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NUCLEAR MICRO-ENGINEERING USING TRITIUM 

Baojun Liu, PhD 

University of Pittsburgh, 2008 

 

We have been witnessing unprecedented progress in the arena of MEMS and nanotechnology. 

By shrinking the size of individual devices and using batch micro-electronics fabrication 

processes, complex micro/nano-systems with greater functionalities have been integrated on a 

single chip. The research in this thesis pushes NEMS approach into nuclear engineering. 

Characterized by long life-time and high power density, radioactive isotopes are appealing 

power sources for autonomous and very small volume micro-devices. By immobilizing tritium 

in thin film or on-chip, the multi-functional nature of the nuclear micro-engineering was 

exploited for a range of applications in betavoltaics, sensing, and on-chip radiators.  

The objective of this thesis is to explore the miniaturization of these self-powered devices 

and systems using MEMS and nanotechnology approaches. In this study: a contamination-free, 

CMOS-compatible fabrication technique to integrate monolithically radioactive isotopes on-

chip on a micrometer scale has been demonstrated; the application of micro-power generation 

and sensing are explored; a number of nuclear to electricity energy conversion devices with 

high-efficiency potential and excellent longevity have been explored; and, embedded on-chip 

isotope micro-sources have been used to create localized ionization sources for chip-scale gas 

chromatography sensors and radiators. The extension of micro-engineered radioisotope into 

MEMS and nanotechnology will generate research opportunities in other unattended fields.  
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1.0 INTRODUCTION 

 

 

1.1 BACKGROUND AND MOTIVATION 

 

In the last two decades, we have witnessed unprecedented progress in the arena of 

semiconductor, MEMS/NEMS (micro/nano-electromechanical systems) and nanotechnology [1-

5]. By shrinking the size of individual devices and using batch micro-electronics fabrication 

processes, exceedingly complex micro- and nano- systems with extraordinary functionalities 

have been integrated on a single chip. As “small is better”, micro-electromechanical and nano- 

devices offer orders of magnitude improvement in performance, power consumption and cost 

reduction over conventional bulk devices. As flexible technologies, MEMS and nanotechnology 

have significantly affected every category of product in both commercial and military sectors. 

MEMS approaches and fabrication technology have been used to produce micro-systems useful 

in a wide array of applications from health care, to automotive, to environmental protection, and 

to aerospace industries.  

In this thesis, we push NEMS approach and nanotechnology into a new frontier of nuclear 

engineering. Nuclear engineering, based on fission, has been a primary way to generate electrical 

power for our daily life. However, public perception about the danger of radioactive fuel has 

hindered the progress of nuclear engineering during the last 30 years. The field has yet to ride the 

wave of the micro-electronics and nanotechnology revolution that took place in the last decade. 
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Due to the increased concern about global warming, nuclear engineering, especially nuclear 

power generation, is being given a fresh look as a potential candidate to reduce greenhouse gas 

emissions. The renaissance of nuclear engineering and recent advances of MEMS and 

nanotechnology offer a number of unique R&D opportunities when these two fields intersect.  

One of the greatest challenges to autonomous MEMS/NEMS systems is the absence of 

high density and long-lifetime micro-power sources. Several technologies have been proposed or 

developed to produce miniature power sources such as miniaturized electro-chemical batteries 

and micro-fuel cells. The output power and longevity of these electro-chemical based 

micropower sources are limited by the chemical energy density (<20 kJ/m3). Since the 

MEMS/NEMS devices have much larger surface to volume ratio than their bulk counterparts, the 

power density required to operate ever smaller devices in a given volume is scaled down 

quadratically with the device size (~ proportional to the surface area of device). At the same time, 

the total power of fuel source will scale down cubically with the battery size. This unfavorable 

power scaling rule demands ever higher power density micro-energy sources when we scale 

down MEMS into NEMS-based nano-systems.  

Research and development on radioactive micro-power sources described in this thesis 

aim to address this challenge. Characterized by long life-time and extremely high power density, 

radioactive isotopes are appealing power sources for a number of micro-system applications. In 

contrast to chemical power sources, radioactive fuels offer four orders of magnitude higher 

power density (~105 kJ/cm3). Unlike chemical fuel, the half life of many radioactive isotopes are 

measured by years rather than hours. Therefore, the miniaturization of nuclear fuel and energy 

conversion mechanisms promises dramatic improvement in the operational longevity of micro- 

and nano- systems.  
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The rapid advance of MEMS and nanotechnology not only underscores the potential 

importance of nuclear micro-power sources, but also brings new approaches to develop high 

efficiency, energy harnessing techniques on a micron-meter scale by exploiting the 

nanotechnology itself. In addition, the high energy particles produced by natural decay of 

isotopes have been widely used in medical imaging, cancer treatment, and various sensing 

applications. The integration of micro radioactive isotope sources on-chip with other micro-

systems such as lab-on-chip might enable us to develop unique applications for medical 

diagnosis and treatment on a single cellular level. One of the daunting challenges for chip-scale 

nuclear micro-engineering is to develop a safe and cost-effective method to integrate radioactive 

material on-chip with minimal collateral damage to surrounding micro-electronics circuits or 

MEMS structures. It is also important that the process to integrate radioactive materials on-chip 

should be compatible with existing micro-fabrication processes with minimal radiation cross-

contamination to the fabrication facilities.  

This thesis describes the first comprehensive research, to our best knowledge, to address 

the fabrication challenge, material interaction between isotope and electronic 

materials/structures, and harnessing radioactive energy using nanostructures. The radioisotope 

chosen for nuclear micro-engineering is tritium.  

Tritium (3H, T), a radioisotope of hydrogen, is arguably the ideal candidate for on-chip 

applications given its benign radiation characteristics, its relatively long half-life of 12.3 years, 

and its economic accessibility [6-8]. Tritium decays to 3He+ and releases energetic electrons 

with an average energy of 5.7 keV and a maximum energy of 18.6 keV. Tritium/hydrogen can 

behave as either an alkaline metal or halogen and can react with nearly all elements of the 

periodical table. Further, safe tritium handling is routine given its wide usage in radio-
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luminescent structures [9], pharmaceutical drug development [10], and fusion fuel research 

[11].  

A high temperature, high pressure gaseous exposure apparatus was constructed to 

immobilize tritium on-chip, which is capable of generating a tritium environment with a 

temperature up to 300 oC and a pressure up to 200 bars. This technique is flexible, compatible 

for the micro-scale device fabrication process, and has very limited contamination. This system 

enables the tritiation of a range of semiconductor, photonic, and metallic materials. To date 

there are very few semiconductor materials available that contain a stably bonded radioactive 

element. This thesis presents the first comprehensive investigation of this post-tritiation 

technique in the incorporation of high-density tritium in various materials including 

hydrogenated amorphous silicon (a-Si:H) and crystalline silicon (c-Si), silicon dioxide, and 

scandium thin film with the intention of applying those in betavoltaic, sensing, lighting, on-chip 

radiation devices, and other applications.  

Utilizing the tritiation technique and modern materials and fabrication technology, a series 

of betavoltaic devices of high efficiency and longevity with different energy conversion 

mechanisms are exploited.  The radioisotope is also introduced into novel nano-materials as the 

first experimental study of tritium interaction with nano-materials.  The micro-engineered 

radioisotope sources on-chip are investigated for sensing applications.  

Using the MEMS technology and the post-tritiation technique, radioactive sources can be 

integrated on-chip at micro-scale with minimized contamination. This localized radioisotope 

can be amenable to a range of unattended applications, especially in extreme environments, 

such as exploration, military and implanted applications. With micro-engineered radioisotope 

radiator, it also provides a potential application for single cell diagnosis for biomedical field. It 



 

5 

is expected that this nuclear micro-engineering will generate brand new respective areas in the 

research of science and technology. 

 

 

1.2 ORGANIZATION OF THESIS 

 

To aid the discussion, the state of art of the nuclear batteries especially betavoltaics using tritium 

is discussed in chapter 2. The radioactive properties of tritium are briefly given in chapter 3. In 

chapter 4 the tritium loading apparatus is described. The results on tritiation of various silicon 

materials are presented in chapter 5. Chapter 6 describes the structure and performance of 

betavoltaic cell using metal tritide and a contact potential difference device. The structure of the 

betavoltaic devices using the semiconductor materials and their performance are given in chapter 

7. The interaction of tritium with nano-materials, carbon nanotubes and ZnO nanowire is 

presented in chapter 8. Nuclear micro-engineering using silica and metal tritides are given in 

chapters 9 and 10, respectively. Conclusions are given in chapter 11.  
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2.0 BETAVOLTAICS 

 

In the 50 years since the pioneering work of Rappaport at RCA (Radio Corporation of America), 

significant strides have been made in the development of betavoltaics. Early research was 

motivated largely by long term remote space application. The betavoltaic cell was also utilized as 

power source in pacemaker in 1970s. With the emergence of new materials and micro and nano 

fabrication science and technology, betavoltacs is getting renewed attention in recent years. Due 

to their unique properties such as high power density and long working life, they are expected to 

provide power source on-chip for miniaturized electronic and electromechanical devices. 

Benefitting from advanced technologies, novel materials and techniques are utilized to develop 

high quality high efficiency betavoltaics. This chapter will review the history, the progress, and 

the ongoing research on betavoltaics. The potential and the future of betavotlaics are also 

discussed.   

 

 

2.1 INTRODUCTION 

  

Betavoltaics are generators of electrical current, which form batteries that derive the primary 

energy from a radioactive source emitting beta particles (electrons). The science of betavoltaics 

began with the discovery of the electron voltaic effect in 1937. Studies of the electron voltaic 

effect were first reported by Becker and Kurppke for selenium photoelements [12] and later by 
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Ehrenberg, Lang and West for selenium and copper oxide [13, 14]. It was found that those 

photoelements developed an electromotive force (EMF) under bombardment and led to a 

corresponding circulating current. The technology of betavoltaics began with the preparation of 

the working devices made with silicon, germanium and gallium arsenide with 147Pm and 90Sr –

90Y sources [15-18].The best device efficiency reported was 0.38%. Along with the experimental 

effort, theoretical analyses were carried out. The bandgap dependence of electron-hole pair 

generation by ionization radiation was presented experimentally by Klein [19], and the 

theoretical treatment of betavoltaics for a variety of semiconductor materials were presented by 

Olsen [20]. In 1970s, Donald W. Douglas Laboratories presented practical betavoltaic devices 

using planar silicon fueled with 147Pm with efficiencies ranging from 0.7 to 2%[20]. The device 

was used as a power source for pacemakers. 

 In the past 30 years, the applications of betavoltaics are mainly for military, spacecraft 

and medical use. Recently, with the continual miniaturization of the electrical and 

electromechanical devices, the power sources have had to accordingly follow the same trend of 

shrinking in volume. The radioactive fuel has much higher power density compared to the 

conventional chemical batteries and had been proposed as a new means of generating power for 

onchip applications. Today, radioactive isotope micropower sources (RIMS) are drawing more 

and more attention from investigators. In the following section, the principles of operation of 

semiconductor betavoltaics and efficiency limits are discussed. Subsequently, an overview of 

semiconductor betavoltaics is presented. Thereafter, the chapter focuses on hybrid and emerging 

betavoltaic technologies, followed by concluding remarks on the potential direction and future of 

betavoltaics. 
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2.2  PRINCIPLES OF SEMICONDUCTOR BETAVOLTAICS 

  

Analogous to photovoltaic devices, the basic operation of a semiconductor betavoltaic device 

involves two steps. The first is the absorption of betas which lead to the generation of electron 

hole pairs, while the second step is the separation of electron hole pairs giving rise to a current in 

the external circuit. In particular, the built-in electric field of a p-n junction serves to separate the 

electron hole pairs created by betas and establishes the attainable external potential of the 

betavoltaic device. Unlike the photons, the beta absorption usually occurs near the surface of 

semiconductor due to the large absorption cross section. A schematic of a basic semiconductor 

pn junction betavoltaic betavoltaic cell is shown in Figure 2.1a. Also included in the figure are its 

energy band diagrams in the dark and under beta irradiation. The current voltage characteristics 

of a betavoltaic device under dark and irradiated conditions are shown in Figure 2.1b. Defining 

parameters of a betavoltaic device under given irradiation are the short circuit current density, 

the open circuit voltage, the maximum power point determined by the maximum power 

rectangle, and the fill factor. The electrical circuit model of the betavoltaic consists of a current 

source, a diode, a shunt resistance Rsh in parallel, and a contact resistance Rs in series. The Rsh 

and Rs y are ignored in an ideal circuit (Figure2.1c). The current source represents the current 

generated by the beta particles in the device. The diode is placed parallel with the current source 

to model the rectifying behavior of the pn junction Current from the betavoltaic device is the sum 

of the diode current and the current source and is given as equation (2.1), in which I0 is the 

saturation current. Under the short circuit conditions (V=0), the short circuit current is equal to 

Iβ. When there is no load, the open circuit voltage is given by equation (2.2). 
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Figure 2.1 a) Illustration of the basic p-n junction betavoltaic cell and associated band diagrams. 

b) Current-voltage characteristics of a typical photovoltaic device. c) Ideal circuit representation 

of a betavoltaic cell. 
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As the betas travel in a semiconductor, they lose energy through interaction with the 

lattice. Electron hole pairs are created in a cascading process until the energy of the carrier is 

below the threshold energy. A portion of the energy is lost in the non-ideal processes which are 

categorized as optical phonon losses due to the instantaneous phonon generation, bandgap losses 

and thermalization losses due to energy transfer to the lattice. Klein determined experimentally 

that the radiation ionization energy required to create an electron hole pair is linearly dependent 

on the band gap of the semiconductor [19]. The radiation ionization energy (ε) is given by 

 

 ε = (14/5)Εg + rhνR          (2.3) 

 

where Eg is the bandgap of the material, r is the number of phonons created per ionization event, 

and hνR is the energy of an optical phonon. The equation provides a good fit to Klein’s data 

which is shown in Figure 2.2. It is noted here that the radiation ionization energy of 

hydrogenated amorphous silicon is experimentally found to vary from 4.3 to 4.8 eV. Klein’s 

formula yields a result that is in excess of the measured value. This can be corrected by 

modifying the coefficient of 14/5 to 11/5, thereby yielding a value of 4.5 eV. 
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Figure 2.2  Ionization energy for various materials plotted versus bandgap energy [19]. 

 

 One of the primary factors in selecting a given semiconductor material for betavoltaic 

applications is its potential maximum efficiency. From theoretical treatment of the betavoltaic 

performed by Olsen [21], the efficiency of betavoltaic conversion increases with the bandgap 

(Eg) of semiconductor converters. The theoretical analysis maximum of betavoltaic efficiency is 

about 20-22% for semiconductors with Eg~1.9eV and 13-14% for silicon. The semiconductors 

available for betavoltaics, such as Si, GaAs, GaP, SiC, have increasing bandgaps, thus 

efficiencies from betavoltaics using those are expected to increase accordingly. 
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2.3 SEMICONDUCTOR PN JUNCTION BETAVOLTAICS 

  

Semiconductor p-n junctions were first suggested in the 1950s and the conversion efficiency was 

0.5% due to suboptimal isotope choice and poor semiconductor quality. Great progress has been 

made in improving the quality of silicon, and new classes of semiconductor materials have 

emerged with wider band gaps than silicon. Higher efficiency of betavoltaic is expected with 

converters of high-band-gap materials[22]. The semiconductors have been utilized in 

betavoltaics include crystalline silicon[20], amorphous silicon[6, 8, 23, 24], patterned silicon[25, 

26], porous silicon[7, 27], III-V semiconductor, and silicon carbide[28, 29]. 

 Crystalline silicon pn junction was utilized to develop the commercialized betavoltaic 

cell by Donald W. Douglas Laboratory which is called Betacel batteries [20]. The basic approach 

for this power source fabricated is shown in Figure 2.3. They were fabricated with unidirectional 

beta sources which are made by vapor depositing Pm2O3 onto tantalum substrate, so only one 

side of the silicon diode is directly exposed to beta particle flux which is from 147Pm due to the 

device geometry. The Betacel Model 400, which is named by the maximum power, 400 μW, 

utilizes 147Pm of 66 Ci, produces a maximum voltage of 4V and short current of 112 μA. The 

efficiency is 1.7%. The behavior of the device depends on the beta flux determined by the source 

activity which deceases exponentially at a speed related to the half-life time of the radionuclide. 

The half life of 147Pm is 2.6 years. Figure 2.4 shows the behavior of the calculated short circuit 

current density (Jsc) and the corresponding Pmax versus time assuming a Model 400 cell. The 

Betacel batteries had 6- 8 year lifetime and 50-100 μW/cm3 power density.      
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Figure 2.3  Power source configuration of Betacel [20] 

 
 

     

Figure 2.4 Calculated Jsc vs time for silicon n+p cells coupled to 147Pm beta source, and 

corresponding Pmax behavior assuming a Model 400 cell.[20] 
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Converter with silicon is not expected to realize the maximum conversion efficiency in 

comparison with those of high bandgap materials. However, in view of the cost of the staring 

material, wide use of silicon devices, and advanced development of their technology, it is 

possible that mass production of betavoltaic batteries might favor less efficient but inexpensive 

and ecologically compatible silicon converters. As an inexpensive material with maturity in 

fabrication processing, silicon is also very useful in testing new configurations of betavoltaic 

devices. 

 

               

a)             b) 

Figure 2.5 Betavoltaic microbattery based on a planar Si pn diode with electroplated 63Ni. a) 

Picture of a packaged sample. b) Configuration of a packaged microbattery [25] 

 

 In an effort to make volume compatible power source for MEMS, betavoltaic 

microbatteries using silicon pn junction fueled with 63Ni were demonstrated [25]. The picture 

and configuration is shown in Figure 2.5; the pn diode area is 4 by 4 mm2. With a 1 mCi source, 

the short circuit current is 2.41 nA, the open circuit voltage is 115 mV, and the maximum output 

power is 0.24 nW. In order to increase the power, the pn junction area was increased by bulk-

micromachining, by which the device was fabricated with inverted pyramid array as reservoirs 
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for liquid 63NiCl/HCl solution (Figure 2.6). The area magnification is 1.85. On an inverted 

pyramid array occupied area of 4 by 4 mm2, 125 μl 63NiCl/HCl solution with activity of 8μCi/μl 

produced an output power of 0.32 nW with a short circuit current of 2.86 nA and an open circuit 

voltage of 128 mV.  

 

               

             a)       b) 

Figure 2.6 Betavoltaic microbattery based on a pn junction device on a bulk-micromachined 

inverted pyramid array. a) Tope view of inverted pyramid array. b) Liquid 63NiCl/HCl solution in 

the inverted pyramid array.[25] 

 

In 2005, a betavoltaic device, called three-dimensional (3D) porous silicon diode, was 

proposed to increase the efficiency [7]. The fabrication of the device begins by introducing 

macropores in p-type silicon through electrochemical anodization. The pn junction was created 

in the pores through diffusion of n-type dopant. By introducing an appropriate radionuclide in 

the pores, this resulted in a volume effect battery. In this way, the energy conversion region and 

the source reservoir was combined. The fabrication process and the SEM images are shown in 

Figure 2.7. Tritium gas was used as the power source to test the device performance. It shows 
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that the efficiency was increased by ten fold in comparison with the planar diode. This increase 

in efficiency is largely due to the larger surface area; the porous silicon allows the tritium gas to 

penetrate into many pits and pores, greatly increasing the effective surface area of the device. 

The pn junction along the surface significantly increases the depletion region and thus enhance 

the electron-hole pair separation[27].  

 

Figure 2.7 Fabrication procedure for the 3D porous silicon diode. a) silicon wafer substrate. b) 

Macropores formed by electrochemical ethching. c) p-n junctions introduced on all surfaces by 

solid-source diffusion. d) Aluminium ohmic contacts constructed on both side. e) representation 

of the continuous p-n junction in two neighboring pores. Geometry and morphology of the 3D 

porous diode. f) SEM image (top view). g) SEM image (cross section) [7]. 

