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Final Report:
Photon-enhanced thermionic emission

for space power systems
Cathode absorption by light-trapping

I. Introduction

One of the critical components onboard a spacecraft is the power generation unit. The amount of
electrical power needed can range from several watts to tens of kilowatts depending on the mission
type, duration and payload. To satisfy this need, a variety of different generating principles can be
used to supply the (electrical) power needed during the mission (see Figure 1). In general, two
broad classifications in these systems can be made, namely on duration (short and long term)
and maximum power demand (low and high power). For short-term duration, typically days or
weeks, the energy can be generated and stored on board to be converted via chemical processes
to electricity. Examples of this type are primary batteries and fuel cells. Scaling towards longer
duration missions (months or years) however quickly becomes unpractical and other types of
power sources are used. In the majority of cases, a readily available source of energy is provided
by solar irradiance. To this end, solar photovoltaic (PV) systems, with or without rechargeable
batteries, are customarily used in many of todays missions orbiting Earth or travelling to nearby
planets. When considering missions travelling beyond Mars, solar irradiance decreases and
on-board generating solutions are required.

On the opposite end of the spectrum, closer to the Sun, there is little consensus on which
power conversion technology would be best suited. At closer distances the solar intensity (W/m2)
increases quadratically, I ∝ 1/r2 which would appear to favour the use of photovoltaic conversion.
However, at the same time also temperature, ultraviolet radiation and high-energy particle
bombardment rates increase which can drastically degrade the performance of PV systems [4].
These harsh operating conditions have limited the investigation of the near Sun region to external
observations from either terrestrial [16] or distant space based observations [26]. Earlier concepts
to probe the near Sun region were developed [24] but relied mostly on on-board power generation
due to the lack of sufficiently efficient photovoltaic systems at the time and were never launched
considering the overall high costs and mission time. However, with decades of developments [4]
in efficiency, manufacturing and radiation hardness, photovoltaics have significantly improved
to the extent that today standard space-grade solar cells only exhibit a degraded performance
(decrease in open-circuit voltage) above a maximum steady-state operating temperatures of 420 K
[35].

The upcoming European Space Agency’s BepiColombo mission to Mercury (0.30 − 0.47
AU) [58] will be exposed to light intensities of up to 10.6 suns, resulting in operating tem-
peratures as high as 500 K. This will push current available technologies to their operational limits.
Towards the future, even closer orbiting missions are planned (for an overview see [26]) in order
to study the Sun’s atmosphere and heliophysics in more detail. Two planned missions are ESA’s
Solar Orbiter at 0.28 AU [9] and NASA’s Solar Probe Plus set to perform multiple close approaches
down to 0.04 AU [14]. At this proximity, the face temperature can easily reach values as high as
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Figure 1: Approximate ranges of application of different power sources [38]

1500 K (see Figure 2). Both concepts are foreseen to use specially screened photovoltaics during
the outer part of the orbit trajectories, where the heat flux is considered manageable. During the
closest approach phase, the solar panels will then be stowed behind a protective heat shield at
which point the scientific payload is powered via battery storage.

In particular facing these requirements and concerning the thermal limitations of photovoltaic
systems there is a need to develop generation techniques that are capable to operate at elevated
temperatures as well as higher radiation levels (see Figure 2) in order to power a close Sun
orbiting spacecraft. In this light, the thermal load offers an advantage that also electricity can be
generated directly via either a thermoelectric or thermionic process. Thermoelectrics are based
on the Seebeck effect, which generates an electrical potential when any two dissimilar materials
are maintained at different temperatures. Thermionic emission results from hot carriers that
overcome the material work function. Thermionic Energy Convertors (TEC) have already been
developed since the 1950s as candidates for space power systems both in terms of direct solar
thermionic generators as well as radioisotope and nuclear reactor thermionic generators [38, 8].
They differ only in the source of heat provided, either directly from the Sun or resulting from
a nuclear decay or reaction process (see [12, 20] for a historical review). Solar thermionic are
therefore prime candidates to extend power generation up to higher temperatures, although the
efficiency is usually considered to be lower compared to photovoltaic cells [38]. TEC devices are
however more easily scaled to higher powers, especially when considering high energy density
heat sources [8]. Depending on materials, a practical TEC requires emitter temperatures in the
range 1600− 2000 K [17]. The most intensive effort to develop a space solar thermionic system was
the Jet Propulsion Laboratory’s Solar Energy Thermionic (SET) program in the 1960’s fabricating
TECs producing 20 W/cm2 at 1 V for an emitter temperature of 2000 K [8]. However, with the
improvements in photovoltaic systems, the SET program was discontinued and research in solar
thermionics for space applications has been limited since the 1970s. Meanwhile, the theoretical
developments in photo-emission, field emission and thermionic emission [21, 25] continued
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Figure 2: Face temperature and solar wind pressure (adopted from [18]) as a function of distance
from the Sun.

together with breakthroughs in micro/nano fabrication efficient thermionic emission systems . In
addition, matching a growing effort into system miniaturization to enhance efficiency, for example
by stiffening suspension [5] and microfabricating thermal isolated devices [28].

More recently, Schwede et al. [43, 42] have demonstrated a conversion process consisting
on a combination of electron photovoltaic-photoemission and tandem thermionic emission in
semiconductor materials, called Photon-Enhanced Thermionic Emission (PETE). The underlying
mechanism of PETE, understood in simple terms as the direct emission of electrons to vacuum
after photon absorption, is promising since it can provide highly efficiency solar thermionic
energy converters in temperature ranges unobtainable with standard solar cells. In essence,
PETE combines photovoltaic and thermionic effects in a single process to take advantage of the
high per-quanta energy of photons and the available thermal energy due to thermalisation and
absorption (up to 50% of incident solar energy in silicon solar cells). The feasibility of PETE
as an efficient alternative has been accessed in a number of theoretical [46, 44, 55, 56, 41] and
experimental studies [34, 51]. Fundamentally, the maximum attainable efficiency converges to
the efficiency of a solar thermal converter and can surpass 60% at a concentration of 1000 suns
[40]. The practical efficiency limits are a result of an interplay between thermal and photovoltaic
processes [46]. The efficiency of an isothermal operating PETE device can be described as a
Metal Insulator Semiconductor (MIS) solar cell [52] which is bounded by the Schockley-Queisser
(SQ) limit [48]. A PETE might exceed both the SQ limit and the ideal thermal limit if operated
non-isothermally at high temperatures. In fact, it has been recognized recently by Segev et al.
[46] that the optimal operating temperatures largely exceed the limiting temperature of actual
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cathode anodevacuum

Figure 3: Depiction of the different parts of a PETE device. Light impinges from the left side
on the light-trapping structure. The band structure of the cathode and anode is depicted for a
voltage at the flat-band condition. The red curve in the vacuum gap represents the charge-cloud
electrostatic potential.

semiconductor devices which in practical cases lies around 1000 K. The temperature range of
applicability for near Sun missions lies therefore between 500− 1000 K meaning approximately
0.1− 0.3 AU with solar intensities up to 100 solar constants without active cooling.

In order to increase the performance of a PETE device, two strategies can therefore be con-
sidered, namely to maximize the photon absorption at the front-end or to maximize the electron
emission in the vacuum gap between cathode and anode.1

The final report is organized as follows. In Section II a brief description of the different parts
constituting the PETE device is included. The multiple physical phenomena involved in the device
required the development of custom models. We close this Section by describing the rationale
behind the different photonic crystals proposals that will serve to absorb as much light from the
Sun as possible. In the results Sections we report on the optimization results. The performance of
each photonic structure is discussed on the basis of a Lambertian absorber model and a single-pass
absorption model. While the former constitutes the maximum absorption attainable by diffractive
means, the latter represents the worst case in terms of light absorption. Feasible values for the
physical realization of the PETE deice are established from this analysis. Later the operation of the
device is discussed as a function of the cathode temperature and thickness. This understanding is
critical for further optimizing the PETE performance. We close the study by exploring the impact
of the electrostatic potential build-up by the emitted electrons.

