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We investigate the performance of a microgap vacuum thermionic energy converter by considering
loss mechanisms due to the space-charge effect and interelectrode radiative heat transfer. The dependen-
cies of the space-charge effect and near-field radiative heat exchange on the interelectrode distance are
derived based on established theories. The electrode temperatures are determined by solving the steady-
state energy-balance equations in a numerical iterative process and considering a constant energy flux
input to the emitter. The resultant behavior of different mechanisms of energy flow from the electrodes is
studied for a wide range of interelectrode distances, which provides insights into the device operation. The
maximum efficiency of the converter is obtained by optimizing the operating voltage and interelectrode
distance. Considering the interplay between the space-charge effect and near-field radiative heat trans-
fer, an optimal range is determined for the interelectrode distance. The optimal value of the distance and
lower limit of this range are significantly higher than those previously reported, where constant electrode
temperatures are assumed.
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I. INTRODUCTION

Static heat-to-electricity converters offer distinct advan-
tages over turbine generators due to their silent operation,
lack of moving parts, high specific power, and flexi-
ble form factors. These diverse features are particularly
attractive for applications that require portability, relatively
low maintenance, and long lifetime. A prominent exam-
ple of static heat-to-electricity generation mechanisms is
thermionic conversion, which has significant advantages
over other static energy conversion mechanisms, such as
thermoelectric and photovoltaic effects. For example, in a
photovoltaic device, incident photons with energy higher
than that of the band gap can be used to generate electron-
hole pairs, which subsequently undergo electronic transi-
tions across the band gap. However, a significant portion
of the solar spectrum is wasted, since many of the inci-
dent photons either do not have enough energy to excite an
electron to the conduction band or have excessive energy
which is lost as heat [1,2]. To improve the photovoltaic
efficiency, multijunction solar cells have been proposed,
where several epitaxially grown layers of different band-
gap materials are stacked together to increase the usable
portion of the solar spectrum. However, these devices face
significant engineering and material-based challenges [3].
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In this regard, a thermionic energy converter (TEC) has a
fundamental advantage as it can, in principle, utilize any
source of input heat, irrespectively of its spectral compo-
sition, which, in the case of solar energy, can be obtained
from a concentrated solar thermal-harvesting system. On
the other hand, thermoelectric generators suffer from a low
figure of merit due to the combined requirements of high
electrical and low thermal conductivity [4,5], ultimately
limiting the conversion efficiency to around 10% in prac-
tice. Unlike the situation in thermoelectric generators, the
vacuum gap in a TEC eliminates the problem of lattice
thermal conduction. Due to these benefits, thermionic con-
version has attracted great attention over the years, with
significant experimental demonstrations since the 1950s,
utilizing heat from diverse sources [6,7]. The Jet Propul-
sion Laboratory developed TECs under the Solar Energy
Thermionics program in the 1960s [8]. Prototypes were
demonstrated, such as the JG-2 device, which achieved
an electrical power output of 114 W and an energy con-
version efficiency of 7.0% when heated to a temperature
of 1727 °C. In later efforts, the Japan Solar Upper Stage
program designed a TEC that was estimated to oper-
ate at an efficiency of 23.2% with a power density of
5.7 W/cm2 at an emitter temperature of about 1577 °C
[9]. General Atomics proposed the high-power advanced
low-mass solar thermionics space power system [10,11],
and an early prototype achieved a maximum electrical
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power of 30 W at an emitter temperature of 1397 °C
under direct solar heating. Apart from concentrated solar
heating, thermionic converters with other sources of heat
have been experimentally demonstrated. For example, the
TOPAZ reactor (a Russian acronym for thermionic exper-
iment with conversion in active zone) was developed by
the former Soviet Union (USSR) [12–14]. In 1986 and
1987, the USSR launched two reconnaissance satellites
into the lower earth orbit powered by its 6 kW TOPAZ
thermionic reactor. These examples show that TECs have
strong potential for electricity generation, especially with
improvements to existing systems. For further develop-
ment of thermionic-energy-conversion technology, two
issues need to be addressed: the space-charge effect and
radiative heat loss in the interelectrode space. The space-
charge effect is caused by the mutual repulsion of electrons
traversing the interelectrode gap and is detrimental to TEC
performance. The additional barrier caused by the space
charge substantially reduces the electron flux from the
emitter to the collector and can thus reduce the output
power and the conversion efficiency by orders of magni-
tude. A common approach to mitigating the space-charge
effect has been to use a cesium plasma in the interelec-
trode space. However, the ionization of the cesium vapor
requires additional power and auxiliary discharge elec-
trodes, which reduces the efficiency and adds complexity
[15,16]. Moreover, the requirement for the continuous sup-
ply of cesium ions limits the operational lifetime of such a
converter. Another approach to solving the space-charge
problem is to create an accelerating field in the interelec-
trode region by inserting a gate electrode, resulting in a
triode configuration [17]. A triode structure can be rela-
tively complex due to the additional requirements for a
magnetic and electric field setup [17,18]. As an alterna-
tive to the above approaches, the space-charge problem
may be solved by making the interelectrode gap small
enough to prevent the build-up of significant electron
clouds in that region. Such microgap TECs may have
advantages over their macrogap counterparts (e.g., plasma
or triode TECs) due to fewer components and relatively
compact device structure (although they involve more
stringent fabrication requirements than those of macro-
gap devices), thereby paving the way to building pow-
erplants on a chip. In such a microgap vacuum TEC,
to achieve a practical current and output power density
in a reasonable emitter temperature range, the interelec-
trode distance (which we sometimes also refer to as the
gap size or gap width) needs to be of the order of only
a few micrometers [18]. Several efforts have been made
recently to develop microfabricated TECs [19–21]. There
have also been theoretical studies of the space-charge
effect in TECs using various analytical and numerical
techniques, such as a self-consistent Poisson-Vlasov solu-
tion [22], employing genetic algorithm-based optimization
[23], and particle-in-cell modeling [24]. However, these

