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Abstract. Class-leading 2-junction (2J) thermophotovoltaic (TPV) cells have been developed with
thermophotovoltaic efficiency exceeding 40%. However, these devices have sub-optimal power density because
the subcell bandgaps are not matched to the emitter spectrum. Although efficiency is important, power density
is also an important metric to gauge TPV cell performance; the greater the power density, the less total area of
TPV cells that are needed to satisfy a given power generation target. To quantify the relevance of power density,
spectrum-matched 1.04,/0.78,/0.62/0.48/0.36 ¢V 5-junction (5J) TPV cells have the potential to be 3.5 times
more power dense than state-of-the-art, yet spectrum-mismatched, 1.4/1.2 eV 2J TPV cells when irradiated by a
2400 °C emitter. The proposed 5J TPV cells also have the potential to exceed 40% standard power conversion

efficiency.

Keywords: power density / spectrum matching / thermophotovoltaic cell

1 Introduction

Photovoltaic (PV) cells convert absorbed radiation into
direct current electricity [1]. A PV cell may generate power
from the absorption of sunlight; in this case the device is
known as a solar cell. A PV cell may also generate power
from the absorption of non-solar thermal radiation; in this
case the PV cell is known as a thermophotovoltaic (TPV)
cell. Additionally, a PV cell may generate power from the
absorption of non-thermal radiation (i.e., cold light) such
as luminescence from a light-emitting diode (LED) or laser.
In fact, PV cells (including multi-junction designs) that
absorb laser light are referred to as Optical Power
Converters (OPCs) or more specifically Laser Power
Converters (LPCs) [2]. A useful goal with any type of
photovoltaic device is to generate maximum power because
PV cells are power conversion devices. So, the power
conversion efficiency of PV cells, including TPV cells, may
be directly correlated with power output as per the
expression n= P/ Pine, where P, is the electric power
density output by the cell and P, is the incident power
density (also known as the irradiance).

In 2022, a metamorphic (lattice-mismatched) 2-junction
(2J) TPV cell with 1.4eV GaAs and 1.2 eV GalnAs subcells
was reported by LaPotin et al. with class-leading thermo-
photovoltaic efficiency of 41.1% when irradiated by a tungsten
halogen bulb emitter at 2400 °C [3]. LaPotin et al. determined
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the efficiency of their TPV cell from the formula given by
NPV = Powt/(Pie — Pret), Where P is the reflected power
density due to reflection of unabsorbed photons, including
sub-bandgap photons [3]. Quoting LaPotin et al., the reason
for including P, in the equation for TPV cell efficiency is as
follows: “By reflecting unconverted photons, the energy of the
sub-bandgap light is preserved through reabsorption by the
emitter. The reflected and subsequently reabsorbed light
helps to keep the emitter hot, thereby minimizing the energy
input required to heat the emitter” [3]. See the Appendix and
also references [4,5] for more information about thermopho-
tovoltaic efficiency.

Maximum power conversion, instead of majority
photon reflection, from the TPV cells may be desired. In
other words, one possible goal is to absorb as much of the
incident radiation as possible in the TPV cells and then
convert the absorbed radiation as efficiently as possible
into electricity (i.e., maximize P, for a given Py, within
thermodynamic limits). With this in mind, 7sandara = Pout/
Py, is referred to as the standard efficiency whereas
Ntev = Pout/(Pime — Pret) is referred to as the thermopho-
tovoltaic efficiency in this paper.

2 Analysis and discussion

As shown in Table 1, LaPotin et al. reported P, =
2.39Wecem™? for the 1.4/1.2eV TPV cell [3], whereas
Ppe=291Wem 2 and P = 23.28 Wem ™2 While the
thermophotovoltaic efficiency is 41.1%, the standard
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Table 1. State-of-the-art 2J TPV cell performance data (2400 °C emitter).

