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MotivationMotivation
•• Long half lives of Long half lives of ββ--radiation sourcesradiation sources

•• Significant energy density in source Significant energy density in source 
(~10(~1055 kJ/mkJ/m 3 3 in comparison with chemical source in comparison with chemical source 

~10 kJ/m~10 kJ/m 33))

•• Low energy sources are relatively benignLow energy sources are relatively benign
–– Small penetration depthsSmall penetration depths

–– More safetyMore safety

•• Stable Voltage and CurrentStable Voltage and Current

•• Higher EfficiencyHigher Efficiency



ObjectivesObjectives

Determination of the optimal parameters Determination of the optimal parameters 
of low energy of low energy 

GaN Betavoltaic battery GaN Betavoltaic battery 
in artificial Cardiac Pacemakers in artificial Cardiac Pacemakers 

using MCNP code using MCNP code 
with higher efficiency than those available with higher efficiency than those available 

with previous deviceswith previous devices



HistoryHistory

Artificial PacemakerArtificial Pacemaker

NuclearNuclear--Powered  PacemakerPowered  Pacemaker

Nuclear BatteryNuclear Battery



�� Artificial Pacemaker was first described in Artificial Pacemaker was first described in 
1930 by Hyman1930 by Hyman

�� Nuclear Battery was first invented in 1951 Nuclear Battery was first invented in 1951 
by Philip Edwin Ohmart from Ohio Uni.by Philip Edwin Ohmart from Ohio Uni.

�� NuclearNuclear --Powered  Pacemaker was first Powered  Pacemaker was first 
designed in the late 1960s by Medtronic & designed in the late 1960s by Medtronic & 
Alcatel Co. Alcatel Co. 

�� The first human implant of the device took The first human implant of the device took 
place in Paris in 1970place in Paris in 1970

Historical PerspectiveHistorical Perspective



OneOne of the first pacemaker with of the first pacemaker with 
Nuclear BatteryNuclear Battery

��3 Ci 3 Ci 238238PuPu

��~3 ounces~3 ounces

��~3 inches~3 inches

��<mW power levels<mW power levels

��100 mrem/y to 100 mrem/y to 
patientpatient



Pacemaker BasicsPacemaker Basics
A pacemaker is a surgicallyA pacemaker is a surgically --implanted implanted 

electronic device that automatically with electronic device that automatically with 
augment or replace the heart's intrinsic augment or replace the heart's intrinsic 
electrical system, regulates a slow or electrical system, regulates a slow or 
erratic heartbeat. erratic heartbeat. 



Pacemaker ComponentsPacemaker Components

•• Power Source (Battery)Power Source (Battery) ��
•• Electronic Circuitry (Pulse Electronic Circuitry (Pulse 

Generator)Generator) ��
•• Lead systemLead system



Pacemaker DiagramPacemaker Diagram

PowerPower
SupplySupply

Sensing UnitSensing Unit

PulsePulse
GeneratorGenerator

Control Control 
UnitUnit

Lead WiresLead Wires

ElectrodesElectrodes



Power Source (Battery)Power Source (Battery) ��

•• External powerExternal power
•• Fuel CellsFuel Cells

•• Chemical BatteriesChemical Batteries
•• Fossil FuelsFossil Fuels

•• RadioisotopesRadioisotopes



Pacemaker GeneratorsPacemaker Generators



Power Source (Battery)Power Source (Battery) ��

Most commonly lithiumMost commonly lithium --iodide cell which iodide cell which 
is the current standard batteryis the current standard battery

Life span 5 to 8 yearsLife span 5 to 8 years
Output voltage decreases gradually with time Output voltage decreases gradually with time 

Makes sudden battery failure unlikelyMakes sudden battery failure unlikely



Power Source (Battery)Power Source (Battery) ��

Using Radioisotopes in Nuclear BatteriesUsing Radioisotopes in Nuclear Batteries

–– provide reliable and stable powerprovide reliable and stable power

–– Many of the conversion technologies can Many of the conversion technologies can 
function in harsh environmentsfunction in harsh environments

–– They are valuable when long life is needed They are valuable when long life is needed 



What happen in Nuclear What happen in Nuclear 
Battery?Battery?

