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Abstract: A series of photonic crystal structures are optimized for 
a photon enhanced thermionic emitter. With realistic parameter values 
to describe a p-type GaAs device we find an efficiency above 10%. 
The light-trapping structures increases the performance by 2% over an 
optimal bilayer anti-reflective coating. We find a device efficiency very 
close to the case of a Lambertian absorber, but below its maximum 
performance. To prevent an efficiency below 10% the vacuum gap must 
be dimensioned according to the concentration factor of the solar irradiance. 
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1. Introduction 

Power generating devices operating in extreme conditions are of great interest for pushing the 
current exploration limits in the solar system. An illustrative and highly challenging example 
is harvesting solar energy in a near Sun orbit. The upcoming European Space Agency's Bepi 
Colombo mission to Mercury (0.30-0.47 AU) [1] will be exposed to high-energy particle fields 
and light intensities of up to 10.6 suns, resulting in operating temperatures as high as 500 K. 
Standard space photovoltaic solar cell systems however exhibit degraded performance above a 
maximum steady-state operating temperatures of 420 K. For the future, even closer observation 
missions are planned [2], with ESA's Solar Orbiter at 0.28 AU and NASA's Solar Probe Plus 
set to perform multiple close approaches at 0.04 AU. At this distance, the face temperature can 
easily reach as high as 1700 K. In both concepts, specially screened photovoltaics are foreseen 
to be used during the outer part of the orbit trajectories, where the heat flux is considered 
manageable. Key to enhance mission performance is therefore to extend the capability to higher 
operating temperatures. In this study, we propose the use of a photon-enhanced thermionic 
emitter (PETE) [3] as an alternative to conventional solar cells with the capability to operate in 
a temperature range beyond 500 K. 

In its original conception [4], a thermionic energy converter (TEC) operates as a thermoelec
tric device where a vacuum gap is introduced to preserve the temperature difference between 
the hot and cold terminals (see Chap. 13 of [5] for a historical review). The material removal 
has a detrimental impact on the current crossing the device given that the electrons must be 
emitted from the cathode to the anode instead of relying on the conventional drift and diffu
sion mechanisms and an electrostatic potential builds-up by the emitted electrons in the gap. 
Depending on materials, a practical TEC requires emitter temperatures in the range 1600-2000 
K[6]. 

In the PETE design, Schwede et al. proposed to use a cathode comprising a semiconductor 
in order to increase the conduction band population through photon absorption [3]. In this way, 
the performance could be enhanced at lower temperatures by optimally combining thermal and 
photovoltaic processes. Fundamentally, the maximum attainable efficiency converges to the ef
ficiency of a solar thermal converter and can surpass 60% at a concentration of 1000 suns [7]. 
Very recently the efficiency limit has been reviewed by Segev et al. in [8] taking as a reference 
the Shockley-Queisser (SQ) limit [9]. The efficiency of an isothermal operating PETE device, 
can be described as a Metal Insulator Semiconductor (MIS) solar cell [10] which is bounded 
by the SQ limit. A PETE might exceed both the SQ limit and the ideal thermal limit if operated 
non-isothermally at high temperatures. However, Segev et al. recognize that the optimal oper
ating temperatures largely exceeds the limiting temperature of actual semiconductor devices. 

In this study, we discuss the feasibility of achieving a high efficiency PETE in the inter
mittent temperature range of 500-800 K. We concentrate our effort in providing an optimized 
cathode structure integrating photon absorption, carrier transport and surface emission. The 
photon absorption is enhanced with the help of a front light-trapping structure (LTS) based on a 
periodic photonic crystal. As cathode material we have considered GaAs, which is a reference 
material in solar cell technology. Even though other materials might perform better than GaAs 
at higher temperatures (e.g. GaN) their optical properties are not that well characterized as a 
function of the temperature, a critical element in the design of an LTS. In addition, GaAs ex
hibits excellent technological advantages, like ultra-low surface recombination velocity at the 
GaAs/GalnP interface [11] and therefore has been used in recent experimental realizations of 
PETE devices [12,13]. We have explored four different structures combining dielectric cones 
and cylinders. The structures are optimized using a device model with a ID electronic diffu
sion model [14,15] adapted for an arbitrary generation profile. A semi-analytical approach is 
taken which allows on an efficient calculation of the PETE performance in the optimization 



