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Thermophotovoltaics (TPVs) convert predominantly infrared wavelength light to
electricity via the photovoltaic effect, and can enable approaches to energy storage'?
and conversion®™® that use higher temperature heat sources than the turbines that are

ubiquitousin electricity production today. Since the first demonstration of 29%
efficient TPVs (Fig. 1a) using an integrated back surface reflector and a tungsten
emitterat 2,000 °C (ref.'°), TPV fabrication and performance have improved".
However, despite predictions that TPV efficiencies can exceed 50% (refs. ™), the
demonstrated efficiencies are still only as high as 32%, albeit at much lower
temperatures below 1,300 °C (refs. *%). Here we report the fabrication and
measurement of TPV cells with efficiencies of more than 40% and experimentally
demonstrate the efficiency of high-bandgap tandem TPV cells. The TPV cells are
two-junction devices comprising Ill-V materials with bandgaps between 1.0 and 1.4 eV
that are optimized for emitter temperatures 0f 1,900-2,400 °C. The cells exploit the
concept of band-edge spectral filtering to obtain high efficiency, using highly
reflective back surface reflectors to reject unusable sub-bandgap radiation back to the
emitter.A1.4/1.2 eV device reached amaximum efficiency of (41.1+ 1)% operating ata
power density 0f 2.39 W cm™and an emitter temperature of 2,400 °C.A1.2/1.0 eV
devicereached amaximum efficiency of (39.3 + 1)% operating at a power density of

1.8 W cm2and an emitter temperature of 2,127 °C. These cells can be integrated into a
TPV system for thermal energy grid storage to enable dispatchable renewable energy.
This creates a pathway for thermal energy grid storage to reach sufficiently high
efficiency and sufficiently low cost to enable decarbonization of the electricity grid.

Here we report TPV efficiency measurements of more than 40%, deter-
mined by simultaneous measurement of electric power output and heat
dissipation fromthe device by calorimetry. This record experimental
demonstration of TPV efficiency was enabled by (1) the usage of higher
bandgap materialsin combination with emitter temperatures between
1,900and 2,400 °C, (2) high-performance multi-junction architectures
with bandgap tunability enabled by high-quality metamorphic epitaxy®
and (3) theintegration of a highly reflective back surface reflector (BSR)
for band-edge filtering™®.

Thecellsare1.4/1.2 eV and 1.2/1.0 eV tandem devices optimized for
the1,900-2,400 °C emitter temperature range (Fig.1) for the thermal
energy grid storage (TEGS) application*”. TEGSis alow-cost, grid-scale
energy storage technology that uses TPVs to convert heat to electricity
above 2,000 °C, whichisaregimeinaccessible to turbines. Itis abattery
that takes in electricity, converts it to high-temperature heat, stores
the heat and then converts it back to electricity by TPVs on demand.
Although TEGS was initially conceived with a molten silicon storage
medium'® agraphite storage mediumis evenlower cost (US$0.5 perkg),
and the projected capital cost per unit energy (CPE) is less than
US$10 per kWh (ref. ). This cost is so low, it would enable TEGS to
meet the proposed cost targets (<US$20 per kWh) for long-duration
energy storage that would allow renewable energy with storage to be
cost-competitive with fossil fuels?® 22, As a result, the proliferation of

TEGS could ultimately enable abatement of approximately 40% of
global CO, emissions, by decarbonizing the electricity grid (approxi-
mately 25% of emissions) and then enabling CO,-free electricity to
charge vehicles in the transportation sector (approximately 15% of
emissions)®. Reaching a TPV efficiency of 40% is notable, because it
meansthat TEGS, as well asarange of other potential applications, are
now feasible. These applicationsinclude other energy storage technolo-
gies?, natural gas, propane or hydrogen-fuelled power generation®?®,
and high-temperature industrial waste heat recovery (Methods and
Extended DataFig.1).

