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Abstract 

 

This study serves as a proof of concept for a gammavoltaic device to harness gamma radiation from 

cobalt-60 (Co-60). The gammavoltaic device features a high-yield LuI3 scintillator to absorb gamma 

radiation and emit ~115,000 low-energy photons per MeV absorbed. The scintillation light illuminates a 

zinc telluride (ZnTe) photovoltaic cell. The scintillator and an array of photovoltaic cells (surface area of 

36 µm2 per cell) encapsulate a 3.477 cubic centimeter (cm3) cube of Co-60. The Co-60 gamma radiation 

power (W m-2) increases as the spatial dimension (m) divided by six, in accordance with the cubic volume 

to surface area ratio. Crosslight’s TCAD software Advanced Physical Models of Semiconductor Devices 

(APSYS) application is used to simulate the photovoltaic cell performance under various doping and 

device thickness parameters yielding a maximum photovoltaic cell efficiency of 11.90%. A low-doped 

photovoltaic cell, which is a more reasonable device to fabricate, was simulated under scintillation 

illumination from Co-60 gamma radiation at 0, 5, 15, and 20 years from initial decay to demonstrate the 

longevity of high power output. The proposed gammavoltaic device simulation results in an initial system 

efficiency of 3.14% and power output of 42,800 (W m-2) and decreases to a system efficiency of 0.98% 

and power output of 107 (W m-2) after 20 years of operation and no replenishment of the Co-60 gamma 

radiation source. 

 

I. Introduction & Motivation 

 

Utility-scale clean power generation is a crucial component to global energy decarbonization. Solar 

photovoltaic (PV) power is a key technology in this regard and produced ~3% of global electricity 

generation in 2019 [1]. However, solar power is a variable renewable electricity generation resource. 

Solar PV is fundamentally limited in capacity factor based on terrestrial solar illumination. Capacity 

factor is a metric that denotes the proportion of annual energy generation to the product of rated power 

multiplied by the total number of hours in a year. As of 2017, utility-scale solar PV capacity factors in the 

United States of America (USA) ranged from 14.3% to 35.2% [2]. In short, solar PV only generates 

electrical power when the sun is shining. Two recent reports detail decarbonization pathways for the USA 

and both stress the importance of clean firm generation in the power mix, that is, clean power that can 

operate at high capacity factors approaching 100% [3, 4]. Leveraging similar physics as a PV cell, a 

gammavoltaic device harnesses gamma-ray radiation from radioactive isotopes for clean, or zero-carbon 

emission, firm electrical energy generation. Radioactive isotope gamma radiation sources with a long 
half-life and high specific radiation power can be attractive renewable and zero-carbon energy resources.  
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Since radioactive isotopes decay, so too gamma radiation power decays. As a result, a gammavoltaic 

device may require periodic, but potentially infrequent, ‘refueling’ of the gamma radiation source. 

However, since the gamma source will decay whether energy is harnessed or not, a gammavoltaic device 

can be considered a zero-marginal-cost energy resource, similar to traditional variable renewable energy 

resources. Several radioactive isotope gamma radiation sources have existing and global supply chains, 

improving the feasibility of the technology. In particular, Cobalt-60 (Co-60) has been synthetically 

manufactured in nuclear reactors for over 50 years and used in sterilization and the medical sector, and is 

poised for growth in supply [5-7]. 

 

This study is a proof of concept for a novel method to harness gamma radiation for electrical energy 

conversion, dubbed a ‘gammavoltaic’ device. In essence, the proposed device will generate a 

photovoltage, similar to a traditional solar PV cell, from Co-60 gamma radiation. A key difference from 

traditional solar radiation is that since the proposed gamma radiation is six orders of magnitude greater in 

energy per incident photon than traditional semiconductor bandgap energy. Therefore, a scintillator 

material will interface the gamma radiation source and the PV cell. If a reasonably efficient gammavoltaic 

device can be fabricated in accordance with the simulated device in this study, it presents a significant 

decarbonization potential for the utility-scale power sector and will merit further experimental study. 

 

II. Technical Background Information 

 

Solid materials with a periodic crystal lattice have electrons that can be characterized by their energy 

state using band theory and quantum physics. Individual atoms have electron orbitals with discrete 

energies that have an associated probability density for the position of a given electron equivalent to the 

square of the electron quantum mechanical wavefunction. The wavefunction, of an electron is described 

by the time-independent Schrödinger equation and the time-dependent Schrödinger solution, presented in 

Equation 1 and Equation 2, respectively [8]. 
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The Pauli exclusion principle forbids two electrons to share the same quantum numbers in a molecule 

and by extension energy state. Therefore, when atoms join together to form a macro-scale material, such 

as a crystal lattice, the overlapping atomic orbitals split into two orbitals with different energy levels. At a 

large number of atoms, the finite energy difference between atomic orbitals approaches zero and hence 

can be considered to be a band of continuous energy states. Assuming a periodic lattice, these energy 

states are periodic with respect to the spatial frequency or k-space of a given material. Depending on the 

number of electrons in a material, these bands can be partially or fully filled. The highest filled energy 

band occupied with electrons in the ground state is called the valence band and usually consists of 

bonding orbitals. The lowest unfilled energy band, where at absolute zero temperature, there are no 

occupied electron states, is called the conduction band and usually consists of antibonding orbitals. 

