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We prove that semiconductor and metallic energy-emissive harvesters, thermoradiative cells and intermediate-
band thermoradiative cells are obtained from the concept of core radiative material doing different approxima-
tions. We also show that using this concept it is possible to predict new outcomes on energy-emissive harvesters.
Among the new results we highlight the possible failure of the particle conservation model if used on cold-carrier

energy emissive harvesters, that intermediate band solar cells must produce small output powers and the reduc-
tion of the cell power of thermoradiative cells due to multiexcitonic processes. Moreover, we explain the physical
principles of the differences found between results obtained using the detailed balance method and results that

are obtained without using it.

1. Introduction

We use a general framework to study different kinds of energy-
emissive harvesters (EEHs) such as cold-carrier energy-emissive har-
vesters (CC-EEHSs), thermoradiative cells (TRCs) and intermediate-band
thermoradiative cells (IB-TRCs). EEHs were proposed in 2014 by Byrnes
et al. [1] and are devices able to produce electric output power using
their own emission of radiation. Byrnes’ work is the result of several
years of studies on the physical properties of radiative cooling materi-
als and structures [2, 3, 4, 5, 6, 7, 8, 9, 10, 11].

As EEHs are hotter than their surroundings, because they receive
heat from an external source, they are able to transform a part of the
received heat into electrical power and, at the same time, to radiate the
other part of it to their surroundings. EEHs are implemented either us-
ing energy-selective contacts (CC-EEHs) or semiconductor p-n junctions
(TRCs) [1, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31, 32, 33, 34]. CC-EEHs are implemented using metal-
lic emitters (metallic CC-EEHs) and semiconductor ones (semiconductor
CC-EEHs).
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CC-EEHs and TRCs are the most simple implementations of EEHs
as they are the counterparts of hot carrier solar cells (HCSCs) and
photovoltaic cells [12] [13]. As discussed in the literature, the imple-
mentation of TRCs and CC-EEHs face two important challenges [1],
[351, [25]. For TRCs it is necessary to find out suitable materials with a
small bandgap of less than 0.3-0.4 eV and a small rate of non-radiative
recombinations. For CC-EEHs the challenge is the fabrication of the
energy-selective contacts (ESCs) [12]. Moreover, for both types of EEHs
it is necessary to find out materials that do no degrade when the cell
works at high temperatures.

We think that the implementation of CC-EEHs is possible as the nec-
essary requirement of having slow carrier cooling in the cell emitter is
achieved using materials such as InP and InN [36] [37]. As reported in
those two works the slowdown of the de-excitation processes is reached
using materials with a big phononic bandgap that prevents the Kle-
mens decay of optical phonons into acoustic modes [38]. Another form
to slow-down the electronic de-excitations is to use materials where
the decay of optical phonons into a sum of longitudinal and transverse
acoustic phonon modes is avoided [39].
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In this work we propose a general theoretical concept, the core ra-
diative material (CRM) from which the concepts of semiconductor and
metallic CC-EEH, TRC and IB-TRC are deduced doing different approx-
imations. Our formalism is based on the one proposed by Luque et al.
for photovoltaic cells [40]. So, we only discuss on the adaptation of the
method to the case of EEHs. We highlight that the adaptation to EEHs is
what differentiates our work from Luque’s one. Then, using the concept
of CRM we predict the general behaviour of some systems that have not
been studied such as TRCs where multiexciton processes are important
or terrestrial IB-TRCs working connected to very cold environments.

Our work organises as follows. In section 2 we present the concept of
CRM that will serve as the vehicle to understand the working properties
of different types of EEHs. Then, in section 3 we use the concept to
explain properties of CC-EEHs and to check that our model reproduce
the results of previous works on metallic and semiconductor CC-EEHs.
In section 4 we use the formalism to discuss the effect of the impact
ionization on TRCs. In section 5 we present a brief discussion about the
real possibilities of making intermediate-band TRCS (IB-TRCs) and what
we expect from their functioning. We end this work with a summary of
our discussion.