High-efficiency TPV cells

The efficiency of a TPV cell is defined differently from that of a solar
cell because, unlike a solar cell, a TPV system can preserve and later
convert the energy in sub-bandgap photons. This is because, in the
contextsinwhich TPVis envisioned to be used, the TPV cell has a high
view factor to the emitter. This means that sub-bandgap photons
can be reflected back to the emitter by the TPV cell (Fig. 1b), which
is different from a solar cell and the sun. By reflecting unconverted
photons, the energy of the sub-bandgap light is preserved through
reabsorption by the emitter. The reflected and subsequently reab-
sorbed light helps to keep the emitter hot, thereby minimizing the
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Fig.1|Tandem TPVs. a, History of some TPV efficiencies® with different cell
materials: Ge***° (dark grey), Si'° (yellow), GaSb? (light grey), InGaAs!>1544
(dark blue), InGaAsSb** (light blue) and GaAs™ (orange). The black line shows
the average thermal efficiency of power generationin the United States using a
steam turbine (coal and nuclear)®*¥. Before the year 2000, turbine efficiencies
shownalsoinclude natural gas. b, Energy thatisincidenton the TPVs (P,,.) can
be converted to electricity (P,,,), reflected back to the emitter (P,) or
thermalized because of inefficiencies in the celland back reflector (Q,).

energy input required to heat the emitter. As aresult, the efficiency
of aTPV cellis given by

Fout Fout
Nipy = = (6]
TPV Pout + Qc Pinc - Pref

In equation (1), P, is the electric power generated by the TPV cell
(thatis, P, = V,Js.FF), whereV,_is the open circuit voltage, / is the
short-circuit current and FF is the fill factor of the current-voltage (IV)
curve. The total heat absorbed and generated in the cell is denoted by
Q_ whichismade up of the heat generated by parasiticabsorptionin the
semiconductor or metal reflector, thermalization losses due to excess
incident photon energy, Joule heating losses due to current flow and
non-radiative recombinationlosses. The net energy received by the cell
isequivalentto P, + Q,and can also be expressed as P,,. - B¢, where
P,..istheincidentenergy and P.is thereflected energy. Based onequa-
tion (1), toincrease TPV efficiency, one must increase the power output
P, and/or reduce the amount of heat absorbed and generated in the
cell(Q,). Theefficiency, i1, is the metric we use here because itis the
conventional and generalizable metric used to describe the performance
ofacell-emitter pairindependent of other system-level characteristics™.
The efficiency of a full systeminvolving TPVs may be less than ., due
tosystem-specific losses. However, these system-level losses canbecome
negligiblein the case of TEGS or alarge-scale combustion-based electric-
ity generation system'** (Methods and Extended Data Fig. 1).
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c¢,d, Thel.2/1.0eV(c)and1.4/1.2 eV (d) tandems that were fabricated and
characterizedin this work, and arepresentative spectrum shape at the average
emitter temperature (2,150 °Cblackbody) indicating the spectral bands that
canbe converted to electricity by the top and bottomjunction ofa TPV cell.
Agold mirror onthe back of the cell reflects approximately 93% of the below
bandgap photons, allowing this energy tobe recycled. TJ represents the tunnel
junction.

The high emitter temperatures targeted here for TEGS and other
applications allow higher bandgap cells of at least 1.0 eV to be used
instead of the low-bandgap, InGaAs- or GaSb-based cells tradition-
ally used for TPV. This is key, because the spectrum of light redshifts
towards longer wavelengths as the radiator temperature is lowered,
which is why traditional TPV cells that are paired with emitters of less
than 1,300 °C are typically based on 0.74 eV InGaAs or 0.73 eV GaSb.
Considerable work on low-bandgap semiconductors has been under-
takenwith the envisioned application of converting heat from natural
gas combustion®?, concentrated solar power?, space power applica-
tions®>?*and, more recently, energy storage>?". This pioneering body of
work hasledtotheidentification of three key features that now enable
TPVs to become a competitive option for converting heat to electric-
ity commercially: high-bandgap materials paired with high emitter
temperatures, high-performance multi-junction architectures with
bandgap tunability enabled by high-quality metamorphic epitaxy'®
and theintegration of a high-reflectivity BSR for band-edge filtering™".

With respect to higher bandgaps, they increase efficiency because
thereisanalmost constant penalty onvoltage of around 0.3-0.4 V, due
to the thermodynamic requirements on the radiative recombination
rate®. As aresult, this unavoidable loss penalizes lower bandgap cells
more than higher bandgap cells, because this loss makes up a smaller
fraction of the voltage for higher bandgap materials. Using higher
bandgap materials also needs to be accompanied by operation at higher
temperatures to maintain sufficiently high power density, which scales



