventional eectrochemical batteries do not perform well at
extreme temperatures and rarely operate longer than 5 years,
thermally induced performance degradation is common.
However, commercial betavoltaic batteries can operate in
excess of 10 years over extreme temperatures. Potential
applications for low-power betavoltaic sources may be found in
distributed power systems, sensors, remote power, and bio-
medical devices & implants. Betavoltaic technology is rapidly
maturing, giving rise to numerous areas of research and
development, e.g. beta source and semiconductor efficiency.
This study presents an update on some current aspects of
betavoltaics, challenges existing within the technology, and
research and development currently being conducted. The
substrate material that serves as the sync or storage medium
for the radioisotope source has become a significant challenge
due to issues associated with loading techniques, thin-film
properties, beta-particle interaction, and defect damage.
Recent betavoltaic designs invoking tritium stored as tritides in
titanium and scandium demonstrated a number of practical
difficulties yielding to material damage and inconsistent tritium
concentrations. Various material modifications and hydrogen
loading techniques are being evaluated to proof new methods,
materials and designs that result in less expensive tritiated foils
with consistent concentrations. Modeling experiments are being
conducted to verify and validate the loading and storage
mechanism of tritiumin the metal hydrides.
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INTRODUCTION

Radiation interaction with materials can have bieredf
uses, such as in betavoltaic cells, a type of isaliope power
source where the kinetic energy associated with {Fet decay
is converted into electricity. Though not a new aapt,
research and development has been minimal for nyaays
due to limited low-power applications, rapid seranrductor
degradation, limited availability and high cost etitable
radioisotopes, and public perception. Novel ancthpelling
need-based applications are emerging in the nyilitar
intelligence, commercial, and medical markets ttaat utilize
the diminutive energy produced from such cellsesent-day
micro-electromechanical systems and electronic cdsvinake
betavoltaics an attractive alternative to electemaital
batteries enabling applications to perform for muohger

periods in extreme temperatures. Unlike conventiona

electrochemical batteries, commercially availab&aloltaics
can operate in excess of 10 years over temperatarggng
from -55°C to 150°C [1]. Because the technologyaisfrom
mature, many challenges and issues remain to bedsdb
improve efficiency and energy density, and reduzst,owhich
will be discussed in the background section of plaiger.

In tritium based designs, the substrate materi $erves
as the sync or storage medium for the tritium hesolme a
significant challenge. Tritium can be efficienttyored as a
solid in metal rather than as a compressed gabadiRen (Pd)
can store up to 900 times its volume of hydrogerroam
temperature leading to an H:Pd ratio of 0.6 [2, Sjcandium
(Sc) and titanium (Ti) can store larger amountsyafrogen by
forming hydrides, ScHand TiH. Recent beta source designs
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invoking tritium stored as tritides demonstratechiamber of

practical difficulties with loading echniques and substre

damage. Air and moisture contaminate the surface wt

increases the activatiorenergy necessary r diffusion.

Substrates around 500 nm thick asxessarto efficiently fuel

betavoltaicsdue to shielding from the metallic subst. The

current method in producing tritiatedrfis israther expensive,
time consuming, not consistent, amat well understood

To better understand the hydrogéprotium, Deuteriun
and Tritium) absorption process thin films, a hydrogen
loading system capable pfessures and temperatures of 1
psi and 500°C respectively, was designed and b Initial
experiments are being conduci@dpressures less than 1 ba
simulate the present loading systeleing developed b
industry. A fourwire probe was incorporated to perform in ¢
resistivity measurements to understatié thermodynamics
during hydrogen loading and unloadingResistivity is a
measurement that can provide usdéffibrmationabout the film
as it hydrides. such as interface contacainber of conductio
electrons, and surface contaminatioAbsorbed hydrogen
quantified by accurate terapature and pressure measureme

Various types of thin film substrates areing investigated
to determine if combinations of metal storage nmalewith a
catalyst lower the energy needed for hydrogen taadind
hydrogen retention. The loading procedsPd films is not
difficult due to a cleaner surface and a catalytic eff
Recently developed graphene films may provide aek
substrate at a muclower cost. Graphene (~2.0 g®) has a
lower density than Sc (3.0g/éjrand Ti (4.5 g/cr), but has a
comparable hydrogen density when fully loaded: heme
(0.12 kg/L), Sc (0.13 kg/L) and Ti (0.18 kg/[4]. The beta
flux and energy distribution at the surfaafethese ully loaded
tritiated films are being simulated using MSET (Monte Carlo
Simulation of Electron Trajectories in solii [5].