Materials with a partially filled valence or conduction band or a conduction band that overlaps in energy 

with the valence band are generally described as metals and have a high electrical conductivity because 

they require a negligible electric field to prompt low-energy excitations and drive a current. Whereas, 

semiconductors and insulators generally have a filled valence band and have energy gaps between the 

valence and conduction band, known as the bandgap, where no valid energy states exist for electrons to 

occupy. The bandgap forms at the edge of the k-space periodic range, known as the Brillouin zone. Figure 
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1 provides a visual illustration of band structure and bandgaps in both spatial and k-space dimensions for 

metals, semiconductors, and insulators. 

 

(a) (b) 

  

Figure 1: Illustrative band diagrams comparing metals, semiconductors, and insulators in k-space (a) 

and spatial dimensions (b) [9, 10] 

 

In common practice, the distinction between semiconductors and insulators is a crude and relatively 

arbitrary cutoff whereby materials with energy gaps greater than 5 electron-volts (eV) are considered to 

be insulators and lower than 5 eV are considered to be semiconductors. Optical excitations, from photons 

with energy greater than the bandgap energy, can promote electrons from the valence band to the 

conduction band allowing these free electron carriers to be conducted as current. Importantly, both photon 

and phonon particle excitations can only promote one electron to the conduction band per particle and no 

electron states that satisfy Schrödinger’s equation exist in the bandgap, between the valence and 

conduction bands. Furthermore, semiconductors can be broadly grouped as having a direct or indirect 

bandgap, which depends on the material band structure. The former requires only optical excitations 

whereas the latter requires both optical and phonon excitation to free carriers from the valence band. 

 

A. Photovoltaic Device Physics  

 

Band theory and semiconductor physics have given rise to many useful optoelectronic devices for 

society, which include but are not limited to transistors, diodes, lasers, light emitting diodes, photo-

detectors, photovoltaic cells, and more, all of which rely on the concept of a pn-junction. A pn-junction is 

the joining of a negatively (n) doped and positively (p) doped semiconductor. Electrons from the n-doped 

region combine with holes in the p-doped region, forming a depletion, or space charge, region, which 

yields an electric field at the junction. Photovoltaic cells function by extracting optically excited free 

carriers from conduction band to metal contacts due to the electric field in the depletion region. This 

process is known as the photovoltaic effect, which is the emergence of a photovoltage, or V∝ in the 

diagram below, between the effective fermi levels of the p-doped and n-doped regions of the PV cell, 

upon optical excitation. Figure 2 illustrates the function of a pn-junction in a PV cell. 
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Figure 2: Photovoltaic cell and a pn-junction diagram with incident photons excited free carriers [11] 

 Photovoltaic cells are characterized by their current and voltage (IV) characteristics, which 

determine the device short-circuit current (ISC), open circuit voltage (VOC), maximum voltage point 

(Vmax), maximum current point (Imax), maximum power point (Pmax), fill factor (FF), and efficiency (𝜂). 

Equation 3 and Equation 4 define the FF and 𝜂 in PV cells and Figure 3 provides visual reference for PV 

cell IV characteristics and device metrics. 

 

 
𝐹𝐹 =  

𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥

𝑉𝑂𝐶𝐼𝑆𝐶
=  

𝑃𝑚𝑎𝑥

𝑉𝑂𝐶𝐼𝑆𝐶
 (3) 

   

 
𝜂 =  

𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
 (4) 

 𝑤here 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  is incident optical power  

 

 

Figure 3: Photovoltaic cell IV Characteristics and maximum power point [12] 

 

B. Gamma Radiation Physics and Cobalt-60 Decay 

 

Radioactive isotopes or nuclides are atoms undergoing nuclear decay due to excess neutrons in the 

nucleus. Broadly speaking, there are three prominent types of radioactive decay emission: gamma-ray, 
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beta particle, and alpha particle radiation. Gammy-rays are high energy photons, generally on the order of 

megaelectronvolts (MeV). Beta particles are high energy emissions on the order of kiloelectronvolts 

(keV) of either electrons or positrons. Alpha particles are equivalent to helium particles with a two proton 

and two neutron nucleus. This study will focus on gamma-ray radiation for photonic energy conversion. 