 

f 

g
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Figure 2.8  Schematic illustration of 3D betavoltaic self-aligned microfabrication process. b) top 

and side view of SEM of 3D betavoltaic. [26] 

 

Lal and co-workers demonstrated prototype 3D silicon betavoltaics, micro-textured with 

deep reactive ion etched (DRIE) trenches, for potential application in 5 year lifetime 5 mW/cm3 

147Pm powered microbatteries [26]. The devices were microfabricated in a 2-mask self-aligned 

process; the fabrication process and the SEM images are shown in Figure 2.8. The design 

increases the fuel fill factor by more than ten fold, thus to increase the power density. The 

performance of the cell was tested by SEM and an efficiency of 1.02% was obtained at a 30 kV 

acceleration voltage.  

Thin film semiconductors are especially suitable for the development of commercial 

betavoltaic battery due to their low cost and compactness in stacked design. Among the currently 

available thin-film semiconductor materials, hydrogenated amorphous silicon (a-Si:H) is one of 

  
                                         a           b 
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the best choices for low cost low power energy sources. Advantages of a-Si:H over silicon 

include its wider bandgap and increased radiation hardness compared to silicon, as well as the 

low cost and compactness. Electron beam studies show that low-energy electron radiation 

induced defect creation stabilized at a level of around 1016 to 1017 cm-3 at room temperature 

depending on the fabrication process. Another favorable factor is the maturation of the a-Si:H in 

preparation of the solar cells [30].  

 

                                                                                                                                                 
Figure 2.9 a) Intrinsic betavoltaic device. b) p-i-n delta layer device. [6] 

 

Kherani and coworkers demonstrated the betavoltaic battery by incorporate the tritium in a-

Si:H using their unique DC saddle-field plasma enhanced chemical vapor deposition (PECVD) 

technique [8]. They substituted tritium for hydrogen in a-Si:H to make the intrinsic tritiated 

amorphous silicon (a-Si:H:T) betavoltaic cell, a p-i-n junction. The configuration of the intrinsic 

tritiated amorphous silicon betavltaic device is shown in Figure 2.9a.The tritium is within the 

energy conversion layer in contrast to betas originating from a source external to the device. The 

betavoltaic device using such intrinsic tritiated film is calculated to have a maximum conversion 

efficiency of 18%. A milli-watt power battery can be obtained by stacking a number of such cells 

  

a  b 
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in series and or in parallel fueling with tritium of approximately 330 Ci. A 1mW battery is 

defined as that having this power output at the end of one tritium half-life. Tritium decay creates 

dangling bonds, and resultingly a nonuniform electric field develops in the intrinsic region of the 

p-i-n junction. This in turn increases the probability of the electron-hole pair recombination and 

the output power from the device decreases. The effect of these dangling bonds on the 

betavoltaic device can be reduced by using a thin slice of tritiated material to confine the tritium 

region and refer to this a delta layer configuration (Figure 2.9b). The behavior of devices with 

delta layers of different thickness with a device whose entire intrinsic layer was tritiated was 

compared, and the Figure 2.10 shows the short circuit current as a function of the time of the 

devices. As seen in Figure 2.10, the short circuit currents appeared to settle asymptotically to a 

fractional value greater than that of ‘uniform’. The difference in behavior is because dangling 

bonds in the delta devices are isolated in the delta devices [6]. 

             

Figure 2.10  Short circuit current as a function of time in pin device.[6] 



 

20 

 Hydrogenated amorphous silicon based betavoltaic cell powered with external source of 

tritium gas was also developed [24]. The p-i-n drift junction was deposited on the stainless steel 

substrate with an ultra thin layer of metal contact (5 nm). A large variety of cells were exposed in 

tritium gas at a pressure of 687 torr at room temperature for 46 days to test the performance. 

Initially a short circuit current density of 637 nA/cm2, an open circuit voltage of 457 mV, and an 

output power per unit area to matched load of 136 nW/cm2 have been achieved with a 450 nm 

thick a-Si:H junction. Rather large degradation of junction performance has been observed due to 

diffusion of a significant amount of tritium into the a-Si:H film. The output power has dropped to 

about 6% of its initial value in 46 days. 

 The III-V semiconductors have been successfully used in photovoltaics for spaceflight. 

They have wider bandgap than silicon and showed good radiation tolerance. Series of studies of 

betavoltaics based on III-V semiconductor, such as GaP, GaAs, AlGaAs and GaN, have been 

reported. Betavoltic device consists of a GaP p-n junction device exposing to 3.3 kCi tritium has 

been reported [31]. The gas pressure was 1.03 MPa and the large concentration of tritium 

provides a significant flux of betas to the device. The initial short circuit current density was 1 

μA/cm2, and the open circuit voltage was 1V. The maximum output power density from this GaP 

betavoltaic device was 0.5 μW/cm2. AlGaAs/GaAs heterojunction were developed for tritium-

based betavoltaic application [32]. The heterostructure consists of n-GaAs substrate, n-AlxGa1-

xAs base layer, p- AlxGa1-xAs (x=0.1-0.37) and p-Al0.85Ga0.15As front layer of 10-30 nm thick 

(Figure 2.11a). Tritium betas are absorbed in the front thin layer and the separation of the 

minority carriers generated by the low energy beta radiation is highly efficient. A number of cells 

were experimented in tritium gas of 1-2 atm. The open circuit voltage and shirt circuit current 

density as a function of the tritium gas pressure of a typical cell is shown in Figure 2.11b. The 
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open circuit voltage and short circuit current density are in the range of 0.65-0.93 V and 0.75-1 

μA/cm2, respectively. The maximum output specific power of 0.51-0.55 μW/cm2 was measured 

with fill factor of 0.8-0.85 in tritium gas. Titanium tritide was also used to power the cell, and 

open circuit voltage of 0.75V, short circuit current density of 0.04 μA/cm2, and output power of 

0.024 μW/cm2 were measured, respectively. GaN, as a wide gap III nitride semiconductor, was 

also suggested by investigators as a candidate of betavoltaic device, and the design rule and 

radiation tolerance of GaN has been reported [33] 

   

a        b 

Figure 2.11 a) Cross-section of the AlGaAs/GaAs heterojunction. b) Open circuit voltage and 

short circuit curren of a 0.3 cm2 betavoltaic cell based on Al0.1Ga0.9As as a function of tritium gas 

pressure in semisphere with radium of 1cm.[32] 

 
 Silicon carbide (SiC) is a wide band gap semiconductor (e.g. 3.3 eV for 4H SiC) which 

owns good thermal and electronic conductivity, and radiation harness. The wide bandgap 
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provides low leakage current, which is specifically favorable to low current betavoltaic 

applications. As predicted by theoretical analysis, the expected open circuit voltage and thus 

realizable efficiency of SiC betavoltaics are higher than of those alternative materials such as 

silicon. The SiC betavoltaic cells were reported by Cornell and Qyenergy in 2006, independently 

[28, 29]. In the Cornell cell, a p+ 4H SiC <0001> substrate cut 8o off axis from Cree was used as 

the substrate. A 4 μm thick active p layer background doped at 3×1015 cm-3, followed by a 0.25 

μm thick n layer nitrogen doped at 2×1018 cm-3, were grown by chemical vapor deposition. Al/Ti 

were evaporated as the contact. The device was radiated from a 1 mCi 63Ni source; an open 

circuit voltage of 0.72 V and a short circuit current density of 16.8 nA/cm2 were measured 

(Figure 2.12a). The efficiency was 6%. Qyenergy utilized a SiC p-i-n junction and an 8.5 Gbq 

33P source was used power the cell. An open circuit voltage of 2.04 V and the peak power was 

0.58 μW (Figure 2.12b). The conversion efficiency was 4.5%. The SiC cell showed a radiation 

resistant property and no degradation was observed over more than 3 months. 

 

Figure 2.12 a) IV characteristics of the SiC cell under beta illumination from 1 mCi 63Ni. b) 

Current and power generated versus voltage under beta irradiation from 8.5 Gbq 33P. [28, 29] 

a b
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Besides the direct conversion of the kinetic energy of betas into electricity, another 

important method is the indirect conversion. As illustrated in Figure 2.13, the indirect conversion 

method is a two step process. The beta flux strikes the phosphor film and emits photons; the 

photovoltaic device converts the photon energy into electrical energy. The Elgin-Kiddie cell 

utilizing the indirect conversion method was reported as early as in 1950s, which was made 

using a solar cell and a phosphor embedded with 147Pm [34]. The delivered power was initially 

20 μW. Due to the relatively short half life of 147Pm, the battery is short lived. Betavoltaic using 

tritium, phosphor and a GaP solar cell has been proposed too. With a tritium pressure of 10.3 

MPa to excite the phosphor, an output power density of 0.46 μW/cm2 and an efficiency of ~6% 

were expected [31] 

 

 

Figure 2.13 An illumination of a betavoltaic device using the indirect conversion method.  

 

 One important factor in the design with the indirect method is the light emission from the 

phosphor and the absorption of light by the solar cell should be matched. For example, using a 

GaP solar cell and a silver doped zinc sulphide results in good emission-absorption 

matching.[35]. The phosphor itself can convert about 25% of the beta particle energy into 

photons. Using the reported high efficiency solar cell of 35% with the III-V triple junction and 
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assuming a perfect emission-absorption match, an overall efficiency of 8% is expected for the 

indirect conversion betavoltaic device. The most practical radioluminesent light source would be 

the tritium lamp. The radioluminescent conversion efficiency of tritium beta to the light is about 

10%, so an overall efficiency of 3% is expected for betavoltaics with tritium lighting source. 

Using AlxGa1-xAs/GaAs junction, illuminated by a tritium green lamp, current density of 0.12 

μA/cm2, open circuit voltage of 0.78 V, and output power of 0.074 μW/cm2 were obtained. The 

specific output power was 335 nW/Ci [32]. The a-Si:H PV cell has also been used for indirect 

conversion [24]. A radioluminescent lamp with tritium gas of 24.2 Gbq was involved to power a 

ZnS phosphor, open circuit voltage of 325.8 mV, short circuit current density of 13.42nA/cm2, 

and maximum power of 2.57 nW/cm2 were obtained. The two step conversion efficiency was 

0.17%. 

The indirect method is not the most efficient method of energy conversion because there are 

two steps involved, and the losses compound. The losses include the kinetic energy loss before 

the betas reach the phosphor film and the photon loss due to the configuration geometry. The 

good thing of the indirect method is that the stability of the phosphor is higher than the 

semiconductor device, and the indirect power output may surpass that of direct betavoltaic over a 

long term.[36] Another good factor of the indirect conversion method is the availability of 

various photovoltaics of high and ultra high efficiencies. With a matched wavelength of the 

radioluminescent light, a beta cell with competitive performance is expected. 
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2.4 HYBRID AND EMERGING BETAVOLTAICS  

 

Direct charging method is the most straightforward one to convert the kinetic energy of the 

radioisotope into electricity [37]. The device involves two parallel metal plates with the 

radioisotope mounted on one of them. As the radioisotope decays, the electrons are collected on 

the second electrode while the first electrode builds up a positive potential. The build up of 

negative charge continues until electrons from the source can no longer overcome the electric 

field between the two electrodes. The average kinetic energy of the beta particles of the 

radioisotope ranges from several to a few hundred keV, consequently the developed potential can 

be of order of hundreds of kilovolts. The direct charging needs to be done in a vacuum condition. 

Utilizing a sandwiched dielectric medium can avoid the vacuum, though some of the kinetic 

energy will be consumed in the medium [38]. This direct charging capacitor is suitable of low 

current, high voltage applications.      

 A unique method to convert nuclear power into electricity is to utilize a contact potential 

difference (CPD) generated from two dissimilar metals [39]. Dielectric medium is sandwiched 

between two metal electrodes, which can be gas or dielectric thin film. An ionizing radiation 

source, dispersed within the dielectric source, provides energy source for electron-ion pair 

generation. Charged carriers are separated by the intrinsic electric field induced by contact 

potential difference and thus generate current to an external load.  

A novel method using direct charging to excite cantilever, and subsequently convert the 

stored mechanical energy into electricity in a repeatable pulsed mode was reported. The device is 

called radioisotope powered piezoelectric generator and 63Ni was utilized in it.[40] It was built 

on a self-reciprocating direct-charge cantilever, which utilized a direct collected-charge-to-

motion conversion[41]. The reciprocation is obtained by self-timed contact between the 
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cantilever and radioisotope source. The radiated beta particles electrostatically charge a 

conductive plate on the underside of a piezoelectric unimorph. As the electrostatic field builds, 

the beam is attracted to the source until the contact is made and the field dissipates. At this point, 

the beam is released to vibrate at its natural frequency and the kinetic energy harvested from the 

piezoelectric film [40]. The schematic of the generator is shown as Figure 2.14. The piezoelectric 

unimorph supplies the load circuit with a directly usable voltage signal while shielding it from 

the high voltage generated owing to the radioisotope’s direct charging. The overall efficiency of 

2.78% was reported. To further increase the efficiency, a silicon betavoltaic cell was integrated 

to the cantilever to harness the wasted energy dissipated as heat in the cantilever. The converter 

utilized both the kinetic energy and the electric charge of the radioisotope, and an overall 

efficiency of 5.1% was reported [42]. 

 

 

Figure 2.14 Schematic of the radioisotope powered piezoelectric generator. [40] 
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2.5 SUMMARY 

  

The betavoltaics developed at RCA in 1950s ushered a generation of betavoltaic cells. They 

had been supplying electrical power for remote and long term use, such as spacecraft or remote 

sensing requires electrical powers for a decade or two, and some occasions that recharging is 

inaccessible, such as pacemakers. In recent years, with the miniaturization of the electronic and 

electromechanical devices, interests have been built in developing micropower sources for those 

miniaturized devices using betavoltaics. With the depleting and vulnerable fossil energy 

reserves, betavoltaics are also suggested as an alternative and supplement energy source. More 

and more efforts have put to develop high efficiency high power density betavoltaics using the 

novel materials and modern technologies. The development of betavoltaics has been benefited 

from the technology advance of related areas, especially the photovoltaics. The progress in 

semiconductor industry has been reflected in the betavoltaic development. With the progress of 

modern science and technology, especially the nanotechnolgy, it is not surprising to see more 

novel betavoltaics emerging in the near future. However, in general the investigation and 

development of betavoltaics lag far behind the similar photovoltaic devices. Up to now, the 

highest efficiency of the betavoltaics is about 6%, far lower than the predicted maximum. There 

is enough room for the betavoltaics in conversion efficiency to grow in the future.  

The future of nuclear microbatteries depends on several factors, such as safety, efficiency, 

and cost. The scientists are working on those trying to improve the safety, enhance the efficiency 

and lower the cost, and solid progresses have been made. Once those challenges are overcome, 

the betavoltaics may power handheld devices like cellphone or PDAs. Nuclear microbatteries are 

not going to replace the chemical batteries. While as the continual shrinking of the electronic 
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devices, the betavoltaics compatible with the current semiconductor processing will provide the 

volume compatible battery and promises the micropower sources for onchip applications. 
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3.0 RADIOISOTOPES  

 

3.1  RADIOISOTOPES AND THEIR APPLICATIONS 

 

3.1.1  Radioisotopes 

 

Radioisotopes are referred to atoms with an unstable nucleus, which loses energy by emitting 

radiation in the form of particles, alpha, beta or gamma. This phenomenon is called radioactivity. 

Radioactivity was first discovered in 1896 by the French scientist Henri Becquerel. Afterwards, 

Marie Curie, Pierre Curie, Ernest Rutherford and others carried out many more researches to 

further study the radioactive phenomena.  The SI unit of radioactive decay is Becquerel (Bq). 

One Bq is defined as one decay per second. Another unit of decay is the Curie, which was 

originally defined as the radioactivity of one gram of pure radium, and is equal to 3.7 ×1010 Bq. 

The radioactive decay is random process, while it was found to be statistically exponential. The 

function 3.1 represents the exponential decay. 

 

        (3.1) 

Where N is the number of the atom at time t and N0 is the atom number initially. The  λis called 

decay constant and τ is the time constant. In addition, a more commonly used parameter is half-

life which is defined as 
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             (3.2) 

The half-life is the time taken for half the radioactive atoms to decay. 

 To now, radioisotopes have found many applications in agriculture, industry, 

biochemistry，and environment. They are used as tracers in biochemistry and genetics, and they 

are also used to detect leaks and examine weld in industry, and trace and analyze pollutants in 

environment. In homes, most household smoke detectors contain the radioactive Americium-241, 

saving many lives. Radioisotopes play an important part in the technologies that provide us with 

food, water and good health. However, they can also constitute real or perceived dangers. If the 

radioisotopes are released into the environment, through accident, poor disposal, or other means, 

they can potentially cause harmful effects or radioactive contamination. 

 The most important application of radioisotopes is their use as nuclear fuel in the 

electrical power generation through fission process. With the fossil energy depletion and 

increasing concern of the global warming, more nuclear plants utilizing fission process are in 

construction and are going to generate electricity to meet the global energy thirsty. Besides the 

large scale power plants, radioisotopes also promise to provide volume-compatible power source 

for miniaturized electronic and electromechanical devices.[43] Owing to their unique properties 

of long life and high energy density, the radioactive isotope power sources (RIMS) are ideal 

power sources for on-chip application, and for remote and long term use such us spacecraft and 

implantable systems. Up to date many elements are found to have radioactive isotopes. They 

have different half lives. It is a remarkable aspect of the huge variety of isotopes, that only a few 

have lifetimes appropriate for long-life power supplies. Table 3.1 lists the main radioisotopes 

with half-life ranging from 2 to 100 years. 
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TABLE 3.1 Alpha and beta radioisotopes with half-life 2-100 years 

 
 
Isotope  half-life  Ci/g  MeV  watt/g  wH/g  

Alpha               years  10 years  
148

Gd  74.6  32.4  3.18 0.61 575,580 
208

Po  2.898  593.1  5.12 17.82 667,021 
209

Po  102  16.8  4.87 0.48 621,831 
228

Th  1.9116  819.6  5.40 26.01 634,525 
232

U  68.9  22.4  5.31 0.70 612,566 
236

Pu  2.858  531.2  5.75 17.91 660,728 
238

Pu  87.7  17.119  5.49 0.55 616,347 
243

Cm  29.1  51.6  5.84 1.73 649,579 
244

Cm  18.1  80.9  5.80 2.76 646,947 
250

Cf  13.08  109.3  6.02 3.87 659,014 
252

Cf  2.645  536.3  5.93 18.69 636,522 
172

Hf  1.87  1123  0.15 0.960 22,889 
Betas  
3
H  12.33  9664  0.01 0.324 52,041 

42
Ar  32.9  259  0.23 0.354 149,745 

55
Fe  2.73  2381  0.00 0.053 1,870 

60
Co  5.2714  1130.36  0.10 0.637 43,963 

63
Ni  100.1  56.7  0.02 0.006 7,250 

85
Kr  10.756  392.3  0.25 0.577 81,022 

90
Sr  28.79  139.4  0.20 0.159 58,892 

125
Sb  2.7582  1048  0.09 0.524 18,631 

137
Cs  30.07  87  0.19 0.096 37,086 

146
Pm  5.53  443  0.08 0.216 15,628 

147
Pm  2.6234  927  0.06 0.338 11,404 

151
Sm  90  26.3  0.13 0.019 22,127 

150
Eu  36.9  66.6  0.03 0.010 4,726 

152
Eu  13.537  176.4  0.08 0.085 14,937 

154
Eu  8.593  264  0.23 0.360 40,529 

155
Eu  4.7611  465  0.05 0.134 8,338 

174
Lu  3.31  621  0.04 0.157 6,728 

194
Os  6  307  0.02 0.038 2,977 

204
Tl  3.78  463.6  0.24 0.648 31,871 
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In the table, while the instantaneous power of radioisotopes (column 5) does not compare 

favorably to chemical batteries, integration of that power over long lifetimes shows very 

impressive energy density (column 6), 3 to 5 orders of magnitude higher than primary chemical 

cells. It is noted here that only a very limited radioisotopes are readily available, e.g. Pu-238 is 

available through Pacific Northwest National Lab and Oak Ridge National Lab for 

approximately $10,000/g while tritium is available from Ontario Power Generation or Ontario 

Hydro for $10,000/g. Other radioisotopes in multi-Curie quantities are very difficult to obtain in 

the United States where nuclear fuel has not been reprocessed for a few decades.  

