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Thermionic and photon-enhanced emission from CVD diamond  

and new approaches for energy conversion 

 

Tianyin Sun, Matthew D. Brown, Franz A. M. Koeck,  

Robert J. Nemanich (Robert.nemanich@asu.edu) 

 

Department of Physics, Arizona State University, Tempe, AZ 85287-1504 USA 

 

Thermionic electron emitters based on doped diamond films have shown significant emission at 

less than from 400 to 700°C. Results have established that it is necessary to control the electron 

affinity, doping levels and concentration, and band bending, and these properties have been 

achieved with engineered multilayered diamond film structures with controlled morphology, 

doping and substrate. Recently, visible light photo-electron emission has been demonstrated using 

the same diamond film emitters. This report presents a surface electron spectroscopy and 

microscopy study of photo- and thermionic emission from nitrogen and phosphorus doped 

diamond films with controlled morphology on metal and silicon substrates. Electron emission 

spectra were recorded to 500°C, while illuminated with selected wavelength light. The emission 

spectra show a significant increase of the photo-emission intensity with elevated temperature, 

which is related to a decrease of the work function and/or increased carrier generation at the 

diamond-silicon interface. The emission is relatively uniform over the surface in contrast to the 

high intensity emission sites observed for field emission. The photo enhanced emission is 

attributed to an increase of the electron quasi Fermi level due to the non-equilibrium excitation. 

The analysis suggests that the results provide support for the photon enhanced thermionic 

emission (PETE) process.  

Direct conversion of heat into electrical energy based on thermionic energy conversion has been 

proposed as a highly efficient approach for waste energy and recently modified structures have 

been suggested for solar energy conversion. The results presented here suggest all new 

configurations that include photon enhanced emission for efficient direct energy conversion. New 

approaches are presented for energy conversion through the use of doped diamond films in a novel 

vacuum gap configuration that combines effects related to thermionic electron emission, photo 

enhanced thermionic emission and direct photo excitation.   

 

Research is supported by the US Office of Naval Research. 
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Thermionic emission from CVD poly- and nano-crystalline diamond films  

grown on different substrates 

 

Alessandro Bellucci1,2 (alessandro.bellucci@imip.cnr.it), Paolo Calvani1, Emilia Cappelli1, Grazia 

Cicala3, Marco Girolami1, Diletta Sciti4, Laura Silvestroni4, Daniele M. Trucchi1 

 

1 CNR-ISM, Institute for Structure of Matter, National Research Council, Via Salaria km 29,300, 00015 

Monterotondo Stazione, Rome, Italy 

2 Dipartimento di Fisica, Università La Sapienza, Piazzale Aldo Moro, Rome, Italy 

3 CNR-IMIP Bari, Via G. Amendola 122/D, 70126 Bari, Italy 

4 CNR-ISTEC, Institute of Science and Technology for Ceramics, Via Granarolo 64, I-48018 Faenza, Italy   

 

CVD diamond represents a very attractive material for the fabrication of devices based on 

thermionic emission, due to the possibility to achieve a very low or even negative electron affinity 

(NEA) by a hydrogen surface termination. 

We present here a preliminary study on thermionic conversion from diamond thin films grown on 

different substrates, ranging from silicon to engineered ceramic materials. In particular, among 

them, HfC-based ceramics have been selected for its integration with diamond in concentrated solar 

systems. CVD polycrystalline and nanocrystalline diamond films were deposited by MW-CVD 

(MicroWave-Chemical Vapour Deposition) by varying also their doping.  

Thermionic performance was evaluated in an ultra-high-vacuum (pressure <10-8 Torr) 

characterization setup able to accurately control the emitter and collector temperatures. 

Experimental activity has been carried out to integrate the HfC-diamond system in a more complex 

conversion module that was tested in a concentrating solar system to verify the conversion 

performance under operating conditions. These results are finally reported. 

