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Photon-enhanced thermionic emission (PETE) is an advanced technology that combines both the photoelectric
and the thermionic effects synergistically into a single device for direct electricity generation. However, its
industrial-level application is still missing partly due to the lack of advanced models to analyze its operating
characteristics and to understand the synergistic mechanism. Herein, we develop a numerical model of PETE by
fully considering the optical, the electrical and the thermodynamic aspects with one-dimensional steady-state
continuity equations of carriers in the semiconductor cathode. A hybrid PETE-Stirling cycle system is also pro-
posed to yield an output power density of 162.65 kW/m? with 32.8% conversion efficiency. The PETE conversion
efficiency keeps ~20% with the optimal electron affinity increases from 0.5 to 1.14 eV as solar concentration
ratio varies from 100 to 500. The cathode thickness should be optimized by considering both solar absorption
and photon enhancement, where the thickness range of 0.78-1.52 pm is obtained for 50-500 suns. The inter-
electrode gap is also found to significantly affect the PETE performance by regulating both the space-charge
effect and near-field radiation, where the range of 0.5-2 pm is recommended. This work can serve as a foun-
dation to understand the working mechanism of PETE converters and provide guidelines for the performance

evaluation.

1. Introduction

Solar energy is clean, abundant and sustainable energy, and
conventionally harvested via the photovoltaic (PV) and the solar ther-
mal (ST) technologies. To realize its full spectrum utilization, new
technologies are being developed, such as the concentrated spectral-
splitting, the hybrid photovoltaic-thermal utilization [1], and the
concentrated photochemical-photovoltaic-thermochemical (CP-PV-T)
[2]. A thermionic emission converter (TEC) can be applied for ST power
generation, which consists of a metal cathode and an anode arranged
parallel in a vacuum house [3]. TEC has made great progress toward
high power output. Some novel electrode materials were proposed such
as carbon nanotube emitters, textured/diamond/graphene-based elec-
trodes, and plasmonic thermionic converters. To synergistically utilize
the electrons and photons emitted by the cathode, Datas et al. [4,5]
proposed hybrid thermionic-photovoltaic converters (TIPV), in which a
photovoltaic cell was applied to enhance electricity generation.
Recently, the TIPV prototypes were developed and measured, and the
experimental results demonstrated significant potential of TIPV
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converters [6,7]. In addition, solar thermionic-thermoelectric generator
was proposed to use the waste heat of TEC for additional power gen-
eration by thermoelectric technology [8,9]. The photon-enhanced
thermionic emission (PETE) is especially suitable for concentrated
solar power applications, as it combines the photoelectric and the
thermionic effects into a single device to realize a full spectrum har-
vesting and avoids spectral-splitting [10]. A PETE converter can gain a
theoretical conversion efficiency of >50% when thermally in tandem
with a secondary heat engine [11].

A PETE converter has a configuration similar with a TEC converter,
but uses a semiconductor instead of metallic materials as the cathode. As
shown in Fig. 1, incident solar photons with energy over the bandgap
(Eg) of the cathode semiconductor, i.e., over-bandgap photons, can
excite electrons from the valence-band (Ey) to the conduction-band (Ec).
The photoexcited electrons will diffuse to the emitting surface while
absorbing heat to reach a higher kinetic energy. The electrons that
overcome the electron affinity (y) can emit directly to the anode and
return to the cathode through the outer circuit to generate electric
current. However, Rahman et al. [12] recently pointed out that the
so-called semiconductor thermionic energy converter exhibits
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Nomenclature T, the cathode temperature, K
To the ambient temperature, K

A Richardson constant, A/(m?K?) Vv output voltage, V
C solar concentration ratio Vs saturation voltage, V
D, (D,) electron (hole) diffusion coefficient, m?/s Vmpp voltage at the maximum power point, V
Ep impurity energy level, eV speed of light, m/s
Ec the conduction band minimum, eV d interelectrode gap size, m
Ey the valence band maximum, eV e elementary charge, C
Eg Fermi level, eV h Planck’s constant, J-s
Eg bandgap of the cathode, eV k Boltzmann’s constant, J/K
AE, (AE.) motive barrier of the anode (cathode), eV mn electron effective mass at the conduction band minimum,
G photogeneration rate of electron-hole, 1/(m3-s) kg
J current density, A/m? m'p, hole effective mass at the valence band maximum, kg
Na semiconductor doping density, 1/m> n conduction-band electron concentration, 1/m>
Nc the effective density of states in the conduction band, 1/m® Neq equilibrium conduction-band electron concentration, 1/
Ny the effective density of states in the valence band, 1/m?® m3
N, (N.) electron density emitted by the anode (cathode), 1/m? p valence-band hole concentration, 1/m3
Ppprg  output power density of PETE converter, W/m? Deq equilibrium valence-band hole concentration, 1/m>
Psg, output power of Stirling engine, W An (Ap) non-equilibrium electron (hole) concentration, 1/m>
Qsun incident solar energy, W/m” t cathode thickness, m
Qelectron  heat transferred by emitted electrons, W/m?
Qrad, camb radiative heat loss from the cathode to the ambient, W/ Greek symbols

