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1) Abstract 

Radioisotopes have been used for power sources in heart pacemakers and 
space applications dating back to the 50’s.  Two key properties of radioisotope power 
sources are high energy density and long half-life compared to chemical batteries.  
The tritium battery used in heart pacemakers exceeds 500 mW-hr, and is being 
evaluated by the University of Florida for feasibility as a MEMS 
(MicroElectroMechanical Systems)  power source.  Conversion of radioisotope 
sources into electrical power within the constraints of nano-scale dimensions requires 
cutting-edge technologies and novel approaches. Some advances evolving in the  III-V 
and II-IV semiconductor families have led to a broader consideration of  
radioisotopes rather free of  radiation damage limitations.  Their properties can lead 
to novel battery configurations designed to convert externally located emissions from 
a highly radioactive environment. 

This paper presents results for the analytical computational assisted design 
and modeling of semiconductor prototype nano-scale radioisotope nuclear batteries 
from MCNP and EGS programs.  The analysis evaluated proposed designs and was 
used to guide the selection of appropriate geometries, material properties, and 
specific activities to attain power requirements for the MEMS batteries.  Plans 
utilizing high specific activity radioisotopes were assessed in the investigation of 
designs employing multiple conversion cells and graded junctions with varying band 
gap properties.  Voltage increases sought by serial combination of VOC s are proposed 
to overcome some of the limitations of a low power density.  The power density is 
directly dependent on the total active areas (active area being defined as that area 
within a diffusion length of the junction). 

Insight into potential problems in adapting the MCNP and EGS to nano-scale 
dimensions were obtained with analysis of nano-scale super lattice structures with 
repeating layers of ultra-thin (nano) materials.  All models utilized an internally 
located radioisotope, and computed the fluxes of alpha or beta-  particles, photons 
produced, and calculated the transport of these photons to the photovoltaic cells.  
Results featured the overall efficiency of useful conversion of the radioisotope power 
for each design. 



2) Introduction 
Understanding the subtleties of radiation transport and absorption in nanostructures 

and superlattice solid state devices is crucial for analysis of radioisotope nano-battery 
designs.  Research at the UF Robotics Lab has to date focused on the analytical 
computational assisted design and modeling of semiconductor prototype nano-scale 
radioisotope nuclear batteries using MCNP (Monte Carlo N-Particle Transport Code) 
and EGSnrc (Electron Gamma Shower Monte Carlo Radiation Transport Code – 
National Research Council of Canada) programs in the nanometer realm.  Modeling 
by computational analysis consists of selecting various geometries and materials for 
the battery design and the internally located radioisotope, computing the fluxes of the 
β−  particles and of the visible (or ultraviolet) photons produced by the β−s, computing 
the transport of these photons and charge within the structure of  the prototypes, and 
computing the overall efficiency of useful conversion of the radioisotope power. 

Two codes have been utilized; the powerful but multifaceted EGSnrc code and the 
well-known MCNP5 code (more recently the MCNPX for alpha and beta self-
absorption).  Both these codes are routinely used in nuclear engineering and medical 
physics, but neither code has been extensively used or proven as a tool for studying 
the complexity of nanotechnology systems.  Simulation/modeling involves angle and 
average energy transferred during scattering / transport in these dimensionally 
restricted (nano-scale) geometries.  Our investigations were directed at a better 
understanding of specific areas these Monte Carlo based programs provide accurate 
information on which to base design decisions.   

One methodology for comparing and benchmarking these codes with nanoscale 
structures used a series of quasi-one dimensional test cases.  Initial calculations 
utilized the simplest pn-junction battery converter model.  More sophisticated battery 
converter models used different superlattice structures of fixed total height (700nm), 
but  the number of radiation capturing superlattice layers of AlGaN/GaN changed.  
All were surrounded by two buffer zones of GaN and AlGaN, and total device 
thickness was always 2.1µm.  A sapphire or other compatible base substrate was 
assumed (with an essentially large arbitrarily thickness) for verifying total energy 
tallies.  For simplicity a semi-infinite horizontal plane geometry was set up, so that the 
layers were all infinite in area.  The thickness of layers in the z direction therefore 
made each case a virtual 1-dimensional problem.  The amount of incident β− energy 
absorbed in each layer and the absorbed charge were then calculated by the two codes 
and the results compared.     