procedure. For comparison, we made use of two ideal physical systems: a Lambertian absorber 
and a single pass Beer-Lambert absorber. They constitute the upper and lower limits in terms 
of light absorbed without reflection losses, respectively. The maximum efficiency expected for 
a GaAs based PETE operating at 700 K is close to 16% for a Lambertian-like cathode of ^30 
nm. In a realistic PETE with a light-trapping structure this value reduces to 11% to 12% and 
the thickness increases to ^225 nm. We find that the distance to the Sun, or equivalently, the 
concentration factor is critical in determining the dimensions of the vacuum gap. If it is larger 
than 10 jiim, the PETE efficiency is smaller than 10% at a concentration of 100 suns. A larger 
vacuum gap would require a lower concentration factor to not quench its performance. 

2. Physical model 

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, [17]) and the photogenerated 
electrons diffuse towards the back surface where subsequently the emission takes place. In this 
study, a light-trapping structure is positioned at the front surface. Figure 1 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. For efficient emission, the semiconductor should 
have low electron-affinity {%), or alternatively, its surface should be subjected to a Cs treatment 
[18]. 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. In the 
current study we have not considered the heat balance between the Sun and an eventual PETE 
panel as we want to identify the optimal operational conditions of the device. As any service 
module in a satellite, its optimal temperature range of operation would be granted through a 
thermal management system which would emit or retain the heat radiation as a function of the 
orbit position and orientation with respect to the Sun or a near planet. 

2.1. 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 ap
proximated by slices of constant refractive index along the propagation direction. 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 matrix of the 
full stack. This work uses the implementation of the method found in the open source software 
S4 [19]. 

2.2. 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 de
manding 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 [20]. 
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 [21]. To model the charge 
transport in the device, we have implemented the ID diffusion model developed by Varpula 
and Prunilla [14]. The net current density results of the sum of the cathode and anode currents 
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Fig. 1. 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. 

J = JQ-JA- The current densities are described by the Richarson-Dushman equations [3]: 

AE, 

Jc=A*cT£exp 

0c 

-AEr 

®(V-Vfb)e(V-Vfb), 

(1) 

where A£ the Richardson constant, Tfc the cathode temperature, &B the Boltzmann constant, 
n the electron density at the emission surface, neq the electron density at equilibrium, 0c the 
cathode work function and 0(x) the Heaviside function. The work function is defined in terms 
of the electron affinity %c, conduction band edge Ec and Fermi energy £p as 0c = Ec — Ep + %c • 
The flat-band voltage is defined by the alignment of the cathode and anode work functions: 
Vfb = (0c - 0A)/«- A similar expression to Eq. (1) is derived for the anode: 

JA=AATlexpi 

A£A=0A + 0(Vfb-V>(Vfb-

-AEA\ 
k^TA I (2) 

•V). 

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 + Ara(x). The diffusion law governing the electron 
transport can be expressed as [14] 

D 
.dzAn 

dx2 

An 
x 

•G(x), (3) 

where D is the diffusion constant of the electrons, T 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 [14, 15, 17,22]. In our case, the 
generation 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) dE-
O AMO 

So dx 
(4) 



where Eg is the cathode bandgap, So is the normalization flux considered in the FMM calcula
tion and $AMO is the zero air mass solar spectral irradiance. The solution of Eq. (4) is found 
after imposing the boundary conditions at the front and back surfaces: 

dAn 

dx 

dAn 

dx 

~M0), (5a) 

where R,so and R,sw 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 depen
dence between the excess carrier density and the net emitted current. The system of equations 
as formulated above is a boundary value problem (B VP) solvable with a mathematical symbolic 
software [23]. The integral of G{x) in the cathode region is the only step required to evaluate 
numerically. However, under high injection conditions (An//? > 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. (3) thus resulting in a non-analytic BVP [15]. 
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 con
dition is satisfied as can be seen in Fig. 5, where n <C JVA-

2.3. Space charge model 

The charge cloud created by the emitted electrons can not be straightforwardly implemented in 
Eq. (3). Instead, we have independently solved the Poisson's equation to obtain the maximum 
of the electrostatic potential ((j>e) taking as starting point the saturation current (/ at V <. VQ,) 
[6,16]. Finally, we introduce §e in AEC in Eq. (1) 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 3.4. 

