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Abstract: Easy-to-fabricate, high-temperature, thermally-stable radiators are critical elements
for developing efficient and sustainable thermophotovoltaic energy conversion devices. In
this frame, a trilayer-on-substrate structure is selected. It is composed of a refractory metal -
molybdenum - constituting the substrate and an intermediate thin film sandwiched between two
hafnia transparent layers. An in-depth analysis shows that two spectrally distinct interference
regimes take place in the hafnia layer-molybdenum thin film substructure, and that backward
and forward thermally-emitted waves by the thin film are selected in two distinct interferential
resonating cavities. The interference regimes within and between these cavities are key to the
spectral shaping of thermal emission. The radiative performances of the structures are evaluated
by introducing a figure of merit. Using the example of a GaSb cell, it is shown that the structure
can be optimized for providing the broadband large emission with a steep cutoff required for
mitigating photoconversion losses.
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1. Introduction

One of the key points for designing high-efficiency thermophotovoltaic (TPV) systems is to
match the spectral emission of the radiator with the spectral range where photons are converted
into electron-hole pairs (EHP) inside the photovoltaic (PV) device. In the case of solar-TPV
devices, where the radiator is heated by sunlight radiation, achieving this spectral matching could
allow getting closer to the theoretical efficiency limit of these systems, evaluated at 85% [1].
However, the maximum efficiency experimentally achieved for direct thermal-to-electricity
energy conversion is around 25% [2], and only a few percents for solar-TPV systems [3–6]. This
emphasizes that optimizing these systems is still a key topic of research to reach high-performance
TPV devices. An efficient TPV radiator should have a large emission in the spectral range where
the PV device converts photons into EHP, i.e. for photon energies above the bandgap of the PV
cell. On the contrary, sub-bandgap photons do not generate EHP, but are absorbed by the lattice
atoms and free carriers, generating heat that decreases the conversion performances of the PV
device [7]. Therefore, sub-bandgap photons are detrimental to the overall efficiency, and the
TPV radiator should have the lowest emission in this spectral range. In this frame, numerous
studies dealt with the spectral thermal emission of selective emitters using different materials
and geometries. Spectral selectivity was reported for two-dimensional [8] and three-dimensional
photonic crystals [9–11], as well as for emitters with surface gratings [12]. However, more
simple structures such as one-dimensional metallo-dielectric multilayer (or photonic crystals)
structures showed a great potential for tailoring the spectral emission [13–17]. Spectral selectivity
of such structures relies on Fabry-Pérot resonances that occur inside the transparent dielectric
layers, allowing the increase or decrease of thermal emission for selected wavelengths with
constructive and destructive interferences, respectively. Several experimental studies on the
measurement of the thermal emission of few-layer structures reported this effect [18–20]. As for
materials for TPV radiators, rare earth compounds were first considered due to their peculiar
optical properties [21–24]. However, it is also necessary to ensure the thermal stability of the
radiator in order to keep the same spectral emission at its operating temperature, meaning that it
should be thermally stable. The assessement of thermal stability of radiators at high temperature
is a growing topic, and it appears that refractory metals, such as molybdenum and tungsten,
are efficient materials due to their high melting point [4, 9, 10, 15, 25–30]. Eventually, simple
structures give the advantage of easiness of fabrication and higher thermal stability. It can be
summarized that efficient and sustainable thermophotovoltaic energy conversion devices require
easy-to-fabricate, high-temperature, thermally-stable radiators.

For the reasons listed above,we investigate in this paper the thermal emission of one-dimensional
metallo-dielectric trilayer-on-substrate structures, where the refractory metal is molybdenum and
the transparent layers are made of hafnium oxide (or hafnia). These structures were already tested
in a solar-TPV system and proven to be efficient TPV radiators [31]. If the ground principles of
the physical effects occurring in these structures are known for structures with one layer deposited
on a substrate, it is not entirely the case for complex structures with several layers. We therefore
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provide in the first part an extended analysis of the specific interference phenomena occurring
in such a trilayer on substrate structure. We highlight that in addition to its high melting point,
Mo is a good material for TPV radiators because of its intrinsic spectral selectivity due to the
transition between intraband and interband absorption. The analysis of multireflections in these
spectral regions allows to understand the different interference patterns. The study of the behavior
of the thermal emission of such structures is also extended by decoupling contributions of the
forward and backward waves emitted by the Mo film. In particular, we show that they interfere
and contribute significantly to shaping the spectral emissivity of the structure. In a second step,
we demonstrate that it is possible to optimize the thermal emission of these structures for a given
TPV application, by matching the thermal emission of the structure with the bandgap of a GaSb
cell. To do so, we introduce a figure of merit and show the impact of the architecture on the
definition of the figure of merit.