II. Device operation principles

The PETE device consists on a p-type semiconductor hot cathode and a cold metal anode. The light
impinges at the front surface (transmission configuration, [41]) and the photogenerated electrons
diffuse towards the back surface where subsequently the emission takes place. Alternatively, it is
also possible to operate in the reflection configuration, where the incoming flux of light and the
outgoing flux of electrons takes place at the same surface. The latter configuration forces to use a
transparent contact layer as anode to avoid the loss of the Sun power by reflection and absorption

1Both approaches have been pursued in this Ariadna project and results can be found for both project in the final
reports of Ariadna ID: 14/2101
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Figure 4: (a) Schematic of the layer decomposition in the FMM. Examples of stratification of a
cone structure in thick (b) and thin (c) layers.

in the anode. An example of such configuration has been already reported [53]. We focus in this
study on the most broadly explored transmission configuration. To enhance the absorption of
light we place a light-trapping structure at the front surface. Figure 3 shows a scheme of the
different parts of the device. Contrary to conventional solar cells, it is not possible to enhance the
absorption in the cathode by placing a mirror at the back surface, because it would complicate
the thermionic emission process. A critical part in the operation of a PETE is the emission of
the electrons. As depicted in Figure 3 the electron-affinity (χ) is the energetic barrier that the
electrons from the cathode must overcome to propagate in the free space. Semiconductors present
in general a relatively high values of χ, e.g. χGaAs =4.15 eV and χSi=4.05 eV. This means that
the thermal energy of the electrons must be higher that 45,000 K in order to allow an electron
to scape. The experience in the development of photocathodes shows that χ must be reduced
using a coating of an electropositive atom like Caesium (see for example [37] p. 163) or any
other negative electro-affinity solution [10]. As a final process, the emitted electron will create
a electrostatic potential in the vacuum region. In summary, the physical model consists of four
different elements: (i) first to compute the photon absorption along the cathode; (ii) to determine
the generation rate from absorbed light; (iii) to calculate the carrier concentration at the emission
surface and the emitted current; (iv) to compute the electrostatic barrier height in order to get the
net emitted current.

I. Computation of the optical absorption

The optical absorption is computed by means of the Fourier Modal Method (FMM). In this method
the electromagnetic fields are expanded on an eigenmode basis. The structure is approximated by
slices of constant refractive index along the propagation direction. Figure 4(a) shows a schematic
of the decomposition of a 3D structure in slices. As matter of illustration, a cone would be
approximated by as series of disk of different radius. Depending on the number of slices, the final
shape of the diffractive element would be closer of farther to the original volume. Figures 4(b) and
(c) show two different stratification on a cone.

On each slice a scattering matrix is defined that relates all the incoming channels with the
outgoing channels. Combining the different scattering matrices allows to determine the scattering

7



Ariadna Final Report • 25 August 2015 • 4000112049/14/NL/MV

matrix of the full stack. The final expression to obtain the amplitudes of the fields would be:(
E+

N
E−1

)
=

(
S++

N1 S+−
NN

S−+11 S−−1N

)(
E+

1
E−N

)
, (1)

where the meaning of the amplitudes E±i is explained in Figure 4(a) and the elements of the
scattering matrix related the transfer of energy from an incoming field to an outgoing field, i.e. they
contain the information of the transmission and reflection. We use in this work the implementation
of the method found in the open source software S4 [31].

II. Transport model

A full description of the PETE transport model would require a 3D description of the generation
process and drift-diffusion of the photogenerated carriers. This is a higly computationally
demanding task. Andreani et al. have shown that to a great extent the device can be approximated
by averaging the generation in the normal plane to the electron propagation direction [3]. In
addition, finite-element-method simulations have also shown that the drift transport can be safely
neglected in the range of voltages meaningful for the PETE [45]. To model the charge transport in
the device, we have implemented the 1D diffusion model developed by Varpula and Prunilla [55].
The net current density results of the sum of the cathode and anode currents J = JC − JA. The
current densities are described by the Richarson-Dushman equations [43]:

JC =A∗CT2
C exp

(
−∆EC

kBTC

)
n

neq
,

∆EC =φC + Θ(V −Vfb)e(V −Vfb),
(2)

where A∗C the Richardson constant, TC the cathode temperature, kB the Boltzmann constant,
n the electron density at the emission surface, neq the electron density at equilibrium, φC the
cathode work function and Θ(x) the Heaviside function. The work function is defined in terms
of the electron affinity χC, conduction band edge Ec and Fermi energy EF as φC = Ec − EF + χC.
The flat-band voltage is defined by the alignment of the cathode and anode work functions:
Vfb = (φC − φA)/e. A similar expression to Eq. (2) is derived for the anode:

JA =A∗AT2
A exp

(
−∆EA

kBTA

)
,

∆EA =φA + Θ(Vfb −V)e(Vfb −V).
(3)

Note that the expression of JA corresponds to a pure thermionic emission and therefore the
electron density is absent.

The electron density can be divided into two contributions, the electron density at equilibrium
and the photogenerated electrons: n(x) = neq + ∆n(x). The diffusion law governing the electron
transport can be expressed as [55]

D
d2∆n
dx2 =

∆n
τ
− G(x), (4)

where D is the diffusion constant of the electrons, τ is the electron lifetime and G(x) is the
generation rate. A popular approach taken in the literature is to assume the generation created by
the absorption of light following the Beer-Lambert law [55, 56, 41, 44]. In our case, the generation
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is computed from the x-component of the Poynting vector integrated over the area of the photonic
crystal unit cell (Sx) obtained from the FMM:

G(x) =
∫ ∞

Eg
dE

ΦAM0

E

(
− 1

S0

dSx

dx

)
, (5)

where Eg is the cathode bandgap, S0 is the normalization flux considered in the FMM calculation
and ΦAM0 is the zero air mass solar spectral irradiance. The solution of Eq. (5) is found after
imposing the boundary conditions at the front and back surfaces:

d∆n
dx

∣∣∣∣
x=0

=
RS0

D
∆n(0), (6a)

d∆n
dx

∣∣∣∣
x=W

=− RSW
D

∆n(W)− J
qD

, (6b)

where RS0 and RSW are the surface recombination velocities of the front and back surfaces.
The total current appears in the back boundary condition, meaning that there is a closed loop
dependence between the excess carrier density and the net emitted current. The system of
equations as formulated above is a boundary value problem (BVP) solvable analytically. The final
expressions can be found in Appendix V. The integral of G(x) in the cathode region is the only
step required to evaluate numerically. However, under high injection conditions (∆n/p� 1) the
electron lifetime can not be assumed to be constant and its explicit dependence on radiative and
Auger recombination processes therefore needs to be introduced in Eq. (4) thus resulting in a
non-analytic BVP. [56] Although the numerical solution can be easily found nowadays, the increase
in computational time makes the optimization procedure highly demanding. In this study the low
injection condition is satisfied as can be seen in Fig.8, where n� NA.