Little performance data exists on current betai®
technology. Furthermore, temperature behavind aging
phenomena are not knowiiwo betavoltaic cellmade by City
Labs were obtained fronAir Force Research Laboratori
(AFRL) and are beingevaluated under temperatureThe
results will provide a benchmark for the design,
understanding on lothey operate, and a basis to determir
a correlation exists with solar activity [6].

BACKGROUND

Radioisotopes are encountered daily and are udely sa
many applications with some shown kigure 1, such as for
households, hospitals, retail stores and aircr&moke
detectors rely on americium-243*am) for sensing smoke
Hospitals use xay machines, chemotherapy, and tracers (
in many of the protocols. Tritiun?H) is currently used t
provide illumination, such as in exit signs, gughés and wris
watches. Promethium-14¥Pm)has been used touminate
gauges for aircraft. Bananas nally contain trace amounts

potassium-40*fK). Studies have also shown that an of
building receives a larger dose of radiation frdme Sun ani
space than inside a nuclear power plant. The gemit
requirements of theNuclear Regulatory committeeNRC)
often delay development until a general licenseaasealec
source and device permit is granted, which can talyear ol
more because of testing and the approval proc
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Figure 1. Examples of use of radioisotopes

Betavoltaic Electrical Conversion

A direct conversion betavoltaic is comprised of
components, the p-junction and the beta source. Electricit
produced similar to a photovoltaic using the kioethergy of
the beta particles. The basic concept of operdatioshown in
Figure 2. Beta pé#cles enter the-n junction and collide with
atoms creating electrdmle pairs (EHPs) as they slow dow
A 5 keV particle creates ove1000 EHPs, and deposits some
energy into the lattice. In the depletion regidmles are
accelerated to the gide collector and the electrons
accelerated to the side collector. EHPs created outside
depletion layer quickly recombine and provide acurrent of
zero. With a load connected, the electrons trarahfthe I-
side, through the load and back to tt-side. Because EHP
exhibit relatively short lives, the voltage deveddpis a
function of the semiconductor material and enerfyyhe beta
particle.
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Figure 2. Voltaic Operation; conversion of radiation into
electricity.

The electrical output of dbetavoltaic resembles that of a
diode as shown ithe normalized plot itFigure 3. The peak
power occurs about 0#nes open-circuit voltage (). Tow
modes of operatiorexist: tefore the peak power point is
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constant current modand after the peak power point
constant voltage mode.
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Figure 3. Betavoltaic power characteristics.

Hybrid designs consistingof a betavoltaic an
rechargeable battery or capacitor are be&xglorec to provide
both latent and burst power. The basic schenof a hybrid
design is shown in Figure 4he betavoltaic will trickle charg
the battery or capacitor. Bacse betavoltaicsare high
impedance devices, additional circuitrgay be needed to
match the lower impedance of the battewith capacitors, the
effective series resistance must be considle

S ———

Figure 4. Hybrid betavoltaic and battery.

