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Space Charge Theory for Photon Enhanced Thermionic Emission in space 
oriented applications 

1. Introduction  

Photovoltaic (PV) solar cells and thermionic energy converters (TECs) are among the main technologies, 
suitable for space applications, addressing the issue of electricity generation [1,2]. The interest in these 
technologies by space agencies rely on the requirement for high-power and long-life generators which can be 
exploited during deep-space or near sun missions. In a PV cell, solar photons with energy comparable or above 
the band gap of a semiconductor, excite the electrons from the valence to the conduction band. These excited 
electrons can then be fed into an external circuit to generate electrical power. Recent reduction in 
manufacturing cost of silicon based solar cell technology has resulted into an extensive use of photovoltaics 
for electricity generation [3]. However, non-renewable resources such as coal produce almost 40% of global 
electric power. This limitation in PV technology is due to its low power conversion efficiency. In particular, 
in standard solar  cells, about 50% of the total incident solar radiation is lost due to thermalisation losses and 
a further 25% is not transformed in electrical power because the corresponding photons do not carry enough 
energy with respect to the semiconductor band gap (absorption losses). Furthermore, when thin film solar cells 
are considered, the lost power can be even higher than 50% as shown in Fig. 1 for a 300nm thick a-Si solar 
cell.  

 

FIG. 1 AM 1.5G spectrum showing the fraction of incident radiation (highlighted in gray) absorbed by a 300 nm a-Si thin 
film solar cell together with the spectral region that cannot be utilized due to either thermalisation or absorption loss 
(highlighted in orange).  

On the other hand, TECs technology follows a complementary approach to PV, being based on the heat-to-
electrical current transformation principle [4]. It involves the emission of electrons through an heated metal 
electrode (cathode) in a vacuum chamber and their collection on a cooler metal electrode (anode), resulting in 
a net electron flow from the cathode to the anode (inter-electrode space). In 1885, W.H. Preece [5] first reported 
about this phenomenon, known as thermionic emission. Later on W. Schlichter [6] in 1915 published the idea 
which describes the conversion of heat to electricity and after that the subject went through an intensive 
research from 1950s to 1960s [7,8]. In 1980s, space agencies and research institute such as National 
Aeronautics and Space Administration (NASA), the Department of Energy (DOE) and the Defence Advanced 
Research Projects Agency (DARPA) established a collaborative project to study and implement thermionic 
emission devices for space applications making TICs the primary power sources for space missions [9]. 
Despite its great potential, the further development of TECs has been held back due to their low power 



conversion efficiency. There are mainly two drawbacks of TECs: i) there is the strict requirement of long time 
thermal stability, as the operating temperature is above 1000 oC, and the need of low emitter and collector 
work functions in order to achieve the maximum conversion efficiency. In this regard, it has been reported that 
Cs based coatings can lower the work function of electrodes [10]; ii) the space charge (SC) cloud represents 
an important issue needed to be solved. In fact, the electron cloud within the inter-electrode space tends to 
drastically reduce the current density, in turn the output power and the efficiency of the device. Three schemes 
have been developed and implemented both theoretically and experimentally to reduce the SC potential. First, 
decreasing the emitter-collector distance leads to fewer electrons in the intermediate space between cathode 
and anode which results into faster collection of electrons at the anode side. However, it is reported that for 
practical devices, due to the close-space proximities between the emitter and collector, a decline in the device 
performance can occur due to the difficulty in controlling and maintaining very small distances between emitter 
and collector under high temperature condition [11]. Furthermore, recent studies show that with a gap size 
below 1 µm, additional processes such as electron tunnelling or increased parasitic losses due to near-field 
radiative heat loss come into play with detrimental effects on the efficiency of the device [12,13]. Second, 
positively charged ions are inserted into the vacuum space in order to counterbalance the negatively charged 
space cloud. The downside of this process are energy losses through electron collisions and additional heat 
transfer through the inserted gas [14]. Third, an electric field produced by a gate electrode inserted in the 
vacuum space can be used to accelerate electrons away from the emitter surface, as the SC cloud becomes 
weaker due to the higher velocity of electrons. This turns into a significant enhancement in collection of 
electrons at the collector. In this regard, S. Meir et al. [15] have demonstrated that the insertion of a positively 
charged gate electrode into the inter-electrode space can compel electrons to accelerate away from the cathode, 
thus reducing the SC accumulation, thereby resulting in enhancement of net current derived from TECs. S. 
Meir et al. [14] and C. Stephanos et al. [11] provide an extensive overview in their thesis about the influence 
of SC cloud and enhancement in power conversion efficiency through gate insertion. They also put forward 
some preliminary results about remedial solutions of the SC problem by gate terminal insertion, to improve 
the power conversion efficiency of TECs devices. Both NASA and the Soviet space programme funded the 
development of TECs for space missions but it was never commercialised due to the high temperature 
requirements and intrinsic losses due to the SC problem [16].    
 
Photon-enhanced thermionic emission (PETE) combines the quantum and thermal processes obtained 
respectively from photovoltaics and TECs into a single physical process to take simultaneously advantage of 
absorbed photons and of the available thermal energy of the incoming light. In a PETE device, using a 
semiconductor as a cathode, incoming photons with energy above its band gap can promote valence electrons 
into the conduction band, setting them closer to the vacuum energy of the material. After thermalisation these 
electrons will need a relatively lower energy, namely lower temperature, to overcome the cathode work-
function with respect to valence electrons. In this way the solar flux exploitation is optimized: on the one hand 
the photons quantum energy is utilized to promote electrons above the band gap, on the other hand the sub-
band gap photons and the thermalized electrons in the conduction band contribute to increase the cathode 
temperature. Schwede et al. [17] first proposed the idea of PETE device and predicted that, by exploiting the 
contribution of both thermal and photovoltaic processes together, the device could surpass the Shockley 
Queisser limit for single junction solar cells, theoretically reaching the power conversion efficiency of 50%. 
Since then, several reports have been presented both theoretically and experimentally claiming that PETE 
could be the solution for low efficiency devices, both single and multijunction solar cells, and entered in the 
category of third generation solar cell [18–21]. Recently, G. Segev et al. [18] reported that the waste heat 
removed from the anode can again couple into the device which goes through the heat-to-electricity conversion 
stage, and theoretically enhances the PETE device power conversion efficiency up to 70%. In a PETE device, 
electrons emitted from the cathode require a finite amount of time to reach at anode. Similarly to TECs, the 
negatively charge cloud in between the inter-electrode space drastically reduces the current density, the output 
power and the efficiency of the device. S. Su et al. [23] recently published the analysis of SC effects on the 



efficiency of a PETE converter through Langmuir SC theory, which was originally proposed for TECs [24]. 
Likewise TECs, other methods have been proposed to reduce the SC effect in PETE device. T. Ito et al. [25] 
demonstrated that adding caesium ions into the vacuum space could reduce the SC barrier. Furthermore, it has 
been also verified that by reducing the distance between cathode and anode the SC cloud is reduced as well 
[26].  S. Su et al. [23] were the first to investigate the effect of SC cloud on the performance of PETE, 
particularly its power conversion efficiency. Furthermore, G. Segev et al. [26] published an article claiming 
that in PETE device the electrons which are reflected back by the SC can be absorbed by the cathode to be 
reemitted back into the inter-electrode space forming a sort of recycling effect which improves the PETE 
performance. 
 