III. Electrostatic charge cloud model

The charge cloud created by the emitted electrons can not be straightforwardly implemented in
Eq. (4). Instead, we have independently solved the Poisson’s equation to obtain the maximum
of the electrostatic potential (φe) taking as starting point the saturation current (J at V � Vfb)
[50, 17]. Finally, we introduce φe in ∆Ec in Eq. (2) to recompute the JV curve introducing the
reduction in the probability of emission due to the charge cloud. We will further develop this
point in section V.

IV. Candidates to light-trapping structures

It has been already mentioned that we will rely on photonic structures to enhance the absorption
in the cathode. In this way, a PETE with a thinner cathode can be obtained to minimize transport
losses without sacrificing a loss in absorption. The front material considered in the simulations is
SiO2, given that the PETE device needs to be encapsulated to get protected from the outer space.
We have explored the performance of four different structures. We show a sketch of the different
elements and materials defining each of the structures in Fig. 5.

A GaAs slab, as cathode, finished by an anti-reflective coating made of a bilayer (structure S0
in Fig. 5) will serve as a reference of the state-of-art technology employed in space for conventional
solar cells. The other three structures include a photonic crystal of lattice parameter a. This
photonic crystal contains two well differentiated layers. The top layer is common to all structures.
It contains a dielectric cone of radius R and height h; a Moth-eye like structure which is well
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Figure 5: Sketch of the four structures proposed for light-trapping purposes. Each color corre-
sponds to a different material.

known to reduce the reflectance by reducing the refractive index mismatch between the SiO2 cover
and the GaAs cathode [6, 13, 22, 54, 30, 7]. The bottom layer characteristic of each structure. In
the structure S1, a dielectric (TiO2) cylinder is placed below the top cone. Its presence is justified
because this structure might help in increasing the diffraction efficiency of higher diffractive
orders, which are characterized by larger optical paths and hence a higher absorption in the
cathode. In structure S2, the dielectric cylinder is substituted by a dielectric slab. We have seen in
previous studies that a thin slab helps in coupling light to guided modes, which again will result
in a higher absorption of the Sun light [7]. One problem of the structures S1 and S2 is the small
refractive index contrast between TiO2 and SiO2. In general, the higher the contrast, the higher
the diffraction effects. Therefore, we have considered structure S3, which is similar to S2, but the
TiO2 cylinder is substituted by a GaAs cylinder. In this structure, we are increasing the surface of
the active device and therefore its surface recombination will be higher than in the case of the
other structures. An additional shortcoming is that our 1D model can not accurately describe the
transport along the cylinder. For this structure we have assumed that the cathode thickness is
d+W instead of just W.

III. Results and discussion

I. Light-trapping structures optimization

The four photonic structures are optimized under the same conditions, using a global optimizer
[39, 23] and the power ratio as figure of merit:

η∗ =
J(Vop)Vop

Pinc
(7)

being Vop the operation voltage where the PETE delivers maximum power output and Pinc is the
incoming solar irradiance.

The parameters defining the operating conditions of the PETE that we use in the optimization
can be found in Table 1. To keep the model semi-analytic the lifetime and diffusion coefficients are
kept constant in solving the output current. The surface recombination velocity at x = 0 is set to
100 cm/s, which could be achieved using back surface field (BSF) [52, 45]. On the other hand, the
recombination surface at x = W is taken as 0 cm/s, to illustrate that the emission rate dominates
over the surface recombination. The anode temperature, TA, is set to 573.15 K. Keeping the anode
at a high temperature may allow to introduce an auxiliary Carnot machine to increase the final
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Table 1: Parameters and conditions used in the optimization. Parameters marked as † are extracted
from [1]

Parameter Value Parameter Value Parameter Value
D† 200 cm2/s mn

† 0.067 me φa 0.9 eV
RS0 100 cm/s mp

† 0.47 me χ 0.4 eV
RSW 0 cm/s AC 120 mn = 8.04 A cm 2 TC 700 K
NA 1018 cm−3 AA 120 A cm 2 TA 573.15 K
τ† 5 ns X 100 suns

Table 2: Optimal dimensions of the PC ARCs and their corresponding efficiencies and ultimate
efficiencies.

System a (nm) R (nm) h (nm) d (nm) W (nm) η∗ ηue
S0 - - 67.1 43.8 348 10.12 33.35
S1 584 292 814 21.7 224 11.48 34.97
S2 612 292 847 27.2 220 11.72 35.57
S3 387 147 123 209 28.4 12.43 38.25

PETE efficiency [43]. A thorough analysis of the PETE performance for different values of χ, NA,
and X is reported in [55, 56]. In our study, we will take as realistic values χ = 0.4 eV, NA = 1018

cm−3 and X = 100 suns. The latter might represent either the increase of the solar irradiance in a
near Sun orbit or an optical concentration system or a combination of both.

The optimization of the size parameters corresponding to each structure are bounded between
the following limits. The lattice parameters vary between 100 nm to 1 µm. The filling factor,
defined as the ratio between the diameter of the cylinder and the lattice parameter, varies between
0.25 to 1. The height of the cone and cylinder share the same bounds between 0 µm to 1 µm. The
cathode thickness is bounded between 1 nm to 20 microns. Finally, the spectral range chosen in the
optimization spans from 1 eV to 4 eV, i.e. 310 nm to 1240 nm. It covers 80% of the solar irradiance
AM0. The other 20% distributes as 1% at higher energies and 19% at lower energies. The lower
energy contribution of the solar irradiation can not be directly absorbed by the semiconductor,
therefore it has been proposed to use an infra-red filter as a heating system. The higher energy
contribution can be absorbed by the semiconductor, but as we will see, at such high energies also
the dielectrics compete in absorption. Once the upper and lower bounds are set, the optimizer
evaluates directly η∗ under the operating conditions defined in Table 1. The optimal parameters
found by the optimizer are shown in Table 2 together with the η∗ value. In addition, we have
introduced the corresponding value of the ultimate efficiency ηue [48]. This figure of merit is very
popular in the design of optical coatings for conventional solar cells and it will serve to highlight
the particularities of the PETE optimization.

As expected, Table 2 reveals that the introduction of a photonic crystal results in an increase
of the PETE efficiency with respect to the bilayer structure, which constitutes the state-of-the-art
in terms of optical coating. Structures S1 and S2 exhibit a very similar performance. Their size
parameters are also very close in value, with a slightly larger lattice constant for S2. The absence of
a cylinder as scatterer in S2 leads to a weaker diffraction, which is compensated by a larger lattice
constant and a taller cone. Structure S3 brings remarkable differences with respect to structures
S1 and S2. The lattice constant and filling factor are significantly smaller, a reduction of ∼ 35%
and ∼ 50%, respectively. This reflects that S3 mostly operates in the sub-wavelength regime and
light diffraction is not driven the absorption into GaAs. Another relevant feature of S3 is that it
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Figure 6: (a) Absorption in the cathode for the S0 (red) and S1 (blue) structures. The area
between the dashed and the continuous line represent the losses due to the absorption of the
TiO2. The hatched area correspond to the losses of the S0 and S1 structures respectively. (b)
Absorption in the cathode for the S2 (purple) and S3 (gray) structures. The area between the
dashed and the continuous lines represents the losses due to the absorption of the TiO2. The
hatched area correspond to the losses of the S2 and S3 structures respectively. The vertical dashed
line correspond to the gap of the TiO2 at 300 K

contains less TiO2 than S1 and S2, which means smaller losses due to absorption in the dielectric.
S1 and S2 present similar optimal thicknesses around 220 nm. It is remarkable that this value
is around 38% thinner than the optimal value found of the bilayer. This is also the case for S3,
d + W = 237 nm. However, a better comparison is obtained with the GaAs volume to unit cell
area, W + πR2/a2d = 123 nm. Meaning that S3 contains roughly a 50% less GaAs than S1 and
S2. This result is very well known in the design of optical coating for solar cells, as nanowire
absorbing structures are extremely efficient [15, 49].