Thus, the main targets of this work are,

+ To present a common framework to study all types of EEHs.

» To show that in the new framework several of the results presented
in the literature can be easily explained and that they have common
physical grounds.

+ To predict new results on EEHs.

2. General theoretical framework

Here we adapt the formalism used by A. Luque et al. [41] to study
photovoltaic energy converters to establish a general framework that
allows the study of metallic and semiconductor CC-EEHs, TRCs based
on pn-juntions where the impact ionization is negligible, and others
where this mechanism plays an important role. We also study IB-TRCs.

The CRM is formed by two sets of states like those shown in the
panels (a)-(c) of Fig. 1. One of the sets has low energies ¢; below a
forbidden region (bandgap) of energy width E; and is associated to the
valence band (VB) of semiconductors. The other set is formed by states
of energy ¢; > E and is associated to the conduction band (CB) of
semiconductors. For semiconductor systems the two states are separated
in energy by E. In metallic systems E; =0 so the two groups of states
are not separated in energy.

The electronic interactions that happen in the CRM are written-
down as,

e+ Sestey &)

In equation (1) e, e,, e; and e, represent different electrons. This
equation is also written down in terms of the energies ¢, ¢,, €5 and ¢,
of the electrons as,

€1 +&) Sez+ey+Ac. 2

Here the term Ae is introduced to account for e~ — e~ interactions
that do not preserve the energy. In EEHs this term is very small and
represents the energy that is dispersed to the lattice when ¢~ — ¢~ in-
teractions happen. Moreover, it is also interesting to write the e™ — e~
interaction as an equilibrium condition of the chemical potentials,

Hi+Hy S 3+ Hy ®

We note now that equations (2) and (3) can only be satisfied at the
same time if the relation between the energies ¢; (i =1,...,4) and the
chemical potentials y; (i =1,...,4) is linear,

u; =a+ be;, (€]
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Fig. 1. Shematic diagram of the CRM showing the mechanisms involved in
(a) single bandgap TRCs. (b) CC-EEHs. (c) TRCs with a small bandgap where
secondary excitations happen. (d) Intermediate band thermoradiative cells. In
each diagram we show the most relevant mechanisms involved in the operation.
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where the coefficients a and b are constants.
Using (4) it is possible to rewrite the Fermi-Dirac electronic distri-
bution in the material

1 1
E—H; = ®

= _ e —(a—be;) ’
TR R

Where in equation (5) K is the Boltzmann constant and T is the
temperature, as

1

SFD

frp= W- (6)
Pl kT
In (6) we have defined (i) the electronic effective potential
b

= 7
He=1_4 )
and (ii) the effective temperature
=" ®)

l1—a

Equations (7) and (8) were deduced by Wiirfel [42] [43] studying
the electronic populations of HCSCs. They are general, and therefore
valid in the context of EEHs. However, they are applied differently to
EEHs and HCSCs. Thus, while in HCSCs the coefficients a and b are
positive numbers, in EEHs a is negative and b is positive. This means
that for HCSCs we have u(e;) > ¢; while for EEHs we have either u(e;) >
g; or u(g;) <¢; depending on the values of a and b.

In EEHs the production of electrical work stems from the interaction
of the CRM with an external field of photons. This interaction induces
transitions of electrons that are in the high-energy levels (HELSs) to low-
energy levels (LELs). In both CC-EEHs and TRCs this interaction does
the cell to radiate energy to the surroundings and cools down the elec-
tronic population that is in the emitter. In some cases, the cell reabsorbs
some of the emitted photons what causes secondary excitations (see
panel (c) of Fig. 1) and new photon emissions. Thus, the photon field
near the EEH and the electron-hole population in the emitter are in
equilibrium [42]. The equilibrium is expressed through the equation,

e, HEL S ¢ e +hv. ©)

Equation (9) shows that the cell-radiation interaction is well de-
scribed as the interaction of a photon field with the electron-hole pop-
ulation of the cell. As in EEHs the temperature of the external field of
photons is lower than the one of the electron-hole population, the equi-
librium is described in terms of the chemical potentials as

Hy = He = Hn ao

Equation (10) shows that the chemical potential u, of the photons
emitted from the cell is equal to the difference between p,, the chemical
potential of the electrons in the CB, and u,, the chemical potential of
the holes in the VB.

