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Abstract: Photon-enhanced thermionic emission solar energy converter is a new highly efficient solar
energy utilization technologies. An exponential doping GaAs material was presented as the cathode
of photon-enhanced thermionic emission solar converter. The conversion efficiencies of the photon-
enhanced thermionic emission solar devices with exponential doping GaAs were theoretically analyzed
by using the energy-balance and diffusion-drift-emission models. The results show that exponential
doping GaAs prominently enhances photon-enhanced thermionic emission conversion, and the
efficiency of photon-enhanced thermionic emission solar converters with exponential doping GaAs
cathodes is a monotonically increasing function of sun concentration and a monotonically decreasing
function of cathode surface recombination velocities. The efficiency of the converter can reach 30%
at a flux concentration larger than 200 suns and surface recombination velocities maintained at fewer
than 10" cm/s.
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0 Introduction
Photon-Enhanced Thermionic Emission
( PETE )™, which combines photovoltaic and

thermionic effects into a single physical process to
utilize the high per-quanta energy of photons and the
available thermal energy caused by thermalization and
absorption losses, is an appealing technology for
converting solar energy. A PETE solar converter has
the same vacuum-gap parallel-plate architecture as a
p-type
semiconductor as the cathode that receives solar light
and heat

. . 2-37 .
thermionic converter™®, consisting of a

from a solar concentrator, an n-type
semiconductor or a metal as the anode that collects
electrons and disposes of waste heat to power a
secondary thermal system, a vacuum gap between the
two electrodes that restrains the temperature of the
PETE higher

efficiency than conventional photovoltaic conversion

anode. conversion potentially has
because it can extract electricity from solar radiation
and express it as thermal energy. Heat extracted from
the anode can then be used to generate additional
electricity,. SCHWEDE'" and SEGEV er al'"'. both
presented estimates of conversion efficiency that are
than of

thermionic emission, i. e. , an efficiency exceeding 40 %

significantly higher those conventional
for an incident solar radiation concentration of 1 000 and
a temperature below 1 000 C.

GaN material was utilized as PETE cathode to
PETE mechanism in Ref. [ 1 ].

However, with the wide band gap of 3.3 eV, only 1%

demonstrate the

of solar photons have energies exceeding the GaN band
gap, making GaN not well suited for PETE solar
For a PETE
the semiconductor

suitable band-gap energy that matches the energy of

solar device to work

cathode

applications.
effectively, requires a
solar photons, i. e., within the range of 1. 1 eV to
1.7 eV VARPULA and PRUNNILA"™ calculated
the efficiency of PETE devices with Si material of
1.1 eV according to a diffusion-emission model.
Relevant semiconductor effects, such as diffusion and
surface recombination, presented negative effects on
PETE conversion, which could reduce efficiency to
below 15%.

A GaAs material of 1. 42 eV is a promising
candidate for PETE cathodes; such material exhibits
solar

enormous performance advantages in

[6-9].

energy
utilization A large number of investigations of GaAs
applications in vacuum imaging and as electron sources
have shown that GaAs cathodes have a prominent
photoemission feature and varied doping structures that
result in notable enhancements on its emission™"'"’,

the PETE

However, in previous PETE analyses,

GaAs cathodes and the effect of its doping method on
the conversion efficiency of PETE devices have not
been addressed.

In the present study, we propose an exponential
doping GaAs cathode as a solar converter and consider
its PETE according to the energy-balance and diffusion-
Unlike
configurations, the cathode is not assumed as thermally

the

substrate and the GaAs film, in our cathode thermal

drift-emission models. in previous

isolated and consisting of two sections, 1i. e.,
balance model. The substrate works as an infrared
absorber to gather sub-band-gap photon energy, and
the film is expected to absorb all above-band-gap

A

is

energy photons and emit electrons efficiently.

coupled thermal and electrical energy balance
provided to illustrate the temperature of the two
sections as a function of the input flux concentration.
In the PETE conversion model presented in Ref. [1],
only a single rate equation was used to describe the
surface emission of the PETE cathode, thus neglecting
numerous important effects in semiconductors. In the
relevant

proposed diffusion-drift- emission model,

effects such as diffusion and drift of “hot electron,”

bulk

recombination, and photon absorption are considered

excess carrier lifetime, and surface

for PETE conversion.