 

Gamma radiation decay for different isotopes varies in the number and energy of gamma ray 

emissions per decay, the activity of decay, and the half-life. Activity refers to the number of decays per 

second or a Becquerel (Bq) and half-life is the time for half of a given radioactive material to no longer be 

radioactive. Specific activity (Bq g-1) is simply the activity of decay per unit mass and similarly, specific 

radiation power (W g-1) refers to the power of the gamma-ray flux per unit mass. Furthermore, 

multiplying the density (g cm-3) of a given isotope by its specific power yields radiation power density (W 

cm-3). These concepts are important in understanding nuclear decay and radiation physics. In selecting a 

gamma radiation source for a gammavoltaic device, it is important to maximize radiation power density, 

which corresponds to a high gamma-ray energy emission spectrum and a high specific activity, and to a 

lesser extent, a high density. However, it is important to note that while a high initial radiation power 

density is necessary, it not sufficient for a gamma radiation source for a gammavoltaic device, which will 

need to operate at a reasonably high-power output for years or decades. Therefore, a long half-life, on the 

order of years, is also desirable to maintain high power output. Very few radiation sources meet these 

criteria and even fewer have established supply chains. Fortunately, Co-60 is an ideal candidate as it 

boasts a high gamma-ray energy emission spectrum and decay pathway, as seen in Figure 4, an initial 

specific activity of 4.1884E13 (Bq g-1), and a half-life of 5.27 years. Initial radiation conditions, such as 

initial specific activity or initial specific radiation power, of Co-60 refers to the conditions immediately 

after synthetic manufacture of the isotope, as Co-60 is artificially produced in nuclear reactors by 

bombarding cobalt-59 or nickel-60 with neutrons [13]. 

 

(a) (b) 

 

 

Figure 4: Cobalt-60 nuclear decay pathway diagram (a) and gamma-ray emission spectrum as detected 

by NaI and HPGe detectors (b) [14] 

 

 There are two dominant gamma-ray emissions for Co-60 at 1.1732 MeV and 1.3325 MeV. 

Equation 5 and Equation 6 detail the temporal exponential decay in both specific activity and radiation 

power density. Figure 5 compares temporal specific radiation power among four radioactive isotopes and 

supports the conclusion that Co-60 is indeed an ideal gamma radiation source for gammavoltaic devices. 

The four isotopes are Co-60, Cesium-134 (Cs-134), Hafnium-178 (Hf-178m2), and Cesium-137 (Cs-137).  
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 Where 𝑇1/2 is half-life (s), 𝑁𝑎𝑣 is Avogadro’s number, 𝑀𝑚𝑜𝑙  is isotope molar mass, 𝜆 is the 

decay constant equal to 
ln (2)

𝑇1/2
,  and 𝑡 is time since initial decay. 

 

   

 
Specific Power =  𝜆 

𝑁𝑎𝑣  𝐸𝛾

𝑀𝑚𝑜𝑙
 𝑒−𝜆 𝑡 (6) 

 Where 𝐸𝛾 is the total gamma-ray energy emitted per decay.  

   

 

 

Figure 5: Temporal specific power (W kg-1) for Co-60, Cs-134, Hf178m2, and Cs-137 over 40 years 

 

Scintillation plays a central role in this gammavoltaic device concept. A scintillator is a material that 

can absorb high energy X-rays or gamma-rays and reemit orders of magnitude more low-energy photons 

according to a material-specific spectrum. A key parameter for scintillators is yield, also effered to as 

luminosity, which is defined as the number of low energy photons emitted per 1 MeV of radiation energy 

absorbed. For radiation with photon energy under 1 MeV, the dominant mechanism for this 

photomultiplication effect is the photoelectric effect and Compton scattering. The photoelectric effect is 

similar to the previously described photovoltaic effect with the key difference being the former results in 

emission of electrons as opposed to the latter, which results in mere excitation of electrons to the 

conduction band. Compton scattering is a high photon energy process whereby photons scatter off of 

charged particles such as electrons, and in doing so, impart energy to these charged particles. However, in 

this study, the Co-60 gamma radiation photon energy exceeds 1 MeV, in which case the dominant 

scintillation mechanism is dominated by electron positron pair creation [15]. The decay time for the 

scintillation and photoelectron multiplication process is another crucial parameter in considering 

scintillator materials. In the context of this study, a decay time on the order of tens of nanoseconds (ns) or 

less is favorable. In addition, high atomic number materials are favored as it is proportional to the 

probability of the photoelectric effect occuring [16]. 

 

C. State of the Art 

 
The concept of harnessing radiation from radioactive isotope decay for energy conversion is not new. 

Various devices as well as radiation sources, types, and wavelengths have been proposed in the literature. 
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Namely, betavoltaic and gammavoltaic devices for the conversion of beta and gamma radiation, 

respectively, have garnered interest in the research community, mostly for low-power and long-duration 

applications. 

 

Betavoltaic devices are bombarded by beta particle emission, which in turn generate electron-hole 

pairs in a pn-junction by impact ionization. Beta particle decay is normally in the keV energy range, 

roughly three orders of magnitude more energetic than visible photons. These devices are susceptible to 

radiation damage due to long-term beta particle exposure [17]. In addition, betavoltaic devices often 

feature extremely low power outputs on the order of nanowatts (nW) or microwatts (µW) [18, 19]. 

 

More relevant for this study are Gammavoltaic devices, which are rarer in the literature than 

betavoltaic devices. Yet, gamma rays are on the order of MeV and potentially more attractive for higher 

power applications. Several relevant studies on gammavoltaic devices are discussed here. Yoshida et al. 

investigated a gammavoltaic device, which featured two metal plates with an insulator in-between. The 

authors performed Monte Carlo N-particle simulations, paired with experimental results, and found a 

maximum power of 0.093 µW [20]. These devices are markedly different than my proposal, but 

nevertheless helped inspire my proposed gammavoltaic concept. 

