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Abstract: The thermal behavior of a thermophotovoltaic system composed of a metallo-
dielectric spectrally selective radiator at high temperature and a GaSb photovoltaic cell in the
far field is investigated. Using a coupled radiative, electrical and thermal model, we highlight
that, without a large conductive-convective heat transfer coefficient applied to the cell, the rise
in temperature of the photovoltaic cell induces dramatic efficiency losses. We then investigate
solutions to mitigate thermal effects, such as radiative cooling or the decrease of the emissivity
or the temperature of the radiator. Without extending the radiating area beyond that of the cell,
gains by radiative cooling are marginal. However, for a given radiator temperature, decreasing its
emissivity is beneficial to conversion efficiency and, in cases of limited conductive-convective
cooling capacities, even leads to larger electrical power outputs. More importantly, for a realistic
radiator structure made of tungsten and hafnium oxide, larger conversion efficiencies are reached
with smaller radiator temperatures because thermal losses and thus needs for cooling are less.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Thermophotovoltaics (TPV) is a promising technology for converting heat into electricity using a
high-temperature radiator emitting thermal radiation toward a low-bandgap photovoltaic (PV)
cell [1]. Several experimental studies assessed the validity of the concept of thermophotovoltaic
energy converters, with increasing efficiencies [2—6], recently reaching promising efficiency
around 29% [7]. During the past years, many studies focused mainly on tailoring the spectral
emission of the radiator [8—18] or the PV cell [19] such that the energy of the emitted photons
are selected with respect to the bandgap of the PV cell, using various geometries and materials.
Later, an emphasis was put on using materials withstanding high temperatures, like tungsten
or molybdenum, such that the radiator is thermally stable and keeps its spectral selectivity at
high-temperature. Thermal stability of some selective radiators was experimentally assessed
[20-26]. If a lot of attention was paid to the spectral heat flux between the thermal radiator and
the cell, the electrical and thermal behaviors of the PV cell were, however, often neglected. In
this paper, we highlight the issue of the increase in temperature of the cell, and its impact on the
performances of the TPV system.

Mostly because of thermalization of high energy photons, absorption of photons with sub-
bandgap energy and recombination of electron-hole pairs inside the PV device, heat sources are
generated in PV cells under illumination. Without a sufficient cooling power, this increase in
temperature can lead to dramatic losses in efficiency, as the performances of the cell decreases
with the cell temperature. These so-called thermal losses are a common issue in standard
solar PV [27], where the incident solar radiative power is of the order of 1 kW.m™2. In TPV,
radiative heat fluxes involved can be orders of magnitude larger. This means thermal losses are
likely to be extremely large, with a dramatic impact on the system efficiency. Studies involving
thermal impacts in TPV devices were primarily focused on the near-field configuration [28,29], a
particular case where radiative heat fluxes between the radiator and the cell are greatly enhanced
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due to the contribution of evanescent waves. In tis case, it was highlighted that maintaining
the cell at ambient temperature requires a conductive-convective heat transfer coefficient of
10* W.m=2.K~!, which is a value far beyond what can be obtained with passive cooling systems.
In another work [30], it was shown that the optimal emission spectrum of a far-field TPV radiator
is dramatically modified if thermal effects are accounted for, since high-energy photons generate
heat via thermalization, and can decrease the performances of the system. In summary, it is
important to account for thermal effects when designing TPV systems.

Cooling the PV cell is a solution for mitigating the thermal losses, but since active cooling
systems use electrical energy, the overall efficiency system would be decreased. Therefore, the
aims of this paper are: (i) to estimate the impact of thermal effects in a realistic TPV system
consisting of a 1D multilayer spectrally selective radiator made of W and HfO, and a p-on-n GaSb
junction. Radiative heat transfer from the emitter to the cell, transport of electrical charges and
recombinations inside the p-n junction and variations of the cell temperature are accounted for in
our simulation model; (ii) to evaluate the needs in terms of cooling to reach acceptable conversion
performances, by considering conductive-convective heat transfer and passive radiative cooling;
(iii) to seek for solutions to mitigate heat sources and decrease the cell temperature, such as
decreasing the thermal emission of the radiator, and analyze the impact of doing so on the system
performances.