All considering, when it comes to spatial applications they still rely mostly on conventional photovoltaic 
systems which have the drawback of losing performance when operating above a maximum steady-state 
temperatures [22]. This implies an urgent need for power conversion devices enabling operation at elevated 
temperatures, making PETE a promising technology especially for near-the-Sun missions as PETE can operate 
in the temperature range of 673-1300 K [17]. 
 
In this work, we shall start by using the Langmuir theory to investigate the influence of SC on the net current 
density which directly relates into power conversion efficiency for one dimensional (1D) TECs. Furthermore, 
we will use the same theory to investigate the SC effect in 1D PETE device. This can be done by solving the 
self-consistent Poisson’s equation which gives us the information of electrostatic potential formed within the 
inter-electrode space. The obtained potential is used to determine the electrons trajectories in the inter-electrode 
space under the influence of the SC potential. The next step is to move towards the 3D modelling [28] inasmuch 
as the Langmuir SC theory is limited to 1D and 2D [27] investigations. Hence, we implemented a 3D Finite 
Elements Model for investigating the SC potential influence on the net current flowing within the device. 
Furthermore, we inserted a gate terminal into the inter-electrode space to minimize the SC screening effect. 
Finally, to test the capabilities of the simulation setup to model the SC problem in complex 3D structures, we 
considered a nanostructured cathode given by an array of nanocones with variable apex radius. 
 
2. One Dimensional (1D) space charge Langmuir Theory for TECs 
 
To derive the inter-electrode electrostatic space charge potential Φsc(x) caused by the electron cloud, we follow 
the analytical expression of differential equation derived by Langmuir [24] and G. Hatsopulous et al. [29] 
which can be expressed through the Poisson’s equation:   

0

( )( ) sc
sc

xx ρ
ε

∆Φ = −       (1) 

Where ρ(x) is the SC density within the inter-electrode space and ∂0 is the free space permittivity. To solve 
Eq. 1, G. Hatsopulous et al. [29] expressed the SC density ρsc(x) in terms of the space charge potential Φsc:  
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Where n0 is the number of electrons for unit volume, me is the electron mass, q is the electron charge, kB is the 
Boltzmann constant and T is the operating temperature at the emitter side, vx is the velocity distribution along 
the x direction of the vacuum gap of TEC (see Fig. 2.1). As the Poisson's equation indicates, considering fixed 
Φsc at the emitter and the collector surface, the Φsc (x) profile always forms a maximum at x=xmax, as shown by 
the charge distribution in Fig. 2.1. 



 

FIG. 2.1: Schematic diagram of SC formation in 1D-TECs. Note that electrons within the inter-electrode space form the SC and hinder 
the upcoming electrons to reach the collector.  

 

In order to solve Eq. 2, we need to define the integration limits which can be expressed in terms of velocity of 
the electrons, i.e. for x ≥ xmax the electrons have velocities in the range vx,min < v(x) < ∞  and for x < xmax in the 
range -vx,min(x) < v(x) < -∞, where vx,min ≡ vx (xmax). These limits state that the fraction of electrons which lack 
the energy to overcome the space-charge potential (x < xmax) turn back towards the emitter while the electrons 
which surpass the space-charge potential (x > xmax) can reach the cathode. After inserting these limits into Eq. 
2, the space-charge density in the inter-electrode space is given by:  
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This equation can be reduced and simplified with the help of the Gaussian integral and error function [14]. By 
using Eq. 3 and the Poisson’s equation (Eq.1), we finally obtain a self-consistent differential equation for the 
SC potential:  
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The plus and minus signs indicate electrons accelerating under the condition that x < xmax and x ≥ xmax, 
respectively. By considering the Richardson-Dushman current density JRD which describes the initial current 
emitted from the cathode, the n0 quantity can be calculated as:  
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The parameters defining the operating conditions of 1D-TECs that we use to analyse and solve the SC potential 
(Eq. 4) and the initial charge density n0 include the Richardson-Dushman coefficient ARD, cathode work 
function φe (2.7 eV), the Boltzmann constant kB and the Plank constant h. For solving Eq. 4 we have used the 
mathematical module of COMSOL Multiphysics (partial differential equation module) with the following 
boundary conditions of electrostatic potential: (0) 0; ( ) 0sc sc cxΦ = Φ = (xc representing the anode side): 

 

FIG. 2.2: (a) Space charge potential Φsc(x) as a function of the inter-electrode space forms a maximum Φsc,max at x=xmax. The electrons 
capable of overcoming Φsc,max, can reach the cathode. The potential is calculated at T=1500 K and dec=100 µm. (b) Space charge 
potential as function of T. Note that by decreasing the temperature of the emitter (indicated by the arrow), Φsc(x) decreases as well 
owing to the less amount of electrons excited at the emitter. (c) Net current density J as function of the emitter temperature T for 
dec=100 µm. Note that by increasing the temperature of the cathode, the net current increases exponentially due to thermionic effect. 
(d) Net current density J (black curve) and space charge potential (blue curve) as function of the inter-electrode distance. Calculations 
are done at T=1500 K with the Richardonson-Dushman current density equal to 0.22A/cm2 .   

The net current density J from 1D-TECs can be calculated from the following expression [14]:  

,maxq sc
k TBRDJ J e
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=      (6) 

where JRD is the saturation current, namely the current density at the emitter side. These calculations enable to 
predict the current density for 1D-TECs for different set-up parameters such as the emitter temperature and the 
inter-electrode distance dec.  
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As one can clearly see from Fig. 2.2(a), the space charge potential Φsc(x) within the inter-electrode space forms 
a maximum Φsc,max at the position x=xmax. Electrons which possess enough energy to overcome the maximum 
potential Φsc,max can pass through and reach the anode (collector) so that they can be used to generate electrical 
power. Furthermore, the operating temperature of  the emitter plays an important role in the performance of 
TECs, as it can clearly be seen from Fig. 2.2(b). By decreasing the temperature of the emitter, Φsc(x) decreases 
as less electrons will be excited. In turn, this will affect the net current density J as shown in Fig. 2.2(c). One 
can clearly see that by increasing the temperature of the emitter the net current density increases as well. 
However this effect appears to have almost a neglectable on the net current density J in fact, even at values as 
high as T=2000 K, the quantity J is 0.102 A/cm2 upon a saturation current JRD of 75 A/cm2. On the other hand, 
from the black curve of Fig. 2.2(d), it can be observed that the net current density J can be strongly increased 
by decreasing the inter-electrode distance dec as the space-charge potential decreases (blue curve). In Fig. 2.2(d) 
the considered temperature was 1500 K leading to a JRD= 0.22 A/cm2. 

