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CRESCENT-1D: A 1D solver of coupled charge
and light transport in heterostructures for the
design of near-field thermophotonic engines

Julien Legendre, Pierre-Olivier Chapuis

Abstract— Thermophotonic devices are radiative heat
engines in which the exchange of electroluminescent ra-
diation between a heated light-emitting diode and a cool
photovoltaic cell allows for the conversion of heat into
electrical power. Here, we introduce CRESCENT-1D, the
solver we have developed to simulate the performance of
one-dimensional thermophotonic systems, which is made
publicly available on GitHub. It couples photon transport
in the far or near field, based on the fluctuational electro-
dynamics framework, and charge transport in heterostruc-
tures, modelled with the drift-diffusion and Poisson equa-
tions. We include both thermionic emission and charge
carrier tunnelling to precisely model charge transport at
heterointerfaces, while the photon chemical potential is
computed in a self-consistent manner between the radiative
and electrical sections of the solver. Compared to simpler
formulations, these models provide accurate results at high
voltages, which is essential to achieve high power output.
The capabilities of CRESCENT-1D are illustrated with an
optimised InGaP/InGaAs thermophotonic heterostructure,
whose maximum power reaches 1.6 W.cm−2 for an effi-
ciency of 19.7% considering a 300 K temperature difference
between the light-emitting diode and the photovoltaic cell.
This solver makes it possible for anyone to design various
categories of optoelectronic structures (thermophotonics,
light-emitting diode, thermophotovoltaics, thermoradiative,
etc.), and represent an important step in the development
of near-field radiative heat engines.

Index Terms— Optoelectronic device simulation, Ther-
mophotonics, Charge transport in semiconductors, Near-
field radiative heat transfer, Heterostructures.

I. INTRODUCTION

THERMOPHOTONIC (TPX) systems are a kind of dual
radiative heat engine [1] in which a heated light-emitting

diode (LED) is coupled radiatively and electrically to a pho-
tovoltaic (PV) cell at ambient temperature [2]. When supplied
with electricity, the LED is able to emit electroluminescent
radiation towards the PV cell with above-unity wall-plug
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efficiency, defined as the ratio of the emitted radiative flux and
the incoming electrical power. This can happen because part
of the radiative energy comes from the crystalline lattice, simi-
larly to electroluminescent (EL) cooling [3]–[6]. Under certain
conditions, the PV cell can therefore generate more electrical
power than the LED needs, enabling TPX conversion. Such
systems can be understood as evolutions of thermophotovoltaic
(TPV) devices, in which the hot emitter remains passive
[7]–[10]. While efficient for high heat source temperature,
TPV power output strongly decreases when operating closer
to ambient, being limited by Planck’s law. This is not the
case with TPX devices, since the radiation exchanged is
electroluminescent: this makes them highly appealing for low
temperature applications, e.g. for energy harvesting.

Initially proposed at the beginning of the century [2], [11],
research on TPX devices mainly started in the end of the 2010s
[12]–[18], owing to the simultaneous development of TPV and
EL cooling. In most of the literature, devices operate in the
near field (NF), allowing additional photons to travel between
the LED and the PV cell through tunnelling and leading to
a significant power enhancement [19], [20]. All these papers
also share a similar electrical model, based on detailed balance
of photon and charge carriers. The strength of such models
lies in their ability to provide performance bounds and insight
into the impact of key parameters, while maintaining relative
simplicity. However, being inherently 0D, they do not allow
estimating the performance of realistic structures which is
essential to drive the design of experimental prototypes.

To determine the performance of structures, charge transport
shall be modelled. For energy conversion applications such as
TPV, drift-diffusion models are almost systematically selected,
although other models are also available [21]. These models
can be further segregated depending on the systems they are
able to represent, either homostructures only [22], [23] or
both homo- and heterostructures [24]–[29]. In previous papers,
we studied NF-TPX systems composed of 1D homostructures
with an in-house radiative and electrical solver, and notably
pinpointed the importance of reaching close-to-unity LED
quantum efficiency [30], [31]. Achieving such values requires
very high carrier selectivity, which can practically only be
attained with heterostructures.