In CC-EEHs the heat enters in the emitter with the electrons that get
into it via a high energy selective contact as we show in Fig. 2. Thus,
each electron that enters into the emitter has the energy ¢, that is bigger
than ., the average energy of the electronic population in the emitter.
Since ¢, > y,, the electrons entering into the emitter reduce their en-
ergy when they thermalize to the temperature of the other electrons
that are in the emitter. In principle the electrons lose their energy in
two ways: interacting with the lattice, i.e. via the electron-phonon cou-
pling, or via radiative recombinations. The second mechanism causes
the emission of photons from the EEHs [12]. As in EEHs the output
power is proportional to the number of photons that are emitted from
the cell [12] it is necessary to minimize the electron(hole)-phonon in-
teraction, i.e. we need to avoid internal losses of energy. However, the
electron-phonon can never be zero in EEHs so we must introduce the
electron-phonon interaction in our equations. This is done assuming
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Fig. 2. Schematic representation of a CC-EEH with a metallic emitter. In the
representation we include the electron and hole energy selective contacts, the
chemical potentials of electrons and holes in the emitter and contacts and the
cell output energy eV, where e is the electron charge. We also show that as
Hyc > Hyc the cell output energy is eV < 0. We also indicate how electrons de-
excite from HELs to LELs when they are cooled down in the cell emitter. We
also indicate that the energy that is lost by the electrons when they de-excitate
from HELs to LELs is radiated to the cell surroundings.

that the phonons have a non-zero chemical potential y,,,,,, what per-
mits to write,

e,-+phonon<—>ej. an

Equation (11) is rewritten in terms of the chemical potentials as,

ag; + b+ ppponon = a€; +b. 12)

Equation (12) is satisfied for different energies ¢; and ¢ i a and
Hphonon SO We can only have a =0 and p,,,, =0 as it happens in HC-
SCs [41]. Replacing a =0 and p,,n,, = 0 in (7) we obtain T’ =T what
shows that if the electron-phonon interaction is strong then the temper-
ature of the electrons in the emitter and in the contacts is the same.
Having T’ = T reduces both the number of electrons that are emitted
from the cell and the cell power [12]. Our discussion shows that to
have EEHs able to produce big output powers we must minimize the
electron-phonon interaction in them and advances that in TRCs, where
the electron-phonon interaction is big, the temperature of the emitter
is lower than in CC-EEHSs. This implies that the output power of TRCs
is necessarily smaller than that of CC-EEHs. We highlight that all these
results are in agreement with Strandberg’s [12] [13].

3. Cold-carrier energy-emissive harvesters

Let us now apply the CRM formalism to metallic and semiconductor
CC-EEHs.

3.1. CC-EEHs with a metallic emitter

CC-EEHs with a metallic emitter have two parts: (i) a metallic emit-
ter that optically couples the electronic population of the emitter with
the field of photons surrounding the cell. (ii) Energy Selective Contacts
(ESCs) that only allow the circulation of electrons having a fixed en-
ergy between the emitter and the contacts as we show in Fig. 2. Thus,
the ESCs are used to inject hot electrons with the big thermal energy
e, > p, from the left contact to the emitter and to withdraw from it
cold ones with the lower energy €, < u,. In this way the ESCs induce
different chemical potentials u,c and u,c for electrons and holes in the
contacts as we show in Fig. 2.