2. Modelling of the TPV system

Lateral dimensions are assumed to be much larger than the thickness of the system, such that a
1D-Cartesian modelling is used. Radiative heat transfer between the radiator and the PV cell
is computed within the frame of fluctuational electrodynamics [31,32] in conjunction with the
S-matrix approach [33]. The calculated radiative power absorbed by the PV cell is then used to
compute the local generation rate of electron-hole pairs G within control volumes formed by the
spatially discretization of the PV device [28-30,34]

G(z) = i (ql—") (1)
hw \ Az
z being the variable of space inside the p-n junction,  the absorption coeflicient of GaSb, Az
the size of a control volume, and qg 1 the radiative power absorbed by a control volume. The
subscript IB denotes the interband absorption process.
The local generation rate is required to solve the minority carrier diffusion equations in the
quasi-neutral regions of the p-n junction.

d*An, p(2) _An,p
de Te, h

Dy, +G(2) =0, 2
where the subscripts e and & stand for electrons and holes respectively, An, p is the excess
density of minority carriers (n for electrons and p for holes), D is the diffusion coefficient of
minority carriers, and 7 is the lifetime of minority carriers accounting for radiative, Auger and
Shockley-Read-Hall recombination processes. The width of the depletion Wy, is calculated as

12
2, (11
Woo = | 2V [— + —|| 3
dp [e O(Na+Nd)] 3)

where Vy = (kyT./e) In (NaNd / nlz) is the built-in voltage of the p-n junction at equilibrium, &
is the permittivity of GaSb, n; the intrinsic carrier concentration, N, and N, are the density of
acceptors and donnors in the p and n regions, respectively.
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The boundary conditions required to solve the minority carrier transport equations assume
that there is no excess carrier at the edge of the depletion region. Solving Eq. (2) gives the short
circuit current J. under illumination. To retrieve the dark current Jy,«(V), Eq. (2) is solved
under dark condition (G = 0) for several applied voltages (V) on the PV device. The boundary
conditions are modified to account for the applied voltage, such as the excess density of the
minority carriers at the edges of the depletion region is

ev
An, p = ng, ex . 4
P = 1o, po p(kaC) “4)
Here, ng and pg are the electron and hole density at equilibrium, e the charge of electron, k; the
boltzmann constant and 7, the operating temperature of the PV cell.

The current density-voltage characteristics is then calculated using the superposition principle.

J=Jee = Jdark(v) (5)

The maximum electrical power output Qg at the optimal applied voltage and the efficiency
n= QQ"I‘;C , can eventually be extracted. Here, Oy, is the net radiative power emitted by the radiator,
and also the input power required to maintain the radiator at constant operating temperature 7r,q,
calculated by means of fluctuational electrodynamics. The heat source inside the PV cell Qpeq is

calculated as

Qheal = Qabs - Qelec- (6)

It is worth mentioning that external luminescence is omitted in Eq. (2) since it is usually extremely
small for most current photovoltaic cells [35].

By solving a thermal balance equation between the heat source inside the cell and the cooling
powers of the different mechanisms described in the next section, the operating temperature of the
cell can be calculated. An iterative procedure is applied using updated temperature-dependent
properties of the cell provided by [28] (i.e. the optical properties of GaSb, the intrinsic carrier
concentrations in the p and n regions, the mobilities and diffusion coefficients of the electrons
and holes, and the built-in voltage of the p-n junction) until convergence of the temperature. The
outputs of the simulations are the system efficiency, maximum power-output and cell operating
temperature.

3. Thermal behavior of the GaSb thermophotovoltaic cell

The system under consideration is depicted in Fig. 1(a). A 1D multilayer W-HfO, spectrally
selective radiator (similar to [18]) at 1500 K radiates thermal energy toward a GaSb p-n junction,
grown on a GaSb substrate. The presence of the substrate leads to parasitic sub-bangap absorption,
but in this work it is assumed that a substrate is used to grow high-quality p and n-doped layers.
Therefore, for the sake of realism, it is assumed that 100um of the substrate layer is remaining
after etching. As a first choice, temperature of the radiator could be selected such that the
wavelength of the maximum of the blackbody spectrum at that temperature corresponds to the
bandgap of GaSb at 300 K. However, it was shown that the same type of radiators sometime fails
to reach thermal stability around 1500 K [22,25,26]. Therefore, we select at first a temperature
of 1500 K for the radiator. The thicknesses of the different layers of the radiator are chosen
according to [18], such that spectral selectivity is optimized. At the rear of the junction, a gold
layer is used as a contact and a backside reflector to recycle photons not absorbed by the cell, by
reflecting them back in the cell and eventually to the radiator. Possibly, at the back of the PV
device, a radiative cooler, facing the sky, is used to evacuate heat via thermal radiation. Details
about the radiative cooler are given in the next section.

