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ABSTRACT 

This work covers the development of a radioisotope loaded micropower source 

from the initial stages of design, simulation and fabrication through the characterization 

and performance optimization of the device. Various mechanisms causing losses in 

conventional betavoltaic conversion were investigated. A new betavoltaic device was 

introduced that shows efficiency improvement over traditional betavoltaics through the 

use of a semiconductor infused with a beta source. Specifically, radioactive material 

sulfur (35S) was blended with a semiconductor material (selenium), effectively 

encapsulating the radioisotope within the semiconductor. By eliminating or reducing 

potential loss factors by optimizing the device geometry, fabrication techniques, and 

other factors, more efficient energy conversion was achieved. This approach enabled 

more effective conversion of energy emitted from the radioisotope without the need for 

additional shielding structures.   

The prototype devices (first and second generation) were fabricated and tested 

with current-voltage measurement at room temperature. A maximum output power of 687 

nW was obtained from the micro power source using 1.24 GBq (33.61 mCi) of 35S. An 

open-circuit voltage of 410 mV and short-circuit current of 6.44 µA were also observed. 

The overall efficiency of the prototype device was 7.05 %. This is a distinct improvement 

over traditional betavoltaic sources, whose maximum efficiencies are around 2.7%.  
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CHAPTER 1: INTRODUCTION 

Lack of promising technologies for tiny power sources has been a limiting 

factor in the implementation of various standalone microelectromechanical systems 

(MEMS), which have been utilized for sensors and actuators, biomedical devices, 

wireless communication systems, and micro-chemical analysis systems [1-5]. Due to 

the very small dimension of individual device (typically 10-6 to 10-9 m), a large 

number of them can be integrated within a small area. Most traditional power sources 

are not compatible with the micro systems. For example, conventional chemical 

batteries are simply too large to be integrated into such systems and too weak to 

provide sufficient power when scaled down to micrometer sizes. In addition, if the 

power source can be rapidly depleted, the system requires frequent recharging for a 

continuous and long-life operation.  

 A great deal of research has been directed toward developing smaller and 

stronger power sources from a variety of energy resources [6-8]. Examples of these 

power sources include solar cells, micro fuel cells, micro combustion engines, which 

convert solar energy, chemical energy, thermomechanical energy, respectively, into 

electrical energy [9-12]. In general, chemical reaction based power sources struggle 

with the power density drastically decreasing with the size of the system and the 

performance dropping significantly when they are designed to achieve longer 

lifetimes. In many cases, refueling or recharging is not a viable option because these 

operations cannot be accomplished easily for small and portable devices. Moreover, 

all the aforementioned power sources cannot be used in extreme environments 
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because the chemical reaction rate is influenced by temperature or there may be no 

sunlight available to power the device.  

 In contrast to chemical reaction-based power source and photovoltaics, 

radioisotopes micropower sources have been considered for long-term reliable 

micropower sources due to their high energy density, long lifetime, and durability in 

extreme environments [13]. The energy change “per event” in radioactive decay is 104 

to 106 times greater than in a chemical reaction, the energy density of radioactive 

material is approximately 106 times greater than the energy density of a lithium ion 

battery [14]. Radioisotope power sources are therefore very attractive for applications 

that require a long lifetime without recharge or refuel.  

In general, radioisotope-based batteries convert the emission of ionizing 

radioisotope sources into electrical energy. The conversion techniques can be 

categorized into two main types as follows:  

1. Indirect conversion, in which radioactive energy is converted into an 

intermediate form of energy such as thermal or photon energy prior to produce 

electrical energy. For example, nuclear power plants use thermal energy as an 

intermediate energy state yielding a conversion efficiency of 30-45% [15]. 

2. Direct conversion, in which radioactivity is converted directly into electrical 

energy. This process is used in thermoelectric converters [16], compton scattering 

[17], electron convection [18], piezoelectric [19-20] and nuclear alpha/beta voltaic 

cells .  

Among these methods, nuclear voltaic cells (alpha/betavoltaics) provide the 

most practical means of implementing a micro power source. These cells operate on 

principles similar to those of solar cells [19-20] and use radioisotopes instead of 

photons as an energy source. The radioisotope source can consist of alpha particle (α) 
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radiation (helium nucleus), beta particle (β) radiation (electrons), or even the fission 

energy of a large atom. The α or β particles emitted from the radioisotope couple to a 

rectifying junction such as a semiconductor p-n junction or diode. The particles 

propagate to the semiconductor and produce electron-hole pairs (EHPs). The electron-

hole pairs are separated by the rectifying junction and converted into electrical 

energy. Although alpha and beta radiation hold high-density energy and can provide 

energy for years, their use in nuclear voltaic cells is still very limited by problems 

related to the radiation source itself. Betavoltaic conversion is preferred over 

alphavoltaic conversion for micropower sources due to the fact the alpha emitters 

contain a very strong energetic alpha particle that can quickly damage and shorten the 

lifetime of the micro device [21-22].  

 

1.1 Conventional betavoltaics 

Betavoltaic power sources permit the direct conversion of energy from beta particles 

(electrons) into electrical energy via a rectifying junction. The energy conversion that 

takes place in a betavoltaic nuclear battery is categorized as a non-thermal conversion 

process. As shown in Figure 1.1.1, conventional betavoltaics consist of two major 

parts, a beta-emitting radioactive source and a harvesting semiconductor device 

(rectifying pn junction diode). Many electron-hole pairs (EHPs) are created in the 

semiconductor by ionization due to the beta radiation. At the depletion region, the 

EHPs are separated by the built-in electric field and a potential difference is created.  
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Figure 1.1.1 Principle of betavoltaic energy conversion. 

 The conventional structures of betavoltaic devices are illustrated in Figure 

1.1.2. A radioactive source is placed closely above the rectifying junction. While 

radiation travels through, the radiation intensity diminishes dramatically before 

reaching the rectifying junction. Thus, only a small portion of the beta radiation is 

converted into electrical energy with an inefficient performance.  

  

Figure 1.1.2: Three-dimensional views of conventional betavoltaic devices.  
(a) Planar structure (b) Porous structure [23]. 

 An early attempt on betavoltaic conversion was carried out in 1953 [24]. In 

that study, a selenium photocell was exposed to beta particles to generate electrical 

energy. Alloy doped silicon with a high radiation dose of Sr90-Y90 resulted in an 
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overall efficiency of only 0.4 %. The following year, similar experiments using 

silicon and germanium were reported [25-26]. Lattice defects arose from beta 

radiation ( > 2MeV energetic bate particles) was turned out to damage the rectifying 

junction and shorten the lifetime of the device. Researchers discovered that effective 

carrier lifetime can be significantly reduced via de-structuring of the crystal lattice by 

fast energetic electrons [27-28]. The high energetic beta particles can easily damage 

the rectifying junction and shorten the lifetime of the device. For example, the 

radiation damage threshold  of semiconductor materials are 350 keV (Germanium), 

145 keV (Silicon), 175 keV (Indium phosphide) and 225 keV (Gallium arsenide) [29]. 

In 1964, the overall efficiency of 0.77 % was achieved from betavoltaic deice by 

using silicon n-on-P base cell with 6.8 Ci of Promethium-147( Emax = 224 keV) but 

device was still suffering from the degradation of approximately 12 percent drop per 

half life. 

  In further research carried out from the mid-1960s through the 1990s, various 

compact betavoltaics were extensively developed and tested by Donald W. Douglas 

laboratories (1968-1974) for space and medical applications. One device, the Betacel 

model 400, showed an overall efficiency of approximately 1.7 % by using 77 Ci of 

promethium-147 as a beta emitter which has a half life of 2.6 years. It also found an 

application as a cardiac pacemaker which was expected to last for 10 years [30-32]. 

However this device included a thick stainless steel protective shield package to avoid 

interference between adjacent electronics and human tissues. The highest overall 

efficiency for a betavoltaic device of 2.2 % was reported in 1975 with a silicon n/p 

diode and promethium dioxide [33-34]. 

 Since 1990s, a number of researchers have investigated and improved the 

performance of betavoltaic devices. The described degradation defects have been 
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reduced through the use of highly radiation-tolerant materials such as silicon carbide 

(SiC), indium gallium phosphide (InGaP), and indium nitride (InN) for a low level of 

incident beta flux from radioisotope sources such as promethium-147(147Pm), tritium 

(3H), and nickel-63 (63Ni). On the other hand, the main application of these 

microbatteries had shifted toward powering microsystems such as wireless sensors 

operating in the microwatt range. An additional significant performance enhancement 

resulting from an increase in the surface area of the rectifying PN junction was 

introduced in 2003 [35]. The bulk micromachined silicon PN junction was employed 

to increase the surface-to-volume ratio by 55 % and showed a total efficiency of 0.23 

% with 63Ni. In 2005, an overall efficiency of 0.22 % by using 3H on the increased 

active area of the rectifying PN junction in a porous structure was achieved [36]. In 

2006, a SiC p-i-n junction betavoltaic cell was fabricated using chemical vapor 

deposition on a low resistivity n-type 4H-SiC substrate, tested with phosphorus-33 

(33P) and produced an overall efficiency of 0.56 % [37]. In 2007, a 3D silicon 

betavoltaic was fabricated by using deep reactive ion etching for trenches etching. 

The surface-to-volume ratio was increased by 16 % but achieved the conversion 

efficiency of less than 1 % [38]. In 2008, a 4H-SiC Schottky betavoltaic cell was 

fabricated with nickel and a 10-µm-thick lightly doped n-SiC epi-layer on a highly 

doped n-4H-SiC substrate with 63Ni. With this manner, an overall efficiency of 0.96 

% was achieved. Despite these improvements, interestingly, the basic structure of 

betavoltaic cells has remained same since their discovery almost 60 years ago, and the 

maximum efficiencies have not reached 2 % yet. 
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1.2 Motivation 

Solid-state semiconductors such as silicon carbides (SiC) or amorphous silicon have 

been used for low-energy betavoltaic cells using rectifying junctions [37, 39]. One of 

the major drawbacks of using conventional solid-state betavoltaic converters is that 

the low coupling efficiency from placing the radioactive source outside the converter 

device. Because radiation emission is isotropic, only unidirectional radiation from the 

external source to the semiconductor layer is involved in EHPs generation. Therefore, 

in such cases, effectiveness is low because only a fraction of the total energy can be 

used for conversion. 

 A second drawback of using conventional solid-state betavoltaic converters is 

that the ionizing radiation degrades the efficiency, performance, and useful life of the 

conversion device. The primary degradation mechanism is the production of charge 

carrier traps from lattice displacement damage occurring over a given period of time. 

Similarly, but more seriously, high-energy beta particles such as Strontium-90 and 

Thallium-204 can cause severe damage to the rectifying junctions of solid-state 

semiconductors. Thus, many attempts to prevent the degradation effects that result 

from radiation damage have been reported. A number of semiconductors with high 

radiation tolerance, such as silicon carbide (4H:SiC), gallium arsenide (GaAs), 

Indium gallium phosphide (InGaP) and GaAs n-type/intrinsic/p-type/intrinsic (GaAs 

n-i-p-i), have been extensively explored [22, 37, 40-43]. While these initial results are 

promising, significant degradation was observed in all subsequent experiments with 

high band gap materials when high energy beta particles were applied. Coupled with 

the fact that the non-ionizing radiation damage anticipated from an alpha source is 

three orders of magnitude greater than that from a beta source [44]. Thus, in the case 
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of high energy beta radiation source or alpha radiation sources, which contain energy 

in the ~ MeV range, the emitted energy typically damages the semiconductor junction 

in a matter of hours and results in degradation of the device. This observation led us 

to propose the use of liquid semiconductors in direct conversion voltaic technology. 