In the current paper, we introduce CRESCENT-1D (Coupled
Radiative and Electrical Solver for Efficient Near-field Ther-
mophotonics in 1D), the solver we have developed in MAT-
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Fig. 1: (a) Heterostructure-based InGaAs/InGaP TPX device
considered throughout the article, where fractions x and y
depend on the heat source temperature Th. (b,c) Charge carrier
transmission models at potential barriers.

LAB to model the performance of NF-TPX heterostructures.
It is made publicly available on GitHub. This code, apart from
being the first to simulate charge transport in heterostructures
for complete TPX devices, also includes features that are
rarely present in comparable codes, such as self-consistent
photon chemical potential estimation and photon tunnelling.
Thereafter, we present the models considered, along with
the underlying equations and the methods used to solve
them. The capabilities of CRESCENT-1D, which matches well
SCAPS [24] results in the case of a simple system, are then
illustrated considering an optimised NF-TPX system based
on InGaP/InGaAs heterostructures (see Fig. 1a). The device
performance is presented at the end of the article.

II. MODELS AND RESOLUTION METHODS

CRESCENT-1D can be divided into two main constitutive
blocks. In the first block, fluctuational electrodynamics is

used to calculate the photonic transmission coefficient between
each point in the LED and in the PV cell. The radiative
recombination-generation rate in both components can then
be computed, and used to solve the drift-diffusion equations
along with the Poisson and continuity equations in the second
block.

A. Transmission of near-field radiation

The calculation of the photon transmission coefficient T
between 1D bodies in the near field is performed in a way
similar to previous studies of TPV (see e.g. [22], [32]) and
TPX systems (see e.g. [12], [30]), and will therefore be kept
brief. We follow the method proposed in [33]. To compute
the radiative generation and recombination rates, we ultimately
need the local emission and absorption rates. These terms do
not directly depend on T , but rather on its derivative with
respect to the emission position, which can be expressed as

dT
dzm

= 4k20ε
′′
r,mRe

i

 gEmn,ρρg
H∗

mn,θρ

+gEmn,ρzg
H∗

mn,θz

−gEmn,θθg
H∗

mn,θρ

 . (1)

k0 = ω/c represents the vacuum wavenumber, ε′′r,m is the
imaginary part of the dielectric function of the emitter and
gmn,xy is the xy Weyl component of the Green tensor between
emitting layer m and absorbing layer n, either relative to the
electric field E or to the magnetic field H. These components
are computed using a scattering matrix formalism, and depend
on the angular frequency ω, the parallel component of the
wavevector kρ, and the emitting and absorbing positions zm
and zn. In the following, we rather use the transmission factor
F for simplicity, expressed as

F =
1

4π2

∫ ∞

0

dT
dzm

kρdkρ. (2)

This quantity is given per unit thickness of the emitter:
therefore, the radiative generation and recombination rates
cannot be expressed the same way in the emitter and the
absorber. The net recombination-generation rate r caused by
the radiative exchanges between the emitting layer m and the
absorbing layer n, respectively for layer m and n, is

rrad,m(zm) =

∫ ∞

0

(fBE(ω, µm, Tm)− fBE(ω, µn, Tn))

× (F(ω, zm, zn,in)−F(ω, zm, zn,out)) dω, (3a)

rrad,n(zn) =

∫ ∞

0

(fBE(ω, µn, Tn)− fBE(ω, µm, Tm))

× d

dzn

(∫
zm

F(ω, zm, zn)dzm

)
dω. (3b)

In these expressions zn,in and zn,out correspond to the
spatial boundaries of layer n, respectively closer and
further away from the emitting layer. fBE(ω, µ, T ) =
[exp((ℏω − µ)/kBT )− 1]

−1 is the generalised Bose-Einstein
distribution, which is a function of the emitting layer temper-
ature T and of the photon chemical potential µ. The way µ is
computed will be discussed in Section II-C.

https://github.com/JulienLegendre/CRESCENT-1D
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In the following, we will consider that there is a net photon
flux only between layers of the LED and the PV cell, i.e.
that the photon flux is zero between two layers of the same
component. This is not strictly true: although the temperature
is supposed to be constant throughout a component, the
chemical potential of emitted photons varies spatially. Still,
these variations are relatively slow (as later shown in Fig. 4,
panel (b)), so that internal photon transfer can be neglected
as a first-order approximation. Also, it shall be noted that
computing such internal transfer is not straightforward, since
the above equations diverge for two arbitrarily close bodies
(see Section I of Supp. Mat.). If one simple solution could
be to consider only modes which are propagating inside the
component, the rigorous calculation of this internal transfer
probably requires to relax the locality approximation [34],
[35], i.e. by using ω- and kρ-dependent dielectric functions.