We show in Fig. 6 the optical absorption of the different structures. From a qualitative point of
view, it is possible to recognize the diffractive character of S1 and S2, where the spectrum shows
sharp resonances at low energies. The S3 spectrum, instead, shows more smooth peaks typical
of sub-wavelength structures. The ultimate efficiency ηue results very helpful in comparing the
absorption performance of each structure. From Table 2, there is a clear correlation between the η∗

and ηue, hence the higher the absorption, the higher the PETE efficiency. However, if we keep all
the size parameters constant and let grow d and/or W, ηue keeps increasing up to its maximum
theoretical value (ηue,max = 43.5%), while η∗ reduces monotonously. The optimization of η∗ takes
into account the loss of electrons in the diffusion process across the cathode. A further analysis
of Fig. 6 permits to quantify the amount of light absorbed by the TiO2. The dashed vertical line
indicates the TiO2 band edge. The dashed colored lines represent the absorption for a lossless TiO2.
Hence, the losses in the dielectric are the hatched areas. The losses are more critical in S1, and S2,
whereas S3 does not present this problem. In our case the TiO2 refractive index were temperature
independent, therefore it is expected that the band-edge would red shift in a real device. We can
conclude that S3 is the best solution as light-trapping structure as long as a dielectric of larger
bandgap than TiO2 at equal refractive index is not available.
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Figure 7: (a) Evolution of the power output with the thickness of the cathode for the four systems
simulated, S0-S3. A Beer-Lambert like cathode and a Lambertian like cathode, are included as
different physical limits of the absorption. The temperature is set to 700 K. (b) Evolution of the
power output with the temperature of the cathode for the four systems simulated. A Beer-Lambert
like cathode of thickness 350 nm and a Lambertian like cathode, thickness of 30 nm are included
as different physical limits of the absorption.

II. Effect of the cathode thickness and temperature

The S0 structure strategy to enhanced the absorption is to minimize the reflection losses. Structures
S1 to S3 strategy is two-fold. It consists in reducing the reflection losses together with increasing
the optical path. The physical grounds of these two strategies can be represented by two different
ideal physical models [36]:

• A single pass Beer-Lambert absorber (BLA) without reflection. The Poynting vector in a BLA
is defined as:

S(x)BLA = exp[−α(E)x], (8)

where α(E) is the absorption coefficient.

• A Lambertian absorber (LA), also without reflection. For an LA, the Poynting vector is:

S(x)LA = 1− 4n2α(E)x
4n2α(E)x + 1

. (9)

The evolution of η∗ with the cathode thickness is shown in Fig. 7(a). We have kept fixed all
size parameters except W. For the structure S3, we have assumed as cathode thickness the sum
d + W, but keeping the same ratio d/W as in the case of the optimal structure of Table 2. The
efficiency of S0 increases with W until up to a thickness of ≈350 nm. For thicker cathodes the
efficiency drops. The good agreement between S0 and BLA indicates that the absorption increases
in the cathode up to a thickness where all the incoming light gets absorbed. For larger values of
W there is no additional generation and the loss mechanisms in transport are responsible of the
efficiency drop. The shoulder appearing at ≈25 nm is related with the zero-frequency Fabry-Perot
mode [32], meaning a resonance peak. The efficiency of S1 and S2 follows a very similar trend. As
expected, the dielectric photonic crystal structure helps in increasing the absorption in the cathode
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Figure 8: Evolution of the operating voltage with the thickness (a) and temperature (b) of the BLA
(red) and the LA (blue). The dashed line corresponds to Vfb. Evolution of the electron density at
the emission surface with the thickness (c) and temperature (d).

reaching a clear maximum at the optimal W. For these structures it is also possible to identify
the zero-frequency at ≈ 25nm. Structure S3 only outperforms S1 and S2 in the neighborhood of
the optimal W. This is attributed to its design. S1 and S2 with a thinner cathode keep the same
dielectric photonic crystals. However, the cathode thickness in S3 is d + W, hence the height of the
cylinder in the S3 structure varies and the diffracting structure reduces the light-trapping. The
LA efficiency is above all structures and can be considered as a top physical limit. It exhibits a
maximum for thinner cathodes as the absorbed power saturates “faster” than in BLA and the
realistic structures. The fact that maximum efficiency of S3 gets very close to the LA efficiency
shows the good performance of the structure as anti-reflective coating. This is a known behavior
of photonic crystals based on cones [22, 54, 30, 7] Finally, for W > 1 µm all models converge and
follow the same trend.

In Fig. 7(b), we show the evolution of the efficiency with the cathode temperature. The shape
of the curves is similar for all the structures. At low temperatures the efficiency is low because
the electrons do not have enough energy to overcome the escaping barrier, (∆EC in Eq. 2) and
the reverse current from the anode (at TC = 573 K) dominates. At higher TC, the efficiency grows
exponentially in accordance with JC up to maximum value. From this point, the generation process
is not powerful enough to keep a high current and only the LA keeps increasing with TC. Only at
very high temperatures (higher than 900 K) the neq is high enough to allow the electrons to escape
from the cathode (“purely” thermionic emission). Structures S0-S3 and BLA show a reduction in
efficiency attributed to the drop in voltage. The bandgap of the semiconductor reduces with the
temperature and consequently the voltage at flat-band gets also reduced. We will come back to
this point when discussing the internal operation of the PETE in Fig.8.

To get a full understanding of the efficiency of the PETE it is customary to look at the evolution
of the internal variables of the device namely the operation current density and voltage and the
carrier density at the emission surface. We have constrained this analysis to the two physical
models BLA and LA, as the actual structures exhibit an “in-between” behavior. The evolution
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of the current density follows qualitatively the same trends as the efficiency, therefore we have
omitted the corresponding plots. The evolution of the voltage with TC was analyzed in [56]. We
show the results for the BLA and the LA in Fig. 8(b). Naively thinking, the operating voltage
would be Vfb, i.e. when the barrier for the emitted electrons is minimal φC = φA. However,
for low TC the anode is hotter than the cathode and there exists a reverse current. To get a
positive efficiency the system is forced to operate below Vfb, i.e to lower φA. Once the temperature
difference reduces, the operating voltage reaches the flat-band condition. At even higher TC, the
thermal energy allows to overcome a higher energy barrier. This means that the PETE is able to
operate at voltages higher than Vfb. The difference between the values obtained for BLA and LA
obeys the value of ∆n which is higher for the stronger absorber than for the weaker. Hence, the
higher the absorption, the higher the voltage.

The dependence of the voltage with W is shown in Fig. 8(a). In this calculation TC = 700
K, meaning that the thermal energy is high enough to operate above Vfb. Therefore at low W
the voltage is above Vfb. Results surprising that at higher thicknesses the voltage drops to Vfb.
Focusing in the LA case, the current density increases with W up to a critical thickness were the
absorption saturates and the losses in the bulk reduce its value. As the current density can be seen
as a loss mechanism in the boundary conditions in Eq. (6), it means that n(W) should decrease
with W. Indeed, this decrease can be seen in Fig. 8(c). As JC is proportional to n(W) the only way
to enhance the current density is by lowering the voltage, approaching it to Vfb. The case of the
BLA can be understood in similar terms, but the drop in voltage follows a previous rise related
with “slower” increase of the current density as happens with a weaker absorber. For the sake of
completeness Fig. 8(d) shows n(W) as a function of TC. There the situation is slightly different,
because the system is restraining the reverse current density JA at low TC. At high TC, there exists
a threshold TC making the n(W) to grow linearly as neq does. As a final remark, the dependence
of the voltage with TC is analyzed in [56] for different concentration factors showing similar
results to those of Fig. 8(b). Hence, a change in the concentration factor can be also interpreted as
a change in the absorption strength.