When the width (in energy) of the ESCs is much smaller than the
thermal energy of the electrons in either the contacts and the emitter
the following equation is satisfied [45]
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Table 1. Maximum power, voltage for the maximum power and electronic tem-
perature of metallic CC-EEHs. In the last column we present the electronic
temperature of the converters in K.

E, (eV.) P, (W/m?) V(P o) (V) V(P,,,) ()
0.05 12.54 —0.011 409.8
0.10 25.08 —0.022 409.8
0.15 37.63 —0.033 409.8
0.20 50.17 —0.044 409.8

€n — MUnH — En_l‘e, (13)
KT, KT,

for the energy ¢, at which electrons are injected into the emitter. More-
over, if we also admit that the width of the ESC of energy ¢, is small,
then we are sure that
HpH — €p _ He — €p
KTy KT,

14)

is also satisfied.
Using (13) and (14) we obtain the cell output power eV =y, ;; — Hph

eV =(e,—¢€,) [1 — %] . (15)

This equation shows that metallic CC-EEHs work as thermal emit-
T
ters. Thus, their output work is the product of [1 - T—H], a factor that
c

depends on the temperatures Ty and T¢ and ¢, — ¢, the energy that is
lost by each electron passing through the emitter. According to Strand-
berg equation (15) results when only the energy conservation principle
(and not the detailed balance) is used to obtain the cell output power.
However, we have shown that this equation is more fundamental as it is
a consequence of having only one electronic population in the emitter
and of using ESCs.

Some results that are obtained using this formalism can be found in
Buddhiraju’s [34] work. Thus, we know that metallic CC-EEHs working
on Earth’s surface that emit photons to the outerns space produce a
maximum power of 48.4 W/m?.

Some new results for metallic CC-EEHs are presented here. In the
panel (A) of Fig. 3 we present the power-to-efficiency curves of sev-
eral metallic CC-EEHs that have different contact energies E, to show
the effect of this parameter in both the power and the efficiency. In
the panel (B) of Fig. 3 we see that cells working at T, = 600 K working
on the surface of the Earth produce powers that are around 70 W/m?2.
We note that temperatures around 600 K are found in many industrial
processes what shows the ability of metallic CC-EEHs to harness en-
ergy from the heat that is lost in industrial processes. Finally, Table 1
presents a summary of the possibilities of metallic CC-EEHs working at
500 K in ambients at 300 K. These results allow to understand the pos-
sibilities of metallic CC-EEHs to produce electrical power in ambients
similar to those found in geothermal plants, that according to the data
in the table produce powers of a few tens of W/m?.

3.2. CC-EEHs with a semiconductor emitter

Let us now consider CC-EEHs that have a semiconductor emitter. In
Fig. 4 we sketch their energy band structure and we show all the param-
eters that define their functioning. First we show that in semiconductor
CC-EEHs the cell emitter has two different electron populations, one is
in the VB and the other one is in the CB. The two populations are related
because they exchange electrons but, as they are different, they are de-
scribed using distinct Fermi-Dirac distributions. This model of EEHs is
very suitable to describe cells where Auger recombinations and impact
ionizations are important [42] but happen in a time-scale that is much
slower than the one corresponding to the radiative recombinations. This
means that each one of the two electron populations that exist in the
emitter is in equilibrium on its own. Thus, electrons that are in energy
levels ¢; < E; of the VB have the chemical potential y;;, and electrons
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Fig. 3. Results for metallic CC-EEHs. In the panel (A) we present three power-
efficiency curves for cells with E, =0.05, 0.10 and 0.20 eV. The three cells work
at T =500 K in an environment at 300 K. In the panel (B) we present a contour
plot of the maximum power (in W/m?) of CC-EEHs with contact energies be-
tween 0.0001 and 0.40 eV that work with T, € (500,700) K in an environment
at 300 K.

that are in energy levels ¢; > E; of the CB have the different chemical
potential y;c. u; and p;c are different and they are related to ¢; and
€; by the equations

Hiy =ay€; +by (16)
and
Hjc =ace; +bc. a7)