m? a photon absorption coefficient, 1/m?®
Qraaca radiative heat loss between the two electrodes, W/m? A photon wavelength, m
Qrad, recom radiative energy of emitted blackbody photons above the Ao cut-off wavelength, m

bandgap, W/m? u carrier mobility, m2/(V-s)
Qpenetrate  SOlar energy penetrating through the cathode, W/m? v photon frequency, 1/s
Qiead heat loss in the lead, W/m? TSRH carrier SRH lifetimes, s
Qanode  Waste heat from the anode, W/m? b cathode work function, eV
Qsk the required heating power of the Stirling engine, W &, anode work function, eV
Riad radiative recombination rate, 1/(m>-s) Vi the maximum motive barrier, eV
Rauger  Auger recombination rate, 1 /(m®-s) n conversion efficiency of the hybrid system
Rery SRH recombination rate, 1/(m>-s) NPETE conversion efficiency of the PETE converter
Riead lead resistance, Q Nanode-sg heat transfer efficiency of PETE waste heat
S working area of the PETE converter, m? .
Sno (Sn,) surface recombination rate on photon incident surface Subscripts

’ ? .. n electron
(electron emission surface)
P hole

Ta the anode temperature, K

photon-enhancement mode only under certain conditions, otherwise it
performs pure thermionic emission mode. Therefore, PETE converters
deserve further detailed study and design.

Several PETE models have been built, including models ignoring the
carrier distribution in semiconductors (0-D models) and models
considering one-dimensional distribution of carriers (1-D models). To
evaluate the efficiency limit of the PETE converter, Segev et al. [13]
developed 0-D models of PETEs with lumped parameters, where they
only considered radiative recombination of carriers and reported a
theoretical conversion efficiency of 70.4% when combining with a sec-
ondary thermal cycle. Xiao et al. [14] also established a 0-D model to
assess the working performance of a PETE-Carnot system, where they
reported a solar-to-electricity efficiency of 54.32% at 500 kW/m? inci-
dent solar flux. In these models, carrier transport was neglected and
losses caused by electron recombination on the surface and the bulk
were not fully considered. Varpula et al. [15] developed a 1-D model of
the PETE converter to investigate its performance with Si, GaAs, and InP
as the cathode, and concluded that GaAs and InP performed higher ef-
ficiencies (20-25%) than Si (10-15%). Wang et al. [16] further estab-
lished a diffusion-emission model for the PETE converter with
Al,Ga; ,As/GaAs as the cathode to analyze the effects of Al element and
layer thickness. Feng et al. [17] also developed a theoretical model for
the Al,Ga;.,As/GaAs cathode with an exponential-doping GaAs and a
graded Al composition, where they found the conversion efficiency

could be greatly improved by built-in electric fields. Liu et al. [18]
proposed a GaAs nanowire cathode with an exponential doping and
graded Al composition for the PETE converter, where the optimum wire
length of 300-340 nm was derived based on a theoretical model. Elahi
et al. [19] developed an energy balance model of PETE converters, and
reported a solar-electricity efficiency of 18% for 100 x solar
irradiations.

With electrons emitting through the vacuum gap, a space-charge
region will form in the interelectrode gap due to the electron accumu-
lation, which resists electron transportation and weakens output current
density of the PETE converter. To take into consideration the space-
charge effect, the Langmuir space-charge theory is usually adopted. Su
et al. [20] analyzed the space-charge effect on current-voltage charac-
teristics of the PETE converter and explored the effects of cathode
bandgap, electron affinity, temperature, and electrode spacing on the
conversion efficiency. However, the influence of the evanescent wave
radiation was not considered in their work. Wang et al. [21] developed a
theoretical model with the consideration of the space-charge effect and
the near-field radiation between two electrodes, and managed to obtain
the maximum efficiency by optimizing the operating voltage and the
interelectrode gap. Datas et al. [5,22] proposed a theoretical model for
the analysis of a thermionic-enhanced near-field thermophotovoltaics
(nTiPV device), where they adopted the Langmuir theory to describe the
space-charge region in vacuum gaps. Only a few models
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Fig. 1. Schematic of the PETE, where Eyac. and Ey,c, refer to the vacuum
energy levels of the cathode and the anode, respectively. Eg. and Eg, refer to
the Fermi levels of the cathode and the anode, respectively. ¢, and ¢, refer to
the work functions of the cathode and the anode, respectively.

comprehensively considered solar-photon absorption, electron genera-
tion and diffusion along the cathode, as well as space-charge and
near-field photon tunneling effects between electrodes. In addition,
using ideal cycles as tandem thermal cycle cannot reliably reflect the
characteristics of the system.