 A search for the most efficient system for radioisotope energy conversion studied 
both the energy converter and a number of  α and β−sources with different specific 
activities. Sources were represented by three separate geometries.  These were:  point 
source, line source, and a uniform surface source.  Alpha sources were essentially 
monoenergetic.  However, two β− source models used either its average energy ( a 
monoenergetic source) or its actual disintegration energy spectrum.  Calculations 
strongly reflected this difference in these restricted nano-scale dimensions.  The 
studies looked at the variation of the fraction of energy absorbed in each layer as the 
number of nanolayer junctions (AlGaN/GaN bilayers) varied while keeping the total 
height of the bilayer region fixed at 700nm.   



Complex nanoscale radioisotope prototype converters utilizing III-V and II-VI 
semiconductor families with photovoltaic capabilities require the assistance of 
EGSnrc and MNCP codes to understand the concepts of ultraviolet photon and β− 
transport in mixed conversion systems. 

Tthe attenuation and partial shielding properties of a complex photovoltaic cell 
stack and the radiation protection were studied in this way.   This simulated a buried 
photoluminescent layer needed to model a combination direct/photovoltaic converter 
stack.  The degree of radiation protection through attenuation of the β−emitter and 
generated secondaries was investigated to determine potential damage to phosphors 
currently used in indirect converters.   It was desirable to keep the field of photon 
mediators as monochromatic as possible, thereby limiting the level of difficulty 
involved in conducting calculations. 

Earlier UF investigations for optimal selection of a photovoltaic cell material 
(GaN, SiC, AlN, ZnO, diamond, etc.) identified several candidates for consideration 
in the nanoscale radioisotope prototype converter cells.  This analysis provided 
knowledge of important properties for the design of each cell, and guided selection of 
appropriate geometries, sufficient densities of fluorescents, and radioisotope source 
strength.  This guided selection of efficient converting prototypes employing both 
direct and indirect energy conversion. 
 
3) Background 

The potential energy in radioisotope decay is over a thousand times higher on a 
mass basis than that of chemical equivalent sources, and independent of load served 
(rate of radioactive decay limits).  Electrical conversion technology appears favorable 
for scaling to microscopic dimensions, and progress in MEM devices is creating many 
new application areas.  New materials, especially the transparent II-VI family with 
robust radiation tolerance, offer improved methods to increase conversion 
efficiencies.  Stacking/cascading nano-scale converters provides a viable method to 
increase voltages and currents.  Furthermore, the transparent II-VI materials promote 
designs that combine direct and indirect conversion pathways.   

The task of defining the geometric properties of a prototype nanoscale 
radioisotope battery involves several key properties.  Foremost is the proposed power 
output capability of the converter.  The University of Florida investigated the 
feasibility of radioistope nano-power sources and the state-of-the-art in MEMS 
technology to establish reasonable specifications for a proposed design. The literature 
on MEMS nanoscale devices fell into two general power requirement levels based on 
the transduction scheme.  MEMS capacitive and piezoelectric devices tend to be 
lower power, but higher voltage due to the high impedance load.  Piezoresistive and 
thermoelastic devices tend to be low voltage, but higher power.  Information taken 
from existing MEMS sensors and actuators show voltage and power requirements are 
usually below 20 V and 25mW.   