 

Research is supported by the European Community FP7-Energy, Project ProMEThEUS. 
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The impact of surface hydrogenation on the thermionic electron emission  

from polycrystalline diamond films 

 

S. Elfimchev1,2, Shaul Michaelson2 (mshaul@tx.technion.ac.il), Roza Akhvlediani1,  

Alon Hoffman1,2 

 

1 The Nancy and Stephen Grand Technion Energy Program (GTEP), Haifa 32000, Israel 

2 Schulich Faculty of Chemistry, Technion- Israel Institute of Technology, Haifa 32000, Israel 

 

Thermionic electron emission (TEE) forms the basis of both electron sources for a variety of 

applications and a direct energy conversion process that may be compact and scalable. While 

diamond is a wide band-gap insulator, polycrystalline diamond films were found to display 

outstanding TEE properties at surface temperatures as low as 500°C. When saturated with 

hydrogen atoms and properly treated, diamond surfaces are known to exhibit negative electron 

affinity (NEA) and p-type surface conductivity. Thus, the preparation of well-defined hydrogen-

terminated surfaces is a pre-requisite for high electron emission. 

In this work TEE was recorded at low temperature regime in the range of TTEE = 25 – 650 °C from 

hot filament chemical vapor deposition polycrystalline diamond films deposited on p-type silicon 

substrates. The studied surfaces were as deposited, as well as hydrogenated by atomic hydrogen 

under ultra-high vacuum conditions. The impact of substrate temperature during hydrogenation, 

TH, on TEE was studied.  In the low temperature regime the highest TEE yield was observed for 

TH=25°C around TTEE=300°C. Most likely this effect is associated with weakly chemisorbed 

hydrogen that undergoes desorption at T>300°C giving rise to an increase in electron affinity and 

reduction in TEE. Annealing at 750°C results in irreversible changes in surface conditioning, and 

drastic reduction of TEE value at low temperatures. For samples that underwent hydrogenation at 

TH=300 and 500°C, TEE is significant at higher temperatures only. The TEE from these samples is 

stable also after 700°C annealing treatment. We associate these effects with irreversible thermal 

induced physicochemical changes that undergoes the hydrogen terminated polycrystalline 

diamond surface resulting in changes in surface conductivity and electron affinity.  

 

Research is supported by the Israel Ministry of Energy and Water. 
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Thermionic and photon enhanced thermionic emission  

from poly-crystalline diamond films 

Gideon Segev1 (gideons1@post.tau.ac.il), Shaul Michaelson2, Sergei Elfimchev2, Roza Akhvlediani2, 

Maneesh Chandran2, Alon Hoffman2, Niv Shapira3, Yuri Flitsanov3, Gershon Belitsky3, Yossi 

Rosenwaks1, Abraham Kribus3 

 

1 School of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

2 Schulich Faculty of Chemistry, Technion, Haifa, 32000, Israel 

3 School of Mechanical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

 

Photon Enhanced Thermionic Emission (PETE) solar energy converters can theoretically convert 

concentrated solar radiation at efficiencies above demonstrated photovoltaic devices. In order to 

convert the incident radiation efficiently, the PETE cathode band gap must match the solar 

spectrum and the cathode effective electron affinity must be low.  Furthermore, the anode work 

function should be lower than the cathode work function. Properly terminated diamond electrodes 

are natural candidates for PETE cathodes due to high thermionic yield and stability at very high 

temperature. The low work function reported for such films makes them also suitable as anodes. In 

this work we analyze the applicability of poly-crystalline chemical vapor deposited (CVD) diamond 

films grown on p-type silicon substrates for PETE cathodes and anodes. Diamond films were 

prepared by hot filament CVD with 700 nm thickness and average grain size of 300–400 nm. The 

electron emission was measured under a range of temperatures and illumination intensity and at 

several wavelengths. The electron emission intensity as a function of temperature is analyzed and 

the effective work function for the diamond film is extracted through a fit to the Richardson 

equation. Analysis of the emission current at different wavelengths gives better understanding of 

the different electron emission mechanisms. 

 

Research is supported by the Israel Ministry of Energy and Water. 
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Silicon based photon-enhanced thermionic emission devices 

 

Aapo Varpula1 (aapo.varpula@vtt.fi), Kasper Reck2, Mika Prunnila1, Ole Hansen2,3
 

 

1 VTT Technical Research Centre of Finland, P.O. Box 1000, 02044 VTT, Espoo, Finland  

2 Department of Micro- and Nanotechnology, Technical University of Denmark, DTU Nanotech 

Building 345E, Kgs. Lyngby 2800, Denmark 

3 CINF Center for Individual Nanoparticle Functionality, Technical University of Denmark, Kgs. Lyngby 

2800, Denmark 

 

Silicon has been widely used in semiconductor industry for decades. This gives rise to the 

availability of cost-effective materials and a wide range of processing tools and knowhow. The band 

gap of silicon is also fairly optimal for harvesting solar energy. In fact, the most of the photovoltaic 

devices manufactured nowadays are based on silicon. Therefore, silicon would also be a good 

candidate for photon-enhanced thermionic emission (PETE) solar cells. 