2.4. 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 Si02, 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. 2. 

A GaAs slab, as cathode, finished by an anti-reflective coating made of a bilayer (structure 
SO in Fig. 2) will serve as a reference of the state-of-art technology employed in space for con
ventional 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 known to reduce the reflectance by reducing the refractive index mismatch be
tween the Si02 cover and the GaAs cathode [24-29]. The bottom layer characteristic of each 
structure. In the structure SI, a dielectric (TiCh) 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 ab
sorption 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 [29]. One problem of the structures S1 
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Fig. 2. Sketch of the four structures proposed for light-trapping purposes. Each color cor
responds to a different material. 

and S2 is the small refractive index contrast between TiC>2 and SiC>2. In general, the higher the 
contrast, the higher the diffraction effects. Therefore, we have considered structure S3, which 
is similar to S2, but the TiC>2 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 ID 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. 

3. Results and discussion 

3.1. Light-trapping structures optimization 

The four photonic structures are optimized under the same conditions, using a global optimizer 
[30,31] and the power ratio as figure of merit: 

, * . « (6) 
^ l n c 

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

Table 1. Parameters and conditions used in the optimization. Parameters marked as t are 
extracted from [32] 

Parameter Value Parameter Value Parameter Value 
~EF 200 cm2/s m ^ 0.067 me Ja 0.9 eV 

Rso lOOcm/s m / 0.47 me % 0.4 eV 
Rsw 0cm/s A c 120mn = 8.04 A cm2 Tc 700 K 
NA 1018cm-3 AA 120 A cm2 TA 573.15 K 
Tf 5 ns X 100 suns 

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) [10,21]. 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, 7A, 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 PETE efficiency [3]. A thorough analysis of the PETE performance for 
different values of %, NA, and X is reported in [14,15]. In our study, we will take as realistic 
values x = 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 cathode temperature is kept fixed at 700 K if not said otherwise. Later, 
the effect of the temperature will be analyzed between 350 K and 1000 K. We have verified by 
a simple thermal energy balance that this temperatures might be achieved at X = 100 suns. 
Similarly to [22] we have considered as source the incoming solar flux and as drain the work 
used to extract the electrons form the cathode, the radiation losses (assuming the cathode as 
black-body at temperature Tfc with emissivity from Eg to higher energies, Po) and an additional 
ideal IR coupler (also a black-body but with emissivity up to Eg, P[R): 

Pmc - J[fc + ©( Vop - Vfb) (Vop -Vib)]=P0 + PiR. (7) 

The equilibrium temperatures are 1000 K and 1100 K if the IR coupler is present or absent, 
respectively. Hence, the analysis shows that the solar flux provides enough power to cover the 
temperature range of our study. 

The optimization of the size parameters corresponding to each structure is bounded between 
the following limits. The lattice parameters vary between 100 nm to 1 jim. The filling factor, 
defined as the ratio between the diameter of the cylinder and the lattice parameter, varies be
tween 0.25 to 1. The height of the cone and cylinder share the same bounds between 0 jim to 1 
jiim. 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 TJ* under the operating conditions defined in Table 1. 
The optimal parameters found by the optimizer are shown in Table 2 together with the TJ * value. 
In addition, we have introduced the corresponding value of the ultimate efficiency Tjue [9]. 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. 

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

System 
SO 
SI 
S2 
S3 

a (nm) 
-

584 
612 
387 

R(nm) 
-

292 
292 
147 

h (nm) 
67.1 
814 
847 
123 

d (nm) 
43.8 
21.7 
27.2 
209 

W (ma) 
348 
224 
220 
28.4 

TJ* 
10.12 
11.48 
11.72 
12.43 

JJue 

33.35 
34.97 
35.57 
38.25 

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 SI 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-
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Fig. 3. (a) Absorption in the cathode for the SO (red) and SI (blue) structures. The area 
between the dashed and the continuous line represent the losses due to the absorption of 
the TiC>2. The hatched area correspond to the losses of the SO 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 TiC>2. 
The hatched area correspond to the losses of the S2 and S3 structures respectively. The 
vertical dashed line correspond to the gap of the TiC>2 at 300 K 

wavelength regime and light diffraction is not driven the absorption into GaAs. Another relevant 
feature of S3 is that it contains less TiCh than SI and S2, which means smaller losses due to 
absorption in the dielectric. SI 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 + 7tR2/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 [33,34]. 