works do not consider the gap-size dependence of radiative
coupling, which is important for microgap TEC perfor-
mance analysis. This is because, when the interelectrode
distance becomes comparable to the characteristic wave-
length of thermal radiation (given by Wien’s displacement
law), near-field radiative heat transfer becomes significant
[25–28]. In this small gap range, the far-field radiative
heat transfer governed by the Stefan-Boltzmann formula
is no longer valid; the total radiative heat transfer may
increase by orders of magnitude. This means that there is
a trade-off between space-charge mitigation and minimiz-
ing near-field radiative heat transfer and that the optimal
gap for maximum efficiency should be determined by con-
sidering the interplay between the two. Therefore, it is
necessary to investigate the performance of a vacuum TEC
comprising a microscale gap by considering different loss
processes. A previous theoretical study to investigate the
effects of microscale radiative coupling on TEC perfor-
mance can be found in the literature [29] for the case where
the emitter and collector are held at fixed temperatures
while the distance between them is varied. This assump-
tion of fixed electrode temperatures resulted in orders of
magnitude variation in the amount of input heat energy
required to maintain those temperatures for different values
of the interelectrode gap. That is a reasonable assump-
tion when the converter is in direct thermal contact with
a large fixed-temperature thermal reservoir, with much
greater energy available than that used by the TEC. How-
ever, in many other practical scenarios, the amount of
input power is fixed. For example, in a concentrated solar
thermal system, the intensity of thermal energy available
from solar heating strongly depends on the concentration
ratio. This concentration ratio depends on the geomet-
ric structure of the focusing system [30–32], which, for
example, can be a parabolic trough or disk concentrator.
These focusing systems are carefully designed for optimal
concentration ratios, considering various trade-offs, and
typically are not adjustable once implemented. Consider-
ing these constraints on the input heat source, one needs
to determine the electrode temperatures (which are dic-
tated by energy balance) dynamically, while varying the
interelectrode distance.

Here, we model a TEC by analyzing the dependence of
the electrode temperatures on the interelectrode distance.
This provides important insights into the energy-exchange
channels between the two electrodes, electric current, and
power output of TECs. This model also allows us to
determine the optimal interelectrode distance and maxi-
mum device efficiency, where the interplay between the
near-field radiation and the space-charge effect is consid-
ered. The optimal gap found is more than twice the value
reported in Ref. [29] (which is for fixed electrode temper-
atures) for comparable conversion efficiencies. Apart from
insights into the physics of various energy-exchange mech-
anisms within the device, the value of the optimal gap is
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another significant finding from an application perspective,
considering the great challenges of fabricating microgap
devices, where twice as large a gap represents much less
stringent fabrication requirements.

II. SIMULATION METHODOLOGY

A. Energy balance, efficiency, and the iterative model
to solve the coupled energy-exchange problem in a

microgap thermionic energy converter

The input and output energy fluxes at the emitter and
collector of the TEC are shown in Fig. 1(a). The input heat
flux, Qin, is absorbed by the emitter, which rapidly heats
the electrons and the lattice. Some of the electrons gain suf-
ficient energy to overcome the emitter vacuum barrier and
are emitted into the interelectrode space. The energy car-
ried by these thermionically emitted electrons is denoted
as QT. Due to the temperature difference between emitter
and collector, a part of the incident energy flux, Qrad, is
exchanged between the two electrodes radiatively. As dis-
cussed later (Sec. II C), this interelectrode radiative heat
transfer consists of contributions from propagating waves
and evanescent waves at small gaps. A part of the inci-
dent energy is also lost as radiation from the emitter to the
ambient and is given by Qloss = εσ (TE

4 − T0
4), where ε

is the effective thermal emissivity of the emitter; σ is the
Stefan-Boltzmann constant; and TE and T0 are the emit-
ter and ambient temperatures, respectively. In steady state,
the input energy flux into the emitter is equal to the sum
of the fluxes leaving the emitter for the collector and the

surroundings:

Qin = QT + Qrad + Qloss. (1)

A portion of the thermionic energy flux transferred from
the emitter to the collector is converted into useful electri-
cal output. If J is the net current density from the emitter to
the collector and V is the operating voltage, then the output
power density and efficiency of the thermionic converter
can be defined, respectively, as

PTEC = JV (2a)

and

η = JV/Qin. (2b)

The rest of the energy reaching the collector is dissipated
as heat and released to a heat-sinking mechanism, such as
a cooling fluid. The heat flow from the collector to the
cooling fluid can be written as

Qsink = KL(TC − T0), (3)

where KL is the heat-transfer coefficient between the cool-
ing fluid and the collector and TC is the collector tempera-
ture. A flowchart of the self-consistent iterative algorithm
developed in this work to determine the electrode temper-
atures and different energy-exchange channels, is shown in
Fig. 1(b).

The space-charge and near-field radiative heat-transfer
effects are modeled using theories established in the liter-
ature. For completeness and ease of access, we provide an

(a)

(b)

FIG. 1. (a) Input, intermediate, and output energy fluxes in a microgap thermionic energy converter. (b) Flowchart of the self-
consistent numerical iterative model implemented in this work.
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overview of the implementation of each of these theories
in our model before presenting our results.