We investigate the use of silicon as the cathode material in PETE cells. The investigation is based on 

our previously published model [1] and experimental results obtained from surface-science 

measurements in an ultra-high vacuum setup. The model takes into account both front and back 

side surface recombination, the Shockley-Read-Hall (SRH), Auger, and radiative recombination in 

the bulk as well as the temperature dependence of the band gap, donor ionization, absorption 

coefficient, and charge carrier mobilities. Our results indicate the PETE effect in silicon, thus further 

supporting use of silicon in PETE based solar power. 

 

References 

[1] A. Varpula, M. Prunnila, “Diffusion-emission theory of photon enhanced thermionic emission 

solar energy harvesters”, J. Appl. Phys. 112, 044506 (2012) 
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Evidence of dissociative D2 adsorption on hydrogenated polycrystalline diamond 

surfaces at middle temperatures 

 

Dikla Kolan1, Shaul Michaelson2, M. Chandran2, Roza Akhvlediani2,  

Alon Hoffman1,2 (choffman@tx.technion.ac.il) 

 

1 The Nancy and Stephen Grand Technion Energy Program (GTEP), Haifa 32000, Israel 

2 Schulich Faculty of Chemistry, Technion- Israel Institute of Technology, Haifa 32000, Israel 

 

Hydrogenated polycrystalline diamond films grown from CH4/Hy species were heated in the 500-

900°C range and cooled to RT in molecular D2 ambient, followed by high resolution electron energy 

loss spectroscopy (HR-EELS) and Ultraviolet Photoelectron Spectroscopy (UPS) measurements. 

This study clearly shows the formation of C-D bonds onto the hydrogenated diamond surface 

following the exposure to D2 at temperatures above 500°C. The evolution of C-D bonding and 

intensity decrease of the C-H/C-D stretching ratio were measured by HR-EELS as a function of 

annealing temperature. The bonding configuration of the adsorbed deuterium was studied and 

compared to deuterated diamond films grown from CD4/D2 species. The UPS results show that 

following exposure of a bare polycrystalline diamond surface to molecular hydrogen there is a 

decrease in sample work function and a pronounced increase in secondary electron emission. 

 

Research is supported by the European Community FP7-Energy, Project ProMEThEUS. 
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Light Absorbing Diamond for PETE Application 

 

Paolo Calvani1 (paolo.calvani@imip.cnr.it), Alessandro Bellucci1,3,  Marco Girolami1,  

Stefano Orlando2, Veronica Valentini1, Daniele M. Trucchi1 

 

1 CNR-ISM, Institute for Structure of Matter, National Research Council, Via Salaria km 29.300, 00016 

Monterotondo Scalo, Rome, Italy 

2 CNR-ISM, U.O.S. PZ, Zona Industriale 85050 Tito Scalo (PZ), Italy 

3 University of Rome Sapienza, Physics Department, Piazzale Aldo Moro 2, 00185 Roma, Italy 

 

CVD diamond has demonstrated high thermionic emission yield at relatively low temperatures 

(<800°C). The wide band gap of diamond (5.47 eV), on the other hand, makes it blind to visible and 

infrared radiation. Aiming at employing CVD diamond in solar energy conversion, specifically in 

photon enhanced thermionic emission (PETE) devices, the light absorption in solar spectrum range 

should be enhanced and so, a defect engineering strategy has to be applied. A laser-induced 

periodic surface structure (LIPSS) has been fabricated on polycrystalline diamond by an ultrashort 