 

3. One Dimensional (1D) space charge Langmuir theory for Photon Enhanced Thermionic Emission 
 
A PETE device comprises a p-type of semiconductor as emitter (cathode) and a metal plate collector (anode) 
with a vacuum gap in between them, as shown in Fig 3.1 [20]. Schwede et al. [20] theoretically estimated that 
PETE devices could surpass Shockey-Quiesser limit of an ideal single junction solar cell. Likewise in TECs, 
charge carriers form a space charge (SC) cloud within the inter-electrode vacuum space [26]. As mentioned, 
the formation of the space charge cloud significantly limits the practical applications in TECs [28,30]. In order 
to estimate this effect in a PETE device, we need to calculate the electrostatic space charge potential inside the 
inter-electrode gap which implies solving the self-consistent Poisson’s equation, similarly to the procedure 
illustrated for the 1D case of TECs (see Eq. 4). The space charge theory explained here can be directly extended 
from the 1D model of G. N. Hatsopoulos et al. [29] theory on SC which was previously adopted by J. R. Smith 
et al. [31] and S. Shu et al. [23] to estimate the performance of TECs and PETE solar cells with the presence 
of space charge cloud. 
 

 
 

FIG. 3.1: Schematic energy diagram and working principle of photon-enhanced thermionic emission (PETE) solar cell. Electrons in 
the valence band are excited to the conduction band through the absorption of incoming photons and their thermalization. To leave the 
emitter surface, the electrons need enough energy to overcome the electron affinity 𝜒𝜒. If this current circuit is closed on a load (Vout), 
the device could generate electricity. Note that through the photoelectric excitation the thermal energy contribution is modified and, 
with comparison to the normal thermal distribution, more electrons will be able to overcome the electron affinity.  
 
The algorithm for space charge theory is divided into three sections based on the location of the carriers in the 
inter-electrode space and it can be described by means of the motive ψ(x) [23,29,31]. In particular, ψ(x) is 



defined as the electrostatic potential times the negative elementary charge and it represents the barrier the 
electrons have to overcome to reach the anode. The three sections are defined as: i) Saturation regime (see Fig. 
3.2(a)). The maximum value of ψm is found just outside the cathode surface. Thus without the presence of any 
extra barrier, electrons are free to move through the vacuum space to reach the anode (collector). ii) Space-
charge regime (see Fig. 3.2(b)). In the presence of strong space charge cloud, the maximum motive lies inside 
the inter-electrode space thus the electrons have to overcome this barrier in order to reach the anode. iii) Critical 
regime (see Fig. 3.2(c)). The maximum motive value lies just outside the anode. The electrons have to 
overcome this decelerating force in order to reach anode. Under this condition the PETE cell works in a 
retarding mode [23]. 
 
The electrostatic potential, which is determined in terms of the motive ψ(x), can be estimated by the Poission’s 
equation for a PETE solar cells [23]: 

0

( )( ) q xx ρψ
ε

∆ = −       (7) 

Where ρ (x) is the charge density between electrodes and ∂0 is the permittivity of free space. By defining ρ(x) 
in terms of ψ(x), a self-consistent differential equation of the motive is obtained. The electron density can be 
calculated in terms of velocities of electrons within the different regions of the inter-electrode space:  
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where vx is the velocity of electrons in x direction. 

 

FIG. 3.2: Energy band diagram of SC theory for a PETE solar cell. (a) Motive diagram of the saturation regime where electrons can 
freely move to the anode side without any kind of obstruction from the negatively charged cloud. (b) Motive diagram of the space-
charge regime where electrons have to overcome the maximum motive at xm. (c) Critical regime, where electrons have to overcome 
the decelerating force.   

Assuming now to have the PETE device working in the Space-Charge Regime (see Fig. 3.2(b)), the quantity 
f(x,vx) can be written as follows:  
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Where v0=[-2((ψm-ψ(x))/me]1/2 is the minimum velocity of electrons, TC is the cathode temperature and σ 
represents the unit step function. By inserting Eq. 9 into Eq. 8, and with the help of the error function and the 
Gaussian integral [29], the electron density expression in space-charge regime can be written as [31]: 
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By substituting Eq. 10 into Eq. 7, the following self-consistent motive distribution is obtained [23,29]:   
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For convenient analysis, in Eq. 11 the quantities γ≡ (ψm-ψ(x))/kBTc and ξ≡ (x-xm)/x0 are dimensionless, with 
x0

2=∂0 kBTc/2qρ(xm) [31]. Now Eq. 11 can be solved to obtain the dimensionless motive profile within the inter-
electrode space where the following boundary conditions are used, γξ=0=0, (dγ/dξ)ξ=0=0. After determining the 
dimensionless motive γ  from Eq. 11, it can finally be substituted into γ=(ψm-ψ(x))/kBTc, to find the spatial 
distribution of ψ(x). 

The quantity f (x,vx) can also be used to calculate the current density which depends on the number of electrons 
overcoming the maximum value of ψm and reaching the anode:  

mv v v ( , v ) vSCR x y z x xJ q d d d f x
∞ ∞ ∞
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= ∫ ∫ ∫                  (12) 

Once the dimensionless motive γ is solved through Eq. 11, the SC density can be determined by Eq. 9. 
Afterwards, by using the solution of Eq. 9 and substituting it into Eq. 12, the current density calculated at x= 
xm (maximum potential) can be expressed as follows:      

1
2

m2 ( )
2

B c
SCR

e

k TJ x
m

ρ
π

 
=  

 
     (13) 

Similarly, the current density JSR calculated in Saturation Regime (Fig. 3.2(a)) can be written as:  
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and the relationship between the net current density J and saturation current density can be expressed as: 

e ln SRcSR c
JJ J
J

γ γ−= ⇒ =      (15) 

where γc≡ γ (x=0). More specifically, the saturation current density can be calculated by the following 
expression at a given energy band gap Eg, temperature Tc and electron affinity χ [20,23]:  
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Similarly, the voltage in saturation regime VSR can also be estimated with the following conditions i.e. ξC ≡ 
ξ(x=0)= 0 and ξA ≡ ξ(x=dec)= (2meq2 /∂2

0kB
3)1/4 Js

1/4 dec/(Tc)3/4 in Eq. 11. The result is [23]: 

  ( )( ) /SR c A A B cV k T qφ φ γ ξ= − −      (17) 

Where φc and φA are respectively the work functions of cathode and anode and γ(ξA) is the dimensionless 
motive at the anode side which can be calculated from Eq. 11. 