III. Isothermal operation conditions

From Fig. 7 can be inferred that the PETE device offers a non-zero efficiency if the cathode and
anode are set at the same temperature, i.e. isothermal operation TC = TA. This might be beneficial
to mitigate the problem of the electrostatic potential in the vacuum gap. This electrostatic potential
increases with the distance from cathode to anode, therefore reducing the gap is an effective way
of increasing the number of emitted electrons reaching the anode. A detailed analysis of this
problem will be explored later in Section V. The main drawback of such an approach is that a very
narrow gap would allow the cathode and anode to exchange heat through near-field radiation.
This operation conditions would result in a zero net current for a conventional thermionic emitter,
but not for a PETE.

The efficiency of an isothermal PETE is shown in Fig. 9(a). The study has been extended for
values of the electron-affinity ranging from 0.2 to 0.8 eV. Only the results for an LA absorber of 30
nm are presented. At low temperatures the curves show a step increase with the temperature,
resembling that obtained in Fig. 7(b). At higher temperatures the efficiency drops as a result of
the drop in voltage. The final increase for temperatures higher than 1100 K obeys a change of sign
in the voltage and current, conditions not correctly described by our model. The corresponding
values of the operating voltage are shown in Fig. 9(b). Depending of the value of χ, Vop can
take values either above or below the Vfb. However, in all cases there is a temperature above
which the voltage experiences a drastic reduction reaching the zero value about 1100 K. This
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maximum voltage is fixed by the losses of the device namely the electron recombination described
by the effective lifetime τ and the reverse current from the anode to the cathode. To illustrate
this fact a bit further it is instructive to look at the dependence of the open-circuit voltage Voc)
(JC = JA) with the temperature, dotted line in Fig. 9(b). This voltage represents the zero net
current. As in the case of solar cells, Voc represents the voltage at which the sources compensate
the losses. Hence, to shift this maximum voltage towards higher temperatures one needs to
reduce the losses in the device. This can be accomplished by increasing τ or reducing the anode
back current, i.e. an smaller Richardson constant AA. Note that in our study we have assumed
AC=8 A cm2 and AA=120 A cm2 resulting in an asymmetric emission even at equal temperature.
Additionally, there is a maximum voltage related only with the recombination lifetime τ. It is only
meaningful for JC � JA and therefore can only be identified in the plot for χ = 0.2 eV. It appears
as a plateau as a function of the temperature because we have assumed that τ is independent
of T. A thicker cathode or a shorter lifetime would shift the plateau towards lower voltages. In
summary, the isothermal PETE shows the best performance when the current is dominated by the
photogenerated carriers, i.e. at low temperatures. At higher temperatures, the efficiency is the
result of the emission properties of the anode and cathode.

IV. Refractive index temperature dependence

One of the key material parameters of our study is the permittivity or, equivalently, the refractive
index. GaAs is one of the few semiconductor materials thoroughly studied from an optical point
of view in a broad temperature range. Its optical response is characterized by a series of high
absorption peaks, related with the Van Hove singularities of its electronic band structure [29]. The
impact of the temperature on the refractive index is a red shift of the resonances positions and an
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increase of their spectral width. An ab-initio calculation of the linear response as a function of the
temperature still represents a computational challenge [19, 47] out of the scope of the present work.
Nevertheless, it is possible to get an accurate description relying on a simple empirical model [2].
We have neglected the impact of excitonic effects in our analysis, given that we are targeting very
high temperatures. In Figure 10, we show the evolution of the real and imaginary part of the
refractive index with within a temperature range of 300 K to 1000 K. The most noticeable changes
in the spectral range of interest is the red shift of the fundamental bandgap (Γ point, E0 transition)
and the absorption along the Γ-L line (Λ line, E1 transition). At higher energies there are two
additional transitions E2 (X point) and E′0 (excited conduction band at the Γ point).

The change in the absorption spectrum of the optimal structures is depicted in Fig. 11(a)-(c).
We have not shown the corresponding spectra of structure S1, because qualitatively it is similar to
that of S2. It is common to all structures the red shift of the fundamental bandgap. In fact, the
increase in broadening and value of Im(n) gets reflected as the increase in the absorption with the
temperature in the low energy part of the spectrum. The rise of Im(n) at high energies (E2 and E′0
transitions) is hindered by the absorption of the TiO2, which starts to absorb from 3.2 eV onwards,
as discussed above. The general trend is therefore a rise of the absorbed light with temperature
for energies below 2.5 eV and an almost insensitive absorption for higher energies. The effect of
the temperature on the absorption can be quantified by looking at the ultimate efficiency (ηue).
Fig. 11(c) shows the corresponding values for each of the structures. It is clearly identifiable the
increase in ηue, directly related with the absorption, in all structures. While the bilayer structure
(S0) shows a linear-like increase with the temperature, S1 and S2 show step changes in slope. This
is related with the excitation of resonances appearing at low energies [Fig. 11(b)]. The behavior
of structure S3 instead shows a clear maximum at 800 K, very close to the temperature used
in the optimization, 700 K (see Table. 1). Hence, the evolution of the refractive index with the
temperature needs to be taken into account explicitly to get an accurate description of the optical
absorption. Alternatively, one could have taken the refractive index at 300 K and shift it according
to the fundamental band-edge. Such approach would imply an underestimation of the total
absorbed light.
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Figure 11: Change in the optical absorption as a function of the temperature for the optimal
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V. Charge-cloud effects

In an ideal PETE device, the totality of the emitted electrons from the cathode will reach the anode
and vice versa. However, as it has been already mentioned, the vacuum gap is not a ballistic
channel for the emitted electrons. Intuitively, emitted electrons will interact electrostatically with
one another. The result is that some of the electrons reflect back to the cathode. Depending
on the applied voltage, there is a point in the space between cathode and anode of maximum
probability of backscattering in the steady state. Such maximum has been depicted in the energy
level structure of Figure 3 by the electrostatic potential maximum φe. Beyond this point, the
electrons reach the anode balistically. A rigorous description of this problem is based on the
Langmuir space charge theory [27], which has been successfully adapted to the case of thermionic
emitters [17] and PETE [50]. The value of the applied voltage plays a critical role in the final profile
of the electrostatic potential and three regimes are clearly identified: (i) Saturation point: the
voltage VS is such that φC � φA and φe is located within the cathode physical space; (ii) Critical
point: the opposed situation, the voltage VC is such that φC � φA and φe is located within the
anode physical space; (iii) Space charge limited regime: this is the “in-between” regime depicted
by the red line of Figure 3. We have followed the numerical procedure described in [17, 50] to
determine the value of φe as a function of the voltage given a certain saturation current and a
vacuum gap distance. However, they assumed in their work that the operating current density in
the space charge limited regime is J(V) = JC exp [−φe(V)], which is valid for a thermionic emitter
but only an approximation for PETE. We showed in Eq. (2) that the current density depends
on the electron concentration n and in Eq. (6) that ∆n also depends on the current density. The
solution of this system of equations would require a self-consistent solution scheme at each value
of the voltage. Instead, we have adopted an approximate solution. We first calculate the saturation
current JC as described in Section II. The potential barrier φe(V) is calculated only once for this
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Figure 12: Evolution of the JV curve (a) and φe (b) of the optimal S3 PETE as a function of the
vacuum gap distance. (c) Total efficiency as a function of the vacuum gap distance for three
different concentration factors: 10 suns (black line), 100 suns (red line) and 1000 suns (blue line).

maximum current density supplied by the PETE. Then, we introduce φe(V) in the exponential of
the current density [∆EC in Eq. (2)] and recompute the JV curve.