Ti:Sapphire pulsed laser source (λ=800 nm, P=3 mJ, 100 fs) in a high vacuum chamber (<10-7 mbar) 

in order to increase diamond absorption in the visible and infrared wavelength ranges. Horizontally 

polarized laser beam has been focused on the diamond surface, then the sample has been moved by 

an automated X-Y translational stage along the two directions orthogonal to the beam. Scanning 

electron microscopy (SEM) of samples reveals a LIPSS with a ripple period of about 170 nm, shorter 

than the laser wavelength. Raman spectra of processed sample do not point out any evident sp2 

content and diamond peak presents a upward shift, indicating a compressive stress. The 

investigation of optical properties of fs-laser surface textured diamond will be reported. Spectral 

photometry in the range 200  2000 nm wavelength shows a significant increase of visible and 

infrared absorption (more than 80%) compared to untreated specimens (less than 40%). The 

analysis of optical characterization data highlights a close relationship between fabricated LIPSS 

and absorption properties, confirming the optical effectiveness of such a treatment as a light 

trapping structure for diamond in the investigated wavelength range. I-V measurements have been 

performed in the -100 V–100 V range, showing a current increase of about 6 order of magnitude, 

from pA to µA range. Spectral photoconductivity measurements in the 190-1200 nm range denote 

an increase of the photocurrent for the treated sample: in the infrared and visible ranges an 

enhancement in photocurrent has been noticed of more than a 3 factor for low voltages applied. 

Optical and electronic properties of femtosecond laser treated diamond will be further investigated 

and results will be presented. Such properties, reported for the first time, together with diamond 

high thermionic emission yield at relatively low temperatures, will open the path for new 

application of CVD diamond in solar energy conversion for photon enhanced thermionic emission 

(PETE) devices. 

 

Research is supported by the European Community FP7-Energy, Project ProMEThEUS. 
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3D graphitic microstructures for diamond-based PETE devices 

 

Marco Girolami1 (marco.girolami@imip.cnr.it), Alessandro Bellucci1,2, Paolo Calvani1,  

Stefano Orlando3, Veronica Valentini1, Daniele M. Trucchi1 
 

1 CNR-ISM, Institute for Structure of Matter, National Research Council, Via Salaria km 29.300, 00016 

Monterotondo Scalo, Rome, Italy 

2 University of Rome Sapienza, Physics Department, Piazzale Aldo Moro 2, 00185 Roma, Italy 

3 CNR-ISM, Institute for Structure of Matter, National Research Council, U. O. S. Potenza Contrada Santa Loja 

Zona Industriale, 85055 Tito Scalo, Potenza, Italy 

 

Diamond is a very attractive material for the fabrication of devices based on thermionic emission, 

due to its low or even negative electron affinity (NEA): this feature is indeed related to a decrease of 

the workfunction, resulting in an enhanced capability for emitting electrons. Also, micro- and nano-

structuring of single-crystal diamond, induced by femtosecond laser treatment on the sample 

surface as well as in the bulk, may significantly improve optical absorption, thus making feasible the 

fabrication of innovative PETE devices. 

We present here preliminary results on structural, optical and electrical characterization of 

femtosecond laser-induced graphitic columns within single-crystal diamond bulk, together with the 

fabrication technique used. High-quality single-crystal CVD diamond plates (4.5 × 4.5 mm2, 500 μm 

thick, <110> edges), provided by Element Six Ltd., were used for the present work. A mode-locked 

Ti:Sapphire femtosecond laser, operating at 800 nm wavelength, was used to induce graphitization 

inside the diamond bulk. Before the start of the laser treatment, the beam focal plane was 

positioned behind the bottom surface of the diamond plate, then graphitic columns were induced 

by moving the sample along the beam direction: for this purpose, the sample was mounted on a 

numerically controlled XYZ stage. 

Following their fabrication, graphitic columns were structurally (Raman spectroscopy), optically 

(spectral photometry), and electrically (current-voltage measurements) characterized. Results 

show that 3D graphitic microstructures, acting as distributed electrodes, may introduce several 

benefits in novel diamond-based PETE devices, such as: 1) improvement of optical absorption both 

in near-infrared and visible ranges; 2) decrease of the total device series resistance, thus avoiding 

electron refilling bottlenecks; 3) a shorter drift path for the photogenerated carriers; 4) a lower 

probability of charge trapping; 4) no need for metal electrodes, thus overcoming the limits of using 

metal contacts at high operating temperatures. 

 

Research is supported by the European Community FP7-Energy, Project ProMEThEUS. 
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Semiconductor Materials used in Solar Electrical Energy Conversion 

 

Andreas W. Bett1, Simon Philipps1 (simon.philipps@ise.fraunhofer.de) 

 

1 Fraunhofer Institute for Solar Energy Systems, Freiburg, Germany 

 

One of the most challenging issues for mankind today is the need for sustainably produced 

electrical energy. The worldwide demand for electrical energy is still rising and making electrical 

energy cheaply available is a key for growing the economy. However, using conventional energy 

production technologies by burning coal, gas and oil increases the CO2-level in the atmosphere. 