Eg Pinc Pref Pout ntpv Nstandard
eV W cm 2 W cm 2 W cm 2 % %
1.4/1.2 29.1 23.28 2.39 41.1 8.2
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Fig. 1. (a) Detailed balance-limiting power density and (b) efficiency of an ideal 1J TPV cell as a function of bandgap energy.

efficiency is 8.2%. Most of the incident power is reflected
rather than absorbed for conversion into electricity. In
particular, P, is 80% of Pj,..

It may be helpful to consider the direct correlation
between the power output of a TPV cell and its efficiency.
Within thermodynamic constraints, maximum power
generation is a beneficial goal. As such, power output
and efficiency are directly correlated. Designing a TPV
system so that 80% of the radiation is emitted and reflected
continuously back and forth between a hot emitter and a
cool TPV cell may not help in the endeavor to generate
maximum power output.

To reinforce this point for illustrative purposes, the
detailed balance-limiting [6] output power density and
power conversion efficiency of a single-junction (1J) TPV
cell are shown in Figure 1. The emitter spectrum
wavelength range (Aange), emitter emissivity (&emitter),
and solid angle (i angle) Were chosen so as to give
Pne=291Wem ™2 for a 2400°C gray body emitter.
Although LaPotin et al. did not report the spectral
emissivity of their specific tungsten emitter, for modeling
purposes a fixed emissivity of 0.335 is assumed for tungsten
[7], noting that emissivity is a function of temperature,
wavelength, surface roughness, oxidation, etc. When a
multi-junction TPV cell has minimal grid contact coverage
and a high-quality broadband antireflection coating, the
majority of P, may be related to the longer wavelength
photons with energy less than the bottom subcell bandgap.
For the 1.4/1.2eV 2J device presented by LaPotin et al.,
this means sub-bandgap photons with wavelengths ranging
from ~ 1-4.5 pm. At 2400 °C, the emissivity of tungsten is
< 0.335 for wavelengths between ~ 2 and 4.5 pm [7]. A long

wavelength cutoff of 4.5 pm for the emitter spectrum was
chosen because LaPotin et al. reported: “The spectral
radiance goes to zero > ~ 4500 nm due to the presence of
the quartz envelope around the bulb, as quartz is
absorbing beyond this wavelength” [3]. Finally, 1 sr is
assumed as a representative solid angle subtended by the
emitter with relation to the placement of the TPV cell.
LaPotin et al. did not report the solid angle. Their
experimental setup involved a tungsten halogen bulb
emitter located in an ellipsoidal reflector. Emitted
radiation was collected in a compound parabolic reflector
and then gassed through a water-cooled aperture (area of
0.312 c¢m?®) before irradiating their TPV cell with mesa
area of 0.8075 cm? and illuminated area, discounting the
busbar, of 0.7145 cm? [3].

The detailed balance condition represents the ideal
radiative limit and does not include losses such as
nonradiative recombination. A 1J TPV cell, rather than
a 2J TPV cell, is used for simplicity to show the general
trends in power output and efficiency. Although a large
bandgap TPV cell (e.g., a 1.88eV GalnP cell) with a
backside mirror would have large sub-bandgap reflected
power density due to the fact that only a small fraction of
the radiation from the 2400 °C emitter would be absorbed,
it would also have small output power density and thus
small standard efficiency. Or, stated another way, if the
goal is to achieve a large nrpy, then a 1.88eV GalnP 1J cell
with a backside mirror would be a simpler option than a
1.4/1.2eV GaAs/GalnAs 2J TPV cell. In contrast, as an
alternative approach, it may be useful to develop TPV cells
with large output power density which will also result in
large standard efficiency.
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Table 2. Detailed balance-limiting power density and standard efficiency of series-connected 2J and 5J TPV cells

irradiated by a 2400 °C emitter.

junctions Eg Jsc Vvo(z Vm Jm Pout Pin(: Nstandard 0-75nstandard
TPV cell eV Acmn? V \Y% Acm?  Wem? Wem? % %
2J 1.4 2.20 1.249 1.148 2.152
1.2 2.22 1.057 0.961 2.162
sum Vm min Jm Jm X Vm P()ut / Pin(:
2.109 2.152 4.54 29.1 15.6 11.7
5J 1.04  6.90 0.935 0.842 6.696
0.78  6.90 0.692 0.607 6.620
0.62  6.90 0.537  0.458 6.533
0.48 6.90 0.415 0.342 6.418
0.36 7.10 0.308  0.242 6.419
suim va min Jm Jm X ‘/m Pout / Pinc
2.491 6.418 15.99 29.1 54.9 41.2