We show in Figure 12(a) the change in the characteristic JV curve of the S3 PETE as a function
of the vacuum gap distance and in Figure 12(b) the corresponding value of φe. In the limit of zero
vacuum gap, the JV curve is exactly the same to the ideal PETE, all the emitted electrons reach
the anode seamlessly. The drop in current takes place close to the flat-band voltage (indicated by
the vertical line for φe = 0). For this vacuum gap VS ≈ VC ≈ Vfb and φe ≈ 0. When the vacuum
gap distance increases, the drop in the current density takes place at lower voltages, mostly
governed by the value of the saturation voltage VS. The barrier φe starts to increase accordingly.
To get a broad picture on the impact of φe on the performance of the device, we have depicted in
Figure 12(c) the evolution of the PETE efficiency with the vacuum gap distance. The reduction
in efficiency at a concentration of 100 suns (default conditions) is very slow for a very thin gap,
from 0 µm to 3 µm. For wider gaps, the drop follows an almost linear decrease. This effect is
tightly related with the amount of photogenerated and emitted electrons. Therefore changes in the
concentration factor have a great impact on the performance of the device. Higher concentrations
produce higher current densities and, in accordance, faster reductions in performance with the
vacuum gap distance (see blue line for 1000 suns). The opposite behavior is found for lower
concentration factors. It is possible to keep a constant performance up to 25 µm gap for 10 suns.
The technology employed in the fabrication of the PETE device would critically determine the
optimal concentration factor to avoid sacrificing the performance of the device. For sub-micrometer
to a few micrometers gap, high concentration provides the best performance. For technology
involving larger fabrication motives a low concentration factor is mandatory. In contrast to TECs,
where TC 6= TA, a PETE can operate in an isothermal configuration. Thus, a narrow vacuum gap
would not be affected by the near field heat exchange [29].

IV. Conclusions and outlook

The description of a PETE with a light-trapping structure required a model able to cope with an
arbitrary generation profile and a full description of the complex refractive index as a function of
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the temperature. We have focused our analysis on two parameters only, the cathode thickness and
its temperature. The photonic crystal structures provides an ≈12% efficiency at thicknesses around
≈225 nm. This value is very close to the physically ideal system of non-reflective Lambertian
absorber. There is still place of improvement, given that a 16% efficiency might be achieved
for a very thin absorber (≈ 25 nm). Further research is required to achieve such value. At low
temperatures, the PETE offers a maximum performance at smaller temperatures than the anode
(≈ 525 K and 573 K, respectively). As reported in [43, 45, 56], a higher efficiency is attainable by
heating up the cathode beyond 1000 K. However, such temperature regime is far beyond of the
operational temperature limit of semiconductor devices. The role of the charge cloud created by
the emitted electrons also plays a strong constrain on reaching an efficiency above 10%. We found
that the concentration factor is critical in determining the optimal vacuum gap distance. Keeping
it bellow 100 suns allows for a vacuum gap narrower than 10 µm, while higher values required
much narrower channels.

The efficiency values reported here are greater than those of a single junction GaAs solar cell
in the SQ limit at temperatures above ≈ 1000 K. Clearly, the combination of photovoltaic and
thermal conversions is critical for the PETE to outperform a standard solar cell. However, such
crossover needs to be moved to lower temperatures for practical applications to be attractive. At
the same time, it offers technological advantages. The extraction of electrons and holes can be
done selectively and no p–n junction is required [45, 57]. This prevents problems related with
the migration of dopants and the removal of the built-in voltage for carrier separation. Problems
related with the diffusion of contacts are common to solar cells and PETEs. A feasible way to
enhance the efficiency of the PETE is to rely on semiconductors of broader bandgap. Indeed, the
optimal bandgap is around 1.4 eV [43]. An additional benefit is the increase of the effective mass
with the bandgap providing higher values of the Richardson-Dushman constant A∗. However, the
electron-affinity also increases with the bandgap, requiring a more effective Cs treatment.

In terms of space applications, the reported PETE shows to be competitive with existing
technology when targeting high intensity solar radiation and high temperatures. Even though
previous tests [33] reported concentrator cells with 18% of AM0 efficiency surviving 7 minutes
at 870 K, solar cells show a substantial decrease in efficiency above 370 K. For example, typical
InGaP/GaAs/Ge triple junction solar cells with efficiency η = 26% at T = 300 K and with linear
normalized temperature coefficient β = (1/η)(dη/dT) = −4.5× 10−3 K−1 [11] are expected
to have an efficiency of 11% at 420 K (average temperature orbiting Mercury under a solar
concentration factor of ∼ 10 suns [58]). At 440 K the efficiency is already below 10%. Single
junction GaAs on Ge solar cells with lower β show a drop of efficiency from 17.6% (300 K) to 14%
(420 K) [33] and for T = 530 K and higher, besides the poor thermal stability of the system, the
efficiency drops off below 10% resulting in decreased performance. A PETE system working at 10%
efficiency would therefore be advantageous above temperatures of 570 K meaning either transit in
Mercury perihelion or solar probe like missions. Further, previous studies on high temperature
solar arrays [33] showed that better solar cell survivability can be achieved through changes to
the contact metallization and through the use of diffusion barriers in the GaAs cells. The same
improvement could be applied to PETE, in order to extend the thermal stability operation of the
device.

It is also worth to compare the performance of the PETE with a thermoelectric device. The
latter is based on a pure thermal cycle and therefore we could evaluate the potential as a thermal
machine of the new device. The efficiency of a thermoelectric is commonly expressed as function
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of the figure of merit ZT:

η =

(
Thot − Tcold

Thot

)( √
1 + ZT− 1√

1 + ZT + Tcold/Thot

)
. (10)

As can be appreciated in Fig. 13, the efficiency of a PETE is different from zero even at zero
temperature difference. For a temperature difference of 100 K, the PETE outperform a ZT = 10. For
higher differences the efficiency of the PETE equals that of thermoelectric of lower ZT. However,
the realistic S3 structure always outperforms a ZT = 1 in the complete temperature range. This is a
clear example of the great potential of the device if the experimental difficulties for its fabrication
are solved in the near future.

In terms of future work, we are exploring the possibility to increase the emitted current, and
thus the efficiency, by nanostructuring the back surface using cone structures. Additionally, in
order to reduce the effect of the electron charge cloud we are studying the effect of the insertion of
an electrostatic grid (gate) between cathode and anode.

V. Appendix: Semi-analytical solution of diffusion transport equation

The excess carrier density at the back surface for a PETE device in the transmission configuration
can be easily computed starting from the diffusion equation [Eq. (4)] written as:

d2∆n
dx2 =

∆n
L2 −

G(x)τ
L2 , (11)
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where we have introduced the diffusion length L =
√

Dτ. By definning the following constants:

a =L−1, (12a)

b =− RS0/D, (12b)

c =RSW/D + J0/neqqD, (12c)

d =A/qD. (12d)

The current J0 is defined from JC in Eq. (2) as JC = J0n/neq. From this, A = J0 − JA. Under this
notation, the system of equations results:

∆n′′(x)− a2∆n(x) =− τa2G(x), (13a)

∆n′(0) + b∆n(0) = 0, (13b)

∆n′(W) + c∆n(W) + d = 0. (13c)

The current is determined from the value of the excess carriers at the back surface, i.e.