The optical properties required for the calculations in the range [0.5 um - 30 um] are measured
with ellipsometry for W, HfO,, and taken from [36] for Au. For GaSb, the same model as in
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Fig. 1. (a): Schematic representation of the TPV system under study. (b): Spectral
hemispherical emissivity of the W-HfO, radiator and of the PV device.

[29,34] is used. In Fig. 1(b), the spectral hemispherical emissivity of the selective radiator and of
the PV device are plotted. The designed radiator has high emissivity for photons with energy
above the bandgap of the PV device, and low emissivity for sub-bangap photons, meaning most
of the radiation emitted by the radiator is converted into electron-hole pairs. Using the model
presented in the previous section, the loss in efficiency when the cell temperature increases can
be quantified.

Indeed Fig. 2(a) shows that efficiency decreases linearly with temperature, then saturates when
approaching zero. From the linear part of the curve, the temperature coefficient of the cell, i.e.
the loss of efficiency per Kelvin, can be retrieved by linear regression. A value of 0.34 %.K™!
is found, which is close to what is reported for GaSb cells [27]. To get more insights into the
impact of temperature on the performances of the PV cell, J-V and P-V characteristics are plotted
for different temperatures in Fig. 2(b). It is observed that the short-circuit current increases with
temperature, due to the narrowing of the bandgap which allows collecting more photons, and
also due to a larger absorptivity of GaSb [28]. However, this increase is compensated by a large
drop in open-circuit voltage, which eventually leads to a smaller maximum power output.
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Fig. 2. (a): Loss in efficiency due to thermal losses n(7.)/n(300K) as a function of the
temperature of the PV device. On the linear part, a temperature coefficient of 0.34 %K1
is calculated. (b): J-V and P-V characteristics of the PV cell for different operating cell
temperatures 7. The arrows indicate to which y-axis the curves correspond.
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4. Thermal management of the TPV system with conductive-convective and ra-
diative cooling

Conductive-convective heat transfer is considered for cooling the PV device, and its power Q.. is
calculated as
Oc = he (Tc - TOO) . (7)

h. is the conductive-convective heat transfer coefficient and a parameter in this study, 7 is the
operating cell temperature and T, is the temperature of the cooling fluid (set at 300 K).

The PV device can also evacuate heat via thermal radiation. For efficient cooling, the device
should exchange energy with a body at much lower temperature. In this frame, it is possible to
exploit the transparency regions of earth atmosphere in the infrared. In these spectral windows,
the device can exchange thermal radiation with the cold outer space, leading to efficient cooling.
However, solar radiation has to be reflected by the system in order to avoid heat sources. Surfaces
with low emissivity in the solar spectrum and high emissivity in the infrared are required to
get maximum cooling power. This is the principle of the so-called daytime radiative cooling,
which can be applied to PV cells [37-39]. For TPV devices, we propose to place the radiative
cooler at the rear of the cell, facing the sky. As a structure for radiative cooling, we follow the
framework of [39]: a layer of glass SiO;,, transparent in the solar spectrum and emissive in the
infrared, is used to emit thermal radiation. A silver layer is used to reflect the solar spectrum.
With optical indices measured by ellipsometry for Ag and reflectometry for glass SiO; [40], the
spectral hemispherical emissivity of the radiative cooler is displayed in Fig. 3(a). It is observed
that it has low absorption in the spectral range of solar irradiation, and large emission in the
infrared, and thus leading to good radiative cooling properties. Normalized solar irradiation [41],
blackbody at 300 K and atmosphere transmittance [42] spectra are also plotted for insights. It
is worth noticing that the emissivity of the radiative cooler is not selective in the transparency
windows of earth atmosphere but rather broadband in the infrared. However, since the radiative
cooler is always operating at a temperature larger than the ambient, the net radiative transfer
between the radiative cooler and the atmosphere increases the radiative cooling power. By sing
the optical properties of the radiative cooler, the radiative cooling power is calculated as

Oraa = [ cos (0)dQ cos [ Igp (Te, A) £ (A,6)dA

- [dQcos(9) [ Ies (Tarm. ) £A™ (1,0) £ (4,0) dA — [ Lun (1) dA.
Igp is the blackbody spectral emittance, 0 is the incident angle, € and &A™ gre the spectral
directional emissivities of the radiative cooler and the atmosphere, Iy, is the solar irradiation
power, and Tatyv is the temperature of the atmosphere, set at 300 K in this study. dQ is related
to the integration over the hemisphere. In Eq. (4), the first term corresponds to the radiative
power emitted by the structure, the second to the radiative power emitted by the atmosphere and
absorbed by the radiative cooler, and the last one to the absorbed solar power.