Power output can be expressed as the product of voltage times current.  Designs 
based on semiconductor technology (UF’s primary interest) suggest that voltage is of 
primary importance and more dependent on design and materials, while current 
capabilities are mainly scaled  by the device geometric active area.   While the work 
functions of materials and semiconductor junctions built-in voltage suggest voltages 



in the 0.6V to 1.2V range, results reported are much lower (by a power of ten in many 
cases).   This favors utilizing the basic fabrication method of stacking conversion 
devices in series to reach reasonable voltage levels required by MEMS.  Furthermore, 
converters placed electrically in series must be matched in current output for proper 
operation (the weakest link in a series chain controls maximum current).  Designs 
with matching specifications face higher interconnection issues and challenges.  
Successful stacked-cell nanoscale radioisotope battery models must optimize 
electrical contacts and their resistance loses, while controlling heat generated.  
 
4) Alpha Conversion 

The range and lateral transport characteristics of several alpha emitting 
radioisotopes were studied using SRIM/TRIM software (Stopping Range of Ions in 
Matter – J.F.Ziegler @ SRIM.com). Device geometry scaling was demonstrated 
through calculations for both silicon and gold.  General design factors are based on 
standard semiconductor processing technology. This covers dimensions in nanometers 
to tens of microns frequently limited by lithographic/etching and temperature issues.  

Results (Figure 1 & 2) using 210Polonium (5.4MeV with λ1/2 of 138 days, for 
example) suggest that an alpha direct-energy converter design with side normal-
incident α-particle source gives optimum collection with a thickness of 28µm / 10µm 
(Si/Au).  If the normal converter dimension (to semiconductor wafer) was fixed at 
28µm / 10µm (Si/Au), the converter layers would then have a total required thickness 
of approximately 5µm (comprised of four layers).  These layers would include: 1) 
semiconductor/metal, 2) active device, 3) conductor and 4) high/low loss dielectric 
isolation.  The key property of this design for a direct energy converter is the 
magnitude of the charge collected is proportional to the area.  This suggests a spiral 
structure (Figure 2) of these four layers (~5µm) and 28µm/10µm thick (vertically) to 
achieve enough geometric area.  This is similar to standard axial capacitor 
construction.  The important role of the novel active device layer (pnpn) is to conduct 
charge at a specific voltage and return to a high impedance state. 

 

 
   Fig. 1     Fig.2 

Figure 1 & 2 – SRIM/TRIM graphs of 210Po Alpha Decay into Silicon 
 
 



 
 
 

Specific Values from Calculation of  210Po Alpha Decay into Si & Au 
  Range in Å(Si/Au) Straggle in Å(Si/Au) 

Longitudinal  27.4µm / 9.27µm 5036 Å / 4409 Å 
Lateral Proj.  6021 Å / 6862 Å  8879 Å / 9354 Å 

Radial  9472 Å / 1.10µm 8371 Å / 7272 Å 
    
  Ions Recoils 

Ionization  99.74 / 99.65 0.08 / 0.08 
Vacancies  0.00/ 0.00 0.01 / 0.02 
Phonons  0.02 / 0.04 0.14 / 0.21 

    
Table 1 – Calculated Values for both Silicon and Gold 

 
The calculation was limited for graphical clarity to 2000 incident α-particles, which 
created 340.2 / 396.8 (Si/Au) vacancies per ion.  Combining radial or lateral 
projection with their straggle indicates that the semiconductor/metal layer (one of four 
layers - 5µm total) is optimum for about a 3µm thickness.  
 
 

 
Figure 2 – Proposed Alpha-Radioisotope Nano-scale Battery 

 



5) Beta Conversion 
UF investigated important design specification for β- radioisotope nano-scale 

converter with primitive models and sought the verification of Monte Carlo transport 
simulations in nanometer constrained dimensions.  Using silicon and a simple pn-
junction, individual design elements were varied to determine optimum values and 
their effect (sensitivity) on calculations.  Simulations were undertaken with both 
MCNP and EGSnrc codes for comparison.  Properties studied included:  radioisotope 
ranges, code sensitivity to lateral plane dimensions, boundary interface effects 
(recoil), geometric optimization of conversion efficiency, voltage and current 
matching of stacked multi-cell models, source idiosychrocies (self-absorption losses; 
average energy versus actual disintegration energy spectrum; comparison of point, 
line and surface sources; model versus incident source orientation, etc.),    