Moving now to analyze the Critical Regime (Fig. 3.2(c)), the critical current density and voltage can be 
calculated as:  
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and 

c[ ln( / ) ] /CR c A CR BV J J k T qφ φ= − −     (19) 
 

Now, to provide an idea of the actual procedure we have followed to numerically calculate both the density 
current and the voltage, we show the steps taken for the case of space-charge regime: 

i. Choose a current density JSCR such that JCR < JSCR < JSR. 
ii. Calculate the barrier height for the emitted electrons from the cathode surface, γc from                       Eq. 

15.  
iii. Calculate the corresponding dimensionless distance of the maximum motive from the cathode ξ(γc), 

from Eq. 11. 
iv. Calculate the dimensionless distance between the maximum motive and the anode, ξ=(dec/x0)- ξ(γc).  
v. Finally, calculate the value of the motive of the barrier height from the anode γAm which can be given 

by Eq. 11. The voltage in space-charge regime can be expressed as follows [23,32]:  
 

[( ) ( )] /SCR c c B c c A a B cV k T k T qφ γ φ φ γ= + − − +    (20) 

Once the current-voltage relations are estimated for all the three regimes, the related power output density Pout 
and power conversion efficiency η of PETE device can be expressed as follows:  
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Where, Psun is the concentrated AM0 zero air mass solar spectral irradiance. The following is the list of 
parameters used in the computation:   



Parameter Value 
Energy Gap (Eg) 1.5 eV 

Electron affinity (χ) 0.9 eV 
Cathode Temperature (Tc) 1000 K 

Table 1: Parameters of photon enhanced thermionic emission solar cells [23]. 

 

 

FIG. 3.3: (a) Dimensionless motive γ as a function of the dimensionless quantity ξ for a PETE solar cell. (b) The current-voltage 
relationship of PETE solar cell. Notice that by increasing the inter-electrode space (dec), the space-charge cloud becomes dominant and 
the maximum current drawing from the device start decreasing. (c) Power conversion efficiency η as function of the operating voltage 
V of PETE solar cell. Likewise, in the case of increasing the inter-electrode gap the efficiency of the device decreasing (indicated by 
the arrow). (d) Maximum efficiency ηmax as a function of the distance between cathode and anode. 
 

In Fig. 3.3(a) it is shown the relation between the dimensionless quantities γ and ξ. Furthermore, in Fig. 3.3(b) 
is illustrated the effect of the distance between the electrodes on the current density. In particular, the smaller 
dec the higher the current density. In voltage range 0<V<Vs, the device works in saturation regime, as all the 
emitted electrons overcome the barrier and will reach the anode (flat band condition). The electric current in 
this region is calculated by Eq. 16. In the space-charge regime, the maximum motive lies in the inter-electrode 
space. Near saturation point Vs, the maximum motive starts increasing while increasing the voltage and the 
electrons have to overcome this barrier in order to reach at anode and the net current density from the device 
is calculated by the number of electrons which can overcome the maximum motive. From Fig. 3.3(b), one can 
clearly see that the current density starts decreasing as less amount of electrons reach the anode. When no 
electrons can overcome the maximum motive, and the net current drawn from the device becomes zero, the 
critical regime is reached. While increasing the inter-electrode gap dec, the J-V curves shift to the left indicating 
a more pronounced influence of the charge cloud. In Fig. 3.3(c) the power conversion efficiency η is illustrated. 
Similarly to the current density, while increasing the voltage, the efficiency of the device increases but when 
electrons face the barrier (maximum motive) the efficiency starts decreasing. Moreover, Fig. 3.3(d) shows the 
monotonous decrease in the maximum efficiency as function of the inter-electrode gap obtained from the 
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device which shows that one can reduce the effect of the charge cloud by decreasing the distance between 
cathode and anode. 

We have presented the effect of charge cloud in a photon enhanced thermionic emission device by employing 
an updated version of the one dimensional Langmuir theory. In this model, we have used finite element solver 
to reproduce the results for 1-D space charge problem reported by S. Shu et al. [23]. The main result was to 
find that the charge cloud effect can be noticeably reduced by decreasing the gap between electrodes. In the 
next section we shall approach the description of realistic devices by introducing a 3D-PETE model. In this 
regard, we have investigated the possibility of reducing the detrimental effect of charge cloud i) by employing 
a gate structure within the inter-electrode gap, ii) by considering the use of nanostructures on the cathode face. 

 

4. 3D space charge model for Photon Enhanced Thermionic Emission solar cells 

In the previous section we have introduced our 1D photon enhanced thermionic emission solar cell model for 
estimating the charge cloud effect. In particular, we have calculated the charge density within the inter-
electrode space and estimated its influence on the efficiency of the device. The limitation of the 
illustrated model lies in the unrealistic 1D assumption similarly to the Langmuir theory [24]. Here we 
shall redefine the charge cloud computational model to 3D for an effective description of a realistic 
device.  
 
The 3D finite elements based model is based on electron emission model by taking into account the three 
dimensional Maxwell-Boltzmann distribution of velocities and a random initial velocity direction and emission 
point on the cathode surface. Emission velocities are characterized by a polar and azimuthal angles θ and φ. 
The current density is then computed through an iterative process solved by means of COMSOL 
Multiphysics®. The model performs a bi-directional coupling between the particle tracing module and 
electrostatic modules of COMSOL. The net current density is determined from the electrons trajectories and 
the electric potential, calculated in a self-consistent way. Furthermore, in our model we have also introduced 
a successive-over-relaxation [33] feature to solve the problem of convergence in presence of high emitting 
current densities from the cathode surface, which we will explain in the next section. From the calculation we 
extract the desired information about electron emission, charge cloud formation and electron trajectories. The 
amount of net current produced by the device can be estimated. Consequently, we are also able to determine 
the power conversion efficiency. 
Within the 3D finite elements based model, we have proposed a method for mitigating the space charge cloud 
problem. By inserting a positively charged gate electrode, towards which electrons are accelerated from the 
cathode, the space charge cloud effect is in fact reduced. We have estimated the role of the gate over the 
efficiency of the device by including the external power needed to sustain the gate electrode potential. Finally, 
we also made an attempt to improve the device performance by considering a nanostructured cathode surface 
in the form of an array of closely spaced nanocones. In the presence of an applied anode voltage a high electric 
field is expected at the cone apex, due to the tip effect. This is expected to increase the saturation current, since 
a locally enhanced electric field allows to reduce the local potential barrier for the electrons inside the 
semiconductor and hence to locally increase the extracted current. The effect is taken into account in the 
simulations in a self-consistent way. In addition, a saturation current enhancement is also expected due to the 
increased cathode surface area. 
 