Considering conductive-convective and radiative cooling, efficiency of the system and the
operating cell temperature are calculated as a function of the heat transfer coefficient. Results are
displayed in Fig. 3(b). For values of A, below 100 W.m~2.K~!, due to the extremely large cell
temperature, the efficiency of the TPV system reaches values close to 0. As expected, because of
the large heat flux emitted by the radiator at 1500 K, thermal effect arises as a major issue in TPV.
It is also observed that to maintain the cell at ambient temperature, a heat transfer coefficient
larger than 1000 W.m™2.K™! is required, which is of course far beyond what can be obtained
with natural convection. The impact of radiative cooling can be observed by comparing the
results for the two cases, with and without radiative cooling. At high values of 4., radiative
cooling has no significant impact on the system efficiency, because the conductive-convective
cooling power is much larger than the radiative one [43], if the area of the radiative cooler is not
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Fig. 3. (a): Normalized solar irradiation spectrum, normalized blackbody emission spectrum
at 300 K, spectral emissivity of the radiative cooler and transmittance of earth atmosphere
in the infrared. (b): Efficiency and operating temperature of the PV cell as a function of
the conductive-convective heat transfer coefficient. The cases with and without radiative
cooling are depicted.

much larger than that of the PV cell, like in [39]. When values of 4. get lower, radiative cooling
contributes to decreasing the cell temperature and therefore increasing the system efficiency.
However, this occurs in the regime where efficiency has already dropped significantly from its
value at 300 K. Therefore, radiative cooling is not a suitable solution for decreasing efficiently
the cell temperature in this configuration.

As a summary for this section, to reach acceptable efficiencies, the conductive-convective
heat transfer coefficient has to be of the order of 100 W.m~2.K~!. For example, to mitigate the
thermal losses and reach 90 % of the efficiency at 300 K, %, has to reach around 600 W.m_z.K_l,
which is far beyond what can be obtained with passive conductive-convective cooling systems.
Furthermore, because the thermal sources are so important, passive radiative cooling using only
the area of the PV cell is not efficient to keep the cell at acceptable temperatures. A solution to
tackle this problem is to decrease the thermal emission of the radiator to mitigate heat sources
inside the PV cell. This is investigated in the next section.

5. Mitigating the heat source in the PV cell by decreasing the radiator thermal
emission

5.1. Decreasing the spectral emissivity of the radiator

To tackle the problem of the increase in temperature of the PV cell, one solution can be to
decrease the radiator emissive power. The first way to do so is to reduce the emissivity of the
thermal radiator. In the following, we consider a selective radiator at 1500 K with no emission for
photon energies below the bandgap of the PV cell, and a constant emissivity for photon energies
above. In Fig. 4(a), efficiency is depicted as a function of &, for different emissivities of the
thermal radiator. It is observed that decreasing thermal emission mitigates the drop in efficiency
for low values of A.. This is due to the fact that the heat source in the PV cell follows the radiator
emissive power drop, thus leading to a smaller cell operating temperature. As for power output
(Fig. 4(b)), when h, is large, decreasing emission results in a drop of energy yield by the PV
device, since less photons are absorbed. However, when &, decreases, a regime appears where a
radiator with low emission produces a larger power output than a radiator with large emission,
due to the mitigation of the thermal losses.
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Fig. 4. Performances of the TPV system for a fictitious selective radiator at 1500 K with
different emissivities for photon energies above the bandgap as a function of the heat transfer
coeflicient. (a): Efficiency. (b): Maximum power output. (c): Efficiency gain with radiative
cooling as a function of the conductive-convective heat transfer coeflicient.

In Fig. 4(c), the gain in efficiency thanks to radiative cooling, i.e. the difference between
the efficiency with and without radiative cooling, is depicted as a function of the heat transfer
coefficient for different emissivities of the radiator. It is observed that the gain in efficiency
reaches a maximum for a given value of 4.. When emission of the radiator decreases, thermal
effects become less important at low 4., and the peak in radiative cooling efficiency gain tends to
increase and shifts toward low values of /.. As a result, decreasing emission of the TPV radiator
allows radiative cooling to be more effective on the TPV system performances, and for values of
conductive-convective heat transfer coefficient corresponding to passive natural convection. In
summary, decreasing emission is beneficial to the efficiency of the TPV system when the heat
transfer coefficient is low. It allows radiative cooling the be efficient and to mitigate thermal
losses, resulting in a gain in efficiency, and possibly leading to a gain in energy yield by the PV
cell despite the decrease of the radiation power incident on the PV device. However, this solution
requires a new design of a thermally stable spectrally selective radiator.