∆n(W) =
d[a + b + (a− b)e2aW ] + a2τeaW [(b− a)F+ − (a + b)F−]

(a + b)(a− c)− (a− b)(a + c)e2aW , (14)

where

F± =
∫ W

0
e±ax′G(x′)dx′. (15)

If instead, the PETE operates in the reflection configuration, i.e. solar flux impinges on the
same surface were the electrons are being emitted, the boundary conditions needs to be rewritten
as:

d∆n
dx

∣∣∣∣
x=0

=
RS0

D
∆n(0) +

J
qD

, (16a)

d∆n
dx

∣∣∣∣
x=W

=− RSW
D

∆n(W). (16b)

The auxiliary constants of Eq. (12) become:

a =L−1, (17a)

b =− RS0/D− J0/neqqD, (17b)

c =RSW/D, (17c)

d =− A/qD, (17d)

and the system of equations

∆n′′(x)− a2∆n(x) =− τa2G(x), (18a)

∆n′(0) + b∆n(0) + d = 0, (18b)

∆n′(W) + c∆n(W) = 0. (18c)

The current is determined from the excess carrier density at the front surface:

∆n(0) =
d[a− c + (a− c)e2aW ] + a2τ[(a− c)F+ + (a + c)F−e2aW ]

(a− b)(a + c)e2aW − (a + b)(a− c)
, (19)

22



Ariadna Final Report • 25 August 2015 • 4000112049/14/NL/MV

References

[1] S. Adachi. Properties of Group-IV, III-V and II-VI Semiconductors. Wiley Series in Materials for
Electronic & Optoelectronic Applications. Wiley, 2005.

[2] Sadao Adachi. Excitonic effects in the optical spectrum of GaAs. Phys. Rev. B, 41(2):1003–1013,
January 1990.

[3] Lucio Claudio Andreani, Angelo Bozzola, Piotr Kowalczewski, and Marco Liscidini. Photonic
light trapping and electrical transport in thin-film silicon solar cells. Sol. Energ. Mat. Sol. Cells,
135:78–92, April 2015.

[4] Sheila Bailey and Ryne Raffaelle. Space solar cells and arrays. Handbook of Photovoltaic Science
and Engineering, pages 413–448, 2003.

[5] I. Bargatin and R.T. Howe. MEMS-Based Integrated Inverter for Wafer-Scale Thermionic
Energy Converter, 2014. US Patent App. 13/944,570.

[6] Stuart A. Boden and Darren M. Bagnall. Optimization of moth-eye antireflection schemes for
silicon solar cells. Prog. Photovoltaics Res. Appl., 18(3):195–203, 2010.

[7] J. Buencuerpo, J. M. Llorens, M. L. Dotor, and J. M. Ripalda. Broadband antireflective
nano-cones for tandem solar cells. Opt. Express, 23(7):A322–A336, April 2015.

[8] National Research Council. Thermionics Quo Vadis. National Academy Press, Washington
D.C., 2005.

[9] ESA. Solar orbiter definition study report (red book). 2011.

[10] John S. Escher. Chapter 3 NEA Semiconductor Photoemitters. In Robert K. Willardson and
Albert C. Beer, editor, Semiconductors and Semimetals, volume 15, pages 195–300. Elsevier, 1981.

[11] Navid S Fatemi, Howard E Pollard, Hong Q Hou, and Paul R Sharps. Solar array trades
between very high-efficiency multi-junction and si space solar cells. In Photovoltaic Specialists
Conference, 2000. Conference Record of the Twenty-Eighth IEEE, pages 1083–1086. IEEE, 2000.

[12] H. J. Goldsmid. Introduction to Thermoelectricity. Springer, Berlin, Heidelberg, 2010.

[13] Federico Lora Gonzalez, Daniel E. Morse, and Michael J. Gordon. Importance of diffuse
scattering phenomena in moth-eye arrays for broadband infrared applications. Opt. Lett.,
39(1):13–16, 2014.

[14] NASA Heliophysics Group. Solar probe plus: Mission engineering study report. 2008.

[15] Sang Eon Han and Gang Chen. Toward the Lambertian limit of light trapping in thin
nanostructured silicon solar cells. Nano Lett., 10(11):4692–4696, November 2010.

[16] JWi Harvey, F Hill, RP Hubbard, JR Kennedy, JW Leibacher, JA Pintar, PA Gilman, RW Noyes,
J Toomre, RK Ulrich, et al. The global oscillation network group (gong) project. Science,
272(5266):1284–1286, 1996.

[17] G.N. Hatsopoulos and E.P. Gyphtopoulos. Thermionic Energy Conversion: Theory, technology
and application. Vol. 2. MIT Press, 1979.

23



Ariadna Final Report • 25 August 2015 • 4000112049/14/NL/MV

[18] A. J. Hundhausen. Nonlinear model of high-speed solar wind streams. Journal of Geophysical
Research, 78(10):1528–1542, 1973.

[19] Z. A. Ibrahim, A. I. Shkrebtii, M. J. G. Lee, K. Vynck, T. Teatro, W. Richter, T. Trepk, and
T. Zettler. Temperature dependence of the optical response: Application to bulk GaAs using
first-principles molecular dynamics simulations. Phys. Rev. B, 77(12):125218, March 2008.

[20] A. F. Ioffe. Semiconductor Thermoelements and Thermoelectric Cooling. Infosearch, London, 1957.

[21] Kevin L Jensen. Electron emission physics. Advances in Imaging and Electron Physics, 149:147–
279, 2007.

[22] Seungmuk Ji, Kyungjun Song, Thanh Binh Nguyen, Namsoo Kim, and Hyuneui Lim. Optimal
moth eye nanostructure array on transparent glass towards broadband antireflection. ACS
Appl. Mater. Interfaces, 2013.

[23] S. G. Johnson. NLopt - AbInitio.

[24] Stuart Kerridge, Michael Evans, and Bruce Tsurutani. Cost-effective mission design for a
small solar probe. Acta Astronautica, 35:257–266, 1995.

[25] Franz AM Koeck and Robert J Nemanich. Substrate-diamond interface considerations for
enhanced thermionic electron emission from nitrogen doped diamond films. Journal of Applied
Physics, 112(11):113707, 2012.

[26] V.D. Kuznetsov. Solar and heliospheric space missions. Adv. Space Res., 55(3):879 – 885, 2015.
Cosmic Magnetic Fields.

[27] Irving Langmuir. The effect of space charge and initial velocities on the potential distribution
and thermionic current between parallel plane electrodes. Phys. Rev., 21(4):419–435, April
1923.

[28] Jae Hyung Lee, Igor Bargatin, Thomas O Gwinn, Maxime Vincent, Karl Littau, Roya
Maboudian, Z-X Shen, Nicholas A Melosh, Roger T Howe, et al. Microfabricated silicon
carbide thermionic energy converter for solar electricity generation. In IEEE 25th International
Conference on Micro Electro Mechanical Systems (MEMS), pages 1261–1264, 2012.

[29] Jae-Hyung Lee, Igor Bargatin, Nicholas A. Melosh, and Roger T. Howe. Optimal emitter-
collector gap for thermionic energy converters. Appl. Phys. Lett., 100(17):173904, April 2012.

[30] Jung Woo Leem, Jae Su Yu, Dong-Hwan Jun, Jonggon Heo, and Won-Kyu Park. Efficiency
improvement of III–V GaAs solar cells using biomimetic TiO2 subwavelength structures with
wide-angle and broadband antireflection properties. Sol. Energ. Mat. Sol. Cells, 127:43–49,
2014.