MT546 MT671

100
S
80 1.4/1.2 eV =
9 1.2/1.0 eV 2
S 0 8
@ 60 2,150 °C blackbody g
o
: :
8 -
2 40 £
T ]
* o
g
20 :
£
077,000 2,000 3,000 4,000 5000 6,000
Wavelength (nm)
¢ d
MT546
16007
T &
5 1400 —1804°C 5
E —1907°C E
£ 800 —2006°C =
g ‘ 2,195°C &
5 | [0
2 ——2204°C T
o 2400°C §
2 400l % 5
3 3
(&] 1 a
1.4/12 eV
0 0.5 1.0 15 2.0
Voltage (V)

Fig.2| TPV characterization. a, Reflectance of the1.4/1.2eVand1.2/1.0 eV
tandems. The 2,150 °Cblackbody spectrumis shown for reference, whichis the
average emitter temperature inthe TEGS application. b, Internal quantum
efficiency (IQE) ofthe1.4/1.2 eVand1.2/1.0 eV tandems. The EQE isshownin

with the emitter temperature to the fourth power. Operation at high
power density is critical for TPV economics because the cell costs scale
withtheirarea, and if the power generation per unitareaincreases, the
corresponding cost per unit power (CPP) decreases®.

With respect to BSRs, a highly reflective BSR is critical to minimize
Q_. Highly reflective BSRs provide the additional benefit of boosting
open-circuit voltage, because they also improve recycling of lumines-
cent photons generated by radiative recombination®"*, This effect
hasled toregularintegration of BSRs with solar PV cells, which provides
atemplate for their use in TPVs. With these important lessons from
previous work in mind, the cells developed here are 1.2/1.0 eV and
1.4/1.2 eVtwo-junction designsintended for the TEGS application with
emitter temperatures between1,900 and 2,400 °C (ref."). Multi-junction
cellsincrease efficiency over single junctions by reducing hot carrier
thermalization losses and reducing resistive losses by operating at a
lower current density. The cells were based on the inverted metamor-
phic multi-junction architecture pioneered at the National Renewable
Energy Laboratory (NREL)*,

The first cell design uses lattice-mismatched 1.2 eV AlGalnAsand 1.0
eV GalnAstop and bottom junctions, where the lattice mismatch is with
respect tothe crystallographiclattice constant of the GaAs substrate
on which they are grown. The second design uses a lattice-matched
1.4 eV GaAs top cell and a lattice-mismatched 1.2 eV GalnAs bottom
cell, taking advantage of the inherently higher material quality of
lattice-matched epitaxy in the GaAs cell (Fig. 1c, Fig.1d and Extended
DataFig.2). Thelower bandgap1.2/1.0 eV tandem offers the potential
for higher power density than the 1.4/1.2 eV tandem because it con-
verts abroader band of theincident spectrum, and consequently the
requirements on the BSR are less stringent to obtain high efficiency?.
Higher power density can also be a practical engineering advantage.
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Extended DataFig.3.c,d, Currentdensity-voltage curves measured in the
efficiency setup at varying emitter temperatures forthe 1.4/1.2 eV (c) and
1.2/1.0 eV (d) tandems.

Ontheother hand, although the 1.4/1.2 eV tandem has alower power
output, the reduced current density of this bandgap combination
potentially enables higher efficiency than the 1.2/1.0 eV tandem if
resistive losses are anissue.

TPV efficiency measurement results

The TPV cell fabrication, measurement and modelling details are pro-
vided inthe Methods. We refer to the two tandems by their bandgaps:
1.4/1.2 eVand1.2/1.0 eV. Reflectance measurements are shownin Fig. 2a
and internal quantum efficiency is given in Fig. 2b. The sub-bandgap
spectral weighted reflectance for the 2,150 °C blackbody spectrum is
93.0% for the 1.4/1.2 eV tandem and 93.1% for the 1.2/1.0 eV tandem.
The 2,150 °Cblackbody spectrum shape is shown throughout for refer-
ence, because 2,150 °Cis the average emitter temperature inthe TEGS
application and in the measurements. See Extended Data Figs. 4 and
5aforthe measured spectrumandacomparison between the blackbody
spectrum shape and the spectrum under which the cells were charac-
terized. Current density versus voltage measurements were performed
under atungsten halogen bulb emitter and results for arange of emit-
ter temperatures relevant to the TEGS application (approximately
1,900-2,400 °C) are shown in Fig. 2c, 2d. As expected, the 1.2/1.0 eV
tandem had lower voltage but higher current density thanthe1.4/1.2 eV
tandem. The non-monotonic changeinV, at the highest emitter tem-
peratures was because of increasing cell temperature (Extended Data
Fig. 6a) due to the presence of a heat flux sensor (HFS) used for the
efficiency measurement, that undesirably also impeded heat flow.
Figure 3ashows the efficiency measurement at the same range of emit-
ter temperatures, which was accomplished by simultaneously measur-
ingQ andF,,.
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The results for the 1.4/1.2 eV tandem showed increasing efficiency
withincreasing emitter temperature, and the efficiency exceeded 40%
at2,350 °C, whichis within the target range 0f1,900-2,400 °C needed
for the TEGS application. At 2,400 °C, the efficiency was as high as
41.1+1%, whereas the average efficiency between 1,900 and 2,400 °C
was 36.2%. The electrical power density was 2.39 W cm™ at the maxi-
mum emitter temperature of 2,400 °C. Therate ofincrease of efficiency
with temperature slowed at high emitter temperatures duetoareduc-
tionin FF,because of increasing series resistance losses and the dimin-
ishing increase in J,_due to the cell becoming current-limited by the
bottom cell at approximately 2,250 °C.

