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Abstract
Thermionic technologies are based on electron emission from a material occurring at high tem-
peratures, following the physical mechanism discovered by Richardson at the beginning of the 20th
century. Although thermionic emitters were successfully used to produce commercial electronic
devices, sensors, and electron sources, the large potential of this technology for the development
of energetically active devices for space and terrestrial applications is still unexploited, since several
challenges remain unresolved to enable practical implementation of competitive energy converters.
This roadmap aims to collect the main efforts of the research and industrial community focused
on thermionic technologies, covering aspects related to active materials, components and system
engineering for the development of related devices. Additionally, contributions related to the pro-
gress of promising approaches for the prediction and design of the systems, as well as hybridiza-
tion with other technologies or physical mechanisms, are also considered. The scope is to provide
a guide for researchers and developers who are experienced on this topic—but also who are start-
ing to work with it—by analytically describing state-of-the-art, technological challenges and future
paths for a full development of thermionic technologies.
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1. Introduction

Alessandro Bellucci1, Gideon Segev2 and Daniele M. Trucchi1,∗

1CNR-Istituto di Struttura della Materia (CNR-ISM), Italy
2School of Electrical and Computer Engineering, University of Tel Aviv, Israel

E-mail: danielemaria.trucchi@cnr.it

Status
Thermionic emission (TE) was historically used as the main mechanism operating in commercial devices
such as electron guns for scanning electron microscopy, vacuum sensors or electronic components [1].
The potential of technologies based on TE for active energy generators, such as thermal-to-electrical
energy converters, introduced and rationalized in renowned books of Hatsopoulos and Gyftopoulos [2],
remains a scientific challenge that has yet to be fully resolved. In the 1960s, the ‘Space Race’ drove sig-
nificant advancements in this field, searching for practical, steady-state, and compact power supplies to
be applied also in the nuclear sector [3, 4]. However, after the end of the ‘Cold War’, such efforts disap-
peared. While TE represents an emerging and competitive solution for power generators from thermal
and concentrated solar energy [5, 6], it has yet to achieve large market penetration in these areas.

In principle, the architecture of a thermionic energy converter (TEC) is straightforward: two paral-
lel plates, where a hot cathode emits electrons, and a cold anode collects them. The output power on a
load depends on the net electrical current flowing between the electrodes, which follows the Richardson–
Dushman law for each one, and on the established voltage, which is, in principle, determined by the
work function (WF) difference between the cathode and anode.

The main obstacle lies in the difficulty of developing systems composed of robust materials with the
proper finely controlled surface properties. Vacuum TECs represent the most potential efficient solu-
tion with respect to vapor-diodes developed in the past. However, achieving an efficient device presents
several challenges, including maintaining proper vacuum conditions to avoid degradation of electrodes’
surface properties, fabricating a robust vacuum encapsulation technology and dielectric microspacers,
controlling anode temperature to reduce electrons’ counter-emission, and designing a device geometry
that concentrates heat flow on the cathode while minimizing thermal losses.

Previous comprehensive reviews have addressed thermionic energy conversion from both device-
and materials-oriented perspectives, providing an important foundation for the field [5, 7]. In con-
trast, the present roadmap focuses on the most recent advances and emerging directions developed over
the past decade, with particular emphasis on new material platforms, advanced modeling approaches,
hybrid device architectures, and system-level integration challenges. Finally, this roadmap aims mainly to
identify the technological open issues and rationalize the key advancements performed by the scientific
community in the past few years in the field of TE technologies, highlighting the predominant research
directions in material science, device modeling, and system optimization.

Current and future challenges
Considering the key aspects introduced in the previous paragraph, the development of highly electron-
emissive materials with low WF is arguably the most critical challenge for the practical implementation
of thermionic technology. Historically, refractory metals such as tungsten, molybdenum, and rhenium
have been used in thermionic devices due to their stability and suitability for operation at high tem-
peratures (≫1200 ◦C). However, these materials exhibit high WF values (>4 eV) and require surface
engineering to enhance their electron emission capability. To address this issue, alkali-metal compounds
based on cesium (Cs) and barium (Ba) have commonly been deposited on the surface to lower the WF.
Even though these coatings have successfully reduced effective WF values even down to 1 eV [8], they
suffer from low thermal stability, requiring a dynamic approach for stable coverage and long lifetimes.
Alternatively, scandate cathodes, which have been extensively investigated for vacuum electronic devices
(VEDs), remain highly relevant to thermionic energy conversion due to their exceptionally low effect-
ive WF and high current density [9–11]. However, their long-term stability, operational complexity, and
compatibility with compact and sealed converter architectures continue to motivate the exploration of
alternative material platforms. Consequently, research to develop durable materials with suitable surface
properties remains a pressing need.

Perovskites and rare-earth hexaborides have emerged as promising candidates and represent the focus
of sections 2 and 3 of this roadmap, respectively. A more challenging but potentially groundbreaking
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alternative involves the use of diamond thin films, which can be surface-functionalized to achieve negat-
ive electron affinity (NEA), thereby enhancing electron emission efficiency (section 4).

On the other hand, 2D materials (e.g. graphene [12]) present an intriguing opportunity for TE tech-
nologies, as they do not conform to classical physics governing bulk systems. As discussed in section 5,
their enhanced properties stimulate challenges and opportunities for future advancements in the field.

Section 6 focuses on the importance of engineering the electrodes’ surface, which is a very important
challenge for the optimization of overall device performance.

However, in the material development route, the use of advanced characterization techniques allows
for a quantitative and refined assessment of material surface properties. In thermionics, surface proper-
ties and their evolution in temperature, particularly the WF or the electron affinity in case of semicon-
ductors, play a crucial role. Section 7 is dedicated to exploring the most suitable techniques for accurate
surface characterization of thermionic systems.

Advances in Science and Technology toMeet Challenges
A critical component for TECs is optimization of the inter-electrode spacing, either by analyzing the
effect of cesium vapor filling or by developing vacuum dielectric microspacers. This aspect is examined
in detail in sections 8 and 9, respectively, of this roadmap.

Modeling and simulations are powerful tools to optimize the performance of technological devices,
providing insights into how to address key challenges and move toward practical implementation. This
is even more important for thermionic technologies, which combine at the same time thermal, mechan-
ical, and electrical operating aspects. As discussed in section 10, zero-dimensional and one-dimensional
(1D) models are fundamental for analyzing TECs under non-ideal conditions, such as in the presence of
space-charge effects, as well as for assessing thermodynamic parameters to determine the optimal condi-
tions for achieving maximum performance (section 11).

The selection of suitable materials for thermionic applications is increasingly benefiting from
machine learning (ML). ML-driven approaches offer a significant advantage in accelerating and enhan-
cing the development of cathode and anode materials, as detailed in section 12. Additionally, ML-based
methods can be employed to predict and validate the performance of thermionic devices (section 13),
providing valuable support in overcoming the challenges associated with thermionic technology.

Another crucial aspect in advancing thermionic technology and achieving competitive performance is
its integration with other physical processes for energy conversion. One of the most interesting strategies
is photon-enhanced TE (PETE) (section 14), which leverages both photoelectric and thermalization
effects to significantly enhance electron emission when a radiation energy is converted [13]. Alternatively,
hybridizing thermionic converters with photovoltaic (PV) anodes [14], as discussed in section 15, utiliz-
ing both energy carriers (photons and electrons) for thermal-to-electrical conversion, represents a major
technological advancement aimed at overcoming the performance limitations of standalone thermionic
devices. Additionally, although not specifically addressed in this roadmap, the combination of thermionic
generators with thermoelectric converters—electrically independent but thermally coupled in series—
represents a promising approach [15–17]. This configuration enables the recovery of heat released at the
thermionic anode without compromising the overall performance of the TEC.

Concluding remarks
The widespread deployment of thermionic technologies still remains a demanding challenge, as several
critical aspects still require advancement to reach a mature technological stage. This roadmap reports
key contributions and concepts in the field to bridge this gap, with a particular focus on applications
for thermionic energy conversion. A dedicated discussion explores the potential economic and environ-
mental implications of these technologies (section 16). Finally, section 17 outlines the future directions
of thermionics, envisioning the next steps once ongoing scientific and technological efforts lead to the
development of high-efficiency devices.
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2. Perovskites as next generation thermionic emitter materials

Ryan Jacobs, Dane Morgan∗and John Booske

University of Wisconsin-Madison

E-mail: ddmorgan@wisc.edu

Keywords: perovskite oxides, surface terminations, machine learning

Status
Discovering new materials with high electrical conductivity, robust stability under high vacuum condi-
tions, and low WF to enable copious electron emission at high temperature is central to development
of next generation thermionics such as energy converters and high power VEDs [18]. Perovskite oxides
were first proposed as promising candidates for TE applications in 2016. Prior to this time, perovskites
such as Ba0.65Sr0.35TiO3 were used as an insulating coating on Si field emission (FE) cathode tips, and
were found to enhance the emission, quantified by reduction in the turn-on electric field to induce FE,
by lowering the WF [19, 20]. Perovskites are particularly interesting for thermionics because their crys-
tal structure can produce surfaces with intrinsically polar layers (see figure 1(A)), enabling creation of
low WF as a monolithic material without the addition of volatile dipole layers characteristic of dispenser
cathodes typically used in VEDs [11] or cesiated semiconductors used in TECs [5]. Density functional
theory (DFT) calculations elucidate trends in (001) AO-terminated (e.g. SrO) and BO2-terminated (e.g.
VO2) perovskite surfaces, and predicted that the (001) SrO-terminated surface of SrVO3 should have a
low WF of about 2 eV (see figure 1(B)) [21, 22]. This initial computational work on perovskites for
thermionics also revealed that a bulk electronic structure feature, the O p-band center, correlates with
the surface-sensitive value of the WF. This correlation enabled follow-on work where high-throughput
DFT-based screening was used to enumerate other promising stable, low WF materials. Details are dis-
cussed in [18] and references therein.

By 2022, Lin and coworkers had experimentally synthesized SrVO3 and demonstrated that bulk,
sintered polycrystalline pellets of SrVO3 exhibited TE with an effective WF in the range of 2.3–2.7 eV
(see figure 2(A)) [23]. The polycrystalline surface has a distribution of WFs which result in so-called
patch-field effects. Patch-field effects occur because surface patches with different WFs electrostatically
interact with each other, resulting in an effective WF higher than the lowest local WF present on the
surface [24]. The experimental results of [23] were consistent with a fraction of the emitting surface hav-
ing an approximate 2 eV WF, although the precise termination microstructure of the emitting surfaces
was not explicitly determined in this work.

Two additional studies by Sheikh et al [25, 26] from 2024 have extended our confidence in, and
understanding of, SrVO3 for TE. The first study described more detailed tests of polycrystalline SrVO3
emission performance, which support the potential of this material for commercial thermionic device
application [25]. The results showed that SrVO3 emission was both stable during continuous pulsed
emission periods of one hour and reversible as temperature was ramped up and down between
1050 ◦C–1275 ◦C, two essential features of a well-performing thermionic cathode. Interestingly, they
found that the emission performance for some samples improved over time (see figure 2(B)), suggest-
ing a ‘burn-in’ property where the emission evolved toward higher current densities over a period of a
few hundred hours. The evidence suggested this behavior resulted from changing surface chemistry dur-
ing operation, where the emitting surface was found to be Sr-enriched after the emission tests. Further
study on SrVO3 emission stability, such as examining the kinetics of Sr enrichment, evaporation rate and
equilibrium vapor pressure of various species would be highly beneficial to better understand the emis-
sion stability. In the second study, Sheikh et al used thermionic electron emission microscopy (ThEEM)
and high electric field ultraviolet photoelectric spectroscopy (UPS) and obtained the first direct exper-
imental evidence of a low, 2 eV WF surface on SrVO3 (see figure 2(C)) [26]. The use of high field was
crucial to overcome the patch-field effects and expose the low WF surface. Meanwhile, the ThEEM data
revealed the significant patchiness of the emitting surface (see figure 2(D)).

Current and future challenges
We see three major challenges that must be overcome to realize the full potential of perovskite materi-
als for thermionics. The first challenge involves understanding the source of inconsistency of emission
results. As a concrete example, the emission data for polycrystalline SrVO3 from Lin et al show most
samples having effective WFs in the 2.5–2.9 eV range, with two samples close to 2.3 eV. In thermionic
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Figure 1. (A) Structure of perovskite SrVO3 (green= Sr, red= O, octahedral centers= V) with (001) orientation showing
intrinsic dipole effect. (B) DFT-calculated work functions of AO and BO2-terminated (001) perovskite surfaces [21]. John Wiley
& Sons. {Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim}.

devices, a few tenths of an eV in WF reduction results in exponentially more current at a given operat-
ing temperature, and understanding the materials processing (e.g. sintering temperature, time, and ambi-
ent gas composition) and sample manufacturing factors (e.g. sintering method, powder pressing pressure
and sample dimension) behind such differences in emission performance are key to ensuring reliable
emission operation.

The second challenge is related to the first challenge and involves a present lack of understanding
of the interplay of surface processing and the resulting atomic-scale surface terminations present on the
material. Optimal performance will require establishing an understanding of which surfaces are present
on the emitting surface, the processing parameters necessary to obtain the desired surfaces, and how
those surfaces may evolve over the lifetime of the emitter.

The third challenge is how best to assess other potentially promising perovskite materials. The bulk
of research so far has been on SrVO3, with some limited study of BaMoO3 showing promising emission
but significant stability issues such as observed phase transformation and loss of Ba [27]. However, the
compositional flexibility of perovskites means there are potentially millions of compositions to explore.
High-throughput DFT has been used to shed light on trends and suggest other promising materials from
a space of a few thousand. However, having more quantitative and faster evaluation of potential material
performance to guide experimental assessment and optimization of the most promising materials is still
needed.

Advances in science and technology to meet challenges
The first two challenges above are likely solvable through recent advancements in high-throughput
experiments and the development of autonomous research labs. Understanding both the perform-
ance inconsistencies and processing-structure-performance relationships could likely be obtained by
navigating the high dimensional processing space in the most efficient way using, e.g. active learning
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Figure 2. (A) Thermionic emission measurements of SrVO3 (points) with Richardson–Dushman effective work functions
(solid lines). (B) Time-dependence of SrVO3 emission for two different samples. (C) High electric field UPS data showing 2 eV
work function of SrVO3. (D) ThEEM data at 900 ◦C showing patchy emission surface. Reproduced with permission from [23].
CC BY-NC-ND 4.0. Reproduced from [25]. CC BY 4.0. Reproduced from [26]. CC BY 4.0.

approaches [28, 29]. As an example, the autonomous lab could be tasked with minimizing the WF in a
TE test as a function of variables like sintering temperature, time, pressing pressure, sintering gas ambi-
ent, and so on.

The third challenge can be solved by making use of advancements in ML for predicting materials
properties and accelerating atomistic simulations (cf section 12). DFT calculations of WF are compu-
tationally expensive, and recent work from Schindler et al [30] developed an ML model with a novel
featurization scheme enabling WF predictions of a particular surface orientation and termination of a
material. Using this ML model, one can quickly and semi-quantitatively screen through materials orders
of magnitude faster than performing DFT. In addition, recently developed universal ML interatomic
potentials (MLIPs) [31, 32] can be used to study surface stability, dynamics, and reactions with envir-
onmental factors (e.g. water) shedding additional light on surface structure and chemistry at length and
time scales inaccessible with conventional DFT approaches. The continuing maturation of materials data-
bases and ML in materials science [33] holds great promise for accelerating our understanding of com-
plex chemical processes and their impact on materials properties, not only for perovskites, but also to
discover totally new classes of materials promising for next-generation thermionic devices.

Concluding remarks
This roadmap provides a succinct overview of the development history of perovskite oxide materials
as new thermionic materials, from their inception as a DFT-predicted low WF curiosity to an experi-
mentally demonstrated reality of a promising thermionic emitter. The present state of experimental find-
ings shows emission properties consistent with the initial DFT predictions and sufficiently promising to
warrant extensive additional investigation to overcome the key challenges holding back perovskites like
SrVO3 from use in commercial thermionic applications. Ongoing innovations in ML and artificial intel-
ligence (AI), and their successful integration into materials research, will be key for understanding the
complex processing-structure-performance relationships reflective of the rich chemistry indicative of per-
ovskite materials, and for improving the engineering of these materials to enable electron emitters that
emit copiously with consistently low WF and are stable and cheap to produce for next generation ther-
mionic applications.

9

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 59 (2026) 263001 A Bellucci et al

3. Hexaborides materials for thermionic cathodes

Muhammad M Hasan

School of Applied Sciences and Technology, Shahjalal University of Science and Technology, Sylhet,
Bangladesh

E-mail: muhammad.hasan-ipe@sust.edu

Keywords: rare-earth hexaborides, perovskites, work function, current density

Status
In the last several decades, rare-earth and alkaline-earth hexaborides have been extensively studied as
potential thermionic emissive materials. They currently show promise for a variety of applications, such
as electron emitters, thermionic cathodes for ion and Hall thrusters, thermoelectric materials, coatings,
single-photon detectors, and superconductors [34, 35]. Lafferty [34] first reported low WF values (2.6–
3.45 eV) of several hexaborides, including CaB6, SrB6, BaB6, CeB6, LaB6, etc, during TE. A variety of
single and mixed hexaborides ((La, Ba)B6, (La, Ce)B6, etc) as single crystals were reported to have relat-
ively lower WF during TE measurements [36, 37]. Recent studies investigating thermionic properties of
rare-earth single hexaborides [38–40] and mixed hexaborides [8, 41–43] as solid discs confirm the pos-
sibility of achieving lower WF values and higher current densities using these materials. Considering the
recent trends of thermionic cathodes, rare-earth hexaborides are found attractive for high-temperature
applications due to their high melting points and high-temperature stability. Additionally, these hexa-
borides exhibit low vapor pressures of their metal species at elevated temperatures (1000 ◦C–1600 ◦C),
resulting in a low evaporation rate [35, 44]. To date, among rare-earth hexaborides, lanthanum hexabor-
ide (LaB6) has been identified as the most efficient thermionic material [8, 34, 38–40]. It can produce a
stable and high direct current (DC) due to its excellent chemical stability, low WF, high melting point,
high electrical conductivity, and long service life. Moreover, it is well-suited for high-temperature applic-
ations, where TE can be exploited for solar energy harvesting with a TEC.