History of Betavoltaics

The first betavoltaic battery was developed in 186BRCA
by Rappaport. The device yielded an efficiencynoly 0.2%
and degraded rapidly due to radiation damage frivomtsun--
90 (°Sr) [7]. Several others continued research u
promethium-147 }('Pm) but were only able to achieve <:
efficiency [8, 9] The most promising effort in betavolta
occurred inca. 1974 through research led by Olset the
Donald W. Douglas Laboratories [10]The Betacel batter
shown in Figure bexhibited 400 pW and a 4% efficiency us
’Pm and silicon m junctions. The Betacel was used
pacemakers that were implanted in over 285 pati€&ds$nside
the United States. German and U.S. medical inistita were
seriously considerin the Betacel for wider use. The Unii
States Atomic Energy Commission (USAEC) had auteat
the licensing of 50 Betacel pacemakers per mq[11].
However, strides in lithium battery developmentezedl ontc

the scene and were subsequently selected for paees
instead [10] In the last 10 years, designs using tritium
amorphous silicon, and krypt-85 ¢°Kr) and silicon carbide
(SiC), and nickel-63%Ni) and SiC, exhibited high degradati
rates [12-14] Others are researchingdirect methods of
energy conversion to avoid semiconductor degradassues

Positive Terminal

EB Weld

Ceramic Insulator

SS Outer
Housing

Tantalum Primary
Housing

Figure 5. 400 pW Betacel battery [10].

Recent research and development has concentratt
designs using tritium for its low radiation energase ir
shielding and availability. Tritium is used in nygoroducts fol
illumination, such as exit signs, gun sights, anatohes. /2
general license is required from the U.S. Nucleagiatory
Commission (NRC) before the device can be purchdmse
anyone. City Labs, Inc. currently produces aumitibetavoltaic
shown in Figure 6hat exhibits the highest an overall efficier
of 7.5%, and has been granted the first generahdie foi
betavoltaics by the NRC.

- ™
Mano Fritiam ranery
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Figure 6. NanoTritium™ betavoltaics.

Challenges in Betavoltaic Technology

Challengegoal based objectives have been establishe
the Defense Advanced Research Projects Ag[15] to pursue
for developing futuristic betavoltaicells: (1) 35 mW of
continuous power output, (2) size 13, (3) <1% self-induced
radiological degradation per year in power outpat] (4) <50(
mrems/year radiation leakage at 30. To obtain the power in
a one cm package, the overall efficiency muincrease
dramatically beyond the 10 percent claimed maxin
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The overall efficiency is controlled by the betausm,
electron-hole  production and semiconductor sulsstrat
following Eqgn. (1).

,70veraJI :,7ﬂ,7con\/75ub @)

The beta emission efficiency, is limited by self-
shielding of the beta source, isotropic beta emissand
reflections. The conversion efficiengyson, includes the EHP
generation rate and recombination rate. The saflestr
conversion efficiency,/74, is controlled by the geometry,
doping and quality of semiconductor.

Beta energy spectrum

Beta decay does not occur at specific discretegeeer
rather, the emitted electrons form a continuousggngpectrum
which is different for each isotope. Figure 4 sboavgeneric
beta energy spectrum. The average energy is tipioae-
third the maximum energy. Factors such as se#igdinig and
low enrichment reduce the quantity of betas thaalfy reach
the betavoltaic converter device. The extent dfsgelding
increases with isotope layer thickness and densiwnother
important factor is the penetration depth of thtalgarticle in
material. The range is a function of the matesidensity and
can be estimated using the relationship of Eqnfqd.klectron
energy less than 2.5 MeV [16].

(1.265- 0.095411E, )

R, 0o=041%E, | [ g-cm] (1)
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Figure 7. Normalized Beta Energy Spectrum

P-N junction

In choosing the base material for the p-n junctitre
material density, band gap energy, and resistiniyst be
considered. Table 1 shows these characteristicedmmon
semiconductors. High bandgap materials exhibit ligen-
circuit voltages and low reverse (dark) currentewidver, the
higher resistivity values indicate a high defechsigy which
reduces the conversion efficiency. The surface antk
resistivity of a semiconductor are a function of thumber of
defects (traps) and impurities [17]. A layer otrimsic or

undoped semiconductor substrate can be left indmtvthe p-
side and n-side to widen the depletion layer.

Table 1. Characteristics of common semiconductor materials at
room temperature [18].