We show in Fig. 3 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 Tjue results very helpful in comparing the 
absorption performance of each structure. From Table 2, there is a clear correlation between 
the TJ* and Tjue, 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, Tjue keeps increasing 
up to its maximum theoretical value (Tjue,max = 43.5%), while TJ* reduces monotonously. The 
optimization of TJ* takes into account the loss of electrons in the diffusion process across the 
cathode. A further analysis of Fig. 3 permits to quantify the amount of light absorbed by the 
Ti02. The dashed vertical line indicates the Ti02 band edge. The dashed colored lines represent 
the absorption for a lossless TiCh. 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 
Ti02 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 Ti02 at equal refractive index is not 
available. 
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Fig. 4. (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. 

3.2. Effect of the cathode thickness and temperature 

The SO structure strategy to enhanced the absorption is to minimize the reflection losses. Struc
tures SI 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 [35]: 

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

S(X)BLA = exp[-a(£) x], (8) 

where a{E) is the absorption coefficient. 

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

S{xkA=4nME)x+l- (9 ) 

The evolution of r]* with the cathode thickness is shown in Fig. 4(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 SO increases with W up to a thickness of «350 nm. For thicker 
cathodes the efficiency drops. The good agreement between SO 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 [36], meaning a resonance peak. The efficiency of SI and 
S2 follows a very similar trend. As expected, the dielectric photonic crystal structure helps 
in increasing the absorption in the cathode reaching a clear maximum at the optimal W. For 
these structures it is also possible to identify the zero-frequency a t « 25nm. Structure S3 only 
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Fig. 5. 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 Vfl,. Evolution of the electron 
density at the emission surface with the thickness (c) and temperature (d). 

outperforms SI and S2 in the neighborhood of the optimal W. This is attributed to its design. 
SI 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 [26-29] Finally, for W > 1 jim all models converge and follow the same trend. 

In Fig. 4(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, (A£c in Eq. 1) 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.5. 

To get a full understanding of the efficiency of the PETE it is customary to look at the evolu
tion 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 
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 [15]. We 
show the results for the BLA and the LA in Fig. 5(b). Naively thinking, the operating voltage 
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would be Vfb, i.e. when the barrier for the emitted electrons is minimal 0c = 0A- 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 0A- Once the temperature dif
ference reduces, the operating voltage reaches the flat-band condition. At even higher 7c, neq 

grows and the electrons might 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 An 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. 5(a). In this calculation Tc = 700 
K, meaning that neq 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. (5), it means that n{W) should decrease 
with W. Indeed, this decrease can be seen in Fig. 5(c). As /c 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. 5(d) shows n{W) as a function of Tc. There the situation is slightly 
different, because the system is restraining the reverse current density /A at low 7c. At high 7c, 
there exists a threshold 7c making the n{W) to grow linearly as neq does. As a final remark, 
the dependence of the voltage with Tc is analyzed in [15] for different concentration factors 
showing similar results to those of Fig. 5(b). Hence, a change in the concentration factor can be 
also interpreted as a change in the absorption strength. 

3.3. 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 [37]. 
The impact of the temperature on the refractive index is a red shift of the resonances positions 
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Fig. 7. Change in the optical absorption as a function of the temperature for the optimal 
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refractive index is depicted in Fig. 6. The color gradient from red to blue corresponds a 
temperature gradient from to 300 K to 1000 K. (d) The ultimate efficiency as a function of 
the temperature for the optimized structures (SO gray line, SI blue line, S2 red line and S3 
black line). 

and an increase of their spectral width. An ab-initio calculation of the linear response as a 
function of the temperature still represents a computational challenge [38,39] out of the scope 
of the present work. Nevertheless, it is possible to get an accurate description relying on a 
simple empirical model [40]. We have neglected the impact of excitonic effects in our analysis, 
given that we are targeting very high temperatures. In Figure 6, 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 ( r point, E0 transition) and the absorption along the T-L line (A line, E\ 
transition). At higher energies there are two additional transitions E2 (X point) and E'0 (excited 
conduction band at the T point). 