Theresults forthe1.2/1.0 eV tandem showed greater efficiency than
forthe1.4/1.2 eVtandem at lower emitter temperatures because of its
lower bandgaps. The efficiency of the 1.2/1.0 eV tandem reached a
maximum of 39.3 +1% at 2,127 °C, quite close to 2,150 °C, which is the
temperature at which our device model predicted this bandgap com-
bination would be optimal”. The average efficiency between1,900 and
2,300 °C was 38.2% and the efficiency remained high across a 400 °C
range of emitter temperatures. This is particularly worth noting for
the TEGS application because it indicates consistently high efficiency
can be achieved even as the emitter temperature varies during the
discharging process of the TEGS system. The reduction in efficiency
beyond this temperature was due to the increasing series resistance
losses and the diminishing increase in J . due to the cell becoming
current-limited by the bottom cell at temperatures greater than
2,150 °C. Theelectrical power density was 2.42 W cm 2 at the maximum
emitter temperature measured of 2,279 °C, and it was 1.81W cm 2 at
the maximum efficiency point at the emitter temperature of 2,127 °C.
Comparingthe performance of the two cells across the range of emit-
ter temperatures, they exhibit different characteristics that are advan-
tageous for TEGS. The efficiency of the 1.2/1.0 eV tandem is less
sensitive to changes in emitter temperature, has a higher electrical
power density atagiven emitter temperature and has ahigher efficiency
averaged over the emitter temperatures. However, the1.4/1.2 eVtandem
canreach higher efficiency at the highest emitter temperatures.

Figure 3a also shows model predictions for efficiency and the cor-
responding uncertainty of the model prediction. The good agreement
obtained between the modelled and measured performance supports
and validates the accuracy of the efficiency measurement and of the
calorimetry-based method used to measure efficiency. Inaddition, the

290 | Nature | Vol 604 | 14 April 2022

b MT546 MT671
601
501
S 40
>
&)
5 30f
Q
iy
20¢ ® 1412eVR,
1.4/1.2 eV average
107 ® 1210eVR,
1.2/1.0 eV average
92 93 94 95 96 97 98 99 100
Rsub (%)

reflectance (Ry,,) is extrapolated assuming a W emitter withAR=1and VF =1
anda25°Ccelltemperature (Extended DataFig.5). The solid lines show the
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2,400 °C.The shaded bands show the maximum and minimum efficiencies
within the temperature range. The dots show the present value of R, based on
the measured reflectancein Fig. 2aweighted by the WAR =1, VF =1spectrum.

good agreement indicates that the model canbe extended to extrapo-
late how the performance would change with additionalimprovements
oratother operating conditions. The mostimportant TPV cell property
that could be improved is its spectral-weighted sub-bandgap reflec-
tance, R,,,,. Figure 3b shows how the efficiency would change if R,
could be increased. To extrapolate the results to a real TPV system,
here we assume that the emitter is tungsten (W), as it is in the TEGS
system, and that the area ratio between the emitter and cell is AR =1,
the view factor is VF =1 and the cell temperature is 25 °C (Extended
DataFig.5).Inthis prediction, fora2,200 °Cemitter temperature, the
efficiency of the 1.4/1.2 eV tandem exceeds 50% at R, = 97%. The rea-
sonthisis worth notingis because the present value of R, is consider-
ably lower than what was achieved with the air bridge approach recently
demonstrated by Fan et al.”>. Their work demonstrating a reflectivity
of more than 98% charts a pathway towards further efficiency improve-
ments. Ifthe air bridge approach developed by Fanetal. could be com-
bined with the advancements demonstrated here, it could lead to
efficiencies greater than 56% at 2,250 °C, or greater than 51% averaged
over the1,900-2,400 °C temperature range.