To fully consider the coupling effects of electron generation and
diffusion in semiconductor, the carrier recombination losses and the
space-charge effect, photo-thermo-electric coupling models of the PETE
converter are developed in this work. Steady-state continuity equations
of both electrons and holes in the semiconductor cathode are adopted,
where carrier diffusion and loss mechanisms owing to surface and bulk
recombination are included. The space-charge and near-field radiation
effects are also embedded. Effects of key parameters on the performance
of PETE converter are analyzed in detail, and a hybrid model combining
a 1-D transient Stirling cycle is further explored.

2. Mathematical model
2.1. Evaluation of the PETE converter

For the single thermionic emission of a semiconductor cathode
without illumination, the emitted electron density can be calculated by
Eq. (1).

AT? AE,
Nrg = e°eXP(*ch> (@]

here A, = 4zem;k?/h® is the Richardson’s constant of the cathode, T, is
the cathode temperature, e = 1.6 x ~1° C is the electron charge, k =
1.38x10723 J/K is the Boltzmann’s constant. h = 6.626x10°>* J.s is the
Planck constant, and m, is the effective mass of electrons in the
conduction-band. AE. is the motive barrier of the cathode that can be
further expressed by Eq. (2).

_Jo for eV <¢.—¢,
AE, = {(ﬁa +eV  for eV>¢. — ¢, 2

here V, ¢. and ¢, are the output voltage, cathode work function and
anode work function, respectively.
Compared with the single thermionic emission, the PETE converter
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shows a significant advantage due to the combination of photonic and
thermal processes, where the emitted electron density under illumina-
tion and high temperature can be calculated by Eq. (3) [11].

AE,
XP( T ) ®

here n is the conduction-band electron concentration on the emission
surface under illumination, and neq is the equilibrium conduction-band
electron concentration.

Similar with the single thermionic emission by the cathode, reverse
electron density emitted by the anode can be calculated by Eq. (4).

AT? AE,
N,=—2* - 4
e exp( kT, “)

2

n A.T;

N, =——"C¢
Neq €

here A, =120 A/ (cm?K?) is the Richardson constant of the anode, and
AE, the motive barrier of the anode.

| p.—eV for eV <¢. — ¢,
AE, = {q’)a for eV > ¢, — ¢, ®)

When the space-charge effect in the interelectrode gap is neglected,
the net emission current density (J) of the PETE can be expressed by Eq.
(6).

J=e(N.—N,) (6)

The output power density of the PETE converter can be calculated by
Eq. (7).

PPETE = [](V — JSRlead)}maX (7)

here Rjeaq is the lead resistance.

As the space-charge regime limits electron movements and de-
teriorates the conversion efficiency, the space-charge effect is evaluated
in this work by using the Langmuir theory (Fig. S1, Egs. (S1) - (S17)) and
assuming a 1-D collisionless electron flow. In this way, the calculation of
current density can be modified as shown in Eq. (8) [21].

n Y 2 W — €V
J=AT*— — — AT —m 8
g P ( kTC> a exP( kT, ) ®

here y,, is the maximum electron motive in the interelectrode gap when
taking the cathode Fermi level as the zero reference point. On the right
side of Eq. (8), the first term refers to the current density from cathode to
anode (J.) and the second term refers to the current density from anode
to cathode (J,). The corresponding emitted electron densities can be
calculated by N = J./e and N, = J,/e. n/neq is called photon enhance-
ment factor that can be used as a quantitative performance metric of
photon enhancement [12]. A desirable photon enhancement mode
performs n/mneq > 1. Otherwise, the converter exhibits pure thermionic
mode, even seems destroy thermionic current when n/neq < 1.

According to the first law of thermodynamics, the cathode temper-
ature is determined by the energy balance equation of the cathode as
shown in Eq. (9).

qun - Qrad.C_nmb - Qrad.C_A - de.recom - Qeleclron - Qlend - Qpenelra(e =0 (9)

here Qraq, ¢ amb is the radiative heat loss from the cathode to the ambient
that can be calculated by the Stefan-Boltzmann law. Qejectron iS the en-
ergy transferred by thermionic electrons that can be further expressed by
Eq. (10).

Qeleclmn = Nc (Wm + 2ch) - Na(l//m + ZkTa) (10)

Qrad,c A is the near-field (or far-field) radiative heat loss between the
two electrodes, which is contributed by both the propagating-wave and
the evanescent-wave photons (near-field photon tunneling). The
evanescent-wave photons tunnel via micro/nanoscale vacuum and leads
to significant heat transfer [23]. The detailed calculation of is described
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in Egs. (§18) — (S31). Incident energy obtained by the cathode of sun-
light is calculated in terms of AM1.5 direct + circumsolar spectrum as
expressed in Eq. (11).

Qun=C / " oy (1)
0

here Q()\) represents the solar photon energy flux density per wave
length of AM1.5 direct + circumsolar spectrum, and C is the concen-
tration ratio. Qpenetrate iS the solar energy penetrating through the
cathode. Qrag, recom is the radiative energy of emitted blackbody photons
above the bandgap, which can be estimated by Eq. (12) at the non-
equilibrium condition [11].