2. Methodology

Fig. 1. Spectral values of the extinction coefficient ofMo (blue line) and spectral hemispherical
emissivity of a Mo substrate (red line).

Thermal emission of the trilayer-on-substrate structures is calculated using fluctuational
electrodynamics [32]. Maxwell’s equations are solved by means of dyadic Green’s functions,
and the thermally generated electromagnetic currents are given by the Fluctuation-Dissipation
Theorem [33]. The Weyl components of the Green tensors are calculated using the S-matrix
method [34]. This approach consists in calculating four coefficients, corresponding to the
amplitude of the waves emitted in the forward and backward directions and traveling in the
forward and backward directions. It is worth mentioning that the S-matrix method has the
advantage to allow analyzing the contributions of the forward and backward emitted waves by a
layer of the structure, which cannot be done straightforwardly in other approaches based on the
calculation of the absorption, such as RCWA (rigorous coupled wave approximation). Once the
spectral emissive power of the structure is calculated, the spectral hemispherical emissivity is
obtained by dividing it by that of the blackbody, given by Planck’s law, at the same temperature.
Two materials intentionnally selected in this work are considered: molybdenum (Mo), a

refractory metal, and hafnium oxide (HfO2), a dielectric material. Both materials are good
choices for high-temperature TPV radiators because of their high melting point. The spectral
values of the optical indices of both materials are provided in [35] at room temperature. Variations
of optical indices with temperature, likely to take place between room temperature and the
operating temperature of a TPV radiator (around 1500 K), are not accounted for. HfO2 has a
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low extinction coefficient in the infrared, and is therefore transparent. Thus, it is expected that
multireflections can occur inside hafnia layers, leading to interferences phenomena that could
allow controlling the emission spectrum. The spectral values of the extinction coefficient of Mo
are reported in Fig. 1. Two spectral regions are exhibited. Between 0 and 1 µm, the extinction
coefficient does not vary much and takes values around 3.5 (close to the real part of the refractive
index). In this spectral range, the absorption of photons is dominated by electronic transitions
from the d-band to the s-band (interband transitions). Above 1 µm, the extinction coefficient
increases. In this regime, the absorption is dominated by electronic intraband transitions. The
existence of these two extinction regimes impacts the spectral emission of Mo, as illustrated
in Fig. 1, where the spectral hemispherical emissivity of a single Mo substrate is displayed.
It is observed that the spectral emission follows the spectral variations of the optical indices:
in the interband transition region, the spectral emissivity of Mo is moderate, taking values
around 0.4. As its extinction coefficient increases, Mo becomes more and more reflective and
its emission consequently decreases. In the end, due to the transition between interband and
intraband absorption, a single Mo substrate already has interesting intrinsic emission properties
for thermophotovoltaics. Indeed, it exhibits a broadband emission with a steep cutoff.