 

3.1.2 Radioisotope for Betavoltaics 

 

Due to the small cross section of neutron and gamma rays, they are relatively difficult to be 

shielded and collected in energy conversion in comparison with alpha and betas. Thus, the 

radioisotope micro-power sources usually involve alphas and betas. The generators to convert 

alpha and beta energies into electricity are called alphavoltaics and betavoltaics, respectively. 

Typically they consist of a radiation source and a semiconductor diode.  For a long-lived 

semiconductor based device, only the beta-emitting radioisotopes are suitable in the view of the 

fact that semiconducting materials are very susceptible to the defect damage caused by alphas. 

As a candidate for betavoltaic applications, the element should be relatively safe, chemically 

stable, readily available and relatively inexpensive. Multiple factors of the beta emitter affect the 

performance of the betavoltaic device. The energy spectrum of the emitted particle determines 

the penetration depth of the particle in the given semiconductor material impacting the device 

design, radiation damage, power and safety of the betavoltaic device; the half life and the 
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specific activity determine the available power. The beta-emitting isotopes, which are suitable 

for betavoltaic application and had been utilized before, are compared in Table 3.2.  

 

TABLE 3.2 Radioactive isotope suitable for betavoltaic applications 

 
 

 

 

 

 

  

 

 

The 90Sr/90Y has high power density of 1205 mW/cm3 and long half life of 28.6 years. It is a 

good choice for higher power application if the semiconductor has sufficient radiation resistance 

to the high energy particles and if the converter is properly shielded.  

The 147Pm has been used in pacemaker. It has lower particle energy compared with 90Sr/90Y 

and it has a high power density of more than 2W/cm3. The half life of 147Pm is 2.6 years and a 

device using 147Pm objects a lifetime of 1 -2 half-life. The energy density for a 5 year output is 

170 MJ/cm3. 

The 63Ni has a lower energy decay, a higher half life, lower activity and power density. 63Ni 

poses low chemical hazard and the low radiation can be shielded by thin layer (< 30 μm) of most 

materials. It can be readily incorporated into a semiconductor device as the nickel can be plated 

Isotope Eave 
(keV) 

Eave 
(keV) 

Half-life 
(yr) 

Transverse 
range in Si 
(μm) 

Power 
density 
(mW/cm3) 

90Sr/90Y 540/2.3 196/935 28.6 76 1205 

147Pm 62 230 2.6 24 2121 

63Ni 17.3  67 92 2.1 68 

Tritium T2 (gas) 5.7 18.6 12.3 0.7 0.087 

Ti:T hydride (1:3) 5.7 18.6 12.3 0.7 270 
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to the semiconductor surface. The 63Ni has also been employed in industry as electron capture 

devices for gas chromatography. 

Tritium is a pure beta emitter producing energetic electrons with an average energy of 5.7 

keV and a maximum energy of 18.6 keV, which pose little radiation damage concern for on-chip 

energy conversion devices. The half life of tritium decay is 12.3 years. Tritium is also considered 

as relatively safe and poses little health hazard. Unlike any other isotope sources, tritium is 

abundantly available at very low cost. Tritium handling is routine owing to the mature tritium 

lighting industry.  Due to the benign radiation characteristics, availability and handling safety, 

tritium is arguably the idea candidate for betavoltaic applications.  

 

3.2 TRITIUM 

 

Tritium, chemical symbol 3H or T, is a radioisotope of hydrogen. It was first predicted in the late 

1920s by Walter Russell, and then produced in 1934 from deuterium by Ernest Rutherford. In the 

last couple of decades, the interests in the tritium research is grown markedly with its appearance 

in heavy water nuclear reactors, applications in self-powered lighting and radiotracer in 

biomedical studies, significant use in fusion fuel, and applications in agricultural and 

environmental studies such as water or wine dating. The growing tritium activity pushes and 

more tritium related studies and will continue to rise. 
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3.2.1 Tritium Fundamentals 

 

The nucleus of tritium contains one proton and two neutrons. Its atomic weight is 3.0160492. It 

is in gas form (T2) at standard temperature and pressure. Tritium combines with oxygen to from 

tritiated water HTO or T2O. Tritium decays to 3He+ and releases energetic electrons with an 

average energy of 5.7 keV and a maximum energy of 18.6 keV, while the remaining energy is 

carried off undetectably by the antineutrino. 

 

           (3.3) 

The tritium decay spectrum is shown in Figure 3.1 and the half life is 12.3 years. Some tritium 

basic data is listed in Table 3.3. 

 

 

Figure 3.1 Tritium beta decay spectrum showing the energy distribution between the electron 

and neutrino.  
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Due to its benign radiation characteristics, its relatively long half-life of 12.3 years, and its 

economic accessibility[6, 7], tritium is particularly suitable for semiconductor betavoltaic energy 

conversion devices. Considering that the threshold electron energy for disruption of the silicon 

lattice due to knock-on collisions is 20 keV [44], tritium decay beta particles pose little radiation 

damage concern for on-chip applications. 

 

TABLE 3.3 Basic tritium data.[45] 

 
 
Atomic weight 3.01605 g 

Half life 12.3 years 

Decay constant (λ) 1.782×10-9 s-1 

Maximum β energy 18.6 keV 

Mean β energy 5.69 keV 

Decay β energy 0.911 μW/GBq 

Maximum range of β in air  4.5-6 mm 

Maximum range of β in water 5-7 μm 

Specific activities 1 g = 355.7 TBq (9615 Ci*) 

1 mole = 2146 TBq (58000 Ci) 

1 cc (STP**) = 96 GBq (2.6 Ci) 

* 1 Ci (curie) = 3.7×1010 disintegrations s-1 = 3.7×1010 Bq (bequerel) 

** STP: Standard Temperature (0 oC) and Pressure (101.325 kPa) 
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3.2.2 Tritium Handling Safety  

 

As shown in Table 3.3, the maximum range of an 18.6 keV beta particle is 6mm in air, while in 

water it is only 7 μm. The range of an 18.6 keV beta particle in soft tissue is 6 μm which is not 

sufficient to reach the radiosensitive layer of the skin, which is about 50 μm deep. [46] Tritium 

external to the human body poses little threat as a radiation hazard. However, tritium is a 

radiation hazard when within the body via inhalation or ingestion. 

 The human body does not readily absorb tritium in gaseous form; only 4×10-3% of 

tritium gas that is inhaled is absorbed. However, the human body readily absorbs tritium in 

oxidized form (tritiated water). If tritium is absorbed by the human body as water, then the 

biological half-life about 10 days. [46] This can be reduced by increased consumption of liquids. 

The ICPR (International Commission on Radiological Protection) annual limit on intake (ALI) 

for tritium is 81 mCi, which is the highest level tolerated of any radioisotope. In view of the short 

range of beta particles emitted by tritium and the short biological half-life, tritium is considered 

to be one of the least hazardous radioactive isotopes.  
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4.0 THE HIGH TEMPERATURE AND HIGH PRESSURE TRITIUM EXPOSURE 
SYSTEM 

 

 

The tritium loading was performed by high temperature and high pressure exposure. Usage of 

radioactive tritium required limiting at any given moment on the vulnerable quantity of tritium 

available for accidental release to surrounding environment.  A tritium exposure system was built 

at the Kinectrics Tritium Laboratory to satisfy the competing requirements of high pressure (10 

to 20 Mpa), high temperature and minimum inventory. This chapter described the high 

temperature and high pressure exposure system[47].  

 

 

4.1 APPARATUS DESIGN 

 

Review of the literature on work conducted using hydrogen indicated that the exposure apparatus 

would have to be able to generate gaseous tritium pressures in the range of 101 kPa to 21 MPa 

with temperatures ranging from  300 to 523 K.  The exposure length was anticipated to vary 

from 1 hour to days.  The gas volume needed to be minimized because: one, a heated, 

compressed gas is a significant source of stored energy and two, keeping the inventory of 

vulnerable tritium as low as possible.  
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The driving element in the design was the method by which the high pressure was to be 

generated.  The choice was made to utilize cryogenically cooled (77 K) molecular sieve as a 

means of generating the high pressure.  Molecular sieves cooled to liquid nitrogen temperatures 

are known to adsorb a substantial amount of hydrogen [48].  Specifically, at one atmosphere of 

hydrogen pressure the molecular sieve can adsorb approximately 5 millimoles of H2 per gram of 

molesieve.  Heating to room temperature of the molecular sieve material will release all the 

adsorb material generating the required pressure. 

For the tests the tritium would reside on an Amersham bed, which contain 300 g of 

Uranium, and transferred to the exposure apparatus on need.  Utilization of the Amersham bed 

kept the tritium in its original shipping container.  The tritium, approximately 22 TBq or 6000 

Ci, was purchased from Ontario Power Generation and shipped to Kinectrics in the international 

approved container of which the Amersham Uranium bed is a component.   
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Figure 4.1 Illustration of the high temperature high pressure tritium exposure chamber. 

 
  

A chamber thickness of 2.5 mm was deemed adequate to hold the samples.  The area to 

be occupied by the samples required a couple square centimeters.  The exposure apparatus 

design was arrived at by considering the required pressure, temperature, the physical volume 

occupied by valves and fittings and the method by which the pressure was to be generated.  

Figure 4.1 is an illustration of the exposure chamber and Figure 4.2 a photograph of the exposure 

apparatus prior to final assembly and mounting in the glovebox. 
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Figure 4.2 Photograph of the high pressure, high temperature exposure apparatus after 

manufacturing.  An American 10 cent coin in the foreground is provided as scaling.  In the 

foreground is located a customized Helicoflex ® seal.  The heaters are not shown. [47] 

 

The space between the two 57 mm OD flanges of 2.5 mm depth and ~38 mm diameter 

defines the exposure volume.  The cylinder attached to the flange incorporates the molecular 

sieve material and an annular region for flowing liquid nitrogen.  The chamber is constructed 

from 316 SS.  A high-pressure diaphragm valve from Swagelok with a polyamide seat isolates 

the exposure chamber from the tritium supply.  A 316 SS Kulite sensor (0 to 35 MPa) is used to 

measure the exposure pressure.  Sixteen grams of 5A molecular sieve (3 mm OD pellets) is used 
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for absorbing the tritium.  The seal on the flange utilizes a specially designed and manufactured 

Helicoflex ® seal from Garlock.  Eight SAE J429 Grade 8 bolts are utilized to generate the 

sealing pressure on the Helicoflex seal.  The final void volume, minus the samples, holding the 

T2 is 31 cc. 

The exposure apparatus was proof tested, using nitrogen, to 270 oC and at a pressure of 

23.7Mpa (3450 psig) as per ASME specifications for pneumatic tests.  Subsequent to proof 

testing and prior to tritium tests, the apparatus was tested with hydrogen to ensure the apparatus 

was capable of generating the required exposure conditions.  The apparatus performed as 

expected. 

 

 

4.2 EXPERIMENTAL SETUP 

 

The process loop, tritium supply and exposure apparatus are contained in a closed glovebox with 

a volume of ~0.5 m3.  The dry nitrogen atmosphere within the glovebox is continuously 

circulated through a Cleanup System.  The Cleanup System has a metal bellows pump which 

moves gas from and to the glovebox at approximately 2 lpm.  In circuit with the metal bellows 

pump are in-line tritium ionization monitors, a molecular sieve trap and a 5 kg Zr2Fe metal 

hydride bed.  One tritium monitor records the tritium concentration of the gas entering the 

glovebox while the second tritium monitor records the tritium concentration after the gas is 

scrubbed of tritium by the Zr2Fe bed.  To protect the glovebox from over pressurizing and 

rupturing a pressure relief system, consisting of two glycol filled bubblers, 7 to 8 inches of water 

equivalent, is connected between the glovebox atmosphere and the main laboratory exhaust.   
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4.3 CHRONOLOGY OF A TRITIUM HIGH PRESSURE, HIGH TEMPERATURE 
EXPOSURE 

 

The samples to be exposed are transferred into the glovebox via a transfer port.  Once the 

samples are within the glovebox they are placed on the flange of the exposure chamber as shown 

in Figure 4.3.  A new Helicoflex seal is used when closing the chamber.  At this stage vacuum is 

drawn on the apparatus using the process loop’s vacuum pumps.  Upon reaching base vacuum 

the valve on the exposure apparatus is closed isolating the exposure chamber.  Monitoring of the 

internal pressure of the exposure apparatus overnight indicates any gross type of leaks.   

 

  

Figure 4.3  Photograph of samples within the high pressure, high temperature exposure 

apparatus as it rests within the glovebox. [47] 
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If no gross leaks are apparent the apparatus’s valve is once again opened to the process 

loop’s vacuum system and the cooling of the molecular sieve is initiated by flowing liquid 

nitrogen through the annulus region of molecular sieve container.  The exposure begins by 

transferring tritium from the uranium storage bed to the cryogenically cooled molecular sieve 

trap.  If the maximum pressure is desired the majority of the inventory is transferred to the 

cooled molecular sieve.  The tritium pressure above the molecular seive is approximately two 

atmospheres when the exposure apparatus is isolated from the supply bed.  At valve closure the 

flow of liquid nitrogen is stopped and the molecular sieve is allowed to warm to room 

temperature resulting in the release of all the adsorbed tritium.  Figure 4.4 illustrates the rise in 

the exposure pressure when the liquid nitrogen flow is turned off.  The final pressure boost, 

approximately a factor of two, is achieved through the heating of the exposure apparatus to the 

test temperature, see Figure 4.4.   

  

Figure 4.4  Pressure and temperature profile during the pressurization step. [47] 
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Typical tritium exposure duration ranged from 2 hours to 10 days.  Following the tritium 

exposure, the heaters are turned off and the apparatus is allowed to return to room temperature 

gradually.  Upon reaching room temperature the valve to the supply bed is opened and the 

tritium re-absorbed into the uranium.  Figure 4.5 illustrates the pressure variation as the exposure 

apparatus is cooled and when the isolation valve is opened. 

 

 

Figure 4.5  Pressure and temperature profile during the depressurization phase. [47] 
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4.4 SAFETY 

 

 

A Job Safety Analysis (JSA) is performed prior to any work conducted in the Tritium 

Laboratory.  This JSA, reviewed and signed off by all parties involved in the work, in 

conjunction with a Work Plan is required prior to the work being performed.   

On a weekly basis urine samples are provided by personnel working on the project and the 

urine samples screened for tritium.  If the worker has concerns that an unexpected exposure to 

tritium has taken place a urine sample is submitted no earlier than 4 hours after the exposure.  

The facility radiation safety officer is informed so that the tritium analysis can be given priority. 

A tritium-in-air room monitor, set to alarm if the laboratory tritium concentration exceeds 10 

μCi/m3, is used to warn personnel of tritium leakages from the ventilated or sealed processed 

loop.  Additionally, a hand-held Scintrex monitor is available to measure tritium-in-air 

concentrations locally. 

The dominant tritium uptake (HTO) paths for personnel working in this project are expected 

to be skin absorption or inhalation while the arms are operating in the glovebox or samples are 

transferred out of the glovebox.  Skin absorption is mitigated by using a lab coat in conjunction 

with sleeve protectors and double gloves.  Inhalation of tritium is mitigated by utilization of a 

ventilated trunk line.   

The maximum quantity of gas expected in the test apparatus is ~2.5 litres at NTP.  If the 

Helicoflex seal were to leak and the gas released into the glovebox it would represent an increase 

in glovebox pressure of (500 + 2.5)/500 = 1.005, a pressure increase of 0.5%; that is500 Pa, 2 
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inches of water equivalent.  This increase in pressure would not trigger the passive pressure relief 

mechanism resulting in the venting of the tritium inventory to the environment. 

The sensitivity to tritium of the Cleanup System’s ionization monitors permits early detection 

of leaks from the testing apparatus.  On two occasions, as the liquid nitrogen cooling was 

stopped, and the tritium pressure rose so did the tritium concentration in the glovebox indicating 

a leaking seal.  Leak detection at this early stage permitted quick action; the isolation valve to the 

supply bed was opened and the tritium rapidly reabsorbed. 

During this work tritium emissions to the environment are minimized by the following 

methods.  The pure tritium transfer work is conducted in a sealed glove box which is fitted with a 

glove box clean-up system.  The glove box clean-up system controls the tritium concentration in 

the glove box through the use of two traps; a molecular sieve trap for the oxidized hydrogenic 

species and a Zr-Fe trap for the elemental hydrogen species.  Additionally, residual tritium from 

the transfer loop, when evacuating the exposure apparatus, is absorbed on another Zr-Fe getter 

located on the exhaust port of the vacuum pump.  

A compliance monitor records the tritium emissions to the environment from the tritium 

laboratory in real time and weekly through silica gel integrators. 

 

 

4.5 SUMMARY 

 

A tritium exposure apparatus has been designed and built for the purposes of generating a high-

pressure tritium atmosphere at 523 K.   The loading system consists of a uranium tritide storage 

bed, an intermediate tritium transfer chamber filled with 5A molecular sieve, and the sample 
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exposure chamber.  The loading system resides in a sealed glovebox with a nitrogen atmosphere 

that is continually purged through a Glovebox Clean-up System.  The tritium used in each 

loading experiment is approximately 6000 Ci or 22 TBq. The process entails transferring the 

tritium inventory from the uranium storage bed to the cryogenically cooled (77 K) molecular 

sieve chamber. The molecular sieve at liquid nitrogen temperature is capable of adsorbing tritium 

to densities of 290 Ci/gram at one atmosphere. At 523 K a maximum tritium pressure of 21 MPa 

is achieved.  The system performs as expected and proved to be safe. 
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5.0 TRITIATION OF AMORPHOUS, CRYSTALLINE AND POROUS SILICON 

 

5.1 INTRODUCTION 

 

Silicon is the most widely used material in semiconductor devices and its fabrication and 

processing have been well established. It has been long used in energy conversion device, such 

as solar cells in form of crystalline and amorphous silicon. Tritium, was incorporated into 

hydrogenated amorphous silicon (a-Si:H) using a PECVD (plasma enhanced chemical vapour 

deposition) technique [6, 8]. This method, while practical, is relatively complicated. Here, the 

post-tritiation technique developed in this work provides a simple and versatile method to 

incorporate high-density tritium into various forms of silicon by exposing these to tritium gas. 

Stable and high-density tritium bonding in hydrogenated amorphous silicon (a-Si:H) and 

crystalline silicon (c-Si) structures was achieved.  

Post-hydrogenation has been widely researched for passivation of amorphous silicon (a-Si) 

and a-Si:H. Hydrogen is incorporated into a-Si and a-Si:H by ion implantation or exposing the 

samples to monatomic hydrogen, hydrogen plasma and H2 gas at high temperatures [49]. Post-

deuteration has also been investigated, and it has been shown that there is no chemical difference 

between hydrogen and deuterium [49, 50].  Hydrogen has also been introduced into c-Si using 

similar processes [51]. Considering that tritium is chemically identical to hydrogen and 

deuterium, it is expected that similar processes can also be used to incorporate tritium into 

amorphous and crystalline silicon thereby facilitating the integration of a radioisotope micro-
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power source on-chip. It is commonly accepted that hydrogen diffusion in silicon is 

predominantly in the atomic form and that post-hydrogenation using molecular hydrogen gas 

typically begins with the dissociation of hydrogen molecules at the silicon surface. In void rich 

material diffusion of molecular hydrogen is possible [50]. It is expected that tritium dispersion 

will also proceed in a similar manner. However, given the radioactive properties of tritium it is 

expected that tritium incorporation may be self-catalyzed. Specifically, excitation, ionization, 

and dissociation of molecular tritium (T2) by the energetic beta particles as well as the 

production of atomic tritium due to tritium decay in T2.  