Conclusions

We report two-junction TPV cells with efficiencies of more than 40%
using an emitter with a temperature between 1,900 and 2,400 °C.
Theefficiency ofthe1.4/1.2 eVtandemreaches 41.1 + 1% at 2,400 °C, with
anaverage of 36.2% over the target temperature range. The efficiency
of the 1.2/1.0 eV tandem reaches 39.3 + 1% and varies very little over a
wide temperature range with an average efficiency over the 1,900-
2,300 °Ctemperature range of 38.2%. This high performance is enabled
by the usage of multi-junction cells with bandgaps of at least 1.0 eV,
which are higher bandgaps than have been traditionally used in TPVs.
The higher bandgaps enable the use of higher emitter temperatures,
which correspond to the temperature range of interest for the low-cost
TEGS energy storage technology. This temperature range is also appli-
cable fornaturalgas or hydrogen combustion, and further demonstra-
tion of integrated systems is warranted.

Reaching 40% efficiency with TPVs is notable from the standpoint
thatitnowrenders TPV asaheat engine technology that cancompete
with turbines. An efficiency of 40% is already greater than the average
turbine-based heat engine efficiency in the United States (Fig.1a)** %8,



but what could make TPVs even more attractive than a turbine is the
potential for lower cost (CPP < US$0.25 per W), faster response times,
lower maintenance, ease of integration with external heat sources and
fuel flexibility. This is noteworthy because turbine costs and perfor-
mance have already reached full maturity, so there are limited prospects
for future improvement, as they are at the end of their development
curve. TPVs, onthe other hand, are very early in their progress down a
fundamentally different development curve. Consequently, TPVs have
numerous prospects for both improved efficiency (for example, by
improving reflectivity and lowering series resistance) and lowering cost
(forexample, by reusing substrates and cheaper feedstocks). Thus, the
demonstration of 40% efficiency represents animportant step towards
realizing the potential that can be achieved with increased attention
and funding in the coming years as commercial applications emerge
and become profitable.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41586-022-04473-y.

1. Amy, C., Seyf, H.R., Steiner, M. A., Friedman, D. J. & Henry, A. Thermal energy grid storage
using multi-junction photovoltaics. Energy Environ. Sci. 12, 334-343 (2019).

2. Datas, A., Ramos, A., Marti, A., del Caizo, C. & Luque, A. Ultra high temperature latent
heat energy storage and thermophotovoltaic energy conversion. Energy 107, 542-549
(2016).

3. Fraas, L. M. et al. TPV generators using the radiant tube burner configuration. In 17th
European PV Solar Energy Conference Vol. 26(EUPVSEC, 2001).

4.  Fraas, L. M., Avery, J. E. & Han Xiang, H. Thermophotovoltaics: Heat and electric power
from low bandgap solar cells around gas fired radiant tube burners. In Conference
Record of the Twenty-Ninth IEEE Photovoltaic Specialists Conference 1553-1556
(IEEE, 2002).

5. Yang, W.M., Chua, K. J., Pan, J. F,, Jiang, D. Y. & An, H. Development of
micro-thermophotovoltaic power generator with heat recuperation. Energy Convers.
Manage. 78, 81-87 (2014).

6. lJiang, D., Yang, W. & Tang, A. Development of a high-temperature and high-uniformity
micro planar combustor for thermophotovoltaics application. Energy Convers. Manage.
103, 359-365 (2015).

7.  Chan, W.R. et al. Enabling efficient heat-to-electricity generation at the mesoscale.
Energy Environ. Sci. 10, 1367-1371 (2017).

8. Mustafa, K. F., Abdullah, S., Abdullah, M. Z. & Sopian, K. A review of combustion-driven
thermoelectric (TE) and thermophotovoltaic (TPV) power systems. Renew. Sustain.
Energy Rev. 71, 572-584 (2017).

9.  Gentillon, P. et al. A comprehensive experimental characterisation of a novel porous
media combustion-based thermophotovoltaic system with controlled emission. Appl.
Energy 254, 113721(2019).