1 Analysis model

1.1 The energy-balance model

A complete thermal and electrical energy model of
a PETE device consists of a network of thermally
linked masses selected to capture essential system
components, as shown in Fig. 1. Solar radiation is
absorbed by the cathode, and then, the cathode emits
blackbody radiation and electron current J. toward the
blackbody
radiation and reverses thermionic current J,. A Phase-
Change Material (PCM) is incorporated into the model

anode. Meanwhile, the anode releases

to limit the anode temperature from restraining its

reverse energy. The excess heat energy from the anode

Concentrated solar

PETE device

I
I
1 € JoetE !
1 [Inverse ‘ I l lBlackbody 1
1 blackbody radiation |
| radiation A % :
L

Heat to thermal cycle
Pv.henna]

The thermal and electrical energy model of
the PETE device

Fig. 1
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can then be used to power a secondary thermal system.
The surface thermal convection and radiation of the
device are also considered. The cathode sub-assembly
can be divided into two components, i. e. , an infrared
absorber substrate and a GaAs film cathode, as shown
in Fig. 2. The sub-band gap solar power is assumed to
increase the temperature of the substrate through
thermal coupling, and the film cathode absorbs the
above-band-gap photon.

Blackbody
radiation

Solar flux

PETE electron Blackbody
emission radiation
Fig.2 The energy-balance model of the cathode

The energy-balance model of the cathode is shown
in Fig. 2. A couple of 1D energy equations expressed as

time differences are given as

dT, .
m.C, W =AM, ;.- E G (T, — T ) —

e0(Ti—Ty) =G (T,—T.) oy
m, Cp_(. % =(1— RC) (1—e )M[(I’,.\.,Jm‘::.lg -

mor, (EA+5AT.) JECEE I
e (T —e, TH—G,. (T.—T.) 2)

using subscripts s for substrate, c¢ for cathode, a for
anode, amb for ambient air, sky for sky, and sun for
sunlight; and where m is the mass, C is the heat
capacity, T is the temperature, @ is the absorptance,
M is the concentration, @ is the solar flux, hv is the
is the band gap, G is the thermal
conductance, ¢ is the emissivity, and R is the
cathode. For the

photon energy, E

reflectance of the absorption
coefficient @ of GaAs, we employ a widely used semi-
empirical model.
1.2 The diffusion-drift-emission model

PETE current density is defined as follows
79&‘_ (Er,—Ey) )

kT

where Al = drgm” k*/h® is the cathode Richardson

constant; T is the cathode emission temperature; ¢¢ is

Je=Ad Teexp ( (3)

the work function of the cathode; and the quasi-Fermi
level E¢,= Epx+kTcln (n/n,) . where E; is the Fermi
level, n is the total electron concentration in the
band, and = equilibrium

conduction « 1s  the

concentration without photoexcitation. The PETE
current density expression can be simplified in the form
of electron density, as follows

n

4

Je=A¢ Thexp (*}f;c )

can be calculated using the

M.y
Electron density n
continuity equation, the generation and recombination
rate equations, and the drift-diffusion current equations
for the charge carriers. We assume that the band
bending near the cathode surface is neglected because
the effect is minimal and the PETE device is mostly
operated near the flat-band case, where band bending
disappears . TheexcesselectrondensityAn(x) =n(x) —

can be described as
dAan(e) | E|dan(o) jLg(x) _ An(x)
da? D, dx D, D,z,

where D, is the diffusion coefficient, s, is the mobility,

n

eq

=0 (5)

E is the built-in field formed by exponential doping,
and g(x) is the carrier generated by the solar photon
that is expressed as

g(2) :E:[E (I1=RW) Py, (Dad)

exp (—a(D)2)da (6)
where A is the wavelength of the solar photon with an
energy greater than that of the band gap. For
simplicity, the g(x) of the GaAs that responds to the
AMI1. 5 direct+circumsolar is fitted as

g(x)=(1—R)Paexp (—a * x) 7
where ®=1.9X10" cm*/s, a=2X 10" em ', and R=
0. 25. The boundary conditions are

[D,, dﬁc’l’%—#\m An(r)} —S,an(0)  (8)
dAn(z) ‘ AT
[DY'T #‘E‘An(l)} ,171-[_ q

exp(*/j;t)@Jr%)*SvAn(H) 9

where H is the thickness of the cathode emission layer;

eq

and S, and S. are the front and back surface
recombination velocities, respectively.