3. Analysis of interference phenomena in a Mo-HfO2 trilayer on substrate struc-
ture

To get closer to the ideal emission for TPV applications, it is necessary to enhance the moderate
spectral hemispherical emissivity of Mo below the cutoff wavelength while keeping it close
to 0 for large wavelengths. As shown in [14,16–20], transparent layers of selected thicknesses
can act as amplifiers of a layer emission by means of Fabry-Pérot interferences. Following the
framework of [16, 17], we consider a structure consisting of two resonant HfO2 layers separated
by a 10 nm thin Mo layer, and deposited on a Mo substrate (schematic in Fig. 2(a)). The
thickness of the Mo layer is chosen to be as small as possible such that waves can be transmitted
through it, but not smaller than 10 nm in order to avoid dealing with variations of the dielectric
function due to increased collision frequency of electrons and phonons at the boundaries of
the layer [40]. Considering the thickness of the two HfO2 layers to be equal to t, the spectral
hemispherical emissivity of the structure is reported in Fig. 2(b) as a function of t. The colormap
exhibits branches of large values of spectral hemispherical emissivity that are a signature of the
constructive interferences occurring due to multireflections inside the oxide layers. It is worth
noticing that for a thickness of 50 nm (represented by the horizontal dashed line on the emissivity
map), the spectral hemispherical emissivity exhibits values close to 1 below 1 µm, and a low
emission above, which is close to the ideal emission. Optimization of the radiator architecture
and quantification of its performances for TPV applications will be discussed in the last section
of this paper.

We first investigate the behavior of interferences and their impact on the spectral hemispherical
emissivity. As mentioned previously, the emission of Mo layers are amplified by Fabry-Pérot
interferences. However, even for wavelengths larger than 1 µm, the spectral hemispherical
emissivity along the constructive interference branches takes large values. In this spectral region,
the Mo-HfO2 interface is very reflective due to the large contrast of optical indices between Mo
and hafnia. It induces that a lot of multireflections occur inside the HfO2 layers, leading to a large
amplification of the emission due to interferences [17]. On the other hand, for wavelengths below
1 µm, the reflection coefficient of the Mo-HfO2 interface is moderate, because the optical indices
of both materials are close. Still, the spectral hemispherical emissivity takes large values too.
It was highlighted in [36, 37] that strong absorption does not necessarily need large reflection
coefficients and typical quarter-wavelength resonances associated to Fabry-Pérot interferences. It
can also be achieved for specific phase lags of the reflection coefficients at the material interfaces,
leading to another type of interferences in subwavelength films. In particular, it was shown
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Fig. 2. (a) Schematic of the few-layer structure under consideration. (b) Spectral hemispherical
emissivity of the structure as a function of the thickness of the oxide layers, t1 being equal to
t2.

that strong absorption occurs if the real and imaginary parts of the optical index of a thin layer
sandwiched between lossless materials are of the same order of magnitude [38]. To investigate if
such phenomena are possible in our Mo-based structures, we analyze the partial reflectivity of a
simplifed configuration, where layer 3 is removed (acting only as a further amplifier in [17]) and
the thickness of the remaining HfO2 layer is fixed to 100 nm. The partial reflectivity rl , function
of the number of secondary waves l, is defined as [36]

r0 = R2

rl = T2 × r l10 × Rl−1
2 × T2 × e2likz2t1, l = 1, 2, 3, 4...

(1)

where R2 and T2 are the global reflection and transmission coefficients of the Mo thin film that
take the form [39]

R2 =
r12 + r23e2ikz2d

1 + r12r23e2ikz2d
, (2)

T2 =
t12 + t23eikz2d

1 + r01r12e2ikz2d
. (3)

Here, ri j and ti j are the Fresnel reflection and transmission coefficients at the interface between
medium i and j, and kz is the component of the wavevector perpendicular to the interface. d is
the thickness of the Mo layer (10 nm). The infinite sum of rl corresponds to the total reflectivity
of the structure.

In Fig. 3, we report the sum of partial reflectivities r0 + r1 + ... + rl of the considered structure
as a function of the number of secondary waves l, for two wavelengths located in the two different
spectral regions: λ = 0.3 µm (Fig. 3(a)) and λ = 10 µm (Fig. 3(b)). The inserts in Fig. 3 represent
the successive positions of the sum of partial reflectivities in the complex plane, which tends
ultimately to the total complex reflectivity of the system. It can be seen that for λ = 0.3 µm, the
sum of partial reflectivities converges to the value of the total reflectivity for a small number
of secondary waves. The total reflectivity is low, therefore strong emission is achieved. As the
optical path is small, the variations of the sum of the partial reflectivities are guided by the phase
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lags induced by reflections at the interfaces. This is highlighted by the large angle between two
successive phasors (sum of partial reflectivities) in Fig. 3(a). On the contrary, for λ = 10 µm,
the sum of partial reflectivities converges slowly to its final value, due to the large value of the
reflection coefficient of the Mo-HfO2 interface. In this second case the phase lag is accumulated
by travelling, requiring a lot of round trips inside the different layers to get strong interference
effects. Such effect can lead to strong reflectivity, as shown in Fig. 3(b), but also to strong
emission, as shown by the resonances in Fig. 2(b) for wavelengths larger than ≈ 2 µm. This is
similar to the results reported in [17]. As a conclusion of this section, we have shown that two
different regimes of interferences occur in the Mo-based structures: in both low-wavelength and
high-wavelength ranges, high values of the spectral hemispherical emissivity can be reached.