4.1. Working principle, structural and simulation model details  

Our proposed architecture consists of a p-type GaAs cathode separated by a vacuum gap from a metal anode 
as shown in Fig. 4.1. As explained in our work [34], we chose GaAs as a cathode as it is the reference material 



for photovoltaic technology to the extent that it has been recently used also for the experimental realization of 
PETE devices [20,35]. Importantly, the present model can however be adapted for investigating different kinds 
of materials such as GaN, known to exhibit better high temperature stability. 

For what concerns the proposed simulation model, we have used a two-way-coupling iterative process 
implemented by means of COMSOL Multiphysics, in which particle trajectories and electrostatic potential are 
computed self-consistently in alternating steps to estimate the influence of space-charge effects. Particle 
trajectories and the electric potential are computed through time-dependent and stationary solver, respectively. 
The solver sequence goes through these two solvers for a specified number of iterations, always using the 
previous solution as input for the next iteration. In this way, a self-consistent solution, in which the particle 
trajectories and the electric potential affect one another, is obtained. We notice that this approach avoids 
considering explicitly the columbic electron-electron repulsion, which is much more computational 
demanding. The algorithm can be described by the following points: 

i. A fixed number of sample electrons is emitted at cathode surface with uniform random emission 
points and uniform random hemispherical angular distribution, while electron velocities are 
sampled from a half-Maxwellian distribution.      

ii. Each trajectory is computed by solving the equations of motion within the domain. No inter-
electron force is assumed. The solution time is set to be long enough to allow for all the electrons 
to reach one of the boundaries of the computational domain. Each particle is assumed to release a 
spatial charge proportional to the transit time across each mesh element.  

iii. The electrostatic solver solves the Poisson’s equation in presence of the space charge cloud 
computed at step (ii). The electrostatic potential is obtained. 

iv. The tracing process (see step ii) is then repeated, based on the updated potentials, until a self-
consistent solution to the steady state current flow is found or the maximum iteration number is 
reached.  

One known problem of the outlined iterative procedure i-iv is the poor convergence, or non-convergence at 
all, in case of high saturation currents (high electron emission rates). Actually, the potential distribution at the 
beginning of the computation process defines a situation with no charges inside the problem space. If the 
charge calculated from such a potential distribution is emitted, it would result in a sudden fluctuation in the 
potential distribution inside the problem space which is unphysical. This change in the potential distribution 
would then effect the charge that is to be emitted in the following iteration cycles. The cumulative error would 
finally result in an oscillatory solution that would not converge towards the actual solution. 

As already mentioned, the convergence error can be cured by adopting a successive over relaxation algorithm 
[33,36], by which the charge cloud assumed at each iteration is given by:  

1(1 )n n nρ ρ ω ω ρ −= + −     (23) 

where ρn and ρn−1 are the charge potentials calculated at nth and (n − 1)th time steps. The convergence solution 
of the numerical model will depend on the initial guess of the relaxation factor ω and has to be adjusted 
according to the rate of convergence [36]. If the charge potential in a time step exceeds that of the previous 
time step, it is evident that the solution is diverging and the iterative process is terminated. A new relaxation 
factor is then selected [36]. By doing so, successive better approximations of the current can be computed. A. 
Knox et al. [33] used a similar kind of algorithm to demonstrate 3D electron emission model for thermionic 
devices.  
 
Simulations were performed for a finite portion of the cathode emitting surface applying elastic “bounce” 
boundary conditions at the domain sides, hence mimicking periodic boundary conditions, as shown in Fig. 
4.1(a). The anode-cathode distance and the period of the cell are denoted by dec and P, respectively, as shown 



in Fig. 4.1(b). In particular, the figures show the directions of electrons from the cathode with respect to the 
polar angle θ and an azimuthal angle φ. If τ is a random variable in the range 0< τ <1, then the azimuthal angle 
is given by [37]: 

2φ πτ=      (24) 

Assignment of the polar angle was weighted so that there were equal numbers of electrons per solid angle in 
the emission hemisphere:  

1sin ( )θ τ−=
     

    (25) 

The initial direction-vector components of velocity of emission electrons with respect to emission angles(θ,φ) 
can be expressed as [37] follows: 
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To assign the kinetic energy of emission electrons from cathode, the Maxwell-Boltzmann distribution is used 
with the respect to the cathode temperature TC, thus the probability distribution which includes all the directions 
(x,y,z) can be expressed [33]: 
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Where me is the mass of the electron and 2 2 2v v vy y z= + +v  is the electron velocity. 

As mentioned (Eq. 22), the power conversion efficiency is defined as η =Pout/Pin where Pin can be calculated 
from AM0 solar irradiance [39]. Pout is instead the power density delivered to the load, which is given by [38]: 

c a
outP V J

q
φ φ −

= − 
 

      (28) 

Here φc and φa are the work functions of cathode and anode, respectively, J is the net current density and V is 
the load voltage. The work function of the cathode is φc= Ec – Ef +χc, being Ef the Fermi-level of GaAs which 
can be expressed as Ef =0.034+1.5×10-14(Tc-273)+7.6×10-14(Tc-273)2 [15] and Ec the conduction band edge 
given by Ec=Eg-Ef with Eg the band gap of GaAs. The net current density J is determined by calculating the 
ratio between the number of electrons reaching the anode Na to the number of electrons emitted from the 
cathode Nc: 
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N

=       (29) 

Where Js is the saturation current density which is calculated from Eq. 16. 
 

 



 

FIG. 4.1: (a) Schematic diagram of photon enhanced thermionic emission solar cell where electrons are randomly distributed in the ‘x-
y’ plane and excited randomly in ‘z’ direction with polar angle θ and in-plane angle φ. The velocities of the electrons are organised 
according to the Maxwell-Boltzmann distribution. Notice that electrons are excited through the semiconductor (GaAs) in the vacuum 
where they form a negatively charge cloud. Electrons which can overcome the cloud can reach the anode and participate in the 
electricity generation. (b) 2-D cross-section (x-z) of the architecture, where periodic boundary conditions are imposed on the side 
boundaries. 