5.2. Decreasing the radiator temperature

Another solution to decrease heat sources is to decrease the radiator temperature. However,
doing so leads to a shift of the blackbody spectrum toward low photon energies. This means
that a smaller part of the blackbody spectrum is located in the spectral range where photons
have sufficient energy to produce electron-hole pairs, leading to smaller radiative efficiencies.
However, as thermal radiation emission scales with the fourth power of temperature, reducing
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temperature of the radiator can greatly decrease thermal losses, leading to an increase of the
efficiency. In Fig. 5(a), the efficiency of the TPV system is plotted as a function of the radiator
temperature for several conductive-convective heat transfer coefficients. When the cell is slightly
cooled (h, = 50 W.m_2.K_1), decreasing the radiator temperature leads to an increase of the
efficiency due to mitigation of thermal losses. When h. = 300 W.m 2.K~!, thermal losses
are already mitigated by the cooling system and the efficiency decreases due to the blackbody
spectrum shift. For i, = 200 W.m2.K™!, there is a trade-off between the two phenomena,
leading to a local maximum for a given radiator temperature T;,q. In summary, decreasing the
radiator temperature can have a positive impact on the efficiency if the cooling power is not
sufficient. The fact that high temperature is not a mandatory condition for reaching the highest
efficiencies in TPV systems can mitigate the constraint of thermal stability. Moreover, it is worth
mentioning that in our study, the charge transport problem was solved in 1D without accounting
for lateral resistance losses. At high illumination levels, these losses can be large because they are
proportional to the square of the electrical current [44]. Therefore, it would mean that decreasing
the thermal radiation emission of the radiator would be even more beneficial. Another advantage
of decreasing the radiator temperature is that it reduces the amount of input power Q;, required
to maintain the radiator at a constant operating temperature. This depicted in Fig. 5(b), where
the input power is plotted as a function of the radiator temperature. Between 1500 and 1300 K,
Oin is decreased by a factor 2, while the electrical power output Qclec gets larger in some cases.
In practice, it would be easier to maintain the radiator at a constant operating temperature, and
therefore the TPV system would cover a larger range of applications.
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Fig. 5. (a): Efficiency of the TPV system as a fonction of radiator temperature Ty,q for
different values of 4. (b): Input power Qj, (black curve) and electrical power of the PV cell
QOelec (colored curves) as a function of the radiator temperature T;aq.

6. Conclusions

We have performed simulations of a TPV system composed of a selective radiator at high
temperature and a GaSb PV cell. Radiative transfer from the emitter to the PV cell, transport
of electrical charges inside the GaSb p-on-n junction and the operating temperature of the PV
device have been accounted for. We have shown that thermal effects inside the PV cell arise as a
major issue, leading to extremely low performances of the system if the conductive-convective
heat transfer coefficient applied to the device is not sufficiently large. To reach the optimal
efficiency, conductive-convective heat transfer coefficients corresponding to active cooling must
be considered. Because active cooling systems consume energy, it would decrease the efficiency
of the overall system. Passive radiative cooling cannot significantly improve the efficiency if the
heat sources inside the PV cell are too large, which is the case for a W-HfO, radiator at 1500 K.
Decreasing the radiator emission is a suitable solution to mitigate heat sources inside the PV
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device: it allows radiative cooling to be effective, and increase the performances of the PV cell
by mitigating thermal effects. Eventually, decreasing the radiator temperature can be a solution.
It is worth mentioning that it would also simplify the problem of thermal stability of the radiator,
since metallo-dielectric structures have been reported to degrade at temperature around 1500 K
[25,26]. Furthermore, in a real system, maintaining a radiator with low emission at its operating
temperature would require a less important thermal power source, which would make the TPV
system operative for a wider range of applications. Eventually, by assessing that even a TPV
device with a designed optimal radiator can have low efficiency, we have shown that the design
of a TPV system should be performed by considering the optical properties of both the radiator
and the PV cell, the electrical and thermal behaviors of the PV device. This work is therefore a
guideline for the design of realistic full TPV systems with high efficiency.
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