 Unlike solid-state semiconductors, the use of a liquid semiconductor 

circumvents the primary degradation/failure mode of solid semiconductor conversion 

devices, which is the production of lattice displacements as the high-energy charged 

particles interact with the solid. The benefit of using a liquid semiconductor is that the 

radioisotope micropower source can be used in high temperature environments 

without experiencing degradation. To provide the highest possible radioactive source 

coupling efficiency, the radioactive material can be mixed directly into the composite 

semiconductor and radioactive material. Such a design utilizes the maximum 

available energy from the isotropically radiating sources and requires no extra 

shielding. Our new composite-semiconductor-based microbattery utilizes the full 

potential of infused radioactive sources.  

 Our research work is focused on micromachined betavoltaic micropower 

source. The radioisotope material sulfur (35S) is infused with liquid semiconductor 

selenium (Se) in a micromachined device for direct power conversion. The energetic 

beta radiation in the liquid semiconductor selenium-sulfur-35 can produce electrical 

energy without experiencing the degradation effect. The infused structure is designed 

by sandwiching composite semiconductor between two metal electrodes. The 

advantage of this structure is for utilizing a maximum available energy from the 

isotropically radiating source and using no extra shielding structures.  
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1.3 Overview of the Chapters 

To date, there is no composite semiconductor-radioactive martial available that can 

operation in both liquid and solid status. This dissertation presents the first 

investigation of infused semiconductor (Se) and radioactive (35S) with the intention to 

proof the new concept and to improve the performance of the betavoltaic device. This 

work includes the development of the radioisotope loaded micropower source from its 

design, simulation, fabrication, assembly and characterization to enhancement of its 

performance. 

In Chapter 1, an introduction to radioisotope power sources is given. The history 

and current status of the related research and development are mentioned. In chapter 2 

covers the basic participle of metal semiconductor schottky diode and the design of 

the infused betavoltaic. First, the band diagram of the metal-semiconductor junction 

and schottky diode characteristic with current voltage measurement were studied. 

Second, the unique properties of liquid semiconductor compounds and radioactive 

materials were introduced and discussed to create the infused betavoltaic Schottky 

diode. 

In chapter 3, the loss factors affecting the performance of the betavoltaic 

microbatteries are presented. Several loss factors such as directional loss, absorption 

loss, external interaction loss and internal interaction loss were studied from the 

conventional betavoltaic. These loss factors will be used to design and improve the 

performance of the infused betavoltaic device. 

In chapter 4, the design, fabrication and characterization are presented. The 

properties of composite Se-35S were studied to determine the importance in the 

semiconductor behavior such as melting temperature, conductivity and band gap. The 
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prototype devices were fabricated and tested in both solid and liquid status by using 

current-voltage technique. The performance enhancements of first generation and 

second generation were also experimented to improve the efficiency. 

In chapter 5, a summary of the dissertation is presented. The preliminary work 

from the performance enhancements and potential future works are also given. 
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CHAPTER 2: DESIGN AND THEORY 

2. 1 Principle of operation of metal-semiconductor junctions 

The history of the metal-semiconductor diode dated back from the work of K. F. 

Braun (1874) who used copper/iron and lead sulfide crystals. By the early 1900, a 

point contact diode was made by touching a semiconductor with a metal point 

(whisker). This type of metal-semiconductor was difficult to produce and unreliable, 

and was changed by using PN junction [45-47]. The metal-semiconductor junction is 

created through intimate contact between a metal and a semiconductor with dissimilar 

work functions. The metal-semiconductor can be categorized as a rectifying contact 

(Schottky contact) or non-rectifying contact (ohmic contact). The main difference 

between the metal-semiconductor Schottky diode and a conventional PN junction 

diode is the current transport mechanism. The current transport in a PN junction diode 

is dominated by the minority carrier, whereas, in a Schottky diode, the current 

transport is dominated by majority carrier. 

 2.1.1 Basic Schottky contact and depletion region 

 When a metal and a semiconductor are brought into contact, a potential barrier 

is created due to charge separation between the metal and the semiconductor 

interface. Figure 2.1.1 illustrates the process of formation of an ideal barrier. Figure 

2.1.1(a) shows the ideal energy band diagram of a Schottky contact before the actual 

contact is created from a metal to p-type semiconductor. For the Schottky contact of 

metal-p-type semiconductor, the work function of the metal ( mφ ) is lower than the 

work function of the semiconductor ( sφ ).The work function is primarily affected by 

the volume contribution (structure of the lattice) and the surface contribution (dipole 
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layer of the surface). The value of sφ varies depending on the material and on the 

dopant used. Furthermore, the electron affinity sχ is the difference in energy between 

an electron in the conduction band edge and an electron at the vacuum level. When 

the metal and semiconductor are not yet in contact, there is no charge transfer or band 

bending.  

 Figure 2.1.1(b) shows the energy diagram that applies after contact is 

established between metal and p-type semiconductor. At the moment of contact, the 

majority carrier (hole) in the semiconductor travels into the metal and the electrons 

flow from the metal into the semiconductor. The departure of the holes from a p-type 

semiconductor leaves behind a negative acceptor ion, which is termed the ‘ionized 

acceptor’. Once those diffused holes reach the metal, they are neutralized by a 

recombination process. The recombination of holes with electrons gives rise to a 

space charge layer referred to as the depletion region of the ionized acceptor adjacent 

to the interface. The concentration of holes in the space charge regions is negligibly 

small compared to the ionized acceptor concentration. The space charge region or 

depletion region (W) is determined by the concentration of the ionized acceptors. 

Thus, the negative charge resulting from the presence of the ionized acceptor within 

the depletion region is equal to the positive charge on the metal.  
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Figure 2.1.1: The energy band diagram of a metal and a p-type semiconductor (a) before contact 
is formed. (b) Ideal band diagram of a metal-p-semiconductor junction at equilibrium. 

The Schottky barrier is defined as the potential barrier seen by the hole in the metal 

trying to move into the semiconductor. The barrier height ( Bφ ) is given by 

msgBP E φχφ −+=     (Eqn. 2.1.1) 

where Eg is the energy gap of the semiconductor , sχ  is the electron affinity and mφ  is 

the work function of the metal. The built-in potential barrier (Vbi) is the barrier seen 

by the hole in the conduction band edge that is trying to recombine with the electron 

in the metal. 

( )FPcmsbi EEV −+−= φχ
   (Eqn. 2.1.2) 

The built-in potential barrier can be increased (reverse bias) or decreased (forward 

bias) depending on the applied voltage across the junction. In contrast, the Schottky 

barrier is unchanged by the applied voltage.  

 

 2.1.2 Forward and reverse bias 

 At equilibrium, the rate at which the holes transfer from the semiconductor 

valence band into the metal is balanced by the rate at which electrons are injected 

 EFi 
 
 
EFP 
 
 

Φm 

EV 
 Vbi 

 
  
 

EC 
 

ΦBP 

Xs Vacuum level 

Φs 

w 
 
  
 

 EFi 
 
 
EFP 
 
 

Φm 

EV 
 

EC 
 

Metal 

Φs 

p-semiconductor 
Vacuum level 

 EF 
 
 

χs 



 

14 
 

from the metal into the semiconductor valence band. Figure 2.1.2 illustrates the 

rectifying contact when voltage is applied. The applied voltage will change the 

curvature of the band structure and modify the built-in potential across the depletion 

region. However, the barrier height will remain constant when voltage is applied. As 

forward voltage is applied (as the semiconductor is made positive with respect to the 

metal), the depletion region is reduced, and the built-in potential barrier is reduced 

from Vbi to (Vbi-VF), as shown in Figure 2.1.2(a). With the reduced potential barrier 

(Vbi-VF) from the forward bias, the net holes in the semiconductor can easily transfer 

across the potential barrier, which is now reduced compared to its potential under the 

equilibrium potential Vbi. Because there is no voltage drop across the metal, the rate 

of injection of electrons from the metal to the semiconductor is unchanged. Figure 

2.1.2 (b) shows the energy band diagram for reverse bias. When the potential of the 

semiconductor is made negative with respect to that of the metal, the potential barrier 

increases from Vbi to (Vbi+VR). Thus, the net holes that flow from the semiconductor 

into metal are reduced, whereas electron injection from the metal into the 

semiconductor remains the same. In both biasing cases, the band diagram is presented 

in the non-equilibrium condition in separate Fermi levels.  
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Figure 2.1.2: Energy band diagram of a metal-p-type semiconductor  
(a) with forward bias; (b) with reverse bias. 

 2.1.3 Ohmic contacts 

 The ohmic contact is a metal-semiconductor junction that provides a linear 

current-voltage characteristic in both biasing directions with negligible junction 

resistance relative to the total resistance of the semiconductor. Figure 2.1.3 illustrates 

the ohmic contact between metal and p-type semiconductors in which mφ  is higher 

than sφ . When contact is made, electrons from the semiconductor flow into the metal 

and reach thermal equilibrium because of the lower work function of the p-type 

semiconductor (lower than metal), leaving behind an excess concentration of holes on 

the surface. Thus, electrons in the metal can easily flow to fill the empty state of the 

semiconductor. At equilibrium, the Fermi level of the semiconductor decreases by the 

difference between mφ  and sφ . It is evident that no potential barrier is formed and that 

electrons can flow in both directions. In the interface region, only the hole 

concentration is increased; this produces some resistance at the interface, although 

this resistance is much lower than that of the bulk semiconductor region. Thus, the 

current transport in ohmic contact depends on the direction of the applied voltage and 

the resistance of the bulk semiconductor. 
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Figure 2.1.3: Ideal band diagram of ohmic contact from the metal-p-semiconductor junction. 

 2.1.4 Schottky diode characteristic with current voltage measurement 

 The current-voltage relationship of a Schottky diode predicted by diffusion 

theory is given by  
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where J is the current density (A/cm2), I is the Schottky diode current (A), V is the 

bias voltage across the diode (V), q is the electron charge (c), k is the Boltzmann 

constant (8.167x10-5 eV/K), T is the absolute temperature (K), A is the cross-sectional 

area of the diode (A/cm2), A* is the Richardson constant (A/K2-cm2), boφ  is the barrier 

height of the Schottky diode (eV) from the P-semiconductor, mp
* is the effective mass 

of the hole and h is Planck’s constant (6.626068×10-34 m2kg/s). This thermionic 

emission theory is assumed to be valid when the mean free path of the electron 

exceeds the length of the depletion layer [45, 48]. Crowell and Sze argued that the 

effect of the imaging force effect should be combined; thus, the Richardson constant 

A* is replaced by [49] 
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*** AffA qp=
 ,   (Eqn. 2.1.4) 

where fp is the probability of an electron reaching the metal without being scattered 

by an optical phonon after having passed the top of the barrier and fq is the average 

transmission coefficient. Both fp and fq depend on the maximum electric field in the 

barrier, on the temperature, and on the effective mass.  