In contrast to the relatively large quantities of literatures on the effect of post-hydrogenation 

and post-deuteration [52], very few studies have involved post-tritiation. In this chapter, a 

comprehensive study of post-tritiated process in both crystalline and amorphous silicons is 

presented. These studies will be insightful to further clarify post-tritiation mechanism between 

tritium gas and silicon materials. From engineering perspective, this study will provide useful 

information on how tritium post-processing and tritium-based nuclear micro-engineering will 

impact silicon micro-electronics on-chip.    

 

 

5.2 TRITIATED AMORPHOUS AND CRYSTALLINE SILICON 

 

5.2.1 Sample Preparation, Tritiation and Characterization 

 

The crystalline silicon used here is the commercially available crystalline silicon wafer. The a-

Si:H films were deposited on crystalline silicon substrates by a dc saddle-field glow discharge 



 

51 

PECVD system which has been described elsewhere [8, 23, 53]. The precursor gas used in the 

depositions was silane (SiH4). The depositions reported here involved the flow of pure silane gas 

through the glow discharge chamber at 15 sccm each and a chamber pressure of 160 mTorr, 

anode potential of 530-650V, current to the anode of 17.5 mA, substrate at ground potential, and 

ion current to substrate of 0.6-1.0mA. The substrate temperature, time duration of the deposition, 

thickness of the film and hydrogen concentration of those a-Si:H films are listed in Table 5.1. 

 

TABLE 5.1 Substrate temperature, time duration of the deposition, thickness and hydrogen 

concentration in the a-Si:H films. 

 

Sample  BL1  BL2 BL3  

Substrate Temperature 200 oC 115 oC 315 oC 

Duration of Deposition 3 h 5 h 15 min 5 h 

Thickness of Film 0.3 μm 0.6 μm 2.0 μm 

Hydrogen Concentration 20% 35% 17% 

 

In order to test the tritium pervasion in various forms of silicon, samples of silicon were 

exposed to tritium gas at temperature of 100–250 oC and pressure of 2–120 atm with time 

duration of 20 hours to 132 hours. Tritium effusion experiments were conducted in order to 

determine the atomic concentration and its bonding characteristics [53, 54]. A time-of-flight 

secondary ion mass spectroscopy (SIMS) measurement was carried out to resolve the depth 
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profile of tritium in silicon samples using Cs+ sources. With the total atomic concentration found 

by effusion measurement, the SIMS profiles were carefully quantified. The depth resolution of 

SIMS is ~0.2 nm. The diffusion coefficient of tritium was derived from the tritium profiles. 

 

5.2.2 Thermal Effusion 

 

Unlike conventional hydrogen effusion experiments requiring ultra-high vacuum and mass 

spectrometer systems, tritium effusion experiments are carried out by measuring the evolution of 

tritium in an argon-filled ionization chamber. A schematic of the principal of tritium effusion 

monitoring is shown in Figure 5.1. Tritium effusion experiments are carried out in a modified 

ionization tritium monitor [55]. Tritium effusion monitor consists of three regions: the sample 

holder, the ion-precipitator, and the ion chamber proper. The sample holder consists of a copper 

crucible, heated with a boron-nitride coated graphite heater, and two thermocouples, one in the 

copper crucible close to the sample and the other on top of the crucible. The ion-precipitator 

consists of three grids, each with ~70% open area, between the sample holder and the ion 

chamber. The ion-precipitator, with its outer grids at ground potential and its central grid at 100 

V dc, ensures that any gaseous species entering the ion chamber is electrically neutral. The ion 

chamber consists of a grounded cylindrical chamber, 1 L in net volume, and a collector which is 

held at -100 V dc. The electric field in the ion chamber separates ion pairs created by the 

deposition of tritium decay beta energy in argon. The electric field is sufficiently strong that all 

ions are collected and consequently the collector current is directly proportional to the number of 

tritium atoms in the ion chamber. The time derivative of the collector current is directly 

proportional to the rate of tritium effusion. Any error in the current signal due to ion-chamber-
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surface adsorption effects is negligible given that the total current signal is several orders of 

magnitude greater than the background signal, and that surface memory outgassing effects for 

this monitor are small owing to the high polish of the internal surfaces of the chamber [55]. 

 

 

Figure 5.1 Illustration of tritium effusion monitor. [56] 

 

A typical tritium effusion experiment involved placing an a-Si:H:T sample, approximately 1 

mm2 in size, in the copper crucible, establishing an argon purge, evacuating the chamber, and 

then back-filling the chamber with argon to 1 atmosphere. The sample is subjected to linear 

temperature ramping from room temperature to approximately 800 oC. Tritium effusion 

experiments were carried out at temperature ramp rates of 5, 10, and 20 ºC/min. 
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   The concentrations of hydrogen and tritium in the films are expected to be in proportion 

to the ratio of hydrogen and tritium in the discharge chamber [53]. The evolution of hydrogen 

and tritium from the films is to first order assumed to be in proportion to their concentrations in 

the films. 

To gain comprehensive understanding on the high-pressure tritiation process, a-Si:H 

samples were deposited in various  substrate temperatures, which yielded different hydrogen 

concentrations and bonding conditions.  These samples were exposed in tritium gas for 84 hours 

at a temperature of 250 oC and a pressure of 120 atm. Thermal effusion measurements were then 

carried out to determine the tritium concentration and bonding characteristics. The tritium 

effusion profiles and tritium evolution rates as a function of temperature are shown in Figure 

5.2(a) and (b); the latter were obtained by taking derivatives of tritium effusion profiles. It is 

shown that the profiles for all three samples deposited in different conditions are similar to each 

other. Tritium starts to effuse significantly above the loading temperature of 250 oC. Most of the 

tritium effuses out below 600 oC. The effusion rate was peaked around 400 oC for all three 

samples as shown in Figure 5.2 (b), which agrees with previous effusion studies on a-Si:H:T 

prepared by the PECVD process [6, 53, 54]. Gaussian deconvolution was employed to analyze 

the tritium evolution rate profile. An example is shown as an inset in Figure 5.2 (b), Table 5.2 

lists the positions of two peaks and fractional areas of the tritium effusion peaks for all three 

tritiated a-Si:H samples. For all three samples, the low-temperature (LT) peak is located around 

370 oC and the high temperature (HT) peak is centered around 500 oC. The LT peaks suggest the 

existence of high order silicon tritides and tritium clusters, and the HT peak could be attributed 

predominantly to the Si-T mono-tritide bonds [53, 57]. By comparing the fractional areas under 

both HT and LT peaks, it is estimated that around 70% tritium in a-Si:H films exists in forms of 
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high order silicon tritdes and tritium cluster. Table 5.2 also lists the free energy ΔG associated 

with the low temperature (LT) peak; this will be discussed later. Despite identical tritium loading 

condition and similar effusion profiles, tritium concentration in three samples are significantly 

different. The effusion measurement yielded tritium concentrations of 3.3, 1.2 and 0.6 mCi/cm2 

for samples BL1, BL2 and BL3 respectively.  The a-Si:H film deposited at 200 oC has the 

highest tritium concentration after the tritium exposure. These measurement results indicate that 

the hydrogen concentration in a-Si:H films has negative impact on the tritiation process.  

 

TABLE 5.2 Tritium concentraton, position of low temperature and high temperature peaks 

yielded by Gaussian deconvolution, fractional areas of the peaks, and the free energy of 

desorption for films BL1, BL2 and BL3 tritiated in tritium gas for 3.5 days at a temperature of 

250 oC and a pressure of 120 atm. 

 
Sample  Tritium 

Concentration 

(mCi/cm2) 

T (oC) 

 LTb Peak 

T (oC) 

HTa Peak 

ALT/At
b AHT/At ΔG (eV) for 

the LT peak 

BL1 2.8 370 500 0.74 0.26 2.6 

BL2 1.2 374 520 0.68 0.32 3.0 

BL3 0.6 377 472 0.76 0.24 4.0 

a. LT: low temperature; HT: high temperatures 

b. At: Total area under the peaks 
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Figure 5.2 (a) Total tritium effusion from tritiated a-Si:H films, and (b) tritium effusion rate as a 

function of temperature for samples BL1, BL2 and BL3 tritiated in tritium gas for 3.5 days at a 

temperature of 250 oC and a pressure of 120 atm. The Gaussian deconvolution of BL1 is shown 

as an inset. 
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To study the influence of tritium exposure condition to the tritium concentration, sample 

BL1 were exposed in T2 gas of various temperature and pressures. The spectra of tritium effusion 

and evolution rate are shown in Figure 5.3 and related data is listed in Table 5.3. Despite 

drastically different exposure conditions, there is no significant difference in the total tritium 

absorbed in the film under different tritium pressure and temperature. Slightly less tritium was 

measured for samples tritiated in the higher temperature of 250 oC, probably due to a stronger 

surface desorption effect at higher temperature. From samples loaded at lower temperature at 100 

oC, tritium starts to effuse at lower temperature. Gaussian deconvolution yields an extra peak at 

lower temperature (LRT) around 320 oC. It is indicative of molecular tritium trapped in voids 

and weakly bonded tritium near the surface [54]. The sample is deposited at a substrate 

temperature of 200 oC. There is no significant change observed in tritium concentration for 

samples tritiated in different pressures. It is generally believed that a-Si:H films, especially those 

grown at low substrate temperatures, contains some void fraction. In device-quality films voids 

are not interconnected and H is assumed to diffuse as atomic species through the bulk. Therefore, 

high pressure molecular tritium doesn’t enhance the tritium pervasion in a-Si:H.  
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Figure 5.3 (a) Total tritium effusion from tritiated a-Si:H films, and (b) tritium effusion rate as a 

function of temperature for sample BL1 tritiated in tritium gas for 84 hours in various 

temperature and pressures. The Gaussian deconvolution of film tritiated at 100 oC, 70 atm is 

shown as an inset. 



 

59 

TABLE 5.3 Tritium concentraton, position of low temperature and high temperature peaks 

yielded by Gaussian deconvolution, fractional areas of the peaks, and the free energy of 

desorption for film BL1 tritiated in tritium gas of various temperature and pressure for 3.5 days. 

 
Sample  Tritium 

Concentration 

(mCi/cm2) 

T (oC) 

LRT 

Peak 

T (oC) 

LT 

Peak 

T (oC) 

HT 

Peak 

ALRT/At
a ALT/At

 AHT/At  ΔG (eV) 

for the 

LRT 

peak 

ΔG (eV) 

for the 

LT peak 

250 oC, 

120 atm 

2.8 — 370 500 — 0.74 0.26 — 2.6 

100 oC, 

70 atmb 

3.1 318 425 545 0.38 0.46 0.16 0.9 2.3 

100 oC, 

2 atm 

3.3 322 458 572 0.55 0.39 0.06 0.6 1.8 

 
a. LRT: lower temperature 
b. Ramp rate: 20 oC/min; All others are 10 oC/min. 

 

 In order to study the relation between the tritium pervasion and the H concentration, a-

Si:H, thermally annealed a-Si:H and crystalline silicon (c-Si) were exposed in tritium gas for 84 

hours at a temperature of 250 oC and a pressure of 120 atm. The a-Si:H sample of BL3 , which 

contains 17 at.% of hydrogen, was annealed in argon gas at 400 oC for 24 hours. The annealing 

process reduced the hydrogen concentration from 17 at.% to 6 at.%. Commercially available 

500-μm thick c-Si wafer is used here as a reference with extremely tight lattice and almost no 

hydrogen content.  Tritium effusion spectra are shown in Figure 5.4 and related data is listed in 
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Table 5.4. The annealed a-Si:H (BL3) absorbed slightly more tritium than the un-annealed 

sample. It is probably due to more dangling bond sites created by the out-diffusion of hydrogen 

during the annealing process. The effusion peak for the annealed sample also shifts to higher 

temperature and the fractional area below high temperature peak increased accordingly. This 

suggests an increased portion of tritium existed in Si-T mono-tritide forms. The annealing can 

also result in densification of the amorphous film with a tighter lattice configuration. This 

process might also suppress the formation of tritium clusters in matrix. As an extreme situation, 

tritium in c-Si is dominated by stably bonded mono-tritides as shown in Table 5.4. 

 

TABLE 5.4 Tritium concentraton, position of low temperature and high temperature peaks 

yielded by Gaussian deconvolution, fractional areas of the peaks, and the free energy of 

desorption for samples of a-Si:H, annealed a-Si:H and c-Si tritiated in tritium gas for 3.5 days at 

a temperature of 250 oC and a pressure of 120 atm. 

Sample  Tritium 

Concentration 

(mCi/cm2) 

T (oC) 

LT Peak 

T (oC) 

HT Peak 

ALT/At
 AHT/At ΔG (eV) for the 

LT peak 

a-Si:Ha 0.6 377 472 0.76 0.24 4.0 

a-Si:H 

anealedb 

0.8 363 482 0.41 0.59 4.0 

c-Sic 0.1 374 482 0.15 0.85 4.0 

a. a-Si:H sample here is BL3;  

b. a-Si:H annealed here is obtained by annealing BL3 at 400 oC for 24 hours. 

c. c-Si here is commercially available silicon wafer. 
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Figure 5.4 (a) Total tritium effusion from tritiated a-Si:H films, and (b) tritium effusion rate as a 

function of temperature for samples of a-Si:H, annealed a-Si:H and c-Si tritiated in tritium gas 

for 84 hours at a temperature of 250 oC and a pressure of 120 atm. The Gaussian deconvolution 

of tritiated annealed a-Si:H is shown as an inset 
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5.2.3 Fourier Transform Infrared Spectroscopy 

 

Fourier Transform Infared Spectroscopy (FTIR) is one of the most powerful tools for identifying 

chemical bonds in amorphous silicon materials by producing an infrared absorption spectrum 

like a molecular ‘fingerprint’. Structural information on the tritium in silicon was characterized 

using a Perkin Elmer 2000 FTIR spectrometer. IR spectra of samples were taken in the range 30-

5200 cm-1 in the single-beam mode with a resolution of 2 cm-1, in which the transmittances of the 

amorphous silicon film and a reference crystalline silicon substrate were measured and ratioed in 

rapid succession [58]. Since the mass of tritium atom (mT) is heavier than hydrogen (mH), the 

stretching frequencies of the Si-T bonds (ωSi-T) can be calculated respect to the Si-H bond 

stretching frequency (ωSi-H) as [58]:  

( )
( )SiHT

SiTH

HSi

TSi

Mmm
Mmm

+
+

=
−

−

ω
ω

                (5.1) 

The infrared absorption spectra of the a-Si:H sample before and after the tritium exposure 

is shown in Figure 5.5. The vibrational spectra show a peak at 2000 cm-1 which corresponds to 

the Si-H stretching mode. The additional peak in the spectrum for the tritiated sample at ~1200 

cm-1 corresponds to the Si-T stretching mode. This FTIR result is consistent with the reported 

vibrational spectra of a-Si:H:T prepared by PECVD [58]. 

After tritiation the peak intensity for Si-H stretching  mode at ωSi-H = 2000 cm-1 decreases 

while the peak intensity Si-T stretching mode at ωSi-T = 1200 cm-1 increases [57]. It is noteworthy 

that the tritium quantity obtained from the FTIR spectrum is less than that of the effusion result; 

this suggests the existence of unbonded tritium, such as the free atomic tritium and molecular 

tritium in the a-Si:H film. 
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Figure 5.5 Absorption spectra of an a-Si:H film before and after tritium exposure. For clarity, 

the spectra of the a-Si:H before tritium exposure has been shifted up by 500 cm-1 [57]. 

 

5.2.4 Thermal Profiles 

 

To study tritium diffusion profiles, SIMS measurements were performed on both a-Si:H films 

and c-Si wafers. Tritium concentration profiles of sample BL1 for hydrogen (H), tritium (T), and 

the total concentration of hydrogen and tritium (H+T) are shown in Figure 5.6.  
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Figure 5.6 Hydrogen and tritium depth profiles of a-Si:H film BL1 obtained after an exposure to 

T2 gas at 250 oC and 120 atm for 84 hours. The concentration profiles for H and T were 

measured simultaneously. 

 

The a-Si:H films were exposed in T2 gas at 250 oC, 120 atm for 84 hours. As shown in the 

figure, an extremely tritium-rich layer forms near the surface, the tritium concentration reaches 

7×1022 cm-3 at a depth of 3 nm from the surface; it drops rapidly inwards at around 3×1022 cm-3 

at around 6 nm deep. The tritium concentration then falls off at a slower rate into the sample. The 

H loss at the surface is about 2/3. The loss of H due to out-diffusion is over-compensated by the 

incorporation of T and a net increase of the hydrogen plus tritium concentration of 2×1022 cm-3 is 
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observed at a depth of 6 nm away from the surface. From this depth inwards, the diffusion 

profile can be described by a complementary error function (erfc).  The diffusion length is related 

to the diffusion time td by [59]   

 

x0 = (4Deff td)1/2.          (5.2) 

 

The diffusion length for T in-diffusion is approximately 50 nm (x0). Therefore, a diffusion 

coefficient of Deff = 6×10-17 cm2/s is obtained. This value is consistent with the reported result of 

plasma in-diffusion in a-Si:H [52] . 

Figure 5.7 shows the hydrogen and tritium profiles of a-Si:H film of BL2 tritiated in tritium 

gas of 250 oC and 100 atm for 132 hours. The tritium concentration reaches 6×1022 cm-3 near the 

sample surface and drops rapidly to about 1021 cm-3 at 12 nm deep. The diffusion coefficient is 

calculated to be Deff = 2×10-18 cm2/s. This value is over one magnitude order lower than that of 

BL1’s. This is consistent with the effusion measurement that the concentration of BL2 is lower 

than BL1 in Table 5.2. It is also shown less hydrogen out-diffused from BL2 in comparison with 

that from BL1 sample. This is probably due to the reason that the hydrogen is bonded in a more 

stable form in sample BL2. FTIR spectrum, which is not presented here, also indicates that 

hydrogen in this film is mostly bonded in mono-hydride form. 
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Figure 5.7 Hydrogen and tritium depth profiles of a-Si:H film BL2 obtained after an exposure to 

T2 gas at 250 oC and 100 atm for 132 hours. The concentration profiles for H and T were 

measured simultaneously. 

 

Figure 5.8 shows the hydrogen and tritium profiles of c-Si tritiated in tritium gas of 250 oC 

and 100 atm for 132 hours. A tritium concentration of 8 at.%, a number density of 4×1021 cm-3, 

is shown around the surface and it drops fast with depth. The concentration drops to 10% of the 

surface concentration at ~5 nm deep. The diffusion coefficient is calculated to be Deff = 5×10-19 

cm2/s.  Tritium is located at the superficial surface of the c-Si. The tight lattice of the c-Si has 

prevented the tritium pervasion in it. 
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Figure 5.8 Hydrogen and tritium depth profiles of crystalline silicon obtained after an exposure 

to T2 gas at 250 oC and 100 atm for 132 hours. The concentration profiles for H and T were 

measured simultaneously. 