 
 
6) Data & Calculations 
 
      a) Self-absorption influence on efficiency 
 
  The loss of decay β- particles to absorption, internal to the source 
volume, has a direct impact on total device efficiency.   
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Figure 3 – MCNPX calculations of self-absorption for 63Ni 
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Figure 4 – Net Beta Flux from Source Adjusted for Self-Absorption 

Figure 3 graph indicates that lower kinetic energy decays are lost by self-absorption  
proportional to source thickness.  Figure 4 uses calculations that include the device 
conversion efficiency and its dependence on the beta incident energy spectrum. The 
curve in Figure 4 suggests the optimum thickness is ~0.5µm.   3-D plots of  the β- 
decay spectrum are shown in Figures 5-8.  The energy spectrum is shown in bins of 
increasing energy for one axis, and the second axis is displaying the attenuation of the 
number of  β- electrons as they penetrate deeper into the material.  The significant 
decrease in self-absorption is apparent when Figures 5&6 are compared.  Note also 
the change in number of electrons in both the lowest and highest energy bins. The 
data marked “reference” in Figures 5-8 is the source 63Ni. 
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Figure 5 – 3-D Spectrum Plot of  0.5µm Thick Beta Source vs Energy and Penetration 
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Figure 6 – 3-D Spectrum Plot of  1µm Thick Beta Source vs Energy and Penetration 
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Figure 7 – Energy Viewpoint of  Figure 6   
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Figure 8 – Energy Viewpoint of  Figure 5   



      b) Stacked-cell for higher voltages and efficiency 
 
MCNP and EGS were used to simulate the electrons from 63Ni  

perpendicularly (normal incident) into the superlattice structure (shown in Figure 9). 
Three structures, 1X, 2X and 5X multiple repeat superlattice layers, were studied. 
This model is similar to an advanced AlGaN/GaN photovoltaic design. The thickness 
of the superlattice layers are all 700 nm. The cross section view of the superlattice 
structures are shown in Figure 9. The energy absorption fractions of the superlattice 
layers were calculated, and results are shown in Table 2. The energy absorption 
fractions calculated from MCNP are  slightly increasing as the number of superlattice 
layers change from 1X to 5X, but there is no such trend when using EGS.  Significant 
differences are apparent with the source comparison between an average kinetic 
energy source and a source with its true disintegration energy spectrum (Table 2).  

 
Figure.9 - Cross Section View of the Superlattice Structures 

 
 
 

1X 2X 5X  MCNP EGS MCNP EGS MCNP EGS 
Average 
Energy 44.9% 45.6% 45.6% 46.1% 46.8% 46.0% 

Spectrum 23.3% 24.2% 23.7% 24.4% 24.2% 24.4% 
Table 2 - Energy Absorption Fraction of the super lattice structure 

 
 

MCNP and EGS were also used to simulate the electrons from 63Ni  incident 
perpendicularly into stacked semiconductor devices(simple pn-junction models). The 
cross section view of the first stacked semiconductor devices is shown in Figure 10. 
The thicknesses of each semiconductor device are equal. The energy absorption 



fractions of each semiconductor device, calculated by MCNP, were 12.9%, 8.7%, and 
5.8% from upper to lower; and 14.0%, 9.4%, 6.0% using EGS.  The attenuation of the 
incident β- is reflected in the decreasing amount of charge collected. 

Next, the thicknesses of the semiconductor devices were changed in order to 
achieve the same energy absorption fractions of each semiconductor device. This is 
mandatory if devices are to be connect in series so voltages  become additive.  The 
cross section view of the stacked devices is shown in Figure 10 & 11. The energy 
absorption fractions of each semiconductor device calculated by MCNP are 13.4%; 
were 14.55%, 14.24%, 13.94% using EGS. The thickness of the stacked 
semiconductor devices were around 2µm.  The requirement for equivalent device 
current can be met by this method, and the total voltage will be triple a single device.  
Result are presented in Table 3. 
 