LaB6 shows strong potential as a thermionic emitter owing to its low WF in the range of 2.64–
2.93 eV as determined by thermionic tests conducted at a temperature between 1000 ◦C–1600 ◦C [34,
36, 39, 45–47]. The summary of the thermionic properties for promising hexaborides, including LaB6,
is given in table 1. Cerium hexaboride (CeB6) and Gadolinium hexaboride (GdB6) are also prom-
ising as thermionic cathodes owing to their low evaporation rates and low vapor pressures at elevated
temperatures under high vacuum. The measured WFs of CeB6 and GdB6 emitters have been repor-
ted as 2.50 ± 0.09 eV and 2.42 ± 0.09 eV, respectively [40]. In addition, a hexaboride solid solution
of (La0.13Ba0.69)B6 has been found to have an exceptionally low WF of 1.03 eV and a low emission
constant of 8.44 × 10−⁶ A cm−2 K−2, resulting in low DC output [8]. Therefore, materials exhibit-
ing very low WFs and emission constants, such as mixed hexaborides, show strong potential for use
as collectors rather than emitters in TEC applications. A eutectic system of LaB6/VB2 can be a prom-
ising option for high-performance thermionic emitters because of its low WF (1.10 eV) at temperatures
below 1273 K [48]. A recent research work reveals that nanocrystalline (La0.25Ce0.25Nd0.25Eu0.25)B6 exhib-
its a remarkably low WF (2.83 eV) and an enhanced current density of 48.3 A·cm−2 at 1873 K [41].
Recently, hexaboride–perovskite composite cathodes, namely LaB6–BaHfO3 (20 wt%) and GdB6–BaHfO3
(20 wt%), have been reported to exhibit WF values of 2.21 ± 0.13 eV and 1.68 ± 0.03 eV, respectively
[49]. These composite cathodes open a new avenue for investigating low-work-function materials with
enhanced chemical stability and lifetimes by using perovskites as functional materials.

Current and Future Challenges
The main challenge in developing an efficient TEC lies in developing cathodes—both emitters and
collectors—with low WFs. To ensure TEC operation within a practical temperature range, it is essen-
tial to develop cathode materials with reduced WFs. Selecting a thermionic cathode that combines a low
WF with a high Richardson constant allows for high and stable current densities at operating temperat-
ures, thereby enhancing the power output of the TEC. In a TEC, the collector/anode material needs to
have a lower WF to increase the voltage difference between the cathode and anode, thereby maximizing
power output. Additionally, a significantly lower Richardson (emission) constant for the anode operat-
ing at the lowest maintainable temperature is desirable to minimize back-electron emission [8]. Most of
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Table 1. Thermionic properties of hexaborides.

Hexaborides

Work

function

(eV)

Emission

constant

(A cm−2K2)

Temp.

(◦C)

Maximum current density

(A cm−2) References

LaB6 2.64–2.93 11.5–29 1000–1600 1.55–8.5 [34, 36, 39, 45–47]

CeB6/GdB6 2.50–3.02 1.48–3.6 1000–1600 3.1 [36, 40]

(La0.31Ba0.69)B6 1.03 8.44× 10−6 1000–1200 — [8]

LaB6/GdB6–BaHfO3
(20 wt%)

1.68–2.21 0.01–5.7 1000–1200 — [49]

the past investigations dealt with pulsed emission phenomena at high temperatures to evaluate thermi-
onic properties; therefore, the measurement of WF and emission constant for bulk hexaboride materi-
als using steady and long-lasting DC emission is still worth considering as a future research approach.
Current challenges for potential future applications of TE cathodes are to gain the stability of a micro-
gap between the emitter and collector of a TEC and emitted DC current under ultra-high vacuum con-
ditions and to eliminate oxygen contamination and/or cathode poisoning. The presence of a monolayer
of a positive metallic element like Ba is thought to lower the WF of any emissive materials [34, 49].
The mixed hexaboride-perovskites (e.g. BaHfO3, BaZrO3, SrVO3 etc) cathodes imparting Ba monolayer
have rarely been investigated as thermionic cathodes [23]. Furthermore, nanostructured hexaborides, like
other nanoscale materials, are promising candidates for TE cathodes [45].

Advances in science and technology to meet challenges
The necessary development of ultra-high vacuum environment for a TEC or a Schottky device [39] to
perform TE testing is critically important. Current advances in science and technology are equipping
present researchers with state-of-art technologies. In addition, the mechanism of TE at exceptionally high
temperatures is difficult to be fully understood without suitable in-situ characterizations. This challenge
is expected to be addressed by newly developed devices. Characterization techniques such as photoe-
mission (PE) electron microscopy and ThEEM, x-ray photoelectron spectroscopy (XPS) are now-a-days
available to be utilized for better understanding of TE mechanism and surface modifications of emissive
materials during TE.

Concluding remarks
For many technologies, especially for electron emitters used in TECs and high-power vacuum electron-
ics such as traveling wave tubes, magnetrons, x-ray tubes, cathode ray tubes, and electron microscopes,
etc, engineering a material’s WF is crucial. An important step forward in the design of electron emit-
ters would be the discovery and engineering of novel materials like versatile hexaborides with intrinsic,
stable, low WFs that are achievable without volatile surface species. Overall, the research to date has
shown that rare-earth single and composite hexaborides with two components have superior thermionic
emissive potential. Thermionic cathodes based on rare-earth hexaborides, particularly LaB6, CeB6, etc,
exhibit strong anti-poisoning properties and high emission stability at elevated temperatures compared to
tungsten or oxide cathodes. However, some barriers like oxide poisoning towards stable DC emission are
still to be delicately addressed. Although there is immense scientific and technological promise in devel-
oping composite borides with two or more rare-earth hexaborides that have combined structural and
functional performance, few research works are seen. Furthermore, the hexaboride-perovskites, as the
rarely investigated thermionic cathodes, open a new research field with potential applications in TECs.
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Status
Electron emission from the surface of a solid into a vacuum has been the foundation of vacuum tube
devices for over a century. The efficiency of the emission process was significantly enhanced with the
advent of NEA materials, first proposed in 1965 with photocathode materials like gallium arsenide
(GaAs), which can exhibit NEA when modified with p-type doping and a thin caesium (Cs) capping
layer [50]. Specifically, NEA occurs where the conduction band (CB) minimum of a semiconduct-
ing material lies above the vacuum level (VL), allowing electrons situated in the CB to escape into the
vacuum without having to overcome an additional energy barrier (figure 3(a)). This exceptional prop-
erty, found only in certain rare materials, can improve electron emission efficiency considerably, mak-
ing NEA materials critical for applications such as secondary electron emitters, dynode detectors, field-
effect transistors, x-ray sources, radiovoltaic cells, high-temperature and radiation-tolerant sensors, etc.
For TE in particular, NEA materials facilitate efficient electron extraction from solid surfaces, signific-
antly enhancing the performance of TECs. In a TEC, thermal energy excites electrons in a cathode from
the valence band (VB) into the CB, which then readily escape the material surface to be collected by a
nearby anode. If the two electrodes are electrically connected, current flows back to the cathode, generat-
ing electric power [51].

Over the decades, advancements in material science have led to the exploration of various semi-
conductor materials to find NEA behavior, particularly in the III–V family, such as GaN, GaP, GaAsP,
GaAsSb, GaAlAs, InP, InGaAs, InAsP and InGaAsP, reviewed in detail in [53]. Other materials, including
AlGaN, AlN, cubic boron nitride and hexagonal boron nitride + carbon nanotubes , also demonstrate
NEA characteristics under specific conditions [51, 54]. However, these materials are limited by their lack
of emission efficiency and poor long-term stability at elevated temperatures, which leads to degradation
due to the adsorption of residual gases and ion back bombardment. These problems ultimately restrict
the applicability of many materials in TE devices, where consistent emission is critical.

The early 2000s saw a surge of interest in chemical vapor deposition (CVD) of diamond due to its
exceptional thermal conductivity, stability at elevated temperatures, and potential for high-efficiency elec-
tron emission, making it a promising candidate for such applications. As such, in this report we shall
focus on NEA diamond, noting that other NEA materials have been reviewed in [5, 53].

Current and future challenges
Current research on NEA materials is predominantly focused on functionalized CVD diamond systems,
as many of diamond’s exceptional properties significantly surpass those of competing materials, such
as rare-earth metal hexaborides (LaB6, CeB6 and SmB6), which are primarily used as electron emis-
sion sources [5, 6, 51, 55]. Additionally, unlike metals or conventional NEA semiconductors, which
typically require temperatures above 1500 ◦C to achieve TE with current densities below 1 mA cm−2,
hydrogen-terminated NEA diamond can initiate emission at temperatures as low as 500 ◦C, with emis-
sion currents that rapidly rise to values >10 mA cm−2 as temperatures approach ∼800 ◦C [51, 55].
However, due to their relatively low C–H bond energy, hydrogenated diamond surfaces remain stable
only up to ∼800 ◦C; beyond this, hydrogen desorbs, eventually leaving a bare carbon surface with a
positive electron affinity (PEA) (see figure 3(b)) and significantly reduced emission current. In addi-
tion, H-terminated diamond surfaces oxidize in ambient conditions within hours or days, and may
undergo so-called surface transfer doping from airborne adsorbates, ultimately degrading the NEA [51].
Consequently, considerable effort has been devoted to identifying alternative diamond surface termina-
tions that can maintain NEA properties but with enhanced thermal and ambient stability.

The NEA surface in diamond is believed to originate from the surface dipole that is generated when
an element that is more electropositive than carbon, such as H, bonds directly to the surface C atoms.
The dipole that is produced has its positive charge outermost, and this may help attract the electrons
from the bulk towards, and eventually out of, the surface. Efforts to find alternatives to H termination
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Figure 3. Schematic band diagram illustrating the electron affinity, χ and its relationship to the work function, ϕ, in relation to a
fixed Fermi level, EF, for various semiconductor systems with the density-of-states features for (a) NEA and (b) PEA. The valence
band (VB) and conduction band (CB) are represented in blue and red, respectively. Eg and Evac refer to the band gap and vacuum
energy, respectively. Reproduced from [52]. CC BY 4.0.

have, therefore, focused upon highly electropositive metals, particularly from Groups 1 and 2, such as
Li, Na, Cs, and Mg. NEA diamond surfaces have also been reported for other main group metal termin-
ations (Al, Cu, Sn), several transition metals (Sc, Ti, V, Cr, Zn, Zr) and metalloids (B, Si, Ge) [51, 56].
Many of these M–C systems, indeed, show large NEA values with reasonable thermal stability, however,
many metals do not form strong bonds with C, while others react preferentially with oxygen, making the
M–C surface unstable in ambient air–potentially an issue when fabricating and handling these materials
before packaging.

One potential solution to these challenges is pre-oxidizing the diamond surface before metal depos-
ition. Although using electronegative oxygen for surface termination may seem counterintuitive, pair-
ing it with a sufficiently electropositive metal can produce an M–O–C structure with a net NEA. The
advantage here is that the metal is already partially oxidized, thus has a much lower tendency for further
oxidation, which makes the surface less reactive toward ambient air.

Several such M–O–C configurations have been explored both experimentally and theoretically, reveal-
ing a few key insights applicable to both M–C and M–O–C surface structures. Results indicate that smal-
ler metal adsorbates (e.g. Li) are preferable, as these atoms sit closer to the diamond surface, leading
to stronger adsorption and better temperature stability. Additionally, metals with high electropositivity
or those that readily ionize to form highly charged ions (e.g. Mg2+, Al3+, Sc3+, Ti4+) and form robust
bonds with both C and O, are promising candidates for further exploration [56]. Recent reports indicate
that Sc-terminated diamond holds the highest NEA values recorded to date for a metal adsorbed onto
both bare and pre-oxidized diamond (100) surfaces (figure 4), measured at −1.45 eV and −1.02 eV,
respectively, and are stable under ambient conditions, and in vacuum up to 900 ◦C [52, 57].

However, one of the challenges with pre-oxidizing the diamond surface in the M–O–C system is the
formation of various oxygen-carbon bonding configurations, including ketone (C=O), bridging ether
(C–O–C), hydroxyl (C–OH), as well as more complex groups like carboxylic acids and lactones. As a
result, studies of the M–O–C system have been particularly challenging due to the limited understanding
and control over the proportions of these various groups on oxygenated diamond surfaces. This com-
plexity is further heightened by the tendency of certain metals (such as Al, Ti) to preferentially bond
with oxygen, resulting in a mixed surface of M–O–C and M–C bonds that can exhibit both NEA and
PEA (recall figure 3) [51, 56]. Other adsorbates preferentially bond to one of the possible O–C configur-
ations, meaning a mixture of such configurations leads to reduced adsorption and poorer performance.
For instance, Sc adsorbates preferentially bond to ketone groups, resulting in a surface with a large net
NEA, a significant surface dipole and excellent thermal stability. Improving these properties, therefore,
requires a novel surface-modification approach that disrupts carbon coordination and promotes ketone
formation–ideally with 100% coverage. Although TE studies on Sc-terminated diamond have not yet
been reported, Sc looks to be the most promising metallic adsorbate for this application so far. This may
not be so surprising, as reports over the past decade studying the addition of Sc to other (non-diamond)
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Figure 4. Conceptual dipole model of the ScO-terminated diamond (100) surface, showing outward-facing dipoles (black dashed
arrow). The dashed square highlights the positively charged regions (red) and negatively charged regions (blue). Grey, red and
cyan spheres are C, O and Sc atoms, respectively. Reproduced from [52]. CC BY 4.0.

thermionic cathodes suggest that Sc stabilizes the surface and reduces desorption, and may reduce the
WF or extend the cathode lifespan [11].

In addition to M–O–C configurations, various other surface terminations relevant to diamond NEA
have been investigated both experimentally and theoretically, as reviewed in [51]. Among these, the H-
terminated BN-diamond (111) system appears highly promising, exhibiting the largest NEA value repor-
ted to date (−4.0 eV). However, the adsorption energy for this system is relatively low, and no experi-
mental studies have yet been reported.

More broadly, even when large NEA values are predicted or experimentally achieved across a range
of diamond surface terminations, practical electron emission remains constrained by bulk and interfa-
cial limitations. A key challenge is the limited electron supply, arising from the difficulty of achieving
high free-carrier concentrations due to the large activation energies of common dopants, particularly in
n-type diamond [51]. Carrier injection from the bulk to the surface is further hindered by contact res-
istance, near-surface band bending, and carrier trapping or recombination at defects and grain boundar-
ies, effects that are especially pronounced in CVD-grown films [58]. These challenges are compounded
by the low electrical conductivity of CVD diamond, where poor dopant activation and compensation
effects typically result in high resistivity, restricting current spreading and increasing Joule heating. A
further limitation, common to many thermionic devices, is space-charge accumulation, arising from the
build-up of slow-moving electrons near the cathode, which suppresses the electric field and hinders fur-
ther electron emission [5, 51]. Addressing these coupled limitations will require advances in bulk doping,
contact engineering, and charge-transport optimization, alongside continued development of stable NEA
surface terminations.

Advances in science and technology to meet challenges
Building on the challenges outlined above, achieving stable, reproducible, and uniform surface coverage
remains a central issue in the development of diamond-based thermionic emitters. As such, the problem-
atic variability in O configuration on the oxidized diamond surface is being addressed by a number of
approaches. First, a novel oxidation process using high-temperature annealing in water vapor has been
reported to produce nearly 100% OH termination [59]. Suitable chemical treatment should allow such
surfaces to be converted to near-100% coverage of the desired O configuration, e.g. ketone. Another
approach is to use in situ exposure to molecular oxygen at atmospheric pressure to selectively convert
undesirable O-bonding configurations to those required [60]. Finally, replacing the O-termination with
N, to produce M–N–C structures has been reported so far only for Ti and Sc. Ab initio calculations sug-
gest that these materials should also exhibit NEA with high-temperature stability [56]. The hope is that
the N-terminated diamond might prove to be more reproducible and uniform than its O-terminated
counterpart.

An alternative strategy is co-termination with complementary metal pairs. Certain metal pairs (e.g.
Li–Sc or Mg–Sc) may have complementary characteristics that deliver NEA while enhancing thermal
resilience. Preliminary ab initio atomistic simulations may help identify such ideal co-termination pairs
and guide experimental optimization of the selection of metal pairs.

The space-charge problem can be mitigated by the addition of trace amounts of molecules such as
CH4 to the vacuum gap, which helps transport the electrons to the anode, or by application of a small
bias to draw the electron cloud away from the cathode [51]. Furthermore, electron current can also be
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greatly enhanced by combining TE with PE (e.g. using UV light from solar radiation) in PETE devices
[61], or by injecting electrons via beta-emission using the 14C diamond cathode [62].

Concluding remarks
Advances in diamond and other NEA materials through optimized surface functionalization and doping
techniques offer significant potential to enhance electron emission rates and improve air and thermal
stability. Such NEA materials could find use in many terrestrial and space applications that demand
high-performance electron sources, particularly TECs.
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Status
Electron emission from a material to free space or from one material to another via its interface is a
fundamental process in science and engineering. Depending on the energy used to cause the electron
emission or electron injection, it can be broadly characterized into 3 processes: TE (thermal energy),
FE (quantum tunneling) and PE (photon absorption or optical tunneling). Regardless of the emission
mechanism, the emission current density may become saturated by the space charge limited emission
(SCLE). Basic models for these processes (TE, FE, PE, SCLE) have been captured in the Richardson–
Laue–Dushman (RLD) equation, Fowler–Nordheim (FN) equation, Keldysh model for PE and Child–
Langmuir (CL) equation. These equations are well-known concepts that they are commonly referred
without the original papers.

Current and future challenges
Despite of decades in research in improving the classical electron emission models, it remains an active
research area [63] especially with the emergence of two-dimensional (2D) materials such as graphene,
transition metal dichalcogenides, semi-metals, topological insulators, black phosphorus, and many others.
With these 2D materials and applications in engineering, the classical models are undergoing revision
to account for the unique properties of 2D materials, as well as new operating regimes in nanometer
dimensions and ultrashort time scales.

Here, we will briefly introduce the revision of the emission models due to 2D materials. These revi-
sions are essential because the classical models had made simplified assumptions (based on bulk mater-
ials) that are no longer valid for 2D materials. The assumption of parabolic energy dispersion used in
the old derivation is not valid that linear dispersion at low energy or specific unique band structure and
density of states of the 2D materials should be included in the emission model consistently. The tun-
able Fermi energy level of 2D materials is also much smaller than metal that large Fermi energy used
in the original derivation may not valid. Due to the geometrical shape of the 2D materials, its electron
emission becomes direction-dependent, where the electrons emitted horizontally from the edge (or lat-
eral emission), or vertically from the surface (or vertical emission) of the 2D materials are different as
the (wrong) isotropic assumption used in the derivation is questionable. Thus, we should consider these
three factors in the development of valid electron emission models for 2D materials and compare with
the traditional models.