B. Electrical characterisation of optoelectronic
components

1) Within a layer: In each layer of the optoelectronic com-
ponents, charge transport is modelled using the drift-diffusion
equations for electron and holes, along with Poisson equation
to ensure consistency between charge density and electric field,
and continuity equation to satisfy charge conservation. The
classical expression of these equations is provided frequently
in the literature (see e.g. [21], [25], [31]) and will therefore
not be recalled here. Rather, we express them in the so-called
Slotboom formulation [36], which will be the one preferred to
solve them. The drift-diffusion equations are then:

Jdd
n (z) = eDn(z)ni,refe

ξne+Ψ(z) dΦn

dz
(z), (4a)

Jdd
p (z) = −eDp(z)ni,refe

ξpe−Ψ(z) dΦp

dz
(z). (4b)

Jdd
i is the drift-diffusion current relative to charge carrier i,

e is the elementary charge, Di = µikBT/e is the charge
carrier diffusivity and µi its mobility. Ψ = eV/kBT is the
normalised electrostatic potential, and Φn = exp(EFn/kBT )
and Φp = exp(−EFp/kBT ) are the Slotboom variables, EFi

being the quasi-Fermi level related to carrier i. Note that
in this formulation, the energy reference of the electrostatic
potential energy −eV is different from that of the quasi-Fermi
levels [37]. In heterostructures, the electronic properties of the
various materials can be different. To take that into account,
one material is set to be the reference; its intrinsic carrier
density ni,ref is used in the above equations, and the terms ξi
allows accounting for the deviation in properties in comparison
to this reference [38]. They always equal 0 for the reference
material, and are defined for any material m as

ξn =
χm − χref

kBT
+

1

2
ln

(
NC,m

NC,ref

)
, (5a)

ξp = −χm − χref

kBT
− Eg,m − Eg,ref

2kBT
+

1

2
ln

(
NV,m

NV,ref

)
,

(5b)

where χ is the electron affinity, Eg is the bandgap energy, and
NC and NV are respectively the effective density of states in
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Fig. 2: (a) Flowchart of the drift-diffusion solver for het-
erostructures at (ULED, UPV) = (Ui, Uj). (b) Flowchart of
radiative and electrical solver coupling for self-consistent
photon chemical potential estimation.
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the conduction and valence bands. Using the aforementioned
quantities, electron and hole densities are respectively equal
to n = ni,refe

ξneΨ(z)Φn(z) and p = ni,refe
ξpe−Ψ(z)Φp(z).

Poisson’s equation can be written as

d2Ψ

dz̃2
(z̃) = eξneΨ(z̃)Φn(z̃)−eξpe−Ψ(z̃)Φp(z̃)+ Ñdop(z̃), (6)

z̃ being the position z normalised by the reference material
intrinsic Debye length

√
εrs,refεvkBT/e2ni,ref with εrs,ref the

static dielectric constant of the reference material and εv
the vacuum permittivity. Ñdop = (Na − Nd)/ni,ref is the
normalised doping level.

At last, continuity equations are

dJn
dz

(z) = e · r(z), (7a)

dJp
dz

(z) = −e · r(z), (7b)

Ji being the total current density related to carrier i. r is
the net recombination-generation rate, which includes the
contributions of radiative, Shockley-Read-Hall (SRH) and
Auger events: r = rrad + rSRH + rAuger. The two latter
non-radiative contributions are computed from the following
nonlinear expressions:

rSRH =
np− n2

i

τn(p+ ni) + τp(n+ ni)
, (8a)

rAuger = (Cnn+ Cpp)(np− n2
i ), (8b)

where τi is the SRH lifetime and Ci is the Auger recombi-
nation coefficient. The values selected for these parameters
and for the other material properties previously mentioned are
presented in Section II of Supp. Mat. Note that because of the
absence of accurate data, the non-radiative coefficients used
are those of GaAs at room temperature. A better estimation
of the temperature and composition dependencies of these
coefficients will be crucial for the accurate design of TPX
structures [37].