Here ay, and a are two constants that relate the chemical potentials
K¢ j and the energies ¢ ;). a, defines the temperature of the electrons
in the VB,

T,yp= T 18)
and a. defines the temperature of the electrons in the CB,

T,
Tecr =1, a9
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Fig. 4. Schematic representation of a CC-EEH with a semiconductor emitter.
We include the electron and hole energy selective contacts (ESCs), the chemical
potentials of electrons and holes in the emitter and contacts and the cell output
power eV, where e is the electron charge. We show that as y,c > u,c the cell
output power is eV < 0. We also present how the de-excitation of electrons
from the CB to the VB involves the emission of photons. Thus, the existence of a
bandgap involves that there is a correspondence between the numer of emitted
photons and the electronic current circulating through the cell emitter.

Equations (18) and (19) show that the electrons that are in the
VB and CB of semiconductor CC-EEHs can have different temperatures
besides having different chemical potentials. However, as in CC-EEHs
the two electronic populations are connected (mostly by radiative ex-
citations and de-excitations) they are in equilibrium with the field of
photons interacting with the emitter. This implies that the two effec-
tive temperatures must have to be equal, i.e. T, 3 =T, g, what makes
ac = ay. However, as said, the two electronic populations are different
what implies that y;c # u;, because b¢ # by . This is the important re-
sult: as in semiconductor CC-EEHs the electron populations in the VB
and CB are different, the two populations have different chemical po-
tentials and a split in the quasi-Fermi levels of value

Ap, =, cp— Hevp (20)

exist in it. In other words, the photons that are emitted from semi-
conductor CC-EEHs have non-zero chemical potential. This model of
CC-EHHs is known as the particle conservation model for EEHs [12] in
reference to the equivalent model developed by Wiirfel [42] for HCSCs.
In the work of Strandberg (20) is presented as a consequence of the use
of the particle conservation principle to obtain the working properties
of the cells. Here we have shown that its origin is found in having two
electronic populations in the emitter that are connected by radiative
transitions and that, at the same time, are in equilibrium with an exter-
nal field of photons. Therefore, we think that the origin of equation (20)
is more fundamental that the one that was given to it in Strandberg’s
work. Our formalism also clarifies that Ay, is not equal to the cell out-
put energy gV as it is necessary to include in the energy balance of the
cell the energy that is used to reversibly heat up the electrons in the
ESC of energy ¢, and the energy that is involved in the reversible cool-
ing of the electrons in the ESC of energy ¢,. This implies that to rightly
obtain the current-voltage curves of CC-EEHs with E; # 0 it is now re-
quired the use of (i) the energy conservation rule and (ii) a particle
conservation law. Due to this we have now an extra degree of freedom
to determine the value of Ay, , the cell current and the output voltage.
The formalism presented here for semiconductor CC-EEHs has sev-
eral drawbacks. As it happens in HCSCs, the new formalism can, in some
situations, lead to inconsistencies when the value of the electronic tem-
perature is calculated. If this happens, it is possible to obtain values of
this temperature under the temperature of the field of photons that sur-
rounds the cell. As far as we know, this effect has not been reported
in the literature yet but we are quite sure that it will. In any case, we
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Fig. 5. Power-to-efficiency curves of some semiconductor CC-EEHs with E; =
0.1 eV. In the figure P is in W/m?. For all the calculations 7 =300 K. In the
table we present the maximum power (in W/m?), the efficiency 7, at which
the maximum power is delivered, the power that is produced at the maximum
efficiency P(max n) (in W/m?) and the maximum efficiency Max.n.

Table 2. Maximum power (in W/m?), the voltage (in V) at which that maximum
power is delivered and the temperature 7, (in K) corresponding to that voltage
of four CC-EEHs that work at 500 K in an ambient at 300 K.

E; =0.1 Max.P np P(maxz) Max.n
(W/m?) (W/m?)