R A

W

_ () e /E°°<<;_;>>3_1d<hv)

12)
exp|

here h is the Planck’s constant and c is the speed of light. Qjeaq is the heat
loss in the lead that can be calculated by the Wiedemann-Franz law and
Joule’s law as shown in Eq. (13) [3,5].

L 1
i = (T? = T2) — = SRiaaJ? 13
Qledd ZSR]cad ( c a) 2 lead ( )

The waste energy from the anode Qanode is evaluated base on the
thermal balance principle as shown in Eq. (14).

1
Qunode = Qrad.C,A + Qelec[mn + EQrad,recom + Qlead + Qpenelrule - PPETE - de.A,amb
14)

here we assume that the probability of photons emitted from both sides
of the cathode due to electron radiative recombination is equal, that is,
half of Qrag, recom is considered to be absorbed by the anode. Qrad, A amb is
the radiative heat loss from the anode to the ambient.

Therefore, power conversion efficiency (PCE, marked as #pgrg) of the
PETE converter can be calculated by Eq. (15).

PPETE
= 15)
NpeTE Oun
The power conversion efficiency of the hybrid system (tandem with
the Stirling cycle) can be further calculated by Eq. (16).

”:PPETE+PSE/S

16
quﬂ ( )

here Pgg/S is the output power of the Stirling engine per unit area of the
PETE converter, which is called as the output power density of Stirling
engine. Pgg is the output power of the Stirling engine, and S denotes the
working area of the PETE converter to match the working condition of a
Stirling engine as shown in Eq. (17).

Ose

Qanetllanode—SE

S 17)

here Qg is the required heating power of the Stirling engine, and 7anode-
sk is the utilization efficiency of the PETE waste heat by considering the
heat transfer loss. A well-developed Stirling engine model [24,25] is
adopted as a sub-model to analyze the Stirling cycle in the combined
power generation system. Related information can be found in Egs.
(S31) - (S40).

2.2. Modeling of the semiconductor cathode

Distribution of carrier concentration is the key basis for the perfor-
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mance evaluation of PETE converter. In this work, a 1-D model is
developed to study the photo-thermo-electric characteristics of the
semiconductor cathode. The generation, the diffusion, the emission and
the loss mechanisms of non-equilibrium carriers are considered. Both
conduction-band electrons and valence-band holes are taken into
consideration, and carrier distributions can be obtained by solving 1-D
transport equations of the semiconductor cathode as shown in Eq. (18)
and Eq. (19).

&4

-D, =5 =G-R as)
&4

-D,~F=G-R (19)

here An = n - neq and Ap = p - peq are the non-equilibrium electron
concentration of conduction-band and the hole concentration of
valence-band, respectively. Accordingly, neq and peq are equilibrium
concentrations of the electron and the hole, and D,, (D},) denotes electron
(hole) diffusion coefficient. According to Einstein’s relationship, D, =
kTu,/e and D, = kTp,/e.

A super-bandgap photon can excite the valence-band electrons to the
conduction-band. The photon excitation rate of the conduction-band
electrons per unit volume can be expressed by the rate of photon ab-
sorption with energy greater than the bandgap as shown in Eq. (20).

“ ()

G0 =€) heii

a(1)-e*P*dj (20)

here x is a 1-D coordinate with the light-incident surface as the origin,
Q()) represents the solar photon energy flux density per wave length of
AM1.5 direct + circumsolar spectrum, and a()) refers to the absorption
coefficient for photons with wavelength A. The boundary conditions of
the transport equations are set as given in Egs. (21) — (24).

dAn

_Dnﬁ o = - n.nAVl(O) 21
dA

0,2 =, ,An(t) + N. — N, (22)
dx x=t
dAp

e o = - p,oAP(O) (23)
dAp

poW -~ =S,.Ap(1) 24)

here S, and S, are the surface recombination rates on the photon
incident surface and the electron emission surface, and t is the film
thickness. It should be noted that reversal electrons absorbed on the
cathode surface contributes to the cathode conduction-band concen-
tration, which is already considered in Eq. (22).

There is also recombination in the bulk of cathode while generating
electrons. Radiative, Shockley-Read-Hall (SRH) and Auger recombina-
tion types are taken into consideration, as expressed in Eq. (25).

R=Rq + RAuger + Rsgu (25)

For an equilibrium semiconductor, the radiative recombination rate
can be determined by the rate of photon emitted per unit area as shown
in Eq. (26) [11].

2 2 (W)
T
¢ JE, exp (k]Tc> -1

The photon emission rate can be exponentially enhanced for non-
equilibrium conditions according to Boltzmann statistics as shown in
Eq. (27).

0 d(hv) (26)
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Ry=(-2——1]R, 27)
NegPeq

Therefore, radiative recombination rate per unit volume can be
calculated by Eq. (28).