 
5.2.5 Discussion 

5.2.5.1 Tritium Diffusivity and Solubility in Amorphous and Crystalline Silicon 
 
 
In the reported literatures, studies of hydrogen solubility in a-Si were performed by rich 

deuterium (D) source layer diffusion or post-hydrogenation/deuteration with plasma/monoatomic 

hydrogen treatment or ion implantation. In the D diffusion and plasma/monoatomic hydrogen 
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treatment, hydrogen solubility of 1–3% was observed [50, 60]. At such low concentration level, 

the weak Si-Si bonds and dangling bonds seem to provide sites for H incorporation without 

dilatation of the Si network; the solubility depends on the micro-structure which, in turn, depends 

on deposition conditions. In the ion implantation process, the hydrogen incorporation proceeds 

simultaneously with the defect creation, a higher H concentration can be achieved than the initial 

H concentration. A hydrogen solubility limit of about 15-16% was reported in a-Si:H prepared 

by PECVD [61]. In this work, a much higher tritium concentration is observed from SIMS 

measurement; ignoring the ultrahigh tritium layer near the surface, a stabilized tritium 

concentration of  3×1022 cm-3 is achieved, which is equivalent to a tritium to silicon ratio of 3:5. 

This differs much from the previous results of post-hydrogenation and post-deuteration.  

Apparently, there are more Si bonds broken and more space provided for tritium to fit in. Given 

the radioactive property of tritium, the solubility of tritium in silicon is catalyzed by the beta 

radiation. 

 In order to maintain a plasma or mono-atomic hydrogen environment, the post-

hydrogenation is commonly done in a very low pressure, ~1-2 Torr [49, 62]. While in the work, 

the pressure is much higher, ranging in 1.5-90 kTorr. The tritium concentration in materials that 

dissolve atomically will have a one-half power dependence on tritium pressure while those that 

dissolve molecularly will have a pressure dependence of power one.  

CH = SH P1/2             (5.3) 

CH2 = SH2 P            (5.4) 

It is commonly believed that hydrogen diffuses atomically in silicon. While the a-Si:H 

oxidizes upon exposure to air at a rate which depends on the microstructure of the film. Typical 

oxide layer thickness is 5-10 Å after a few days of exposure in air [30].  Silicon oxide has a 
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sparse lattice which allows diffuse of small molecules, like hydrogen. Equations (5.3) and (5.4) 

are hard to hold at the high concentration observed in this work; this is indicated in Table 5.3. 

While the surface area of the a-Si:H is affirmably believed to be dominated by the tritium once it 

is exposed in the tritium gas. In the tritium exposure system, there is about 1 cm thick T2 layer 

above the silicon sample in the exposure chamber. Beta particles emitted from tritium decay can 

travel up to 35 mm in tritium gas at one atmosphere. The average range of the beta particles in 

silicon decreases with the increasing of the tritium pressure accordingly. Only half of the beta 

particles emitted from the tritium layer are able to reach the silicon due to the geometry. Among 

the other half, part of the energy will be lost in the gas due to some processes, such as tritium 

ionizing and dissociation. If 10% of the electrons can reach the silicon, the intensity corresponds 

to a flux of  

Ф = 1010 cm-2 s-1            (5.5) 

electrons striking the sample. Two effects are expected to occur due to the beta radiation. Firstly, 

the electron bombardment excites the silicon surface and makes it chemically active to the 

ionized or dissociated tritium. Thus tritium can be absorbed at the sample surface.  Secondly, the 

beta radiation provides more space for tritium to fit in the silicon material. Electrons with keV 

energies are unlikely to produce atomic displacement in silicon.[44] While the silicon oxide, 

which has an amorphous structure, tends to embrittle and potentially fracture under beta radiation 

due to the reduction of the oxide bonds. Thus, the tritium can build up in the oxide layer with 

time. This explains the ultra high tritium layer near the material surface. For the beta particles 

impinged into the material, they lose energy in collision with the electrons in the material and 

produce an extremely large density of e-h pairs in their tracks. In case of a-Si:H, a pair is created 

for every 4.3 eV [63]. Electrons of 5.7 keV can travel about 0.17 μm in average and produce 
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about 1300 pairs. As the statement of hydrogen collision model, the e-h pair recombination 

breaks Si-H bonds to produce mobile H and DBs (dangling bonds) [64]. Less energetic electrons 

will lose energy more rapidly and more energetic electrons will lose it more slowly. The energy-

loss profile drops rapidly with depth and the effective acting depth for electrons with energy of 

~5 keV is around 50 nm in a-Si [65]. In this depth, extra DBs will be created and provide more 

room for the hydrogen (tritium) to fit in.  In fact, a series of physical and chemical processes 

happen in this tritiation process, which include surface adsorption, dissociation, dissolution, 

diffusion, recombination, and desorption. It is speculated that a few factors may contribute to the 

increase in the tritium concentration, for example plasma treatment with annealing process is 

reported to increase the hydrogen concentration[61]; in our tritium exposure, it is also an 

annealing process simultaneously. In addition, high concentration of tritium is accumulated near 

the surface and the movement of such large amount of tritium in the silicon network may also 

contribute to break some weak silicon bonds and therefore provides more tritium to fit in. To 

further clarify the tritiation process, further investigations are needed to be carried out.  

While the diffusivity seems to be not enhanced much by the beta radiation, similar diffusion 

coefficient is obtained as that of reported post-hydrogenation/deuteration experiments. Except 

the ultrahigh tritium layer near the surface, the tritium diffuses as the hydrogen/deuterium 

behaves. The a-Si:H deposited at substrate temperature of 200 oC displayed the rapidest tritium 

diffusion and in result of the highest tritium concentration. This seems to be due to a balance of 

the lattice tightness and initial hydrogen concentration. The film deposited at high temperature 

may result in a tight lattice; a low temperature deposition results in a high hydrogen 

concentration and the isotope exchange seems not to play a significant role in the tritiation 

process. 
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5.2.5.2 Energy Energetic and Network Stability of Tritiated Amorphous and Crystalline 
Silicon 

 
 

The Gaussian deconvolution of the effusion rate profiles illustrate two peaks for silicon tritiated 

at high temperature (250 oC), one low temperature peak and one high temperature peak. The low 

temperature peak (LT) is around 370 oC and the high temperature (HT) one around 500 oC. 

Silicon tritiated at low temperature (100 oC) yields an extra lower temperature (LRT) peak 

located around 320 oC. 

 The low temperature hydrogen effusion is usually considered to be limited by surface 

desorption process, then it can be represented by the following surface desorption rate 

equation:[54, 66, 67] 

  

0

0

( )
( )(1 ( )) exp( )n

Nd
N kT N G
dt h N kT

Δ
= − −                       (5.6) 

where N and N0 represent the hydrogen evolved from the sample and the initial hydrogen in 

the sample, respectively, T is the sample temperature, n is the reaction order which is 1 or 2, ΔG 

is the free energy of desorption. Applying this rate equation to both the LT and LRT peaks by 

plotting 
1

0
0

( / )ln 1
nd N N kT N

dt h N

− −⎛ ⎞⎛ ⎞ ⎛ ⎞−⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 as a function of 1/T results in a straight line for n =1, 

which indicates that the desorption reaction is a first order rate process. The calculated free 

energies are listed in Table 5.2-4. The free energy associated with the LRT peak is 0.6–0.9 eV. 

Given that the migration energy of free hydrogen atom and H2 in silicon is around 0.5 -1 eV,[52] 

the LRT peak is attribute to the effusion of free atomic tritium and molecular tritium, as well as 

the shallowly trapped and tritium near the surface in the film. The free energy associated with the 
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LT peak is 1.8–4 eV. The surface absorption of hydrogen involves the simultaneously rupture of 

two neighboring Si-H bonds and formation of H2. Considering the hydrogen bonding energy EH-

H of 4.5 eV, the silicon-tritium bond energy is calculated to be 3.15–4.25 eV. This is generally in 

agreement with the literature data.[52] Here, the mass difference between hydrogen and tritium 

is neglected. The range of energies suggests variation in the Si-T bonding environment. Higher 

activation energy of 4.0 eV is obtained for tritiated a-Si:H fims deposited or annealed at high 

temperature (300-400 oC); in comparison, lower activation energy is found for film deposited at 

low temperature (100–200 oC). This suggests that the film morphology affects the tritium 

bonding in the post-tritiation process. 

 When hydrogen is introduced into the matrix above the solubility which is reported to 

around 3-16 at.%, a fundamental thermal instability of the alloy network occurs. With increasing 

hydrogen concentration, it is likely that the hydrogen will associate into molecular hydrogen. 

The existence of molecular hydrogen in silicon lattice was claimed by Raman measurement.[68] 

The LRT peak found in the effusion rate profile indicates an evidence of the tritium molecules. 

The molecular hydrogen can be effused by heating above 200 oC;[69] this is consistent with our 

experimental result that no LRT peak is found for silicon tritiated at 250 oC.  

The influence of helium accumulation with tritium decay has not been investigated. Helium 

built-up with tritium decay may lead to the formation of bubbles, similar to that in metal tritides 

and in helium ion implanted silicon.[69, 70] The extent of bubble size and distribution will 

depend on various factors including the initial tritium concentration. It is expected that the effect 

of helium accumulation in amorphous and crystalline silicon will be quite different considering 

the inherent defect prone network of a-Si:H in contrast to the regular lattice of c-Si. One might 

expect the extent of lattice disruption and rearrangement to be small in a-Si:H in comparison to 
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c-Si. In fact, the tritiated amorphous silicon samples prepared using PECVD techniques show no 

evidence of blistering after more than 6 years of aging [8]. 

 

 

5.3 TRITIATED POROUS SILICON 

 

The SIMS measurement shows that the tritiated crystalline silicon shows a surface effect that the 

tritium mainly immobilized around the surface of around 10 nm deep. Porous silicon, which has 

a large surface to volume ratio, is expected to absorb large quantity of tritium through the post-

tritiation process. The high-pressure tritiations of c-Si were further studied on trenched c-Si and 

porous crystalline Si (p-Si). The trench c-Si were prepared by a deep reactive ion etching (DRIE) 

process, p-Si were prepared using an electrochemical etching process. The DRIE process 

produced array of pores with diameter of 10 μm and depth of 120 μm shown in Figure 5.9a. The 

spacing between adjacent pores was chosen as 10, 12, and 25 μm, which magnified the surface 

area by 33, 30, and 9 times respectively. The pore diameter of the p-Si was 2 μm and the depth 

was 150 μm shown in Figure 5.9b. The surface area was magnified by 120 and 180 times for 

random and ordered p-Si respectively. All DRIE-etched c-Si and p-Si samples were tritiated 

under the same condition as the planar c-Si. Effusion experiments were carried out right after the 

tritium loading. Figure 5.10 shows the total tritium evolved from the samples versus their total 

surface areas, which includes the internal area of the pores. Despite different fabrication method, 

Figure 5.10 reveals a linear dependence of tritium occluded on the total surface area. Effusion 

experiments also indicated similar thermal stability of p-Si with that found in a-Si and c-Si 
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samples.  This suggests a universal mechanism underling the bonding of tritium in silicon 

material under the high pressure loading.  

 

     

               a)                b) 

Figure 5.9 SEM surface morphology and side views of a) deep-trenched crystalline silicon 

prepared by deep reactive ion etching and b) porous silicon prepared by electrochemical etching. 
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Figure 5.10 The total tritium occluded in crystalline silicon as a function of the total surface 

area. [57] 

 
 
 

5.4 RADIOACTIVE SURFACE ACTIVITY OF THE TRITIATED AMORPHOUS, 
CRYSTALLINE AND POROUS SILICON 

 

The surface activity measurement is performed by a surface activity monitor (SAM) which is 

illustrated in the inset of Figure 5.11. The SAM is based on gas ionization principle using 

parallel capacitor configuration[71, 72]. The source is mounted on of the parallel plates and the 

high energy emitted electrons ionize the gas and create electron ion pairs. An external electrical 
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field is used to separate the pairs by applying a bias voltage. The ionization current as a function 

of the applied bias voltage is shown. The distance between the electrodes is 1 cm. The saturated 

ionization current is a measure of the effective surface activity of the tritiated sample.[72]. For 

the saturated current of 40 pA of the c-Si sample, the effective surface activity is estimated to be 

0.04 mCi/cm2, or 40% of total concentration, close to 50% of theoretical limit, which provides an 

evidence of surface absorption of tritium in c-Si. In a contrast, the 300-nm tritiated a-Si layer 

only yielded 10% effective surface activity. Since the average range of 5.7 keV beta particles in 

silicon is less than 0.2 μm[73], surface-absorbed tritium could be desirable to eliminate self-

absorption of beta particles. The p-Si sample yields an ionization current of 2 nA/cm2. The 

surface activity measurement is also a demonstration of the tritiated a-Si:H as a cold electron 

source. The cold electron ionization sources based on tritiated Si are potentially amenable to a 

series of applications, such as on-chip micro-gas or micro-particle analyzers.  
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Figure 5.11 Ionization current induced by tritiated c-Si, a-Si:H, and p-Si samples per unit 

centimeter in air as a function of the bias voltage. The air gap is set at 1 cm.[57] 

 

 

5.5 SUMMARY 

 

In summary we demonstrate a simple and versatile method to stably incorporate tritium into 

various types of silicon using T2 gas. The low-temperature post-tritiation process described in 

this work provides a convenient way to locally integrate a radioisotope micro-power source on-

chip.  
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 Tritium effusion technique is employed to study tritium evolution from a-Si:H films 

deposited and tritiated in various conditions. Gaussian deconvolution of tritium effusion spectra 

yields two peaks for a-Si:H films tritiated at high temperature (250 oC), one low temperature 

(LT) peak which is attribute to tritium cluster and weakly bonded tritium, and another high 

temperature peak (HT) which is attributed to the monotritides. The structure information is also 

confirmed by FTIR spectra. A lower temperature peak (LRT) was found for a-Si:H film tritiated 

at low temperature (100 oC) which is attributed to free tritium atom and molecular tritium 

trapped in voids, as well as shallowly trapped tritium near the surface of  the film. The LRT and 

LT peaks appear to be surface desorption limited. The activation energy of 0.6-0.9 eV for LRT 

peak and 1.8-4.0 eV for the LT peak were derived. The Si-T bond energies range from 3.14–4.15 

eV. Due to a much tighter lattice, c-Si absorbed less tritium than a-Si:H and the tritium solubility 

and diffusivity is much lower in c-Si than in a-Si:H. The concentration near the surface is 40% 

and 8% in a-Si:H and c-Si, respectively. This is much higher than the reposted results in post-

hydrogenation and post-deuteration. The solubility is enhanced by the electron bombardment due 

to beta-decay of tritium. The high energy electrons active the material surface, hasten the release 

of the mobile tritium and create dangling bonds; thus enhance solubility of tritium in silicon. 

Tritium locked in silicon provides potentially a safe and localized on-chip energetic electron 

source for capacitor charging, MEMS cantilever actuation, molecular excitation and ionization, 

and for micro-nano power production amenable to a wide array of applications. 
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6.0 METAL TRITIDES AND CONTACT POTENTIAL DIFFERENCE BETAVOLTAICS  

 

 

6.1 METAL TRITIDES 

 

Since T. Granham’s first observation of the absorption of the hydrogen in palladium in 1866, the 

behavior of hydrogen in metals has been studied very extensively.[74] The interest was 

motivated by the possible applications, such as moderator material in nuclear fission reactors, 

reversible hydrogen storage, and by the fact that metal hydrides show exciting physical 

properties (e.g., superconductivity, quantum effusion, phase diagrams, etc.) [75]. Many of those 

properties have been determined for the stable hydrogen isotopes H and D in various metals. A 

series of metals have been tested for tritides, such as nickel, scandium, magnesium and 

titanium.[9, 74, 76, 77] Scandium is chosen here to make the metal tritide in this research. 

To produce high density tritium fuel, scandium film was deposited on silicon wafer 

substrate. The substrate was thoroughly cleaned. The Sc film was subsequently tritiated by 

exposing it to tritium gas of 250 oC. In the tritium gas, the scandium film absorbs tritium and 

immobilizes the tritium in the lattice. A scandium tritium alloy, scandium tritide, will form as 

SiHx, where x is the scandium to tritium ratio. Thermal effusion, outgassing monitoring and 

surface activity measurement were performed to characterize of the scandium tritides. To study 

the stability of the tritiatied ScTx film, a thermal effusion measurement[53] was performed on a 

cleaved small sample. Typical effusion data showed tritium outgassing from the samples 
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beginning at approximately 250 oC, the tritium loading temperature, while the majority of tritium 

evolution peaked around 600 oC. Thermal effusion experiments also provided the concentration 

of tritium in the ScTx film of 60 mCi/cm2, which is equivalent to a tritium to scandium atomic 

ratio x=1. A 2 cm2 ScT sample was also placed in the tritium effusion monitor, in ambient 

atmosphere, at room temperature for a week to monitor the long-term stability of tritium in the 

film. An average outgassing rate of less than 2 pCi cm-2 s-1, or 4.8×107 atoms cm-2 s-1 was 

obtained. Assuming that the outgassing rate is undiminished with time, it is equivalent to a 

tritium diffusion half-life of greater than 100 years, over 8 times the tritium decay half-life. The 

loss of tritium from the sample due to room temperature outgassing is negligible. 

  

Figure 6.1 Cumulative tritium effusion and tritium effusion rate as a function of temperature for 

scandium film exposed to tritium gas at 250 oC. 
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The surface activity monitor (SAM) was used to characterize the effective surface activity 

available for ionization.[72] The ionization current density (J) as a function of the applied bias 

voltage at electrode gaps of 1, 2, 4 and 6 mm, is shown in Figure 6.2. The saturated current 

density is approximately 15 nA/cm2. Using the average ionization energy in air of 33.75 eV per 

ion pair, the effective surface activity of the ScT film is estimated to be 15 mCi/cm2, which is 

equivalent to an average energy (5.7keV) beta flux density of 90 pA/cm2 or a power density of 

0.5 μW/ cm2.  This scandium trititde film is useful in nano- to micro-watt betavoltaics [78]. 

      

 

Figure 6.2 Ionization current density (J) due to the Sc:T film sample in air as a function of the 

bias voltage (V). The air gaps are set at 1, 2, 4, and 6 mm, respectively.[79] 
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6.2 BETAVOLTAICS USING CONTACT POTENTIAL DIFFERENCE 

 

A series of studies have been reported on betavoltaics employing semiconductor pn junction 

using materials such as amorphous silicon,[6], textured silicon,[25, 26] porous silicon,[7, 27] 

silicon carbide[28, 29] and gallium arsenide/nitride[22]. The efficiency and longevity of these 

battery structures rely on high-quality pn-junctions, which are often susceptible to radiation 

damage and lack structural self-healing resiliency.  

One simple method to convert the kinetic energy of radioemissions into electrical energy is 

to utilize a contact potential difference (CPD) device produced from metals with dissimilar work 

functions.[39] An appropriate dielectric medium, in the form of a thin film, gas or liquid, is 

sandwiched between two metal electrodes. An ionizing radiation source, dispersed within the 

dielectric medium or included in an electrode, provides the energy source for electron-ion pair 

generation. Charged carriers are separated by the built-in electric field, induced by the contact 

potential difference of the electrodes, and thus generating current in an external load. Figure 6.3 

shows a schematic of the CPD betavoltaics cell. A CPD-based micropower source is relatively 

simple to implement and can be integrated for on-chip applications. Utilizing the scandium 

tritide film, the CPD betavoltaic batteries are constructed [79]. 

     

Figure 6.3 The schematic of the CPD Betavoltaic battery 
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6.2.1 Air-Medium CPD Betavoltaic 

 

The air-medium CPD betavoltaic is constructed by the ScT film and the copper plate; the air 

works as the medium between them. The ScT film was used as the cathode, as well as the 

ionization source, while copper was used as the anode; the work functions of pure Sc and Cu are 

3.5 eV and 4.7 eV, respectively. The active plate area was 2.5 cm by 1.3 cm, and the air gaps 

were varied from 0.05 to 3 mm.  