 
Figure 10. Cross Section View of the 
First Stacked Semiconductor Devices 
 

Figure 11. Cross Section View of the 
Second semiconductor Devices 
 

The Table 3 “R” is relative error, defined to be one estimated standard deviation of 
the mean Sx divided by the estimated mean x. There is a 68% chance that the true 
result will be in the range x*(1±R).  
 

Infinite Slab 500umX500um 50umX50um 5umX5um 2umX2um Point Source EDF (%) R EDF (%) R EDF (%) R EDF (%) R EDF (%) R 
First Device 13.4 0.03% 13.4 0.03% 13.4 0.03% 13.1 0.03% 12.0 0.03% 
Second Device 13.4 0.04% 13.4 0.04% 13.4 0.04% 12.7 0.04% 10.0 0.04% 
Third Device 13.4 0.05% 13.4 0.05% 13.4 0.05% 12.2 0.05% 7.5 0.05% 
Total 40.2 0.02% 40.2 0.02% 40.2 0.02% 37.9 0.02% 29.5 0.02% 

Table 3. Energy Deposition Fraction (EDF) of the stacked devices 
 
     c) Minimum device areas normal to incident sources and efficiency 
 
 Other important design considerations were the effects of incident beam 
penetration and lateral scattering (including secondaries) on collection volume.  This 
created important losses in overall converter efficiency in reduced nano-scaling 



geometries of semiconductor devices.   This was simulated by: a point source, line 
source, and surface source and the surface source results are given by Table 4.  The 
calculations demonstrate that reduced geometries produce greater sensitivity to solid 
angle restrictions and edge effects for stacked cell designs (than just a single device 
area).  It is expected that similar findings will be seen for round areas, and this should 
be consistent with the radial straggle of the 63Ni  β- electrons.  Since the specific 
activity of the radioisotope directly influences the magnitude of this minimum area, 
higher kinetic energy decay sources will generally require larger minimum areas. 
  

Table 4. Energy Absorption Fraction of the stacked devices 

 Infinite Slab 500umX500um 50umX50um 5umX5um 2umX2um 

First Device 13.4% 13.4% 13.4% 13.1% 12.0% 
Second 
Device 13.4% 13.4% 13.4% 12.7% 10.0% 

Third Device 13.4% 13.4% 13.4% 12.2% 7.5% 

Total 40.2% 40.2% 40.2% 37.9% 29.5% 

 
7) Conclusions 

A number of important design concepts for utilizing modern semiconductor 
technology to create novel radioisotope nano-scale nuclear batteries have been 
revealed through MCNP and EGSnrc simulations.  This starts with the radioisotope 
source and an understanding of role of self-absorption to optimum layer thickness.  
Equally important is correcting for the true spectral decay emission to prevent 
significant errors. These are two basic issues necessary to correctly model the 
radioactive source.  Next, minimum areas for normal incident sources show edge 
effect losses that cause increasing errors as dimensions approached radial projections 
and associated straggle values.  It was also determined that superlattice structures are 
unfavorable candidates for simulations with either MCNP or EGSnrc programs.  
EGSnrc appeared most useful for modeling stacked, multilayered systems with 
multiple boundaries of dissimilar materials.  EGS calculations successfully 
determined the modification to layer thicknesses for matching charge collection of 
individual converters in a stack. This leads to higher-voltage converter systems and 
enhances integration with ultra-thin layered semiconductor microcircuits.  Finally, 
material selection from the II-VI semiconductor family appears wll suited to provide 
simultaneous path ways for direct conversion with a pn-junction and photovoltaic 
indirect conversion because of their transparent optical properties. 