4.2. Results and Discussion  

In the following discussion we shall consider the AM0 solar irradiance as the incident spectrum. The cathode 
is p-type GaAs semiconductor with acceptors concentration equal to 1019cm-3 and band-gap of 1.5eV. In Table 
2 the list of parameters considered in our simulation model. 

Parameter Value 
Energy Gap (Eg) 1.5 eV 

Electron affinity (χ) 0.4 eV 
Cathode Temperature (Tc) 1000 K 

Saturation Current Density (JS) 20 A/cm2 
Anode work function (φa) 0.9 eV 

Number of particles at Cathode (Nc) 1000 
Period (P) 1 µm 

Inter-electrode distance (dec) 20 µm 

Table 2: Parameters of photon enhanced thermionic emission solar cells. 

Fig. 4.2(a) describes the space charge potential Φsc(z) calculated within the inter-electrode gap. At z=zmax it 
forms a maximum Φsc,max which electrons need to overcome in order to reach the anode. Similarly, the 
maximum current density Jmax is plot in Fig. 4.2(b) (blue curve).  It can be observed that Jmax can be strongly 
increased by decreasing the inter-electrode distance dec as the space-charge potential decreases (red curve). 
Fig. 4.2(c) shows the current-voltage curves while increasing the inter-electrode distance dec from to 2 µm to 
20 µm. The period is equal to 1 µm. In particular, for dec=2 µm both the results from 1D and 3D are shown. 
The plots suggest a qualitative agreement between the two models. In fact, the figure clearly shows that for 
2µm inter-electrode distance all electrons overcome the barrier (space charge potential) and reach the anode 
up to a point when space-charge potential becomes dominating, and less amount of electrons can pass through 
the barrier so that the net current starts decreasing. Furthermore, when the space-charge potential becomes so 
prominent that no electrons can overcome the barrier, the net current becomes zero. In addition, we have also 
calculated the efficiency η of the device as shown in Fig. 4.2(d). The maximum efficiency calculated for 2 µm 

dec 



is 7.8% which reduces upon increase of dec down to 1% for 10 µm gap. From the 3D numerical model, one 
can trace down the trajectories of electrons travelling from the cathode to the anode in order to investigate the 
influence of the charge cloud on the net current extracted from the device. 

 

FIG. 4.2: (a) SC potential Φ(z) when cathode and anode are at the same electrostatic potential V=0. Note that the electrons have to 
overcome Φ(z) in order to reach the anode to generate electricity. (b) Maximum current density Jmax (blue curve) as function of inter-
electrode distance. It decreases by increasing the distance due to the enhancement of the space charge potential (Φmax red curve, right). 
The calculation is done at T=1000 K and with saturation current density equal to 20 A/cm2. (c) Current-voltage relationship of PETE 
solar cell. Notice that by increasing the inter-electrode space (dec), the space charge cloud becomes dominant and the maximum current 
drawing from the device start decreasing. (d) Power conversion efficiency (η) as function of the operating voltage (V) of PETE solar 
cell. Upon increase of the inter-electrode space, the efficiency of the device decreases. (e) At t=0 electrons are at the cathode with a 
random spatial distribution. The colours represent the velocity in m/s. Their distribution follows the Maxwell-Boltzmann statistics. 
Box base: 1µm x 1µm, box height 10 µm. (f) Trajectories of the emitted electrons. The influence of the charge cloud determines back 
reflection towards the cathode of some of the electrons. Distance between cathode and anode is 10 µm with a saturation current density 
of 20 A/cm2. Box base: 1µm x 1µm. Scale bar: velocity in m/s. 

From Fig. 4.2(e) we can observe that at time t=0 all the electrons are at the cathode surface.  At a later stage, 
after leaving the cathode, some of them return back due to charge cloud effect while others have enough energy 
to overcome the barrier thus to reach the anode, as shown in Fig. 4.2(f). In the present plots the distance 
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between the cathode and the anode is 10 µm. From these results we could conclude that above certain dec gaps, 
the charge cloud effect can be remarkably severe on the power conversion efficiency η to limit the actual 
application of a PETE device. In this regard, in the next section we are going to investigate a different approach 
to improve the efficiency η besides dec reduction.  

 

5. 3D gate insertion for resolving the space-charge problem for PETE device 

As we explained at earlier stage, photon enhanced thermionic emission utilizes the photoelectric and thermal 
effects to enhance electrons emission. Theoretically, it was shown that PETE can beat the Shockly-Quiesser 
limit of single junction photovoltaics cells [17], however turning this elegant theoretical device into a 
commercially available one is a challenging task especially due to the charge cloud effect and thermal 
instabilities. In the previous section we have shown that the net current density J from the device is significantly 
suppressed for inter-electrode distances greater than 2 µm. In this regard, a method to limit the negative effect 
of charge cloud was recently suggested [25]. The idea was to insert Cs+ ions into the vacuum chamber (inter-
electrode gap). A different method was introduced by S. Meir et al. [15] where they used a positively charge 
gate electrode located inside the inter-electrode gap. The gate electrode accelerates the electrons away from 
the cathode and decelerates them as they approach the anode. In this way the charge cloud effect is reduced 
and the power conversion efficiency is increased. Along with these findings, we have introduced a gate in our 
3D numerical model. 
  

5.1.  Simulation model details, results and discussion 

We have inserted a positively charged gate terminal in the middle of the inter-electrode gap, constituted by a 
squared thin wire mesh. Fig. 5.1(a) shows the schematic diagram of the proposed architecture. As simulation 
setup, we took the same simulation model already implemented for the 3D PETE solar cell. Simulations were 
performed for an infinitely extended square array by applying periodic boundary conditions with period P 
along x and y directions, as defined in Fig. 5.1(b). The width of the gate terminal is denoted by G as shown in 
Fig. 5.1(b). The overall device efficiency can be expressed as follows:  

out g

in

P P
P

η
−

=       (30)  

Where, Pout is the power density delivered to the load calculated through Eq. 28, Pin is the incident power 
density calculated from AM0 spectrum irradiance and Pg is the power density required to feed the gate. 
Electrons reaching the gate cause a current density Jg. To maintain the gate voltage, a power density of Pg=JgVg 
has to be provided, which leads to an additional energy loss in the PETE device. The Jg can be calculated by 
calculating the ratio of number of electrons reaching the gate to the number of electrons emitted from the 
cathode (Ng/Nc) can be expressed as follows:  
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Where Js is the saturation current density which is calculated from Eq. 16. In the present simulation model, 
the same list of parameters mentioned in Table 2 has been employed. 