Property S GaAs 4HSIC GaN AIN Diamond
Density (g/er) 2.33 540 321 6.0 326 352
Bandgap (eV) 1.1 143 326 345 62 545

Resistivity Q-cm) 1000 <10° >10? >10° >10° >10°

Beta emitting source

When selecting a beta emitting isotope, the maxirbeta
energy and decay half-life are the most importaitérga. The
beta energy from®Sr and ®Kr exceeds the minimum
dislocation energy of 300 keV which results in ssonductor
damage and bremsstrahlung [19]. The 25-day ha&f-tf
phosphorus-33 is too short for a long operatirg liTherefore,
of the three potential isotopes in Table 2, tritiisnthe most
attractive. Tritium is readily available from OritaPower in
Canada and is least expensive at $3.50/Ci. Risste only
provider of**Pm and®™Ni, which are costly at >$1000/Ci [20]
and $4000/Ci [1], respectively. Reprocessing & thS. could
help alleviate these obstacles making them attactgain for
radioisotope power.

Table 2. Potential radioisotopes.
EAVG E

Isotope  Tin(yr) (keV) (kg\alx) Cilg W/g Cost/Ci

Tritium 12.33 5.7 18.5 9,664 0.33 $3.5
Ni-63 1001 171 67 59 0.006 $4,000

Pm-147 2.6 65 220 600 0.22  $1,000

Tritium loading process

The tritium loading process is the major challerfge
direct conversion betavoltaics; it is expensiveeticonsuming,
and lacks control which results in inconsistenttiumi
concentrations and damage to films. The absorhietal is
typically deposited on stainless steel foils oiceit substrates.
Tritium is currently loaded into thin films at Kitres in
Canada using a sealed system designed to captwsedin
tritium. The samples can be heated up to 500°Qewttie
tritium pressure ranges from 1 bar up to 100 bargua pump.
A newer system is being built in Canada with better
temperature control and tritium purity, but the gmere is
limited to 1 bar. Therefore, the substrates meshbated to
temperatures in excess of 400°C to initiate diffnsiand in
many cases, the metallic film often becomes damalyexito
tensile and compressive stresses develop at the- thi
film/substrate interface due to tritum absorptioand
mismatches in thermal expansion. Such stressedeaanto
delamination and buckling, similar to the growth t@énium
oxide as shown in Figure 8 [21].
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Figure 8. Delamination and buckling of TiOx.

Minimal research

A

literature survey was conducted using the Compend

Database accessed through the Purdue Universitytary

portal

in June 2013. Variations of betavoltaic evased as the

search keyword. The results exhibited some intiageslata on

when

articles were published and who published them

shown in Figure 9. Prior to 1976, only 12 articlesre
published. Since 1976, 138 journal articles wenrgliphed, and
of those, 104 or 75% were published in the lasysiers. Over
90% of the articles were published in the U.S. uigio 2007.

Since

then, the number of publications on betawdtay U.S.

institutions dropped below 20%, while the number of
publications for China increased to over 75%. @anand
Norway have been conducting some research andrcbsea
emerging in Korea, Italy, Australia and Iran.
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Figure 9. Publications by year since 1976 on
Betavoltaic Technology based on Compendex
Database generated on June 7, 2013

HYDROGEN LOADING SYSTEM

A

system was needed that could accurately monfter t

hydrogen absorption process into metallic filmschsuas
temperature, pressure and resistivity. For aistagoint, the
system at Greenway Energy located in the HydrogeseRrch
laboratory at Savannah River National Lab (SRNL} wsed to
develop the following preliminary specifications:

1) Reactor that can hold many samples and withstand

high temperatures and pressures of 500°C and
1000 psi.

2) Small control volume to provide better resolution f
pressure measurements.

3) Wire feed-throughs for electrical measurements.

4) Accurate temperature, pressure, voltage and current
measurements and control.