2) At interfaces: Two different kinds of interfaces are con-
sidered: those with the electrical contacts, and those between
two different semiconductors. We start with the former, which
are modelled assuming that

• the surroundings of these interfaces are uncharged, lead-
ing to d2Ψ/dz̃2(z̃) = 0;

• the majority carriers are at equilibrium with the charge
inside the contacts, i.e. EFn = eU (U being the applied
voltage) and EFp = 0;

• the minority carrier current is directly related to the
surface recombination rate through

Jmin = ±e
np− n2

i
1
Sp

(n+ ni) +
1
Sn

(p+ ni)
, (9)

S being the surface recombination velocity, and the sign
of the right term depending on the carrier type.

At heterointerfaces, we assume that the total current density
related to a carrier is continuous. These interfaces are supposed
to be electrically neutral, which leads the electric displacement
field D = ϵsE to be also continuous. Lastly, we need to
describe the variations of the quasi-Fermi levels - thus of Φn

and Φp - at the interface. CRESCENT-1D can simulate the
system behaviour with three different models:

• continuity of the quasi-Fermi levels;
• thermionic emission model, in which charge carriers can

be transmitted through a heterointerface only if their
energy allows them surpassing the potential barrier (see
Fig. 1b);

• thermionic-field emission model (in the WKB approxi-
mation), in which the carriers can also be transmitted by
tunnelling through the barrier (see Fig. 1c).

For the two latter models, the discontinuity of the Slotboom
variables is directly related to the total current density at the
interface. For electrons, the relation is

Jn = AT 2(ηn + φn)e
−ẼC,max(Φ+

n − Φ−
n ), (10)

where A = em0k
2
B/2π

2ℏ3 is the Richardson constant for the
free electron and EC(z) is the lower available energy in the
conduction band. ηn and φn are parameters that respectively
quantify transmission due to thermionic emission and charge
tunnelling; in the second model, only the former phenomenon
is included, thus φn = 0. These two parameters depend on
material properties, φn being also a function of Ψ. When
holes are considered, the above relation changes only slightly,
with e−ẼC,max being replaced by eẼV,min and η and φ having
different expressions. Details on the derivation of this equation,
and on the value of η and φ, are provided in Section III of
Supp. Mat. These developments are based on [39]–[42].

As long as charge carrier tunnelling is neglected, charges
can only travel inside a layer through drift or diffusion: the
drift-diffusion current then equals the total current for each
carrier. This is no longer the case when tunnelling is included,
as it opens a new channel of charge transport. The tunnelling
current shall thus be subtracted from the total current to obtain
the drift-diffusion current used in Eq. (4).

3) Numerical resolution: With the model presented above,
we now have five equations in the layer and at the inner
boundaries to obtain the five unknowns of the problem: Ψ,
Jn, Jp, Φn and Φp. However, these equations are coupled.
Therefore, the system is solved iteratively, following the
flowchart in Fig. 2a. For a given couple of applied voltage
(Ui,Uj) respectively applied on the LED and the PV cell,
each unknown is initialised using the closest solution already
computed, i.e. the one obtained at

• (Ui−1,Uj) if Ui > 0,
• (0,Uj−1) if Ui = 0,
• equilibrium if both voltages are zero.

The classical Scharfetter-Gummel scheme is considered to
solve the system [43], although in a modified version. In
its standard formulation, the drift-diffusion and continuity
equations are combined to obtain two second-order differ-
ential equations of the Slotboom variables, which are solved
using finite difference and matrix inversion methods such as
the tridiagonal matrix algorithm [22]. However, we observed
that the total current was not spatially constant with this
method, and thus preferred to rely on integration instead.
Current densities and Slotboom variables are derived from
the integration of the continuity and drift-diffusion equations
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respectively, and from the boundary conditions mentioned
above. The Poisson equation being non-linear, the electrostatic
potential is calculated using another iterative process in which
the linearised Poisson equation is repeatedly solved [21], [22].