 
 

Figure 6.4 The IV characteristics of the CPD cell with a size of 2.5 cm by 1.3 cm at the 

electrode distances of 0.1, 0.3 and 0.6 mm in air.[79] 
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A Keithley 617 electrometer was used to measure the voltage and current. The measurement 

was carried out at room temperature and standard pressure. The IV characteristics of the CPD 

cell at electrode distances of 0.1, 0.3 and 0.6 mm are shown in Figure 6.4.[79] An open circuit 

voltage (Voc) of 0.5 V and a short circuit current (Isc) of 8.73 nA, which is equivalent to a short 

circuit current density of 2.67 nA/cm2 (18% of the saturation current in Figure 6.2.), were 

measured at a distance of 0.1 mm. The maximum power point yields 1.3 nW (0.4 nW/cm2) 

which corresponds to a fill factor of 0.3. The current might be improved by using gas with higher 

pressure or lower ionization energy such as argon. 

 

Figure 6.5 The short circuit current (Isc) and the open circuit voltage (Voc) as a function of the 

electrode distance (d).[79] 
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Both the open circuit voltage Voc and the short circuit current Isc are observed to decrease 

with electrode separation d (see Figure 6.5). The short circuit current shows a more pronounced 

drop with distance than the open circuit voltage.  This is reasonable considering that the 

maximum range of tritium beta particles in air is about 6 mm and that their kinetic energy decays 

exponentially with the distance traversed. Moreover, electron-ion recombination increases as the 

electrode separation increases.  

 

6.2.2 Semiconductor Sandwiched CPD Betavoltaic 

 

Using semiconductor medium a solid state CPD cell can be obtained [79]. The radiation 

ionization energy is much smaller than that in the gas, so more electron ion pairs can be created 

which thus boosts the current for same amount of radiation source.  Intrinsic hydrogenated 

amorphous silicon (a-Si:H) is a widely used semiconductor material in photovoltaics[54] and it 

was also used in betavoltaics [6, 8]. We choose the a-Si:H as the dielectric medium here, and it 

was sandwiched between a platinum (Pt) anode and ScT cathode. Titanium and platinum were 

sequentially evaporated on a silicon substrate using an e-beam evaporator; the Ti and Pt films 

were approximately 20 nm and 200 nm thick, respectively. Subsequently,  a-Si:H film of 400 nm 

in thickness was deposited on the Pt film using the dc saddle field PECVD technique.[6, 8] The 

deposition here involved the flow of pure silane gas though the glow discharge chamber at 30 

sccm (the abbreviation of Standard Cubic Centimeters per Minute) with a chamber pressure of 

160 mTorr, anode potential of 600 V, anode current of 18 mA, ion current to substrate of 0.6 

mA, substrate temperature of 250 oC, and deposition duration of 1 hour and 20 minutes. 

Thereafter, an array of scandium dots was thermally evaporated onto the a-Si:H; the Sc dots 
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were of 3 mm diameter and 300 nm thickness each. Finally, the Sc dots were tritiated using 

tritium gas. A schematic of the cell is illustrated in Figure 6.6.  

  

  

Figure 6.6 The schematic of the solid state CPD cell. The Sc:T is the cathode, Pt is the anode 

and a-Si:H is the semiconductor medium. [79] 

 

Prior to the tritiation step, each cell was tested for its IV characteristics under darkness and 

room light illumination. The cells showed good rectification and photovoltaic characteristics. 

The tested CPD cells were then exposed in tritium gas for 10 hours at a temperature of 250 oC 

and a pressure of 10 bars. The resulting scandium tritide film showed a surface activity of 15 

mCi/cm2. In a-Si:H the mean ionization energy is reported to be approximately 4.5 eV per 

electron-hole pair.[53] The theoretical upper limit for the short circuit current density can be 

estimated using the following relation[53] 

ελ β /EnJ Tsc =                             (6.1) 

where λ is the decay constant of tritium (1.78×10-9 s), Tn is the surface activity of the scandium 

tritide film (15 mCi/cm2, which is equivalent to 3.1×1017 atoms/cm2), βE is the average kinetic 

energy of the tritium betas (5.7 keV), and ε refers to the ionization energy (4.5 eV). Equation 

(6.1) yields a scJ of 110 nA/cm2. 

 Substrate 
Ti 
Pt 
a-Si:H 

ScT 
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After the tritiation, IV measurements were carried out on all functional cells in darkness.  A 

typical result is shown in Figure 6.7. Powered by the ScT film, an open circuit voltage of 160 

mV and a short circuit current of 370 pA were measured. The area of the ScTx disc is about 7 

mm2.  The maximum power point was measured to be 18 pW (0.26 nWcm2). The short circuit 

current density is 5.3 nA/cm2, which is 4.8% of the theoretical limit calculated by Eq. (6.1). 

Owing to a smaller ionization energy in a-Si:H,  the short circuit current density  is doubled in 

comparison with that of the cell with the gaseous dielectric, though the overall output power 

density in this solid cell doesn’t improve owing to a lower open circuit voltage.  

 

Figure 6.7 The IV characteristics of the solid CPD cell in darkness before tritiation and 

betavoltaic performance after tritiation. [79] 
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6.3 SUMMARY 

 

In summary, tritium based betavoltaics using scandium tritide films and contact potential 

difference have been demonstrated. The batteries utilize gaseous and a-Si:H film as dielectric 

media, displaying short circuit current densities of 18% and 4.8% of the theoretical limits, 

respectively. Both CPD cells with gas and semiconductor media produce nanowatt power. The 

energy conversion efficiency is calculated to be around 0.1%. This is consistent with reported 

betavoltaic devices powered by tritium,[6, 7] This is less than that of the wide bandgap 

semiconductor SiC pn-junction cell using high energy beta using 63Ni and 33P.[28, 29] In the 

gaseous CPD cells the low power density and conversion efficiency is attributed to the relatively 

high ionization energy, while in the a-Si:H CPD cells the lower performance is attributed to the 

low built-in field and associated higher recombination rate.  

The batteries provide nanowatt power with a projected life time comparable to the half-life of 

tritium and can be operated at temperatures as high as 250 oC. The appropriateness of ScTx is 

also evident from its low tritium vapour pressure at elevated temperatures.[80] The output power 

density can be further enhanced by increasing the surface activity of the ScTx film using a 

textured surface as well as through improved passivation of the CPD cell. It is suggested that 

using stacking series-connected cell geometry, a tritium battery based on the CPD principle 

could be realized with a continuous output power of 1 μW and corresponding cell volume of 

~1cm3. 
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7.0 TRITIUM BETAVOLTAICS USING SEMICONDUCTOR PN JUNCTIONS 

 

 

7.1 THREE DIMENSIONAL SEMICONDUCTOR PN DIODE FOR 
BETAVOLTAICS 

 

Radioisotope batteries have utilized some different types of nuclear-to-electricity conversion 

mechanisms. Direct conversion radiovoltaic devices using p-n semiconductor junction is one of 

the favorable, and well-suited to beta emitters such as tritium, Ni-63 and Pm-147 primarily due 

to minimized lattice damage considerations. The main factors that limit the performance of a 

radioisotope powered betavoltaic battery include the energy conversion efficiency and the fuel 

fill factor. The theoretical maximum of betavoltaic efficiency is about 20-22% for wide band 

semiconductor and decrease to 13-14% for silicon.[20, 81] Theoretical maximum of efficiency of 

tritium based betavoltaic converters reduces to about 15% for wide band semiconductor and to 8-

9% for Si based cells owing to low photocurrent density (~1μA/cm2). By deploying some wide 

bandgap semiconductor materials and high quality junction devices, the efficiency can be 

improved. A range of semiconductor pn-junctions have been used for betavoltaic applications 

such as amorphous silicon,[6] silicon carbide[28] and gallium arsenide[22], however, their 

energy conversion efficiency is still limited by the available open surface area directly exposed 

to the energetic particles. To raise the fuel factor, past attempt has been made by employing 

KOH etched pyramidal texturing [25]. However, the KOH etching can give a fuel factor 

enhancement of only 1.85 times. 
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Advances in MEMS/NEMS and nanotechnology also offer innovative opportunities to 

raise the fuel fill factor and utilize radioisotope power more efficiently. Recently, micro-

engineering has been used to fabricate so-called three dimensional (3D) pn diodes to 

considerably increase surface area of a pn-junction device in a given volume. Porous or trenched 

3D pn-junctions fabricated using either electrochemical etching [7, 27] or deep reactive ion 

etching (DRIE)[26] promise a significant increase in the surface to volume ratio of the device 

and accordingly increase in power production and energy conversion efficiency of nuclear 

batteries.  

The 3D configuration is particularly advantageous for betavoltaic devices harnessing low 

energy beta particles such as those from decay of tritium or 63Ni. Tritium produces energetic 

electrons with an average energy of 5.7 keV and a maximum energy of 18.6 keV which poses 

little radiation damage concern for on-chip energy conversion devices. On the other hand, the 

beta particles at 5.7 keV can only traverse about 0.1 μm in solid materials (e.g. metal tritide and 

semiconductors). In another word, the energy conversion process occurs mainly near the surface.   

Therefore, effective energy conversion of low-energy beta particles requires a large surface 

powering the betavoltaic device. The use of 3D pn-junctions is one approach that can improve 

power production. Pores and ridges fabricated in semiconductor materials at the micron and 

submicron level permit large surface to volume ratios. Moreover, infiltration of micrometer sized 

porous structures with tritium fuel minimizes self-absorption losses in energy and results in 

relatively complete delivery of tritium beta energy into the energy conversion region of the 

device. Thus, high-density tritium fuel can be utilized efficiently.   

The fabrication of the 3D p-Si diode commences by electrochemical anodized etching of 

the p-type silicon leading to the formation of porous structures. The average pore diameter and 
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depth are 1 and 45 μm, respectively. The fraction of the planar surface containing the pores is 

0.31. The total surface area is estimated to be magnified by 50 times, 98% of the surface area 

being inside the porous structure. The pn junction is formed on the entire surface including the 

internal pore surface using a P2O5 diffusion process.[7] A 50-nm thick aluminum contact layer is 

evaporated on the porous side. Due to the high aspect-ratio and small diameters of porous 

structures, little aluminum was deposited on the side wall. A SEM picture of the cross-section 

picture of the porous diode is shown as Figure 7.1  

 

                         

Figure 7.1 The SEM image of the 3D porous silicon device.  

 

 

7.2 HIGH PRESSURE TRITIUM POWERED P-SI DIODE 

 

If we take the traditional planar structured diode as a surface effect battery, the macroporous 

structure of the p-Si diode provides us a volume effect battery. The gaseous tritium is particularly 

suitable for powering this sort of batteries, and the input power density can be increased by using 

tritium of high pressure. It is noted here that for a planar diode, the input power density from the 
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gaseous tritium is limited due to the limited transverse range of the betas. At the standard 

condition, the tritium betas can traverse about 32 mm in tritium gas, and tritium gas beyond 32 

mm of the cell won’t contribute in the power input at all. By pressurizing, the transverse range 

drops accordingly. In the 3D p-Si cells the macro-pores usually have a dimension of microns, the 

self-absorption in the gas in negligible even at very high pressure, e.g. 100 atm.  In the study here, 

the power scaling of 3D diodes as function of tritium fuel density is examined. By exposing 3D 

diodes in gaseous form of tritium, the power output of a 3D diode is studied from 0.05 to 33 atm 

at room temperature, which is corresponding to an isotope power density from 4.35 μW/cm3 to 

2.87 mW/cm3.  

 

 

Figure 7.2 An illustration of the tritium molecules in the pores of the p-Si device. 
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The test with gaseous tritium was performed using a sample with a size of 1 × 2 cm2. The 

sample is sealed in a stainless steel chamber. The chamber was initially purged with helium gas 

and then pumped down to 10-3 mTorr. The tritium gas was then gradually introduced into the 

chamber. The IV characteristics of the sample monitored via appropriate electric feedthroughs 

during the pressurization. There are two areal regions of the 3D diode that contribute to the 

produced betapower. These are the un-anodized top planar surface and surface internal to the 

pores (See Figure 7.2).  
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Figure 7.3 The effective specific power due to the gaseous tritium impinging on the planar 

device surface, on the pore device surface, and the total specific power, as a function of the 

tritium pressure.   
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As mentioned above, due to self-absorption the maximum propagation distant of beta 

particle produced by tritium decay is limited to approximately 3.2 cm at 1 atm (for 18.6 keV 

beta).  With increasing tritium pressure the range of the tritium betas is reduced.  Hence, the beta 

flux impinging the un-anodized top surface saturated at around 2 atm with a maximum power 

flux of 14 μW/cm2.[22] The 50 nm Al coating is estimated to block 3/4 of the beta energy.[76] 

Thus the maximum beta power flux impacting the un-anodized top surface is estimated to be 6.8 

μW for a 1cm2 3D diode. In a sharp contrast, tritium gas trapped in the small porous structures 

suffer negligible self-absorption due to the small pore diameter of ~ 1 μm, thus almost 100% of 

beta particles produced by tritium decay inside pores impinge on the pore surface. The beta 

power flux therefore increases linearly with the tritium pressure. It is estimated that the total void 

volume in the pores is ~1.6 mm3/cm2, accordingly the power flux internal to porous structure will 

increase linearly to 4.6 μW at 33 atm tritium pressure for a 1 cm2 3D diode. Figure 7.3 illustrates 

beta power flux impinging the un-anodized top surface and internal pore surface as a function of 

tritium pressure.  

The experimental IV characteristics of the 3D diodes as a function of tritium pressure are 

shown in Figure 7.4-7.6.  A typical IV curve of the diode in dark and at tritium pressure of 0.8 

atm is plotted as Figure 7.4, in which a short circuit current of 1.6 μA and an open circuit voltage 

of 22 mV are obtained; the maximum output power is about 9.2 nW. 

The short circuit current (Isc), and open circuit voltage (Voc) as a function of the tritium 

fill pressure is presented in Figure 7.5 a) and b), respectively. The short circuit current Isc 

increases with the tritium pressure reaching a maximum of 2.93 μA at 33 atm. This is consistent 

with the increase of the beta flux in the pores.  However, Voc does not behave as expected.  The 

open-circuit voltage reaches a maximum 22 mV at 0.8 atm and subsequently drops to 11 mV 
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when the pressure reaches 33 atm. It is unclear what causes the drop in cell potential. However, it 

is speculated that with increasing tritium pressure the localized beta heating induces surface 

migration-diffusion of aluminum from the planar surfaces to the edge surface and accordingly 

causes a shunt across the metallurgical junction. 
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Figure 7.4 The IV characteristics of the 3D diode under tritium-free dark condition and at tritium 

pressure of 0.8 atm. 
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Figure 7.5 a) The short circuit current density (Isc), and b) the open circuit voltage (Voc), as a 

function of tritium pressure. 
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Figure 7.6  The output power (Pout) and the energy conversion efficiency (ηp) as a function of 

tritium pressure. 

 
The output power (Pout) is shown in Figure 7.6. The Pout doesn’t increase beyond 0.8 atm 

due to the drop of Voc, and the maximum power obtained is 9.2 nW for the 1×2 cm2 sample. The 

energy conversion efficiency (ηP) is also calculated and shown in Figure 7.6; the ηP falls in the 

range in 0.03-0.09 %. 

 The efficiency is consistent with previous results obtained at regular pressure test.[7] The 

output power increases with the tritium refill pressure below 0.8 atm. The output power hovers 

around below 9 nW due to the stuck retardance of the voltage. While as we observed, the current 

keeps increasing, this indicates that the raise of tritium pressure acts on the cell. 
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7.3 SCANDIUM TRITIDE POWERED P-SI DIODE 

 

To further analyze the results obtained from the pressure experiment. The 3D diode was also 

powered by two difference forms of solid tritium fuels. As a comparison to the 2D power 

configuration, a 300nm thick  scandium tritide (ScT) film with a surface activity of 15 mCi/cm2 

[79, 82], which is equivalent to a power density of 0.5 μW/cm2, was used to power the 3D diode. 

This is the first, in-direct, solid tritium fuel.  
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Figure 7.7 The IV characteristics of the 3D BV cell under dark conditions and when powered by 

a ScT film (indirect solid tritium).  
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The measurement was performed at standard condition with the ScT film directly in 

contact with the diode. A Jsc of 55 nA/cm2 and an Voc of 8 mV was measured, respectively, 

resulting in a maximum output power of 0.12 nW/cm2. The IV characteristics of the cell 

measured in dark and with the irradiation from the ScT beta source are shown in Figure 7.7.  

Taking into account of the shielding effect of 50 nm Al contact layer, the input isotope power 

flux reaching the device is estimated to be 240 nW/cm2. The maximum short circuit density is 

calculated to be 64 nA/cm2; the current collection efficiency of 86% and the conversion 

efficiency of 0.05% are calculated. Both the collection efficiency and the energy conversion 

efficiency are consistent with those obtained by the tritium gas source. 

 

7.4 INTERNALLY OCCLUDED TRITIUM POWERED P-SI DIODE 

 

The porous surface of the 3D silicon cell is capable of absorbing tritium[57], which offers a 

convenient 3D beta source  to power the diode; this is the second, direct, solid tritium fuel. This 

result is compared with the 2D beta source of ScT film. The porous diode was tritiated in tritium 

gas at a slightly elevated temperature of 100 oC and a pressure of 10 atm for 1 day. The tritium 

effusion measurement was carried out to determine the quantity and bonding characteristics of 

the tritium occluded in the device.[54, 57] The normalized tritium effusion profile and the tritium 

evolution rate as a function of the temperature are shown in Figure 7.8.  
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Figure 7.8 The tritium effusion profile and the effusion rate as a function of temperature for the 

3D silicon cell tritiated in tritium gas at 100 oC and 10 atm. 

 
The tritium effusion rate profile shows the out-diffusion peak around 480 oC. The 

effusion profile is consistent with the previous result of tritiated crystalline silicon. It suggests 

that chemical bonding of tritium on the surface of porous silicon is similar to those on the surface 

of crystalline silicon.[57] For the size of 1 ×1 cm2 porous 3D structure, the effusion experiment 

yielded 4 mCi of total tritium activity. Considering the 50 fold magnification in the surface area 

of the porous sample, the corresponding surface activity is 0.08 mCi/cm2.  This result is in 

consistent with reported data of crystalline silicon tritiated at similar condition (0.1 

mCi/cm2).[57]  This experiment indicates that tritium has been occluded in the sidewall surfaces 

of the porous 3D diode.  
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Figure 7.9 The IV characteristics of the 3D BV cell under dark condition and when powered by 

tritium incorporated into the porous surface (direct solid tritium). 

 

The IV characteristics of the diode before and after the tritiation are shown in Figure 7.9.  

A Jsc of 29 nA/cm2 and an Voc of 2.4 mV was measured for the tritiated cell, respectively. The 

measured Voc is relatively low in comparison to the measured Voc powered by the 2D ScT film. 

One reason is due to the lower power input; 4 mCi/cm2 is equivalent to a power density of 0.13 

μW/cm2. Given the shallow position of the pn-junction in relation to the porous surface, another 

possible reason is the diffusion of tritium into the depletion region. Tritium decay in the junction 

could lead to the formation of recombination centers and accordingly reduces the open-circuit 

voltage since the pn-junction of the 3D diode was formed very close to the porous surface.    
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7.5  SUMMARY 

 

In summary, the 3D diode shows and advantage of the 3D cell and the power scaling effect 

powered tritium gas. The IV characteristics of the diode under high tritium pressure shows an 

increase in short-circuit current due to the large surface area of the porous structure. However, at 

high pressures the open circuit voltage, and accordingly the power conversion efficiency, are 

observed to decrease; this is attributed to localized heating induced shunt at the metallurgical 

junction. This result is consistent with the IV performance of the diode powered by tritium 

directly absorbed into the porous surface. To fully explore the potential of 3D diode structures, 

immobilized tritium source may need to be infiltrated into appropriate porous or deep trenched 

structures contiguous but sufficiently displaced from the pn junction. 