FIG. 5.1: (a) Proposed schematic diagram of a photon enhanced thermionic emission solar cell with a positively charged gate inserted 
in the vacuum chamber. (b) 2-D cross-section (x-z) of the proposed architecture, where periodic boundary conditions are employed on 
side boundaries. (c) Schematic circuit diagram of the proposed architecture.  

In the present calculations the inter-electrode distance is 20 µm and the width of the wires constituting the gate 
terminal is P/10. We point out that the wires should be thin enough to guarantee a sufficient amount of electrons 
channelling through the hole thus to reach the anode. Later on, a detailed optimization with respect to the gate 
size and period will be evaluated to maximize the performance of the device. Initially, in order to understand 
the role of gate terminal, both cathode and anode are taken at the same electrostatic potential V=0.  
Fig. 5.2(a) shows the calculated electrostatic potential Φ(z) in the inter-electrode space. In case of gate-free 
condition, there is strong electrostatic potential within the inter-electrode space (blue curve). Upon switching 
on the gate voltage Vg, the space-charge potential is reduced. However, a minimum value of the gate voltage 
is required to completely suppress the space-charge potential (see Fig. 5.2(b)). For example, when Vg=1 V, a 
potential near the cathode is still present (Fig. 5.2(a), red curve). For higher values of gate voltage, the space-
charge potential diminishes as shown in Fig. 5.2(b). Furthermore, from our 3D numerical model, one can trace 
down the trajectories of the electrons travelling from the cathode to the anode in order to highlight the influence 
of the positively charged gate on the charge cloud. Fig. 5.2(c) shows the velocity and position distribution of 
electrons at Vg=0 V. Clearly, in the absence of gate terminal, most of the electrons are at the cathode surface, 
in fact only the electrons which can overcome the potential barrier can indeed reach the anode. In particular, 
starting from Nc=1000, it was obtained Na=39. On the other hand, when the gate terminal is inserted with a 
positive gate voltage Vg=2 V, 448 electrons reach the anode surface as shown in Fig. 5.2(d). Even though 
inserting a gate can have positive effects on reducing the charge potential, it happens that some electrons are 
absorbed by the gate itself thus generating a gate current estimated through Eq. 31. As we are giving an 
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additional power density in the form of gate terminal, the gate power density needs to be taken into account in 
order to estimate the net efficiency from the PETE device as shown in Eq. 30. 
In Fig. 5.3(a) is shown the J-V characteristics upon Vg change. It is found that the higher Vg the higher is the 
net current density, namely the power extracted from the device. In Fig. 5.3(b) is illustrated the net efficiency 
η versus the applied voltage as calculated from Eq. 30. To calculate the net efficiency, we have considered 
also the amount of external energy consumed by the gate. This effect is calculated through Eq. 30 and 31. 
Similarly to Fig. 5.3(a), the power conversion efficiency η increases by increasing the gate terminal voltage.  

  

  

 
FIG. 5.2: (a) Calculated space charge potential Φ(z) under no gate condition (blue curve) and with gate voltage Vg=0.5 V (red curve). 
Upon switching on the gate voltage, the space charge potential is reduced (black arrow). (b) Calculated space charge potential for gate 
voltages between 0 V and 2 V. The higher Vg, the lower Φ(z). (c) Random distribution of electrons with respect to their velocity and 
position at Vg=0 V. Note that at t=14 ns, most of the electrons are at the cathode and only those which can overcome the strong potential 
can reach the anode. (d) Random distribution of electrons with respect to their velocity and position with Vg=2 V. With respect to (c), 
a higher number of electrons can reach the anode, namely an enhancement of the net current is observed (see Eq. 31). In all calculations 
dec= 20 µm. 
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FIG. 5.3: (a) Current-Voltage characteristics of a PETE device by changing the gate terminal voltage Vg. Note that, while increasing 
the gate voltage, the net current of the device increases as well (black arrow). (b) Power conversion efficiency η versus operating 
voltage V upon change of the gate terminal voltage Vg. The power conversion efficiency η increases while increasing the gate voltage 
which is due to the enhancement of the net current J. In all calculations dec= 20 µm. 

5.2. Gate Insertion: Parametric optimum design  

In the above explanation, we have investigated and proved the advantageous role of a gate terminal in reducing 
the charge cloud effect and enhancing the power conversion efficiency of a PETE device. Here, we are going 
to generalize these results by optimizing the pitch size and by demonstrating its influence on the power 
conversion efficiency. 

 

FIG. 5.4: (a) Power conversion efficiency η and operating voltage V as functions of the gate terminal voltage Vg. In this calculation 
the inter-electrode distance dec is 20 µm, pitch P is 10 µm and gate width G is P/10. (b) As in (a) but pitch P is 50 µm. (c) Maximum 
efficiency ηmax as a function of the applied voltage V with respect to the pitch size. (d) Maximum efficiency as a function pitch size. 
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Note that when the pitch size increases the maximum efficiency of the device decreases. Also in (c) and (d) the inter-electrode gap is 
20 µm. 

In particular, we have estimated the power conversion efficiency η for pitch sizes of 10 µm and 50 µm, while 
the width size of the gate terminal was kept constant at P/10 and the inter-electrode distance was taken equal 
to 20 µm, as shown in Fig. 5.4(a) and Fig. 5.4(b). By comparing P=1 µm (Fig. 5.3(b)), P=10 µm (Fig. 5.4(a)) 
and P=50 µm (Fig. 5.4(b)), we find that the maximum power conversion efficiency of a PETE device drops 
drastically upon pitch size increase (see Fig. 5.4(d)). A possible explanation lies in the weakening of the electric 
field produced by the gate upon pitch increase (the squared holes in the gate show bigger area). In fact, in case 
of 1 µm pitch, we found that higher Vg the higher would have been the efficiency of the device, but this 
behaviour is not confirmed by P=10 µm and P=50 µm (see Fig. 5.4(c)). In particular, for P= 10µm the best 
performance is reached at Vg=2.5 V, while for P=50 µm this happens at Vg= 1 V.  

We have proposed a technique (gate insertion) to reduce the charge cloud effect in 3D-PETE devices while 
maintaining high distance between cathode and anode. This analysis is especially important from a feasibility 
point of view, inasmuch as greater dec translate in a easier and cheaper fabrication process. Finally, in the next 
section we are going to test our model when complex 3D structures are considered at the cathode side. 
Specifically, the cathode will be considered formed by an array of nano-cones with varying apex angle.  
 

6. Nanostructured cathode study 

The 3D COMSOL model here presented was applied only to flat cathodes and no tentative in describing more 
complicated surfaces was done. Here we shall consider nanostructured surfaces with the aim to increase the 
electron extraction efficiency from the surface itself.  