10. Swanson, R. M. Recent developments in thermophotovoltaic conversion. In 1980
International Electron Devices Meeting 186-189 (IEEE, 1980).

1. Ganapati, V., Xiao, T. P. & Yablonovitch, E. Ultra-efficient thermophotovoltaics exploiting
spectral filtering by the photovoltaic band-edge. Preprint at https://arxiv.org/abs/1611.
03544 (2016).

12.  Burger, T., Sempere, C., Roy-Layinde, B. & Lenert, A. Present efficiencies and future
opportunities in thermophotovoltaics. Joule 4, 1660-1680 (2020).

13.  Omair, Z. et al. Ultraefficient thermophotovoltaic power conversion by band-edge
spectral filtering. Proc. Natl Acad. Sci. USA 116, 15356-15361 (2019).

14. Narayan, T. C. et al. World record demonstration of >30% thermophotovoltaic conversion
efficiency. In 2020 47th IEEE Photovoltaic Specialists Conference (PVSC) 1792-1795
(IEEE, 2020).

15.  Fan, D. et al. Near-perfect photon utilization in an air-bridge thermophotovoltaic cell.
Nature 586, 237-241(2020).

16. France, R. M. et al. Design flexibility of ultrahigh efficiency four-junction inverted
metamorphic solar cells. IEEE J. Photovolt. 6, 578-583 (2016).

17. Amy, C. et al. Thermal energy grid storage: liquid containment and pumping above
2000°C. Appl. Energy 308, 118081 (2022).

18.  Amy, C., Pishahang, M., Kelsall, C. C., LaPotin, A. & Henry, A. High-temperature pumping
of silicon for thermal energy grid storage. Energy 233, 121105 (2021).

19. Kelsall, C. C., Buznitsky, K. & Henry, A. Technoeconomic analysis of thermal energy grid
storage using graphite and tin. Preprint at https://arxiv.org/abs/2106.07624 (2021).

20. Ziegler, M. S. et al. Storage requirements and costs of shaping renewable energy toward
grid decarbonization. Joule 3, 2134-2153 (2019).

21.  Sepulveda, N. A., Jenkins, J. D., Edington, A., Mallapragada, D. S. & Lester, R. K. The design
space for long-duration energy storage in decarbonized power systems. Nat. Energy 6,
506-516 (2021).

22. Albertus, P., Manser, J. S. & Litzelman, S. Long-duration electricity storage applications,
economics, and technologies. Joule 4, 21-32 (2020).

23. Pachauri, R. K. et al. in Climate Change 2014: Synthesis Report (eds Core Writing Team,
Pachauri, R. K. & Meyer L. A.) (IPCC, 2014).

24. Seyf, H.R. & Henry, A. Thermophotovoltaics: a potential pathway to high efficiency
concentrated solar power. Energy Environ. Sci. 9, 2654-2665 (2016).

25.  Wilt, D., Chubb, D., Wolford, D., Magari, P. & Crowley, C. Thermophotovoltaics for space
power applications. AIP Conf. Proc. 890, 335-345 (2007).

26. Datas, A. & Marti, A. Thermophotovoltaic energy in space applications: review and future
potential. Sol. Energy Mater. Sol. Cells 161, 285-296 (2017).

27. Schulte, K. L. et al. Inverted metamorphic AlGalnAs/GalnAs tandem thermophotovoltaic
cell designed for thermal energy grid storage application. J. Appl. Phys. 128, 143103
(2020).

28. King, R. R. et al. 40% efficient metamorphic GalnP/GalnAs/Ge multijunction solar cells.
Appl. Phys. Lett. 90, 183516 (2007).

29. Henry, A. & Prasher, R. The prospect of high temperature solid state energy conversion
to reduce the cost of concentrated solar power. Energy Environ. Sci. 7,1819-1828
(2014).

30. Kayes, B. M. et al. 27.6% conversion efficiency, a new record for single-junction solar cells
under 1sun illumination. In 2011 37th IEEE Photovoltaic Specialists Conference
000004-000008 (IEEE, 2011).

31.  Steiner, M. A. et al. Optical enhancement of the open-circuit voltage in high quality GaAs
solar cells. J. Appl. Phys. 113,123109 (2013).

32. Geisz, J. F., Steiner, M. A., Garcia, |., Kurtz, S. R. & Friedman, D. J. Enhanced external
radiative efficiency for 20.8% efficient single-junction GalnP solar cells. Appl. Phys. Lett.
103, 041118 (2013).