From here, the design was an iterative processubglibhg
system with available materials and components]uatian
and testing, and replacing with specific componearts and
components designed for high pressure systemsexttemely
low leak rates are expensive. Care was takendaarehing
components and materials to ensure they satisfgigdlyand
system requirements.  Accurate volume calculati@re
necessary, especially at high pressures, in omdrave the
differential pressure transducer operating withi working
range. Experiments consist of parametric studievdrying
pressure and temperature, and studies based oa gilagsams.

System Design

The schematic of the hydrogen loading system (HisS)
shown in Figure 11 and contains 12 valves. Themelthat is
measured in experiments is referred as the CoMpbime
which consists of volumes 3 and 4. The Referenaanve
consists of volume 5 and is used to provide a emiseference
pressure on the high side of the differential puessransducer
(DPT). The calibrated 25 cc reservoirs are useddasure the
other volumes by successively open valves onetiatea The
volume between gas valves, vacuum valve and contlaime
is referred as volume 2 and can be used to adpestspre.
Volumes A and S and small volumes for fine pressure
adjustments.

A 25 cubic centimeter (cc) reactor, shown in Figate
was designed collaboratively with Parr instrume(ioline,
IL) to hold gasses, especially hydrogen, and dedifup to
1000 psi at 500°C. The reactor in was designedtk réactor is
made of 316 stainless steel and interior is 1” @@mnby 2”
high leading to a free volume of 25 for cc).

Figure 10. Parr Reactor Vessel
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The reactor is heated by a ceramic Watlow heater
controlled using an internal thermocouple. The ti3p
removable and held onto the reactor with six bdiist are
tightened to 25 inch-pounds using a torque wrenthe top
has four ports: pressure relief valve, Conax fouewgland,
thermocouple and gas. Thermocouple probe entsseleia a
1/8" Swagelok NPT fitting and Conax multiple elerheraling
flange is mounted to a standard %" NPT locatedhentbp. A
safety relief valve rated at 1000 psi is for saftdyprevent
over-pressure conditions.

During experiments, the free volume is minimized
enhance the pressure difference measured by the DT
volume is measured with helium prior to hydrogeading.
Stainless steel slugs, type 316, of various thiskneanging
from 0.1 inch to 1 inch were made to reduce the frelume of
the reactor. The diameter of the slugs was 0.@03dller than
the reactor opening to prevent binding when thectozais
heated. The amount of hydrogen absorbed is detechiiy the
difference in pressure before and after loadingr pressures
below 5 bar, Egn. (2) can be used with less tharefr®és which
is based on the ideal gas law where presBuig in Pascal,
volumeV is in nt, the gas constant R is 8.314 J/mol/K, and
temperatureT is in K. At higher pressures, van der Waals
equation of state in Eqn. 3 must be used instedldeoideal gas
law to account for the molecular sizes and intéoacforces
[22]. Coefficienta (2.45 x 10 for H) accounts for molecular
forces and coefficienb (26.61 x 1@ for H) accounts for the
molecular size.

RT

AP = An— 2

Vent

Vacuum

P+a 3)

2
v
2= =b|=RT
Vv n
At low pressures, the pressure differentie is inversely
proportional to volume and is proportional to temgbere and
the amount of moles absorbedn. Therefore, pressure

differential will always be the same regardlesstioé gas
pressure.

Swagelok tubing, fitting and diaphragm valves asedito
maintain and control a leak rate less than’ H@/s. Two
thermocouples, Tand T, are fastened on the tubing from the
Parr reactor to obtain the temperature gradientaiculate
precise molar concentrations. Two pressure traseggdy 100
bar and 3.5 bar, are used to monitor system presshile. A
Honeywell Smart 3000 differential pressure transdu®PT)
with a range of 1mbar to 1 bar is used to measwehange in
pressure due to hydrogen absorption. As a safeaption to
noise from instrumentation, all components of tistem are
grounded to Earth.