The considered cathode surface is formed by an array of sharp nanocones. The idea behind this choice is to 
exploit a possible field enhanced emission at the cones apex. This is depicted in Fig. 6.1(a), (b). In presence of 
an applied anode potential an enhanced electrostatic field is produced at the tip apex. The extent of the field 
can be easily computed by solving the Poisson’s equation. In the case reported in Fig. 6.1(a), a 500 nm pitch 
is set with a cone of 450 nm diameter and 100 nm height, while the tip curvature radius is 5 nm. Since the 
computational cost required to resolve the fine details of the cone tip is high, we considered only a relatively 
small anode-cathode distance, namely 2 μm. A maximum field of 8.5∙106 V/m is predicted. As is reported in 
the schematic plot of Fig. 6.1(c), the extent of the surface is high enough to bend the electronic band structure 
at the cathode surface and to locally lower the work function required to extract electron to the continuum state 
(Fig. 6.1(d)). This phenomenon is commonly referred to as Schottky barrier reduction and is described by the 
following set of equations [40]:  
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In Eq. 32 the quantities φeff, φ0, φfield are respectively the effective work function, the material work function in 
absence of electric field and the work function reduction due to the local electric field, at (x,y,z). The latter is 
given by Eq. 33 as a function of the local electric field E(x,y,z). The new saturation current density is given by 
Eq. 34. We notice that it is now space dependent. The total current emitted by the unitary cell is obtained by 
integration of Js over the cathode surface, Eq. 35.  
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FIG. 6.1: (a) Example of the simulated nanostructured cone cathode emission model. The colour maps shows the electric field norm. 
Geometrical parameters are: Pitch = 500 nm, cone height = 100 nm, cone diameter = 450 nm, anode-cathode distance = 2 μm, applied 
voltage = 1 V, temperature T = 800 K. (b) example of calculated electron trajectories. (c) Schematic plot of the different field induced 
electron emission as a function of the electric field at the surface. (d) Schematic plot of the surface barrier reduction for different applied 
electric fields.  

The field enhanced current equations (32)-(35) have been implemented in COMSOL, and, in particular, the 
integrated current given by Eq. 35 has been set as an input to the inlet boundary conditions for the particle 
tracing simulation stage. In Fig. 6.2(a) we report the calculated J-V curves for different cone heights, keeping 
fixe cell period to 500 nm and curvature radius to 5 nm. It is clearly seen that, with respect to the flat cathode, 
an enhancement in current density is obtained for voltages lower than the saturation voltage, thanks to the field 
enhanced emission effect and to the increased emission surface. The maximum current enhancement is 
obtained for a cone height of about 50 nm. By further increasing the cone height a current drop is observed. 
The reason for this behaviour can be ascribed to the steeper cone slopes, which determines more electrons to 
be emitted at grazing directions and thus being more likely repelled back to the cathode by the space charge 



induced potential. In Fig. 6.2(b) we report the corresponding PETE solar cell efficiencies. As is seen, in no 
case we obtain efficiencies higher than the case of flat anode.  
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FIG. 6.2: J-V curves and  (a) and efficiency curves (b) for a PETE based solar cell with nanostructured cone with pitch 500nm, anode-
cathode distance 2μm, curvature radius of 5nm, for different cone heights. The black solid line represent the flat cathode case.   

In Fig. 6.3(a), (b) we report respectively the field enhancement at the cone tip and the integral of the current 
density over the cathode surface as a function of the tip curvature radius, for different cone heights. It is clear 
that a little role is played by the tip curvature radius. As a matter of fact, on the one hand by reducing the radius 
a higher enhancement is expected at the tip apex, on the other hand the enhanced emission area is 
correspondingly reduced. The two effects counterbalance each other, resulting in a little variation of the overall 
integrated current as a function of the curvature radius.  

In Fig. 6.3(c) we report several J-V for different periods of the unitary cell, keeping fixed the aspect ratio of 
the cone to 0.4, its diameter being 0.9 times the pitch of the cell. We notice that the emitting area exceeds that 
one of the flat cathode for the same amount for every pitch. As can be seen the JV curves only slightly differ 
from each other. This demonstrates that the contribution to the current enhancement with respect to the flat 
case is mainly due to the increase emitting area, while the field effect plays a little role. We can conclude 
therefore that the main beneficial effect of structuring the cathode derives from the increase of emission area. 

Finally in Fig. 6.4(a), (b) we report the simulation of the combination of nanostructured cathode surface and 
gate insertion, in case of 1μm pitch and 20μm anode-cathode distance. The cone aspect ratio is set to 0.1, 
namely the value giving the best results in the study presented in Fig. 6.2. As is seen the best performance is 
obtained in case of cell without any cone but with gate. On the contrary the presence of the cone does not yield 
a real advantage.   
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FIG. 6.3: (a) Electric field norm calculated at the tip of the cone whose parameters are listed in Fig. 5.2, for different cone heights as a 
function of the curvature radius at the tip. (b) Corresponding current emitted from the anode. (c) J-V curves calculated for a fixed cone 
aspect ratio of 0.4 and fixed diameter-to-pitch ratio of 0.9, for different cell pitches.  
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FIG. 6.4: J-V curves (a) and calculated efficiencies for PETE solar cells with 20 μm anode-cathode distance and flat anode with no 
gate (black), flat anode with gate (red), cone array anode and gate (blue). The pitch of both gate and cone array is 1 μm, gate wire 
width-to-period ratio is 0.9, cone aspect ratio is 0.1 (namely 100 nm height), diameter is 900 nm.  

 

CONCLUSION 

In this work we have presented the Langmuir theory for 1D-TECs and its extension to describe 1D-PETE 
devices in order to estimate the influence of space charge cloud on the device power conversion efficiency η. 
From the 1D-PETE model we have concluded that at high current densities the performance of PETE solar 
cells will be negatively affected by the charge cloud produced in the vacuum gap between cathode and anode. 
It was found that by lowering the inter-electrode distance down to few microns, the detrimental effect due to 
the space charge cloud can be sensitively reduced. Due to fabrication constraint and with the idea of making a 
real power generation devices, we extended the 1D theory to a 3D system. We have also implemented a 
technique (gate insertion) to reduce the space-charge effect in 3D-PETE device while maintaining high 
cathode-anode distance. This was motivated by the fact that larger distances facilitate the fabrication process 
of the vacuum chamber between cathode and anode. Finally, in order to verify the capabilities of the simulation 
setup, we have implemented complex 3D structures for cathode by considering an array of nanocones with 
sharp apex. Interestingly, we found that the texturing of the cathode does not provide any advantage with 
respect to a flat surface. Finally, we would like to stress that the proposed numerical model can be used to 
design and implement any kind of electrode shape together with arbitrary gate devices.  
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