The iterative resolution of the various equations does not
guarantee to obtain a converged solution: if the changes
between two iterations are too strong, the solver can indeed
diverge. To limit this, we implemented in the solver the pos-
sibility to damp the solution of an iteration when convergence
is difficult. Considering Ψ for instance, if Ψ(k) is the result
of the previous iteration, and Ψ̃(k+1) the new result before
damping, the final result is

Ψ(k+1) = wΨ̃(k+1) + (1− w)Ψ(k), (11)

where w is the weighting factor and is common for Ψ, Φn

and Φp, the currents being not damped as they are the first
to be computed in an iteration. Once the iteration is over, the
maximum relative variations ϵ of n and p are calculated: if
both are below the set tolerance ζ, the iterative process stops
and moves to the next point in the voltage space.

C. Self-consistent estimation of the photon chemical
potential

By definition, the chemical potential of photons emitted at
a given location is equal to the difference in electron and
hole quasi-Fermi level at this location: µ = EFn −EFp. This
underlines the coupling between radiation and charge trans-
port: the simulation of charge transport requires knowledge
on the radiative generation and recombination rates, the latter
being dependent on µ and thus on charge transport results.
To address this issue in modelling, two main solutions are
generally considered: either assume that µ = eU [6], [12],
[44], or express radiative recombinations using the common
expression rrad = Brad(np − n2

i ) = Bradn
2
i (e

µ/kBT − 1),
which can directly be used in the electrical solver to include
the interdependency (Brad being the radiative recombination
coefficient which is generally considered to be a material
property [22], [25], [27]). However, both of these methods
involve approximations that do not hold well for NF-TPX or
TPV systems made of heterostructures. Therefore, to ensure
self-consistency between the radiative and electrical solvers
without having to use any further approximations, the resolu-
tion is performed iteratively, following [32].

The corresponding flowchart is provided in Fig. 2b. Initially
set to eU , µ is used to compute rrad and subsequently to
solve the drift-diffusion equations, as presented above. Once
the electrical solver has converged, µ can then be updated
using the newly calculated quasi-Fermi levels. In the best-case
scenario, µ should be computed at each point of the spatial
grid. However, doing so is detrimental to the computational
time, as it increases the number of iterations needed to
converge. To help convergence, we instead considered one
unique value of µ per layer, which as we will see later on is a
justified approximation. To ensure that the radiative emission
is as precise as possible, the value of µm selected for each
layer m is not the direct mean value of EFn − EFp over the

layer thickness tm, but rather the one that verifies

e
µm
kBT =

1

tm

∫
tm

e
EFn(z)−EFp(z)

kBT dz =
1

tm

∫
tm

Φn(z)Φp(z)dz,

(12)
since rrad varies as eµ/kBT as long as Boltzmann’s approx-
imation holds. The iterative solver stops once the maximum
absolute variation of µ between two iterations ϵµ becomes
lower than the set tolerance ζµ.

D. Neglected phenomena and approximations

Before moving on to the next section, it is worth mentioning
that some physical phenomena are not yet implemented in
CRESCENT-1D. These are mainly

• Joule losses inside the components and the electrical
contacts, which could be accounted for in a heuristic
manner without difficulty, e.g. as in [23];

• shading losses due to the front electrical contacts, which
can be estimated by geometric means, i.e. by correcting
the radiative heat transfer using the fraction of the area
being shaded [23];

• parasitic absorption in the back mirror, which are cur-
rently neglected but could be included in the radiative
solver;

• quantum interference phenomena, due to the use of
the WKB approximation for estimating charge carrier
tunnelling;

• reflection and transmission of tunnelling charge carriers
at interfaces other than the one where tunnelling was
initiated.

Additionally, the tunnelling probability is computed consider-
ing only the band structure close to the interface (in the follow-
ing, up to 50 nm on each side) in order to limit computational
cost (see Section III of Supp. Mat. for more details). Because
the solver is one-dimensional, 2D phenomena are inherently
excluded: among them, current crowding and surface recom-
binations at the component sides could play a non-negligible
role. Our model relying on the Boltzmann approximation to
simplify the Fermi-Dirac distribution normally followed by
charge carriers, it is primarily made for the simulation of non-
degenerate semiconductors.

III. RESULTS

CRESCENT-1D has been used to optimise the structure of
one-dimensional NF-TPX devices to obtain the best electrical
power output possible. This optimisation, performed with the
MATLAB surrogateopt function, resulted in the structure il-
lustrated in Fig. 1a. In order to focus on the solver capabilities,
details on the optimisation process (e.g. on the material and
the number of layers considered) are omitted in this article;
they can be found in [37].