The excess electron density of the exponential
doping GaAs cathode can be deduced from the
preceding  continuity  equation  with  boundary
conditions. The equation of PETE current density

according to the diffusion-drift-emission model is given

by

1= 7 (1 (=M ) (225 ) ) o)
where
J+=A¢ Thexp (*/ji;v )
M:%[cosh <£>+%smh (Li{)}
Q=sinh (Li)JrL;;”S"cosh (LH)—O—UITS
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where Ly, is the electron diffusion and drift length;
Ly=u,7,E is the electron drift length that represents

the drift distance of electrons within the lifetime 7, as a

result of the built-in electric field E; L,= +/D,z, is the
diffusion length of electrons; and An,, represents the

excess electrons resulting from photoexcitation.

2 Results and discussion

2.1 Cathode temperature

A function of the cathode temperature with sun
concentration can be obtained under steady-state
conditions, wherein the temperature difference with
time is zero, as dT./dt = 0, dT./dt = 0. The gap
between the cathode and the anode is a vacuum, thus,
G...os = 0. The thickness of the cathode H, is negligible
compared with that of the absorber H,; hence, we
assume that the temperature of the cathode across the
thickness direction is uniform and equal to the bottom
temperature of the cathode. The temperature of the
anode T, is set to 300 C to allow the heat engine that
is potentially coupled with the anode to have a
reasonably high efficiency, where §=5.67X10"°% W »
m’ ¢« K™, and e = 1 is assumed for simplicity.
Ambient temperature T. ., =25 C. The band gap of
GaAs is 1. 42 eV. For the AMI1. 5 direct+ circumsolar
spectrum, the sub-band-gap photon energy &, -5 =
340 W « m* « s ', the above-band-gap energy
Do, —660 Wem *«s ', and its photons n,,, =
1.9 X 10" m* « s
with the absorber surface G, ..,=12 W + m « K, where
G...

the cathode and the absorber. The thickness of the

The thermal convection of air
is the thermal conductance of the interface between

GaAs cathode is negligible compared with that of the
substrate G, ., =1. 3/H, = (1.3+3) W+ m ' « K,
where H,=3 mm is the thickness of the substrate.
The cathode emission surface temperature T, is
shown as a function of sun concentration M in Fig. 3,
where the solid curve is the idealized absorption, f=1
indicates that all sub-band-gap solar energy is
absorbed, and R=0 denotes the sum reflectance of the
cathode and the substrate for above-band-gap photons.
At low concentrations, the solar thermal power and the
excess photon energy above the band gap, which are
converted into thermal energy by thermalization, are

insufficient to maintain the anode at a temperature of

500 K. Hence, the low concentration of M<(50 suns is
not the focus of our investigation. As concentration
increases and

increases, the temperature also

eventually forms a linear incensement with the
concentration. A temperature of 1 000 °C can be
achieved at M = 500 suns for an idealized cathode.
However, the thermal absorptance of the cathode
substrate and the optics reflectance of the GaAs
cathode are not idealized practically. The surface
temperature of the PETE cathode with a modified solar
absorption is lower than those of the idealized
conditions. Moreover, achieving the same
temperatures requires a sun concentration that may be
difficult to attain in practical implementations.

1400
1300
1200 |
1100
1000
900
800
700 f -------- B=1,R=025

600 [« $=0.5,R=0.25

500 1 1 L L
50 150 250 350

Flux concentration/suns

Cathode temperature 7./K

450

Fig. 3 Cathode temperature increasing with flux
concentration

2.2 PETE cathode quantum efficiency

The built-in electric field E formed by the
exponential doping structure is equal to pkT./qH,
where B is the exponential doping coefficient and is
given as In(N,/ Ny)/H (where N, and Ny are the
initial and end doping concentrations of the GaAs film,
respectively ).  We assume the following cathode
parameters: D, =120 cm’/s, g, =4 800 cm’/V - s,
H=2 pym, S,=10" cm/s, S, =10"' ecm/s, and ¢, =
10 ns. The cathode electron affinity y is 0. 6 eV, and
pc = 2.02 eV,

neglected.

which varies as temperature is

Fig. 4 shows the PETE quantum efficiency, i. e. ,
the emitted electron above the band-gap photon, as a
function of the temperature for cathode end-doping
concentrations of 10", 510", 110", 5X 10", and
10" em™*, with the same initial doping concentration of
10" em™?.