Ty =600 K 516.3 0.186 177.3 0.332

Ty =650 K 775.4 0.195 245.2 0.362

Ty =700 K 1111.3 0.203 317.7 0.388

Ty =750K 1534.2 0.213 398.7 0.414

Ty =800 K 2055.0 0.220 487.9 0.433

think that the precautions that should be taken in the use of the particle
conservation model on semiconductor CC-EEHS are few as the method
will only probably just fail in cells where the intraband scattering pro-
cesses are at least as fast as the interband ones. That is, there will only
be problems in semiconductor CC-EEHs where radiative processes are
extremely slow. Finally, we note that using the particle conservation
method allows to obtain higher efficiencies than the ones that are ob-
tained when this method is not used. This result is not new, as it was
found in previous works [13]. Here we give a physical explanation to it
within the CRM model in order to show the possibilities of our formal-
ism.

On the other hand, when the electron-phonon interaction becomes
strong in the cell emitter, the coefficients @), and a. of the equations
(18) and (19) are zero. This implies that T, 3 =T, cp =T, i.e. when
the electron-phonon coupling exists in the emitter its temperature de-
creases and becomes similar to that of the cell contacts. This reduces a
lot the energy that electrons can lose in the emitter by emission explain-
ing why semiconductor CC-EEHs perform worse that the metallic ones.
Moreover, this is the cause why semiconductor CC-EEHS have smaller
ouput powers and efficiencies than metallic CC-EEHs. Once more, we
are theoretically explaining, within the CRM model, results that have
been numerically found in previous works [12] but for which no physi-
cal explanations were addressed.

In Fig. 5 we present some efficiency-to-power curves of semicon-
ductor CC-EEHs. For the representation we have chosen E; =0.1 and
T =300 K. We have used values of T} € (600,800) K. The graph shows
the increase that happens in both the maximum power and efficiency
when the temperature of the cell is increased. In the Table 2 we present
the values of the efficiency at which the maximum power is produced
and of the meximum efficiency to show that when T}; increases from
600 to 800 K »” only increases from 0.186 to 0.220 but that the max-
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imum efficiency of the cell increases much more as it changes from
0.332 to 0.433.

4. Thermoradiative cells

Let us now consider TRCs, i.e. EEHs based on semiconductor pn-
junctions. TRCs are the counterparts of photovoltaic cells and are made
with small bandgap semiconductors of E; < 0.3 eV. In them one of the
metallic contacts is connected to the CB of the n-side of the pn-juntion
and the other one is connected to the VB of the p-side. In TRCs hot
electrons are injected into the emitter CB, thermalize to the temperature
of the emitter, de-excite radiatively to the VB and are heated up in this
band to reach the outgoing metallic contact (see panel (a) of Fig. 1).

In TRCs the bandgaps are small so some of the electrons that are in-
jected in HELs eventually go through intraband de-excitation processes
resulting in the (undesired) excitation of electrons from the VB to the
CB. In these circumstances, see the panel (c) of Fig. 1, the net current
of electrons in the TRC reduces.

Moreover, as TRCs do not have ESCs the electrons pass almost freely
from the cell contacts to the emitter and vice-versa. So, in TRCs the
electrons in the VB, CB and in the contacts have the same Fermi-Dirac
distributions. This implies that a)y = ac =0 and T, =T, = Ty. Note
the difference with both the metallic and semiconductor CC-EEHs where
wehad T;, =T, but T; , # Ty; and T, o # T);. Another consequence of
allowing the electron transport between the emitter and the contacts in
a wide range of energies is that now the electron-phonon interaction is
strong. This is consistent with the condition a;,, = a- =0 and does y;,
to be independent of ¢; and y;¢ to be independent of ¢;. Therefore, in
TRCS both p;,, and p;c are constant and have the values,

Hiy =byp and Hic = bcp- 2D

We note that in general y;), # p;c because by g # bcp.