 By assuming the dependence of the barrier height ( Bφ ) on bias voltage (V) is 

VboB βφφ +=  where β is a positive coefficient, the equation can be rewritten as  
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 (Eqn. 2.1.5) 

 where n is the ideality factor. 

 

2.2 Radioactive source and material options 

The main design consideration of the radioisotope microbattery is the selection of the 

radioactive material as a power source. Important parameters to consider include 

reliability, cost, safety, activity, size, half-life and maximum energy. Because the 

activity, half-life and reliability of the battery are of primary concern, the beta emitter 

is favored over alpha and gamma emitters. The alpha emitter produces high-energy 

particles that damage the crystalline structure, resulting in degradation and loss of 

efficiency. Additionally, gamma emitters are not suitable for microbatteries because a 

large amount of shielding is required. The candidate beta emitters are the following: 
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 Tritium (T or 3H) 

 Tritium (T or 3H) is a radioactive isotope of hydrogen that contains one proton 

and two neutrons. Tritium is a pure beta emitter and has a half-life of 12.5 years, with 

an average energy of 5.7 keV and a maximum energy of 18.6 keV. Tritium can be 

formed in the gas phase with a typical activity of 2.6 Ci/mmol [50]. Tritium is kept as 

a tritide on a depleted uranium bed and can be released by heating the bed. Tritium 

can be deposited by thin film techniques using tritiated hydrogenated amorphous 

silicon a-Si:H:T film [36, 51].  

 Sulfur 35 (35S) 

 Sulfur-35 is a pure beta emitter with average beta energy of 49 keV with a 

maximum energy of 167 keV and a half-life of 87.3 days. The average range of beta 

particle is less than 50 microns in amorphous selenium; this is ideal for depositing all 

of the decay energy in the liquid layer of the semiconductor device. In addition, sulfur 

is chemically compatible with the liquid semiconductor selenium. 

 Phosphorus 33 (33P) 

 Phosphorus-33 is a pure beta emitter with 100% abundance and a half-life of 

25.4 days. It has maximum decay energy of 249 keV and average decay energy of 85 

keV. The average range of its beta particles is less than 65 microns in amorphous 

selenium. Phosphorus belongs to group 15 of the periodic table. Phosphorus-33 can 

be produced from sulfur via the S33 (n,p)P33 reaction by neutron irradiation. The 33P 

can be prepared in HCl solution and can have an activity of up to ~50 GBq per 

milliliter. 

 Nickel 63 (63Ni) 

 Nickel 63 (63Ni) is a beta emitter with a half-life of 100 years, average beta 

energy of 17.4 keV and maximum energy of 65.9 keV. The typical penetration range 
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of 63Ni in silicon is approximately 21 micrometers. 63Ni is prepared by neutron 

irradiation of a target containing nickel 62 as a base isotope. The activity of 63Ni can 

be increased by using ultrahigh flux nuclear reactor irradiation with the centrifugal 

technique. 63Ni can be deposited using an electrodeless technique with an aqueous 

solution of nickel salt and hypophosphite [52].  

 Promethium 147 (147Pm) 

 Promethium is a soft beta emitter with 99.9% abundance; it has a very weak γ 

line and has an average beta decay energy of 61 keV and a maximum energy of 225 

keV. Promethium has a long half-life (2.6 years) and is suitable as a betavoltaic power 

source, as shown by its use in pacemakers [30]. The amount of 147Pm that changes 

into 147Sm is approximately 2.2 % per month. The chemical form of promethium is 

exhibited in oxide form, Pm2O3. A silica-titanate sol-gel technique can be used to 

deposit promethium with a high specific activity (~0.2 Ci/mg); this technique also 

yields strong adhesion to the substrate. Promethium can be produced by neutron 

radiation of 146Nd; this technique converts 146Nd into 147Nd, which then decays 

into 147Pm. 

 

2. 3 Radioactive material selection 

Sulfur (35S) was used as the radiation source in this study for two main reasons. 

First, 35S is a pure beta emitter with maximum decay energy of 167 keV, average beta 

decay energy of 49 keV and half-life of 87.3 days. The maximum range of its beta 

particle is less than 26 cm in air and 250 microns in plastic, which is ideal for 

shielding and safety handling [53]. Second, sulfur is chemically compatible with 

liquid semiconductor selenium because the two elements have the same electron 
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configuration (chalcogen group). Moreover, 35S can be enriched with a high specific 

activity (up to 42,707 Ci/g), compared with the specific activities achievable for 

tritium (3H) (72.97 Ci/g) and 63Ni (56.56 Ci/g).  

 Radioactive material sulfur 35S was produced at the University of Missouri 

Research Reactor (MURR) via the 35Cl (n,p)35S reaction. To produce 35S, potassium 

chloride (KCl) discs were irradiated by a thermal neutron flux of roughly 8x1013  

cm2s-1. An average of 150 millicuries of 35S per gram was produced following 150 

hours of the neutron irradiation process. Next, the 35S was separated and converted to 

elemental sulfur by dissolving the irradiated target in 0.05 M hydrochloric acid 

solution containing 2 millimoles of potassium sulfate as the carrier. Barium chloride 

was then added to the solution and the barium sulfate precipitate was transferred into 

a flask containing 50 ml of phosphoric acid (85%) and 3.5 g of tin (II) pyrophosphate. 

By heating under nitrogen flow, the sulfate was transformed into hydrogen sulfide 

gas. The sulfide was acquired by passing hydrogen sulfides through 10 ml of a 0.1 M 

sodium hydroxide (NaOH) solution. The sulfide solution was then mixed with 20 ml 

of a 90% methanol/water solution saturated with iodine to make elemental sulfur. The 

elemental sulfur was collected by extraction into carbon disulfide followed by 

evaporation of the solvent. The average chemical yield of this process is on the order 

of 70%; the specific activity of the product ranged from 10 to 20 mCi of 35S per mg of 

sulfur [54]. 

 

2.4 Liquid semiconductors and compounds 

A liquid semiconductor is an amorphous material in the solid or liquid state that 

possesses the property of varying resistance induced by charge carrier injection. 
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Liquid semiconductors have been widely studied because they exhibit many 

interesting behaviors due to the structural disorder and the discontinuity of their 

electrical properties. Liquid semiconductors can be amorphous in both the solid and 

the liquid phases, and their conductivity depends on temperature and pressure [55]. 

This uniqueness of the amorphous semiconductor is associated with the 

inhomogeneous system because the electronic properties change corresponding to the 

changes in chemical bonding and atomic structure. For instance, the GeySe1-y 

compounds (0<y<1) transform from covalent bonding to metallic bonding as the y 

ratio increases [56]. Some examples of liquid semiconductor compounds are GeSe, 

Se, InTe, and SbTc. The liquid semiconductors can be classified according to their 

electrical conductivities (σ), as follows [57]: 

 1. Metallic liquid (σ >3,000 Ω-1cm-1). 

 2. Semi-metallic liquids (3,000 Ω-1cm-1 > σ > 300 Ω-1cm-1). 

 3. Insulating and semiconducting liquids (σ< 300 Ω-1cm-1).  

In this study, selenium was chosen because it has semiconducting properties 

both in the solid amorphous phase at room temperature and in the liquid phase at high 

temperature (Tm = 221 °C) [58]. Selenium is a unique chemical element whose 

conductivity in both the liquid and amorphous states can be controlled by various 

parameters, e.g., temperature. The chemical bond model of amorphous selenium is 

categorized as lone pair semiconductor s (twofold coordination) because its electron 

configuration is [Ar]3d104S24p4; this implies that the properties of Se are primary 

influenced by two non-bonding P orbital of group 16 chalcogen, which is exhibited in 

covalent interaction bonding [59-60]. Se atoms tend to bond their lone pairs either in a 

helical chain (trigonal phase) formation or in an Se8 ring (monoclinic phase) 

formation. When Se reaches its melting temperature (Tm = 494 °K or 221°C), the 
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structure of liquid phase Se changes to a planar chain polymer with an average of 

104~106 atoms per chain and a small fraction of Se8 rings [61-63]. Figure 2.4.1 shows 

experimental results for the conductivity σ, the Hall coefficient R, and the Hall 

mobility µH as a function of temperature. At the melting point of liquid Se, the Hall 

mobility µH is extremely low. The discontinuity of the conductivity and hall mobility 

occur when the status of selenium change from solid to liquid. At the molten state, the 

selenium compound exhibit the abrupt change in chemical valence consideration 

influenced by the impurity and the oxygen content [58]. Importantly, in the liquid 

phase, the semiconductor naturally wets the surface of the electrodes very effectively 

and enhances the electrical contact by reducing contact resistance at both the Schottky 

and ohmic contacts. In addition, the melting point of selenium can be made lower 

than its original melting temperature by employing a eutectic mixture.  

 

Figure 2.4.1: Experimental results showing (1) the conductivity σ,  
(2) the Hall coefficient R, and (3) the Hall mobility µH [57]. 
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2.5 Radioisotope (35S) composited semiconductor based Schottky 

diode  

Mobile electron-hole pair generation in a liquid semiconductor is conceptually 

illustrated in Figure 2.5.1. The liquid semiconductor selenium is evenly doped by 

radioactive material 35S and sandwiched between two electrodes. Inside the liquid 

semiconductor, the radioisotope emits radiation energy in the form of alpha, beta, or 

gamma rays. Because the liquid semiconductor has a slightly higher atomic number 

than normal silicon PN junction, alpha and beta particles can be fully absorbed and 

gamma rays can be partially absorbed. The energy emitted by the radioisotope will be 

absorbed by electrons in the liquid semiconductor. These electrons are initially 

located in the valence band, where they are covalently bound to neighboring atoms. 

When the electrons are excited by the absorption of ionizing radiation from the 

radioactive decay, they move from the valence band to the conduction band, leaving 

an unoccupied state (hole) in the valence band; another electron from a neighboring 

atom will move to fill the resulting hole. The overall effect of the absorption of 

energy from the ionizing radiation in the liquid semiconductor is the creation of a 

large number of mobile electron-hole pairs [64-65]. 

 

Figure 2.5.1: Generation of electron-hole pairs in a liquid semiconductor Schottky diode. 
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 At the junction between the liquid semiconductor and the Schottky contact, a 

depletion region exists, resulting in an electric field. Thus, the electric field across the 

depletion region separates the electron-hole pairs. The electrons travel toward the 

ohmic contact and the holes toward the Schottky contact. This results in a potential 

difference between the two electrodes. In addition, the liquid semiconductor has an 

extremely large band gap, resulting in a large potential barrier across the depletion 

region and a large diffusion length. 

 The semiconductor (selenium: p-type) is sandwiched between metal contacts 

(Schottky contact and ohmic contact). When the radioisotope is mixed with the 

semiconductor, it emits and disperses beta particles isotropically throughout the liquid 

semiconductor [66]. Once electron-hole pairs (EHPs) are created by the beta radiation 

at the depletion region near the Schottky contact, the electric field will separate the 

EHPs and send them in opposite directions, resulting in a potential difference between 

the contacts. The mobile electron-hole pair generation in a composited semiconductor 

is conceptually illustrated in Figure 2.5.2. 