with the exponential doping cathode gradient that is in

A significant increase in quantum efficiency

contrast to the emission efficiency of the uniform
cathode is shown in Fig. 4. A cathode doping
concentration that exponentially ranges from 1 X
10" em ® to 1 X 10" em™® can form a stronger built-in
field and has better emission efficiency than the other

four cathodes. However, such concentration requires a

0625002~ 4
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more complicated doping structure that may be difficult

in practical implementations. Hence, choose the
exponential doping GaAs cathode with a gradient of 1X

10" ecm “to 1X10* cm™* for the PETE device.

e
o

<
=)

10"to 5x10'®
= 10to 1.0x10'8
= 1010 5.0x10"7
—a—10"to 1.0x10"

<
[S]

Emitted electrons per above-gap photon
f=]
=

650 750 850 950 1050
Tempurature of cathode/K

(=]

Fig. 4 The PETE quantum efficiency of the GaAs cathodes
with various doping gradients as a function of
temperature

2.3 Conversion efficiency of the PETE device

The idealized power output of a PETE device is
denoted by the difference between the cathode current

Jc and the reverse thermionic current from the anode,

multiplied by the difference between the cathode and

the anode work functions:
PPETE:(](‘_JA)(‘}S(‘_SZS;\) an
Fig. 5 shows the PETE conversion efficiency as a
function of the flux concentration of exponential and
uniform GaAs cathodes with material parameters ¢, =

0.9 eV and Ay =57.6 A/cm’/K*. Compared with the

PETE conversion efficiency curve of the uniform

cathode, the device equipped with the exponential

doping GaAs cathode exhibits better PETE conversion
capability. Exponential efficiency rapidly increases to

30% , with the concentration of M<C150 suns in the

low region, where the most obvious enhancement by

the exponential structure occurs. As temperature
increases, PETE conversion also gradually increases

and eventually reaches an efficiency plateau of 32%.

This result indicates that the optimization concentration

is M=200 suns, with a conversion efficiency of 30%.

The effect of surface recombination on the efficiency of

the PETE device is shown in Fig. 6.

efficiency can be

Conversion
reduced by increasing the
recombination velocities S, and S.. Compared with the
front recombination velocity S,, efficiency is more
sensitive to the back emission surface recombination
velocity S.. Although photogeneration is significantly
stronger near the front surface than near the back
surface, most photoelectrons are drawn toward the
emission surface by the field force. Fig. 6 also shows
that S,<C10° em/s and S,<10" cm/s are essential for a
realistic PETE device.

3571
30+
25t

20

Exponential
v e Uniform

PETE conversion efficiency/%

0 L L L J
0 100 200 300 400 500
Flux concentration/suns

L

Fig. 5 Efficiencies of PETE devices with exponential and
uniform doping cathodes as functions of flux
concentration and with phosphorus-doped diamonds

as anodes

357
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> 30t

Q

5

g 25t

g

2 20f

S

5 15¢

z 4

8 10F f 7 - S=10%cm/s,S,=10"cm/s

L[E | F e SFlOSCm/S,SC:IO%m/S

20 e S.~10%my/s,S=10%m/s
O 1 L 1 L 1
0 100 200 300 400 500

Flux concentration/suns

Fig. 6 Conversion efficiency of an exponential doping GaAs

device with various surface recombination velocities

S, and S.

3 Conclusion

A GaAs material embedded with an exponential
PETE solar

converters. The cathode operating temperature, as a

doping structure is proposed for
function of the incident radiation flux, is solved by the

coupling between electrical and thermal energy
balances. A diffusion-drift-emission theoretical model
is presented for PETE. In contrast to the result for a
uniform doping GaAs material, exponential doping
GaAs exhibits a prominent emission enhancement on
PETE, which

efficiency.  The

significantly increases conversion

conversion efficiency with an

exponential GaAs cathode increases rapidly with sun
concentration, and an efficiency of 30% is achieved at a
flux concentration of 200 suns and a temperature of 900

K. Such efficiency may be further improved by using

[18-20]

nanostructures , reducing the reflection coefficient,

and increasing light absorption. The calculated

efficiency is slightly lower than the theoretical limits of

single-junction photovoltaic cells. Nevertheless, the

PETE device exhibits natural thermal coupling with a
which

thermal  engine, overcomes  operating

0625002~ 5
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temperature discrepancy along with photovoltaic and
thermal engines. The energy coupled with the thermal
engine through the anode, which is not considered in
Full

optimization of tandem efficiency will be considered in

the present study, should also be managed.

future studies.
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