Rrad_< K _1> & (28)

NeqPeq t

In a p-type semiconductor, the Auger recombination rate can be
calculated by Eq. (29) [11,26].

Raue =C, (nzp - nﬁqpeq) +C, (np2 - neqpﬁq) (29)

Finally, the SRH recombination rate can be obtained by Eq. (30)
[26].

R _ NP — NegPeq
SRH

= (30)
TSRH,n (P + neq) + TsrH,p (" + peq)

here 7spu,n and 7sryp are the SRH lifetimes for electrons and holes,
respectively.

Equilibrium electron concentration in conduction-band neq and
equilibrium hole concentration in valence-band peq are also required in
the model. For p-type semiconductors, the Fermi level can be obtained
according to the charge neutrality criterion, expressed by Eq. (31) [11].

E, — E; 1 E;
N¢ exp<7 £ F) + Na =Ny exp<7—F) (31)
kT, 1+ 4 exp (—E’;(;CEF> kT,

here N¢ and Ny are the effective density of states in the conduction band
and valence band, respectively. Ny and E, are impurity acceptor con-
centration and impurity energy level, respectively. The energy level here
takes the valence band maximum as the zero reference. Nc and Ny can be
calculated by Egs. (32) and (33), respectively.

3
2am kT, \?

Ne=2 (T) (32)
2am kT

Ny =2(—— 33)

here m;, and m, are the effective mass of electrons at the conduction
band minimum and the effective mass of holes at valence band
maximum, respectively. The equilibrium electron concentration in
conduction band and the equilibrium hole concentration in valence
band can be obtained by Egs. (34) and (35), respectively.

Ec—E
Mg = Ne exp( - %) (34)
E}: - Ev
Deq =Ny exp (k—Tc> (35)

If the electron affinity y of the cathode is given, the work function can
be calculated by Eq. (36).

¢. = E, +y — Er (36)
Main properties of the GaAs cathode for the model development are

listed in Table 1.

3. Results and discussion
3.1. Effects of solar concentration and cathode properties
Solar concentration and cathode parameters (e.g., electron affinity,

bandgap, work function, thickness and recombination rate) are crucial
to working temperature and emitted electrons of PETE converters. Solar
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Table 1
Main properties of GaAs cathode used in the simulation.

Parameter Value or model
Bandgap, Eg 1271

Spectral photon absorption coefficient, a 15,271
Electron and hole mobilities, y. and up 28]

Doping density, Na 1x 10 em™®
Impurity energy level, Ex 0.02 eV [12]
Effective mass of electrons at conduction band minimum, m;, ~ 0.067 m. [10,26]
Effective mass of holes at valence band maximum, m.;, 0.47 m. [26]

1.6 x 1072 ecm®/s

[15]

4.6 x 1073 cm®/s

[15]

both1 x 10765 [29]
both 100 cm/s [12,

Electron Auger recombination coefficient, C,
Hole Auger recombination coefficient, C,

Electron and hole SRH lifetime, zspy,, and 7sry,p
Carrier surface recombination rate on light incident surface,

Sno and Sp 0 30]

Carrier surface recombination rate on emitting surface, S, both 0 ecm/s [12,26]
and S,

Dielectric function “[31]

# Data or model acquired from the cited references.

concentration ratio refers to the concentration multiple of solar radia-
tion. In this section, detailed studies are conducted to investigate their
effects and the main parameters are listed in Table 2. Fig. 2(a) and (b)
shows the saturation current density and the photon enhancement factor
n/neq of the PETE converter as a function of solar concentration ratio.
For convenience, J;g = e x Nrg is recorded as the thermionic current
density and Jpgrg as the total current density of the PETE converter. Jpg
= JpgtE - J1E is called the photo-enhanced current density. It shows that
Jpere monotonically increases from 0.11 to 17.88 A/cm? with the in-
crease of solar concentration ratio from 50 to 500. Meanwhile, the
cathode temperature increases from 997 to 1337 K with a gradually
decreasing growth rate, as shown in Fig. 2(c) blue line, and the work
function correspondingly varies from 1.89 to 1.62 eV. Fig. 2(a) dem-
onstrates that Jyg increases exponentially with a gradually increased
proportion of Jpgrg. However, the photon enhancement factor n/neq
gradually decreases from 46 to 1.5. The PETE converter performs from
photon-enhanced mode towards pure thermionic mode. The proportion
of Jpg drops to <0.5 after 300 suns, and only 0.33 at 500 suns.

For comparison, Fig. 2(b) shows results without considering the
Auger recombination, where Jpgrg increases from 0.18 to 18.39 A/cm?
with the increase of solar concentration ratio from 50 to 500. The
contribution of Jpg still accounts for 0.72 at 500 suns and the corre-
sponding photon enhancement factor is 3.62. This advanced perfor-
mance is contributed by two aspects. On the one hand, the pure
thermionic current is relatively low when without considering the Auger
recombination, owing to the low temperature and the high work func-
tion of the cathode, as shown in Fig. 2(c). On the other hand, the
conduction-band electrons are accompanied by recombinations in the
process of diffusing to the emitting surface. Only electrons that reach the
emitting surface before recombination have a chance to be emitted. The
conduction-band electron concentration on the emitting surface is
higher when without considering the Auger recombination, thus leading
to a more significant photon enhancement effect (i.e. larger n/neg).