The USB-2408 data acquisition device has 16 analog
inputs, eight digital inputs/outputs (1/O) and tvaounters.
Maximum sampling rate is 1000 readings per secoiithe
channels can be configured for 16 single endedtinpueight
differential inputs. In the system, it is configdr for eight
differential inputs. Each channel has 24-bit resoh with
40 pV accuracy. Channels can be set to measuts wol
thermocouples.  The unit contains a built in refese
thermocouple for temperature measurements.

Control Volume = Vol 3 + Vol 4

Parr Reactor

Valve 11

L
s

)

(]

E Supply Reservoir,
' 25 cc
(]
(]
(]
(]
.

o
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N Volume 1 ’ .

...................
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Vessle, 25 mL
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Figure 11. Hydrogen Loading System Schematic
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A typical hydrogen loading experiment consists ample
setup, test setup, test and data analysis. Sangpasers and
resistivity probe will be placed in reactor andlsda The
reactor is heated to test temperature. Signal fppessure
transducers and thermocouples are calibrated.r pafiding a
vacuum, the calibrated 25 cc reservoir, is filléthvinelium to a
pressure of 3.5 to 20 bar, is used as a referencaltulate the
volumes between valves. The valves of the systenopened
one at a time to measure volumes by pressure drdptheen
checked for leaks. A simulation is done with helito obtain
free volume of reactor and initial pressure sestingth the Parr

valve. Two ~1 cc volumes are used for fine pressure

adjustments. Finer adjustments are made withgigrbpened
valves. Once correct pressure is obtained, heigulncked in
volume 5 for DPT reference. When Parr valve isnegke the
pressure should decrease to the same value a®fdrence,
0 bar or slightly above. Once correct pressurehitined,
helium is locked in volume 5 for DPT reference.e®ystem is
evacuated, except for the reference leg of therabmblume.
Now, the system is filled with hydrogen and allowéal
equalize. Before opening Parr valve, the data iaitiun

system is started to capture initial measuremenfs
temperature, pressure and resistance. When thepbD#sEure
profile stabilizes flattens, the absorption procissione, and
the system returned to room temperature.

An example of the loading process is shown in Fgl2,
where the system is pressurized with hydrogen, fast then
the reactor is heated. The hydrogen activatiohim films
begins at a temperature of 320°C. The loading Byste
currently being validated by a similar system use8RNL.

17 '1Arﬂvm‘iﬂn 380
16 - \Trmppmmrp \ L 320
f} N
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Z 14 - / / \ - 200 3
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Figure 12. Typical loading profile

Resistivity Measurements

A four-wire Conax gland was added to the Parr afcr
in situ resistivity ) measurements.
method is used to make resistivity measurementheffilm
during hydrogen loading. The method has been used
characterize the behavior of the film during hydmog

The four-point probe

absorption and desorption [23, 24]. Each contaceparated
by same 1.5 mm in a line. It is important to lectite probe in
the center of the sample and that the same amduwtdnact

force is made for each measurement. Measuremadhtben
taken on the topmost thin-film sample by a Keithldyal

channel source measurement unit (SMU) 2602B. @Guiige
sourced through the outer contacts; the voltagep di©
measured by the inner contacts.

BETA FLUX MODEL

Tritiated films need to be certain thickness tacedhtly
utilize tritium and optimize beta flux emitting frothe surface
which is a function of the material’s density andgtitm
stoichometry. Palladium can store hydrogen uprtcatmmic
ratio of 1:1, but its high density of 12.03 g/cnt8esd much of
the beta particles. Scandium has a density fouggilower and
can store an atomic ratio of 1:2. The ability tedict the beta
particle flux and its energy distribution from tlkarface of a
metal tritide is important in designing a film. rdodel has been
developed using a software tool called MC-SET [ahd
calculations. Simulations have been run on Pd &indo
determine surface flux with its energy and angdlatributions.
Other potential storage materials are being simadlat
Mathematical models will use the results to calilfux and
energy distribution by considering isotropic enossiemission
energy, exit angle and material properties. Betdiqles are
emitted isotropically in a range of energy where Hverage
energy is 30 percent of the maximum energy. Thenabzed
energy spectrum of tritium is shown in Figure 13wénergy
separated into 1 keV intervals. The beta energgayle
probability was calculated using the beta energtrithution
function given by Bower [20].