 

Liakos has published extensively on the theory for several gammavoltaic device concepts in a series 

of research articles. The first publication presents the formalism for a gammavoltaic model for low-

energy gamma radiation. Assuming the bandgap energy equals the monochromatic gamma-photon 

energy, the study finds that the efficiency of the device approaches ~70% with increasing gamma and 

bandgap energy, and reaches diminishing returns at ~10 eV [21]. Liakos built upon this work taking into 

account impact ionization and found that impact ionization becomes the dominant photocurrent 

generation source at ~100 eV gamma-photon energies for a ~3.5 eV bandgap energy semiconductor [22]. 

Liakos also presents a novel gammavoltaic design with a scintillator interface between a high-energy 

gamma radiation source, such as Co-60 and a photovoltaic cell. The paper identifies ideal scintillator 

materials as having a high yield. In this study, monochromatic scintillation emission is assumed, and the 

optimal design matches the energy of the scintillation light with the bandgap energy of the semiconductor 

material in the PV cell. However, in reality, even the best scintillator materials have an emission spectrum 

and scintillation efficiencies around ~30%. Liakos calculates various performance metrics using several 

different scintillator materials and found that the best scenario was using a Co-60 gamma source, yttrium 

iodide (doped with cerium) scintillator material, and a semiconductor material with a bandgap energy of 

2.26 eV, which yielded an overall device efficiency of 10.42% and maximum power of 832.031 [W m-2] 

[16]. This proposal for a gamma-ray photovoltaic cell (GRPVC), or as it will be referred to in this study, 

gammavoltaic, with a scintillator interface is the core inspiration for this study. Glodo et al. has also 

contributed seminal work on developing high-yield scintillators capable of converting high energy 

gamma-rays into many low-energy photons on the order of the bandgap energy of many semiconductors 

used in optoelectronics today [23]. I will build on Liakos’ work by taking into account the scintillation 

spectrum, proposing a specific device structure for further experiential work, proposing a different 

geometry to allow for higher power output, and advanced simulations, which will be discussed in later 

sections. 

 

III. Gammavoltaic Design & Device Physics 

 

Solar PV cells harness solar radiation from the sun, which spans a large range of wavelength. 

Similarly, this study aims to demonstrate the potential for gammavoltaic to harness gamma radiation from 

radiative isotope sources, which in the case of Co-60 is emitted at two gamma-ray energies. However, 
these gamma-rays are six orders of magnitude more energetic the bandgap energy for traditional 

semiconductors. Beyond the mismatch in energy, which would likely result in huge thermalization losses 
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of excited carriers, absorbing such high energy photons would prove challenging. Hence, this study 

adopts a scintillator interface concept between the gamma radiation and PV cell, which was described 

above and in the work of Liakos. [16]. 

 

The proposed device is centered around a cube of Co-60, which is wrapped in a thin sheet of 

aluminum foil, which is assumed to absorb all beta particle emissions, but due to its thin architecture 

absorbs no gamma-rays. A thin scintillator material is adhered to each surface of the aluminum foil laden 

Co-60 cube. The scintillator interface absorbs the gamma radiation and emits low-energy photons in 

accordance with the material specific scintillation light emission spectrum, which illuminates a PV cell. 

An illustrative diagram of the proposed gammavoltaic device along with the device proposed by Liakos, 

are shown from a side cross sectional view in Figure 6. 

 

(a) (b) 

  

Figure 6: Illustrative side cross sectional views of the gammavoltaic device proposed in this study (a) and 

in Liakos (b) [16] 

 

Importantly, each equivalent face of the cube has a significantly higher area than the proposed PV 

cell. It would be difficult or even impossible to have a microscopic cube of Co-60 manufactured, but 

more importantly, the incident Co-60 radiation power (W m-2) increases with volume. In particular, it 

increases linearly as 
𝑑

6
 , where 𝑑 is one of the three equivalent spatial dimensions of a cube. This is 

derived from the fact that the volume (V) of a cube is 𝑉 = 𝑑3 whereas the surface area (SA) of a cube 

equals 𝑆𝐴 = 6 ∙ 𝑑2. Ultimately, the volume of the proposed cube of Co-60 is somewhat arbitrary but for 

the purposes of this study, the cube was determined to be 3.477 cubic centimeters (cm3), where 𝑑 =
1.515 𝑐𝑚. This volume translates to a radiation power incident to the PV cells, roughly 100 times 

incident solar power radiation (AM1.5) of 963.56 W m-2 and assuming a 36 square micron (µm2) PV cell 

surface area, results in 6,375,625 PV cells per face of the cube, an even 2,525 by 2,525 array. Assuming a 

half-life 0f 5.27 years, calculated initial specific activity of 4.1884E+13 (Bq g-1) from Equation 5, Co-60 

density of 8.86 (g cm-3), and a delta function gamma-ray emission spectrum from Co-60 with static 

corresponding decay probabilities at 346.937 keV (0.00765%), 826.063 keV (0.00768%), 1,173.2374 keV 