B. The space-charge effect in the interelectrode region

The space-charge effect in a TEC arises from the
coulombic repulsion caused by electrons in the interelec-
trode space. The energy diagram of a space-charge-limited
TEC is shown in Fig. 2(a). As can be seen, an energy bar-
rier is formed in the gap when the interelectrode electron
concentration is very high (which is typically the case for
macroscopic gaps). Due to this barrier, only a portion of
the electrons overcoming the emitter work function, which
also have sufficient energy to surpass this barrier, can reach
the collector; lower-energy electrons are reflected back
to the emitter. This phenomenon significantly reduces the
output current density.

The space-charge effect is derived by assuming that
electrons traversing the interelectrode distance are colli-
sionless particles. Under this assumption, the additional
barrier, ϕ(x), arising from the mutual repulsion of elec-
trons in the interelectrode space can be obtained from the
Poisson equation

d2ϕ

dx2 = −e2 N (x)
ε0

, (4)

where N (x) =
+∞∫

−∞
dvz

+∞∫

−∞
dvy

+∞∫

−∞
dvx f (x, v) is the electron

density at position x, f (x, v) is the electron velocity distri-
bution function, and ε0 is the permittivity of free space.
Assuming that the electron velocity distribution is a half

Maxwellian at the position of maximum motive, xm, Eq.
(4) can be rewritten in terms of the dimensionless potential
barrier, γ , and the dimensionless distance, ξ , as

2
d2γ

dξ 2 = eγ [1 ± erf(
√

γ )], (5)

where γ = [ϕm − ϕ(x)]/kBTE , ξ = (x − xm/x0), x0 =
√

(ε0kBTE)/2e2N (xm), and erf(z) = 2/
√

π
z∫

0
e−t2dt is the

error function [18]. In the above definitions, kB is the Boltz-
mann constant and N (xm) is the electron density at the
position of maximum motive. The “+” sign applies for
ξ < 0 and the “−” sign is for ξ ≥ 0.

Double integrating Eq. (5) with appropriate boundary
conditions leads to

ξ = −
γ∫

0

dt
[
et ± eterf(

√
t) ∓ 2

√
t
π

− 1
] 1

2
, (6)

where the upper sign applies for ξ < 0 and the lower sign
applies for ξ ≥ 0. We calculated the value of this integral
numerically for a wide range of γ . The value of ϕm depends
on the operating voltage, which can be summarized for the
saturation, space charge, and retarding modes of operation
[18,33] as

ϕm =
ϕE , 0 < V < VS
ϕE + γEkBTE , VS < V < VC
ϕC + eV, V > VC

, (7)

(a) (b)

FIG. 2. (a) Energy diagram of a TEC in the space-charge regime. EF ,E and EF ,C are the Fermi levels of the emitter and the collector,
respectively. ϕm is the maximum motive in the interelectrode space and e is the electron charge. ϕE and ϕC are the work functions of
the emitter and the collector, respectively. TE and TC are the temperatures of the emitter and the collector, respectively. V is the voltage
difference between the two electrodes. xm is the position of the maximum motive and d is the interelectrode gap width. (b) Enhanced
radiative exchange between the emitter and collector (separated by a vacuum gap) due to near-field coupling of evanescent waves
(also known as photon tunneling). θC is the critical angle of incidence at the emitter-vacuum interface, and λT is the characteristic
wavelength of thermal radiation, given by Wien’s displacement law.
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where γE is the value of γ at the emitter surface and is
given by γE = ln(JES/JE), in which JES is the emitter satu-
ration current density and JE is the emitter current density
at voltage V. VS and VC are the saturation and critical-point
voltage, respectively, and are defined as follows. When
V = VS, the maximum energy barrier occurs just outside
the emitter, and all electrons originating from the emitter
can reach the collector. This voltage can be expressed as

eVS = ϕE − ϕC − γC(ξCS)kBTE , (8)

where γC is the value of γ at the collector surface and
ξCS = 9.186 × 105√JESd/TE

3/4 [33]. When V = VC, the
maximum energy barrier occurs just in front of the collec-
tor and the electrons originating from the emitter need to
overcome a decelerating force. The critical-point voltage,
VC, can be defined as

eVC = kBTE ln(ATE
2/JER) − ϕC, (9)

where JER is the emitter current density at the critical point
[33], which is calculated precisely in the present study
using the method described in Ref. [34]. For V < VS, the
emitter current density is the saturation current density,
JES = ATE

2e[−ϕE/(kBTE)], and, for V > VC, it is given by
JE = ATE

2e[−(ϕC+eV)/kBTE ] and the device is in retarding
mode. For VS < V < VC, the device is in the space-charge
regime and the emitter current can be calculated using the
method described in Ref. [18], which we briefly review
here. For a given ϕE and TE , we first determine the emit-
ter current density at the saturation point (JES) and critical
point (JER). Then, for a particular current density, JE , in
the space-charge region (JER < JE < JES), we calculate
γE . Using this value of γE , we then calculate ξE , ξC, and
finally γC using the curve resulting from Eq. (6). The
voltage in the space-charge region can then be calculated
from eV = ϕE − ϕC + (γE − γC)kBTE . For the numerical
implementation of this method, we follow the algorithm
described in Ref. [34].

The reverse current from the collector in the saturation,
space-charge, and retarding regions can be defined as

JC = ATC
2e[−(ϕm−eV)/kBTC]. (10)

Using the above analysis, the net energy flux carried by the
thermionic current from the emitter is given by

QT = [(JE − JC)ϕm + 2kB(TEJE − TCJC)]
e

. (11)

The first term in Eq. (11) is due to the potential energy
and the second term is due to the average thermal energy
[35]. A part of this thermionic energy flux is converted into
electricity, while the rest is deposited in the collector as
heat when thermionic electrons are absorbed by it.