Fig. 3. Sum of partial reflectivities r1 + r2 + ... + rl as a function of the number of secondary
waves l for t1 = 100 nm. (a) λ = 0.3 µm, (b) λ = 10 µm. The inserts represent the sum of
partial reflectivities in the complex plane.

In the following section, we discuss the origin of the interference branches that can be seen
in Fig. 2(b). It can be observed that the branches are paired, and we test the hypothesis that
in each pair, an interference branch is caused by resonances induced by each of the two HfO2
layers. To check this, we analyze the contribution of the emission of the Mo film to the structure.
More specifically, we analyze the contributions of the forward and backward emitted waves.
By fixing the coefficients corresponding to the amplitudes of the forward (backward) emitted
waves to 0, we can analyze the contribution of the backward (forward) emitted waves to the
emission. The results are gathered in Fig. 4. It is observed that for each pair of branches, the lower
one has a larger intensity when considering forward emitting waves. On the other hand, when
considering backward emitted waves, the higher branch has a larger intensity. Since backward
emitted waves have to be reflected one less time to reach the interface between medium 2 and
medium 1, we conclude that the higher branch are due to interferences in the upper HfO2 layer.
Following the same reasoning, the lower branch corresponds to interferences in the lower HfO2
layer. It is also worth noticing that the incoherent addition of the forward and backward emitted
waves (Fig. 4(c)) is lower than the total emission of the Mo film inside the structure (Fig. 4(d)).
Therefore, it is clear that backward and forward waves emitted by the thin film interfere, and that
this interference scheme plays a major role in shaping the emission spectrum of the structure. In
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the case of a single emitting substrate, only forward emitted waves participate to the emission.
Therefore, the presence of the emitting film enhances the impact of interferences. To validate the
hypothesis mentioned before, we analyze the constructive interference conditions of the structure.
We assume that the first resonator comprises layers 1 and 2, and the second layers 2 and 3 (as
depicted in Fig. 5). Note that in this case, the thin Mo film contributes to the interference patterns.
The constructive interference conditions can be retrieved by analyzing the phase lag of waves
between two round trips from one edge of the resonator to the other. Phase lag can occur due to
the difference of optical path lengths, and because of reflections at the interfaces. By equalizing
the sum of the phase lags to 2mπ, where m is an integer, the constructive interference conditions
on the thickness of the layer t and the wavelength λ take the form:

t =
(
m − arg (r10) + arg (R2)

2π

)
λ

2n cos ϕ
(4)

for the first resonator, and

t =
(
m − arg (R2) + arg (r34)

2π

)
λ

2n cos ϕ
(5)

for the second one. Here, ϕ is the angle of incidence of waves inside hafnia layers, n is the
refractive index of hafnium oxide (n ≈ 2), and the argument of the reflection coefficient is related
to the phase lag induced by a reflection at this interface.
The contribution of normal waves to the spectral hemispherical emissivity as a function of

the thickness of the HfO2 layers considering t1 = t2 is reported in Fig. 5. The dashed and solid
lines represent the theoretical constructive interference conditions related to the two resonators
mentioned earlier (dashed for resonator 1 and solid for resonator 2). A good match is observed
between the high-emissivity branches in the contour map of the spectral hemispherical emissivity
and the theoretical constructive interference conditions for wavelengths larger than 1 µm. As
predicted, in each pair one branch is related to one resonator. Below 1 µm, the high-emissivity
branches and the theoretical interference conditions start to depart from each other. Again, this is
related to variations of the optical properties of Mo around this wavelength. For wavelengths
larger than 1 µm, the Mo-HfO2 interface is very reflective, such that it can be assumed that
multireflections can occur in one resonator only. However, for wavelengths smaller than 1 µm,
waves can be transmitted through the Mo layer more easily, and multireflections can occur in both
resonators. The constructive interference conditions calculated before are therefore not relevant
anymore, hence the resulting mismatch. Summarizing this section, we have analyzed the origin
of the spectral hemispherical emissivity of the studied structure. We have highlighted different
spectral regimes of interferences corresponding to the two regimes of absorption of Mo. The
origin of each interference branches in the emissivity map has been explained. In the next section,
we demonstrate that the design of a TPV radiator using this structure is possible.