Advances in science and technology to meet challenges
When a material is heated to a high temperature T, the thermal energy gives the electrons enough kin-
etic energy to escape the surface’s barrier by over-barrier emission mechanism. For a classical three-
dimensional (3D) bulk material like metal, this TE current density J is described by the classical RLD
equation [63]:

JRLD = ARLDT
βexp(−ϕ/kBT) , (1)

where β = 2 (classical model), ARLD =
(
qmk2B

)
/
(
2π 2h̄3

)
is a constant = 120.1735 (A cm−2 K2) in SI

units, and ϕ =Φ −
√
4QF is the field dependent WF. Here, q and m are the charge and mass of free

electron, kB is the Boltmann constant, Q= αh̄c/4, a is the Fine structure constant, h̄ is the Plank con-
stant divided by 2β, c is speed of light, kB is the Boltzmann constant, Φ is the zero-field WF and F is
the small applied electric field (below the FE regime). Here, we have adopted the same parameters and
omitted old references as they are well documented [63]. For a simple triangle barrier, the FE current
density is described by the FN equation [63]:

JFN = AFNF
βexp(−BFN/F) , (2)

where β = 2 (classical model), AFN = q/
(
16π 2h̄Φ

)
and BFN = 4

√
2mΦ 3/(3h̄) are some numerical con-

stants as a function of Φ . From equations (1) and (2), it is interesting to note that both classical RLD

16

mailto:ricky_ang@sutd.edu.sg


J. Phys. D: Appl. Phys. 59 (2026) 263001 A Bellucci et al

and FN equations follow a scaling of ln
(
J/Tβ

)
∝−1/T and ln

(
J/Fβ

)
∝−1/F , with β = 2 for both

thermionic and FE.
For 2D materials like single layer graphene, the energy dispersion is non-parabolic, the effect of the

linear dispersion has modified the RLD equation to have a different scaling from the classical β = 2 (see
below). For example, it was postulated to have β = 3 from 2 different approaches [64, 65] for TE from
a free-standing graphene. The isotropic assumption in the simplified model [64] was questioned by a
3D model for graphene and CNT [66]. This limitation is resolved by a more consistent approach [67] to
provide a general scaling for TE of 2D materials with β = 3/2 and β = 1 for lateral and vertical emis-
sion, respectively, which can be expressed as (for a broad class of 2D materials) [67]:

J2D [edge] = A|| × (kBT)
3/2× exp(−Φ/kBT) , and (3)

J2D [surface] = A⊥ × (kBT)
2× [1+Φ/kBT]× exp(−Φ/kBT) . (4)

Here, the 2D materials dependent parameters (A∥ and A⊥) can be referred to the details [67].
Equation (3) clearly show a scaling of β = 3/2 for thermionic lateral emission, which recovers a prior
model [68]. This scaling also explains why many experiments have been using the 3/2-Arrhenius plotting
to characterize various 2D materials lateral-contact in semiconductor devices for which the reversed IV
characteristics is basically obeying the TE model. For Φ > kBT, equation (4) suggest β = 1 scaling for
thermionic vertical emission.

A numerical full-band model [69] has been constructed showing that Dirac approximation used in
[67] is valid only at near room temperature or low barrier less than 1 eV. The ratio between the Dirac
model and full band model is ranged from 0.4 to 1.4 for Φ = 0.5–5 eV and T = 300–1000 K. For a
graphene with fixed barrier height, this ratio is not sensitive to temperature, which suggests that the
analytical equations derived from the Dirac approximation can be fitted by a numerical value calcu-
lated from the full band model. Similar to the TE for 2D materials, FE can also be expressed in a general
form of [70]

JFN [2D] = C× Fβexp(−D/F) , (5)

where parameters C and D depend on the direction of emission (edge or surface) and 2D materials.
A vertical FE model [70] for various 2D semi-metals (graphene and its few-layer, nodal point semi-

metal, Dirac semimetal and others) has reported same β = 1 scaling (like thermionic surface emis-
sion) at the limit of low temperature T→ 0 (or 300 K). An optical tunneling (or AC FE) model [71]
for both edge and surface emission are shown to have analytical equations: β = 3/2 (lateral emission)
and β = 1 (vertical emission) for a large class of 2D materials. The prediction is benchmarked with DFT
simulation and an experiment using graphene as cathode. Both β = 3/2 (lateral emission) and β = 1
(vertical emission), which is different from the traditional β = 2 scaling, has been recently verified
experimentally [72]. The β = 3/2 (edge) scaling also agrees with a quantum model based on Bardeen
transfer Hamiltonian formalism for graphene [73]. Finally, by combining the effects of thermal and FE, a
scaling of β = 3 is also shown for 3D Dirac and Weyl semimetals [74], which is yet to be verified exper-
imentally. Combining PE and TE, a thermal-photo combined emission model [75] for graphene is in
reasonably good agreement with the recent experiment [76]. For thermionic cathode operating at high
current regime [77], space charge effects are important [78]. However, the transition from the pure TE
models for 2D materials to SCLE is yet to be constructed. In terms of other applications, 2D materials
based thermionic cathodes will have the potential to be compact thermionic-based solar and thermal
energy converters [5, 6, 15, 79].

Concluding remarks
These models are not only important for basic emission physics, but also as charge injection models to
determine the electrical contact resistance, which is one of the key issues in using 2D materials in engin-
eering devices. The analytical scaling of emission models for 2D materials can be readily implemented
as sources of electron injection in simulation tools, such as particle-in-cell (PIC) code, EDA tools, and
electron gun code used in many areas. These findings will encourage more developments in both for-
mulation and experimental verifications of electron emission for other quantum materials to be studied.
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Multi-dimensional models (beyond the 1D models presented here) must be developed to include prac-
tical effects such as variation of WFs, surface roughness, non-uniform emission and effects of impurities
or dopants. It is also likely that a general emission model of 2D materials to account for field, thermal
and photo-emission in a single framework can be constructed at least numerically. Finally, among the
emission process, photo-electron emission under light-excitation on different 2D materials is relatively
less explored. Due to high WF, a pure graphene is not suitable for efficient TE, thus engineered graphene
surface with lower WF is needed.
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Status
Engineering the surfaces of TEC electrodes is a potent yet underexplored strategy for improving device
performance. Surface engineering in this context refers to processes aimed at altering the surface topo-
graphy of the electrode, employing techniques such as laser surface processing, plasma etching, and
chemical deposition. There are two primary approaches through which surface engineering can boost
TEC performance. The first is to enhance emission through microstructured emitters. Introducing sharp
microscale features to the emitter surface increases the effective emitting area and lowers the local poten-
tial barrier at the features’ apexes due to geometric field enhancement. This modification can lead to
field-enhanced TE (via Schottky barrier lowering) and improved current density. The second approach
focuses on reducing electron reflection at the collector. Modifying the collector surface to reduce electron
reflection enhances its ability to absorb incoming electrons and decreases the buildup of negative space
charge (NSC) by minimizing the number of electrons returning to the interelectrode gap. While studies
on both methods have shown promising results, significant gaps remain in experimental validation and
computational simulation, which are crucial for assessing feasibility and optimizing designs.

Microstructured emitters: Microstructured emitter surfaces have been extensively studied in FE applica-
tions, where sharp tips enhance local electric fields and facilitate field-enhanced TE due to the Schottky
effect [63]. In TECs with sub-micron vacuum gaps where the potential profile between the electrodes is
almost a straight line (as shown in figure 5(a)), similar microstructures can theoretically enhance TE by
increasing the local electric field and reducing the potential barrier at the emitter surface, as shown in
figure 5(b). Although TECs operate at much lower voltage biases than field emitters, the small interelec-
trode distances result in appreciable electric fields even at lower voltages, allowing for some degree of
Schottky barrier lowering. In the Richardson-Schottky framework, the field enters through a barrier
reduction φ ∝

√
E, so the emission enhancement is not linear in E but occurs through the exponen-

tial factor J= AT2 exp [−(φ −∆φ)/kBT] (equation (1) in [80]). For TEC-relevant field in microgaps
(E ∼ 105–106 V m−1), ∆φ is typically only ≈0.01–0.04 eV, indicating that Schottky lowering is often a
secondary effect relative to surface-area enhancement [80]. However, in TECs, maximum power output
is typically achieved when the emitter and collector are held at similar potentials, minimizing the electric
field between electrodes and thus limiting the influence of Schottky barrier lowering. Consequently, the
primary benefit of microstructures in TECs may be the increase in effective emitting surface area rather
than field enhancement effects. The current density is increased proportionally to the increase in surface
area, and, therefore, the power density of the TEC is also increased. Computational and analytical stud-
ies have highlighted the significance of surface area enhancement [80, 81], although some experimental
investigations have overlooked this aspect [82].

It is important to note that increasing the emitting surface area also intensifies near-field thermal
radiation between the electrodes when the gap distance is less than the characteristic thermal wavelength
[83, 84]. Therefore, near-field radiation’s simultaneous increase with power density means that the
microstructures’ effects on efficiency are limited.

Reducing electron reflection at the collector: Reducing electron reflection on the collector has received
less attention despite potentially being the cause for discrepancies between experimental results and the-
oretical predictions of TEC performance. Electron reflection can contribute to NSC buildup by returning
electrons to the interelectrode gap. The nature of electron reflection—specular versus diffuse—is crit-
ical in this context [83]. Specular reflection sends electrons directly back into the gap, exacerbating NSC,
whereas diffuse reflection reduces the likelihood of electrons re-entering the gap, as some of their kinetic
energy perpendicular to the collector surface is dissipated. Both surface roughness and microstructural
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Figure 5. (a), (b) Energy diagrams showing the expected potential profile (a) before the addition of emitter microstructures,
and (b) after the addition of emitter microstructures, where e is the unit charge, V is the applied voltage, D is the plane-to-
plane interelectrode gap distance, ϕ i is the electrodes’ WFs, µi is the electrodes’ Fermi levels,ψ i is the electrodes’ poten-
tials, andψm is the maximum potential. Subscript i= E stands for the emitter and subscript i= C stands for the collector.
Reprinted (figure) with permission from [81], Copyright (2024) by the American Physical Society.

disorder (e.g. nanocrystallinity) can promote diffuse reflection [85, 86]. For instance, cesiated nanocrys-
talline Cr films absorb about 96% of low-energy electrons, compared with 79% for epitaxial Cr(110)
films (a ∼ 17% percentage-point increase in absorption), even though their macroscopic roughness is
similar [86]. Thus, tailoring collector surfaces whether by introducing controlled roughness, suppressing
crystallinity, or applying low-WF coatings, offers a promising route to mitigate NSC and enhance TEC
performance.

Current and future challenges
Although previous investigations of surface engineering have offered valuable insights into its ability to
improve TEC performance, future studies are needed to fully realize the benefits of electrode surface
engineering in TECs. One of the main challenges is experimentally validating the effects of microstruc-
tures on the emitter surface under actual TEC operating conditions. Most studies measure the impact
of microstructures under high electric fields akin to FE scenarios and extrapolate the results to TEC
conditions [82, 87]. This approach does not adequately decouple the effects of increased surface area and
Schottky barrier lowering, making it difficult to develop accurate theoretical models.

Designing experiments that simulate TEC conditions with microstructured emitters and collectors
separated by microscale gaps is necessary to obtain reliable data for model validation. However, main-
taining a microscale gap while ensuring a significant temperature difference between the emitter and col-
lector is challenging due to increase of near-field thermal radiation at small scales [88]. This radiation
can lead to unwanted heat transfer that affects the temperature gradient essential for TEC operation.
Moreover, current mathematical models may not account for NSC buildup between individual surface
features, highlighting the need for comprehensive computational simulations to better understand these
effects. Similarly, the unpredictability of electron reflection adds complexity to optimizing the collector
surface. The influence of surface topography, crystal structure, and material properties on electron reflec-
tion is not fully understood, necessitating further experimental and computational studies.
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Advances in science and technology to meet challenges
Recent advancements in materials science and nanofabrication technologies are paving the way to over-
come challenges in TEC electrode surface engineering. For emitters, techniques like CVD enable the
growth of vertically aligned carbon nanotube arrays and the integration of graphene or other 2D materi-
als, which reduce WFs and enhance TE. Patterning metals such as tungsten into nanostructures via elec-
tron beam lithography creates sharp tips that boost local electric fields. Emerging methods like additive
manufacturing and 3D nanoprinting allow the production of complex nanostructures tailored for max-
imum emission while mitigating unwanted thermal radiation.

For collectors, reducing electron reflection is achieved by surface modifications that promote dif-
fuse reflection and enhance electron absorption. Techniques such as plasma etching and laser texturing
introduce nanoscale roughness [89], while thin films of low WF materials like cesium or alkali metal
oxides can be applied via atomic layer deposition. Utilizing materials with low secondary electron emis-
sion coefficients, such as titanium nitride or boron-doped diamond, further minimizes NSC effects and
improves collector performance.

Advances in computational modeling and ML are critical for optimizing these engineered surfaces.
Quantum mechanical simulations predict material properties to guide electrode design, while multiphys-
ics simulations provide insights into the interplay between electron emission, heat transfer, and struc-
tural stability. ML algorithms expedite the exploration of vast design parameters, predicting performance
outcomes based on simulation and experimental data. By leveraging these technological advancements,
researchers can design electrodes with tailored surface structures and compositions that significantly
enhance TE and reduce electron reflection, bringing TEC technology closer to practical applications in
high-efficiency energy conversion.

Concluding remarks
Electrode surface engineering holds significant promise for enhancing TEC performance, yet substantial
knowledge gaps remain. Both strategies—implementing microstructured emitters to increase surface area
and reduce potential barriers and modifying collector surfaces to minimize electron reflection—require
further experimental validation and advanced computational modeling to optimize their practical imple-
mentation. Addressing these challenges could lead to significant improvements in thermionic energy
conversion efficiency and power density, potentially making TECs more viable for practical applications
in waste heat recovery, concentrated solar power (CSP), and other areas where high-temperature heat
sources are available.
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Status
The conventional definition of WF is the minimum amount of thermodynamic work required to remove
an electron from inside of a solid and place it at rest at a point in free space, positioned ideally at infin-
ity, outside the surface [90]. In practice, the WF is the energy difference between the VL and the Fermi
level (FL), being an intrinsic surface property of a material. The WF is very relevant in phenomena
involving electron transfer between different materials in contact, or from a material to a vacuum [91].
The main applications in which WF plays a critical role are TE and photoelectric effect, which determine
the amount of the emitted electrons [18], as well as in the FE, which determines the amount and dir-
ection of emitted electrons in the presence of a strong external electric field. In addition, WF is a good
indicator of the surface energy and the electronic structure of materials, revealing important information
on surface properties such as adsorption, corrosion, catalysis, etc [90].

The growing interest in green energy storage devices (PV and thermionic) has attracted the attention
of many researchers to the development of low WF devices. The study of the WF can be carried out by
theoretical calculations [92, 93, 94], however, the experimental approach is preferred since its value is
not fixed, for a given material, but depends on various factors such as surface chemical composition,
structure, roughness, geometry, local charge distribution, etc.

Basically, the characterization techniques can be roughly classified in two categories, the first based
on electron emission processes and the second based on the comparison between the WF of various
materials [91]. The most popular techniques are: (1) TE: the WF is measured by providing thermal
energy to the material. When sufficient thermal energy is provided to remove electrons from the surface,
an electron current is induced and can be measured. This method is described by the RLD equation. It
is possible to extrapolate the WF value by measuring the temperature and thermoionic current density
and fitting the RLD equation to experimental data [18]. This method can be used to study the WF of
many metals (e.g. W, Mo and Ta) and compounds (e.g. LaB6, BaO and BaF), however, they must be
characterized by a high-melting-point and discrete robustness at high temperatures since a sufficient
electron current emission occurs at high temperatures (>1000 K); (2) FE: the electrons are removed
by tunneling as a consequence of applying a strong electric field. The emission current is proportional
to the intensity of the electric field, as described by the FN equation, which includes current density
and WF [93]. In practice, WF is calculated by measuring the FE current and the applied voltage. In
this method, the materials should be shaped into a sharp tip, to enhance the FE [92]; (3) photoelec-
tron emission (PE): this method is based on the photoelectric effects, namely photons excite electrons
from the outer electronic levels. The WF is calculated using the cut-off threshold in the spectrum (e.g.
UPS) [90, 95]. PE can be performed to investigate electrical conductors (e.g. Ag, Ag, Cu, etc) and semi-
conductors (e.g. Si, GaAs, etc), while it cannot be used to investigate bulk insulators, as the charging
effect hinders emission of photo-electrons; (4) contact potential difference: it relies on the electrostatic
potential difference that occurs when two dissimilar conductive materials, in thermal equilibrium, are
brought in contact or electric connection. It is a non-destructive method to investigate WF, in which a
conductive probe (reference) is into contact with material whose WF is to be determined. (e.g. Kelvin
probe force microscopy-KPFM) [96].

For a comprehensive comparison of WF characterization techniques—covering advantages, limita-
tions, and representative material systems—the reader is referred to [96, 97]. Generally, these characteriz-
ation techniques have advantages and drawbacks in monitoring the WF value, depending on the material
and the type of information required (e.g. local or average WF). However, the most popular character-
ization techniques are recognized to be UPS and Kelvin probe; UPS is considered more reliable for cal-
culating the absolute WF, while KPFM is faster and more cost-effective technique [98]. Both techniques
are surface sensitive, able to investigate few layers of the materials, up to 1 nm. As it concerns UPS, it is
generally assembled in apparatus dedicated also for XPS or Auger electron spectroscopy (AES). This is a
very powerful tool for characterizing materials, because it allows the WF value to be linked to the surface
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Figure 6. Typical UPS spectrum of reference gold foil, acquired using our apparatus equipped with a He I source (hv= 21.2 eV).

chemical composition. This can drive research activities towards the optimization of the WFs by identify-
ing the best conditions for improving the surface properties of the materials by etching or thermal treat-
ments or by covering them with other materials. For this reason, the rest of the article will be focused
on exploring the methodology and results obtained by UPS and XPS techniques.

Current and future challenges
UPS is a relatively simple technique in which a He lamp is used as a source of photons to excite pho-
toelectrons. Two photon energies can be selected from this source: hν = 21.2 eV (He I) and 41.2 eV
(He II). The investigations of the WF are generally performed using the He I line, while He II line is
generally used to study the VB structure. Figure 6 shows a typical spectrum (He I line) acquired from a
pure gold (99.9 wt%) reference foil. This spectrum can be divided in three zones: (1) VB emission; (2)
inelastic scattered electrons; and (3) secondary electrons threshold (or secondary cut-off).

In the He I spectrum of a grounded conducting metal, the position of the FL can be found at the
zero point of the binding energy scale. While the WF is calculated by measuring the energy of the cut-
off, and applying the formula (6):

WF (φ ) = hv(He I)− Ecut-off. (6)

Using to this formula, the WF of many metals and semiconductors can be calculated. However, this
technique is not applicable to insulator, because the positive charge created on the surface of the sample
by the PE process cannot be neutralized, compromising the spectrum acquisition. Fortunately, this phe-
nomenon is avoided in the study of metals and semiconductors, because the sample is in electric contact
with the apparatus by a metallic clip.

However, there is another important detail to consider during an UPS measurement, namely, the
low kinetic energy cut-off of the apparatus overlaps with the energy cut-off of the sample, which com-
promises the WF detection. In order to avoid this contribution, a negative bias voltages is applied to the
sample. In this way, different bias are applied and the WF is extrapolated at 0 V of bias from the Ecut-off
vs V1/2 plot, since the WF depends on the bias as a quadratic function (figure 7) [99].

The combined use of UPS and XPS characterizations was successfully employed to minimize the
WF value of borides and nitrides coatings for applications in the cathodes of thermoionic- PV device
[100]. The analyses revealed that the coatings were characterized by the presence of oxy-borides and oxy-
nitrides, as well as by a no-stoichiometric composition, showing an excess of metals. Coatings with low
WF in the range 3.2 ÷ 3.4 eV were produced by adjusting the deposition parameters and increasing the
concentration of borides and nitrides in the coatings [101]. Further reduction of the WF up to 2.8 eV
was achieved by deposition using a femtosecond laser beam, which induced the nanostructuration of the
boride films. Interestingly, the obtained value was comparable to that obtained by thermionic character-
ization (WF = 2.6 eV) [45].