C. Radiative heat transfer between emitter and
collector

When the interelectrode distance in a thermionic device
is large, radiative heat exchange between the electrodes
is due to far-field propagating waves and is given by
the Stefan-Boltzmann law. However, mitigating the space-
charge effect requires the electrodes to be placed at a
distance of a few micrometers or less. This is on the order
of the characteristic wavelength of thermal radiation from
the emitter, which is given by Wien’s displacement law
as λT = 2.9 × 10−3/TE , and thus the emitter and collector
surfaces are coupled by evanescent waves [Fig. 2(b)]. The
coupling of these evanescent waves significantly enhances
the radiative heat transfer in the near-field regime. Energy
transfer, including both propagating and evanescent com-
ponents, can be modeled using fluctuational electrodynam-
ics [25,28] as

Qprop = 1
π2

∞∫

0

dω [�E(ω, TE) − �C(ω, TC)]

×
ω
c∫

0

Sprop(ω, β, εE , εC) dβ (12)

and

Qevan = 1
π2

∞∫

0

dω [�E(ω, TE) − �C(ω, TC)]

×
∞∫

ω
c

Sevan(ω, β, εE , εC)dβ, (13)

where Qprop and Qevan are the heat radiation fluxes due to
propagating and evanescent wave photons, respectively. In
Eqs. (12) and (13), �(ω, Tj ) = �ω/[e(�ω/kBTj ) − 1] is the
mean energy of a Planck oscillator at angular frequency ω,
Tj is the temperature of electrode j (emitter or collector),
εj is the complex dielectric permittivity of medium j, β is
the wavevector component parallel to the interface, c is the
speed of light, and � is the reduced Planck constant. Sprop
and Sevan are the coupling coefficients for the propagat-
ing and evanescent waves, respectively. For heat exchange
between two semi-infinite plates, these two terms are given
by [25,26]

Sprop(ω, β, εE , εC)

= β(1 − |rs
0E|2)(1 − |rs

0C|2)
4|1 − rs

0Ers
0Cei2dk0 |2

+ β(1 − |rp
0E|2)(1 − |rp

0C|2)
4|1 − rp

0Erp
0Cei2dk0 |2

, β <
ω

c
(14)
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and

Sevan(ω, β, εE , εC)

= Im(rs
0E)Im(rs

0C)βe−2d Im(k0)

|1 − rs
0Ers

0Ce−2dIm(k0)|2

+ Im(rp
0E)Im(rp

0C)βe−2dIm(k0)

|1 − rp
0Erp

0Ce−2dIm(k0)|2
, β >

ω

c
. (15)

In Eqs. (14) and (15), the first term of the right-hand side
refers to the contribution of s polarization and the second
term refers to the contribution of p polarization. rs

0j and
rp

0j are the Fresnel reflection coefficients for s and p polar-
izations, respectively, at the interface between vacuum and
electrode j (emitter or collector) [28], as given by

rs
0j = (k0 − kj )/(k0 + kj ) (16a)

and

rp
0j = (εj k0 − kj )/(εj k0 + kj ), (16b)

where k0 and kj are the perpendicular wavevector compo-
nents in the vacuum and medium j, respectively and are
given by

k0 =
√

(ω/c)2 − β2 (17a)

and

kj =
√

εj (ω/c)2 − β2. (17b)

We are inspired by the Drude model for tungsten [36] to
describe the dielectric permittivity of the electrodes as

εj (ω) = 1 − σ0/τj

ε0(ω2 + i ω/τj )
, (18)

where σ0 is the dc conductivity and τj is the electron relax-
ation time in electrode j, given by τj = 1/(aTj

2 + bTj
3),

with a = 107 s−1 K−2 and b = 2 × 106 s−1 K−3 [37], where
Tj is the temperature of the corresponding electrode.

III. RESULTS AND DISCUSSION

Here, we first present the main results of this work in
terms of the interplay between near-field radiative coupling
and the space-charge effect and the role of the interelec-
trode distance, at various input heat fluxes and operating
voltages (Sec. III A). Subsequently, we discuss the effect of
some important device parameters, namely, emissivity and
heat-transfer coefficient, on the results (Sec. III B). Finally,
we describe the effect of imperfect electron absorption at
the collector (Sec. III C).

A. The role of the interelectrode distance on TEC
performance

The emitter and collector work functions of a TEC are
crucial parameters, as electron emission depends on them
exponentially. To obtain high thermionic emission at prac-
tically achievable temperatures, the emitter work function
should be low. On the other hand, to maximize efficiency,
a large voltage difference between emitter and collector is
required, which, in turn, requires the collector work func-
tion to be considerably lower than that of the emitter. How-
ever, if the collector work function is too low, significant
back emission from the collector will occur, which lowers
the efficiency. Given these requirements, a reasonable set
of values for the emitter and collector work functions is
ϕE = 2.2 eV and ϕC = 1.5 eV, which allows us to investi-
gate the performance of the thermionic device for a wide
range of other parameters. Moreover, these values of elec-
trode work functions are also found to be optimal for the
range of electrode temperatures considered in this study
[18]. We use a Richardson constant of 120 A cm−2 K−2,
an effective emissivity of 0.1 for radiation loss to the
ambient from the emitter, and a heat-transfer coefficient
of 1000 W m−2 K−1 between the collector and cooling
fluid (which is the upper bound of heat-transfer coeffi-
cient for cooling by free convection). The choice of the
aforementioned effective emissivity value is inspired by
the designs of selective absorbers for concentrated solar-
power harvesting. Numerous design examples of such
selective absorbers have been reported [38–42]. Such a
material has a carefully designed spectral emissivity, so
that it can absorb most of the incident radiation spectrum
from the sun (which is mostly around the visible range)
and emit a relatively small amount of power through ther-
mal radiation at a much lower temperature in a different
spectral range (usually in the infrared range, where the
material has a very low emissivity). Nevertheless, the exact
value of the effective emissivity can vary depending on
the material properties of the absorber; we discuss the
role of the effective emissivity of the emitter front side
on TEC performance later (Sec. III B). We assume the
input heat source to have a power density of 10 W cm−2