 

 
 

 

 

 

 

 

 

Figure 2.5.2: Betavoltaic schematics. (a), band diagram of metal-semiconductor ohmic 
junction. Φm> ΦS; (b), band diagram of metal-semiconductor rectifying junction Φm< ΦS. 
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 Different metals were used to form a rectifying junction and an ohmic 

junction. The characteristics of the Schottky diode can be determined by the barriers 

at the metal-semiconductor junctions due to the different work functions. High work 

function metals such as nickel (6.1-6.2 eV), platinum (5.9-6.3eV) or gold (6.1-6.4 eV) 

can be used as an ohmic contact, as illustrated in Figure 2.1.1 (a). This facilitates hole 

flow across the junction. To achieve rectifying behavior in p-type semiconductors 

(amorphous selenium), aluminum, with a low work function ( mφ ) of 4.06-4.3 eV, can 

be used. Figure 2.1.1(b) illustrates the band structure of the rectifying junction at 

equilibrium. The band gap energy (Eg) of selenium is 1.77-2.0 eV, its electron affinity 

(χs) is 3.3 eV and its work function ( sφ ) is 4.92 eV. When a metal with low work 

function mqφ  contacts a p-type semiconductor with work function sqφ , charge 

transfer occurs until the Fermi levels on each side achieve equilibrium. This forms a 

rectifying Schottky barrier at the metal-liquid semiconductor contact, and an electric 

field is generated near the metal-semiconductor junctions. The electric field separates 

the electron-hole pairs in opposite directions at the Schottky contact. This results in a 

potential difference between the two electrodes. 
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CHAPTER 3: LOSS ANALYSIS OF BETAVOLTAICS  

 In this section, several loss factors affecting betavoltaic microbatteries, 

including the radioactive shielding configuration are presented in detail. To increase 

the efficiency of the conventional betavoltaic device, the loss factors are further 

investigated. By considering the radiation loss of beta particles, the relatively far 

distance between the radioisotope source and the betavoltaic cell becomes a first 

noticeable factor. It is clear that the closer distance between the radioactive source 

and the beta cell is, the higher power can be generated. As shown earlier in Figure 

1.1.2, many conventional betavoltaic cells use generic designs based on a single-side 

configuration with the radioisotope sources in direct contact or at a distance. This 

leads to the low conversion efficiency. While beta sources radiate isotropically 

throughout the media, there is also noticeable energy loss by re-absorption of 

electrons, backscattering and Bremsstrahlung effects.  

 To understand the behavior of the device and improve the efficiency, we have 

studied the various loss mechanisms affecting radioactive energy conversion in 

betavoltaics. The total loss (LTotal) can be represented as 

                     LTotal
 = Ld + La + Lei+ Lii ,               (Eqn. 3.1.1) 

where Ld, La, Lei and Lii are the directional loss, the absorption loss, the external 

interaction loss and the internal interaction loss, respectively.  

 

3.1 Directional loss (Ld) 

The directional loss is defined as the ratio of the unabsorbed radiation by the 

betavoltaic cell versus the total emitted radiation from the radioisotope source. Most 
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conventional devices have inevitable directional loss. We estimated such a loss in the 

betavoltaic cells by calculating how much energy can be utilized from the 

radioisotope source. As shown in Figure 3.1.1, a significant amount of energy (more 

than half of the overall isotropic beta radiation) is not utilized in many conventional 

approaches. Although beta particles with a continuous energy spectrum are emitted in 

all directions, only small effective beta energy (β-
eff), which is typically less than a 

half of the total beta energy, is converted. The rest part of the beta radiation is simply 

wasted (β-
loss). In addition, only a small portion of the effective beta energy is allowed 

to pass through the small windows in the top metal layer of the device. As a result, the 

effective zone (space charge region stimulated by radiation) over the rectifying 

junction becomes very limited. 

 

 

 

 

 

Figure 3.1.1: Schematic illustrating the mechanism of directional loss by isotropically emitted 
beta particles. 

 To quantify the directional loss factor, the concept of solid angle or geometry 

factor is introduced by considering an isotropic point source located at a certain 

distance from the betavoltaic cell. Solid angle is used to evaluate how the size of the 

object becomes visible to an observer. The solid angle (Ω) is defined as the ratio of 

the number of particles emitted inside the closed contour between a beta source and 

the betavoltaic cell to the number of particles emitted entirely by the beta source [67]. 

Figure 3.1.2 illustrates the model of the solid angle between an isotropical plane 
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source and a plane detector (betavoltaic cell) in parallel. Where As is the area of a 

source, Ad is the area of a detector, d is the distance of the perpendicular between a 

plane source and a plane detector and n̂ is a unit vector normal to the surface of a 

detector.  

 

 

 

 

 

 
Figure 3.1.2: Schematic illustrating the model of the solid angle between a plane source and a 

plane detector (betavoltaic cell).  

The mathematical model of the solid angle in figure 3.1.2 is described as 

                  

    

 ,                          (Eqn. 3.1.2)
 

Where So is the isotropically emitted particles (particles/m2s). To simplify the model, 

a plane source is replaced by the point source which emits radiation isotropically with 

equal probability. Thus, the expression of the solid angle for a beta point source and a 

circular betavoltaic cell [67-69] becomes 

   ,                  (Eqn. 3.1.3)
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where R is the radius of the betavoltaic cell and d is the distance of the perpendicular 

line connecting the point source and the center of the betavoltaic cell. Because Ω is 

the fractional of solid angle, the range of Ω is between 0 and 1. With respect to the 

radiation measurement, a cross-section equal to 1 indicates that the solid angle 

subtended by the absorbing material is 4π steradians. In addition, if Ω is equal to 0.5, 

the system is defined as having 2π geometry because only half of the radiation 

encloses the beta source. Thus, with a circular betavoltaic cell, the effective 

directional loss based on the point beta source is described by  

,                   (Eqn. 3.1.4)
 

For conventional structures, directional loss is always over 50 % even though the beta 

source is close to the betavoltaic cell. The relationship between the dimensional ratio 

(R/d) and directional loss is plotted in Figure 3.1.3.  

  

Figure 3.1.3: Directional loss as a function of distance and radius of a betavoltaic cell. 
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When the ratio R/d falls below 1.3, directional loss accounts for 80 % of the total beta 

energy available in the source, although the ratio R/d approaches a constant value of 

50 %.  When the radioactive source 63Ni is placed 5 mm from a conventional circular 

betavoltaic cell with an R/d ratio of 0.137 [70], the directional loss (99.537 %) 

becomes a major drawback, leading to poor efficiency (~0.1 %). 

  

3.2 Absorption loss (La)  

If a relatively thick layer of radioactive material is used as a beta source, some of the 

beta particles located in the lowest layer can easily be absorbed by the source 

material. This phenomenon is called self-absorption or self-scattering. Generally, 

radioactive materials with low beta energies such as 63Ni and 3H are easily affected by 

self-absorption [71]. Self-absorption behavior depends on the chemical compound, 

the density, the geometry of the device, the effective atomic number, the thickness of 

the layer and the maximum energy of the beta particles. In addition, self-absorption 

depends most highly on the thickness of the source layer. Self-absorption of the beta 

source can be reduced, but it cannot be entirely eliminated.  

 The self-absorption factor of a beta source (fself) is defined as the fraction of 

emitted particles that experience self-absorption [67-69]. The self-absorption factor is 

dimensionless and has a value between 0 and 1. If one assumes that the beta particles 

are self-absorbed in the same manner as they would be by an external absorber, the 

self-absorption loss of a beta source as a function of the thickness can be expressed in 

the following form  
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where µ is the mass absorption coefficient (m2/kg), t is the thickness of the beta 

source (kg/m2) and Emax is the maximum energy of the beta particle in MeV. The 

parameters used for 3H, 63Ni, 35S and 147Pm are specified in Table 3.2.1.  Figure 3.2.1 

shows the variation in self-absorption loss as a function of the thickness of the beta 

source. It is obvious that the self-absorption loss of every source material initially 

increases rapidly as the source thickness increases and then approaches a plateau. 

When compared to a source thickness of 1 µm of each material, a self-absorption loss 

of 16.49 % from 3H and 14.81 % from 63Ni occurs, while the self-absorption losses 

of 35S and 147Pm are only 2.95 % and 1.03 %, respectively. The efficiency of the 

betavoltaic cell is reduced significantly due to this self-absorption loss. For example, 

with 63Ni, self-absorption loss can reach up to 20 % of the actual activity and overall 

efficiency can be reduced from 1.2 % to 0.96 % [70]. 

Table 3.2.1: Characteristics of several beta radiation materials. 

Parameter Tritium Nickel-63 Sulfur-35 Promethium147 
Maximum energy of the beta 

particle (keV) 18.6 67 167 225 

Average energy of the beta particle 
(keV) 5.7 17.4 48.8 64 

Half-life (yr) 12.32 92 0.238  2.62 
Specific activity (theoretical) 

mCi/mg 9,700 57 42,707 800 

Specific activity (experimental) 
mCi/mg 1,000 11.7 25.4 290 

Density (kg/m3) 2330* 8900 1600 6475 
*The density of the tritium source is based on that obtained using the deposition technique of a-SiH 
with ~10% tritium to chemical vapor deposition of amorphous silicon. 
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Figure 3.2.1: Plot of self-absorption loss as a function of the thickness of the beta source. 
 
  

3.3 External interaction loss (Lei) 

Any median between the radioactive source and the PN junction is classified as 

external interaction. As the beta particles are traveling, by collision with surrounding 

molecules, a fraction of them are ionized and release some energy. Eventually, the 

beta particles stop, pick up some essential electrons, and become neutralized. The 

amount of loss depends on the physical properties of the medium between the beta 

source and the betavoltaic cell. 

 For a conventional betavoltaic cell, one of the major external interaction loss 

occurs at the electrode before the PN junction. The amount of beta radiation 

transmitted through an electrode thickness t is expressed by  

( ) ( ) teNtN µ−= 0    (Eqn. 3.3.1) 

where µ is the mass absorption coefficient (m2/kg) and t is the thickness of the 
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electrode material (kg/m2). The transmission loss of beta particles is defined as the 

difference between N(t) and N(0) divided by N(0). Figure 3.3.1 shows the 

transmission loss of beta particles corresponding to the average energy of 3H, 63Ni, 35S 

and 147Pm using aluminum, nickel and gold electrodes. In general, the thickness of the 

electrode material is approximately 200 nm. If Au is used as an electrode, the 

transmission loss of the average energy of tritium becomes 25.32 %; this can be 

compared to 18.04 % for 63Ni, 17.82 % for 35S and 14.15 % for 147Pm, respectively. 

 

Figure 3.3.1: The transmission loss of beta particles as a function of  
the thickness of absorber materials. 