4. Design and optimization of the structure for a selected TPV application

A good radiator for a TPV system with a GaSb cell should have the largest emissivity possible
below the wavelength corresponding to the bandgap of GaSb (at 300 K, EGaSb

g = 0.7 eV,
λGaSbg = 1.7 µm), and the lowest emissivity possible above. Mo, due to its transition between
interband and intraband absorption around this wavelength, is a good choice for this application,
as a large broadband emission with a steep cutoff can be obtained with the Mo-HfO2 trilayer-on-
substrate structure introduced previously. In this section, we optimize the efficiency of the emitter
for this TPV application. To do so, we first define a function ψ that represents the deviation to the
ideal emission

ψ (λ)) =
{

qbb
λ (T) (1 − ελ) forλ ≤ λg

qbb
λ (T)ελ forλ > λg

, (6)
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Fig. 4. Contribution of the Mo film to the spectral hemispherical emissivity of the structure
considering t1 = t2. (a) considering only forward emitted waves. (b) considering only
backward emitted waves. (c) incoherent addition the contribution of forward and backward
emitted waves. (d) considering the coherence between every type of waves.

where qbb
λ (T) is the spectral emissive power of a blackbody at temperature T , and ελ is the

spectral hemispherical emissivity. In solar-TPV experimental demonstrators, a temperature of
1500 K can typically be achieved with such structures [31]. At this temperature, the wavelength
where the blackbody intensity is maximum (λmax(1500 K) = 1.93 µm) is close to the wavelength
corresponding to the bandgap of GaSb at 300 K. Therefore, we choose this value for the
temperature in the following. The same procedure can of course be applied for other radiator
temperatures. The function ψ represents the fraction of energy that is below the ideal emission
for wavelengths below the cutoff, and the fraction of energy that is above the ideal emission for
wavelengths above the cutoff. A figure of merit can be defined as follows:

FOM = 1 −

∫ λmax

λmin
ψ (λ) dλ∫ λmax

λmin
qbb
λ (T) dλ

. (7)

where λmin and λmax are the smallest and largest values of wavelengths for which the optical
indices are provided in [35]. In the worst case where the emission is 0 below the cutoff in
wavelength and 1 above it, function ψ is exactly the blackbody spectrum and the figure of merit
is 0. For an optimal spectral hemispherical emissivity, it takes the value 1. Therefore, the figure
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Fig. 5. Spectral emissivity of the trilayer-on-substrate structure with normal incidence. The
dashed and solid lines represent the constructive interference conditions at normal incidence
of the two Fabry-Pérot resonators highlighted above.

of merit is a number between 0 and 1 and represents the fraction of emitted energy useful for
TPV energy conversion.