(99.97367%), 1,332.5015 keV (99.98564%), 2,158.5710 keV (0.0011118%), and 2,505 keV (2.0E-64%), 

the calculated initial power density is 148,957.0719 (kW m-3) [24]. In order to find the incident power (W 

m-2), the power density must be multiplied by 𝑑 and divided by six, because each PV cell will only be 

illuminated from one of six cubic faces. This results in an incident power of 376,116.6066 (W m-2), which 

when multiplied by the average energy efficiency (27.55%) of the proposed scintillator material, is 

roughly 100 times that of AM1.5 solar power radiation. 
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A. Scintillation Spectrum 

 

For this study, LuI3 will be the scintillation material of choice. Lawrence Berkeley National 

Laboratory maintains a through database of scintillator materials and associated parameters. LuI3 has the 

best combination of high yield at 115,000 [25], high scintillation energy efficiency, low decay time at 28 

ns [25], and narrow spectrum, relative to the solar AM1.5 spectrum. Glodo and colleagues were kind 

enough to share spectrum data for LuI3 for this study [23]. The spectrum intensity (arbitrary units) was 

normalized and processed into spectral power density (W m-2 µm-1) such that the area under the spectral 

curve was roughly equivalent to the incident Co-60 radiation power (𝑃𝐶𝑜−60) of 376,116.6066 (W m-2) 

multiplied by the average scintillation energy efficiency for LuI3. Equation 7 and Equation 8 elucidate the 

calculation for wavelength-dependent scintillation energy efficiency (𝜂𝑠) and spectral power density (𝑃𝑠), 

which forms the spectrum used to simulate the illumination of PV cells.  

 

 
𝜂𝑠 =  

𝑌 𝐸𝑠

1 𝑀𝑒𝑉
 (7) 

   

 Where 𝑌 is scintillation yield and 𝐸𝑠 is the energy equivalent of the spectral wavelength.  

   

 
𝑃𝑠  =  𝑃𝐶𝑜−60  

𝐼𝜆

∑ 𝐼𝜆𝜆
 

 𝜂𝑠

𝜆𝑛+1 − 𝜆𝑛
  (8) 

   

 Where 𝐼𝜆 is normalized intensity at wavelength 𝜆, ∑ 𝐼𝜆𝜆  is the sum of all 𝐼𝜆, and n is the 

particular data point in the spectrum file, which is associated with a particular wavelength. 
 

 

Figure 7 shows the spectral power density of the LuI3 scintillation light spectrum upon gamma-ray 

absorption from the Co-60 radiation at 0, 5, 10, 15, and 20 years of from initial Co-60 decay, all 

compared with solar AM1.5 radiation. The temporal dependence of Co-60 radiation is directly related to 

the theory presented in Equation 5 and Equation 6 and the specific power plot shown in Figure 5. 

 

 

Figure 7: Spectral power density for LuI3 scintillation of Co-60 gamma radiation at 0, 5, 10, 15, and 20 

years after initial decay and solar AM1.5 radiation [23] 
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B. Selecting ZnTe, Dopants, and Ohmic Contacts 

 

In selecting an appropriate PV cell for the LuI3 spectrum three key factors were considered: 

proportion of spectrum available for harnessing, which is dependent on the bandgap energy, a direct 

bandgap, and relative ease of doping and fabrication or a demonstrated use in solar PV cells in the 

literature. Zinc Telluride (ZnTe) was the best fit, as most other materials with similar bandgap energy 

were indirect bandgap semiconductors. With a 2.26 eV direct bandgap, ZnTe is spectrally limited to 

~76% of the LuI3 emission energy. Although n-doping ZnTe can be rather difficult, ZnTe has been used 

in thin film solar cell devices [26], and is easily p-doped [27]. Nevertheless, recent work has 

demonstrated effective strategies for n-type doped ZnTe. P-type dopants include copper [28] and arsenic 

[29], and n-type dopants include aluminum [30], chromium [31], and oxygen [32]. Table 1 enumerates 

the material properties for ZnTe used in this study and assumed in the device simulation, which will be 

discussed later. Shallow trap states were incorporated into the simulations, which rely on donor (Ed) and 

acceptor (Ea) trap energy levels measured from the conduction and valence band, respectively. 

Table 1: ZnTe electrical and material properties for simulation 

 mn
∗  mp

∗  µn µp Eg χ ε 𝛼 Ed Ea 

ZnTe 0.13 0.6 330 80 2.29 3.5 9.67 15,938 19 53.5 

Unit 𝑚0 

(kg) 

𝑚0 

(kg) 
cm2 V-1 s-1 cm2 V-1 s-1 eV eV 

𝜀0 (C2 m-2 

N-1) 
cm-1 meV meV 

Reference [33] [33] [33] [33] [33] [33] [33, 34] [34] [30] [30] 

 

Ohmic contacts were assumed in the simulation. In highly doped conditions, the necessary work 

function for ohmic metal contacts on the n-type and p-type region of the ZnTe PV cell can be 

approximated. In particular, an ohmic metal contact should have a work function approximately less than 

χ on the n-type side and approximately greater than the sum of Eg and χ on the p-type side. Aluminum 

(Φ = 3.4 − 4.4 𝑒𝑉) and platinum (Φ = 5.68 𝑒𝑉) are good candidates for the n-type and p-type contacts, 

respectively.  