Fig. 2(d) illustrates that both the power conversion efficiency PCE

Table 2
Main parameters used in the simulation.

Parameter Value

Solar concentration, C 50-500
Cathode material GaAs

Cathode thickness, t 0.1-100 pm
Electron affinity, y 0.2-1.6 eV
Anode work function, ¢, 0.9 eV
Anode temperature, T, 500 K
Interelectrode spacing, d 1 pm
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and the external photon efficiency EQE of the PETE converter can be
improved if Auger recombination is eliminated. The corresponding PCE
and EQE obtain 22.24% and 53.83%, respectively, at the solar concen-
tration of 500. This quantitatively shows the Auger recombination has
an important influence on the performance of PETE converter.

Band gap and electron affinity affect the work function and the
performance of PETE converters together, as shown in Eq. (36). The
former is the barrier that needs to be overcome to excite the valence
band electrons to the conduction band. The latter is the barrier that
needs to be overcome to emit conduction-band electrons from cathode

Concentration ratio

surface. To study single effect of the band gap, the cathode work func-
tion is stabilized at 1.8 eV in Fig. 3 by adjusting the electron affinity. The
conversion efficiencies first increases and then decreases with the in-
crease of the band gap, obtaining maximum values > 20%. The optimum
band gap changes from 1.5 to 1.35 eV when solar concentration ratio
varies from 100 to 500.

The trends of the conversion efficiency with the band gap can be
explained as follows. As the band gap increases, the photon enhance-
ment factor increases significantly (Fig. 3(b)), leading to an increased
current and thus conversion efficiency. The increased current causes an
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Fig. 3. (a) The conversion efficiency and (b) the photon enhancement factor change as a function of the band gap for different solar concentration ratios.
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increased thermionic heat flow Qejectron (Fig. 3(c)). In addition, it should
be noted that photon absorption coefficient is closely related to the band
gap in the model [15,27]. As a result, the cathode absorbed solar pho-
tons reduced sharply as the band gap increases. Therefore, the cathode
temperature decreases dramatically, so as the intrinsic thermionic cur-
rent. The increase of photon enhancement plays a leading role for band
gap lower than the optimum value and the conversion efficiency in-
creases with the band gap. The decrease of intrinsic thermionic current
makes a more impact when the band gap continues to increase, which
explains the decrease process of the conversion efficiency. Results show
that the optimal band gap under different solar concentration ratios is
around 1.4 eV. Fig. S1 gives the performance metric variations as a
function of solar concentration ratio for the band gap of 1.4 eV.

Electron affinity can be engineered by surface adsorption of alkali
metal atoms (e.g., Cs, Ba) and Cs/O activation [11,32]. Fig. 4 illustrates
that the conversion efficiency increases first and then decreases with the
appearance of an optimum electron affinity. The maximum conversion
efficiency is ~20% for all solar concentration ratios and the optimal
electron affinity increases from 0.5 to 1.14 eV as solar concentration
ratio varies from 100 to 500. The photon enhancement factor also ex-
periences an increase-decrease process. Fig. 4(d) shows that the electron
affinity for maximum current density is much lower than the optimum
electron affinity. The output voltage is also affected by the electron af-
finity and a trade-off between current and voltage can be adjusted by
choosing the optimum electron affinity. Fig. S2 gives trends of the power
density, the voltage, the cathode temperature, and the photon
enhancement factor with the electron density and solar concentration
ratio.

Thickness is another key parameter of the cathode. Fig. 5(a) shows
the conversion efficiency and the photon enhancement factor variation
as a function of cathode thickness for the solar concentration of 100,
200, and 500, respectively. It can be seen that the conversion efficiency
increases first and then decreases slowly with the appearance of an
optimum cathode thickness. The photon enhancement factor shows a
sharply downward trend with the cathode thickness. Fig. 5(b) shows

L
0.8

02 |
100 150 200 250 300 350 400 450 500
Solar concentration ratio

L L
10 12

Current density (mA/cm?)

variations of each energy density and the cathode temperature with the
cathode thickness for the solar concentration ratio of 200. The pene-
trating solar energy Qpenetrate decreases quickly as the cathode thickness
increases from 0.1 to 1 pm, whereas Qpenetrate keeps nearly unchanged as
the cathode thickness continues to increase. The Qelectron OCCUpies the
largest proportion, part of which is converted to the output power Ppgrg.
The rest heat of Qeectron iS transferred to the anode as the waste heat.
Qelectron increases first and then steady near unchanged with increasing
of the cathode thickness. Terms of Qjead, Qrad,c A and Qrad, c.amb + Qrad,
recom Shows a similar trend to that of Qeectron. Non-radiative re-
combinations of photon-excited electrons during diffusion towards the
emitting surface increases with increasing the cathode thickness. The
cathode temperature increases due to the increase of both absorbed solar
energy and non-radiative recombination thermalization.