Thereafter, we present the typical results the solver can
provide using the optimised structure, considering heat source
and heat sink temperatures to be respectively equal to 600 K
and 300 K. TPX systems are mostly considered for energy
harvesting, for which heat supplied to the hot body can be
considered free [45]: therefore, we will mostly focus on the
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(a) (b)

(c) (d)

Fig. 3: Band diagram and spatial variation of electrical current densities (a) in the LED, (b) in the PV cell, at TPX maximum
power point. Panels (c,d) are respective zooms of panels (a,b) close to the heterointerfaces (coloured areas). Results obtained
for d = 10 nm and Th = 600 K.

maximum power point (MPP) in the following. Details on
power-efficiency trade-off in TPX devices can be found e.g.
in [1], [2], [18], [31].

To get an accurate description of one device over the
complete voltage space, CRESCENT-1D takes one to two
hours to solve the coupled radiative and electrical problem
on a computer with a 10th generation Intel Core i5 processor
and with 16 GB of RAM. This time depends on the number of
layers present in each component, and on the precision of the
various meshes. For preliminary calculations where precision
is not required, the computational time can for instance be
decreased to 3 minutes, at the cost of a 5-to-10% relative error
on the maximum power output. More information on the mesh

sizes considered and on computational time can be found in
Section IV of Supp. Mat.

In Section V of Supp. Mat. is shown a comparison of
the results returned by CRESCENT-1D and by SCAPS [24]
considering a simpler structure. The match between the two
is almost perfect, only a slight mismatch being observable for
low applied voltages, i.e. far from the MPP.

A. Band diagrams and local electrical current

The most detailed data available are the spatially-resolved
band diagrams and current densities of each component,
obtained for a given couple of applied voltages. They are
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represented in Fig. 3 at the MPP. The location of the heteroin-
terfaces is highlighted in red, and panels (c) and (d) provide a
detailed view of the evolution of these quantities in the vicinity
of the interfaces. The barrier height in the conduction and
valence bands is respectively equal to ∆χ and ∆χ + ∆Eg .
Since the electron affinity of InGaAs and InGaP are nearly
equal, ∆χ ≈ 0 and almost no barrier appears in the conduction
band.

One can observe that the quasi-Fermi levels almost do
not vary spatially: this highlights the excellent charge carrier
separation, which is also reflected in the very low minority
carrier current density close to the component boundaries. In
regular PV textbooks, minority and majority carrier quasi-
Fermi levels are often shown to coincide at the contacts [46].
This can only happen if minority carriers are at equilibrium
with the majority ones; since here, we rather suppose that they
recombine following Eq. (9), EFn and EFp are not expected to
merge at the boundaries. Additionally, the quasi-Fermi levels
are close to the two bands, even entering them in the N+ lay-
ers. In such conditions, the semiconductor becomes degenerate
and the Boltzmann approximation loses accuracy. In future
work, it will be important to estimate this accuracy loss and
to try to include the complete Fermi-Dirac distribution to the
solver, for instance by multiplying the Slotboom variables by
a corrective term 1/(1 + Φ) which could be computed using
the solution of the previous iteration.

For the current structure, only the PV cell hole quasi-Fermi
level exhibits discontinuities at the heterointerface, and it does
especially at the P-N interface. Still, the discontinuities are
small, and one could therefore wonder if the simpler model of
quasi-Fermi level continuity could suffice. However, charge
carrier tunnelling would not be included in such a model,
while it represents a significant transmission channel through
all heterointerfaces (subscript “t” in panels (c) and (d) of Fig.
3). This is particularly true at the PV cell P-P junction, where
almost all travelling holes tunnel through the barrier despite
their high effective mass due to the height of the potential
barrier. Therefore, we shall now compare the results provided
by the different models, and analyse which ones are relevant
for such structures.