 

IV. Simulation & Results 

 

The proposed gammavoltaic device was simulated using the Crosslight’s TCAD software Advanced 

Physical Models of Semiconductor Devices (APSYS) application. All simulations were performed 

assuming a temperature of 300 K. A three-layer ZnTe PV cell was designed and illuminated with the LuI3 

spectrum under initial gamma radiation power conditions. Figure 8 shows the schematic diagram for the 

model PV cell and a corresponding band diagram under no illumination. 
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(a) (b) 

  

Figure 8: PV cell design schematic with ohmic contacts (a) and corresponding band diagram (b) 

The core PV cell design presented in Figure 8 (a) is 6 µm wide and 2.5 µm thick in total. The top 

ZnTe layer, shown in yellow, is 250 nm n-doped (2E22 m-3), followed by the active middle ZnTe layer, 
which is 2 µm and slightly p-doped (2E17 m-3), and finally, a 250 nm p-doped (2E23 m-3) ZnTe bottom 

layer. Table 2 shows 21 iterations of the above design with design parameters and performance metrics 

reported. The top layer doping (2E25 m-3, 2E24 m-3, and 2E23 m-3), middle layer thickness (1 µm, 2µm, 

and 3 µm), and middle layer doping (2E19 m-3 and 2E21 m-3) were systematically varied over trials 1 

through 18 to find optimal design parameters. Trials 19 through 21 attempted to lower doping levels, 

especially in the n-doped region, to avoid degenerate doping and determine if comparable device 

efficiencies could be achieved at lower dopant concentrations. Indeed trials 19, 20, and 21 demonstrate 

that this is possible. Not listed in Table 2 are the top and bottom layer thickness, both of which are kept 

constant at 250 nm through all trials. 

 

Table 2: Tabulation of PV cell design parameters and simulated device performance metrics by trial 

 
  

It seems the 2 µm thick active layer was ideal, which agrees with the estimation of minority carrier 

electron diffusion length at 300 K of 2.29 µm. In other words, free electron carriers excited in the active 

layer should be extracted by the in-built pn-junction electric field and migrate to the n-doped region 

before recombining with a hole. However, calculations for holes suggested a diffusion length of only 

1.438 µm, more than half a micron smaller than the active layer thickness, which appears to disagree with 

these results. Equation 9 shows the method for estimating diffusion length (𝐿), assuming 10 ns for non-

radiative carrier lifetime (𝜏𝑛𝑟), as per the source code in APSYS, and using parameters listed in Table 1. 
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Trial #

Top Layer 

Thickness 

(µm)

Top Layer n-type 

doping (m^-3)

Middle Layer 

Thickness 

(µm)

Middle Layer p-type 

doping (m^-3)

Bottom Layer p-

type doping (m^-3) Voc (V) Jsc (A m^-2) Pmax (W m^-2)

Vmax 

(V) Jmax (A m^-2) FF (%)

Device 

Efficiency (%)