The performance of the PETE converter is limited by a trade-off be-
tween solar energy absorption and photon enhancement, which can be
regulated by changing the cathode thickness. Increasing the thickness of
the cathode can enhance the utilization of photons, but it also increases
the loss during the electron diffusion process. Therefore, it is necessary
to optimize the thickness for specific cathode properties by considering
the photon absorption coefficient, the bulk diffusion coefficient, the
electron mobility, and the electron recombination rate. Fig. 5(c) dem-
onstrates the optimal thickness increases from 0.78 to 1.52 pm as solar
concentration ratio increases from 50 to 500, and a desirable thickness
range of 0.5-1.5 pm is recommended. Fig. 5(d) indicates the device
operates in high photon-enhanced mode for the recommended thickness
range. Trends of the power density, the voltage, the cathode tempera-
ture, and the photon enhancement factor with the cathode thickness and
the solar concentration ratio are shown in Fig. S3.

3.2. Interelectrode spacing and space-charge effect
The space-charge effect restricts number of the effective electrons

reaching the anode surface, which can be adjusted by interelectrode
spacing and output voltage. In this section, detailed studies are
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and decreases the conversion efficiency. With the near-field radiation
Table 3 ) ) ) gradually transforming into the far-field radiation, the Stefan-
Main parameters used in the simulation. . . .
Boltzmann law can approximately describe Qraqca for the interelec-
Parameter Value trode spacing >1 pm so it only depends on the temperature. For com-
Solar concentration, C 500 parison, Qrad, c.amb increases with the electrode spacing in the whole
Cathode mz}terial GaAs range due to the increasing cathode temperature. Qpenetrate and Qlead
Cathode thickness, ¢ 1 pm almost remains a constant value. Similar to the conversion efficiency,
Cathode electron affinity, y Lev the variation trends of both Q, and P; experience an increase
Anode work function, ¢, 0.9 eV v : electron aNd FpETE €Xp )
Anode temperature, Ty 500 K platform-decrease period. A desirable interelectrode spacing range of
Interelectrode spacing, d 0.1-20 pm 0.5-2 pm is recommended because all metrics shown in Fig. 6 keeps

conducted to investigate the interelectrode spacing and the output
voltage of the PETE converter. Table 3 lists the main parameters used in
the simulation. As shown in Fig. 6(a), the conversion efficiency first
increases to a platform and then decreases with the increase of the
interelectrode spacing, where it reaches the maximum values of 9.1%
and 17.6% at ~1 pm for the solar concentration ration of 100 and 200,
respectively. The increasing process is mainly contributed by the sig-
nificant decrease of Q.d,ca With the increase of the interelectrode
spacing as shown in Fig. 6(b). At a larger interelectrode spacing (>2
pm), the space-charge effect is significantly enhanced with the increase
of interelectrode spacing (Fig. 7(d)), which restrains the power density

n
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nearly unchanged and the conversion efficiency is close to the maximum
value.

The effects of interelectrode spacing on the current density and the
power density at different operating voltages are presented in Fig. 7. At
small interelectrode spacings, three working regimes are observed, i.e.,
saturation regime, retarding regime, and space-charge limited regime
(Fig. S4, Egs. (S15) — (§17)). While the theoretical saturation voltage is
< 0 and saturation regime is missing at large interelectrode spacings (10
pm).

To overcome the energy barrier caused by the space-charge effect, a
bias voltage can be applied to change the operating voltage and regulate
the current density. Fig. 7(c) shows the trends of energy flows and the
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Fig. 6. Performance metric variations with the interelectrode spacing. (a) The conversion efficiency and the photon enhancement factor change as a function of the
interelectrode spacing for different solar concentration ratios. (b) The energy ratio and the cathode temperature change as a function of the interelectrode spacing for

the solar concentration of 200.
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cathode temperature with the output voltage for the interelectrode
spacing of 1 pm and the solar concentration ration of 200. In this case,
the MPP voltage Vypp is close to the saturation voltage Vs. For V < Vypp,
all terms of heat flow and the cathode temperature keep unchanged,
while the output power density increases dramatically. For V > Vypp,
the current density is dramatically lowered with the voltage increasing,
so as the heat flow Qelectron, caused by the increase of the maximum
electron barrier between the electrodes. Qrad,c A, Qrad, C.ambs Qrad, recom,
and Qjeaq are raised for the increasing cathode temperature. The oper-
ating voltage is optimized for a PETE converter to obtain the maximum
efficiency (output power) as shown in Fig. 7(d). With the increase of the
interelectrode spacing, Vypp decreases from 0.82 eV at 100 nm to 0.63 V
at 8 pm, and then increases to 0.69 V at 20 pm. It is also observed that
Vmpp keeps at the space-charge limited regime (>V;) for the interelec-
trode spacing range >1 pm.