B. Comparison of available models

1) Heterointerface models: We plot in panel (a) of Fig.
4 the variations of TPX maximum electrical power output
with LED voltage obtained with each model. The “complete”
scenario corresponds to the one considered previously, with
both thermionic emission and tunnelling included. Such a
figure highlights a difference in convergence between the three
heterointerface models, with only the complete one being
able to provide the complete electrical characteristic (i.e. up
to P (ULED) = 0). In comparison, the thermionic emission
model starts to diverge around ULED = 0.8 V. It may seem
counterintuitive that this model diverges before the “conti-
nuity” one, although including a phenomenon that the latter
does not. In fact, while including thermionic emission allows
accounting for discontinuous quasi-Fermi levels, it tends to
overestimate these discontinuities significantly in comparison

Fig. 4: (a) Comparison of the performance obtained for the
TPX device of Fig. 1a with various models. The yellow curve
represents the complete model, including thermionic emission
and charge carrier tunnelling at heterointerfaces, along with an
iterative calculation of µ. The orange and red curves represent
approximated models of heterointerfaces, while the results in
blue rely on the approximation µ = eU (single-pass model).
(b) Deviation from the hypothesis EFn − EFp = eU in the
LED obtained with the complete model.

to the complete model. This is the main reason for the early
divergence of the thermionic emission model, which makes it
unsuitable for our solver.

Although it prematurely diverges, the continuity model is
still able to describe the electrical characteristic up to the MPP,
making the comparison with the complete model possible.
Below ULED = 0.95 V, the match between the two set of
results is almost perfect. Indeed, for such voltages, current
densities remain low enough for the discontinuity in quasi-
Fermi levels to be negligible: the continuity model can then
describe accurately charge transport, although it fails to depict
how these charges truly travel through the heterointerfaces.
However, near the MPP, these discontinuities start to play
a role in the transport of electrons and holes, and the two
electrical characteristics thus differ. The error made by the
continuity model on the maximum power output is of the order
of 5% for the system considered, and values up to 15% were
observed for other structures. Therefore, the complete resolu-
tion should generally be preferred. Still, tunnelling probability
is heavy to compute, and using the continuity approximation
can allow dividing the computational time dedicated to the
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electrical solver by a factor 2. This simpler model can therefore
be suitable for preliminary calculations, although one should
always verify that CRESCENT-1D then converges up to the
MPP.

2) Photon chemical potential model: In Section II-C, we
explained how the coupling implemented between the radiative
and electrical solvers ensures self-consistency of the photon
chemical potential. To quantify how such a self-consistent
treatment impacts the results, we provide in panel (a) of
Fig. 4 the electrical characteristic obtained after a single
pass in the solver, i.e. considering the chemical potential of
radiation to be eU . As for the continuity model, there is good
agreement between the single-pass and the self-consistent
models for voltages below ULED = 0.95 V, while they fail to
match for larger voltages. In this case, the mismatch is much
more important, the self-consistent model overestimating the
maximum power output by 74%.

This mismatch is again caused by the strong variations of
the quasi-Fermi levels at and near the heterointerfaces. This
can be observed in panel (b) of Fig. 4, where we display
how far the true photon chemical potential µ = EFn − EFp

is from eU . This is plotted for the LED only, since this
is the component which drives the radiative heat transfer.
First, one can observe that EFn − EFp is mostly constant
within each layer, especially in the active InGaAs layer in
the middle which is the main emitting layer: this justifies the
use of a unique value of µ for each layer to compute the
radiative terms. The difference between EFn − EFp and eU
appears to be mostly caused by the change in EFn − EFp

close to the P-P heterojunction, whose amplitude increases
exponentially with ULED and becomes significant (i.e. non-
negligible compared to the thermal energy kBTh) above 0.95
V. Although near the MPP, the difference between µ and eU is
of the order of 10 to 20% of kBTh, this is enough to cause the
large mismatch observed between the electrical characteristics,
which highlights the need for self-consistently computing µ.
This is a general conclusion of our work: because TPX systems
must operate under high voltages to deliver high power output,
thermionic emission and charge carrier tunnelling, which are
usually negligible, are both to be accounted for, making some
common models such as µ = eU unsuitable.

C. TPX device performance

Finally, we discuss the heat engine performance achieved
by the optimised structure presented earlier. For Th = 600 K,
Tc = 300 K and a vacuum gap distance d = 10 nm,
the TPX device is capable of delivering an electrical power
density of 1.6 W.cm−2. This value is obtained considering
a surface recombination velocity of 104 cm.s−1 which is
realistic at the interface between metallic contacts and highly-
doped InGaP [47] and for which the previously studied TPX
homostructure was barely able to deliver power due to the
limited separation of charge carriers [31]. The above-bandgap
efficiency at maximum power, which is obtained by neglecting
below-bandgap radiative heat transfer, reaches 19.7% and is
several percent points higher than the values reported in the
literature for NF-TPX systems including non-radiative losses

Fig. 5: Variation of the maximum power output and related
efficiency achievable by the device from Fig. 1a, depending on
(a) the vacuum gap distance, (b) the heat source temperature.