1 0.25 2.00E+25 1 2.00E+19 2.00E+24 1.90 2.54E+04 4.22E+04 1.77 2.38E+04 87.46% 11.22%

2 0.25 2.00E+25 1 2.00E+21 2.00E+24 1.89 2.55E+04 4.30E+04 1.77 2.43E+04 89.28% 11.43%

3 0.25 2.00E+25 2 2.00E+19 2.00E+24 1.85 2.82E+04 4.48E+04 1.62 2.76E+04 85.65% 11.90%

4 0.25 2.00E+25 2 2.00E+21 2.00E+24 1.87 2.75E+04 4.37E+04 1.76 2.49E+04 85.21% 11.62%

5 0.25 2.00E+25 3 2.00E+19 2.00E+24 1.77 2.87E+04 4.44E+04 1.62 2.74E+04 87.17% 11.80%

6 0.25 2.00E+25 3 2.00E+21 2.00E+24 1.77 2.53E+04 3.89E+04 1.76 2.21E+04 86.58% 10.33%

7 0.25 2.00E+24 1 2.00E+19 2.00E+24 1.89 2.55E+04 4.22E+04 1.76 2.40E+04 87.89% 11.23%

8 0.25 2.00E+24 1 2.00E+21 2.00E+24 1.89 2.55E+04 4.28E+04 1.76 2.44E+04 89.00% 11.38%

9 0.25 2.00E+24 2 2.00E+19 2.00E+24 1.87 2.82E+04 4.47E+04 1.62 2.76E+04 84.95% 11.89%

10 0.25 2.00E+24 2 2.00E+21 2.00E+24 1.87 2.75E+04 4.39E+04 1.76 2.50E+04 85.52% 11.67%

11 0.25 2.00E+24 3 2.00E+19 2.00E+24 1.83 2.87E+04 4.43E+04 1.62 2.73E+04 84.44% 11.78%

12 0.25 2.00E+24 3 2.00E+21 2.00E+24 1.84 2.53E+04 3.88E+04 1.74 2.23E+04 83.56% 10.32%

13 0.25 2.00E+23 1 2.00E+19 2.00E+24 1.86 2.55E+04 4.22E+04 1.76 2.40E+04 89.06% 11.21%

14 0.25 2.00E+23 1 2.00E+21 2.00E+24 1.88 2.55E+04 4.27E+04 1.76 2.43E+04 88.82% 11.34%

15 0.25 2.00E+23 2 2.00E+19 2.00E+24 1.76 2.82E+04 4.47E+04 1.62 2.75E+04 89.81% 11.88%

16 0.25 2.00E+23 2 2.00E+21 2.00E+24 1.86 2.74E+04 4.37E+04 1.76 2.49E+04 85.65% 11.63%

17 0.25 2.00E+23 3 2.00E+19 2.00E+24 1.85 2.87E+04 4.42E+04 1.62 2.72E+04 83.28% 11.75%

18 0.25 2.00E+23 3 2.00E+21 2.00E+24 1.84 2.53E+04 3.87E+04 1.74 2.23E+04 83.55% 10.30%

19 0.25 2.00E+22 2 2.00E+17 2.00E+22 1.77 2.84E+04 4.46E+04 1.62 2.75E+04 88.97% 11.86%

20 0.25 2.00E+21 2 2.00E+17 2.00E+21 1.53 2.88E+04 4.13E+04 1.49 2.78E+04 93.78% 10.99%

21 0.25 2.00E+21 2.25 2.00E+17 2.00E+22 1.82 2.86E+04 4.43E+04 1.62 2.73E+04 85.02% 11.79%
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𝐿𝑛/𝑝 =  √𝐷𝑛/𝑝 𝜏𝑛𝑟 =  √
µ𝑛/𝑝 𝐾𝐵  𝑇 𝜏𝑛𝑟

𝑞
 (9) 

 Where 𝑛/𝑝 is for electron and holes, respetivley, 𝐷 is diffusion constant, µ is carrier 

mobility, 𝐾𝐵  is the Boltzmann constant, 𝑇 is temperature (300 K), and 𝑞 is the fundamental 

charge (C) of an electron. 

 

 

The diffusion length estimation was used as an approximate upper bound for the active middle layer 

thickness. However, absorption is also an important governing factor in designing the PV cell thickness. 

As reported in Table 1, the absorption coefficient of ZnTe is found to be 15,938 cm-1 [34]. Equation 10 

offers a method to estimate the thickness required to absorb 99% of incident photons, which is determined 

to be ~2.889 µm. Since the optimal thickness from an absorption perspective is greater than the estimated 

carrier diffusion lengths, there will be a trade-off in thickness where increasing active layer thickness will 

result in increased photon absorption but also increase recombination. The former is essential for device 

efficiency while the latter is deleterious. This optimization challenge between absorption and diffusion 

length helps to explain the inconsistency in the optimal layer thickness being 2 µm, among the variations 

simulated, despite the hole diffusion length estimation being only 1.438 µm. 

 

 
𝑋 =  −ln (

𝐼

𝐼0
)

1

𝛼
 (10) 

 Where 𝑋 is the required active layer thickness, 
𝐼

𝐼0
 is the proportion of photons not 

absorbed, and 𝛼 is absorption coefficient. 

 

 

Figure 9 plots relative energy density throughout the PV cell and an JV (J is analogous to I in IV 

where J include area dimensions) characteristics plot to show the VOC and JSC for the best device, which 

was simulation trial #3. The relative energy density exponential falls to zero through the thickness of the 

PV cell, which can be explained by absorption of incident photons. This absorption is exponential and as 

photons are absorbed there is less energy available deeper in the PV cell. 

 

(a) (b) 

 
 

Figure 9: Relative energy density (a) and JV characteristics (b) are reported for the highest performing 

PV cell design (trial #3) 

 

Overall, the various trials maintain a fairly constant and modest distribution in device efficiency 

between 10% and 11%. While these efficiencies are respectable, PV cell researchers will be quick to point 

out that there is room for improvement and in particular potential for improved VOC. Certainly a 

multijunction design would improve efficiency. However, the most significant metric to demonstrate the 

efficacy of this gammavoltaic concept is Pmax. At first glance, most PV cell researchers would assume 
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these power-per-square-meter figures were reported in error. Nevertheless, these high-power outputs are 

indeed in correct units. By scaling the volume of the cubic Co-60 gamma radiation source, as described in 

Section III, the gamma radiation power incident on the LuI3 scintillator increases linearly. To be clear, 

this argument is not that the total power through a larger area increases, which is of course obvious, but 

rather that, in fact, the total power-per-square-meter increases linearly. This results in a high scintillation 

light intensity, which generates more electron-hole pairs in the PV cell. As a result, remarkably high 

current and power outputs are achievable for gammavoltaic devices. 