Converter of energy from radioactive Converter of energy from radioactive 
decay to electricitydecay to electricity

��Options: Options: 
––Direct charge collectionDirect charge collection

––BetavoltaicBetavoltaic

––ThermoelectricThermoelectric

––ThermionicThermionic

––thermophotovoltaicthermophotovoltaic



Direct conversion Nuclear Direct conversion Nuclear 
BatteryBattery

Direct charge collectionDirect charge collection
collecting charges emitted from collecting charges emitted from 

radioisotopes with a capacitor to achieve radioisotopes with a capacitor to achieve 
high voltage output high voltage output (J. H. Coleman, 1953)(J. H. Coleman, 1953) ��

1010--100 kV voltages can100 kV voltages can
be created in vacbe created in vac uumuum

C

Q
V =



ThermoelectricThermoelectric
The thermoelectric method for The thermoelectric method for conversion of thermal conversion of thermal 

energy to electricityenergy to electricity is based on the thermo is based on the thermo 
electromotive force arising from temperature gradie nt electromotive force arising from temperature gradie nt 
between two branches of an electric circuit compose d between two branches of an electric circuit compose d 
of different conductors or semiconductors.of different conductors or semiconductors.

Each thermocouple is formed by the junction of two Each thermocouple is formed by the junction of two 
dissimilar materials, one of which is heated and th e dissimilar materials, one of which is heated and th e 
other cooled.other cooled.



ThermionicThermionic
The thermionic method for The thermionic method for conversion of thermal conversion of thermal 

energy to electricityenergy to electricity is based on the is based on the thermo thermo 
electron emissionelectron emission phenomenon. phenomenon. 

A thermionic converter, consists of a hot A thermionic converter, consists of a hot 
electrode which thermionically emits electrons electrode which thermionically emits electrons 
over a space charge barrier to a cooler over a space charge barrier to a cooler 
electrode, producing a useful power output.electrode, producing a useful power output.



ThermionicThermionic
When heated to a high temperature (up to When heated to a high temperature (up to 

1700C), a cathode emits electrons that pass 1700C), a cathode emits electrons that pass 
through alkali metal (cesium) vapor and are through alkali metal (cesium) vapor and are 
collected on an anode kept at a considerably collected on an anode kept at a considerably 
lower temperature (up to 700C)lower temperature (up to 700C) ��



Both thermionic and thermoelectric Both thermionic and thermoelectric 
converters have been evaluatedconverters have been evaluated

for pacemaker application.for pacemaker application.





Review theory of Betavoltaic Review theory of Betavoltaic 
Cell OperationCell Operation



Betavoltaic Betavoltaic ConstructionConstruction

A Betavoltaic device consists;A Betavoltaic device consists;
semiconductor as a psemiconductor as a p --n junctionn junction
beta emitter isotope beta emitter isotope 



Betavoltaic Betavoltaic ConstructionConstruction

The Betavoltaic devices are based on separation of The Betavoltaic devices are based on separation of 
the electronthe electron --hole pairs originating on exposure of hole pairs originating on exposure of 
semiconductor material by an electric field semiconductor material by an electric field 
created by p and n layers of the pcreated by p and n layers of the p --n or pn or p --ii --n n 
junctions .junctions .

ββ



BetavoltaicBetavoltaic

Just as photons create electronJust as photons create electron --hole pairs hole pairs 
in a pin a p --n junction (i.e. a solar cell), beta n junction (i.e. a solar cell), beta 
particles also generate electronparticles also generate electron --hole pairs hole pairs 
after entering a pafter entering a p --n junction device. n junction device. 

Beta SourceBeta Source

Solid State ConverterSolid State Converter
(p(p--n junction)n junction) ��
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BetavoltaicBetavoltaic
However, whereas a low energy photon creates However, whereas a low energy photon creates 

just one electronjust one electron --hole pair, a highhole pair, a high --energy beta energy beta 
particle in pparticle in p --n junction based devices can create n junction based devices can create 
a significant number of electrona significant number of electron --hole pairs and a hole pairs and a 
much greater current of low energy electrons.much greater current of low energy electrons.



Betavoltaic ModelingBetavoltaic Modeling
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Material and MethodsMaterial and Methods



Isotope SelectionIsotope Selection
�� Type of radiationType of radiation

•• GammaGamma
•• AlphaAlpha
•• BetaBeta

�� HalfHalf --LifeLife
•• Long Long �������� Long battery lifeLong battery life
•• Short Short �������� Higher powerHigher power

�� Energy of particles Energy of particles 
•• Depend on applicationDepend on application
•• Threshold energy of semiconductor Radiation Threshold energy of semiconductor Radiation 

Damage Damage 



Isotope SelectionIsotope Selection

�� Avoid gammas in the decay chainAvoid gammas in the decay chain

�� Toxicity of radioactive materialToxicity of radioactive material

�� Watch particle rangeWatch particle range

�� Shielding Consideration Shielding Consideration 

�� Reliability Reliability 

�� Availability Availability 

�� Manufacturing cost Manufacturing cost 



Isotope SelectionIsotope Selection

what already practically was used what already practically was used 
is limited tois limited to