Thus, the world will warm up and the ongoing climate change will propagate. Although the full 

consequences of the climate change are still under discussion it is commonly accepted that the 

impact and finally the overall cost will be huge. Using nuclear power for energy production will also 

be no sustainable solution, since the waste treatment is not solved and accidents with drastic 

impacts have occurred. Thus, the only long term solution will be to change to renewable energy 

supply, i.e., by using water, wind and solar energy. Using the energy of the sun is very attractive 

since the sun delivers to Earth about 6,000 times of the power, which mankind consumes in every 

moment. Thus, this energy source is indeed infinite. The energy of the sun can be harvested by 

using semiconductor materials. If light interacts with a semiconductor material, a p-n structure can 

be used to separate the generated electron-hole pairs. This effect is well known as photovoltaic 

effect. The photovoltaic technology has been investigated over many years and in different 

semiconductor materials. In the last ten years this technology has been industrialized by using 

mainly Si semiconductor material. More than 37 GW of photovoltaic panels are produced per year. 

The cost for the photovoltaic electricity can be well below 8 €c/kWh, thus this technology becomes 

now economically very attractive and it will substitute the conventional energy production 

technology eventually. Within this contribution it will be discussed what semiconductor materials 

are currently of interest and the status of the PV-industry and PV-market will be presented. 

Besides the direct conversion of sunlight into electricity via the photovoltaic effect, there are also 

other energy conversion technologies which use semiconductor materials. As an example, in TPV -  

thermo-photovoltaics – the sunlight is used to heat a radiative emitter. The emitted light is 

converted by a spectrally suitable semiconductor material. Another recently investigated 

technology is PETE i.e. photon-enhanced thermionic emission technology. Here, semiconductor 

materials are under investigations which exhibit a low work function and electron affinity.  

In conclusion, semiconductors are a material class which is of great importance for the conversion 

of photons energy of the sunlight into electrical energy. 
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Contacts Configuration for PETE Solar Converters 

 

Rama Sandovsky1 (ramasan1@mail.tau.ac.il), Gideon Segev2, Yossi Rosenwaks2, Abraham Kribus1 

 

1 School of Mechanical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

2 School of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

 

Conversion of solar radiation to electricity with Photon Enhanced Thermionic Emission (PETE) 

uses both photonic and thermal excitation of charge carriers in a semiconductor. This device 

includes a semiconductor cathode illuminated and heated with concentrated sunlight, and a cooler 

anode separated by a small vacuum gap. Theoretical conversion efficiency under concentrated solar 

radiation is predicted to reach about 45%, and with addition of a second stage that converts waste 

heat from the anode, the overall efficiency may exceed 50%.  

The goal of this work is to study the effect of device configuration, and in particular the front grid of 

electrical contacts, on the performance of PETE converter devices. A two-dimensional simulation 

model was developed that allows comparing various device configurations. The governing 

equations include the 2-D continuity equations for electrons and holes coupled to Poisson’s 

equation. The simulation accounts for all bulk and surface recombination mechanisms. The 

boundary conditions describe the contacts geometry, the applied voltage, and surface conditions 

(work function). The simulation results include the spatial distribution of potential and charge 

carriers’ concentrations, as well as the externally measured current. Previous work presented zero- 

and one–dimensional models, which are incapable of addressing realistic device configurations and 

the impact of contacts geometry on device performance. The two-dimensional model addresses for 

the first time important effects of shading, recombination, and ohmic resistance related to the 

contacts configuration.  

The performance was calculated for Si cathodes under a wide range of temperatures and contacts 

sizes. The results show two operation regimes with different behavior, leading to different optimal 

device designs. At low and moderate temperatures, the electrons conduction band concentration is 

higher than the equilibrium concentration due to the photonic excitation. In this regime, electron 

loss by recombination occurs mainly at the contact, and therefore smaller contacts produce better 

performance. At higher cathode temperatures, the thermionic emission dominates and the 

electrons concentration drops below equilibrium. As a result, electrons are injected from the 

contact and enable higher emission current. Therefore, a larger contact can lead to higher 

efficiency, as long as the contacts are not optically reflective. The operation temperature range is 

therefore a crucial parameter, not only for selection of materials, but also for selection between two 

different device designs.  