In our studies, we have recognized that the thickness of the deposited coating is an important para-
meter when a surface dipole is formed that must be considered in the design of the device, as it strongly
affects the absolute WF value. This was evidenced by the investigation of barium fluoride and scandium
oxides. The obtained results showed that the lowest WF was achieved with a thickness of the film of
2 nm, WF = 2.0–2.7 eV for barium fluoride and scandium oxide, respectively [102, 103]. Interestingly,
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Figure 7. (a) Comparison of He I spectra of reference foil gold acquired using our apparatus and applying a bias of 0 V,−2 V,
−5 V and−10 V; (b) Ecut-off vs V1/2 plot.

a further decrease in thickness leads to an increase in the WF value, giving rise to a characteristic curve.
This phenomenon can be explained by considering that for ultra-thin films, the contribution of the sub-
strate to the WF becomes dominant [102].

Advances in science and technology to meet challenges
A further development of the electron spectroscopies (UPS and XPS) for the investigation of the WF
could involve the study of materials at temperature above the room temperature, at which spectra are
usually collected. In this way, the obtained values could be comparable with those obtained by the ther-
mionic method, and it would eventually be possible to understand how degradation mechanism can
damage the materials. For instance, this is of particular interest in the investigation of the perovskites.
It is well known that they are very sensitive to the increase of the temperature and tend to degrade at
relatively low temperature (∼150 ◦C), which is a drawback when using them for PV devices. Thus, in
this case, the electron spectroscopies may help in the preparation of much more robust perovskites.

Concluding remarks
The growing interest in the development of devices characterized by materials with low WF has focused
attention on the method used to detect it. Among all the characterization techniques, UPS offers a ver-
satile and sufficiently accurate method to calculate WF value. Moreover, by combining UPS with XPS or
AES, it is possible to study how to modify the deposition parameters to optimize the WF value.
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Status
Cesium-based thermionic energy conversion devices achieved ∼10 W cm−2, up to ∼15% efficiency, and
up to 5 year lifetime in the 1960s. However, the capabilities and challenges of cesium-based thermionic
devices appear underappreciated in contemporary literature. Recently, Campbell et al proposed criteria
for practical thermionic conversion, requiring at least >1 W cm−2 and therefore in practice emitter
temperatures >1300 K [5]. Cesium-based thermionic devices have routinely met these criteria, and as
described here can form a solid baseline for future efforts in thermionic conversion.

In a TEC, electrons evaporate from a hot electrode, the emitter, into a vacuum gap and are col-
lected by a cooler electrode, the collector, to generate electric current (figure 8(a)). Two elements are
essential for practical thermionic energy conversion: (1) a method to mitigate space charge in the gap,
and (2) low electrode WFs for practical operating temperatures. Cesium historically performed mul-
tiple roles in thermionic devices. Electronic space charge could be mitigated by a cesium plasma requir-
ing as low as a ∼0.5 eV overpotential across the gap, while WF of electrodes in cesium vapor is to first
order solely dependent on the ‘bare’ WF of the electrode and ratio of its temperature to the temperat-
ure of a cesium reservoir, figure 8(b) [104]. Subsequent work proposed tighter predictions using cesium
pressure [105], although neither set of correlations capture WFs across the full coverage range. Due to
this dynamic cesium coverage, the bulk emitter and collector electrodes could be selected for Cs com-
patibility and long-term stability, and today, as in 1967, ‘no fundamental life limiting mechanism for
thermionic converters is presently known’ [106]. Ground-based testing demonstrated over five year life-
time with a 1700 ◦C emitter and 800 ◦C collector [107], while nuclear thermionic TOPAZ satellites from
the USSR provided several kilowatts of electrical power for up to one year in space [108]. Characteristic
ranges of performance are shown in figure 8(c) [106].

Despite these successes, cesium-based thermionic devices have seen challenges moving beyond this
historical performance. As described in the following sections, developments in materials, fabrication,
and computational capabilities in the intervening years create opportunities to improve upon these
proven Cs-based devices.

Current and future challenges
The high-level performance of thermionic devices is often characterized by the ‘back voltage’ VB (also
called ‘barrier index’), which is the sum of the collector WF and required voltage in the gap required to
mitigate space charge, shown schematically in figure 8(a). Historical Cs-based back voltages were on the
order of ∼2–2.2 eV, with associated emitter temperatures >1400 K, figure 9(a). Improving thermionic
devices requires (1) reducing the voltage required to mitigate space charge in the gap and/or (2) further
reducing the collector WF. This section is focused on space charge; selected methods for WF reduction
appear elsewhere in the roadmap and/or will be briefly outlined in the following section.

Several techniques have been suggested for reducing the voltage required for space charge mitigation
below the historical ∼0.5 eV. For instance, both temporally varied (e.g. pulsed diodes or triodes) and
spatially varied (e.g. ‘hybrid mode’) plasma concepts have been proposed [109, 110]. Development of
advanced plasma-based mitigation has been difficult in part because formulating complete descriptions
of the plasma was challenging. As shown in figure 9(b), while literature models can adequately agree
with experimental current–voltage (IV) curves in technologically relevant regions to guide conventional
plasma diode design, these models nonetheless diverge from experimental data beyond the ‘transition
point’ where plasma cannot be sustained, which is also the voltage region where advanced plasma meth-
ods would be expected to operate. Other areas important for performance such as an imperfect correla-
tion of output voltage with independently measured collector WF have also been suggested in literature
to be related to factors not always included in standard plasma modeling, for instance back emission or
negative ion emission [111].
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Figure 8. (a) Operating principle of thermionic energy conversion. Essential elements are low work function electrodes and a
method to mitigate space charge in the gap with minimal voltage loss. (b) ‘Rasor plots’ of work function vs ratio of electrode to
Cs reservoir temperature. Dots are experimental data. Lines are updated correlations courtesy of J. McVey using 416 K reference
as in [104]. (c) Historical plasma power density and efficiency from [106].

Figure 9. (a) Efficiency vs emitter temperature and barrier index. Radiation and lead resistance are included in the solid lines.
Conductance of 10 mW cm2K−1 is included in dashed lines. (b) The divergence of theory in the plasma ‘obstructed mode’ has
remained unexplained. Electrode work functions are chosen manually for illustration to emphasize divergence in the obstructed
mode compared to [105]. (c) Plasma curves with reservoir optimized from [105] compared to microgap fits∼2–3 and∼3–4 µm.
(d) Long-duration PIC simulations with highly simplified and accelerated ionization and recombination showed surprising time-
dependent behavior.

Another well-known route to mitigating space charge is to reduce the gap size to a few microns or
less. In contrast to plasma devices, modeling of microgap systems is well addressed in literature, includ-
ing complicating factors like electron reflection [83], back emission from the collector, or ion emission
from the emitter [105], which can become important at high temperatures. It should be appreciated
that in microgap devices, space charge in the gap tends to control current flow above a threshold emis-
sion, and operation is only mildly dependent on emitter WF below a threshold value. An effective gap
electrical resistance can be estimated by examining the slope of the current–voltage curve at the ‘crit-
ical point’, the crossover between the space-charge-limited regime and the retarding regime, where the
maximum motive is just outside the collector. In the limit of high injected current, the gap electrical
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conductance can be written as:

dJ/dV = ξ crit
2ε0(kTE/2π me)

1/2/d2, where ξ crit = 2.55389. (7)

It can be illustrative to compare this simplified relation to the well-known Child’s law which calculates
the limiting current vs accelerating voltage while ignoring thermal effects:

dJ/dV = 2 ε0/3 (2 qeV/me)
1/2/d2. (8)

The primary difference between equations (7) and (8) besides numerical prefactors is that the Child
Law’s total accelerating energy qeV has been replaced with the emitted electron’s thermal energy ∼kTE.
Gap electrical resistance is weakly dependent on temperature but depends strongly on gap size.

This gap resistance illustrates a central challenge with the microgap approach compared to plasma.
According to equation (7): at 1 µm and typical emitter temperatures, apparent resistance in the gap
is ∼0.003 Ω cm2, while at 10 µm, it is ∼0.3 Ω cm2, too high considering current densities in plasma
devices are often ∼10 A cm−2. For comparison, figure 9(c) features reference plasma data that have
been optimized for Cs reservoir temperature with mechanically straightforward gap sizes of ∼127 and
254 µm [105]. If fitted with microgap theory, these curves are equivalent to gap sizes of ∼2–3 µm and
∼3–4 µm, respectively, with an effective collector WF corresponding to the back voltage ∼2.1 eV. As a
result, substantial improvements over plasma-based require microgap sizes in this same range, ∼1–4 µm.

Cesium-based microgap approaches also tend to feature larger parasitic heat pathways compared to
plasma-based devices, such as an increase in Cs convection due to ballistic transport as well as thermal
conductance of structural materials like micron-scale ceramic spacers. These parasitic heat flows imply
that a microgap emitter may operate at a lower temperature than in a plasma device in the same envir-
onment, partially mitigating improvement in performance from reduction of VB, figure 9(a). More gen-
erally, a thermionic converter should be designed within the context of the application’s thermal envir-
onment: while current–voltage results in literature are typically reported at a constant temperature, the
choice of current output—and thus the heat carried by electrons—can have a substantial impact on the
emitter’s temperature [112]. Parasitic pathways combined with practical operating temperatures tend to
push the microgap approach to target even smaller gap sizes to maximize heat carried by electrons.

Historically, achieving such small gaps was challenging due to the large length scale difference
between a ∼µm gap size and typical thermionic electrodes (∼cm scale) using conventional machining.
Prior work relied on thermal expansion effects or ceramic spacers to achieve gaps on the order of 10 µm
[113, 114], see section 9 in this roadmap.

Advances in science and technology to meet challenges
Today, advances in science and technology are poised to meet these challenges. For plasma operation,
advances in computation could yield large progress in modeling, while advances in microfabrication
make micron-scale gap sizes realistic. In addition, further improving barrier index via collector WF
reduction could be enabled with new materials approaches and deposition techniques.

Plasma modeling: Moving beyond demonstrated plasma performance has been hampered in part due to
a lack of full description of plasma behavior, notably including a failure of models to adequately cap-
ture the ‘obstructed’ mode in standard current–voltage characteristics, figure 9(b). Fundamentally, this
challenge is in part due to the vastly different timescales associated with the various processes in plasma-
based devices, such as multi-step ionization and electron and ion transport, resulting in model simplific-
ations in literature. Dramatic increase in computational power could now allow for a much more com-
plete treatment of plasma processes, for instance using PIC codes. Lietz and colleagues performed kinetic
simulations of cesium vapor thermionic converters that included tracking of 52 excited states of Cs in
part to examine ionization and recombination processes [115]. Large differences in excited state popu-
lations were found compared to thermalized models used in literature, although it should be noted that
the simulations did not reach steady state, which could have suppressed excited state populations. These
simulations should be continued with much longer duration to reach steady state.

Long-duration PIC calculations have been performed using ionization/recombination models that
were highly simplified and dramatically accelerated, allowing simulations to be run for long durations.
In the ‘ignited’ regime believed to be well-captured by conventional modeling, the calculations showed
oscillatory behavior in the output current and emitter sheath with periods up to 100s of ns, timescales
that appeared to correspond to transport of cesium ions, figure 9(d). Existence of time-dependent effects
is supported by unpublished work from J. McVey at Rasor Associates that examined comparatively large
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gaps and low cesium vapor pressure, effectively slowing plasma dynamics. In these experiments, an unex-
pected oscillatory behavior was recorded in the ‘obstructed’ regime between modes that featured (1)
exponentially decreasing current with voltage, essentially matching the ‘model’ curve in figure 9(b), and
(2) a negative resistance state. At more typical spacings and pressures, fast oscillatory behavior would
likely be effectively averaged, which could give rise to the stereotypical IV curve shape.

These results suggest time-varying operation could potentially capture the full plasma IV curve: as
voltage moves closer to the transition point, oscillations in the emitter sheath grow larger. Beyond a
transition point, these oscillations become so large that plasma cannot be sustained, and the device rap-
idly drops out of the ignited mode. Recent fundamental work on plasma diodes by Campanell and col-
leagues considered the importance of backflow of electrons from the plasma on the potential near the
emitter surface. In certain circumstances when the total plasma length was in an intermediate regime
of a few electron mean free paths (common in cesium plasma diodes), oscillatory behavior was shown
to develop, suggesting this behavior may be representative of a general property of plasma-surface
interactions [116].

To confirm this hypothesis, previous PIC calculations should be repeated to ensure that time-
dependent behavior was not indirectly introduced by model simplifications. If confirmed, these results
could solve longstanding problems in thermionic analysis via incorporation of time-dependent effects
and could enable successful description of proposed advanced modes of operation. Work in this area
should first extend the work of Lietz, ensuring that detailed simulations of ionization and recombination
reach full steady state. Results of these detailed simulations can then guide development of simplified
but theoretically grounded models for processes like ionization and recombination, for instance by col-
lapsing the number of excited levels in Cs. These reduced models can then be used for long-duration
simulations that can examine both standard plasma as well as proposed concepts for further improving
performance. These PIC results can then feed back into more rapid calculation approaches.

Microgap fabrication: Advances in microfabrication make it much more feasible to form micron-scale
gaps. Recent progress in microgap devices was reviewed in Campbell et al in 2021. MEMS-inspired
designs using mixed oxide low WF coatings resulted in proofs of principle measurements [117, 118].
More recently, by microfabricating ceramic spacers between electrodes, Cs devices with gap sizes of tech-
nical relevance (<4 µm) have been experimentally demonstrated with power outputs >1 W cm−2 [119]
that meet the Campbell criteria [5]. While mechanical stability of spacers and electrodes remain import-
ant design considerations, primary goals for continued work in this area should be to (1) further reduce
gap sizes, (2) increase operational temperature if the application can accommodate it, and (3) minimize
spacer thermal conductance.

As shown by Campbell et al, reducing spacer thermal conductance below ∼10 mW cm−2 K is critical
for overall performance [5]. Careful and reliable experimental determination of spacer thermal conduct-
ance is therefore of upmost importance.

Low WF materials: Several methods to effectively reduce WF appear elsewhere in this roadmap. A broad
class of techniques (PETE, combined thermionic and PV effects, back-gating graphene, etc) exploit a
decoupling of the WF coating at the surface (electron injection) from the relevant FL in the bulk mater-
ial or contact (electron extraction). Many of these methods for effective WF reduction can be compatible
with cesium-based devices. Here we briefly touch on methods to further improve the WF coating at the
surface.

Historically, reducing collector WF in plasma-based cesium devices was focused on incorporating an
electronegative element, most commonly oxygen, which is well known to result in WFs with Cs in UHV
environments ∼1 eV. Challenges with this approach have involved stabilizing oxygen; desired vapor pres-
sures for oxygen-containing species are usually orders of magnitude lower than Cs pressure. It should
be noted that most literature explorations of Cs–O-based devices were performed prior to the develop-
ment of advanced deposition techniques like ALD, which could greatly expand the possibilities of prac-
tical coatings. Rasor and colleagues reported success in stabilization using a combined oxygen-cesium
reservoir based on porous nickel, resulting in a back voltage of ∼1.8 eV and efficiency of 20% [120].
WFs as low as 0.95 eV have been reported in Cs devices, levels that were proposed to be related to the
development of ordered graphite/graphene layers [121]. If these results are replicated and shown to be
compatible with either advanced plasma mitigation or microgaps, such WFs could enable efficiencies
approaching 40%, figure 9(a).

Recent theoretical results also suggest potential advances for Cs-based devices. Chou and colleagues
successfully simulated the WF of metals with Cs coverage using DFT and developed an orbital overlap
model based on their results [122]. A promising program could combine this orbital overlap model with
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the simple correlations on WF shown in figure 8(b), with the potential to fully describe WF behavior
across the full coverage range. Another promising area to examine is the influence of Cs coverage on
DFT-predicted materials with ultra-low or ultra-high WFs—see section 12 in this roadmap.

Concluding remarks
Cesium-based devices remain the high-water mark in terms of thermionic conversion power density
and reliability, and the author proposes these devices should serve as a baseline for future efforts. While
it was historically challenging to improve upon these devices’ performance, advances in computation,
microfabrication, and materials strongly motivate revisiting this highly power dense technology.
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Status
One of the issues hindering the performance of thermionic devices is the formation of a cloud of elec-
trons between the cathode and the anode. This phenomenon called space-charge effect, impedes the
flow of electrons emitted by the cathode and prevents it from reaching the anode which in turns reduces
the power production. Historically a Cs plasma has been used between the two electrodes to effectively
reduce the space charge-effect but it resulted in a reduced overall system efficiency (reduced by 30%–
50%) [5]. This reduction comes from the inherent power loss required to sustain the plasma as well as
the plasma impeding some of the electron flow. As a result, those systems need to operate at high tem-
perature to be efficient [109]. Other solutions to mitigate the space-charge effect includes the introduc-
tion of a grid in the gap, to tune the electric field in the gap and accelerate the flow of electrons has also
been shown to be efficient in preventing the formation an electron cloud. However, similarly to plasma-
based solutions, this approach requires power to function which negatively impacts the system efficiency.
Section 6 of this roadmap also presents a way to address the space-charge effect problem by modifying
the collector surface to decrease the number of electrons being reflected into the interelectrode space
which could otherwise participate to the formation of a cloud of electrons. The most conceptually simple
solution, by comparison to the solution mentioned above, consists in maintaining a micron-sized gap
between both electrodes in high vacuum conditions. Indeed, both theoretical and experimental works
showed that reducing the inter-electrode gap to less than 10 µm can reduce the space-charge drastically
as the limited interelectrode space prevents electrons from interacting with each other to form a cloud
[123]. Maintaining this inter-electrode gap can be achieved through piezoelectric actuators or MEMS
but both of these solutions rely on external structures that can be sensitive to thermal stress and have
been limited so far to small active areas. By contrast a spacer-based approach, where a material is inter-
calated between the electrodes, is an effective way to maintain the inter-electrode distance, without addi-
tional energy consumption and has the potential to be scaled up to bigger areas. The first use of spacers
in a thermionic converter was reported in 1963 by Beggs [124] who used three pieces of molybdenum
foil on ceramic inserts to maintain a gap under 6 µm. Since then, spacers have taken many shapes:
they can either be directly fabricated onto one of the electrodes through microfabrication techniques to
obtain pillars of various designs (pyramids, columns) or be free standing (foils, rings, corrugated films).
Figure 10 illustrates the current state of spacer based thermionic converters by showing the maximum
emitter temperature reported in thermionics experiments (i.e. measured in each specific experimental
setup) using spacers as a function of the area of the device, as well as the value of the inter-electrode gap
(labels) and the spacer material (colors). The data presented in figure 10 were extracted from a review
including both spacers for thermionics and thermophotovoltaics (TPVs) [125]. A division has been made
between works focused on measuring the thermal resistance of the spacer and works where the spacer
has been included in an actual thermionic device. A large range of temperature has been explored but
only two reports achieved an area over 1 cm2. As seen on figure 10, only two reports measured a ther-
mionic current for temperatures above 1500 K which is the temperature around which thermionic con-
verter could reach high efficiencies [5]. Most works achieved an interelectrode gap below 10 µm which
is enough to limit the space-charge effect (see also section 8 of this roadmap) and above 500 nm, under
which near-field radiative heat transfer could be prevalent and represent an important source of loss [5].