33. Geisz, J.F. et al. High-efficiency GalnP/GaAs/InGaAs triple-junction solar cells grown
inverted with a metamorphic bottom junction. Appl. Phys. Lett. 91, 023502 (2007).

34. Geisz, J.F. et al. 40.8% efficient inverted triple-junction solar cell with two independently
metamorphic junctions. Appl. Phys. Lett. 93, 123505 (2008).

35. France, R. M., Dimroth, F., Grassman, T. J. &King, R. R. Metamorphic epitaxy for
multijunction solar cells. MRS Bull. 41, 202-209 (2016).

36. US Electricity Generation by Major Energy Source, 1950-2020 Monthly Energy Review,
Table 7.2a (US Energy Information Administration, 2021).

37. Approximate Heat Rates for Electricity, and Heat Content of Electricity Monthly Energy
Review, Table A6 (US Energy Information Administration, 2021).

38. Estimated US Energy Consumption in 2020: 92.9 Quads (LLNL, DOE/EIA MER, 2020).

39. Wedlock, B. D. Thermo-photo-voltaic energy conversion. Proc. IEEE 51, 694-698
(1963).

40. Fernandez, J., Dimroth, F., Oliva, E., Hermle, M. & Bett, A. W. Back-surface optimization of
germanium TPV cells. AIP Conf. Proc. 890, 190-197 (2007).

41.  Siergiej, R. R. et al. 20% efficient InGaAs/InPAs thermophotovoltaic cells. AIP Conf. Proc.
653, 414-423 (2003).

42. Wernsman, B. et al. Greater than 20% radiant heat conversion efficiency of a
thermophotovoltaic radiator/module system using reflective spectral control. IEEE Trans.
Electron Devices 51, 512-515 (2004).

43. Woolf, D. N. et al. High-efficiency thermophotovoltaic energy conversion enabled by a
metamaterial selective emitter. Optica 5, 213-218 (2018).

44. Dashiell, M. W. et al. Quaternary InGaAsSb thermophotovoltaic diodes. IEEE Trans.
Electron Devices 53, 2879-2891(2006).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Nature | Vol 604 | 14 April 2022 | 291


https://doi.org/10.1038/s41586-022-04473-y
https://arxiv.org/abs/1611.03544
https://arxiv.org/abs/1611.03544
https://arxiv.org/abs/2106.07624
http://creativecommons.org/licenses/by/4.0/

Article

Methods

TPV applications

Turbines proliferated because of their high efficiency (25-60%) and
their low CPP generated (US$0.5-1per W). However, as turbines intrin-
sically require moving parts, there are corresponding requirements
on the high-temperature mechanical properties of the materials of
construction, as they are subject to centrifugal loads. Thus, they have
reached their practical limits in terms of cost and efficiency, barring
amaterials discovery that would allow them to operate at substan-
tially higher turbine inlet temperatures than the current values of
approximately 1,500 °C for Brayton cycles and approximately 700 °C
for Rankine cycles®. Solid-state heat engines such as TPVs, which have
nomoving parts, possess an advantage in this sense, enabling operation
at significantly higher temperatures than turbines. TPVs can enable
new approaches to energy storage'? and conversion®’ that use higher
temperature heat sources.

In this section, we highlight two promising applications for
high-bandgap tandem TPVs paired with high-temperature heat sources:
(1) TEGS' and (2) combustion-driven electricity generation. We also
discuss theimportance of TPV efficiency inrelation to the system-level
efficiency metrics relevant to these applications.

TEGS, whichis conceptually illustrated in Extended DataFig. 1a, takes
in electricity, converts it to heat by joule heating, stores the heatin a
bank of large graphite blocks and then converts it back to electricity
through TPVs. The heat is transferred to different parts of the system
using mechanically pumped liquid metal tin* and a graphite infra-
structure, as demonstrated by Amy et al."”'8, The blocks store the heat
and when electricity is desired, the liquid metal retrieves the heat and
deliversittoapower block containing TPV cells that convert light emit-
ted by the hot infrastructure. For a storage system, the primary effi-
ciency metricis the round trip efficiency (RTE) described by the ratio
of the output electrical power (P, ) to the input electrical power P;..
For TEGS, P,,is primarily the electricity supplied to the resistance heat-
ers,butalsoincludesacontribution from pumping power requirements
for the liquid tin heat transfer fluid and the heat exchanger for cell
cooling. The Sankey diagram of the TEGS systemis shownin Extended
DataFig. 1b.