[12], [16], [18], [31]. For the low heat source temperature
considered, such a high efficiency at maximum power can
only be achieved by the excellent carrier selectivity and the
significant reduction of the non-radiative recombination rate
enabled by the use of heterostructures.

The variations of the maximum power output and of the
related efficiency with the gap distance are illustrated in the left
panel of Fig. 5. As the system moves towards far-field opera-
tion, one can observe that both quantities quickly decay, much
quicker in fact than the thermal heat flux exchanged between
the LED and the PV cell (which decreases only by a factor 8.5
from d = 10 nm to d = 200 nm). This is because near-field
operation significantly improves the LED quantum efficiency
(defined as rrad/r) [48], thus the overall TPX performance;
such an improvement is progressively lost as d increases [31].
Above 180 nm, the LED quantum efficiency becomes so low
that TPV operation becomes preferable to TPX, causing a
sudden drop in power output and a simultaneous increase
in efficiency (dashed line). This highlights the importance of
operating in the near field for TPX devices.

We also evaluated the impact of Th on TPX performance,
whose results are gathered on the right panel of Fig 5.
To obtain these results, note that the InGaAs and InGaP
In fraction have been varied so that the LED and PV cell
active layers present matched bandgaps, and keep their lattice
constant equal to that of surrounding InGaP layers. This
prevents the power output from dropping quickly to zero due to
bandgap mismatch between the active layers when Th differs
significantly from 600 K [12]. Close to Th = 600 K, the
power output varies moderately with temperature, reaching
respectively 1.1 and 2.3 W.cm−2 for Th = 550 K and 650 K.
Below 550 K however, it decreases dramatically and eventually
reaches 0 for a temperature close to 380 K: non-radiative
losses then prevail and do not allow any power production.
This highlights the difficulty of achieving high-power TPX
for heat source temperature close to ambient, along with the
need for further development in that matter.
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IV. CONCLUSION

In this paper, we have introduced CRESCENT-1D, the one-
dimensional solver we developed to estimate the performance
of near-field thermophotonic devices. It is the first publicly
available algorithm capable of coupling near-field radiative
heat transfer and charge transport for thermophotonic sys-
tems. Because heterojunctions can be much more efficient
optoelectronic converters than homojunctions are, we have
sought to precisely model how charge carriers behave in
such structures by including both thermionic emission and
tunnelling. This, along with the self-consistent calculation of
the photon chemical potential, has proved to be essential
to precisely obtain the complete electrical characteristic of
devices.

CRESCENT-1D can provide a wide variety of information
concerning light and charge transport: e.g., the radiative heat
flux exchanged between the two components, their band
diagrams, their spatially-resolved currents and recombination-
generation rates, or their electrical characteristic. Such quanti-
ties give insights on the main physical phenomena at work,
on the main sources of losses, and on possible ways to
mitigate them. Used with an optimisation process, it is also
able to provide promising structures, such as the one we have
presented above, which reaches a power output of 1.6 W.cm−2

and a related efficiency of 19.7% for a temperature difference
of 300 K. This will be of great help for the design of TPX
devices.

Although such a temperature difference is common in
TPX literature, follow-up studies shall focus on optimising
structures for lower ∆T , in particular for ∆T < 100 K where
most of the waste heat lies [49]. Moreover, as mentioned
earlier, some loss phenomena - such as resistive losses [23]
or parasitic absorption - are not included in the solver yet,
while the non-radiative recombination coefficients used lack
precision due to the absence of reliable temperature-dependent
data for binary and ternary III-V semiconductors. This, along
with the correction of the Boltzmann approximation into the
complete Fermi-Dirac distribution, shall be addressed to better
represent real devices.

As a final comment, we shall mention that voltages and
currents of the two optoelectronic components do not match,
and the system would therefore need external electronics to
work. In the future, there would be great interest in designing
1D self-sustaining devices, which no longer need such external
systems [14], [50].
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