Another important consequence of the existence of intraband pro-
cesses is that there is no more a one-to-one correspondence between the
number of recombinations and the number of photons that are emitted
from the cell. Due to this, the equation resulting from the use of the
detailed balance method is generalized to

M
1 I 2
e(C}g < Z ei/l)g + Z hv; + 983. (22)
T T

This equation includes the possibility of having up to M (with
M > 1) excitations caused by the injection of one electron in a HEL.
It also shows that when this happens some electrons are excited from
the VB to the CB reducing the cell current. This situation has not been
studied before in works on TRCs as the effect of multiple excitations in
TRCs is expected to be small. To check the importance of this effect in
the performance of the TRCs we have calculated P and n for TRCs of
bandgap E; =0.10 eV working with T; =500 K in an environment at
T =300 K. To better understand the impact of the multiple electron re-
combination processes we first carried out one calculation considering
that the DBM applies assuming a one-to-one correspondence between
the number of excitations/recombinations and that of absorbed/emitted
photons. This calculation resulted in a maximum power P, = 185.83
W/m? that is delivered at the efficiency #” = 0.1555. When the calcu-
lation was repeated assuming that all the electrons that are injected
with an energy ¢ > 2E; necessarily go through intra-band de-excitation
processes (causing the excitation of electrons from the VB to the CB)
we obtained a maximum power P,,. = 185.73 W/m 2 and we found
that it is delivered with the efficiency #” = 0.1514. To be sure of these
results we performed another calculation keeping equal all the parame-
ters and raising the TRC temperature to Ty = 1000 K. The calculation of
the maximum power and efficiency without considering intraband pro-
cesses gave P =5751.55 W/m? and #* = 0.2234. When calculation was
repeated considering the intraband processes it gave P = 5751.04 W/m?
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and »n” =0.2184. As it is seen all our results confirm that multiple elec-
tronic excitations due to the injection of electrons in HELs have a very
small negative impact on the working properties of TRCs.

5. Intermediate band thermoradiative cells

Here we consider IB-TRCs. IB-TRCs are based on the ideas used to
study IB-photovoltaic cells [34, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53]. In 2018 Ye at al [57] considered the working properties
of IB-TRCs working under solar illumination. In [57] a set up of IB-
TRCs that assumes that the IB material is sandwiched between two usual
semiconductor materials is used. Thus, the emitter of the cell is formed
by a material that has two energy bandgaps E;, and Eg, as shown
in the panel (d) of the Fig. 1 instead of having one. In IB-TRCs, as it
happens in IB photovoltaic cells, the energy levels are grouped in the
VB, IB and CB and electrons only pass from one band to another by
radiative transitions. In this work we carry out the calculations using
the same model used in Ye’s work. We also note that this is also the
setup that was used by Luque and Marti to study IB photovoltaic cells
[40].

As we apply Luque’s model for IB-TRCs we admit that the carriers
populations of the three bands are in equilibrium [40]. This is equiva-
lent to assume that the interband processes in the cell are fast enough
to keep each band in its equilibrium state. We also suppose that the
electronic transitions among the three bands are mostly radiative. This
means that when they happen, energy is radiated from the cell. These
requirements, that are presented here as necessary to have a good IB
system are also of the main importance in TRCs. This leads to think that
the combination of the IB and TRC concepts must work very well.

However, a close analysis of IB-TRCs reveals some problems. Sev-
eral works on IB photovoltaic cells discuss that one of the requirements
of IB-devices is that the electronic IB must have a dispersion in energy
that is big enough to consider the group of states a band and not a set
of impurity levels [40]. This is so because in cases where the dispersion
of the band is small the new states appearing in the bandgap behave as
impurity deep levels. In such cases a strong Shockley-Read-Hall (SRH)
recombination is induced what is detrimental for the performance of the
cells [54, 55, 56]. In TRCs, where the bandgap must be narrow (< 0.30
eV), it is almost impossible to have a wide IB. It is, therefore, to be ex-
pected that in IB-TRCs the rate of SRH recombinations is high. In TRCs
with a wider bandgap (> 0.30 eV.) the IB is a more realistic possibil-
ity to improve the cell performance. However, as noted in Strandberg’s
work [13], TRCs with bandgaps bigger than 0.30 eV produce very small
output powers. The introduction of the IB in those TRCs would indeed
get better their performance but still in that situation the output power
of the cells is expected to be very small. As a conclusion we say that it
is not foreseen that TRCs having an IB work better than TRCs without
IB.