 The range (R) of a particle in a material is defined as the thickness required to 

stop a particle of a certain kinetic energy. The range of beta particles is also important 

when predicting the loss introduced by the intermediate layer. Due to their 

interactions with electrons and nuclei of the materials, the trajectory of beta particles 

is not well defined. Compared to alpha particles, the ranges of beta particles are much 

greater at the same energy levels. Based on experimental results of elements with 

atomic numbers ranging from 6 to 92 and energies of monoenergetic electrons 
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ranging from 0.3 keV to 30 MeV [67, 72], the semi-empirical equation of the range of 

beta particles is   

( ) ( )[ ] ( )
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(Eqn. 3.3.2) 

where ρ is the density of the material (kg/m3), T is the kinetic energy of the electron, 

Z is the atomic number of the material, A is the atomic weight and R is the range with 

units of either (m) or (kg/m2). Figure 3.3.2 illustrates the range of electrons in various 

absorbing materials as a function of their kinetic energies. The average beta energy 

data for several radioactive materials are also shown.  

 

Figure 3.3.2: Ranges of beta particles in various absorber materials with an average beta energy 
for a variety of radioactive elements (3H, 63Ni, 35S, and 147Pm). 

 As the density and the atomic number of the absorber materials increases, the 

range of the beta particles decreases significantly. The range of the average energy 

from 3H, 63Ni, 35S and 147Pm in aluminum is only 0.39 µm, 2.35 µm, 13.81 µm and 
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22.03 µm, respectively. High-energy electrons (greater than 0.5 MeV) tend to have a 

straight and long path with lower specific ionization in the air. On the other hand, 

low-energy beta particles cannot travel far in air before entering the device. For 

example, if the radiation source (63Ni) is placed far away (approximately 2 mm) from 

the conventional betavoltaic surface, the overall efficiency of the cell is reduced 

eleven-fold compared to that of a source that is attached to the surface [70]. Thus, the 

closer the radioactive source is placed to the betavoltaic surface, the more electrical 

energy can be generated.  

 

3.4 Internal Interaction loss (Lii) 

The internal interaction loss is categorized as the loss that occurs in the betavoltaic 

cell. As a charged particle travels through material, it interacts with the electrons and 

nuclei of the atoms of that material. Because of these particle interactions, the charged 

particle loses energy and stops after a given distance. The emission of electromagnetic 

radiation (Bremsstrahlung) and the coulomb interaction with electrons/nuclei are the 

main loss factors contributing to energy loss of charged particles.  

 The coulomb interaction with electrons and nuclei during a collision is 

considered a significant loss factor for internal interaction loss. Because the ionization 

loss from beta radiation is proportional to the atomic number (Z) and is 

logarithmically dependent on energy, the majority of energy losses occur at the 

electrode (high atomic number of the metal) and the dead zone in the semiconductor. 

Assuming an isotropic distribution of beta particles, loss from backscattering itself is 

reported to be approximately 30% [7].  
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 The collisional stopping power (or simply the stopping power) is defined as 

the average energy loss from ionization and excitation per unit length of the travelling 

radiation in the absorber material [73]. However, it is generally difficult to predict 

how the charged particles will interact with molecules of the absorbed medium while 

they travel. The ‘continuous slow down approximation range theory’ can be used to 

predict the range of emitted beta particles based on their coulombic interaction with 

electrons and nuclei [74]. After accounting for coulombic force interactions, the 

collisional stopping power of beta particles interacting with higher atomic number 

media is described by [73]  

      ( )
( )

( ) ( ) 































−+−+

−
+










 −









=








2ln121
8

1
2
1

1
ln

4
2

2

2

2

2
2

γγγ
γ

γβγ

β
π

mc
I

NZmcr
dX
dE

Collision

, 

(Eqn. 3.4.1) 

where dE/dX is the collisional stopping power in MeV/m, r0 is the electron radius 

(2.818x10-15 m), Z is the atomic number of the material, m is the mass of an electron 

(9.109x10-31 kg), c is the speed of light (3x108 m/sec), N is the number of atoms per 

m3, β is the relative phase velocity of the particle, γ is the Lorentz factor and I is the 

mean excitation potential of the absorbing medium in eV. The range of stopping 

powers for beta particles in different materials is shown in Figure 3.4.1. The average 

beta energy data of several radioactive materials is also shown. For example, the 

average β- energy of 63Ni is 17.6 keV; its radiation will be stopped in less than 8 µm 

in a silicon (Si) layer and in less than 2 µm in a tungsten (W) layer. The stopping 
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power is affected mainly by the density, atomic weight, and mean exciting potential 

of the material. Moreover, radiation loss due to inelastic scattering by atomic nuclei 

and Bremsstrahlung effects significantly contributes to energy loss as well. 

 

Figure 3.4.1: The range of stopping power of various absorbing materials for a particle with an 
average beta energy for a variety of radioactive elements (3H, 63Ni, 35S, and 147Pm). 

 Loss from the emission of electromagnetic radiation (Bremsstrahlung) occurs 

when the charged particle interacts with nuclei via inelastic radioactive interaction. In 

this process, the electron is not only deflected but also gives up some of its kinetic 

energy to create a photon while accelerating or decelerating. Although 

Bremsstrahlung loss increases as the atomic number (Z) and beta energy increase, this 

loss is negligible for electrons with energies below 10 MeV in low Z material. The 

relationship between the Bremsstrahlung emission loss and the collision loss 

(coulomb interaction loss with electrons/nuclei by ionization and excitation) obeys the 

following equation: 
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750                    (Eqn. 3.4.2) 

where Z is the atomic number of the material and E is the energy in MeV. Generally, 

in the case of a betavoltaic cell, the maximum energy of the radioactive source used is 

only 0.1-0.2 MeV. The fraction of radioactive loss of Bremsstrahlung via collision 

loss only reaches 2-3 %.   

 The mechanisms leading to efficiency losses which afflicting the conventional 

betavoltaic structure are studied. The loss factors such as directional loss, absorption 

loss, external interaction loss and internal interaction loss, are identified and 

investigated. These losses will be later used in the design, optimization and 

development of our new structure to reduce the potential loss factors and to increase 

the efficiency of the devices. The new structure, called infused betavoltaic structure, 

will be designed base on the principle of utilizing the maximum available energy from 

the isotropically radiating source. 
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CHAPTER 4: FABRICATION AND CHARACTERIZATION 

4.1 Properties of the selenium-sulfur composite 

 4.1.1 Electrical conductivity and thermal properties of selenium  

To begin with, electrical and thermal properties of amorphous selenium have 

been investigated. As shown by the experimental data in Figure 4.1.1(a), the 

electrical conductivity ( ρ ) of pure selenium exhibits a peak approximately 220 °C 

(the melting point of Se). This behavior results from the deformation of composite 

selenium rings by ring scission and chain dissociation during the melting and 

polymerization of selenium [75]. We have found that the Seebeck effect varies 

greatly over the range of temperatures shown in Figure 4.1.1(b). In other words, 

thermoelectric power generation is highly dependent on the surrounding temperature 

[76]. Selenium has a positive thermoelectric coefficient before melting and a 

negative thermoelectric coefficient after melting. Near the melting temperature, the 

high oxygen content on the surface diffuses into bulk selenium and causes oxidation 

of the Se and an inhomogeneous distribution of the selenium chain [77]. The 

Seebeck effect occurs predominantly near the melting temperature (~ -1.5 mV/°K). 

In addition, we have learned that selenium has very small figure of merit, ZT (

κρ /2TS ), as shown in Figure 4.1.1(c). Selenium has low thermal conductivity (κ ) 

and a low carrier concentration, which results in low conductivity ( ρ ). 
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Figure 4.1.1: Thermal characteristics of amorphous selenium as a function of 

temperature: (a) Conductivity; (b) Seebeck coefficient [78-80] and (c) Figure of merit. 
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 4.1.2 Melting temperature of the selenium-sulfur composite 

 The heterogeneous equilibrium between the solid and liquid phases of a two-

component selenium-sulfur system was investigated. A binary phase diagram, shown 

in Figure 4.1.2, was obtained for the mixture at different overall compositions. From 

the experimentally obtained phase diagram, it can be seen that the liquidus curves 

intersect at the eutectic point. High-purity sulfur (99.99 %) and selenium (99.998 %) 

were used. The phase diagram undergoes a eutectic reaction at 106 °C with the 

composition of the binary Se45S55 semiconductor. 

 

Figure 4.1.2: Phase relations of the selenium-sulfur composite. 

 4.1.3 Band gap study of selenium-sulfur composite 

 Moreover, one of the very important properties, band gap of the composite has 

been investigated. Band gap (or energy gap) is the required energy that excites 

electrons from the valences band to the conduction band. Energy gap also refers to the 

energy difference between the top of the valence band to the bottom of the conduction 

band and is typically given in units of electron volts (eV). A semiconductor material 

has a small band gap, which does not only cause it to perform as an insulator at the 
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absolute temperature but also permits the thermal excitation of electrons at 

temperatures below the melting temperature.  

 Typically, in the case of a solar cell, the photovoltaic semiconductor exhibits a 

band gap between 1.1-1.5 eV, which allows the device to achieve the maximum 

possible efficiency from sunlight due to the Shockley-Queisser limit [81-82]. 

Optimization of the band gap for solar cell material must take into consideration. If 

the band gap of semiconductor is too low, the lower energy photon (higher than 

energy gap) will have surplus energy than necessary to excite electrons over the band 

gap. That surplus energy is implied as the wasted energy. Similarly, if the band gap of 

semiconductor is too low, the majority of the photons will not have enough energy to 

excite the electrons over then band gap. Thus, the trade-off between those two needs 

requires selecting a band gap to maximize the efficiency.  

 The band gap of a selenium-sulfur composite was investigated by using 

ultraviolet–visible spectroscopy (UV-Vis) that measures the absorption spectrum with 

various photon wavelengths. Selenium and sulfur composites were prepared at 

different overall compositions ranging from Se90S10 to Se10S90. Figure 4.1.3 shows 

the various composite samples for UV-Vis testing. Ten samples, ranging from 100 % 

Se (Se100S0) to 0 % Se (Se0S100), were fabricated and prepared. Elemental selenium 

is dark gray or black in color, while elemental sulfur appears bright yellow. The Se-S 

mixtures high in selenium content show darker in color, while mixtures low in 

selenium content appear brighter. 
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4.1.3 Fabricated Se-S composites for UV-Vis testing. 

 The transmission spectra of Se-S composites from UV-Vis are shown in 

Figure 4.1.4 with 70-90 % optical transmission in the high end of the visible range. 

By taking the linear portion to fit the transmission edge of a Se-S composite, a cut-off 

wavelength (λc) was obtained.  

 

Figure 4.1.4: Optical transmission spectra between Se40S60 and Se100S0. 
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 For example, a cut-off wavelength of 638.4 nm was determined for the 

Se100S0 sample. Thus, the band gap of Se100S0 was calculated as 

( )( )
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10310135.4
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==

−

−

λ ,
  (Eqn. 4.1.1) 

where h is Planck’s constant and c is the speed of light. The band diagram of the Se-S 

composites is illustrated in Figure 4.1.5.  

 

4.1.5: Band gap of selenium-sulfur mixtures. 