147147Pm, Pm, 9090Sr/Y, Sr/Y, 6363Ni, Ni, 33H (Tritium) H (Tritium) 



Isotope SelectionIsotope Selection

196 keV196 keV
935 keV935 keV

546    keV546    keV
2.283 MeV2.283 MeV

5050505028.628.6
41.5241.52

9090Sr/YSr/Y

36736773   keV73   keV230    keV230    keV36260362602.62.6147147PmPm

10010017   keV17   keV67      keV67      keV219021901001006363NiNi

33.733.75.7  keV5.7  keV18.6   keV18.6   keV35700035700012.312.3Tritium, Tritium, 33HH

SpecificSpecific
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µµWatt/CiWatt/Ci

AverageAverage
DecayDecay
EnergyEnergy

MaximumMaximum
DecayDecay
EnergyEnergy

SpecificSpecific
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(year)(year)��

RadioactiveRadioactive
SourceSource



Isotope SelectionIsotope Selection
9090SrSr one of the first radioactive elements used in a one of the first radioactive elements used in a 

Betavoltaic device. ItBetavoltaic device. It ’’s good choice for higher power s good choice for higher power 
applications. applications. 

TritiumTritium has a wide application in medicine, but its low has a wide application in medicine, but its low 
half life limits its applicability. half life limits its applicability. 

147147PmPm Half life is low and has also gamma radiation, Half life is low and has also gamma radiation, 
However beta particle energy of it is higher than However beta particle energy of it is higher than 6363Ni Ni 
and tritium energy. and tritium energy. 

6363NiNi pure beta emitting radioactive isotope that has a pure beta emitting radioactive isotope that has a 
lower decay energy, higher half life, lower activit y lower decay energy, higher half life, lower activit y 
and power density, and It can be readily plated to the and power density, and It can be readily plated to the 
semiconductor surface semiconductor surface 



Isotope SelectionIsotope Selection

196 keV196 keV
935 keV935 keV

546    keV546    keV
2.283 MeV2.283 MeV

5050505028.628.6
41.5241.52

9090Sr/YSr/Y

36736773   keV73   keV230    keV230    keV36260362602.62.6147147PmPm

10010017   keV17   keV67      keV67      keV219021901001006363NiNi

33.733.75.7  keV5.7  keV18.6   keV18.6   keV35700035700012.312.3Tritium, Tritium, 33HH

SpecificSpecific
PowerPowerPowerPowerPowerPowerPowerPower

µµWatt/CiWatt/Ci

AverageAverage
DecayDecay
EnergyEnergy
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DecayDecay
EnergyEnergy
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Semiconductor SelectionSemiconductor Selection
Current Current semiconductorssemiconductors in this application:in this application:

Si, Ge, Ga and their compounds Si, Ge, Ga and their compounds 

Maximum bond energy/Minimal atomic Maximum bond energy/Minimal atomic 
displacement probability displacement probability 

so so higher efficiencyhigher efficiency

By using By using Wide Band GapWide Band Gap semiconductor semiconductor 

Such as;Such as;

silicon compounds; SiC, asilicon compounds; SiC, a --Si:H, Si:H, ……

Nitride compounds; GaN, AlGaN, Nitride compounds; GaN, AlGaN, ……



Semiconductor SelectionSemiconductor Selection

Penetration depth is function of material Penetration depth is function of material 
density; density; 

a denser material  a denser material  �������� shorter distances to shorter distances to 
absorb the incident radiationabsorb the incident radiation

e.g. Si has approximately half the density of GaN     e.g. Si has approximately half the density of GaN     
�������� require twice the thickness to absorb the require twice the thickness to absorb the 
incident radiationincident radiation



Semiconductor SelectionSemiconductor Selection

Attend to ;Attend to ;
–– Wide Band Gap materialWide Band Gap material
–– High Density so as to better Penetration of radiati onHigh Density so as to better Penetration of radiati on

Options;Options;
SiC SiC 
GaN, GaN, ……



WhyWhy GaN ?GaN ?
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High Band GapHigh Band Gap
High electric breakdown fieldHigh electric breakdown field

High saturated electron velocityHigh saturated electron velocity
ResistanceResistance

Why GaN ?Why GaN ?