The solution to the problems of the energy dispersion of the IB was
presented in some works of Luque and Marti [54] where it is consid-
ered the use of IBs formed by quantum dot structures to reduce their
energy dispersion of the IB. Although for TRCs this solution seems to
be a very good one, a closer analysis reveals that this is not because
TRCs are systems that work under very weak illuminations and in those
conditions the effect of the IB on the cell power is very small [54]. So,
we conclude that the presence of an IB in the cell emitter of TRCs not
necessarily improves the output power.

To check if our reasoning on the effect of the IB on the output power
of TRC:s is right we present in Fig. 6 the output power of two TRCs and
two IB-TRCs. In our calculations we used bandgaps between E; =0.10
and 0.30 eV, and the temperatures T = 100 (or 200) K, and T} = 500
(or 1000) K. In the simulations of the IB-TRCs the position and width of
the IB was optimized to have the maximum value of the output power.
In all the cases the presence of the IB reduced the maximum output
power. We also note that the powers that were obtained with the IB
were a 40% lower than those obtained in systems without an IB. We
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Fig. 6. Power (in W/m?) of TRCs and IB-TRCs working in the surface of the
Earth. We consider two temperatures 7, = 100 and 200 K for the environment
and bandgaps between E; =0.10 and E; =0.30 eV. In the IB calculation the
position and width of the IB is optimized.

also found, see the Fig. 6, that for a fixed value of E; TRCs with and
without the IB produce almost the same power.

Finally, we remark that in our model of IB-TRCs we did not include
non-radiative processes due to two reasons. The first one is that we have
followed the model of Luque et al. and in it non-radiative processes are
ignored. The second one is that we did not include them as in section 4
we checked that their impact is very small in TRCs.

6. Summary

In summary we have adapted the formalism used by A. Luque and
A. Marti to study solar converters to radiative ones. Moreover, we have
shown that several types of radiative converters can be explained under
a common model.

The model allows us to explain many of the previously published
results based on the concept of energy emitter-harvesters. At the same
time we were able to predict new results or to induce the limits of va-
lidity of some of the assumptions made in previous studies on EEHs.
Thus, we showed that, (i) CC-EEHs with a metallic emitter work as
thermal engines. (ii) CC-EEHs with a semiconductor emitter work as
thermochemical engines. (iii) The particle conservation principle must
be applied in semiconductor CC-EEHs as we have two electronic popu-
lations. (iv) The calculations carried out using the particle conservation
principle should fail less in semiconductor CC-EEHs than in HCSCs. (v)
We also checked that in semiconductor CC-EEHs the output voltage is
different to the energy split between the Fermi levels of electrons in the
VB and CB.

For TRCs we found that having a strong electron-phonon coupling is
the reason why (i) the contacts and the emitter have the same effective
temperature. We have also discussed how that coupling is also the rea-
son why TRCs have much smaller efficiencies than CC-EEHs. Along this
work, we also showed that in TRCs where multiple excitations exist the
power is smaller than in TRCs where these processes do not exist.

Finally, we studied IB-TRCs. We showed that (i) although this con-
cept is very attractive from a theoretical point of view, it is a very
unrealistic concept from a technological one. (ii) In weak illumination
conditions IB-TRCs work just as well as simple bandgap cells, or worse.
This result, that contradicts those found in Ye’s [57] work, is obtained
in the specific conditions of TRCs that work on Earth’s surface. We note
here that we have chosen that working situation to show the ability of
TRCs to produce electricity for regular use.
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