Fig. 6. (a) Figure of merit of the structure as a function of the thicknesses of the hafnium
oxide layers t1 and t2. (b) Spectral hemispherical emissivity of the single Mo substrate (red
line), of the optimized monolayer-on-substrate structure (blue line) and of the optimized
trilayer on substrate structure (green line). The dashed curve corresponds to the optimization
for λ < λg only. The dashed vertical line represents the wavelength corresponding to the
bandgap of GaSb at 300 K.
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In Fig. 6, we report the values of the figure of merit as a function of the size of the two HfO2
layers. The figure of merit exhibits peaks and dips with multiple local maxima. When increasing
the thickness of one of the two layers, the constructive interference peaks shift toward larger
wavelengths. The peaks and dips are due to the peaks of different orders that pass through the
zone where the emission is expected to be maximum as the thickness increases. Even if local
maxima are exhibited, a maximum figure of merit of 0.85 is found for t1 = 110 nm and t2 = 80
nm. For this architecture, the spectral hemispherical emissivity of the structure is plotted in
Fig. 6(b). As expected it exhibits a large broadband emission with a steep cutoff around the
wavelength corresponding to the bandgap of GaSb, which is close to the ideal emission defined
earlier. Hence, we have demonstrated that the structure under consideration is efficient for TPV
applications. It is also worth mentioning that emission of these structures is quasi-isotropic [17].
We also plotted in Fig. 6(b) the spectral hemispherical emissivity of the architecture maximizing
the figure of merit for a structure composed with a single resonator deposited on a Mo substrate
(layers 0 and 1 only) and of a single Mo substrate. The amplification of the emission of the Mo
substrate due to the successive addition of resonant layers is clearly depicted. This was already
discussed in [17]. Eventually, it should be noted that to maximize the energy yield by the TPV
system, the only criterion is that the spectral hemispherical emissivity of the structure should be
maximum for wavelengths below the cutoff. As a consequence, the integrals in Eq. (7) should
be performed from λmin to λg. In this case, the architecture maximizing the figure of merit is
different from the previous one, and its resulting spectral hemispherical emissivity is plotted
in Fig. 6(b) (dashed line). The impact of the absorbed photons that are not converted could be
accounted for more accurately by introducing spectral weight in the function ψ(λ), which would
consider their negative impact. This would require solving the full coupling with the charge
transport and the thermal field, as in [41–43].

5. Conclusions

We have studied the thermal emission of trilayer structures made of hafnia and Mo layers
deposited on a Mo substrate, which resist to high temperatures. Mo has been selected because
of the spectral variations of its optical properties due to the transition between interband and
intraband absorption mechanisms, which are particularly interesting for TPV applications. We
then have analyzed the different specific regimes of interferences in the structure arising from the
spectral variations of the reflection and transmission coefficients at the Mo-hafnia interfaces. It
is worth noticing that highly-reflective interfaces are not the only way to reach high-emission:
very high absorption can be achieved using materials with optical indices of the same order of
magnitude. The origin of the interference peaks has been explained by means of the analysis of
the forward and backward emission of waves by the Mo film, and by determining the condition
for constructive interferences inside the structure. Each hafnia layer is responsible for its own
interference peaks in the spectral region where the Mo-hafnia layer is highly reflective. If the
reflection coefficient of this interface is moderate, waves can easily cross the Mo thin layer, and
be multireflected in the whole structure. It is key to note that forward and backward emitted
waves by the film interfere. As a consequence, the presence of a thin film, whose forward and
backward emitted waves participate to the emission, is key to enhance the impact of interferences.
Eventually, we have evaluated the efficiency of this structure as a radiator for TPV applications.
We have defined a figure or merit that can reach 85 % for the optimal architecture. As a summary,
we have provided an in-depth explanation of the thermal emission of such structures and a
guideline to optimize their emission for TPV applications. A future improvement should be to
consider the variations with temperature of the optical indices of both materials, in order to
calculate the thermal emission at the operating temperature of the radiator. Indeed, the extinction
coefficient and refractive index provided in [35] are measured at ambient temperature. It is
expected that the optical properties of hafnia do not vary much with temperature. However, it
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has been shown for noble metals such as aluminum that the thermal emission increases with
temperature due to the increase of electron-phonon scattering processes - even if the overall
emission of noble metals remains low [17]. We should also mention that the criterion for the
ideal emission does not account for thermal effects. High energy photons can be detrimental
because they generate heat through thermalization, which can decrease the performances of the
PV cell. A previous study [43] showed that an improved spectral emissivity for TPV systems is in
fact a band spectrum when taking into account thermal effects. However, the spectral position of
the second cutoff at lower wavelength requires an in-depth analysis of the impact of temperature
on the performances of the PV device, which is not the scope of the this paper.
The structures presented in this article have already been tested in a solar-TPV system [31]. If
in addition they confirm high temperature thermal stability, they would be fully validated for
use in TPV applications. Therefore, the work provided by this paper represents a step toward
high-efficiency TPV systems.
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