 

The last set of simulations were intended to assess the temporal power outputs for a gammavoltaic 

device. To be sure, it will decrease exponentially, as shown in Figure 7, however, because the half-life for 

Co-60 is 5.27 years, the exponential decay constant terms in Equation 5 and Equation 6 are very small at 

roughly 0.132 year-1. In other words, every ~7.6 years the Co-60 gamma radiation will drop ~36.79%. It 

is assumed in this analysis that this exact exponential decay will directly apply to the scintillation light 

power as well, although a more rigorous analysis may find that this is not necessarily the case. A temporal 

evaluation of gammavoltaic power output was performed by simulating a model PV cell illuminated by 

LuI3 scintillation light from Co-60 gamma radiation at 0, 5, 10, 15, and 20 years after initial radioactive 

decay. The model PV cell has lower and more realistic doping concentrations as seen in trials 19, 20, and 

21 of Table 2. The model device featured a 250 nm n-doped (2E22 m-3) top ZnTe layer, a 2 µm slightly p-

doped (2E17 m-3) middle ZnTe layer, and a 250 nm p-doped (2E23 m-3) bottom ZnTe layer. Figure 10 

plots the power output for the above mentioned gammavoltaic device over a 20-year timeframe. Table 3 

presents the data in Figure 10 along with other device performance metrics and includes the proposed 

gammavoltaic device performance under solar AM1.5 illumination as a reference. 

 

 

Figure 10: Temporal power output for gammavoltaic device over 20 years 

 

Interestingly, the exponential decay in gammavoltaic device power, shown in Figure 10, has a 

different decay constant. An exponential fit in Tableau with an r-squared value of 0.99984 resulted in the 

following relationship, 𝑃𝑚𝑎𝑥 = 42,535.7 𝑒−0.058 ∙ 𝑡, where 𝑡 is time in years. The decay constant for Co-

60 gamma radiation power is -0.132. The exact cause for this phenomenon requires further investigation. 
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Table 3: Temporal gammavoltaic device performance over 20 years and solar AM1.5 reference 

 
 

In order to obtain a true system efficiency, the device efficiency is multiplied by the scintillation 

energy efficiency. This system efficiency characterizes the percentage of gamma radiation power 

harnessed for electrical power generation and is presented in Table 3. While system efficiency is quite 

small, the most important metric is power output, which as shown in Figure 10, is remarkably high 

throughout the 20 year simulation. 

 

V. Summary & Conclusion 

 

This study built off of previous work by Liakos on a proposal for harnessing gamma radiation from 

Co-60 with a high-yield scintillator and PV cell [16]. LuI3 was selected as the optimal scintillator because 

it combined an extremely high yield and scintillation energy efficiency with a short scintillation decay 

time. The LuI3 scintillation spectrum was modeled under gamma radiation from a cube of Co-60 and used 

to illuminate several variations of a single junction ZnTe PV cell. This gammavoltaic device concept was 

simulated at 0, 5, 10, 15, and 20 years after initial decay to demonstrate the temporal variation in the 

gammavoltaic cell power output. Further investigations should explore multi-junction PV cells to increase 

efficiency and assess the thermal management requirements of thermalization in the scintillator and PV 

cell. A subsequent analysis could assess how often the Co-60 gamma radiation source should be 

replenished to ensure a more stable power output over several decades. In addition, if it is possible to 

extract the photoelectrons and excited carriers within the scintillator itself as opposed to scintillating 

photons to illuminate a PV cell, the efficiency of the overall gammavoltaic device would increase 

dramatically. The results of this study suggest that gammavoltaics may have potential in utility-scale 

clean firm power generation. 
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Year Voc (V) Jsc (A m^-2) Pmax (W m^-2) Vmax (V) Jmax (A m^-2) FF (%)

Device 

Efficiency (%)

Gamma Radiation 

Power (W m^-2)

Scintillation Spectrum 

Power (W m^-2)

Scintillation Energy 

Efficiency (%)

System 

Efficiency (%)

0 1.83 2.83E+04 4.28E+04 1.74 2.46E+04 82.61% 11.39% 3.76E+05 1.04E+05 27.55% 3.14%

5 1.82 2.13E+04 3.16E+04 1.57 2.01E+04 81.40% 8.39% 2.83E+05 7.79E+04 27.55% 2.31%

10 1.82 1.60E+04 2.37E+04 1.51 1.57E+04 81.37% 6.29% 2.12E+05 5.85E+04 27.55% 1.73%

15 1.78 1.20E+04 1.78E+04 1.51 1.18E+04 82.93% 4.72% 1.60E+05 4.40E+04 27.55% 1.30%

20 1.77 9.03E+03 1.33E+04 1.51 8.85E+03 83.25% 3.54% 1.20E+05 3.31E+04 27.55% 0.98%

AM1.5 1.51 7.82E+01 1.07E+02 1.49 7.19E+01 90.65% 0.03% N/A N/A N/A N/A
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