Rahman et al. [33] used similar space-charge and near-field radia-
tion model to study working characteristics of a thermionic converter.
However, they further considered imperfect electron absorption by the
collector, which, as they reported, will decreases the maximum con-
version efficiency and optimum interelectrode spacing. It should be
noted that electron tunneling current and image charge perturbation
were not considered in the present work, which may cause additional
errors when the interelectrode spacing is reduced to nanoscale. Jensen
et al. [19,34] took these factors into consideration when researching a
submicrometer-gap thermionic converter and the corresponding
method can be applied to improve the present model.

3.3. Hybrid PETE-stirling cycle system

To recover the waste heat of PETE converters, a hybrid system
combining the Stirling cycle is constructed and numerically analyzed, as

shown in Fig. 8(a). GPU-3 built by General Motors Research Labora-
tories is used, of which the main working parameters are listed in
Table 4 [35]. As shown in Fig. 8(b) and (c), the power density of the
Stirling engine is raised from 30.91 to 90.09 kW/m?, while for the PETE
it drops from 102.13 to 41.18 kW/m? with the increase of anode tem-
perature from 500 to 900 K, under the solar concentration ratio of 500.
The highest system power density (162.65 kW/m?) is obtained at 660 K
anode temperature with 32.77% conversion efficiency, where the power
density contributed by the PETE and the Stirling engine are 96.1 kW/m?
and 66.55 kW/m?2, respectively. It is also observed that the power ratio
decreases from 3.3 to 0.43, indicating the increase of the Stirling engine
contribution. The decrease of PETE power density can be explained by
Fig. 8(d), where J, grows quickly and MPP output voltage reduces with
the anode temperature.

Energy flows of the hybrid system at the optimal anode temperature
are further presented in Fig. 9. Incident energy losses caused by the
radiative recombination Qad, recom and the thermal radiation to the
ambient Qrad, ¢ amb are 1.91%, and 11.31%, respectively. 65.5% of the
incident energy is carried away from the cathode by thermionic elec-
trons, i.e. Qelectron, 19.36% of the incident energy can be directly con-
verted into the electricity Ppgrg by the PETE converter, and the rest
46.14% is transferred to the anode in the form of thermalization.
Another portion of the incident energy is transferred to the anode
through the cathode penetrating solar photon (12.43%), the near-field
radiation Qraq,ca (3.63%) and the lead loss (4.90%). As a result, the
rest 67.42% of incident energy can utilized in the form of heat by the
Stirling engines. In this way, the GPU-3 engines can further output
13.41% more electricity and the system can yield a total output power of
162.65 kW/m? with a conversion efficiency of 32.77%.
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Table 4
Main parameters used in the simulation.
Parameter Value
PETE converter Solar concentration, C 500
Cathode material GaAs
Cathode thickness, t 1 pm
Anode work function, ¢, 0.9 eV
Anode temperature, T, 500-900 K
Interelectrode spacing, d 1 pm
Stirling engine Type GPU-3
Working gas hydrogen
Charged pressure 2 MPa
Rotary speed 2000 rpm
Cooling temperature 288 K

4. Conclusions

In this work, numerical models of the PETE converter were devel-
oped with a fully consideration of the optical, the thermodynamic and
the electrical aspects. Effects of key parameters on the performance of
PETE converters were studied, and a hybrid PETE-Stirling system was
further discussed.

We found the bandgap, the electron affinity and the cathode thick-
ness played important roles in the performance and design of the PETE
converter, where the optimal bandgap range was within 1.35-1.5 eV.
The PETE conversion efficiency kept ~20% with the optimal electron
affinity increases from 0.5 to 1.14 eV as solar concentration ratio varied
from 100 to 500. The cathode thickness affected the performance of
PETE converter by changing both solar absorption and photon
enhancement. The cathode thickness should be optimized for each solar
incident conditions. The interelectrode gap also significantly affected
the performance of PETE converter by regulating both the space-charge
effect and near-field radiation. By combining with a Stirling cycle, the
hybrid system could yield a power density of 162.65 kW/m? with a
32.77% conversion efficiency at the 500 x AM1.5 spectrum irradiance.

The bandgap of practical materials (e.g. GaAs, InP, Si) are
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Fig. 9. Energy flow diagrams of the PETE-Stirling cycle system with CSP under
the solar concentration ration of 500.

temperature-dependent and decrease greatly with the increase of tem-
perature and deteriorate the performance of PETE. Thus, extensive
studies are still needed to optimize the cathode material with appro-
priate bandgap, thickness, doping concentration, and work function. It is
worth noting that GaAs tends to decomposed at high temperature. It is
also of great significance to explore semiconductors suitable for PETE
cathodes that work stably at high temperatures.
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