Modeling parameters: P;,.=29.1 Wem™

2-, Tnmittcr — 2400 Ocy chll - 25 Ocy )“rango — 01745 I, Eemitter — 0335 (au )‘)a Qsolid angle — 1sr

E, is bandgap energy, J. is short circuit current density, V.. is open circuit voltage, V,, is max power point voltage, J,, is max power

point current density.

The following question may arise: is it possible to
develop power dense TPV cells with>40% standard
efficiency? To answer this question, the benchmark 1.4/
1.2eV 2J TPV cell design from LaPotin et al. [3] is
compared with a 5-junction (5J) TPV cell as shown in
Table 2. We focus directly on a 5J architecture in order to
bypass 1J — 4J TPV cells, targeting achievable standard
efficiencies, after losses, of 40% or greater. For context, note
that the highest efficiency (38.8%) 1-Sun solar PV cell with
area >1cm”isa 2.17/1.68/1.40/1.06/0.73 eV 5J III-V cell.
A 2.15/1.72/1.41/1.17/0.96/0.70eV inverted metamor-
phic 6-junction (6J) III-V concentrator solar PV cell
(~0.1 cm” area) has reached 47.1% efficiency at an intensity
of 143 Suns [8]. Therefore, in our view, it is not overly
ambitious to focus efforts on developing power dense,
efficient, and spectrum-matched 5J (or 6J) III-V TPV cells.
The use of five (or six) series-connected junctions will also
help to keep current densities manageable, resulting in less
loss due to Joule heating (described by the expression PR,
where [ is electric current and R is electrical resistance).

As a baseline, 75% of the detailed balance-limiting
efficiency has been achieved in III-V multi-junction
photovoltaic cells, including lattice-mismatched (meta-
morphic) epitaxial lift-off (ELO) devices [9]. So, 75% of the
detailed balance limit is assumed as a reasonable efficiency
target. Although a 1.4/1.2eV 2J TPV cell might be able to
achieve standard efficiency of ~12% and up to ~ 16% for a
perfect cell, a 5J TPV cell might be able to achieve
standard efficiency of ~41% and up to ~55% for a perfect
cell. Notice from Table 2 that the detailed balance-limiting
standard efficiency of a 1.4/1.2eV 2J TPV cell, ~16%, is
less than half that of a 0.5eV 1J TPV cell, ~ 34%, as shown
in Figure 1. This is an indication that if the bandgaps do
not match the spectrum, the standard efficiency and power

output of a spectrum-mismatched 2J cell can be less than a
spectrum-matched 1J cell.

The 5J TPV devices discussed here, and shown
schematically in Figure 2, are intended as a case study
to emphasize that spectrum matching is important in order
to achieve power dense and efficient TPV cells. The
maximum output power density (P,,) and maximum
standard efficiency (9standara) of the modeled 1.04/0.78/
0.62/0.48/0.36eV 5J cell are 3.5x greater than the
modeled 1.4/1.2eV 2J cell.

Note that the max power point current density (J,, ~
6.4 A cm?) of the 5] TPV cell discussed here is less than
the max power point current density (J, ~ 7.5 A cm™?) of
commercially available GalnP /GalnAs/Ge 3-junction (3J)
concentrator solar photovoltaic cells operating under 500
Suns concentration [10]. Thus, grid metal contact
technologies have already been optimized for handling
this amount of current density in photovoltaic devices with
minimal degradation in fill factor (FF). For context
regarding achievable open circuit voltage (V,.) with
Ga,In; ,As compounds, note that the following V, values
have been achieved in laser power converters (LPCs): 0.8V
for metamorphic 1J GalnAs LPCs designed to absorb
1064 nm laser light [11] and 5.5V for lattice-matched (to
InP) GalnAs 10-junction LPCs designed to absorb 1470 nm
laser light (note that all 10 junctions are constructed from
the same lattice-matched GalnAs alloy) [12].