Current and future challenges
As seen in figure 10, most of the gaps achieved in thermionic devices are greater than 5 µm. This is
coherent with previous works that claimed that the optimal inter-electrode distance is in the range of
a few microns to fulfill a trade-off between the reduction of the space charge and the apparition of
near-field thermal radiation that represents a source of heat loss to the system [123]. However, recent
publication accounting for nanoscale charge and thermal interactions predicts optimal distances in the
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Figure 10.Maximum temperature of the emitter as a function of the area of the device, the label of each marker indicates the
gap distance (in µm). A distinction is made between actual thermionic devices and works focused on the characterization of the
spacers without achieving a device, data extracted from [125].

sub-micrometric range [79], meaning that efforts remain to reduce the inter-electrode distance and fur-
ther enhance the performance of the thermionic generator.

Currently, a few spacer designs have been used to realize the inter-electrode gap in thermionics
devices. A few of them were characterized for thermal resistance first and later introduced and tested
in operational devices [119, 126–128]. Approaches used in thermionic devices are presented in figure 11.
So far, only posts and beads have been employed to achieve nanometric scale inter-electrode distances
applied to TPVs [129–131] but the corrugated film presented by Nicaise et al [128] and Campbell et al
[119] can be potentially scaled down. Spacers should meet additional requirements such as exhibit-
ing a high thermal resistance to minimize the parasitic conduction of heat between the electrodes, and
being electrically isolating to prevent short-circuits. Moreover, spacers must be mechanically and chem-
ically stable over repeated cycling at the high temperatures (>800 ◦C) required for TE to avoid potential
failures such as stress induced cracking and diffusion between the spacer material and the electrodes.
External pressure is often applied to the electrodes to correct any bowing which means that the spacer
should be sufficiently robust and covering enough area to prevent breakage and shorting [132]. In this
regard, the surface coverage of the spacer is an important parameter to consider: if it is too high it
can lead to high conduction losses but if it is too low it could potentially weaken the robustness of the
device. The thermal expansion of each component of the generator, including spacers, should also be
considered as deformation could lead to breakage of the spacers and short-circuit [133]. Thermal and
electrical resistances, as well as stability at high temperature, are all key parameters to take into account
when selecting a spacer material. A table listing some of those properties can be found in literature
[125]. All these requirements explain why ceramics such as alumina and silicon dioxide have been widely
utilized as a spacer material but their bulk thermal conductivity remains relatively high compared to
other less explored ceramics which could lead to high conduction losses [125]. Furthermore, the thermal
resistance of spacers has not been heavily characterized in literature and only a few works focused on the
issue (see figure 10) [126, 128, 134]. Finally scaling up the area of the electrodes while maintaining and
reducing the gap is another challenge that remains to be addressed as seen in figure 10.

Advances in science and technology to meet challenges
Current fabrication techniques can achieve features of the order of microns but advances in spacers
applied to thermionics are currently limited because of the poor characterization of the thermal resist-
ance and the limited testing of devices featuring spacers in literature. To address conduction heat losses,
Littau et al [134] have used alumina microspheres to maintain the gap, the distance being fixed by the
diameter of the sphere. They noted that the gap distance was highly sensitive to potential dispersion in
the spheres’ diameters. The minimal contact area of the spheres with the electrodes allowed to increase
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Figure 11. Examples of different spacers solutions: (a) Zirconia posts as presented in [132] (b) Alumina beads as presented in
[16] and (c) Corrugated film as presented in [128, 132]. John Wiley & Sons. {Copyright © 2021 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim}. Reproduced from [134] with permission from the Royal Society of Chemistry. Reproduced from [128].
CC BY 4.0.

the interfacial resistance and reduce the conduction losses. However, these spheres could present a reli-
ability issue because they moved during operation and could potentially create grooves on the elec-
trodes. Belbachir et al [126, 127], extensively studied pyramidal posts made of silicon dioxide to main-
tain a 10 µm gap. They showed that the actual thermal resistance was significantly lower than the one
approximated by a Fourier’s law that considered only the bulk thermal conductivity of silicon dioxide.
This highlighted the importance of characterizing properly the thermal resistance of the spacers to accur-
ately determine the heat losses. When the pyramids had a sharper tip, an increase in thermal resistance
was observed, emphasizing that the design of the spacer can be as important as the intrinsic properties
of the material to reduce heat losses. More recently, Nicaise et al [128] and Campell et al [119] pro-
posed a removable spacer in the form of a corrugated film with a honeycomb pattern made of either
alumina or alumina, hafnia and zirconia multilayers achieving a thermal resistance on the order of
∼100 cm2 K W−1. Simulations showed that a thermal resistance above 100 cm2 K W−1 is a threshold to
reach high efficiencies, consequently the corrugated film spacers are very promising [5]. Current research
shows that to mitigate the conduction losses there are several pathways that are not mutually exclusive.
Developing or implementing materials with low thermal and electrical conductivity such as zirconia or
multilayered ceramics [128, 132, 135] could enable spacers that greatly reduce conduction losses com-
pared to silicon dioxide and alumina that are currently predominant. The design could also be tuned
to further increase the interfacial thermal resistance, for instance, through removable spacers or embed-
ded long posts [136] that have a long conduction path without sacrificing the gap distance but also by
introducing additional rugosity to the contact area [119]. Regardless of the pathway chosen to reduce
parasitic losses, the need for thorough characterization of the spacers remains. To this end, calorimetry
measurements can help characterize the spacer thermal resistance and simulation can help in designing
mechanically robust spacers that limit the conduction [132].

Concluding remarks
Implementation of inter-electrode gap is key to mitigate the space-charge effect and achieve high effi-
ciency and power density. To this end the development of mechanically stable spacer with high thermal
resistance is essential to limit the heat conduction losses inevitably introduced by the spacer material.
Using multilayered ceramics or low conductivity materials and designing the spacers with high interfacial
resistance by introducing rugosity and/or making them free standing could address this issue, as long as
the solution is scalable to bigger areas. However, implementation of spacers requires thermal resistance
characterization as well as testing of the spacers in real conditions of use of a thermionic generator.
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Status
As static heat engines, TECs are viewed as near-perfect thermodynamic machines and are expected to
deliver high energy conversion performance. For example, considering a wide range of predictive stud-
ies from over the decades, an overall power conversion efficiency of around 50% seems to be a good,
albeit ambitious, ballpark to aspire to. However, in practice efficiencies have remained below 20%, and
typically around 10%—values that were already achieved in the mid-20th century (figure 12). Given the
variety of device architectures and operational parameters, it is not possible to attribute this difference
between theory and practice entirely to a single cause, but all indications are that, in vacuum TECs, the
space-charge effect—the opposition to electron emission and transport due to the Coulomb repulsion of
the electrons in the gap between the cathode and the anode—is a major contributor, either directly or
indirectly. Since even a modest improvement to energy efficiency can lead to significant socio-economic
benefits, addressing the space-charge effect emerges as a critical need in TEC research and development.

Current and future challenges
The space-charge effect may be mitigated using various approaches, but the challenge is that an energy
cost is inevitably incurred as a result, which in turn decreases the TEC device’s performance. Plasma-
based TECs incorporate positive ions, most commonly of cesium, in the vacuum gap between the cath-
ode and the anode to neutralize the negative electron cloud [109]. Another method involves employing
a positively-charged grid as a gate electrode. This creates an electric field accelerating the electrons away
from the cathode; a magnetic field can be added to help guide the electrons through the gate openings,
effectively increasing the gate’s transparency to electrons [137]. Although practical, these approaches
come with an efficiency penalty due to the electrical energy required to maintain the plasma or the
gate voltage. Furthermore, both the positive ions and the gate can themselves interfere with electron
transport. A conceptually simpler method to mitigate the space-charge effect is to reduce the distance
between cathode and anode to the micrometer scale and below. However, near-field radiative heat trans-
fer between the electrodes can then lead to significant thermal energy loss.

All the above approaches are nonetheless promising and have seen experimental demonstrations and
systematic progress (figure 12) [5]. More recently, advancements in microgap TECs have been demon-
strated through innovative fabrication techniques. For instance, in one study, photolithography, lift-off,
and reactive sputtering were used to fabricate ZrO2 and Al2O3 microspacers, which were then incorpor-
ated into a thermionic-PV (TIPV) device to assess their practical application [132]. These microspacers
enabled the device to achieve a vacuum gap as small as 3 µm and improved energy conversion per-
formance. This work is also an example of the development of materials capable of withstanding the
high temperatures involved in TECs while maintaining precise design parameters, which is an ongoing
challenge.

Given the trade-offs involved in mitigating space-charge, progress in TECS will ultimately require the
ability to engineer and optimize devices, for example by balancing losses due to the space-charge effect
against interelectrode radiative heat transfer in microgap TECs. This demands a thorough understanding
of the various loss mechanisms at play, which in turn necessitates accurate physical models with quant-
itatively reliable predictive power. The CL model provided a basic understanding of the space-charge
effect in a vacuum diode, and theory has since been developed significantly [138]. In the context of
TECs, increasingly there is a need to incorporate the appropriate space-charge formulations into larger,
all-encompassing models that capture the various pieces of physics at play in a given device. Progress
toward such multiphysics modeling of TECs has accelerated in recent years. An example is the inclu-
sion of space-charge interactions and near-field radiative coupling together with semiconductor phys-
ics in a self-consistent energy balance framework for the analysis of microgap TECs in hybrid energy
converters [139]. Similar calculations have also been carried out for devices incorporating new materials,
such as a sub-microgap cesium-based TEC with a graphene anode [140]. There has also been progress in
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Figure 12. A representation of thermionic energy conversion efficiencies (the ratio of the output power density to the total input
heat flux to the emitter) experimentally achieved for the most common methods of mitigating space charge, compared to an
estimation of what is expected to be possible based on theoritical studies. The filled circles do not represent exact values, but
rough ranges, and their number is an indication of the degree of attention that each method has received. The question mark
represents the lack of experimental data for gated devices.

employing simulation codes from the rich tradition of VED and accelerator physics research in the study
of space-charge in TECs and their optimization [141].

Numerical simulations, such as in the above examples, provide great predictive ability; in general,
such simulations may involve PIC methods for space-charge dynamics, density function theory for pre-
dicting material properties, and finite element methods (FEMs) for thermo-mechanical analysis, but the
need for powerful analytical models is also ever-present, as these can enhance insight and guide inven-
tion and design. Improved models capable of capturing a range of physical phenomena are often crucial
since basic and traditional models may fall short in terms of quantitative accuracy. An example of such
limitations has been the inability to capture the smooth transition between temperature-limited and full-
space-charge-limited regimes, which restricts a model’s applicability to cathodes operating under real
conditions. As a step forward, a unified approach that integrates 3D space-charge effects, patch fields,
and Schottky barrier lowering was developed [142]. This physics-based model enables the prediction of
the emission current from a polycrystalline cathode with known surface grain orientations and WFs, and
provides insights into the relationship between the microscopic structure of the cathode and its emission
behavior.

Advances in science and technology to meet challenges
The last two decades have seen a revival of interest in TECs, and progress has been encouraging and
accelerating. Looking ahead, efforts along several directions appear necessary in order to make TECs into
a viable technology.

The individual material properties of both the cathode and the anode are critical: high-temperature
stability, thermal expansion, thermal conductivity, electrical conductivity, WF, electron reflectivity,
optical emissivity, and the temperature dependence of these properties. There is thus a need for con-
tinued development of new materials and fabrication techniques, as well as improved characterization
methods particularly for measurements at high temperatures, which present specific additional chal-
lenges. On all these fronts, it may be possible to learn significantly from the technologies involved in
mechanical heat engines, which have reached a high level of maturity; for instance, the knowledge of
high-temperature superalloys, thermal barrier coatings, or advanced brazing techniques developed for gas
turbines may help address some of the existing challenges of TECs.
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Figure 13. Simple depiction of a thermionic device with space charge between the cathode and the anode. Methods to mitigate
the space-charge effect add new engineering requirements and physical phenomena to the device or couple existing phenom-
ena with each other, significantly complicating the overall problem. In a sense, space-charge has been a dark cloud hanging over
thermionic energy converters, slowing progress for more than half a century.

Beyond establishing the individual material properties in isolation, it is necessary to study how these
interact and affect each other in a device under operating conditions—where the need to mitigate space-
charge interactions leads to various physical phenomena becoming intertwined (figure 13)—and how to
improve each property while minimally affecting the others. For example, maintaining a microscale gap
at high temperatures imposes requirements on mechanical characteristics, which may have consequences
for other properties.

The advances in materials and fabrication processes in other domains, such as micro/nanofabrication,
present new opportunities for space-charge mitigation. Reduced dimensionality and strong correlations
in nanostructures and quantum materials enable new degrees of freedom to engineer structural, thermal,
electrical, and optical properties; even thermal emission laws in these materials may differ compared to
those in bulk materials, offering possibly advantageous forms of temperature dependence. However, these
opportunities also come with new challenges and call for more advanced characterization techniques.
In this regard, much may be borrowed from the sophisticated characterization techniques employed in
condensed-matter physics research.

As with other electron devices, TEC progress can also benefit from innovative device ideas and archi-
tectures. Using plasmonics, enhancing thermal emission with photoexcitation, and hybridizing TECs with
other solid-state energy converters are examples of such innovations [5]. At its core, thermionic conver-
sion is about electron energy engineering: pumping electrons from a low-energy reservoir to a higher
one with minimal over-excitation (which would ultimately dissipate as waste). An example embodiment
of this goal is the field-emission heat engine [143]. Such energy engineering calls for the application of
advanced electron and photon spectroscopy methods not only for materials characterization, but also for
the in-situ study of the entire device.

On the theoretical side, there is much room for further advancing the existing approaches based on
semi-classical electron emission and transport combined with other physical mechanisms, in both analyt-
ical and numerical domains. At the same time, significant progress in computational physics and chem-
istry, notably in the form of first-principles quantum-mechanical simulations, can enable material prop-
erties by design. Naturally, AI methods can also play an important role in accelerating these theoretical
studies, for instance through data driven surrogate models that capture coupled effects such as space-
charge, materials physics, and radiative heat transfer, enabling rapid multiphysics design and optimiza-
tion, in addition to helping analyze large experimental datasets.

Concluding remarks
Ultimately, from a device engineering point of view, we believe that, regardless of the presence of a
vacuum gap, TECs should be regarded as complex solid-state devices, and designed, characterized, and
studied in the same manner as that of electronic devices used in information technologies—as elab-
orate multiphysics problems that incorporate increasingly more physics using increasingly better mod-
els. In parallel, it will be important not to lose sight of the high-level trends that are better understood
based on simpler analytical models, whose further development and improvement will remain continu-
ally relevant.
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Status
Thermodynamic approaches are indispensable to the advancement of TECs, which are solid-state devices
converting heat into electricity via TE. Due to their simplicity, scalability and high conversion effi-
ciency potential, TECs have drawn significant attention for diverse applications ranging from power-
ing space crafts to electrification of remote off-grid areas. However, various practical challenges such
as space charge effects, thermal management, material limitations, and sub-optimal coupling of energy
conversion processes have prevented TECs from reaching closer to their promising theoretical limit [5].
To overcome these challenges, researchers are using advanced thermodynamic methodologies such as
synergistic integration of multiphysics modeling, material innovation, and hybrid system architectures.
Self-consistent thermodynamic framework that integrates electron transport, radiative heat transfer, and
space charge dynamics, has enabled precise predictions of device behavior under operational conditions
[112]. Iterative computational models coupling charge transport with heat transport have provided
deeper insights into electron cloud interactions and heat loss mechanisms in microscale gaps, inform-
ing photon/electron recycling strategies and spacer optimization. Data-driven techniques such as ML
and computational tools such as the FEM further support these advances, accelerating the discovery of
high-performance electrode materials, thermally stable interfaces, and spacer designs [144]. In addition
to improving TEC efficiency, the integration of these devices with secondary thermodynamic cycles, such
as thermoelectrics (TEGs), TPVs, and Brayton cycle, has emerged as a promising strategy for waste heat
recovery [54]. Laboratory-scale prototypes, such as hybrid systems combined with thermionic convert-
ers, have demonstrated the feasibility of multi-stage energy extraction. These innovations highlight the
potential of TECs to operate in synergy with other energy systems, enhancing overall energy conversion
efficiency. Data-driven techniques and computational advancements could further refine the interplay of
thermal, electrical, and radiative processes, particularly in extreme thermal environments.

Current and future challenges
The main challenges in thermionic-based converters that the thermodynamics approach needs to model
and solve can be categorized into the following broad areas:

• Space charge effects: Space charge effects cause electrons to accumulate in the interelectrode gap, cre-
ating a negative potential barrier that can limit electron flow and thus reduce the overall efficiency of
the TEC. This phenomenon is particularly pronounced in TECs with large vacuum gaps, where the
Coulombic repulsion between emitted electrons becomes significant.

• Thermal management: Efficient heat transfer is critical for maintaining the large temperature gradient
required for thermionic conversion. However, thermal conduction through spacer materials, radiat-
ive losses, and non-uniform temperature distributions can degrade performance. Fabricating micro-
scale mechanically robust and thermally insulating spacers and optimizing thermal balance are key
challenges.

• Material limitations: TEC electrode materials simultaneously require low WF, high electron emission
efficiency and high temperature stability. Achieving all these criteria in a single electrode remains a
long-term challenge in TECs. Moreover, spacers which are used for mechanical support must be made
of materials with low thermal conductivity and high mechanical and electrical integrity.

• Integration with other thermodynamic cycles: The high temperature operation of TECs generates
waste heat that could be utilized in secondary energy conversion cycles. However, designing effi-
cient multi-stage cascade systems that integrate TECs with other thermodynamic cycles, such as
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Figure 14. Self-consistent iterative multiphysics-based thermodynamic computational framework for TEC optimization.

thermoelectrics [16], TPVs [145], or Brayton cycles [146], requires careful thermodynamic model-
ing, precise thermal zoning, and optimization. For example, efficient TPV conversion required spec-
tral matching between emitters and PV cells, thereby complicating the system design. Similarly, the
thermodynamic figure of merit of the thermoelectric device is optimized at a specific temperature
gradient depending on the thermoelectric material properties.

Advances in science and technology to meet challenges
Recent advances in thermodynamic approaches have provided innovative solutions to the above-
mentioned challenges to implementing a high-performance TEC and paving the way for their broader
application. Key developments include:

• Multiphysics-based self-consistent iterative modeling: The operation of a TEC device involves com-
plex interaction among various mechanisms such as space charge effects, thermal balance, and radi-
ative exchange processes. Self-consistent multiphysics based iterative models incorporate space charge
effects, heat conduction or convection, near field enhancement of radiative coupling and electron and
photon recycling to provide a comprehensive framework for optimizing device performance [147],
as shown in figure 14. Such a complex model could provide unprecedented physical insights into the
operational mechanism of the device and its performance optimization.