 



 

103 

 

 

8.0 TRITIUM IN NANO-MATERIALS 

 

8.1 INTRODUCTION 

 

Nanotechnology is a highly multidisciplinary field of applied science and technology whose 

theme is the control of matters of generally 100 nanometers or smaller, and the fabrication of 

device or materials that lie with the size range.[83, 84] With the rapid development of the 

nanotechnology, a bunch of novel nano-materials are emerging, such as carbon nanotubes 

(CNTs), quantum dots (QDs), nano-wires, rods, and particles. As the size of the system decrease, 

a number of properties and phenomena because pronounced for the nano-materials, for example, 

the vastly increased ratio of surface area to volume. Those materials also own other excellent 

advantages in quantum efficiency, electrical and thermal conductivity.  

The nanotechnology has made prominent progress, especially in the last two decades. A 

large number of publications are generated devoted to method of their preparation, study of their 

properties, and possible applications. Up to now, tritium has very rarely been introduced into the 

field of nanotechnology, and very few publications have appeared in study of tritium in nano-

materials. Tritium, as the isotope of hydrogen, is chemically active to most of the elements in the 

periodic table. Owing to its unique radioactive properties, interaction of tritium with nano-

materials can be of great interest and can potentially lead to some useful applications. In this 
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chapter, we introduce two applications of nano-materials in tritium study: the use of CNTs in 

tritium room-temperature storage and beta-luminescence of ZnO nanowires. 

 

 

8.2 TRITIUM STORAGE USING CARBON NANOTUBES 

 

It is generally believed that the carbon nanotubes were discovered by a Japanese physicist at 

NEC in 1991.[85] They are cylindrical carbon molecules and categorized as single-walled 

nantotubes (SWNTs) and multi-walled nanotubes (MWNTs). There are a few methods in 

preparation including electric arc and laser-induced evaporation, pyrolysis of hydrocarbons, 

deposition of metal carbide, etc.[86] They exhibit extraordinary properties and make them 

potentially useful in many applications in electronics, optics, material science and other field of 

science and technology.[87-91]  

The cylindrically shaped structures of carbon nanotubes are formed by the folded 

graphite carbon. The interior channels of the tubes are several nanometers in diameter, which 

favors the efficient capillary occlusion of gas molecules (Figure 8.1), such as hydrogen. 

Hydrogen is incorporated in nanotubes by exposing those in hydrogen atmosphere at low 

temperature. The gravimetric density ranging in 5% to 10% has been reported.[92-94]  
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Figure 8.1 Schematic of gas molecules in single-walled carbon nanotubes. 

 
 

As the isotope of hydrogen, tritium is chemically identical to protium (1H). The carbon 

nanotubes are expected to be a good carrier for tritium. Although no experimental study has been 

reported, numerical simulation shows that carbon nanotubes can exhibit quantum sieving, where 

heavy isotopes are preferentially adsorbed over light isotopes.[95, 96]   Here, we experimentally 

studied the capability of these CNTs in tritium storage [97].  

The Single Wall Carbon Nanotubes here were synthesized using the pulse laser 

vaporization technique having diameters of ~1nm, lengths on the order of micrometers and high 

surface area of ~1600m2/g [98]. Figure 8.2 shows the SEM image of the SWNTs. The CNT 

samples were exposed to tritium gas at temperature of 100 oC and pressure of 70 atm over a time 

duration of 3 days.  
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Figure 8.2 SEM image (top and side views) of the purified Single Wall Carbon Nanotubes. 

 

After the exposure, thermal effusion experiments were carried out on those tritiated 

samples at a linear ramp rate of 20 oC/min; typical temperature profiles of tritium effusion from 

the tritiated CNT sample is shown in Figure 8.3. Tritium effusion commences at the loading 

temperature of 100 oC and by 900 oC essentially all the tritium is evolved from the sample. Most 

tritium effuses at high temperature, around 500 oC; this indicates that most of the tritium is stably 

bonds to the CNT. Tritium atomic concentration of 1.9 at.%, and equivalently a weight 

concentration of 0.5 wt.% were measured for the CNT samples.[97] The Gaussian deconvolution 

of the effusion rate curve yields two peaks: one low temperature peak at 240 oC, and a high 

temperature peak at 500 oC. The low temperature peak is likely associated with the physically 

absorbed tritium, while the high temperature peak is associated with the chemically absorbed 

tritium in the CNTs. 



 

107 

 

 Figure 8.3 Tritium effusion and tritium effusion rate as a function of temperature for CNT 

sample exposed to tritium gas at 70 atm and 100oC for 3 days.[97] 

 

As the first attempt in tritium incorporation in carbon nanotubes, tritium is stably 

immobilized in CNTs and a gravimetric density of 0.5% was achieved. The effusion shows that 

the tritium is stable up to 200 oC. It is noteworthy that there is much room to improve in the 

density of tritium in CNTs based on the reported results of the hydrogen storage. Assuming 10% 

by weight of hydrogen is retained in nanotubes on changing from hydrogen (protium) to tritium, 

a specific activity of tritiated CNTs is 1000 Ci/g. Such a tritium carrier would be very useful in 

betavoltaic energy conversion devices, and luminescence lighting devices. 
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8.3 ZNO NANOWIRE BETA-LUMINESCENCE 

 

The radio-luminescence (RL) was discovered as early as 1898 by Becquerel, who observed 

fluorescent uranium compounds fogged film through opaque media.[99] Later in 1920s, it was 

found by Elster, Geitel and Crookes that alpha radiation could produce scintillation in zinc 

sulfide screen. In 1970s, light sources based on RL were invented employing a large number of 

radionuclides and used as emergency sign, military illumination and other special conditions. 

[100] Up to now, tritium lighting has already been an industry consuming large quantities of 

radioisotopes. With the development of the modern technology, new material and technique has 

been involved in the radio-luminescence. The new light sources include the organic formulations 

with fluorescent organic dyes or inorganic phosphors [101, 102]and other tritium storage 

material such as zeolites.[103] The wide band gap semiconductors powered by tritium gas have 

also been involved in the RL[104]. With the rapid development of nanotechnology, a bunch of 

nano-materials are available with advantageous properties in electronics and photonics. The ZnO 

nanowires are potentially good candidate for radio-luminescence.  

In the past decade, due to the strong commercial desire for ultraviolet (UV) and blue optical 

devices, great interest has been focused on the synthesis and optical properties of wide-band-gap 

semiconductors. Zinc Oxide (ZnO), a II-VI compound semiconductor with a wide and direct 

band gap of 3.37 eV at room temperature, has been recognized as a good candidate for use in 

blue and UV light emission and room temperature optical UV light source[105].  Beside the bulk 
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and thin form of ZnO, the low dimensional nanowire structure has been synthesized and their 

optical and electrical properties have been extensively investigated. The room temperature 

photoluminescence of ZnO nanowires generally show three bands in UV, green and yellow 

region[105-108]. The UV emissions are commonly attributed to the direct combination of 

excitons through an exciton-exciton collision process, and the green and yellow emissions are 

identified as being from the radiative recombination of electrons from shallow donors with the 

trapped holes from singly ionized oxygen vacancies and interstitial oxygen [109].  

The ZnO nWs we utilized for this study were grown on silicon substrate using the standard 

vapor-liquid-solid (VLS) technique [110, 111]. The nanowires were tuned to emit the green light 

by modifying the oxygen content during the preparation. The ZnO nanowires morphology was 

studied using scanning electron microscopy (SEM) (Figure 8.4). The SEM observation showed 

that the nanowires have lengths of 8-10 μm and diameter of 40-100 nm [112]. The PL spectrum 

for the undoped sample shows weak band-edge luminescence at 380 nm and strong midgap 

emission at 525 nm.[112] 
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Figure 8.4 SEM image of the ZnO nanowires. 

 

 

Figure 8.5 Photoluminescence spectra of undoped  ZnO nanowires at room temperature. [112] 

 

5 μm
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The beta-luminescence of the ZnO nanowires is studied using the scandium tritide film 

beta source. The scandium tritide has a surface activity of 15 mCi/cm2. [79] The spectrum of the 

nWs under beta illumination was shown as Figure 8.6. A broad spectrum with wavelength 

ranging between 400 and 600 nm were observed. The peak is generally located at the same 

region as the photoluminescent spectrum, which reveals the same mechanism in the light 

emission. Weak peaks at UV region and yellow band are also observed at around 340-380 nm 

and 620 nm. The UV emission is attributed to the direct exciton recombination and the yellow 

band emission is attributed to the electron recombination with the ionized oxygen vacancy or 

interstitial oxygen.[105] 

 

Figure 8.6 The emission spectrum of the ZnO nWs under beta illumination. 
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The surface activity of the beta source is relatively low. Tritium gas can generate much 

higher density of beta flux, 14 μW/cm2 in power flux for a tritium gas layer of 1 cm at standard 

temperature and pressure. Exposing the ZnO nanowires in the tritium gas is expected to realize a 

self-powered lighting device with bright green light emission. By adjust the oxygen content in 

the material; the emission can also be tuned to UV region. Ultimately, the RL source can be used 

for lasing. Moreover, this research also provides a chance to study the fundamental properties of 

the nanowires under beta irradiations.  

In summary, the phenomena of tritium in nano-materials, carbon nanotubes and ZnO 

nanowires, were experimentally studied. Tritium stably incorporation in CNTs with a density of 

0.5 wt.% was realized. Beta-luminescence of ZnO was also exhibited. Tritium interaction with 

nano-materials is rarely attended area and there are more interesting phenomena to be revealed.  
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9.0 SELECTIVE LOCKING OF TRITIUM IN SILICA USING DEEP UV LASER 
IRRADIATION 

 

9.1 INTRODUCTION 

 

Hydrogen is widely used in micro-electronic and photonic industries as a doping element and 

hydrogen loading is common technique in fiber Bragg grating writing [113-126]. First reported 

by Lemaire et al., photosensitivity of silica fiber is dramatically enhanced by exposing the fiber 

to a high-pressure hydrogen environment [127]. The permeated hydrogen molecules react with 

silica under deep ultraviolet (UV) laser irradiation to form a stable –OH bond [126, 128, 129]. 

Hydrogen occluded through this photochemical process increases the UV-induced refractive 

index change in the silica fiber by four orders of magnitudes [124]. Owing to the increased 

optical loss in the 1550 nm telecommunication window induced by the –OH bond, deuterium has 

also been used to red shift the –OH absorption tails beyond 1900 nm [130]. Accelerated thermal 

annealing tests have shown that –OH bonds formed through UV irradiation are normally very 

stable up to 400 oC [131, 132]. Considering that tritium is chemically identical to hydrogen, 

notwithstanding the difference in atomic mass and its radioactive nature, it is expected that 

similar laser processing can also occlude tritium in glass to provide a stable, on-chip isotope 

power source.  

In this chapter, the high pressure hydrogen exposure and laser irradiation technique is 

migrated to the nuclear micro-engineering field by substituting tritium for hydrogen. It is shown 
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that high-pressure tritium loading and deep UV laser irradiation are simple and effective means 

to occlude tritium in silica glass. By forming the Si-OT bond, the gaseous nuclear fuel is safely 

immobilized and integrated for on-chip applications [82]. This laser-locking of tritium 

potentially opens the door to radioisotope micro-power on-chip integration in silicon oxide for a 

wide array of micro-electronic and MEMS applications.  

 

 

9.2 EXPERIMENTAL PROCEDURES 

 

The 8 μm thick silica films containing 3% atomic Germanium (Ge) were used. The Ge-doped 

layer was grown over a 20 μm thick silica-cladding layer on crystalline silicon using the flame 

hydrolysis deposition technique. This glass composition is widely used in fiber optics, which has 

high photosensitivity after hydrogen loading.  

  The silica sample was tritiated at a tritium pressure of 70 atm and a temperature of 60 oC 

for 20 hours. The laser locking experiments were carried out using a 248 nm KrF excimer laser 

(Lambda Physik Compex 102) with a series of time durations, which corresponded to total laser 

fluence of  700, 3000, and 4800 J/cm2. Afterwards, the non-irradiated and irradiated samples 

were subjected to an effusion measurement to characterize the bonding conditions, and 

radioactive surface activity measurement to measure the radioactive surface activity due to the 

beta emission of the occluded tritium in the silica sample. 
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9.3 DEEP UV LASER LOCKING OF TRITIUM IN SILICA 

  

To test the stability of tritium that had permeated into silica glass, effusion measurements were 

performed on samples that had been tritiated at a tritium pressure of 70 atm and a temperature of 

60 oC for 20 hours. Immediately after tritium exposure and no laser exposure a sample was 

subjected to linear temperature ramping at a ramp rate of 10 oC/min from room temperature to 

approximately 600 oC in an argon purged tritium effusion monitor [54]. A concentration of 10 

mCi/cm2 was measured, which is equivalent to an estimated tritium atomic concentration of 

0.36%. This is much lower than the value reported in hydrogen loading experiments. Lemaire et 

al. have reported 11% atomic concentration of hydrogen can permeate and be subsequently 

locked in silica fiber. The observed discrepancy is attributed to lower loading pressure and 

shorter loading time. The cumulative tritium evolution is shown in trace A of Figure 9.1. Most of 

the tritium effuses out of the sample around 200oC. The tritium effusion rate as a function of 

temperature is shown in Figure 9.2; this is obtained by taking the derivative of the trace in Figure 

9.1. These results show that approximately 90% of the tritium effuses at temperatures below 

250oC with a distinct effusion peak at 240oC. A smaller effusion peak, ~10% of the tritium, was 

found at 450oC. Both peaks are resolved by a Gaussian deconvolution. The low-temperature 

effusion peak is likely associated with the effusion of molecular tritium trapped in the glass 

matrix, which has a low activation energy of ~0.4 eV [133]. The high-temperature peak is likely 

associated with tritium bonded in –OT hydroxyl form. This supposition is based on similar 

degradation temperatures (300-400oC) of most fiber Bragg gratings formed by hydrogenation 

and 248 nm KrF laser irradiation.[124, 126] This suggests that the high-energy beta particles, 

which have an average energy of 5.7 keV, cause tritium to be self-occluded through beta-induced 

chemical reactions in the glass matrix. It is worth noting that the generation of atomic tritium 
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through tritium decay is negligible given its long half-life of 12.3 years. Raman studies to 

confirm the above have yet to be carried out.  

The T2-impregranted samples were irradiated with 20 ns laser pulses at a repetition rate of 

20 Hz and a pulse fluence of 20 mJ/cm2. The effusion results for irradiated samples with 700, 

3000, and 4800 J/cm2 total laser fluence are shown as traces B, C, and D, respectively in both 

Figures 9.1 and 9.2. The effects of laser irradiation are clearly evident in Figure 9.2 where more 

tritium is stably bonded and effuses out at higher temperatures (>300oC). The Gaussian 

deconvolution was used to analyze the peaks; figure 9.3 shows the analysis as an example.  

Assuming that the tritium effusing out at the high temperature peak is stable and chemically 

bonded tritium, 60% of the permeated tritium is bonded due to laser irradiation at a total fluence 

of 4800 J/cm2. This is in contrast to the 10% bonded tritium in non-laser irradiated samples.  
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Figure 9.1 Total tritium effusion from silica films as a function of temperature. The total laser 

fluence is 0, 700, 3000, 4800 J/cm2 for traces A, B, C and D, respectively.[82] 
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Figure 9.2 Tritium effusion rate as a function of temperature. The total laser fluence is 0, 700, 

3000, 4800 J/cm2 for traces A, B, C and D, respectively.[82] 
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Figure 9.3 The Gaussian deconvolution of trace C, which yields a low temperature (LT) peak 

and a high temperature (HT) peak. 

 
Figure 9.4 shows a linear relationship between the percentage of bonded tritium and the 

accumulated laser fluence. The non-saturated relationship suggests that more tritium can be 

bonded in silica with a further increase in the accumulated laser fluence. The laser locking results 

are also qualitatively consistent with the results of laser irradiation studies in hydrogen-loaded 

silica fiber of identical composition[124]. The accumulated fluence of 4800 J/cm2 at 248 nm 
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leads to the formation of 0.1 to 0.4 atm%  (1000 to 4000ppm) -OH bonds in hydrogen-loaded 3% 

Ge-doped silica fiber [126].   

 

Figure 9.4 Percentage of tritium occluded in silica as a function of the total laser fluence.[82] 

 

 

9.4 TRITIUM SELF-LOCKING IN SILICA 

 

The demonstration of laser locking of tritium in silica suggests that tritium can be locked on-chip 

as a micro-power source. However, the laser process window is also limited by a “self-locking” 

process illustrated in trace A of Figure 9.1 and 9.2. The 20-hour tritium loading process has led 
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to 10% tritium locked in glass matrix without any laser irradiation. This self-locking effect is 

further manifested in Figure 9.5, for a tritiated sample kept at room temperature for 2 weeks. The 

effusion measurements revealed a total tritium concentration of 6.3 mCi/cm2 in the sample, 

suggesting 37% of the original tritium in the sample outgassed as molecular tritium. For the 

remaining tritium in silica, the effusion result shown in Figure 9.5 indicates that about 30% of 

the original tritium, in contrast with 10% in trace A, was stably locked and effused out at high 

temperature. A distinct effusion peak near 450oC is consistent with effusion peaks formed by the 

UV laser irradiation as shown in Figure 9.2. Figure 9.5 provides appealing evidence of the 

formation of –OT bonds, likely catalyzed by high energy electrons from tritium decay.  

 

 Figure 9.5 Tritium effusion from a tritiated silica film stored at room temperature for 2 weeks 

post high-pressure tritiation. Gaussian deconvolution shows two peaks at 240oC and 450oC.[82] 
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9.5 TRITIATED SILICA AS A COLD ELECTRON SOURCE 

 

Tritium locked in silica film provides potentially a safe and localized on-chip energetic electron 

source for capacitor charging, molecular excitation and ionization, and for micro-nano power 

production amenable to a wide array of applications. 
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Figure 9.6 Ionization current due to a 0.5 cm2 tritiated silica sample in air as a function of the 

bias voltage. The air gap is set at 2, 5, and 10 mm.[82] 
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Figure 9.6 illustrates a simple example of molecular ionization using the laser-locked 

tritium on-chip high-energy electron source. A 0.5 cm2 tritiated silica film was placed between 

two metal electrodes with a potential difference applied by an external voltage source. High-

energy electrons emitted by on-chip tritium ionize the ambient gas molecules and thus result in 

the measured ionization current. Figure 9.6 shows the ionization current as a function of the 

applied bias voltage for three different electrode-gap distances of 2 mm, 5 mm, and 10 mm.. For 

the saturated current of 500 pA shown in Figure 9.6, the effective surface activity is estimated to 

be 1 mCi/cm2 in contrast to the total tritium dosage of 10 mCi/cm2 in the 8 μm glass films. This 

is due to the short range of beta particles in solids; in silica the average and maximum range are 

0.4 μm and 2 μm, respectively. Such on-chip ionization sources could be useful for on-chip 

micro-gas or micro-particle analyzers.  

 

 

9.6 SELECTIVE LOCKING OF TRITIUM IN SILICA 

 

The laser locking of isotope presented in this chapter promises an intriguing potential of nuclear 

micro-engineering for on-chip applications. By irradiating samples through a photolithography 

mask, the isotope can be selectively locked in silica glass film in a stable –OH form. A 

subsequent thermal annealing process at 300oC will drive all unreacted molecular tritium out of 

silica glasses. Isotope micro-power sources in micron scale can be monolithically integrated on-

chip with micro-electronic circuits, MEMS units, and microfluidic devices for a wide array of 

applications. This nuclear micro-engineering process is illustrated in Figure 9.7. 
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Since 5.7 keV high-energy electrons can travel up to 2 μm in silica matrix, the minimum 

size of an isotope power unit is in the order of 4 μm. Due to this small travel distance of the beta 

particles, the thickness of tritiated silica film between 1-3 μm will be sufficient to achieve the 

maximum surface activity. This suggests that the high-pressure tritium loading time could be 

substantially shortened to minimize the self tritium locking. The nuclear micro-engineering 

process opens the door to integrate the power source and the devices all on a single chip.  