The III-V alloy composition values shown in Figure 2
were determined from published semiconductor alloy
properties [13]. Subcell “base” layers fabricated from direct
bandgap III-V semiconductors are typically ~2-3 pm
thick. The thickness depends on the absorption coefficient
and subcell current density matching (noting that the
bottom subcell may be slightly current rich). Subcell
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Fig. 2. (a) Metamorphic and (b) lattice-matched series-connected 5J TPV cells (simplified view, not-to-scale, “T'J”is tunnel junction).

“emitter” layers are typically ~50-100nm thick whereas
“window” layers are typically ~20-30nm thick and “back
surface field” layers are typically ~50-100 nm thick. Step-
graded metamorphic “buffer” layers are typically ~2-3 pm
thick. Tunnel junctions could include AlGalnAs and
AlGaAsSb compounds. The 5J cells could be epitaxially
grown on commercially available InAs substrates. Note
that the Al,Ga, ,As,Sb,_,and Ga,In, ,As,Sb;_, quaternary
alloy compositions are estimated values [13]. Also note that
Ga,In; ,As,Sby_, alloys have an immiscibility range de-
scribed by 0.24 < z < 0.75 [13].

Overall, for a given TPV system, the emitter spectrum
would need to be known and then this would be used to
determine the optimal subcell bandgaps. When compared
to solar PV cells which are typically designed for either the
terrestrial AM1.5G or AM1.5D spectra or the extraterres-
trial AMO spectrum, the design of TPV cells is more
variable due to system-specific emitter temperature and
spectral emissivity. More to the point, actual power density
and efficiency of a given TPV cell is a function of the
temperature and spectral emissivity of the emitter, choice
of subcell bandgaps, how close the cell is located to the
emitter, temperature of the cell, and quality of the cell
which is related to the extent of losses due to nonradiative
recombination, parasitic absorption, series resistance, and
external reflection from the top grid contact electrodes as
well as from the cell when taking into account that
antireflection coatings are not perfect.

3 Summary

TPV cells, like solar cells, are power conversion devices.
A relevant goal for photovoltaic cells, including TPV cells,
is to maximize the power density (W cm™?) while using the
least amount of material to construct the cells. Therefore,
power density is an important performance metric for TPV
cells. The greater the power density, the smaller the total
area of cells and modules that will be required to fulfill a
given power generation target. Spectrum matching enables
optimal power density. One possible way to achieve large
power density is to develop spectrum-matched 5J TPV
cells. For example, spectrum-matched 1.04/0.78/0.62/
0.48/0.36eV 5J TPV cells have the potential to be 3.5x
more power dense when compared to state-of-the-art 1.4/
1.2eV 2] TPV cells irradiated by a 2400 °C emitter.
Furthermore, these 5J TPV cells also have the potential to
exceed 40% standard photovoltaic power conversion
efficiency.

The author thanks D.J. Friedman (NREL) for providing the Pj,..
value corresponding to the 1.4/1.2eV 2J TPV cell reported in
reference [3]. No funding was received for this work.
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Appendix: Thermophotovoltaic efficiency
definition

LaPotin et al. described the efficiency of their TPV cell,
eV = Pout/ (Pine — Pref), as follows: “The efficiency, nrpy,
is the metric we use here because it is the conventional and
generalizable metric used to describe the performance of a
cell-emitter pair independent of other system-level char-
acteristics” [3]. Note that in reference to the definition of
ntpv, LaPotin et al. cited a review paper, by Burger et al.,
that defines TPV “sub-system efficiency” as nrpy = Poyui/
@n where @, is “the heat flow out of the emitter surface” and
TPV “pairwise efficiency” as Npairwise= Pout/ Qabs Where
Qaps 1s “the heat absorbed by the cell” [14]. Burger et al.
state: “We note that npairwise is equivalent to nppy in the
case of an ideal, lossless cavity (Quns= Qn)” [14].
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