• Near-field thermal radiation coupling: At sub-micron gap scale, coupling of evanescent electromag-
netic waves which are either generated by frustrated total internal reflection or resonance of surface
plasmon or surface phonon polaritons can significantly increase the strength of radiative exchange
between the TEC electrodes. This is known as the near field effect of thermal radiation. Incorporating
near-field effects into thermodynamic models using fluctuating electrodynamics has provided use-
ful insights into the design of TECs with enhanced radiative coupling [112]. Moreover, while near-
field coupling effect can present itself as an unintentional by-product of space charge mitigation in
TECs, this coupling can also be carefully applied to innovative thermionic-TPV hybrid devices [148]
or thermo-photo-thermionic devices [139] for improved energy conversion performance.

37



J. Phys. D: Appl. Phys. 59 (2026) 263001 A Bellucci et al

Figure 15. The temperature–entropy (T–S) diagrams of (a) TEC alone, (b) TEC-Stirling hybrid system, (c) TEC-Rankine hybrid
system, and (d) TEC-Brayton hybrid system.

• Advanced computational modeling for combined cycles: Thermodynamic modeling has been exten-
ded to explore cascading energy conversion systems combining TECs with other heat engines.
Notably, integrated systems with TECs as the top stage and thermoelectric generators [16],
thermoradiative [149] or TPV cells [145] as the bottom stage have been conceived to optimize waste
heat recovery. In addition, past literature has shown the feasibility of combining TEC with well-
established thermal cycles such as steam and gas turbines [150], Stirling engines [151], Rankine cycle
[152] or Brayton cycle [146] to further improve the power output and efficiency of the whole sys-
tem. Figures 15(b)–(d) depict temperature entropy diagrams for the combined Stirling, Rankine and
Brayton systems, respectively, representing the three practical bottom thermodynamic cycles. Multi-
objective optimization of these integrated systems can be performed using advanced thermodynamic
tools that help balance factors such as efficiency, complexity and cost.

• Space charge mitigation via NEA: Electrode materials with NEA have been shown to mitigate space
charge effects [153]. Such electrodes emit only sufficiently energetic electrons that can traverse the
interelectrode space without creating a coulomb blockage. This could lead to a compact and reliable
TEC device that does not require additional mechanisms for space charge mitigation such as cesium
vapor or accelerating gate electrode. Thermodynamic models that incorporate the physics of space
charge mitigation with NEA could guide the design of such compact TECs with optimized electrode
spacing and material properties.

• FEMs for thermal management: FEMs have been extensively employed to study thermal conduction
in spacer materials and design the structure of thermally insulating spacers [128]. Through micro-
scopic heat transfer simulation, FEM helps identify mechanically robust spacer geometries and materi-
als that could minimize thermal losses. These insights have led to the development of advanced spacer
designs that could improve thermal balance and overall device efficiency.

• Data-driven AI for material development: AI and ML techniques can be instrumental in the search
for novel TEC electrode materials and optimal device structure [154–156], as shown in this roadmap
in sections 12 and 13. By analyzing large datasets of material properties, AI-driven methods can help
identify candidate TEC materials with desirable characteristics such as high efficiencies of thermal
electron emission, low WF, high Richardson constants, and stability at high temperatures. In future,
such methods can also accelerate the discovery of thermally stable NEA coatings for space charge
mitigation.

Concluding remarks
In summary, advanced thermodynamic frameworks spanning from single-stage thermionic converters
to multistage hybrid systems have significantly advanced the development of thermionic converters by
elucidating the effects of key limiting factors such as space charge effects, irreversible thermal radiation
losses, and thermal conduction losses on device performance. These models provide physical insight into
operational limitations and device physics, enabling precise optimization of device structure, thermal
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gradients, and photon/electron recycling. For example, finite-time thermodynamic analysis quantifies the
trade-off between power density and efficiency in hybrid TEC-TEG and TEC-TPV systems, while mul-
tiphysics field modeling addresses the interactions and trade-offs between space charge effects and near-
field radiation in submicron gaps. These advances, combined with data-driven materials development
and advanced computational tools, can dramatically improve device efficiency and facilitate its integra-
tion with multistage energy conversion systems. In addition, integrating TEC with other thermodynamic
cycles is a viable approach to maximizing waste heat recovery and achieving higher efficiencies. Looking
ahead, future thermodynamic work should focus on three key areas to realize the full potential of ther-
mionic converters. First, thermodynamic modeling must be expanded to higher dimensions to incorpor-
ate spatiotemporal gradients such as non-uniform emission sites and charge carrier dynamics. Second,
computational efficiency must be enhanced through AI-accelerated solvers and reduced-order modeling
to manage the computational load of complex multiphysics simulations. Finally, unifying thermodynamic
models with real-time sensor data will enable predictive maintenance and adaptive control, accelerating
the deployment of TECs in extreme environments such as space reactors and concentrated solar plants.
By advancing these tools and addressing remaining challenges, the field can transition from iterative pro-
totyping to commercial products, unlocking the full potential of TECs as efficient and reliable solutions
for direct heat-to-electricity conversion.
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Status
The discovery of new ultra-low WF surfaces that are stable at elevated temperatures would enable high
conversion efficiencies in TECs and pave the way for next-generation electron emission devices [30]. The
WF is the energy required to extract an electron from the surface of a material. In solid state physics
terms, the WF is the energy difference between the vacuum energy level away from the surface and the
Fermi energy level of the material. There are several approaches to determine the WF of a surface exper-
imentally, including KPFM, ultraviolet photoelectron spectroscopy, and TE-based methods (cf section 7).
Depending on the technique, utilized electric field, surface contamination, and spatial inhomogeneity
of the surface, the measured WF may differ for the same surface [18]. Computational approaches are
not only orders of magnitude faster in calculating the WF compared to experimental methods but also
exhibit exact atomistic control to relate structure to property. While ab initio methods such as DFT reli-
ably predict the WF of solid-state surfaces, their computational expense renders screening through a vast
number of surfaces for promising candidates impractical. ML approaches show promise for enabling
rapid screening of stable material surfaces with ultra-low WFs, and this section examines their potential
in detail and discusses recent progress.

Current and future challenges
Predicting whether a material forms a stable surface with an ultra-low WF can be divided into two key
tasks, as shown in figure 16: Task 1-Identification of the most stable surface(s) of a given bulk material; Task
2-Prediction of the WF of a surface.

The first task is typically evaluated by computing the cleavage or surface energy of various low-index
Miller facets using DFT, where facets and terminations with lower energies are more stable and play a
more prominent role in the Wulff construction. Beyond the Wulff construction, which serves as a model
for the equilibrium shape and facet distribution of nanoparticles, surface terminations with the low-
est cleavage energy for a given Miller index are also of relevance, even when that index does not cor-
respond to the globally lowest energy among all orientations. Such terminations, which minimize the
energy within a specific crystallographic orientation but not overall, are particularly important for epi-
taxially grown films with a preferred orientation, as well as for polycrystalline materials in which mul-
tiple distinct Miller indices may be exposed at the surface. The cleavage energy is exactly equal to the
surface energy in the case of symmetric slabs (i.e. mirror or glide plane parallel to the surface or a two-
fold rotation axis normal to the surface). For slabs lacking this symmetry, two times the cleavage energy
poses an upper bound to the surface energy [30]. In addition to the computational expense of DFT, lim-
iting the analysis to ideally cut Miller surfaces may overlook surface reconstructions, which can yield
even lower surface energies than their ideal counterparts. The search space of possible surface recon-
structions is vast, as is often illustrated by the notoriously known Si (111) reconstruction that requires
a 7 × 7 supercell.

The second task can also be effectively addressed with DFT. A slab geometry padded with vacuum
in the direction normal to the surface is utilized within DFT to obtain the electrostatic potential aver-
aged parallel to the surface and the Fermi energy level of the material. The planar-averaged electrostatic
potential energy a few Angstroms away from the surface is taken as the vacuum energy level (for polar
surfaces, a dipole correction is required to flatten out the vacuum energy levels on each side of the slab).
DFT at the gradient-corrected level (PBE exchange-correlation functional) has been shown to reliably
predict WFs for elemental crystals, with a slight systematic underestimation, and errors compared to
experimental values are typically below 0.3 eV for elemental crystals (all elements in groups 1–15 with
atomic number <84, excluding B, Mn, N, P, and all lanthanides) [157] and around 0.15 eV for ele-
mental metals (Al, Cu, Ru, Rh, Pd, Ag, Pt, and Au) [158]. Similar to Task 1, the computational expense
of DFT is the main bottleneck in screening a vast range of possible surfaces for desirable WFs.
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Figure 16. Overview illustration of the two tasks to identify stable, ultra-low work function surfaces from a given bulk crystal
structure. Red arrows pointing upward and green arrows pointing downward refer to high and low values, respectively. Esurf, Eslab,
Ebulk, Evacuum, EF, A, nbulk, and ϕ refer to surface energy, total energy of the slab, total energy of the bulk, electrostatic energy level
in the vacuum, Fermi energy level, surface area, number of bulk units in the slab, and work function, respectively. T stands for
surface termination.

Advances in science and technology to meet challenges
For both tasks described above, ML has offered a solution to speed up surface stability and WF pre-
dictions by several orders of magnitude at near ab initio accuracy. ML models require accurate datasets
encompassing a diverse range of materials with various chemistries and structures to effectively pre-
dict material properties. However, most major materials datasets, such as the Materials Project, primar-
ily focus on bulk crystal properties, with the exception of the Open Catalysis 2020 dataset, which con-
centrates on surface adsorption calculations. Schindler et al established the largest database of cleavage
energies (33 631) and WFs (58 332) for up to ternary metallic materials (3716) [30]. Prior to this work,
these surface properties have only been reported for elemental crystals and 2D materials.

To address the first task, it is essential to develop methods that can rapidly predict cleavage or sur-
face energies. In addition to the database above, the cleavage energy has also been calculated for 3033
intermetallic alloys. This data has been used to train a graph-based ML model with a mean absolute
test error of 0.0071 eV Å−2 for cleavage energy predictions [159]. The rise of universal MLIPs has also
enabled the prediction of the surface energy directly from total energy predictions of the bulk and slab.
While earlier work suggested this is not yet accurate enough for reliable surface energy predictions and
requires fine-tuning [160], a more recent benchmarking study shows that current state-of-the-art MLIPs
can accurately predict the cleavage energy with a mean absolute percentage error below 6% and correctly
identify the thermodynamically most stable surface termination in 87% of cases, without any explicit
surface energy training or fine-tuning [161]. An ML framework can be particularly valuable in searching
for potential surface reconstructions, which require an extensive and computationally prohibitive search
of possible atomic configurations at the surface, typically performed using a genetic algorithm or other
global optimization methods. For example, MLIPs within a Bayesian approach have enabled large-scale
molecular dynamics simulations to describe the thermodynamics and time evolution of the low-index
mesoscopic surface reconstructions of gold [162]. Another recent example is the use of generative diffu-
sion models to sample stable surface structures and reconstructions [163].

To address the second task, a surrogate ML model needs to accurately predict the WF of a surface
at a fraction of the computational cost. Schindler et al have developed a physics-motivated featuriza-
tion approach for surfaces (utilizing elemental and structural information from the top three atomic
layers near the surface) and have trained a random forest model to predict the WF with a mean abso-
lute test error of 0.09 eV. This accuracy is comparable to the underlying DFT while being 5 orders of
magnitude faster [30]. This WF ML model has been integrated with a new fully ab initio PE model to
screen over 70 000 semiconducting materials, identifying novel, ultra-bright photocathode materials
that are likely to be air-stable [164]. In follow-up work, the ML model has been benchmarked on its
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out-of-distribution generalization performance. While the model generalizes relatively well to unseen
chemistries, the generalization error increases significantly when holding out unseen structural proto-
types (i.e. space groups) [165]. A recent equivariant graph neural network model, FIRE-GNN, trained
on the same surface dataset, outperforms the hand-featurized random forest model in terms of the mean
absolute error (0.065 eV) and out-of-distribution generalization performance [166]. In recent literat-
ure, there are further ML surrogate models to predict the WF of two specific classes of materials, bin-
ary intermetallics (3526 surfaces) and 2D MXenes (275 materials). The mean absolute test errors for
the two models are 0.118–0.25 eV utilizing a graph-based and a compositional featurization approach,
respectively [167, 168].

Concluding remarks
The recent progress in ML surrogate models shows promise to enable rapid screening of new materials
at the Pareto front that exhibit both high stability and low WFs. Moreover, universal MLIPs and generat-
ive AI approaches open an avenue toward identifying complex surface reconstructions critical to closing
the gap between computational surface models and experimentally observed structures. These develop-
ments are likely to drive the discovery of next-generation electron emission devices and TEC anodes.
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Status
Conventional thermionic device models frequently use a variation of the integral equations presented in
[169], solved using iterative numerical methods for nonlinear systems. Vacuum diode models commonly
assume collisionless, ballistic electron transport using the Vlasov–Poisson equation and can account
for back-emission effects due to hot collector temperatures. Research efforts in the late 1980s and early
1990s developed modified variations of the conventional performance models to account for specu-
lar and diffuse reflection at boundaries within the device that is included in later publications on elec-
trode material development [170]. These models require knowledge of material performance parameters,
such as the emitter WF, that can be challenging to measure experimentally with sufficient accuracy at the
operating temperatures.

To complement experimental measurements, material properties, such as the emitter WF, have been
determined computationally using theoretical equations such as those presented by researchers such
as Rasor and Warner in 1964 [104] and alternative analytical solutions presented by Hatsopoulos and
Gyftopoulos [169]. Khoshaman and Nojeh presented a self-consistent particle-tracing method that does
not rely on the analytical 1D solutions for devices operating in the space-charge limited regime with
the presence of back-emission in their 2016 paper [171]. Researchers at Sandia National Labs examined
layered microstructure electrodes using Monte Carlo approaches to examine coarsening and diffu-
sion through the materials, used patch models for WFs and transmission coefficients in non-uniform
electrode coatings, and presented the results of using DFT to predict WFs of technologically relevant
materials [170]. Each of these studies includes a discussion of electron reflection and its impact and
inclusion into 1D performance models. More recently, the impact of diffuse and specular electron reflec-
tion in thermionic devices has been studied numerically and with PIC simulations [83].

These conventional models provide an approximate performance prediction for developing thermi-
onic technologies and rigorous computational models have provided reasonable predictive capabilities
[172]. However, rising interest in thermionic technology for applications such as space nuclear power
and propulsion systems also require high reliability and longevity for their energy conversion systems.
If these devices are to be seriously considered for critical applications such as interplanetary space mis-
sions or lunar surface power, performance models should be grounded in real device data with lifetime
performance prediction capabilities to provide a realistic picture of the feasibility of a particular device
design. Thermionic converter performance is particularly sensitive to minute changes in material prop-
erties, such as the WF, which change with temperature and material structure. Leveraging advanced
ML techniques and data-driven approaches in diode modeling can help provide a better understand-
ing of modern thermionic diode technology’s potential in both high-temperature terrestrial and space
applications.

Current and future challenges
Modern thermionic diodes include novel designs with complexities such as interstitial gate electrodes,
complex materials and coatings, interelectrode plasma, surface texturing, and solid-state (non-vacuum)
diodes that require more complex performance models than microgap vacuum devices [172]. It is also
necessary to have an accounting of thermal losses in a system-level model to understand device beha-
vior and performance when integrated into a power system. However, performance models can struggle
with accuracy due to the uncertainties associated with WF prediction and measurement and the sensit-
ivity of thermionic diodes to small variations in performance variables. For example, a 2 µm shift in the
gap width in a conventional microgap performance model can more than double a model’s performance
prediction by over or underpredicting the inhibiting space charge in the interelectrode space. Similarly, a
0.1 eV change in the collector WF can change a performance prediction by more than 20%. Sensitivity
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Figure 17. Current–voltage characteristics for a vacuum thermionic diode operating at varying gap widths and varying collector
work functions. Decreasing the interelectrode gap width demonstrates an increase in output current density. Decreasing the
collector work function shifts the performance curves towards higher voltages.

studies have demonstrated that an error in the emitter WF on the order of 0.1 eV can change the pre-
dicted output current by a full order of magnitude [173]. Figure 17 includes performance of a microgap
diode with negligible back-emission and no electron reflection at diode interfaces and demonstrates the
basic effects of small changes in device performance variables on the model prediction.

Recent and ongoing efforts have successfully used genetic algorithms to back-infer material properties
from device performance data in microgap devices [173]. However, these models primarily focus on con-
ventional parallel-plate vacuum diodes. Novel designs require more involved physics incorporated into
the underlying model, further complicating the back-inferencing process to determine effective perform-
ance properties. Current and future challenges include accounting for all the relevant physics associated
with these new devices while ensuring they are grounded by real device performance and developing
data-driven modeling techniques that provide insight into the material and device behavior under real
operating conditions. Further challenging existing modeling capabilities is the need for end-to-end sys-
tem level models with insight into lifetime device performance under varying operating conditions [5].

As thermionic technology advances and interest grows in commercial device development, it is crit-
ical to have accurate performance predictive models and effective system models useful for practical case
studies. Performance predictive models become increasingly complex for devices with cascaded designs,
textured surfaces, intragap plasma, and other modern designs. As device designs become more com-
plex, and proposed applications require significant resiliency in the energy conversion system, it becomes
increasingly important to consider predicting performance using data-informed modeling frameworks.

Advances in science and technology to meet challenges
There have been significant improvements to computing power and the advancement of ML tools since
the end of the thermionic fuel element verification program and subsequent reduction in thermionic
R&D efforts in 1995 [174]. Since then, not only has ML evolved significantly, but also there has been a
steady increase in innovative approaches to combining ML and physics. Recent studies have successfully
applied these new techniques to legacy thermionic device performance data to gain a new perspective on
device behavior [172]. Figure 18 illustrates the results of applying these techniques to back-infer material
characteristics and the resulting model versus performance data. In this case, the mean absolute error of
the model tailored to device data is less than 5%.
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Figure 18. Comparison between performance data and vacuum diode performance model with back-inferred values of emitter
work function, collector work function, and gap width. The mean absolute error between the data and the model is 4.8%.

As thermionic technology is considered more seriously for modern applications, it is advantageous to
have system-level modeling capabilities, lifetime performance models, and transient behavior predictions.
These complex systems are good candidates for Physics Informed Neural Networks (PINNs), which
can be effective tools in performance prediction for complex non-linear systems with multiphysics con-
straints and has been increasingly leveraged in CFD studies. First introduced in 2019, PINNs are neural
networks restricted by governing physics described by partial differential equations (PDEs) [175]. The
PINNs effectiveness in solving classical quantum mechanics, fluids, and time varying nonlinear systems
was demonstrated in the original presentation of the data-driven algorithm and is proposed as a valu-
able tool for data-driven performance forecasting and multi-physics/multi-scale simulation [175]. A 2023
study presents the flexibility of PINNs and the results of non-adaptive uniform and adaptive nonuniform
sampling in solving PDEs, allowing for an efficient meshless physics-informed modeling [176]. Future
work in thermionic material and device performance modeling should leverage these advanced computa-
tional tools, especially with the emerging high-performance device designs.