Tritium Beta Energy Emission Spectrum

0.12

0.1

0.08 A -

0.06 -

0.04 A —
0.02 -

0~ —I_hq—

1 3 5 7 9 11 13 15 17 19
Beta Energy (KeV)

Normalized Distribution
|

Figure 13. Relative decay probability of tritium.

Simulations were run on a Ti slab 2 pm thick andadhd
slab 1 um thick. The beam incidence point was nbtmahe
surface and started at the bottom of the slab aonethup by
50 nm increments. At each incidence point, 18 sathohs
were run with 5000 electrons from 1 keV to 18 keV i
increments of 1 keV [25]. The simulation resulteras
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weighted with the energy distribution probability produce a
beta flux profile versus thickness. In Figure 1k beta flux in
Pd does not change beyond a thickness of 500 ron.TiFthe
beta flux does not change beyond a thickness 06 120 as
shown in Figure 15. The percentage of beta pasgiemitted
versus those that reach the surface decrease d#nhgets
thicker. The most efficient use of beta energyuosdn Ti films
300 nm thick, the point where the surface betangtte and
percentage that reach the surface intersect, wtoctkesponds
closely with results published by Bower [20].
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Figure 14. Tritium beta flux in Pd.
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Figure 15. Tritium efficiency and utilization in Ti.

BETAVOLTAIC ELECTRICAL CHARACTERIZATION

Little performance data exists on current betavolt
technology. Furthermore, temperature behavior agihg
phenomena are not known. In the evaluation,
characteristics of each betavoltaic will be meaduaily under
temperature conditioning for several months. Thaus
consists of a temperature chamber, source measuremé
and a PC with data acquisition software. Monitales are 24
gauge twisted pair shielded to remove noise.

a

-V

Temperature chamber is a Test Equity Model 107 kvisc
programmable to operate from 132@bwn to -40C and does
not require liquid nitrogen for cooling. Betavatis are tested
inside the chamber. A chamber was programmedetbfile
shown in where the temperature is cycled daily ketw80C,
25°C and -30C. A thermocouple will monitor the temperature
and store the readings in a separate standalorze |ogger
installed on the PC. Ramp time between temperatisr@ne
hour.

After several months of testing, the power profiteeach
temperature should follow the power curve simitatite decay
rate calculated by Eqn. (4) wheRg is the initial powert is
time in years, and half-lifé,,.is the decay rate in years. With
a tritium half-life of 12.3 years, the power wilecrease by
2.78% after six months and 5.48% after one yedrerdfore,
accurate measurements are necessary and must ketluon
same way every time.

Py =pe =pe " (@)

Methods of measuring |-V curves on betavoltaics reot
well defined. The impedance of betavoltaics are the
Megohm, thus four-wire measurements are not neetledger
integration times in the seconds are required tdainb
repeatable results. A capacitive term inside #tamltaic does
not allow voltage to change quickly. In the TShtcol panel,
the minimum and maximum source values are entefidce
the betavoltaic is supplying current, the sourcerest is
negative; a mistake in using positive current ddmage the p-
n junction [8].

Before applying an I-V sweep, the short circuitreat and
open circuit voltage are determined, and are usedput the
range in the TSP software. Measurements have dm@tucted
using 20 steps from 0 A to short-circuit currentaasampling
rate of 5 seconds per reading. Voltage sourcidgdt produce
repeatable results. City Labs uses a Keithley 284PJ and
takes an average of 10 measurements per step sdileing
voltage. A software program to conduct the measargs is
being done externally. The method used in thisuaten will
be replicated on the 2602B to make data compatible.