unless specified otherwise. This power density is chosen to
reach an emitter temperature that would result in a notice-
able thermionic emission current. Such a power density
can, for example, be obtained from a concentrated solar
thermal-harvesting system for a concentration factor of the
order of 100 (assuming AM 1.5 solar spectral irradiance).
The solar thermal-harvesting system can either employ
selective absorbers or a liquid-parabolic trough concentra-
tor mechanism to transfer the heat to the TEC emitter. It
should be noted that we do not put any emphasis on the
nature of the thermal source, and the presented model is
equally valid for any source of input thermal energy. We
vary the interelectrode distance from 0.1 to 100 µm to
investigate the interplay between the space-charge effect
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and near-field coupling in radiative heat transfer, while the
output voltage is being swept.

Based on the energy balance at the emitter and collec-
tor, as defined in Eqs. (1) and (3), respectively, the emitter
and collector temperature, net current density, and dif-
ferent energy fluxes are numerically obtained using the
self-consistent iterative method [shown in Fig. 1(b)] for
different operating voltages and interelectrode distances.
Characteristic profiles of the emitter and collector tem-
peratures as a function of the operating voltage, for an
interelectrode distance of 5 µm, are illustrated in Fig. 3(a).
The corresponding current density and energy flux contri-
butions are plotted in Figs. 3(b) and 3(c), respectively. As
seen in Fig. 3(a), the emitter temperature remains constant
in the saturation region (V < VS) and it gradually rises in
the space-charge and retarding regions (V > VS). This can
be explained using the motive graph shown in Fig. 3(b).
In the saturation region, the maximum motive is equal to

the emitter work function, which is the minimum energy
required by the electron to be thermionically emitted from
the emitter. Accordingly, all emitted electrons can reach
the collector, as there is no potential barrier in the inter-
electrode space, and thus the current does not change with
voltage. Due to this constant current, various energy fluxes
[as shown in Fig. 3(c)], which remove the input heat flux
from the emitter, remain unchanged in the saturation region
and prevent the temperature from increasing as the volt-
age is swept. On the other hand, in the space-charge and
retarding regions (V > VS), the maximum motive is higher
than the emitter work function and it gradually rises with
the output voltage. Consequently, only a portion of the
emitted electrons, which have sufficient energy to over-
come the additional energy barrier in the interelectrode
space, can reach the collector. As a result, both the emitter
current and the energy taken by the thermionic electrons
decrease as the voltage increases, leading to an increase

(a)

(c)

(b)

FIG. 3. (a) Electrode temperatures (inset shows a magnified view of the collector temperature graph), (b) current density (black
curve) and maximum motive (blue curve), and (c) energy fluxes from the emitter to collector and from the collector to heat sink as a
function of the operating voltage for an interelectrode distance of 5 µm. Graphs are shown for an input heat flux of 10 W cm−2.
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in emitter temperature. As can be seen in Fig. 3(c), this
increase in emitter temperature will increase the radiative
heat transfer from the emitter to the collector, as well as
heat loss to the ambient. These various heat-loss mecha-
nisms start to dominate the energy flux from the emitter as
the device is driven deep into the space-charge and retard-
ing regions. On the other hand, the collector temperature
and the heat flux released to the heat sink from the collector
decrease monotonically with the increase of the operating
voltage, which can be explained as follows. In the satura-
tion region, the electrical power output increases gradually
with the operating voltage, while heat loss to the ambient
remains constant due to the constant emitter temperature.
As a result, the heat dissipated in the collector gradually
decreases with increasing voltage. In the space-charge and
retarding regions, the energy flux received by the collec-
tor decreases as the output voltage increases, leading to a
decrease in the collector temperature (although the reduced
output power tends to counter this effect and lead to an
increase in the collector temperature at very high input heat
flux—not shown here).

To investigate the effects of interelectrode gap width
on TEC operation, the emitter and collector temperatures
are shown in Figs. 4(a) and 4(b), respectively, for a wide
range of output voltages and interelectrode distances. The
corresponding current density for different interelectrode
distances and output voltages are shown in Fig. 4(c). It can
be seen that the interelectrode distance has a significant
impact on the performance of the thermionic converter.
Both the saturation current and open-circuit voltage are
low when the interelectrode distance is in the submicron
region. This finding is different from previously reported
results [29], where the thermionic current increases mono-
tonically as the interelectrode distance is made smaller,
and the open-circuit voltage remains constant, irrespec-
tively of the gap size. This fundamental difference is due
to the fact that, in Ref. [29], the electrode temperatures are
assumed to be constant as the gap size is varied. How-
ever, when the input energy is constant, the assumption
of constant temperature no longer holds. When the gap is
very small, the near-field radiative heat transfer between
the electrodes becomes dominant, and a significant portion

(a)

(c)

(b)