 

Research is supported by the Israel Ministry of Energy and Water. 
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Negative space charge effects in PETE solar converters 

 

Dror Weisman1, Gideon Segev1, Yossi Rosenwaks1, Abraham Kribus2 

 

1 School of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

2 School of Mechanical Engineering, Tel Aviv University, Tel Aviv 69978, Israel 

 

Thermionic emission and Photon Enhanced Thermionic Emission (PETE) energy converters are 

comprised of two electrodes separated by a vacuum spacing. In these devices, high energy electrons 

emitted from the cathode towards the anode have a limited velocity and require a finite time to 

cross the inter electrodes spacing. As a result, a negative space charge (NSC) is formed between the 

two electrodes repelling further electrons from reaching the anode. The effect of NSC is known to 

cause significant losses in thermionic energy converters.  

In this work we model and analyze the NSC effect in PETE solar energy converters. Previous work 

on this effect did not consider the voltage-dependent conduction band electrons concentration, 

which was has a significant impact on the device performance and cannot be ignored. The 

presented model accounts for this effect and shows that the performance degradation due to NSC is 

lower than was shown in prior work. The inter-electrode gap can then allow larger values than 

previously thought, while still maintaining high efficiency. Specific converters design criteria are 

discussed with respect to nominal electrodes temperature and solar flux concentration. 

 

Research is supported by the European Community FP7-Energy, Project ProMEThEUS. 
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Heterostructures for Improved photon-enhanced emission (PETE)  

for solar thermal energy conversion 

 

Nick Melosh1,2 (nmelosh@stanford.edu) Z.X. Shen2,3, Roger Howe4 

 

1 Department of Materials Science and Engineering, Stanford University, USA 

2 Stanford Institute for Materials and Energy Science, SIMES, Stanford University, USA 

3 Department of Physics, Stanford University, USA 

4 Department of Electrical Engineering, Stanford University, USA 

 

Thermionic emission has long been an attractive idea for thermal energy conversion for its 

potentially high-efficiency conversion with no moving parts and simple device geometry. 

Concentrated solar thermal applications have a considerable quantity of both heat and light 

present, which might be harvested efficiently using photon-enhanced thermionic emission (PETE), 

that can benefit from both photon illumination and thermal energy. This process enables 

thermionic emission at much lower temperatures (~400C) than conventional thermionic 

emission, and may have higher overall efficiency. However, initial proof of principle devices based 

on GaN had very high recombination rates, severely limiting electron emission efficiency. Here we 

show that recombination can be greatly reduced and yield increased by going to thinner films and 

heterostructure material architectures. We will discuss experimental demonstrations of this 

improvement, and the critical barriers to making lab prototypes into realistic conversion systems. 
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GaInP based cathodes for PETE solar converters 

 

Gideon Segev1 (gideons1@post.tau.ac.il), Peter Fuss-Kailuweit2, Frank Dimroth2,  

Yossi Rosenwaks1, Abraham Kribus3 

 

1 School of Electrical Engineering, Tel Aviv University, Tel Aviv, Israel 

2 Faunhofer Institute of Solar Energy Systems, Freiburg, Germany 

3 School of Mechanical Engineering, Tel Aviv University, Tel Aviv, Israel 

 

Photon Enhanced Thermionic Emission (PETE) solar energy converters can theoretically convert 

concentrated solar radiation at efficiencies above demonstrated photovoltaic devices. Achieving 

these high efficiency requires materials that satisfy several requirements, including: bandgap 

suitable for the solar spectrum, high temperature stability, and flexibility to form the different 

functional layers of the converter (window, contact, absorber, electron emitter). In this work a 

cathode based on GaInP and related materials is considered.  