The change in the absorption spectrum of the optimal structures is depicted in Fig. 7(a)-(c). 
We have not shown the corresponding spectra of structure SI, 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(ra) gets reflected as the increase in the absorption 
with the temperature in the low energy part of the spectrum. The rise of Im(ra) at high energies 
(£2 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 (rjue). Fig. 7(c) shows the corresponding values for each of the structures. It 
is clearly identifiable the increase in r]ue, directly related with the absorption, in all structures. 
While the bilayer structure (SO) shows a linear-like increase with the temperature, SI and S2 
show step changes in slope. This is related with the excitation of resonances appearing at low 
energies [Fig. 7(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 



L1.0 -0.5 0.0 0.5 
Voltage (V) 

-1.0 -0.5 0.0 0.5 
Voltage (V) 

(C). 

10 suns 

100 suns 

1000 suns 

5 10 15 20 
Vacuum gap (/jm) 

Fig. 8. Evolution of the TV curve (a) and <pe (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). 

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. 

3.4. 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 electro
statically 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 backs cattering in the steady state. Such maximum has been depicted 
in the energy level structure of Figure 1 by the electrostatic potential maximum 0e. Beyond 
this point, the electrons reach the anode balistically. A rigorous description of this problem is 
based on the Langmuir space charge theory [41], which has been successfully adapted to the 
case of thermionic emitters [6] and PETE [16]. 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 0c > 0A and 0e is located within the cathode 
physical space; (ii) Critical point: the opposed situation, the voltage Vfc is such that 0c <• 0A 
and 0e 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 1. We have followed the numerical 
procedure described in [6,16] to determine the value of 0e 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 [—0e(V)], 
which is valid for a thermionic emitter but only an approximation for PETE. We showed in 
Eq. (1) that the current density depends on the electron concentration n and in Eq. (5) that An 
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 ap
proximate solution. We first calculate the saturation current JQ as described in Section 2. The 
potential barrier 0e(V) is calculated only once for this maximum current density supplied by 
the PETE. Then, we introduce 0e(V) in the exponential of the current density [AEC in Eq. (1)] 
and recompute the JV curve. 



We show in Figure 8(a) the change in the characteristic JV curve of the S3 PETE as a function 
of the vacuum gap distance and in Figure 8(b) the corresponding value of §e. 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 (j>e = 0). For this vacuum gap Vs ~ Vfc ~ Vfb and (j>e « 0. When the vac
uum 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 (j>e starts to increase accordingly. 
To get a broad picture on the impact of (j>e on the performance of the device, we have depicted in 
Figure 8(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 jiim to 3 jim. 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 concen
trations 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 jim gap for 
10 suns. The technology employed in the fabrication of the PETE device would critically de
termine 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 TQ ^ 7A, a PETE can operate in an isothermal configuration. Thus, a 
narrow vacuum gap would not be affected by the near field heat exchange [37]. 

4. 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 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 Lam-
bertian 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 [3,15,21], 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 vac
uum gap distance. Keeping it bellow 100 suns allows for a vacuum gap narrower than 10 jim, 
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 [21,42]. 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 [3]. 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 [43] reported concentrator cells with 18% of AMO 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 r] = 26% at T = 300 K and with linear 
normalized temperature coefficient /3 = {\/r]){dr]/dT) = -4.5 x 10~3 Kr1 [44] are expected 
to have an efficiency of 11% at 420 K (average temperature orbiting Mercury under a solar 
concentration factor of ~ 10 suns [1]). At 440 K the efficiency is already below 10%. Single 
junction GaAs on Ge solar cells with lower j5 show a drop of efficiency from 17.6% (300 
K) to 14% (420 K) [43] 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 [43] 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. 

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 considering the insertion of an 
electrostatic grid (gate) between cathode and anode. 
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