FIG. 4. Temperature graphs for (a) TEC emitter and (b) TEC collector, and (c) current density graph as a function of TEC output
voltage and gap width. Graphs are shown for an input heat flux of 10 W cm−2.
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of the input energy flux is transferred from the emitter
to the collector through this mechanism. Since the total
input energy is constant, the energy flux carried by the
thermionic electrons is thus small at a very small electrode
gap, meaning the current density is low, despite mitigation
of the space-charge effect. As the interelectrode distance
increases, the near-field effect of thermal radiation, which
is caused by the coupling of evanescent waves between
the two electrodes, gradually weakens. As a result, radia-
tive heat transfer diminishes and the energy carried by
the thermionic electrons starts to dominate. An increased
thermionic contribution to energy transfer between the
electrodes requires more electrons to be thermally emit-
ted from the emitter. Consequently, the emitter temperature
and the thermionic current also increase with an increas-
ing interelectrode distance, as seen in Figs. 4(a) and 4(c),
respectively. It should be noted that such an increase in cur-
rent with the interelectrode distance is not monotonic and,
beyond a certain point, the current starts to fall off as the
gap-induced space-charge effect becomes significant. On
the other hand, as seen in Fig. 4(b), the collector tempera-
ture decreases with increasing interelectrode distance due
to weakening radiative coupling to the emitter. The trends
versus operating voltage for a fixed interelectrode distance
can be explained using the same reasoning as that pointed
out above in analyzing Fig. 3.

Having understood the dependencies of the current and
electrode temperatures on the interelectrode distance, we
now turn to a detailed study of their implications on out-
put electrical power, radiative heat transfer, and device
efficiency. Using Eqs. (2a), (12), and (13), we calculate
the output power density and interelectrode radiative heat
transfer as a function of the operating voltage for a wide
range of interelectrode distances; the results are shown in
Figs. 5(a) (where a maximum TEC output power density
with respect to both voltage and interelectrode gap width is

seen) and 5(b), respectively. With the increase in interelec-
trode distance, the output power density initially increases
as the near-field effect (which is a dominant radiative heat-
transfer process at very small gaps) weakens. However,
this trend reaches a maximum for a certain interelec-
trode distance. Beyond this point, the space-charge effect
starts to dominate, which significantly reduces electron
flux from the emitter to the collector. As a result, the
output power density starts to decrease again at large inter-
electrode distances, and radiative heat transfer (which is
governed by the Stefan-Boltzmann law at a large inter-
electrode distance) gradually becomes dominant again at a
large interelectrode distance, due to the rising temperature
difference between the electrodes.

To better visualize the trends in device performance, the
voltage-optimized conversion efficiency (which we also
refer to as peak efficiency) is shown in Fig. 6(a) as a
function of interelectrode distance (together with the out-
put voltage that corresponds to peak efficiency at each
gap width); the corresponding emitter and collector tem-
peratures are shown in Fig. 6(b). The peak efficiency is
low at small gaps due to the near-field effect and at large
gaps due to the space-charge effect. Between these two
regions, the peak efficiency reaches a maximum value of
22.28% for d = 2 µm, which is on the order of the charac-
teristic wavelength of thermal radiation (given by Wien’s
displacement law). The operating voltage corresponding
to peak efficiency increases with the interelectrode dis-
tance as the device is gradually driven into the space-
charge region; the corresponding emitter temperature also
increases while the collector temperature decreases with
increasing distance.

To gain deeper insight, we now study the trends in
different energy fluxes under peak efficiency conditions
for a wide range of interelectrode distance values (0.1 to
100 µm), as shown in Fig. 7. At very small distances,

(a) (b)

FIG. 5. (a) Output power density graph and (b) interelectrode radiative exchange graph, as a function of TEC output voltage and
gap width. Graphs are shown for an input heat flux of 10 W cm−2.
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(a) (b)

FIG. 6. (a) Peak efficiency and corresponding optimal output voltage, and (b) the electrode temperatures at the optimal condition as
a function of the interelectrode distance (inset shows a magnified view of the collector temperature graph). Graphs are shown for an
input heat flux of 10 W cm−2.

energy exchange between the emitter and collector is dom-
inated by near-field radiation, and the contribution from the
thermionic exchange is very small. This is in stark contrast
with the behavior of the thermionic energy flux reported
in Ref. [29], where it remains constant as the interelec-
trode distance becomes very small. This is because, as
we have already mentioned, in Ref. [29], it is assumed
that the heat source can provide any amount of power
and the heat sink can remove any amount of unwanted
heat required to maintain constant emitter and collector
temperatures, irrespectively of the interelectrode distance.
However, this assumption may not be valid in many

FIG. 7. Energy fluxes as a function of the interelectrode dis-
tance, where the operating voltage is optimized for maximum
efficiency at each gap size. Interelectrode distances are divided
into three regions as (I) near-field dominated, (II) thermionic
dominated, and (III) space-charge dominated. Graphs are shown
for an input heat flux of 10 W cm−2.

practical scenarios. For example, if we consider the case
of a solar-thermal-powered TEC, the energy input from
solar radiation is limited by atmospheric conditions, geo-
graphic location, and concentration factor of the focusing
system.

As well, due to the finite heat-transfer coefficient
between the collector and cooling mechanism, the collec-
tor temperature has to vary to accommodate different heat
fluxes. This is why, in the present work, the emitter and col-
lector temperatures are self-consistently determined using
the energy-balance condition.