[31] Victor Liu and Shanhui Fan. S4 : A free electromagnetic solver for layered periodic structures.
Comput. Phys. Commun., 183(10):2233–2244, 2012.

[32] Jose M. Llorens, Jerónimo Buencuerpo, and Pablo Aitor Postigo. Absorption features of the
zero frequency mode in an ultra–thin slab. Appl. Phys. Lett., 105(23):231115, 2014.

[33] Antonio Luque and Steven Hegedus. Handbook of Photovoltaic Science and Engineering. John
Wiley & Sons, Ltd., Jul 2003.

24



Ariadna Final Report • 25 August 2015 • 4000112049/14/NL/MV

[34] S. Meir, C. Stephanos, T. H. Geballe, and J. Mannhart. Highly-efficient thermoelectronic
conversion of solar energy and heat into electric power. Journal of Renewable and Sustainable
Energy, 5:043127, 2013.

[35] David Meneses-Rodríguez, Paul P. Horley, Jesús González-Hernández, Yuri V. Vorobiev, and
Peter N. Gorley. Photovoltaic solar cells performance at elevated temperatures. Solar Energy,
78(2):243–250, 2005.

[36] O. D. Miller, E. Yablonovitch, and S. R. Kurtz. Strong internal and external luminescence as
solar cells approach the shockley-queisser limit. IEEE J. Photovolt., 2(3):303–311, 2012.

[37] T.S. Moss, G.J. Burrell, and B. Ellis. Semiconductor Opto–Electronics. Elsevier Science, 2013.

[38] M. R. Patel. Spacecraft Power Systems. CRC Press, Boca Raton, Florida, 2001.

[39] W. L. Price. Global optimization by controlled random search. J. Optim. Theory Appl.,
40:333–348, 1983.

[40] Kasper Reck and Ole Hansen. Thermodynamics of photon-enhanced thermionic emission
solar cells. Appl. Phys. Lett., 104(2):023902, 2014.

[41] Kunal Sahasrabuddhe, Jared W. Schwede, Igor Bargatin, Joel Jean, Roger T. Howe, Zhi-Xun
Shen, and Nicholas A. Melosh. A model for emission yield from planar photocathodes based
on photon-enhanced thermionic emission or negative-electron-affinity photoemission. J. Appl.
Phys., 112(9):094907, November 2012.

[42] J. W. Schwede, T. Sarmiento, V. K. Narasimhan, S. J. Rosenthal, D. C. Riley, F. Schmitt,
I. Bargatin, K. Sahasrabuddhe, R. T. Howe, J. S. Harris, N. A. Melosh, and Z.-X. Shen. Photon-
enhanced thermionic emission from heterostructures with low interface recombination. Nat
Commun, 4:1576, March 2013.

[43] Jared W. Schwede, Igor Bargatin, Daniel C. Riley, Brian E. Hardin, Samuel J. Rosenthal,
Yun Sun, Felix Schmitt, Piero Pianetta, Roger T. Howe, Zhi-Xun Shen, and Nicholas A.
Melosh. Photon-enhanced thermionic emission for solar concentrator systems. Nat. Mater.,
9(9):762–767, 2010.

[44] Gideon Segev, Yossi Rosenwaks, and Abraham Kribus. Efficiency of photon enhanced
thermionic emission solar converters. Sol. Energ. Mat. Sol. Cells, 107:125–130, December 2012.

[45] Gideon Segev, Yossi Rosenwaks, and Abraham Kribus. Loss mechanisms and back surface
field effect in photon enhanced thermionic emission converters. J. Appl. Phys., 114(4):044505,
July 2013.

[46] Gideon Segev, Yossi Rosenwaks, and Abraham Kribus. Limit of efficiency for photon-
enhanced thermionic emission vs. photovoltaic and thermal conversion. Sol. Energ. Mat. Sol.
Cells, 140:464–476, September 2015.

[47] Anatoli I. Shkrebtii, Zahraa A. Ibrahim, Timothy Teatro, Wolfgang Richter, Martin J.G. Lee, and
Laura Henderson. Theory of the temperature dependent dielectric function of semiconductors:
from bulk to surfaces. Application to GaAs and Si. phys. stat. sol. (b), 247(8):1881–1888, 2010.

[48] William Shockley and Hans J. Queisser. Detailed balance limit of efficiency of p-n junction
solar cells. J. Appl. Phys., 32(3):510–519, March 1961.

25



Ariadna Final Report • 25 August 2015 • 4000112049/14/NL/MV

[49] Björn C. P. Sturmberg, Kokou B. Dossou, Lindsay C. Botten, Ara A. Asatryan, Christopher G.
Poulton, Ross C. McPhedran, and C. Martijn de Sterke. Nanowire array photovoltaics: Radial
disorder versus design for optimal efficiency. Appl. Phys. Lett., 101(17):173902–173902–4, 2012.

[50] Shanhe Su, Yuan Wang, Tie Liu, Guozhen Su, and Jincan Chen. Space charge effects on the
maximum efficiency and parametric design of a photon-enhanced thermionic solar cell. Sol.
Energ. Mat. Sol. Cells, 121:137–143, February 2014.

[51] Tianyin Sun, Franz A. M. Koeck, Aram Rezikyan, Michael M. J. Treacy, and Robert J. Ne-
manich. Thermally enhanced photoinduced electron emission from nitrogen-doped diamond
films on silicon substrates. Phys. Rev. B, 90:121302, Sep 2014.

[52] S.M. Sze. Physics of Semiconductor Devices. Wiley, New York, USA, 2nd edition, 1981.

[53] Weidong Tang, Wenzheng Yang, Yang Yang, Chuandong Sun, and Zhipeng Cai. GaAs film
for photon-enhanced thermionic emission solar harvesters. Materials Science in Semiconductor
Processing, 25:143–147, September 2014.

[54] J. Tommila, A. Aho, A. Tukiainen, V. Polojärvi, J. Salmi, T. Niemi, and M. Guina. Moth–eye
antireflection coating fabricated by nanoimprint lithography on 1 eV dilute nitride solar cell.
Prog. Photovoltaics Res. Appl., 21(5):1158–1162, 2013.

[55] Aapo Varpula and Mika Prunnila. Diffusion-emission theory of photon enhanced thermionic
emission solar energy harvesters. J. Appl. Phys., 112(4):044506, August 2012.

[56] Aapo Varpula, Kirsi Tappura, and Mika Prunnila. Si, GaAs, and InP as cathode materials
for photon-enhanced thermionic emission solar cells. Sol. Energ. Mat. Sol. Cells, 134:351–358,
March 2015.

[57] Yang Yang, Wenzheng Yang, Weidong Tang, and Chuandong Sun. High-temperature solar
cell for concentrated solar-power hybrid systems. Appl. Phys. Lett., 103(8):083902, August
2013.

[58] C. G. Zimmermann, C. Nömayr, W. Köstler, A. Caon, E. Fernadez, C. Baur, and H.K. Fiebrich.
Photovoltaic technology development for the BepiColombo Mission. In Proc. 9th European
Space Power Conference: 6-10 June. Saint Raphael, France, 2011.

26


	Introduction
	Device operation principles
	Computation of the optical absorption
	Transport model
	Electrostatic charge cloud model
	Candidates to light-trapping structures

	Results and discussion
	Light-trapping structures optimization
	Effect of the cathode thickness and temperature
	Isothermal operation conditions
	Refractive index temperature dependence
	Charge-cloud effects

	Conclusions and outlook
	Appendix: Semi-analytical solution of diffusion transport equation