 The band gap of 0 % Se (Se0S100) is 3.534 eV (+/- 3.7 %) and that of 100% Se 

(Se100S0) is 2.06 eV (+/- 0.7 %). It is noted that the band gap of the Se-S composite 

depends on the atomic percent of the Se-S composition. The band gap decreases as 

the selenium content increases. The band diagram of 50% Se shows only small 

differences from that of 100 % Se. When the selenium content is further reduced, the 

band gap of a Se-S compose is dominated by the element sulfur.  
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 According to the data sheet [83], the band gap of pure sulfur is only 2.84 eV, 

while our experimental result showed 3.534 eV. This could result from the exposure 

of elemental sulfur to oxygen (resulting in the formation of sulfur dioxide) during the 

preparation of samples. Based on comparison of the UV-Vis measurement data on the 

band gaps of the different Se-S composites, we conclude that the optical band gap of 

Se-S is between 3.53 eV and 2.05 eV. The band gap of Se-S is influenced by the ratio 

in which the two materials are mixed.  

 

4.2 The first-generation (prototype) 

The first device we designed contains a composite semiconductor and radioactive 

material (Se- 35S) sandwiched between two electrodes (namely, Schottky contact and 

ohmic contact electrodes) as shown in Figure 4.2.1. A special conductive epoxy for 

high-temperature applications is used for the interconnection between the top and 

bottom electrodes. Aluminum and nickel were used for the Schottky electrode and the 

ohmic electrode, respectively. The semiconductor selenium (Se) was mixed with 

radioactive material (35S) and enclosed in a 20 µm-thick SU-8 polymer reservoir with 

1 cm2 active area. The collection takes place at the junction between the Schottky 

contact and the semiconductor.  

 

Figure 4.2.1: A schematic view of the first-generation device 
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 The fabrication steps of the first-generation device are briefly illustrated in 

Figure 4.2.2 [84]. First, a bottom electrode (0.3 μm-thick aluminum layer) was 

deposited on a glass substrate by sputtering and then patterned with a standard 

photolithography process. Then, a 10 μm-thick SU-8 reservoir was formed to contain 

the composite semiconductor. The top electrode (0.3 μm-thick nickel layer) was 

evaporated on another glass substrate and then patterned. After Se and 35S were 

placed in the reservoir, a conductive epoxy (Silver Conductive Epoxy, H2OE Epo-

Tek) with high temperature stability was applied as the electrical interconnection 

between the top and bottom electrodes. A thermo-compression bonding technique was 

applied for bonding the top and bottom substrate by increasing the temperature to 285 

°C and applying a force of 28 kPa. The fabricated device is shown in Figure 4.2.3. 

 

Figure 4.2.2: Fabrication process of the first-generation betavoltaic device.  
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Figure 4.2.3: Photo of a fabricated device (first-generation). 

 Loading and handling of the radioisotope material requires special safety 

precautions. All of the testing with the radioisotope was conducted at the University 

of Missouri Research Reactor (MURR). There is a dedicated glove box equipped with 

one millimeter-thick gloves that offer a controlled environment to handle the 

radioisotope material safely as shown in Figure 4.2.4. Oxygen and moisture levels in 

the glove box are controlled by filling an inert gas (either helium or nitrogen) to avoid 

oxidation of the liquid semiconductor (Se).  

 

Figure 4.2.4: Photograph of the experimental setup. 
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 4.2.1 Experimental setup 

 After assembly of the device, the radioisotope-loaded device was tested in a 

test stage with a simulated heat source. As shown in Figure 4.2.5, the experimental 

setup consisted of a testing stage, a Keithley source meter instrument (KE2601A), 

two probe micromanipulators (Micromanipulator Company model 110/210) and low 

profile signal probes (micromanipulator company model 44-6000-V-NA). A data 

acquisition connection (GPIB) to a PC with software (Labview 8.5) was used to 

collect and process the electrical response data from the micro power sources [23]. To 

characterize the device, I-V characteristic data were measured.  

 

Figure 4.2.5: Experimental setup and characterization method 

 Figure 4.2.6 shows the I-V curve of the selenium-sulfur-based Schottky diode 

at room temperature (cold cell) [66]. Similar to the I-V characteristics of normal 

Schottky barrier diodes, the current increased exponentially when the forward bias 

was greater than 0 V and the reverse bias current continuously increased with a small 

saturated current. The observed short-circuit current (ISC) was less than 10-10 A.  
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Figure 4.2.6: I-V characteristic curve of composited selenium-sulfur at room temperature.  

 

 4.2.2 Characterization of the prototype device 

 After 4.5 millicuries (166 MBq) of radioactive sulfur 35 were loaded, the IV 

characteristics were measured at room temperature (27 °C). Figure 4.2.7 shows the 

dark current data of the device. A short- circuit current (ISC) of 0.45 nA and an open 

circuit voltage (VOC) of 160 mV were observed. Figure 4.2.8 shows that a maximum 

power of 0.02 nW was obtained at 100 mV. The theoretical maximum available 

power from 35S can be calculated from the average beta energy spectrum of the 

isotope. The overall efficiency conversion of the encapsulated betavoltaic with 4.5 

mCi of 35S (166 MBq) at room temperature was calculated as follows:
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Figure 4.2.7: I-V characteristics of the infused device at room temperature. 

 

  

Figure 4.2.8: Output power as a function of bias voltage. 

 To use a simulated heat source, a hot plate with accurate temperature 

controllability was utilized. Figure 4.2.9 illustrates the I-V characteristics of the first-

generation devices with non-radioactive sulfur and with radioactive sulfur at 140 °C 

[84]. The device with non-radioactive sulfur showed an open-circuit voltage (VOC) of 

661 mV; this is much higher than the voltage level that can be obtained through the 
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thermoelectric effect because the Seebeck coefficient of pure selenium is only 

approximately 1.01 mV/°C at 140 °C [78]. For this device, the open-circuit voltage 

increased as the temperature increased. The reverse bias current continuously 

increased without reaching saturation and the dark current (negative current without 

external bias) was observed with a short-circuit current (ISC) of 0.16 nA. This 

negative current, ISC, without external bias could be driven by thermionic emission 

due to the thermal generation of carriers within the liquid semiconductor. With 

radioactive sulfur 35S (166 MBq), a short-circuit current (ISC) of 107.4 nA and an 

open-circuit voltage (VOC) of 899 mV were observed. Notably, the short-circuit 

current corresponding to the radioisotope radiation is almost three orders of 

magnitude greater than that of the non-radioactive device.  

 

Figure 4.2.9: I-V plot of liquid semiconductor diodes with and without radioisotope sulfur 35. 

 Figure 4.2.10 shows that the maximum power of 16.2 nW was obtained at 

369.9 mV from the device containing 35S. Interestingly, the output power from 

thermal energy was only approximately 0.62 nW at the point of maximum power 

obtained from the device with radioactive 35S. Thus, the maximum power obtained 
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solely from the radioactivity was approximately 15.58 nW. The maximum 

radioisotope power conversion overall efficiency of 35S (166 MBq) was calculated as 

follows: 
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Based on the foregoing, the heat flux input energy used to make the liquid 

semiconductor materials (molten selenium-sulfur) is estimated as 0.622 joule. This 

yields total power efficiency from both radioactive source and heat flux energy of 

1.194 %.  

 

Figure 4.2.10: Output power plotted versus bias voltage for devices with non-radioactive sulfur  
and with radioisotope sulfur 35. 

 4.2.3 Technical challenges for the first-generation device 

 After testing devices with I-V measurements, the design of the device was 

carefully re-examined and imperfections in the first-generation device were noted. 

Figure 4.2.11 shows the very first prototype device with Se-35S with an activity of 4.5 

millicuries. The quality of the device was fairly poor. The top nickel electrode was 

mistakenly misaligned with respect to the original design by ~45 degrees. The 
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bonding of the SU8 to glass was very ineffective due to the excessive amount of the 

composite material and the epoxy. Because of the poor quality of the prototype 

device, its overall efficiency was very low. Although a good alignment was achieved, 

it was still very hard to control accurate amount of the conductive epoxy. Thus, the 

first-generation device was inspected carefully for the important factors as described 

below. 

  

Figure 4.2.11: A fabricated prototype device. 

 a) Internal resistance 

  The internal resistance of the conductive epoxy varies depending on the 

amount of applied epoxy and the contact surface area. As a result, the internal 

resistance of each fabricated device differs depending on the amount of epoxy. When 

the device experiences a high temperature gradient, its internal resistance will change 

dramatically. This results in uncertainties from run to run. Additionally, power can be 

largely dissipated through the conductive epoxy. 

 b) Bonding strength  

 There was unstable bonding of SU-8 to glass and of conductive epoxy to 

metal. If epoxy is excessively applied, it will easily overflow and make the contact 

between the top and bottom uneven. This means that the height of the device at the 

epoxy side is greater than elsewhere resulting in a non-level top electrode. Moreover, 
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at high temperatures, the Se-35S composite semiconductor melts and expands in 

volume. The bonding between the two contacts often causes de-bonding results. 

These problems will result in de-bonding effect. 

 c) Assembly technique 

 The assembly of the cell was complicated and unreliable. It was very 

challenging to control the precise mass of material used and to perform an accurate 

loading under the restrictions imposed by manipulation with thick gloves in an 

environmentally controlled glove box. If any small part of the composite Se-35S is 

accidentally dropped on the bonding area between the polymer and the glass and/or 

excessive conductive epoxy is applied, the bonding strength of the device will be 

weakened and the device will be slowly de-bonded. Thus, due to the various reasons 

described above, the repeatability and efficiency of the early assembly method were 

fairly low.  

 

4.3 Improvements in the first-generation device  

 4.3.1 Generation 1-2 (modifying SU8 property) 

 In order to increase the bonding strength, a SU8 bonding technique was newly 

implemented. A process of patterning a thin SU8 polymer that contains a high 

percentage of solvent was developed. The high percentage SU8 solvent displayed 

good mobility at high temperature. Once SU8-glass contact is established and bonded 

by thermo-compression bonding (128 kPa), the SU8 will be self-polarized by gravity 

during temperature cycling and a leak-tight sealing of the device can be achieved.  

 In addition, to solve the de-bonding problem, the SU8 bonding process was 

carefully re-investigated. Our fabrication processes of SU8-2007 (Micro Chem.) 
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initially followed the manufacturer’s recommendations and later added some 

modifications to various process parameters, including soft baking, UV exposure and 

post-exposure baking conditions. SU8 was spin-coated for 30 second at 1500 rpm. 

Then, the sample was baked at 65 °C for 1 minute, ramped to 95 °C and kept stable 

for 1 minute. After the sample was exposed to UV from a mask aligner (MJB3, Suss 

MicroTec) at 120 mJ/cm2, post-exposure bake was conducted in a similar fashion to 

the soft bake. Finally, the sample was developed with SU8 developer for 1 minute 

with mild agitation, rinsed with isopropyl alcohol and dried under nitrogen gas. 

 With the improved bonding method, the first-generation device (Gen 1-2) was 

produced with 17.71 mCi (0.653 GBq) of radioactive 35S. Figure 4.3.1 shows that the 

device exhibited a short-circuit current (ISC) of 1.61 µA and an open circuit voltage 

(VOC) of 566 mV. As the active area of the device is 1 cm2, the short-circuit current 

density (Jsc) is 1.61 µA / cm2. A fill factor (FF) of 0.0612 was observed.  