PETE cathodes require the formation of a back surface field at the vicinity of the cathode contact in 

order to repel electron from recombining at this surface. Since doping based homojunctions back 

surface field layers are inherently limited in their built in voltage and their performance heavily 

degrades with temperature, hetero-junction cathode seem to be a natural choice. Because the 

barrier in hetero-junctions depends mostly on the difference in electron affinities and band gaps, 

the BSF barrier height can be tailored by proper choice of materials and it does not restrict the 

cathode doping. In this work we model and analyze the performance of AlGaInP-GaInP 

heterojunction PETE cathodes. The main loss mechanisms are identified, and optimal cathode 

structure is determined. It is shown that optical absorption in the window and lateral conduction 

layers can significantly reduce the device conversion efficiency.   
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Photoemission and photon-enhanced thermionic emission from p-GaAs  

with non-equilibrium cesium overlayers 
 

Andrey G. Zhuravlev, Vitaly L. Alperovich (alper@isp.nsc.ru) 

Institute of Semiconductor Physics, Novosibirsk State University, Novosibirsk, Russia 
 

The surface of GaAs with adsorbed cesium is a model system for studying the mechanisms of metal-
semiconductor interface formation and a basis for preparing p-GaAs(Cs,O) photocathodes with the 
state of negative effective electron affinity χ*=χ–S <0, where χ is the true electron affini
the surface band bending. Semiconductor surfaces with relatively small but positive effective 
affinity χ* ~ 0.1-0.2 eV, like Cs/GaAs, recently attracted renewed interest due to an opportunity to 
increase the efficiency of solar-energy conversion by means of photon-enhanced thermionic 
emission (PETE) [1]. The observation of a nonmonotonic dependence of the surface band bending 
S() on Cs coverage  and the relaxation kinetics of S(t) after Cs deposition on the Ga-rich 
GaAs(001) surface [2] indicates that Cs/GaAs surface is an inherently nonequilibrium system, and 
this may affect its application in PETE devices. Another problem is that the values of the emission 
quantum yield Y for cesiated semiconductor surfaces are relatively low and depend on the electron 
affinity, surface band bending, bulk and surface recombination rates, and electron escape 
probabilities from a semiconductor into vacuum. The aim of the present study is to disentangle 
experimentally the contributions of the surface band structure and kinetic parameters to the 
photoemission and PETE quantum yield dose dependence Y() and to the relaxation Y(t) after Cs 
deposition by optical spectroscopy techniques [2,3].  

Cesium was deposited on atomically clean As-rich and Ga-rich reconstructed surfaces of epitaxial p-
GaAs(001). Band bending S was determined by the period of Franz-Keldysh oscillations in 
photoreflectance spectra. The effective electron affinity and escape probability on the Cs/p-GaAs 
surface were obtained from the spectra of photoemission quantum yield Y(ħ). These spectra 
contain the contribution from “hot” photoelectrons excited by light above the vacuum level and 
PETE contribution from “thermalized” electrons, which are excited near the bottom of the 
conduction band, and gain thermal energy from phonons to escape in vacuum.  

It is found that the measured dependences of the photoemission current and effective affinity on Cs 
coverage are substantially different for adsorption on the As-rich and Ga-rich surfaces and contain 
features, which were not observed earlier. The observation of these features agrees with the dose 
dependences of the band bending S(). The most interesting and not yet explained are the dose 
dependences of the electron escape probabilities for hot and thermalized electrons, which show 
pronounced peaks at Cs coverage ~0.4 ML. The obtained data on the kinetics of the band bending 
and electron affinity after deposition of cesium allowed us to explain the experimental kinetics of 
the photoemission quantum yield Y(t). It is proved that the relaxation decrease in photoemission at 
small coverages <0.5 ML is caused by the band bending relaxation, while the increase in Y(t) at 
>0.5 ML is due to the relaxation decrease in true electron affinity. Possible microscopic reasons for 
the observed peculiarities in the dose and kinetic dependences of the band bending, electron 
affinity, escape probabilities and photoemission current are discussed, along with the observed 
changes in these dependences at increasing temperature of p-GaAs samples.  
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Structural, optical, and electrical studies of the highly Mg-doped InxGa1-xN 

(0.4<x<0.65) matrix for Photon-Enhanced Thermionic Emission devices. 

 

A. García-Valenzuela1 (aurelio.garcia@research.abengoa.com), V. Carcelén1, F.J. Castaño1,2 

 

1 Abengoa Research, Campus Palmas Altas, 41014 Sevilla, Spain 

2 Abengoa Solar New Technologies, Soland Center, Sanlucar la Mayor, 41800 Sevilla, Spain 

 

Photon-Enhanced Thermionic Emission (PETE) is a new concept for generating electricity from 

solar radiation by combining quantum and thermal mechanisms into a single device. PETE allows 

achieving an improved utilization of the solar spectrum and exceeding the theoretical efficiency 

limits of other solar energy harvesting technologies (conventional PV cells, multijunction cells, 

thermionic converters, etc.). To reach these expectations, PETE devices need the stacking of 

different layers with tightly controlled properties. Optimized structural, electrical, and optical 

properties must be achieved in order to minimize efficiency losses due to for example 

recombination or reduced numbers of effective charge carriers. 