As the interelectrode distance increases, radiative cou-
pling becomes progressively weaker and thermionic cou-
pling correspondingly stronger, so that the two cross over
at a distance of around 0.25 µm. Meanwhile, the grad-
ual increase in emitter temperature also necessitates an
increase in radiative heat loss from the emitter to the
ambient. Both the interelectrode thermionic and radia-
tive exchange fluxes reach a plateau and this continues
until space charge starts to affect the device performance,
leading to a decrease in thermionic exchange and a corre-
sponding increase in emitter temperature, and thus radia-
tive exchange (also in contrast with the behavior observed
in Ref. [29]), resulting in another cross over at around
53.4 µm; the heat flux dissipated by the collector and
released to the heat sink continues to decrease due to the
decreasing total energy flux into the collector. Based on the
above discussion, we define three regions of interelectrode
distance as near-field radiation dominated (d < 0.25 µm),
thermionic dominated (0.25 µm < d < 53.4 µm) and space-
charge dominated (d > 53.4 µm), respectively. (Notably,
the exact bounds of these regions depend on material
parameters such as permittivity, effective emissivity, and
work function, but the above numbers provide an order-of-
magnitude guideline.)
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(a) (b)

FIG. 8. (a) TEC maximum efficiency (black curve) and corresponding optimal operating voltage (blue dashed curve) as a function
of the input heat flux. Curves shown are for the optimized interelectrode distance. (b) Emitter and collector temperatures as a function
of the input heat flux, where the gap size and operating voltage are optimized for maximum efficiency.

It is also worth investigating the device performance
as a function of input energy. For example, in the case
of solar thermal harvesting, the input heat flux can be
varied by changing the concentration factor of the solar
thermal receiver. (We note that, in a practical solar-
thermal-receiving system, such wide-scale variations will
not be possible once the system is physically implemented.
However, when it comes to designing an optimal solar
concentrator, one can always vary the concentration fac-
tor to observe its impact on TEC performance.) Figure
8(a) shows that the maximum value of peak efficiency
(maximized with respect to both output voltage and inter-
electrode distance) and the corresponding output voltage
increase with input heat flux. The emitter and collector
temperatures are shown in Fig. 8(b), where we also observe
a wide variation of these two electrode temperatures as a
function of input heat flux under the optimal operating con-
ditions of the TEC. Since the TEC performance metrics
have a strong nonlinear dependence on electrode tempera-
tures, these large temperature variations again emphasize
the importance of considering the energy-balance crite-
rion when evaluating the conversion performance by the
thermionic mechanism. For example, in Fig. 8(a), the rate
of increase in efficiency gradually slows down at higher
heat fluxes. The reason is that the increased heat flux will
raise the emitter temperature, which leads to more radiative
heat loss from the emitter to the ambient and collector, as
well as an increase in space-charge effect due to increased
electron emission. Moreover, the resulting increase in col-
lector temperature would affect the energy balance at the
emitter and lead to significant back emission, which would
work against an increase in efficiency, as also observed in
Ref. [43].

Inspired by Ref. [29], we define a desirable gap range
(dmin < d < dmax, where the efficiency is larger than 90%

of ηmax) and plot it as a function of input heat flux (Fig.
9). An important observation is that the optimal gap size
(corresponding to ηmax), also shown in Fig. 9, is relatively
insensitive to input heat flux, which is a fortunate outcome
from a device engineering point of view. We also see that
the desirable range downshifts and becomes narrower with
increasing input heat flux. This is in qualitative agreement
with the results of Ref. [29]. However, it should be noted
that the lower limit of the desirable range and the opti-
mal gap size found in this work are significantly higher
than those found in Ref. [29] for a comparable range of
efficiencies (again due to the energy-constraint issues dis-
cussed before). As an example, for efficiencies of 23% and
33%, the optimal gap sizes found in Ref. [29] are around
900 and 800 nm, respectively, while in the present work,

FIG. 9. Desirable gap range (shaded area) for different values
of input heat flux.
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they are more than twice as high (around 2 and 1.7 µm,
respectively). Similarly, we find that the lower limits of
the desirable gap range for the abovementioned efficiencies
are, respectively, 1.5 and 1.9 times higher than the values
reported in Ref. [29]. This is because, under the input-heat-
flux constraint considered in this study, the lower bound
of the desirable gap range reported in Ref. [29] results in
emitter temperatures that are too low to obtain any sig-
nificant conversion efficiency. Although these differences
may not appear significant at first glance, given the enor-
mous material- and device-fabrication-related challenges
(due to mechanical imprecision, surface roughness, and
thermal expansion) associated with creating and maintain-
ing microscale gaps between macroscopic electrodes in
a wide range of temperatures, even a relaxation of the
requirements by a factor of about two can be very signifi-
cant for device engineering—another fortunate outcome of
the present study.

B. The effect of the values of emissivity and
heat-transfer coefficient

It is also worth discussing the effect of key device
parameters on the conversion performance. One such
parameter is the effective emissivity of the emitter surface
radiating thermal energy to the ambient. We vary the effec-
tive emissivity over a wide range, while keeping the other
parameters at the values given before.

Figure 10(a) shows that, as expected, the emitter and
collector (which is radiatively coupled to the emitter)
temperatures decrease monotonically with the increase of
effective emissivity, because the latter leads to stronger
radiative loss. The change in emitter temperature is much

more noticeable compared with that of the collector
because of the strong thermal contact of the collector to
a heat sink. The maximum efficiency (the efficiency value
optimized for both the TEC voltage and gap width) also
decreases with a decrease in emitter temperature. In Fig.
10(b), we see that the optimal gap width initially decreases
with an increase of emissivity. We attribute this to the
reduced electrode temperatures, which result in a weaker
radiative exchange between the electrodes, thereby allow-
ing a narrower gap width to mitigate the space-charge
effect further. After a certain point, the optimal gap width
gradually increases with emissivity. This is because, as the
emissivity increases, the gap size at which space charge
sets in becomes larger. On the other hand, the optimal volt-
age gradually decreases with an increase of emissivity and
approaches the flat band value of a space-charge-free TEC.