 Figure 4.3.2 shows a plot of the output power of the device versus the bias 

voltage. A maximum power density (Pout) of 56.61 nW/cm2 was obtained at 179 mV. 

The overall efficiency calculated from the average beta energy spectrum and the 

specific activity was 1.09%.  
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Figure 4.3.1 The I-V characteristics of the first-generation device (Gen1-2) containing 17.71 mCi 

at room temperature. 

 
Figure 4.3.2: Output power as a function of bias voltage (Gen1-2) in a device containing 17.71 

mCi of radioisotope. 
 4.3.2 Generation 1-3 (Sol-gel method) 

 In the very first prototype device, we simply mixed selenium and S-35 in a 

dried powder form. However, it was very challenging to control the precise mass and 

loading accuracy in a glove box. In addition, the uniformity between selenium and 

sulfur was compromised. Thus, the overall repeatability of the procedure was fairly 

low. Furthermore, obtaining a fine powder form of the S-35 material, although very 

important to achieving good and uniform mixing quality, is much challenged. 
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 Due to these problems, we have tried to find a reliable way to get uniform 

quality of the mixture. Thus, we have investigated an alternative method using 

solution-based approaches. The method of preparing the mixture of selenium and 

sulfur 35 was explored using the solvent-based approach (Sol-gel method). A strong 

solvent material with a high vapor pressure, such as toluene (21.86 mm Hg), ethanol 

(43.89 mm Hg) or carbon disulfide (300 mm Hg), can be used to dissolve sulfur, 

which is then mixed with selenium very well. Carbon disulfide was selected for use 

due to its compatibility with sulfur and its rapid vaporization. Based on our 

experiments, carbon disulfide solution can dissolve 35S with a minimal reaction 

toward Se on simple addition of carbon disulfide solution (CS2) to the premixed Se-

35S. The dissolution reaction between CS2 and 35S occurs instantaneously. Once the 

carbon disulfide is evaporated, the Se particles are coated homogenously with 35S. 

The advantage of this method is that the mixture of Se-S can be evenly distributed. 

Only difficulty of this method is that after drying the composite Se-S, the material is 

fused in large crystal shapes. Reduction of the size of the material with a spatula is 

necessary to ensure that the mixture of Se-S is reduced to a fine powder. Eventually, 

small grain size of the Se-S composite can be obtained. By reducing the grain size, 

cracking of the top electrode and the de-bonding of Su-8 to glass when performing the 

thermo-compression bonding are prevented. Based on our experimental results, we 

have learned that the amount of carbon disulfide is critical. If too much carbon 

disulfide is used, the material will be smeared on the side wall of the bottle and 

wasted too much. The optimum approach is to use only 1-1.5 ml of carbon disulfide 

in a 10-ml bottle or U-shaped container with 70-80 mg of the mixture of Se-35S.  

 In the fabricated device, 10.89 mCi (0.402 GBq) of radioactive 35S was used 

(Gen 1-3) [23]. Figure 4.3.3 shows the dark current data of the device from I-V 
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measurements. A short-circuit current (ISC) of 0.752 µΑ and an open-circuit voltage 

(VOC) of 864 mV were observed, as well as a short-circuit current density (Jsc) of 

0.752 µA/ cm2. Figure 4.3.4 shows that a maximum power density of 76.53 nW/cm2 

was obtained at 193 mV. An overall efficiency of 2.42 % was observed.  

 
Figure 4.3.3: I-V characteristics of a liquid semiconductor diode with radioisotope sulfur 35.  

 

 
Figure 4.3.4: Output power as a function of bias voltage. 

Table 4.3.1 summarizes the parameters of the betavoltaic cell and compares 

each of the first and later generation devices. By using modifications of the SU8 
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room temperature. The maximum overall efficiency of the first-generation (Gen1-3) 

betavoltaic cell with 35S (10.89 mCi) was 2.42 %. As shown in Table 4.3.2 [23], 

which compares and summarizes many betavoltaic technologies including some 

commercially available models, this is much higher than the efficiency of other 

conventional radioisotope microbatteries. Most of these models have the disadvantage 

of bulky shielding structures with low power density. To compare power density, 

each device’s output power was normalized with respect to 10 Ci of utilized 

radioactivity. Our device showed roughly three times the power density of a 

conventional device (Betacel model 50).  

Table 4.3.1: Summary of the first-generation devices. 

 Generation 1-1 Generation 1-2 Generation 1-3 
Improvement Prototype Bonding Loading method 
Activity(mCi) 4.5 17.71 10.89 

I short circuit (µA) 0.0004 1.621 0.752 
V open circuit 0.016 0.566 0.864 
Power (nW) 0.018 56.61 76.53 

Fill factor(FF) 0.0001 0.0612 0.1179 
Overall efficiency (%) 0.001 1.09 2.42 
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Table 4.3.2: Comparison of various betavoltaic cells.  
 

Reference [30] [14] [29] [36] Our device  
(Gens. 1-3) 

Device Betacel 
(model 50) 

Schottky 
betavoltai

c 

Promethium
-147 atomic 

battery 

BetaBatt 
inc. 

Infused 
betavoltaic 

Structure Silicon 
P/N 

Silicon/go
ld 

Schottky 

Silicon 
P/N 

Porous 
silicon 

P/N 

Selenium/aluminu
m Schottky 

Source Pm147 
(12 Ci) 

Pm147 
(26.4 Ci) 

Pm147 
(6.8 Ci) 

Tritium 3
H 

(0.11 Ci) 

Sulfur 35S 
(10.89 mCi) 

Energy (max) 224 keV 224 keV 224 keV 18.6 keV 167 keV 
Power 50 µw 8.7 µw 9 µw 8.3 nW 76.53 nW 
Overall 

efficiency 1.0% 0.09% 0.77% 0.22% 2.42% 

Total scale 
device 

H=1.02 cm 
D=1.52 cm 

H=1.27 
cm 

D=2.54 
cm 

n/a 

H=1.27 
cm 

D=2.54 
cm 

H=0.2 cm 
W=2.54 cm 

Lbottom=3.81 cm 
Lcover=2.54 cm 

Radiation dose 
at surface 

~50 
mrem/hr 

at surface 
9 

mrem/hr 
n/a n/a less than 1 

mrem/hr 

Total 
Volume(cm3) 1.85 cm3 6.31 cm3 less than 

32.7 cm3 
Less than 
41.45 cm3 1.93 cm3 

Normalized 
power 

with 10 Ci (µW) 
41.58 3.28 13.25 0.75 70.27 

Estimated Power 
density with 10 

Ci(µW/cm3) 
22.48 0.52 0.40 0.18 36.41 

 

4.4 Second-generation device (Gen-2) 

The second-generation devices were designed to secure higher efficiency by 

eliminating the problems found in the first-generation device. The main problems 

with the first-generation device were the use of conductive epoxy and the faulty 

assembly process as discussed in a previous chapter. A schematic diagram of a 

second-generation device without epoxy is shown in Figure 4.4.1(b) along with a 

comparison with the first-generation device (Figure 4.5.1(a)). Instead of using 

conductive epoxy, both sides of the top substrate were coated with a metal layer so 
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that the metal-semiconductor junction can be accessed easily by probing from the top. 

Because the conductive epoxy was eliminated, the internal resistance of the second-

generation device was improved significantly and became more reliable. The 

resistance of the double-side coated glass substrate was less than a few ohms. 

 In addition, rather than employing the SU8 to glass bonding used in the first-

generation device, a new method of SU8 to SU8 bonding was implemented to 

increase the bonding strength. Moreover, a self-aligned mechanical bonding jig was 

implemented to assist the thermo-compression bonding as shown in Fig 4.4.2. The 

alignment of the bottom and top electrodes was critical to match patterns on each 

substrate. The assembly time of the second-generation device was shortened much 

due to the reduced number of steps in the assembly procedure.  

 

        

 

Figure 4.4.1: Comparison between two device designs: (a) First-generation design 
 (with epoxy), (b) Second-generation device (without epoxy). 
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Figure 4.4.2: The assembly process with the assistance of a self-aligned mechanical bonding jig. 

 The fabrication steps of the second-generation device are illustrated in Figure 

4.4.3. First, a bottom electrode (a 0.3 μm-thick nickel layer) was deposited on a glass 

substrate with a sputtering system and patterned using a standard photolithography 

process. Then, a micro-chamber using 11 μm-thick SU-8 2007 was formed to contain 

composite semiconductor (Se-S). The active area of the chamber was 11.28 mm in 

diameter, corresponding to an active area of 1 cm2. The top electrode (0.5 μm of 

aluminum) was sputtered onto both sides a cover substrate and then patterned. Then, 

another matching 11 μm-thick SU-8 micro-chamber was formed on the top substrate. 

After 35S and Se were mixed by using the sol-gel method and confined within the 

reservoir, the top substrate was covered and bonded by using a thermo-compression 

bonding technique for 10 minutes. A picture of the fabricated second-generation 

device is shown in Figure 4.4.4 
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Figure 4.4.3: Fabrication process of the second-generation betavoltaic device. 

 

 

Figure 4.4.4: Photograph of the fabricated device (second-generation). 

 All processes involving radioactive material must be executed in an 

environmentally controlled glove box. To provide an accurate method for a simple 

and repeatable loading process, easy assembly steps have been considered.  

 4.4.1 Characterization of the second-generation device 

 In a second-generation device, 37.3 mCi (1.38 GBq) of radioactive 35S was 

used (Gen 2-1). Figure 4.4.5 shows the dark current data of the second-generation 

device from I-V measurements. The prototype device of Gen 2-1 exhibited a short-

circuit current (ISC) of 2.173 µΑ and an open-circuit voltage (VOC) of 800 mV. The 

dark current appears to increase linearly as the bias voltage increases. A significantly 

improved fill factor of 0.2327 was obtained due to the elimination of parasitic 

resistance caused by the presence of conductive epoxy. Figure 4.4.6 shows that a 

   (a)                                  (b) 
 
 
 
 

(c)                               (d) 
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maximum power density of 404 nW/cm2 was obtained at 430 mV. An overall 

efficiency of 3.66 % was observed.  

 
Figure 4.4.5: The I-V characteristic of the infused device at room temperature. 

 
Figure 4.4.6: Output power as a function of bias voltage. 

 

4.5 Improvements in the second-generation device (Generation 2-2) 

To further improve the bonding quality, oxygen plasma treatment at 40 W, 100 mT 

and 25 standard cubic centimeters per minute (sccm) of O2 was carried out for 1 

minute and the sample was placed in a moisture-controlled container. In addition, 
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bonding quality was improved by increasing the bonding force from 28 kPa to 154 

kPa. Moreover, low viscosity epoxy was employed to seal the device completely.  

 4.5.1 Experimental results (Generation 2-2) 

  A Gen2-2 device was fabricated with selenium and sulfur 35S (33.61 mCi). 

The IV characteristics were measured at room temperature (27 °C). Figure 4.5.1 

shows the dark current data of the device. A short-circuit current (ISC) of 6.44 µA and 

an open circuit voltage (VOC) of 410 mV were observed. A fill factor (FF) of 0.2601 

was observed, which represents a 10% improvement over the generation 2-1 device. 