Suited for harsh environmentSuited for harsh environment
high temperaturehigh temperature

high resistant in radiation and defecthigh resistant in radiation and defect



GaN;GaN;
��Wide band Gap crystal Wide band Gap crystal 
��Very HardVery Hard
��Mechanically stable materialMechanically stable material
��Large Heat CapacityLarge Heat Capacity
��High resistant to the creation of High resistant to the creation of 

defects and radiation damagedefects and radiation damage
⇒⇒Stable VoltageStable Voltage

Semiconductor SelectionSemiconductor Selection



SimulationSimulation



Simulation & CalculationSimulation & Calculation

Amount of electronAmount of electron --hole generation hole generation 

Flux and Spatial Distribution of emitted Flux and Spatial Distribution of emitted ββ

particles in semiconductor particles in semiconductor 

Amount of Energy and Charge Deposition Amount of Energy and Charge Deposition 



GeometryGeometry
Device comprises;Device comprises;

Central Radioisotope as a layer of Central Radioisotope as a layer of 6363NiNi
surrounded by two psurrounded by two p --n Junctions from GaNn Junctions from GaN

Structure of GaN Betavoltaic device



Source thicknessSource thickness

�� Lower radioisotope thickness limit;Lower radioisotope thickness limit;
is determined by required power depending on is determined by required power depending on 

application and production technologyapplication and production technology

�� Upper radioisotope thickness limit;Upper radioisotope thickness limit;
by Selfby Self --absorption of emitted particles (commonly absorption of emitted particles (commonly 

between 0.1 to 5 between 0.1 to 5 µµm)m) ��



Source thicknessSource thickness

Saturation Thickness;Saturation Thickness;
Practically, because the very short ranges Practically, because the very short ranges 

beta particles emitted from beta particles emitted from 6363Ni, there Ni, there 
exists a saturation thickness for source exists a saturation thickness for source 
and GaN layers. and GaN layers. 

Thicknesses that are greater than these Thicknesses that are greater than these 
saturation values will not produce saturation values will not produce 
additional electrical power. additional electrical power. 



Optimal thickness of Optimal thickness of 
Semiconductor Semiconductor 

–– If junction is too deep, most particles will If junction is too deep, most particles will 
StopStop

–– If too shallow, performance will be poorIf too shallow, performance will be poor

�������� it needs to determine the optimum it needs to determine the optimum 
thicknessthickness



Optimum thicknessOptimum thickness
Power Available to a GaN radioisotope converter Power Available to a GaN radioisotope converter 

as a function of the as a function of the 6363Ni layer and GaN layers Ni layer and GaN layers 
thickness of our configuration,thickness of our configuration,
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According to the graph and economic According to the graph and economic 
consideration, optimum thicknesses are consideration, optimum thicknesses are 
determined, that isdetermined, that is

GaN;GaN;
PP--type region             1 type region             1 µµmm
NN--type region             3 type region             3 µµmm

6363Ni                           Ni                           1.5 1.5 µµmm

ItIt ’’s only for one cell. According tos only for one cell. According to
application it can be used several cells.application it can be used several cells.

Optimum thicknessOptimum thickness



Recombination and Charge Recombination and Charge 
CollectionCollection

Net current obtain according to Net current obtain according to 
generationgeneration --recombinationrecombination

and and 
charge collection probabilitycharge collection probability

in all regionsin all regions



ResultsResults



ResultsResults
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ResultsResults
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ConclusionConclusion
Worldwide, more than 250,000 permanent cardiac Worldwide, more than 250,000 permanent cardiac 

pacemakers are implanted each year. Pacemakers are pacemakers are implanted each year. Pacemakers are 
becoming more common everyday and the number of becoming more common everyday and the number of 
implants continues to increase.implants continues to increase.

Generally, Betavoltaic batteries can be useful in m any lowGenerally, Betavoltaic batteries can be useful in m any low --
power equipments, especially due to higher efficien cy power equipments, especially due to higher efficien cy 
and more safety because of very short ranges beta and more safety because of very short ranges beta 
particles emitted form using radioisotope which req uire particles emitted form using radioisotope which req uire 
minimal shielding and are unable to penetrate human  minimal shielding and are unable to penetrate human  
skin.skin.

Also, they will  be suitable replacement for thermo electric Also, they will  be suitable replacement for thermo electric 
devices which have lower efficiency .devices which have lower efficiency .



ConclusionConclusion

In comparison with chemical batteries;In comparison with chemical batteries;
•• Long lifeLong life

•• High energy densityHigh energy density

In comparison with other nuclear batteries;In comparison with other nuclear batteries;
•• more safety because of very short ranges more safety because of very short ranges 

beta particles emitted form using radioisotopebeta particles emitted form using radioisotope

•• outstanding for light and small scale systems outstanding for light and small scale systems 
like MEMslike MEMs

•• High EfficiencyHigh Efficiency



Future WorksFuture Works

–– Other Configuration for increasing the Other Configuration for increasing the 
efficiencyefficiency

–– Mixed the material and have a heterojunction Mixed the material and have a heterojunction 
device device 

–– Special arrangement of layers  Special arrangement of layers  

–– Using other material such as SiC, AlGaN, Using other material such as SiC, AlGaN, ……