It is also interesting to analyze the effect of the collector
heat-transfer coefficient on device performance (Fig. 11).
[We emphasize that a heat-transfer coefficient higher than
103 W m−2 K−1 (which we have used so far) would require
forced convection or need a phase-change mechanism
[44,45]. Therefore, additional power would be required to
pump the cooling fluid to remove heat from the collector,
which we neglect in the efficiency analysis for simplicity
(a common practice in the literature).] The KL value of
104 W m−2 K−1 is chosen, as it is found to keep the col-
lector temperature very close to the ambient over a wide
range of input heat fluxes. The other parameters are kept at
the values used before.

As seen in Fig. 11(a), the collector temperature
decreases when we change KL to 104 W m−2 K−1; how-
ever, the emitter temperature increases over most of
the range of input-heat-flux values studied. The latter

(a) (b)

FIG. 10. (a) Maximum efficiency and electrode temperatures as a function of the effective emissivity (over the spectral range where
it radiates thermal energy to the ambient) of the emitter. Inset shows a magnified view of the collector temperature graph. (b) Optimal
gap width and output voltage as a function of the effective emissivity of the emitter. Graphs are shown for an input heat flux of
10 W cm−2.
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(a) (b)

(c)

KL = 104 Wm–2 K–1

KL = 103 Wm–2 K–1

KL = 104 Wm–2 K–1

KL = 104 Wm–2 K–1

Emitter at KL = 104 Wm–2 K–1

Collector at KL = 104 Wm–2 K–1

Collector at KL = 103 Wm–2 K–1

Emitter at KL = 103 Wm–2 K–1

KL = 103 Wm–2 K–1

KL = 103 Wm–2 K–1

FIG. 11. (a) Electrode temperatures, (b) maximum efficiency and corresponding optimal operating voltage, and (c) optimal gap
width as a function of the input heat flux for different heat-transfer coefficients.

is because the dielectric properties of tungsten are such
that, over this temperature range, a decrease in the col-
lector temperature leads to a weaker near-field radiative-
energy exchange. The increase in emitter temperature
and decrease in collector temperature naturally lead to
an increase in the maximum conversion efficiency [Fig.
11(b)]. In addition, the higher TEC current also leads to
a higher space charge, and thus an increase in the opti-
mal output voltage [Fig. 11(b)]. In Fig. 11(c), we see
that for relatively low input heat flux, the optimal gap
width is slightly reduced for the higher heat-transfer coef-
ficient. We attribute this to a reduced radiative coupling (as
explained before), which allows the electrodes to be placed
slightly closer to further mitigate the space-charge effect.
Interestingly, at higher heat-flux values, the contradictory
requirements of reducing the space-charge effect and inter-
electrode radiative exchange result in an optimal gap width
that is very similar for both KL values.

C. Operation under imperfect electron absorption by
the collector

Finally, we discuss the effect of electron reflection from
the collector. To study this issue, we add the physics of
electron reflection from the collector in our self-consistent
device model. The relevant theoretical details can be found
in Ref. [46] and will not be repeated here.

Here, we show the key findings of this additional
study of collector reflection. For this purpose, we assume
that the collector is 50% reflective, which is the aver-
age between the worst-case (completely reflective) and
best-case (perfectly absorbing) scenarios and compare it
with the perfectly absorbing case. The other device- and
material-related parameters are kept identical to the values
mentioned at the beginning of Sec. III to solely investigate
the effect of electron reflection from the collector.

In Fig. 12(a), we show the current density as a function
of the output voltage for different interelectrode distances.
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(a) (b)
d = 0.5 mm

d = 5 mm

d = 10 mm

d = 1 mm

FIG. 12. (a) Current-voltage characteristics for different interelectrode distances. Solid lines represent the results for a perfectly
absorbing collector, and dotted lines are for a 50% reflective collector. (b) Peak efficiency curves as a function of the interelectrode
distance for a perfectly absorbing collector and a 50% reflective collector. Graphs are shown for an input heat flux of 10 W cm−2.

The gap-width values are chosen so that the transition from
the emission-limited to space-charge-limited regime can
be clearly seen. We find that, for a reflective collector,
the space-charge effect sets in at a lower gap width, and
it is observed over a wider output-voltage range. This is
expected because a higher density of electrons is present
in the interelectrode space due to electron reflection from
the collector. Moreover, the effect of this more dominant
space charge due to collector reflection can be easily seen
on the device performance, as shown in Fig. 12(b). The
maximum value of the peak efficiency and the optimal gap
width decreases in the presence of collector reflection. In
addition, the desirable gap range becomes narrower.

IV. SUMMARY

We present a comprehensive analysis of the opera-
tion of a microgap vacuum thermionic energy converter
under the constraint of a fixed input heat flux. The space-
charge effect and near-field coupling of thermal radiation,
which are key effects in the energy-exchange processes,
are taken into consideration. The input-energy constraint
considered here requires the device performance to be ana-
lyzed under a numerical iterative framework based on the
energy balance at each electrode. The results elucidate
the dependencies of the electrode temperatures, various
interelectrode energy fluxes, device current, and output
power density on interelectrode distance. An efficiency
optimization in terms of operating voltage and interelec-
trode distance is also carried out, showing that the desired
interelectrode distance can be considerably higher than that
previously thought. The influence of the input heat flux on
electrode temperatures, efficiency, and operating voltage is
also discussed. The effects of the emitter effective emissiv-
ity, collector cooling capacity, and electron reflection from

the collector on device performance are also illustrated
with various examples. The findings of this work thus
provide useful insights into the device physics of a micro-
gap TEC that are crucial for the design and fabrication of
thermionic-energy-harvesting systems.
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