Up to the present day, complete highly efficient PETE devices have not been fabricated and few 

alternative materials have been assessed for these structures. Work carried out using GaN or AlGaN 

yielded relatively low efficiencies. Nitrides as InGaN have been proposed as alternatives to 

commonly used materials. InGaN can cover a wide band gap range with changes in the Indium 

content, while keeping a high structural quality, and hence, electrical and optical properties. These 

last features are aimed at reducing device losses due to recombination of charge carriers or optical 

losses. 

The MBE growth of nitride-based materials entails challenges such as the introduction of a high 

amount of Indium in the structure, as well as obtaining p- doped materials with the introduction of 

Magnesium in the structure. The introduction of a significant quantity of Mg in the InGaN structure 

may generate lattice distortions that could increase optical and electrical losses. 

In the present work, the study of the structural, optical and electrical properties has been carried 

out in order to evaluate the influence of the Mg in the InGaN structure with high indium content 

(between 40 to 65%). The samples were explored using DRX with Reciprocal Space Mapping 

(mode), Hall Effect, C-V, CL, and PL (at different temperatures), in order to allowa better 

understanding of the behavior of the Mg- dopant and their effects on the InGaN matrix. Acceptor 

and hole concentrations as well as the activation energy of the Mg impurities are determined and 

discussed. 
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Hydrogenated AlN Coating for PETE Cathodes 
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2 Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Institut für Siliziumphotovoltaik Kekuléstr. 5, D-

12489 Berlin, Germany  

 

One of the main challenges PETE devices are facing is a suitable layer which maximizes the 

emission of excited and thermalized electrons from the cathode into the vacuum. AlN is known to 

have a very low or negative electron affinity (NEA) meaning that electrons in the conduction band 

are not bound by the surface.  

In this work, the suitability of sputtered hydrogenated aluminum nitride (AlN:H) to serve as a low 

electron affinity coating for PETE cathodes was investigated. Hydrogen was was incorporated into 

the film by releasing it into the sputter chamber during the deposition process as hydrogen can 

saturate dangling bonds and thus reduce the defect density. When the AlN:H was deposited on 1 

Ωcm p-type FZ silicon, very low effective surface recombination velocities of 8 cm/s could be 

reached after annealing and firing at 820°C. This excellent passivation is traced back to a high 

density of fixed charges at the interface of approximately –1×1012 eV–1cm–2 and a very low 

interface defect density below 5×1010 eV–1cm–2.  

The layer work function and band structure were measured using temperature dependent UV-

photoelectron spectroscopy (UPS). Plasma hydrogenation was found to reduce surface 

contaminations and also the material’s work function. 

For the calculation of the AlN electron affinity, its bandgap was measured using transmission 

measurements and was found to be dependent on annealing temperature. Further study is 

performed to optimize the electron transport between AlN:H and PETE cathodes based on Si and 

III-V semiconductors.  
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Physics of Photon-Enhanced Thermionic Emission in  

Semiconductor Heterostructures 

 

Jared Schwede1,2 (schwede@stanford.edu) 

 

1 Geballe Laboratory for Advanced Materials, Stanford University, USA 

2 Stanford Institute for Materials and Energy Science, SIMES, Stanford University, USA 

 

Photon-Enhanced Thermionic Emission (PETE) is a method of solar energy conversion based on 

photoexcitation followed by thermionic emission into vacuum, combining quantum and thermal 

approaches into a single mechanism. Previous work has proposed a heterostructure design that 

separates the PETE process from the process of vacuum emission, protecting photoexcited 

electrons from the defective vacuum interface. Proof-of-principle measurements have 

demonstrated the effectiveness of the heterostructure architecture, which shows a dramatic 

improvement over previous measurements. Based on these results, we illustrate some potential 

routes and practical challenges to creating efficient devices based on PETE. We compare the effects 

of realistic recombination and other semiconductor parameters on the PETE process, establishing 

simple guidelines for targeting materials combinations which could form the basis of practical 

devices. We furthermore describe measurements on simplified semiconductor heterostructure 

designs which separately test the two steps of emission in PETE heterostructures. 
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