 

 

Figure 9.7 The processing of the nuclear micro-engineering in silica employing high pressure 

tritium loading, UV laser irradiation and thermal effusion. 

Selective laser locking 
through mask 

Thermal out-diffusion of 
unreacted tritium

Tritium loading
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9.7 SUMMARY 

 

In summary, this chapter presents tritium incorporation in silica through the high pressure tritium 

loading and UV laser irradiation. Using 248 nm KrF laser irradiation, 60% tritium has been 

stably locked in silica films on silicon substrates. Effusion experiments indicate that laser-locked 

tritium is stable up to 400oC in contrast to an effusion temperature of 200 oC for tritiated samples 

without laser treatment. This work demonstrates a safe and simple approach to integrate 

radioactive micro-power sources on-chip for MEMS and micro-electronics applications.  

Employing UV laser irradiation through a photolithography mask, tritium can be selectively 

locked in silica in micron scale. This nuclear micro-engineering process can be potentially 

interesting and useful in MEMS and microelectronic devices.  
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10.0 NUCLEAR MICRO-ENGINEERING USING METAL TRITIDES 
 

10.1  INTRODUCTION 

 

The MEME/NEMS (micro/nano-electromechanical systems) and nanotechnologies have brought 

revolutionary changes in science and engineering especially in the last two decades. As the trend 

of “small is better”, a lot of miniaturized devices have been introduced with advantageous 

properties. Taking advantage of the MEMS technology the nuclear engineering, which has long 

been used in power generation, medical imaging and sensing[134], can be pushed into the 

micron scale. In last chapter, it is described a nuclear micro-engineering process using UV laser 

to selectively lock tritium in silica. In this chapter, a more general method is demonstrated to 

integrate radioisotope on-chip in form of metal tritides through the photolithography and post-

tritiation technique. This method is flexible and compatible with the semiconductor processing 

and VLSI integration. The scandium tritides also have higher radiation activity than the tritiated 

silica by an order in magnitude. The micro-engineered radioisotope on-chip can enable a series 

of applications. For example, in biomedicine this micro-radiator can be used in cellular diagnosis 

which may potentially be useful for cancer therapy and drug development. In industry, it can be 

used to build the gas and particle sensors with dramatically shrinking in size. In the following 

section, we will describe this nuclear micro-engineering process and exhibit its application as on-

chip gas chromatography sensor. 

Gas sensors using ionization principle[135, 136] with radioisotopes have been used 

extensively for a variety of applications. The ionization principle smoke/particle sensors have 
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been using for decades utilizing alpha radiation source. Those sensors are usually in a parallel 

planar or cylindrical configuration; we can call them three dimensional (3D) sensors. Recently, a 

compact ionization detector using beta source having bipolar and unipolar regions was 

reported[137, 138]. Because the beta particles have less kinetic energy, the sensor can be built 

smaller without losing any responsivity. Efforts have been made to further shrink the size of the 

sensor using novel materials such as carbon nanotubes to make the ionization sensor[139].  Here, 

utilizing the nuclear micro-engineering process, we demonstrate a micro-scale planar ionization 

sensor, in which the radioisotope source and accessory circuit are integrated on a chip to realize a 

two-dimensional (2D) ionization sensor.  The 2D ionization sensor in millimeter scale and 

micrometer scale are presented. The working principle of the planar sensor is illustrated in 

Figure 10.1. The radioisotope, which will be beta source here, emits high energy particles 

through nuclear decay and ionizes the gas, and the electrical field applied through the integrated 

circuit will collect electron ion pairs and measure a current. The current is a measurement for the 

sensing. 

 

 

Figure 10.1 The schematic of the on-chip sensing device. 
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Metal tritide is used as radiation source in this on-chip sensor. Tritiated materials were 

proved to be applicable in sensing devices [137]. Utilizing the photolithography technique the 

tritium getter metal can be patterned on the substrate. The metal will further be tritiated through 

the post-tritiation technique, which is developed to tritiate the materials by exposing those in 

tritium gas at an elevated temperature as described in Chapter 4.[57, 82] The candidate metals 

are titanium, palladium, nickel and scandium. In previous study, we have proved that scandium 

is a good candidate in tritiation through the high temperature high pressure gas exposure process. 

The ScT alloy will form by tritiation at 250 oC in tritium gas. The surface activity is about 15 

mCi/cm2 for a 300 nm thick ScT.    

 

 

10.2  FABRICATION OF THE ON-CHIP MICRO-SENSOR 

 

In the fabrication of the planar ionization sensor, the pattern is integrated on the silicon nitride 

substrate through the photolithography and thermal evaporation process. The processing of the 

chip is illustrated in Figure 10.2. Two photomasks were designed for the micro-chip fabrication; 

one is for the aluminium layer and the other is for the scandium layer. The scandium is the 

tritium getter and the aluminium works as the accessory circuit. The processing of the micro-chip 

began by spin-coating the positive photoresist with a thickness of about 2 μm. Next to a light 

exposure through a photomask, a subsequent bake and photoresist development process removes 

the exposed part and leaves the desired pattern on the substrate. A layer of aluminium was 

thermally evaporated on top of the developed photoresist with a thickness of around 300 nm. The 

Al-coated sample was then rinsed in acetone to lift off the unwanted photoresist. Through the 
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procedures above, the patterning of the aluminium layer is accomplished. Next another layer of 

positive photoresist was recoated on top of the substrate with a thickness about 2 μm, thick 

enough to cover the Al layer. By repeating the above procedures, the scandium layer was also 

patterned on the wafer. Proper alignment marks were made on the photomask to ensure that the 

two series of metal patterns were made at the proper positions.  

 

planar wafer substrate

spin-coat positive photoresist

light exposure through photomask 

 remove exposed material by 
 developer 

coat Al by thermal evaporation

remove the photoresist in by acetone
leave the metal patten on the substrate 

coat photoresist on top of the metal
repeat the above  procedures 

micro-chip with Al and Sc pattern  

 

Figure 10.2 The processing of the micro-chip.  
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Upon the completion of the patterning, the chip was exposed in tritium gas of 250 oC, 10 

bars for 1 day. The tritiated chip was stored in a ventilating fumehood for 1 day for possible 

outgassing before they were subjected to further measurement. A few different configurations 

are designed in two scales: millimetre scale and micrometer scale. Figure 10.3a shows a planar 

sensor in millimetre scale and Figure 10.3b shows an array of planar sensor in micrometer scale. 

In Figure 10.3a, the white arcs and lines are aluminium with a width of 0.5 mm, and the spacing 

between the lines is 2 mm. The golden-like arc is the scandium tritide source. In Figure 10.3b, 

the aluminium arc and lines are in width of 50 μm. The diameter of the golden-like source disc is 

100 μm, and the spacing between the source and arc is also 100 μm. In these millimetre and 

micrometer sensors, the scandium tritides work as the radiation sources, while the aluminium 

pattern works as the accessory circuit.  

 

                 

                               a)       b) 

Figure 10.3 The microscopic picture of the planar sensors. a), Picture of millimeter scale sensor. 

b), Microscopic picture of micro-scale sensor. 

 

2 mm 

100 μm 
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The tritium immobilized in the scandium tritides emits high energy beta particles through 

nuclear decay and the betas ionize the gas around. Through the aluminium circuit a forced 

electrical field is applied by a bias voltage, the electrical field sweeps out the electron-ions and 

the measured current can work as a signal for sensing. The ionization based vacuum gauge and 

gas chromatography work similarly as described above. While those sensors are in a bulky three 

dimensional configuration, the ionization sensor on a chip has not yet been practised. Using the 

two dimensional design the size of the sensor decreases dramatically. Measurements are 

performed in surrounding environment in air, as well as in argon and helium.  

 

10.3  EXPERIMENTAL TEST 

 

10.3.1  The 3D Ionization Sensor 

 

Prior to the tests of the 2D ionization sensor, the scandium tritide source was used to build a 3D 

sensor to test its viability in working as radiation source in sensing, and the results will also be 

used as a reference for the subsequent tests for the 2D sensors.  

The 3D ionization sensor is configured in two parallel metal plates. In the 3D ionization 

sensor, the scandium tritide film works as the radiation source and also serves as one of the 

electrodes. The radiation source emits high energy beta particles and ionizes the gas. The area of 

the scandium tritide film is about 3 cm2. In ambient environment, the ionization current is 

measured at different air gaps. It is noted that the saturation current is the function of the 

electrode distance due to the range of the betas in the air. The saturation current as a function of 

the distance in air is shown as Figure 10.4. The maximum saturation current is obtained at 
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around 3 mm. Considering that the maximum range of the tritium in air is 4.5-6 mm, the 

obtainment of the maximum signal at 3mm implies that the beta energy is partially consumed in 

the metal and secondary electrons are created. Using this maximum saturation current the surface 

activity of the scandium tritide is calculated to be 15 mCi/cm2.  

 

Figure 10.4 The collected current density in SAM at a biased voltage of 100 V as a function of 

the air gap. 

 

Besides the air, the measurements are also performed in argon and helium. The argon and 

helium are chosen for they respectively have relatively small and large radiation ionization 
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energy among the readily available gases. The radiation ionization energies of the argon, helium 

and air are listed in Table 10.1. The measurements using argon and helium are performed using 

an aluminium box with gas import and export on it. The electrical lines are connected through an 

electrical fitting on the box. Before the measurement, the box is purged with argon or helium for 

15 minutes 

The current responses in argon and helium were studied at two different electrode gaps, 3 

and 6 mm. The results are shown in Figure 10.5 a) and b), respectively. The curves measured in 

air are also shown in the figures. Higher current is measured in argon than in air due to the 

smaller ionization energy of argon. However, at 3mm distance lower current is measured in 

helium and in 6mm the current is higher. That is because the tritium betas have different 

transverse range in different gases. The transverse ranges of tritium betas in air, argon and 

helium are listed in Table 10.1. The different nature of each gas results in different radiation 

ionization energy and cross section, thus results in different transverse range of betas. At 3mm 

distance the beta energy has not been completely consumed in helium due to the small cross 

section before the betas reaches the electrodes, thus a smaller current is measured. In general, the 

measured current signal is different associating with different gas; that is used as a signature of 

each gas in gas chromatography. 

TABLE 10.1 Radiation ionization energy and transverse range of tritium betas in air, argon and 

helium. 

 
 Air Argon Helium 

W-value (eV) 33.7 26.2 41.9 

Range (mm) 4-6 10 30 
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Figure 10.5 The collected current density from the ScT thin film as a function of the biased 

voltage measured by the SAM at an gas gap of 3mm a) and 6mm b) for air, argon and helium 

respectively. 
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10.3.2  The 2D Ionization Sensor 

 

The test of the 2D sensor (Figure 10.3a) started by measuring the current response at biased 

voltages. The connection of the measurement is illustrated as an inset in Figure 10.6. The inner 

disc and the ScT arc are both grounded. Arcs 1 to 4 are connected to positive voltage to perform 

the measurement. The bias voltage is up to 100 V. The signal of the millimeter sensor   is 

shown in Fig. 10.6.  

 

Figure 10.6 Current as a function of the bias voltage for electrodes at different distances. 

 

As shown in Figure 10.6, the current increase as the voltage increases. The IV curves in 

Figure 10.6 are analogous to that obtained from the 3D configuration. This indicates that the 

working principle in the 3D parallel capacitor configuration works as well as in the 2D planar 
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configuration.    The results in Figure 10.6 also show that signal increases quickly at low voltage 

and the growing becomes slower when the electrical field is strong enough. While it differs from 

the 3D result that the current keeps increasing and doesn’t saturate. This is due to the open field 

configuration in this 2D sensor; the high energy particles can traverse farer than that between 

two parallel plates with fixed distance. A stronger field can collect more electron-ion pairs as the 

voltage increases. The effect of the electrode distance is clearly exhibited in the figure. The 

measurement is performed in air. The results show that a narrower distance which results in a 

stronger electric field yields a larger signal as expected.  
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Figure 10.7  Current signals as a function of the bias voltage in air, argon and helium.  

 
Besides the surrounding gas of air, the measurements are also performed in argon and 

helium. The responses of the sensor in argon and helium as well as in air are shown in Figure 
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10.7; in the measurement the positive voltage is applied to arc 4. Similar results are obtained as 

the 3D ionization sensor, though smaller currents are obtained due to reduction in radiation 

source. Higher current is measured for argon in comparison with air due to smaller ionization 

energy of argon. Due to the open space above the sensor, a relatively large signal is obtained for 

helium.  The transverse range of the betas in helium is about 30 mm, and the open space enables 

the sufficient consumption f the beta energy in helium. These curves are similar as the one in the 

3D configuration with electrode distance of 6mm. The results indicate the ionization based 

sensor also works in a planar configuration. 

 

 

10.3.3  The Micro-scale Ionization Sensor 

 

In last section, the results indicate that the ionization principle is also applicable for a planar 

configuration. The sensor in micro-sensor is then tested as the ionization sensor in shrunk sizes 

to exam its applicability as a microscale sensor. Voltage up to 100 V is applied between the 

upper and lower line (Fig. 10.3b). The current response is shown in Figure 10.8, which shows the 

current signal in air, argon and helium. The results are similar as obtained in 3D configuration 

(Fig. 10.5b) and in the millimetre sensor (Fig. 10.7). This shows that the ionization sensor works 

well in micron scale.   

As a demo of this gas sensor, the response of the sensor in air when a flux of helium is 

introduced is shown in Figure 10.9. A voltage of 100 V is applied and a stable current is 

measured before a helium flux is introduced. As the sudden helium flux is introduced. The 

current rises rapidly and it drops back as the helium flux is removed. 
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Figure 10.8 Current signal of the microscale as a function applied voltage in air, argon and 

helium, respectively.  
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Figure 10.9 Response of helium flux introduced into the microsensor in air. 
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10.4  SUMMARY 

 

Our studies demonstrated the nuclear micro-engineering on-chip for the first time, where the 

radiation source is integrated on-chip and planar ionization sensor in microscale has been 

developed. The sensors exhibit the viability in gas chromatography as a 2D configuration MEMS 

device. The results represent an advance of nuclear engineering in micron scale. Our approach is 

flexible and compatible with current semiconductor and VLSI processing. We believe that this 

demonstration of nuclear micro-engineering process open the door to a broad research area 

which will produce useful devices in micro- to nano- scale with various applications.    
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11.0 CONCLUSIONS AND FUTURE WORKS 

 

11.1  CONCLUSIONS 

 

In the last decades, we have been experiencing rapid progresses in semiconductor, MEMS, and 

nano-technology. Taking advantage of those, this thesis pushes the nuclear engineering into the 

small scale. Other than the traditional power generation utilizing the fission process, the 

radioisotope is immobilized in semiconductor/metal, or integrated on a chip to realize a micro-

power source, or on-chip radiator. 

A high temperature and high pressure gaseous tritium exposure apparatus was constructed. 

The tritium loading apparatus can provide a tritium gas environment at pressures of up to 200 

bars and temperatures of up to 300 oC.  This system provides a chance for the study of the tritium 

interaction with various materials. Stable incorporation of high density tritium in silicon, silica, 

carbon nanotubes, was achieved. Effusion measurements show the presence of stable tritium in 

silicon, silica and CNTs up to 400 oC. The concentration of tritium locked in those materials with 

a density is up to 20 at.%. This work provides a series of tritiated materials which provide us 

cold electron sources. Those cold electron sources are amendable to ranges of applications in 

various occasions. 

         Utilizing the tritiated materials, a number of novel micro-power sources are explored. 

The scandium tritide powered betavoltaic battery using the contact potential difference principle 
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was demonstrated. It is a low cost battery which can provide nanowatt power. Three-

dimensional betavoltaics using the porous silicon diode were explored as a volume effect 

battery powered by gaseous tritium. 

 The tritium is also introduced into the nano-materials, carbon nanotubes and ZnO 

nanowires. Carbon nanotubes are found to be a good tritium carrier and a density of 0.5 wt.% 

was achieved. The beta-luminescence of the ZnO nanowires was studied. The emission of green 

light is observed. 

The UV laser irradiation was used to selectively lock the tritium in silica in micron scale. 

Using the MEMS approach, the embedded on-chip isotope micro-sources were created as 

localized ionization sources for chip-scale sensors and radiators. The nuclear micro-engineering 

was demonstrated. 

This thesis work laid ground work to develop micro-power source that can dramatically 

improve the operational longevity of micro- and nano- systems for unattended applications. 

These devices offer important alternative energy sources for exploration, military, and 

implanted applications. The extension of nanotechnology into nuclear engineering will also 

generate research and engineering opportunities in their respective areas of science and 

technology. 
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11.2  FUTURE WORK 

 

In this thesis study, betavoltaic experiments were performed on a 3-D macro-porous silicon pn-

junction. Such structures were fabricated to overcome some of the limitations of two-

dimensional betavoltaic batteries caused by the limited surface area of the pn-junctions. A 

continuous pn-junction is created along the surface of the entire porous network. Using standard 

electrochemical etch techniques deep channel pores are prepared in a crystalline silicon wafer 

[7]. For the cell with a size of 1 cm by 2cm, the output power increases as the tritium pressure 

went up from the vacuum level and reached the optimized value at 0.8 atm. An open circuit 

voltage of 22 mV and a short circuit current of 1.5 μA were measured. The 3D diode was 

proved to increase the power output and energy efficiency in comparison with the traditional 2D 

diode.  

However, the absolute value of the efficiency is estimated to be 0.1%. This low energy 

conversion efficiency is probably due to a large density of surface recombination centers 

produced by the electrochemical etching used to produce porous structures. To eliminate this 

problem and to improve the surface quality of the devices, we propose a 3D diode with high-

quality junction fabricated by a dry process to improve the efficiency and power output. Such 

structures will be fabricated by a deep trench etching and a POCl3 doping process to produce 

pn-junctions. A SEM picture of the trenched silicon is shown in Figure 11.1a. The fabrication 

starts from a 300 μm p+ substrate, a p-layer is then epitaxially grown on the p+ layer. The deep 

trench will be fabricated in the p-layer. The depth of the trench ranges from 1 to 100 μm to 

magnify the surface area up to 100 times. The n+ layer is made using POCl3 on the internal 

surface. The metal contact will be coated on the top and back side of the device. Tritium 
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absorbers can be deposited in the trenches. The proposed structure is shown in Figure 11.1b. 

The tritium getters can be either metal hydrides such as titanium and scandium or a-Si deposited 

by a CVD process. If a 300 nm Ti film is deposited on the surface, an effective surface activity 

of 60 mCi/cm2 will act on the silicon p-n junction; the activity per square centimeter sample will 

be 6 Ci. The ionization energy of the crystalline silicon is ~3.8 eV. A beta particle with a kinetic 

energy can generate ~1500 electron-ion pairs. The maximal current density will be ~63 μA/cm2.  

The output voltage will be determined by the quality of the junction. A junction of high 

quality will yield very low leakage current, which consequently leads to high open circuit 

voltage. The open circuit voltage is given by   

0 0

ln( 1) 25 ln( 1)oc

I InkTV mV
q I I

β β= + ≈ × +   

 (11.1) 

I0  is the leakage current determined by the quality of diode,  Iβ  is the closed-circuit current. 

Figure 11.2 shows a plot of open circuit voltage (Voc) vs. the leakage current (Io) ranging from 

0.5 pA to 1 nA. For a leakage current of 1 nA/cm2, an open circuit voltage of 100mV is 

expected. If the leakage current goes down to 1 pA/cm2, the open circuit voltage increases to 380 

mV. Assuming a fill factor of 0.5, an output power of 14 μW/cm2 is expected, which will be a 

remarkable improvement.  
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a) 
 
 

 

b) 

Figure 11.1 a) The SEM side view of the trenched silicon. b) The proposed betavoltaic cell using 

a 3D diode.  
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Figure 11.2 Plot of open circuit voltage (Voc) vs. the leakage current (Io) per unit area (1 cm2). 
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