The most important characteristics used to gauge
betavoltaic performance are open circuit voltayg)( short
circuit current [s), maximum power and fill factoiF), which
is given in Equ. (5) as the ratio of maximum powRf.)and
the product oV, andlg. The higher the fill factor, the better
the performance.

max

VI

oc s

FF = (5)
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At room temperature, the initial open circuit tesas
conducted manually using the front panel of the Sk
setting source current to zero. Cell 1 exhibitet20/ and had
proper polarity with respect to the betavoltaic cfeation.
Cell 2 exhibited ~1.6 V but the polarity was rewsts The
short circuit current was also measured using it fpanel by
setting the source voltage to zero.

I-V curves were taken at room temperature and &€ 8§
varying integration time, source and steps. Measents were
done with sourced current (negative) and sourceliagye.
Strange readings were obtained when voltage wasewdwn
Cell 1. The data from the measurements is sumethria
Table 3.

Table 3. |-V data summary for Cell 1 and Cell 2

Test TCC) | Ve (V) | lsc(NA) | Pnax (W) FF
Cell 1, 10-15-2013 25 0.72 73.00 36.23 0.690
Cell 1, 10-27-2013 25 0.72 73.03 31.85 0.603
Cell 1, 10-3-2013 80 0.65 52.92 19.5§ 0.572
Cell 1, 10-18-2013 80 0.54 45.03 6.43 0.266
Cell 2, 10-3-2013 25 1.65 60.31 77.49 0.779
Cell 2, 10-15-2013 25 1.58 60.69 79.04 0.822
Cell 2,10-27-2013 25 1.60 60.0d 61.62 0.644

The I-V curves for Cell 1 were acquired at room
temperature and 80 by sourcing current and measuring
voltage. The reason for bad current measuremertsnw
sourcing voltage on Cell 1 is being investigateHowever,
good readings were acquired on Cell 2 with theaggtas the
source. According to City Labs, the voltage is threper
source.

Results from Cell 1 at 25°C are plotted in Figuée TThe
I-V curves are similar with an open circuit voltagfe0.72V and
short circuit current of 73.0nA. Maximum power dilldfactor
deviated moderately by 3.5nW and 0.087 or 8.7%.sThi
difference is too large for room temperature vasiet. The
current should be more constant at low voltagesoupbout
0.6V.

Plots of the first two I-V tests run on Cell 2 afeown in
Figure 17. Both tests were done’@hy stepping the source
voltage down from open circuit voltage to 0V; theitkley
only went down to 0.1 V instead of OV, hence thason for the
gap near the vertical axis. The measured parametere
extremely close within 5% of each other. The auiris 20%
less than the single cell of Cell 1, but it is mutdtter as
should be expected. The voltage was about 15%ehigBince
both cells are made from the same materials, threemis
should be the same and the voltage of Cell 2 shbeldwvice
the voltage of Cell 1. The power values and fittbrs were
also higher by about 20%.

|-V curve, 0.8V cell 1, Current Sourced, 25°C, 10-15-2013
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Figure 16. |-V curve for betavoltaic 0.8V cell #1 at 25°C;
Current source, data recorded by Keithley 2602B SMU on 10-
15-2013

|-V curve, 1.6V cell 2, Voltage Sourced, 25C, 10-3-2013
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Figure 17. 1-V curve for betavoltaic 1.6V cell #2 at 25°C; data
recorded by Keithley 2602B SMU on 10-3-2013

CONCLUSION

Betavoltaic power sources are a safe enabling téabn
for military and commercial applications; very lopgerating
life under harsh environmental conditions. Thehtextogy is
far from maturity with much room for improvementMany
technical and ideas exist, but the level of redeard support
remains low. Understanding the film behavior dgrinitium
loading process will lead to optimal and consistéittum
loadings that will lead to higher power, lower cdsvices. The
developed loading system provides precise measuteareal
control at low and high pressures. Resistivity sueaments
will provide gainful insight into the absorptiongmess in thin
films. Hopefully, modifications to the films sulbate and
surfaces should lower the activation energy needed
absorption. Beta flux models using MC-SET compan|
with published data and should offer insights intther
potential hydrogen absorbing substrates.

9 Copyright © 2014 by ASME
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