Figure 4.5.2 shows that a maximum power of 687 nW was obtained at 200 mV. The 

overall conversion efficiency turns out to be 7.05%.
 
 

 

Figure 4.5.1: The I-V characteristics of the infused device at room temperature. 
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Figure 4.5.2: Output power versus a function of bias voltage. 

 The summarized performance of the second-generation microbattery is 

presented in Table 4.5.1. With the new device structure and the new assembly 

protocol (SU8-SU8), the overall efficiency increased significantly up to 7.05%. The 

fill factor also increased 54.67% compared to the first-generation device. 

Table 4.5.1: Summary of the performance of the second-generation device. 
 

 Generation 2-1 Generation 2-2 
Improvement Double side coating Bonding and sealing 
Activity (mCi) 37.37 33.61 

I short circuit (µA) 2.17 6.44 
V open circuit 0.8 0.41 
Power (nW) 404 687 

Fill factor (FF) 0.2327 0.2601 
Overall efficiency (%) 3.60 7.05 
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4.6 Load resistance characterization  

To characterize the micro power source, each device has been characterized with a 

variable resistor. A programmable resistance box with a wide range of load 

resistances was connected as shown in Figure 4.6.1. The corresponding output voltage 

was measured by a data acquisition connection (GPIB) to a PC with software 

LabView 8.5 software. A first-generation device contained 9.09 mCi and a second-

generation device contained 25.32 mCi, respectively.  

                        

Figure 4.6.1: The load resistance testing topology. 

  Figure 4.6.2 shows the measurement data with respect to the various load 

resistances (100 Ω to ~10 MΩ). The maximum output voltages of the first-generation 

and second-generation devices are plotted against the load resistance. The output 

voltage propotionally increases with the increasing load and reaches a saturation point 

at around 1 MΩ. Then, the output voltage barely increase as the load approaches 10 

MΩ and the maximum generated voltage becomes 0.435 V at 5 MΩ for the first-

generation device and 0.693 V with a 10- MΩ resistor for the second-generation 

device.  

Device Under Test (DUT) 

Variable load resistance 
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Figure 4.6.2: Output voltage versus load resistance. 

  Figure 4.6.3 compares the maximum output power between the first-

generation and second-generation devices with respect to the various load resistances 

(100 Ω to ~10 MΩ). The output power significantly increases until it reaches a peak 

value and then decreases as the load resistance increases. Also, the maximum output 

power from the first  and second-generation device becomes 51.2 nW/cm2 with a 600 

kΩ load and 399.7 nW/cm2 with a 700 kΩ load, , respectively.  

 

Figure 4.6.3: Output power versus load resistance. 
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 Table 4.6.1 shows simple performance comparison data between the first-

generation and second-generation devices. With design modifications in structure, the 

internal resistance drops significantly by about three order of magnitude (from 324 

kΩ to 0.722 kΩ). This is because unpredictable behaviors of the conductive epoxy 

were removed and the assembly method was improved. Additionally, the output 

power from the second-generation device is almost four times higher than that of the 

first-generation device with 1 kΩ to 1 MΩ load resistance, as illustrated in Figure 

4.6.2. With the new design, the maximum power is about 0.4 µW with a 600 kΩload 

resistor and the overall efficiency turns out to be about 5.44 %. The second-generation 

design clearly shows high efficiency with low internal resistance and improved output 

power over various load resistances. 

Table 4.6.1 parameters of betavoltaic battery. 
 

Parameter First-generation Second-generation 
Overall Efficiency % 1.94 5.44 

Power from experiment (nW) 51.2 399.7 

Power from calculation (nW) 2636 7344 

Total activity (mCi) 9.09 33.6 

Internal resistance (kΩ) 324 0.722 
Load resistance at maximum power 

(kΩ) 700 600 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK  

5.1 Summary  

We have demonstrated that the selenium composite semiconductor betavoltaic can 

convert beta energy of radioactive sulfur-35 (35S) into electrical energy from both 

solid and liquid states.  

 The semiconductor property of selenium was utilized along with a radioactive 

source of 35S as elemental sulfur. The radioactive material sulfur (35S) was blended 

with a semiconductor material (selenium) and volumetrically infused within the 

harvesting semiconductor device. It produced more efficient energy conversion than 

conventional approaches due to the maximally utilized possibly available energy from 

the isotropically radiating source without extra shielding structures.  

 The mechanisms leading to efficiency losses of the betavoltaic microbatteries 

have been investigated and studied. The loss factors such as directional loss, 

absorption loss, external interaction loss and internal interaction loss were identified 

and analyzed. Knowledge obtained from the loss analyses was used in the design, 

optimization and development of our infused betavoltaic devices to increase the 

efficiency of the devices. 

 Prototype devices with infused radioisotope were designed, fabricated and 

tested. At room temperature, a very first prototype device produced a power of 0.02 

nW from 4.5 mCi of 35S and yielded a low efficiency. At an elevated temperature of 

140 °C, we found that electrical power was still generated from the prototype device. 

The maximum power of 16.2 nW was obtained with an open-circuit voltage of 899 

mV and a short circuit of 107.4 nA with an overall efficiency of 1.19 % at liquid 

status. 
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 Many first-generation devices were fabricated and characterized. A first-

generation device produced the maximum power of 76.53 nW from 10.89 mCi of 

radioactive 35S (402 MBq) at room temperature with an overall efficiency (2.42 %). In 

addition, an open-circuit voltage (752 mV) and short-circuit current (864 nA) were 

observed. 

 With major modification, second-generation device was designed to improve 

internal resistance by eliminating the use of conductive epoxy from the first-

generation device. A second-generation device produced the maximum power of 687 

nW from 33.61 mCi of radioactive 35S (1.24 GBq) at room temperature and an overall 

efficiency of 7.05 %. In addition, an open-circuit voltage (410 mV) and short-circuit 

current (6.44 µA) were observed. 

 

5.2 Future work: the performance enhancements 

We have investigated ways to improve the performance of the power conversion. 

 5.2.1 Performance enhancement of second-generation devices 

 In order to further improve the efficiency from the parallel plate design of our 

betavoltaic device, increasing the contact surface between the semiconductor and 

Schottky electrode was considered. 

 Surface modification of the metal electrode 

 In general, metal films for electrode materials are deposited by using vacuum 

system deposition such as sputtering or evaporation. The electrode surfaces formed by 

this technique are quite smooth and we first tried to increase the surface area by 

roughening the surface. One way to get the rough electrode surface is to use 

electroplating or electrodeposition method. Electroplating is a deposition process that 
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uses electric field to move metal ion and coating onto metal seed layer‘s substrate. 

Many parameters including the current density, composition of the plating solution, 

temperature of the plating bath and distance between the anode and cathode affect the 

roughness of electrodeposited surfaces. Figure 5.2.1 provides scanning electron 

microscopy (SEM) images of the electrode surface of nickel formed by sputtering 

deposition and electroplating deposition. The thick nickel layer was electroplated on 

top of a vacuum deposited film using a nickel sulfamate-based electrolyte [85-87]. 

Electroplating was performed in a solution containing 200 g of nickel sulfamate, 5 g 

of nickel chloride, 25 g of boric acid, 3 g of saccharine and 1 L of DI water with a 

current density of 10 mA/cm2 for 10-20 minutes. The surface of the electroplated film 

was much rougher than that of the film using vacuum deposition. As a result, the 

contact area at the metal surface can be increased by up to 5-10 %. 

 

Figure 5.2.1: SEM images of the electroplating deposition compared to the vacuum 
deposition; a magnification of the electroplating deposition is also shown. 

 

 The micro bump array  

 The micro bump was utilized for surface modification. The key role of this 

micro bump is increasing the contact surface area between metal and the 
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semiconductor-radioactive composite material. Various arrays of micro bumps are 

formed by electroplating.  

 Figure 5.2.2 shows the surface roughened by an array of micro bumps on a 

metal electrode surface. The array of micro bumps was fabricated by electroplating 

metal onto a molding structure. The brief fabrication is illustrated in Figure 5.2.3. 

First, a bottom electrode (a 0.3 μm nickel/chromium layer) was deposited on a glass 

substrate by evaporation and patterned using the standard photolithography process. 

Second, a template for an array of micro bumps was patterned using 20 µm thick SU-

8. Third, the electroplating template was filled with electroplated nickel. Finally, the 

SU8 mold was removed by PG remover (MicroChem Corp.). 

 

 

 

Figure 5.2.2 A 3D view of the micro bump array on the metal e electrode.  
 
 

                            

Figure 5.2.3: Fabrication of the micro bump array: (a) Deposition of seed layer (Cr/Ni)  
on the glass substrate; (b) Patterning of the mold using SU8 photoresist;  

(c) Nickel electroplating and removal of the SU8. 
 

(a) 
 
(b) 
 
(c) 
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 The surface roughness can be controlled by modifying the dimension of the 

bumps and the surface-to-volume ratio can be increased. Figure 5.2.4 illustrates the 

calculation data of the increased surface area from various bumps with different 

diameters and heights. A 100 % increase in the surface area is provided by bumps 

with a 5 µm diameter and 6 µm height.  

 

Figure 5.2.4: The surface enhancement as a function of bump diameter and height. 

 Figure 5.2.5 shows the microscope images of the micro bumps with different 

diameter ranging from 15 µm to 30 µm. Compared to the conventional flat metal 

surface, an array of metal bump with 15 µm in diameter and 5 µm in height shows a 

28 % increase in surface area. 
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Figure 5.2.5: Surface modification using metal bump technique with 5 µm height and varying 
diameter (a) 15 µm; (b) 20 µmp; (c) 25 µm and (d) 30 µm. 

The large micro bump area can be achieved quickly using this technique but the 

increment of the surface is limited to 100-200 %. 

 5.2.2 Future device with comb-drive structures  

 We believe that a new structure for the device, a comb-drive structure can 

increase the surface-to-volume ratio without increasing the overall device size. The 

main advantage of adapting this structure is that the radiation can penetrate the thin 

comb-finger metal and migrate to next comb-finger. Thus, the electron hole pairs 

(EHPs) can be generated multiplicatively between the neighboring comb-fingers to 

multiplicatively enhance the conversion efficiency. 

 The thickness of the metal structures for the Schottky and ohmic contacts can 

be adjusted to reduce the energy loss as the beta particles penetrate through the comb-

drive structure, which consists of two metal electrodes (Schottky and ohmic) aligned 

in parallel. Once the liquid semiconductor is applied, it wets the inner surface of the 

comb-drive and completes the structure. Figure 5.2.6 compares the new design and 

the first-generation device. The comb-drive structure design has a large surface-to-

volume ratio in which the liquid semiconductor can wet and coat the inner surface of 

(a)                  (b) 

(c)                 (d) 
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the comb-fingers very well. The efficiency can be improved by the use of the comb-

drive structure with important parameters such as the distance between the comb-

drive fingers, the electrode material, and the thickness of the electrode material. All of 

these parameters must be investigated to determine the optimal conditions for this 

new topology. 

 

 

Figure 5.2.6: Comparison of two device designs: (a) comb-drive structure, (b) parallel plate 
structure from the first-generation device. 
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