Advancing modeling capabilities through the merging of ML techniques with known physics can
allow for the development of system, device, and materials models with governing equations dictated
by real system behavior, allowing for improved predictive capabilities. Models should consider a study in
transient behavior for long-duration diode operation at relevant temperatures, using a data-driven meth-
odology that leverages emerging ML tools. Additionally, investigators should consider system level 3D
multiphysics models where commercial software is merging with ML tools to enable more comprehens-
ive and effective predictive capabilities.

Concluding remarks
Modern modeling capabilities include significantly more computing power for modeling complex mater-
ials and device geometries, and computer architectures designed specifically for leveraging ML. Emerging
ML tools can be meshed with physical models to provide a new perspective and high-resolution predic-
tion of material and device behavior. The emerging techniques such as PINNs and ML integrated mul-
tiphysics models present potential avenues for improving predictive capabilities and further proving the
validity of thermionics as practical energy conversion devices. We are now in a new era for performance
prediction of thermionic materials and devices and should explore the new tools available to provide a
picture of modern thermionic converter capabilities during a device’s lifetime.
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Status
Although the use of PV technology is widely diffused, its efficiency remains constrained by the intrinsic
properties of semiconductor materials, particularly the bandgap of the active layer, which restricts sun-
light absorption to a specific wavelength range. This constraint, particularly enhanced for wavelengths
in the infrared spectrum, limits PV theoretical maximum efficiency for single-junction cells at 33.7%
(Shockley–Queisser limit). In practice, real-world inefficiencies, such as absorption imperfections or
material resistivity, further reduce performance due to material and device fabrication challenges.

TE can offer a complementary approach when the sunlight is concentrated by converting solar
energy into thermal energy and then into electrical energy. Despite a high theoretical conversion effi-
ciency far exceeding 30% [6], practical vacuum microgap TECs achieved efficiencies of about 10%
at temperatures above 1300 K limited by the difficulties in balancing electrode WFs and operating
temperatures [5].

Since the paper by Smestad introduced the concept of relying on both thermal and photon emission
effects [177], PETE-based converters have emerged as a promising alternative that combines the benefits
of both PV and TE mechanisms [13], aiming to overcome the limitations correlated to the independent
converters. PETE uses photons to provide the energy needed to excite electrons in the CB of a semicon-
ducting absorber, which are then thermionically emitted from its surface. The key innovation in PETE
lies in the capability to harness both photon and thermal energy, allowing for more efficient conversion
of sunlight into electrical energy. By simultaneously exploiting higher-energy solar photons for charge
carriers’ generation and lower-energy ones for thermal energy harvesting, PETE offers the potential for
significantly higher conversion efficiencies compared to standing-alone traditional PV or TECs.

In TE, thermal excitation provides electrons with enough energy to overcome the emitter’s WF,
enabling emission and establishing a current flow, as described by the Richardson–Dushman equation.
PETE enhances this process by also exploiting the photon absorption, where photons with energy hν can
excite electrons. The efficiency of PETE depends on the semiconducting cathode’s capability to absorb
photons and utilize their energy to surpass the electron affinity barrier, which is a far smaller quantity
than the WF ruling the TE. The mechanism results in a more intense emission current than standard
TECs at a given temperature. Additionally, the thermalization of excess photon energy and sub-bandgap
absorption, usually known in PV as thermalization and absorption losses, contributes as heat sources,
raising the cathode temperature and further boosting thermionic current density.

The cathode PETE current density is more conveniently written in terms of electron charge, e, elec-
tron density promoted in CB by radiation, n, average thermal velocity perpendicular to the surface vx,
cathode temperature, T, Boltzmann constant, kB, and electron affinity, χ:

Jth = en⟨vx⟩e−χ/kBT. (9)

Photoexcitation, which determines an increase of the electrons’ concentration in the conduction-band
over the equilibrium value, together with the temperature increase, which facilitates the electron emis-
sion over the electron affinity barrier, contributes to the increase of the current density emitted from the
PETE cathode with respect to that of a conventional thermionic cathode.

During the last decade, several theoretical analyses were carried out to estimate the conversion effi-
ciency of PETE devices after the first estimation performed in 2010 by Schwede et al [13], predicting
an efficiency larger than 40% for an incident solar radiation concentration of 1000 suns and a cath-
ode temperature over 500 K. Subsequent analyses refined the model by including loss mechanisms that
were not taken into account. In 2013, a model including the heat exchange between cathode and anode
provided an overall efficiency of 38% at a concentration of 1000 suns under the assumption of optimal
values of cathode’s bandgap and electron affinity [178]. In 2016, Wang et al investigated a novel model
of PETE device featuring a nanoscale vacuum gap. By incorporating the effects of quantum tunnel-
ing and image force correction, their study predicted that under solar concentration of 1000 suns, the
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PETE device could achieve an efficiency of 48.6% when operating with a cathode temperature of 1321 K
[179]. A refined thermodynamic model performed by Xiao et al [180], taking into account a detailed
energy balance and entropy analysis, predicts a solar-to-electrical efficiency of 54.32% under 500-sun
concentration.

Varpula and Prunnila established a more rigorous diffusion-emission theory that accounts for real-
istic semiconductor transport. Their model highlights the critical role of surface recombination and elec-
tron diffusion lengths in determining device performance, demonstrating that efficiency is highly sensit-
ive to cathode temperature and electron affinity [181].

If combined with a secondary thermal cycle, the total system efficiency approaching 70% allows to
exceed even the Carnot limit, as a validation that PETE converters mix advantages of photoelectronic
and thermal machines [182].

Current and future challenges
PETE faces several significant challenges that hinder its current viability and necessitate future advance-
ments across material science, engineering, and system integration. One of the primary obstacles lies in
a refined optimization of the electrodes’ surface properties. The cathode and anode for PETE convert-
ers should show low electron affinity and WF, respectively, to facilitate electron emission and collection.
However, materials with such properties often lack other essential attributes, such as thermal stability
or efficient photon absorption. Several proposed structures for PETE systems use III–V semiconductors
[183] due to their excellent photon absorption properties and high electron diffusion lengths. However,
these materials typically require alkali metal coatings, such as cesium, to achieve a low electron affinity
suitable for electron emission [184]. Furthermore, these coatings are highly sensitive to high temperat-
ures, leading to instability and degradation over time. Developing robust, thermally stable alternatives to
alkali coatings is a critical topic of ongoing research to improve the durability and practicality of PETE
devices.

The first proof-of-concept demonstration reported by Schwede et al on a Cs-coated p-type GaN
cathode [13] was followed by a GaAs/AlGaAs heterostructure coated with Cs–O [185], which showed
an external quantum efficiency of 1.4% at a cathode temperature of about 400 K, far from the high
efficiencies of the theoretical model owing to a low escape probability for the emitting electrons. The
explored temperatures of such a PETE cathode were <400 K owing to instability of the Cs–O coating.
Alternatively, Reck et al [186] presented experimental results on heavily doped p-type and n-type sil-
icon, which is a thermally-stable material. Even though the study exhibits a photon-induced enhance-
ment of the emission current at temperatures below the onset of dark TE, the necessity of a Cs-coating
prevents the cathode operations over 600 K in a vacuum environment. It is indisputable that to obtain
efficient electrons’ emission, the cathode should achieve high temperatures. This represents a critical
challenge for PETE systems since it demands materials capable of withstanding prolonged thermal stress
without degradation. A solution to provide higher operating temperatures is the use of materials com-
patible with thermally-stable coatings or chemical terminations. Synthetic diamond films have been pro-
posed and explored, especially thanks to the robust hydrogen surface termination, that attributes low
and even NEA, and the capability to withstand extreme temperatures under vacuum. Phosphorus-doped
diamond has emerged as a compelling candidate for low-temperature thermionic applications due to
its unique electronic structure. Koeck et al demonstrated an effective WF as low as 0.9 eV. This excep-
tionally low barrier allows for detectable TE at temperatures below 400 ◦C, significantly lower than tra-
ditional metallic emitters [187]. Additionally, nitrogen-doped and hydrogen-terminated diamond films
were deposited on p-type Si substrates to provide low WF surface (1.9 eV) with operational stability up
to 1000 K [188]. Such a configuration, combining a robust p-type Si absorber and an n-type diamond
emitter, was tested under monochromatic irradiation in the wavelength range from 400 to 450 nm. The
related cathodes provided a substantial increase in the photo-induced electron emission as the temperat-
ure increased up to 700 K. The injection of electrons at the silicon/diamond film interface is the relev-
ant mechanism limiting the structure performance. Such a mechanism has been accurately investigated
in [189]. An alternative p-type/intrinsic diamond structure has been developed, based on a monolithic
photocathode consisting of a periodic nanostructured surface (i.e. black diamond technology [190])
as a sunlight absorber with a hydrogenated emitting surface [61]. Nanotechnology tools such as treat-
ments with ultrashort lasers enable efficient photon absorption, which has a primary importance in the
device efficiency. Development of ordered nanostructures on the active materials’ surface or embedded
in the bulk enhance photon capture and conversion aim to maximize the use of impinging solar energy,
including infrared band wavelengths. Nanostructured surfaces can also enhance electron emission by
optimized surface geometries [81]. Looking forward, the integration of 2D emerging materials [12] can
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Figure 19. (a) Energy band diagram illustrating the PETE mechanism, where incident photons excite electrons to higher energy
states, reducing the effective work function and facilitating thermionic emission. The combination of photon absorption and
thermal excitation enhances electron emission efficiency. Reproduced from [13], with permission from Springer Nature. (b)
Schematic representation of a parallel-plate PETE converter.

offer solutions for smart and compact converters, potentially offering a viable pathway for high-efficiency
solar energy conversion in CSP systems.

One noteworthy alternative to the traditional configuration shown in figure 19(b) is the adoption
of a side-illuminated architecture [191]. In this design, the illumination surface is decoupled from the
emission surface, enabling more flexible thermal management and facilitating integration with a second-
ary thermal conversion cycle. By maintaining both electrodes at essentially the same temperature, this
configuration can mitigate detrimental temperature gradients while allowing for more effective recov-
ery of waste heat from the anode for subsequent energy conversion. Such features offer the potential to
improve overall device performance and support the deployment of multiple PETE stages in series.

Another major challenge involves heat distribution. The cathode temperature needs to be uniform
to ensure consistent electron emission across the entire surface. However, achieving this uniformity is
complicated by several factors. Solar concentration typically creates hot spots, and the device’s specific
geometry can lead to uneven heating patterns. Furthermore, the edge effects and thermal gradients near
the device boundaries can create cold zones that reduce overall efficiency. Another critical aspect is the
thermal management of heat flow between the cathode and anode. The cathode needs to maintain its
high temperature for emission, while the anode must operate at a relatively cooler temperature to effect-
ively collect electrons and avoid their counter-emission. This temperature difference is essential for PETE
operation, but maintaining it requires sophisticated thermal insulation techniques, such as dielectric
microspacers between the two electrodes [132].

Moreover, continuous exposure to ultraviolet radiation can degrade active materials over time, redu-
cing efficiency and operational life. Long-term studies and accelerated aging tests will be critical to
identifying materials and designs capable of maintaining performance over extended periods.

Advances in science and technology to meet challenges
Innovations in vacuum-gap engineering and electrode spacing control should lead to improved device
stability and more consistent performance under real-world conditions. One possible strategy is the
development of dielectric microspacers between the two electrodes [132], which must guarantee thermal
and electrical insulation, as well as avoid space-charge conditions. The latter is a common challenge with
thermionic devices, since the architecture of the PETE device is the same of that of conventional thermi-
onic converters.

The integration of a secondary thermal cycle after the PETE process represents another possible
advancement in maximizing overall system efficiency. In this configuration, the residual thermal energy
from the PETE device is collected and utilized in a subsequent thermal cycle. By implementing a sec-
ondary thermal stage, engineers have demonstrated the potential to boost total system efficiency up to
20% above standalone PETE systems [182]. The heat transfer from the PETE collector to the secondary
thermal cycle can be optimized through specialized heat exchangers and working fluids designed to oper-
ate efficiently at these elevated temperatures. In this context, thermoelectric generators can be used for a
fully solid-state combined technology. This dual-cycle approach not only improves overall energy conver-
sion efficiency but also provides more flexible power generation options, as the secondary thermal cycle
can continue to generate electricity even during periods of reduced solar irradiance, thereby enhancing
the system’s reliability and practical utility in real-world applications.
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Concluding remarks
PETE technology stands at a crucial stage in its development, with recent advances in materials science,
thermal management, and device architecture bringing it closer to a practical implementation. Although
promising advancements are ongoing, current laboratory demonstrations have shown limited conversion
efficiency values, due to several challenges remaining to be addressed. In particular, there is the need for
optimizing material stability at operating high temperatures, engineering the device architecture, redu-
cing manufacturing costs, and improving system integration with secondary thermal cycles. Looking
ahead, the combination of emerging materials, nanotechnology tools, advanced thermal management
strategies, and hybrid system design suggests a promising trajectory for PETE technology, potentially
establishing it as a solid-state high-temperature solar cell to make economically competitive and scalable
next-generation CSP systems [192].
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Status
Hybrid TIPV energy conversion, introduced in 2016 [193], optimizes TECs by simultaneously utilizing
photon and electron energy fluxes, effectively reducing radiative thermal losses. This method is especially
beneficial for submicron-gap vacuum TEC devices, where the small inter-electrode distance enhances
photon tunneling and significantly increases radiative energy transfer. In TIPV, a transparent thermionic
collector is placed on a PV cell, enabling photons emitted by the cathode to be absorbed by the PV cell,
generating additional electricity.

The first experimental demonstration of a two-terminal TIPV device was reported in 2020 using
GaAs-based PV devices [148] (figure 20(a)), followed by validations with InGaAs-based PV devices
[194] graphene-on-silicon heterojunction [195], as well as three-terminal [196] (figure 20(b)) and four-
terminal [197] (figure 20(c)) configurations. A related study in 2019 also demonstrated enhanced TEC
performance by illuminating a GaAs collector with a 532 nm laser. However, the improvement was
attributed to the generation of surface photovoltage, rather than to the TIPV effect [184]. Several con-
ceptual TIPV converters have been also proposed and analyzed theoretically. Early works focused on
analyzing sub-micron interelectrode distances to assess the impact of near-field radiative heat transfer on
the overall TIPV performance [145, 198, 199]. Other investigations explored TIPV converters based on
Schottky junctions [200], as well as designs incorporating a graphene collector and a filter between the
collector and the PV cell [201], a configuration further examined for solar-powered TIPV applications
[202]. Hybrid approaches have also been studied, including a solar photo- TIPV converter that integ-
rates PETE with TIPV. In this design, high-energy solar photons enhance TE in a semi-transparent cath-
ode, while low-energy photons and thermal radiation are absorbed by the PV cell [203, 204]. Additional
advancements include the evaluation of a hybrid thermionic-thermoradiative cell, similar to the original
TIPV concept, but with the PV cell operating in thermoradiative mode, generating power by emitting
photons toward a colder ambient [205]. This idea was later expanded by integrating it with the PETE-
TIPV hybrid to create an inner-cascade PV-thermionic-thermoradiative converter [206].

Current and future challenges
The optimal interelectrode distances for vacuum TECs have traditionally been set in the single-digit
micrometer range. However, recent studies accounting for nanoscale charge and thermal interactions
suggest that sub-micron gaps yield better performance [79]. At these distances, near-field thermal radi-
ation becomes the dominant heat transfer mechanism, significantly increasing energy losses in conven-
tional TEC. Therefore, as the technology advances toward smaller interelectrode distances, TIPV emerges
as a solution to overcome the efficiency limitations of conventional vacuum TECs.

A common limitation in most reported experimental TIPV implementations is the very low thermi-
onic current densities, attributed to a combination of excessively high cathode WFs and large interelec-
trode distances. Thus, a key challenge remains the integration of an efficient thermionic sub-device
within a TIPV system, particularly by reducing the WFs and the inter-electrode distance to eliminate
space charge effects and leverage near-field radiative energy transfer. Moreover, a unique challenge spe-
cific to TIPV converters is the requirement for a transparent thermionic collector, which must enable
photons to pass through and reach the underlying PV cell. This dual requirement—high optical trans-
parency and sufficient electrical conductivity—introduces a significant design trade-off that must be
carefully addressed.

Additional challenges unique to TIPV converters stem from the interconnection between thermionic
and PV sub-devices. Based on the interconnection scheme, TIPV systems can be categorized into three
configurations (figure 21): two-terminal, three-terminal, and four-terminal:

In a two-terminal configuration [148, 194, 195], thermionic electrons are injected in the VB of a
semiconductor, then pumped to the CB by the PV effect and finally extracted from the CB to produce
useful energy before they are reinjected in the cathode. In this configuration, both sub-devices are con-
nected in series and there is a unique current flow through the whole device. The main challenge of this
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Figure 20. Experimental results for two-terminal [148] (a), three-terminal [196] (b), and four-terminal [197] (c) thermionic–
photovoltaic (TIPV) converters. Reprinted with permission from [148]. Copyright (2020) American Chemical Society [196].
John Wiley & Sons. {Copyright © 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim}. Reprinted from [197], Copyright
(2023), with permission from Elsevier. (a) Current–voltage characteristics of a baseline thermionic converter (A) and two-
terminal TIPV converters without (B) and with (C) Cs-coated anodes. (b) Power density of the photovoltaic and thermionic
sub-devices in a three-terminal TIPV converter with different surface treatments: (1) none, (2) BaFx anode, and (3) BaFx anode
with ScxOv cathode. (c) Power density of the photovoltaic and thermionic sub-devices in a four-terminal TIPV converter.

configuration is that it prevents independent biasing of each sub device at their respective maximum
power points. Current matching at maximum power point represents a very demanding condition that is
only met at a particular thermionic cathode temperature, and it is also very sensitive to variations in the
other device parameters (WF, interelectrode distance, etc). Another limitation of two-terminal configura-
tion is that the injection of electrons in the VB requires the creation of a hole-selective contact (HTL in
figure 21) at the surface of the semiconductor. Hole-selective contacts (e.g. p-type semiconductors) have
their Fermi energy level pinned near the VB and typically exhibit higher WFs than electron-selective
counterparts (e.g. n-type semiconductors). As a result, the TIPV device may experience a reduced ther-
mionic voltage contribution.

In the three-terminal configuration [196], thermionic electrons are injected into either the valence or
CB of a semiconductor and directly extracted from the same band before being reinjected into the cath-
ode. Within the semiconductor, photogenerated electrons and holes are extracted from the conduction
and VBs, respectively, as in conventional PV cells. In this setup, the band receiving the thermionic elec-
trons serves as a shared channel for both the thermionic and PV processes. The key advantage of this
configuration is the ability to independently bias both sub-devices while utilizing an electron-selective
contact or ETL (figure 21) (e.g. an n-type semiconductor) with its Fermi energy pinned near the CB at
the semiconductor surface to collect thermionic electrons. This enables the collector to have a lower WF,
potentially increasing the thermionic voltage contribution of the TIPV device. However, a major chal-
lenge lies in interconnecting TIPV devices within a module, as this may require a sophisticated electrical
scheme to convert the system into a two-terminal array.
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Figure 21. Schematics of a conventional TEC (a) and the three TIPV configurations: two-terminal (b), three-terminal (c), and
four-terminal (d). TIPV systems consist of an emitter (thermionic cathode), a transparent collector (TC), and a PV cell, which
includes a PV absorber (PVabs), a hole-transport layer (HTL), and an electron-transport layer (ETL). The band diagrams for
each configuration are shown, indicating some key parameters, such as the emitter and collector workfunctions (ϕ E and ϕC),
interelectrode space-charge energy-barriers (ϕ EM and ϕCM), bandgap energy of the PV absorber (Eg), quasi-Fermi energy levels
for electrons (EF,e) and holes (EF,h), and internally generated voltage in the PV (VPV) and thermionic (VTI) stages.

In the four-terminal configuration [197], a TEC with a transparent collector is directly placed on top
of a PV cell, with both devices maintaining their respective two-terminal structures. Similar to the three-
terminal configuration, the primary advantage of this setup is that each sub-device can be biased at its
maximum power point. However, the key advantage is the flexibility to interconnect the thermionic and
PV stages independently, allowing for the formation of separate optimized arrays for each process. The
main challenge of this configuration is the lateral extraction of current from the transparent thermionic
collector. Achieving an optimal balance between transparency and high lateral electrical conductivity is
crucial, as this trade-off may impose strict design constraints on the thermionic collector.

Advances in science and technology to meet challenges
As previously mentioned, a major challenge in all TIPV experimental demonstrations to date is the
very low thermionic current densities. Addressing this challenge involves implementing similar strategies
than in conventional TEC, such as the integration of advanced materials for TE and collection, and the
implementation of solutions to eliminate the space charge effect, such as the establishment of micron-
or sub-micron gap interelectrode distances. Solutions to address these challenges have been described in
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previous sections (all the sections included in Thermionic active materials and Device engineering parts)
and, therefore, are not repeated here.

A key advancement required for TIPV technology is the development of transparent collectors. The
concept of transparent collectors was proposed in the 1990s as a means to mitigate thermal radiation
losses in conventional TEC [207]. Early solutions involved depositing ultra-thin metallic coatings onto
transparent substrates, such as sapphire. Similar strategies have been implemented in TIPV experimental
demonstrations, including ultra-thin film coatings of Cs [148], BaF [194, 196], and Ba-coated graphene
[195] that where directly deposited onto PV cells, or indium tin oxide (ITO) coatings on borosilicate
glass in the case of four-terminal TIPV realizations [197].

Other advancements are required depending on the specific TIPV configuration. For instance, in
two-terminal TIPV configurations, a potential solution to mitigate the challenge of high collector WF—
arising from Fermi-level pinning at the VB of the PV cell semiconductor surface—is the incorporation of
tunnel junctions near the surface. A n++/p++ tunnel junction allows the PV cell to be terminated with
an n-type material, even when electrons are injected into the VB of the PV absorber. Tunnel junctions
have been widely developed for multijunction solar cells [208], where they facilitate electrical connection
between sub-cells, and they could be readily adapted for TIPV systems. In four-terminal configurations,
a potential solution to mitigate the lateral extraction of current from the transparent thermionic col-
lector may involve the incorporation of thick metallic grids, as in [79], but this approach may be incom-
patible with sub-micron interelectrode gaps. Alternative solutions may include the use of thick transpar-
ent conducting films, such as ITO, as in [197].

Another challenge for sub-micron gap TIPV converters is optimizing PV energy conversion in the
near-field regime [145, 198, 199]. At these distances, near-field thermal radiation can excite resonant
optical modes, such as surface plasmon and photon polaritons, which may enhance or hinder PV effi-
ciency depending on their alignment with the PV cell bandgap. Research in near-field TPVs (NFTPVs)
has explored these challenges since the early 2000s [209], proposing various strategies to mitigate losses
or exploit resonant effects. While a detailed discussion is beyond this work, further insights can be found
in NFTPV literature [209]. Additionally, the impact of low-workfunction thermionic coatings on near-
field radiative transfer remains an unexplored area with potential implications for TIPV performance.

Concluding remarks
Hybrid TIPV energy conversion presents a promising solution to overcoming the efficiency limitations
of conventional TECs by simultaneously harnessing photon and electron energy fluxes. While recent
advancements have demonstrated the feasibility of TIPV systems, experimental implementations still face
significant challenges, primarily due to low thermionic current densities—an issue shared with conven-
tional vacuum TECs. In addition to these common obstacles, TIPV technology presents unique chal-
lenges, including the development of transparent thermionic collectors and the reduction of interelec-
trode distances to the sub-micron scale to minimize space charge effects and enhance near-field radiative
energy transfer. Various TIPV configurations—two-terminal, three-terminal, and four-terminal—have
been proposed, each with specific challenges that require further research and optimization. Regardless
of the chosen configuration, future advancements should focus on the integration of near field TPV con-
cepts to optimize radiative energy transfer and maximize energy conversion.
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Status
To combat global warming, nations have been actively transitioning their energy structures from cent-
ralized, large-scale, and high-emission systems to distributed, environmentally friendly integrated energy
configurations. This shift toward sustainable technologies underscores the urgent need to improve power
generation efficiency as a key strategy for reducing carbon emissions and capital investment [210]. TECs,
initially developed for space applications, are emerging as a versatile solution for terrestrial energy sys-
tems. By utilizing a vacuum-separated cathode and anode, TEC could theoretically achieve impressive
conversion efficiency of approximately 40%, offering a direct and advanced method for converting heat
into electricity [54]. Their ability to harness high-temperature gradients between heat sources and the
ambient makes them especially suitable as topping cycles in traditional thermal energy systems, such as
fossil fuel-fired and CSP plants.

In fossil fuel-fired power plants, where thermal efficiency typically ranges between 30%–40%, integ-
rating a thermionic topping cycle can significantly enhance overall system efficiency, exceeding 50%
[150]. This improvement translates to a reduced fuel requirement per unit of electricity generated,
effectively lowering carbon emissions per kilowatt-hour. Additionally, the reduced fuel consumption
and associated operational emissions make the system more environmentally friendly and economic-
ally viable, particularly when combined with government incentives, such as subsidies or carbon credit
schemes [211].

In the context of CSP, while electricity costs have fallen in recent decades, they remain higher com-
pared to other renewables. Currently, the average cost of CSP systems is still 3–4 times that of wind
power and 5–6 times that of PV systems. Despite this, CSP technology offers unique advantages, such as
achieving solar concentrator ratios up to 3000, which can produce extremely high receiver temperatures
of up to 2000 ◦C [212]. These temperatures exceed the operating limits of conventional heat engines
but align well with TECs’ capabilities. The high hot-side temperatures enable greater heat-to-electricity
efficiency with combined with thermionic topping cycles, and consequently a reduction in carbon emis-
sions, ultimately contributing to more competitive electricity pricing.

However, the integration of thermionic topping systems into these applications requires meticulous
optimization, as shown in figure 22, considering carbon emissions, system costs, and their influence
on overall energy system performance. This holistic roadmap focuses on the carbon footprint and eco-
nomic feasibility of thermionic systems, addressing their environmental impact and the cost-effectiveness
of integrating this advanced technology into integrated energy production frameworks.

Current and future challenges
The challenges in thermionic energy systems predominantly involve device fabrication and system integ-
ration, where energy-intensive manufacturing processes and material limitations significantly impact sus-
tainability and performance. High capital expenditure stems from the use of high-purity materials like
cesium ($207.15 g−1) and tungsten ($19.54 kg−1) processed via carbon-heavy techniques such as powder
metallurgy and high-temperature sintering, alongside complex vacuum encapsulation processes. While
advanced materials like nanostructured cathodes, e.g. LaB6 films deposited via magnetron sputtering or
electron-beam evaporation, reduce WFs to enhance conversion efficiency, their stringent thickness uni-
formity and crystallinity requirements escalate production costs. Similarly, graphene cathodes synthesized
through CVD exhibit superior electron emission but generate substantial emissions of up to 500 g CO2/g
graphene due to methane pyrolysis and high-temperature processing [213]. Besides, vacuum encapsula-
tion demands precise thermal expansion matching to prevent microcracking in traditional glass-to-metal
seals (e.g. Kovar alloys), while advanced metal-ceramic seals endure high temperatures but cost 3–5 times
more due to complex brazing. Emerging solutions like wafer-level bonding enable miniaturized vacuum
cavities but require ultra-clean environments and harsh bonding temperatures.
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Figure 22. Carbon footprint boundary of thermionic topping system.

On the other hand, thermionics-integrated hybrid systems require tailored designs that balance
application-specific adaptability, lifecycle costs, and carbon footprints. Incorporating a thermionic top-
ping cycle can reduce the levelized cost of electricity (LCOE) relative to standalone heat engines. Current
integration strategies mainly encompass cascading with conventional heat engines or with solid-state
thermal converters. According to our previous assessments, a thermionic-Stirling power system can the-
oretically achieve an LCOE as low as 50–87 $ MWh−1 in typical Chinese regions, whereas traditional
Dish-Stirling systems often exceed 115 $ MWh−1 and mature utility-scale solar PV range between 38–
78 $ MWh−1 [214]. Thermionics-PVs usually employ GaSb cells (0.72 eV bandgap) to convert infrared
radiation from 1500 K broadband heat sources into electricity. However, their scalability is hindered
by costly GaSb PV cell and low-efficiency single-junction structures of merely 3%–5%, resulting in a
unit power cost of $50–100/W [215]. While efficiency gains are achievable through tandem architec-
tures or nanostructured selective emitters, process complexity exacerbates both emissions and costs.
Besides, for thermionics-thermoelectrics, one promising heat-resisting material is SiGe alloys (up to
900 ◦C). However, their fabrication processes, such as CVD, emit 500–800 kg CO2/kg, far exceed mid-
low-temperature thermoelectrics like Bi2Te3 [216]. Hence, except for energy efficiency maximization,
tailored designs must consider lifecycle costs and carbon impacts to ensure that the thermionic based
systems are adaptable to specific applications.

Advances in science and technology to meet challenges
Breakthroughs in computational modeling and life cycle analysis tools provide more accurate assessments
of carbon footprints and economic viability, guiding material selection and system optimization. The
existing carbon emissions and economic analyses of components like PVs and gas turbines provide valu-
able insights for optimizing the design and packaging processes of thermionic topping systems [217].
Advances in cutting-edge material science have enabled the development of high-performance thermionic
components, such as nano-engineered cathodes and anodes with enhanced thermal and electrical prop-
erties. Low WF materials such as graphene, doped diamond, and nanostructured surfaces, offer prom-
ising improvements in TE while enhancing thermal and chemical stability [190]. The Innovations in the
related fabrication processes, including advanced coating techniques and recycling protocols, have signi-
ficantly reduced the energy intensity of production while reducing the carbon footprint and economics
of TEC components for large-scale applications.
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The low-carbon operation of integrated energy systems can be achieved by incorporating demand
response strategies and carbon trading mechanisms to offset the initial costs of thermionic systems [218].
Demand response leverages price incentives to shift load demand, improving the alignment between
energy supply and consumption. This helps stabilize load peaks and valleys, enhance economic efficiency
and deliver additional environmental benefits. Carbon trading provides an additional revenue stream,
allowing the system to generate income through the sale of carbon credits or savings on carbon allow-
ances. The implementation of tiered carbon trading can significantly reduce the integrated energy sys-
tem’s carbon footprint—by as much as 6.7% [219]. For instance, in coal-fired power plants, the higher
upfront costs of thermionic systems can be offset by fuel savings and reduced emissions, particularly in
regions with established carbon pricing policies. These benefits are further amplified when combined
with government incentives and carbon credit schemes.

Concluding remarks
The thermionic topping cycle offers a promising pathway for increasing the efficiency and reducing car-
bon emissions of heat-to-electricity terrestrial application, particularly in CSP and fossil fuel-fired power
plants. The current economic and environmental challenges need to be addressed to unlock the full
potential of this technology. Future research should focus on material innovation, particularly in find-
ing alternatives to expensive and rare materials like cesium, and on improving the durability of thermi-
onic converters. Additionally, policy mechanisms such as carbon pricing and subsidies for high-efficiency
technologies will be critical in incentivizing the adoption of thermionic systems at scale. By balancing
carbon reduction benefits with economic feasibility, thermionic topping systems could play a key role in
the global transition to cleaner energy solutions.
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Status
TE, essentially, provides an electron source in the form of a heated cathode. Broadly speaking, it encom-
passes various forms such as PETE, electric field-enhanced TE, and Cs ion-enhanced thermionic trans-
port. Given the outstanding advantages such as simple structure, high efficiency and flexibility, thermi-
onics has a wide range of applications. A historical trajectory and expansion of thermionics applications
are summarized in figure 23.

In the power generation and supply field, the Soviet Union, the United States, and Western European
countries began to explore the space applications of thermionic devices in the mid-20th century.
Typical applications included the TOPAZ and TOPAZ-II space nuclear power thermionic systems [220].
However, this technology has not been used for a long time. Up to now, the applications related to ther-
mionic electric generation mainly include space nuclear power systems, CSP systems, and industrial
waste heat power generation. However, due to issues such as vacuum sealing, continuous and long-term
stable operation, and cost, most of the above-mentioned scenarios are still at the laboratory stage and
have not achieved large-scale implementation. Once these problems are overcome, these scenarios will
be commercially implemented on a large scale, and this will give rise to even more potential applica-
tion scenarios, including lunar surface power supply units, deep-space probes (such as Jupiter and Mars
probes), and power supply for deep-sea exploration equipment (or bases). In addition, thermionics
can provide power for extreme environment monitoring. For example, it can supply high-temperature-
resistant and maintenance-free power to sensors inside nuclear reactors.

In the fields of microscopy and measurement, hot-cathode ionization vacuum gauges [221] and
transmission electron microscopy [222] have achieved mature commercial applications and there are
corresponding commercial products available. The corresponding potential applications, which are ther-
mionic heat flux meters and thermometers, are proposed by the author of this section for the first time.
The thermionic current is directly related to temperature and the heat flux of the heat source, and it has
a rapid response. These can be used for heat flux and temperature measurement in high-temperature
environments, such as in high-temperature furnace equipment and for measuring the temperature of
metals in a smelting furnace.

In addition, TE cooling is still in the research stage, yet it holds potential application prospects in
certain specific fields. For instance, it could be applied to the local cooling of microelectronic devices,
experiments in low-temperature physics, and the cooling systems of space probes.

Current and future challenges
This subsection focuses on the engineering bottlenecks in the application scenarios and summarizes the
research issues and challenges for different application scenarios respectively. For thermionic devices in
space missions, cost is often not a limiting factor. Space-based equipment typically cannot be maintained
manually. Thus, the most critical requirement is its long-term stable operation, with an extremely strin-
gent demand for the device lifespan, which must exceed 10 years. Jupiter/Mars probes are required to
operate stably in an environment where ultra-low temperatures and intense radiation alternate. Existing
thermionic materials may fail under such conditions. Current thermionic devices rely on a high-vacuum
environment (or filling Cs vapor in the high-vacuum environment) to maintain the electron transfer
across the electrode gap. However, the vacuum packaging technology is vulnerable to issues such as
material thermal expansion and micro-leakage, which will lead to performance degradation during long-
term operation. Low WF hot cathodes (such as dispenser cathode materials) are prone to performance
degradation under continuous high temperatures (>1200 ◦C), shortening the lifespan of the equipment.
For deep-sea equipment, the impact of high pressure on the vacuum chamber needs to be addressed.
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Figure 23. The evolutionary roadmap of thermionics: from space power to multi-domain applications.

For thermionics in the civilian power generation field, the most crucial common issues are to
improve efficiency and reduce costs. Three major challenges need to be addressed. Firstly, the limita-
tion of the space-charge effect on inter-electrode electron transport. Secondly, the preparation of high-
performance, long-life, and low-cost electrode materials. Thirdly, the effective packaging and main-
tenance of vacuum devices in non-stable high-temperature environments. The most promising market
application in the civilian power generation field is the combination with current CSP plants. Although
the proposal of the PETE has increased the comprehensive ideal efficiency of the system to nearly 50%
[13], when it comes to the combination with current CSP plants, there are still some specific challenges.
The sunlight penetration loss and electron diffusion loss of the cathode are in conflict. To overcome this
issue, a suitable cathode thickness usually needs to be selected to achieve a trade-off between these two
conflicting factors [147, 223]. The operating temperature of existing CSP plants is generally lower than
1200 ◦C, making it difficult to achieve the ignition mode Cs ionization and thus making it hard to over-
come the space-charge effect. The temperature of the anode waste heat is limited, which makes it diffi-
cult to efficiently couple with existing advanced thermodynamic cycle power generation (as discussed in
section 11). Finally, the structural and system design of thermionic converter to be potentially used from
kilowatt-level to megawatt-level production needs to be considered.

Advances in science and technology to meet challenges
Recent advancements have focused on improving the efficiency, reliability, and scalability of thermion-
ics. Due to space limitations, this subsection focuses on a potential approach to achieving the efficient
coupling of PETE technology with CSP plants in the future. The anode-incident PETE can effectively
address the conflict between sunlight penetration loss and electron diffusion loss. As shown in figure 24,
concentrated solar photons first penetrate the transparent anode and are absorbed by the cathode after
passing through the gap. In this way, the incident surface for collecting photons is the emission surface
for releasing electrons, reducing the recombination loss during the electron diffusion process. In such
a configuration, either a bulk cathode or a cathode with a black substrate can be employed to substi-
tute the thin-film cathode in traditional PETE systems, thereby averting the transmission loss of solar
photons. In addition, existing research has demonstrated that sunlight can enhance the ionization of Cs
atoms [224, 225]. Therefore, sufficient ionization of Cs can be achieved without the need for a high-
temperature ignition mode, thereby overcoming the adverse effects of the space-charge effect.

Figure 24 presents a coupling mode of PETE and CSP plants. The PETE unit is designed as a stand-
ardized ‘heat-absorbing tube’, in which the working fluid (such as supercritical CO2) of the thermody-
namic cycle flows, and the inner wall of the tube directly exchanges heat with the cathode of PETE. Part
of the sunlight absorbed by the cathode is used for PETE power generation, and part is absorbed by the
working fluid. Compared with using the anode waste heat, the heat source temperature of the thermo-
dynamic cycle system is significantly increased. In this way, it can also be well integrated with energy
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Figure 24. Band diagram of anode-incident PETE and schematic diagram of its coupling structure with CSP .plant’s heat-
absorbing tube [204, 226].

storage. Through reasonable design and control, the coordinated optimal operation of the PETE module
and the thermodynamic cycle power generation module can be achieved respectively.

Concluding remarks
Thermionics, with its characteristics of simple structure, high efficiency and flexibility, shows unique
potential in fields such as space energy, industrial waste heat recovery, and solar power generation.
Although current technologies are still restricted by challenges such as material degradation, vacuum
packaging costs, and the space-charge effect, through collaborative breakthroughs in materials science
and engineering innovation (such as the CSP-PETE hybrid system), the dawn of its commercial applica-
tion has emerged.
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