For any system using TPVs, a subsystem efficiency can be defined
astheratio of the electric power output to the energy input to the emit-
ter at steady state, Q,, such that rpy,supsystem = Fou/Q, (Fig.1b and
Extended DataFig.1b). 1py gupsystem May belessthann,, duetoview
factor or convective losses from the emitter or cell, or other heat
losses from the emitter to the environment (Q, s sbsystem)- Therefore,

loss,subsystem )

Qh = (P0Ut/rlTPv) + Qloss,subsystemand N1pv, subsystem = ’YTpv(l - Qn
Assuming no convective loss due to operation in a vacuum and negli-
glble view-factor IOSSES, then ’ITPV,subsystemz ’ITPV if Qloss,subsystem'
whichscales with the outer surface area of the power block, is small as
compared with the energy conversion taking place inside the power
block, which scales with its volume. This can be accomplished by
increasing the scale of the system such that the heated material has a
large volume to surface arearatio, @, and heat losses from the surfaces
can be minimized with proper insulation*, and if the emitter surface
and TPV module have alarge surface area to perimeter ratio such that
the view factor betweenthem approaches one. This canbe the case for
TEGS oralarge-scale combustionsystem, and it is a critically important
aspect of achieving a high value for 75 (oo o (refs. 124y

Toillustrate theimportance of @, Extended Data Fig. 1ashows a sin-
gle unit cell of the TEGS power block, whichis composed of atungsten
cavity emitter heated by pumped liquid tin, emitting to anarray of TPV
cells. The nominal dimensions of the TPV array, L;py, and emitter, L,
are 10 cm and 40 cm, respectively. The area ratio AR = m =4and
the emitter material is tungsten based on previous optlmlzatlon
The graphite pipes, which carry the liquid tin heat transfer fluid and

supply energy to the tungsten emitter surface, are 2 cm in diameter.
Therefore, the side length of one unit cell of the power block is
L i =44cm. We note that although fins on the emitter can be used to
increase the volumetric power density of the system, in this example
we assume no fins are used for simplicity. In this example, we also
assume that the depth dimensions of all components are equivalent,
and that convective losses and view factor losses are negligible.

Heat losses from the exterior surface of the power block to the envi-
ronment can be expressed as Q. upsystem = ATy~ 1), where his the
overall heat transfer coefficient representing losses to the environment.
The value of his dominated by conduction through the graphite insu-
lation such that = k /L, 1ation» Where k is the thermal conductivity of
graphite insulation (k=1 W m™ K" at 2,150 °C) and L;,,qjationiS the insu-
lation thickness. Althoughits thermal conductivity is moderate, graph-
ite insulation is the only economical option for insulating systems
above 1,700 °C (ref.*). Ais the external surface area of the power block,
T,is the average temperature of the power block (2,150 °C) and T...is the
temperature of the environment (25 °C).

Considering asingle unit cell of the dimensions discussed above and
using tungsten spectral properties and an emitter temperature
T,=2,150 °C, our TPV model predicts P, ,=11.4 W per cm?*of cell area
and n,,,~40% for the 1.2/1.0 eV tandem. Considering the entire volume
of the unit cell, this leads to a volumetric electric power density of
240 kW m™3, Assuming that the power block is a cube, Extended Data
Fig. 1 ShOWS ypy ¢ bsystem @S @ function of the side length of the power
block (excluding theinsulation) as well as® for two different graphite
insulation thicknesses. The results show that M1py, subsystem approaches
nN.py for power block length scales of approximately 1 m when the
system is appropriately insulated. The results also indicate that TPVs
are well-suited for large-scale systems, as it is challenging to achieve
high system efficiencies with power block length scales of less than
1m. In characterizing the RTE of TEGS (Extended Data Fig. 1b), other
losses are due to the energy conversion of electricity to heat in the
resistive heaters (<1%) and heat losses from the thermal storage media
(approximately 1% per day), but they can be negligibly small'. Therefore,
the RTE can be dominated by 1.,

Hereitisimportanttonote thataRTE of40-55% asistargetedinthe
TEGS application is low as compared to other options, such as Li-ion
batteries, which have RTEs of more than 70%. However, several studies
have pointed out that to enable full penetration of renewables onto the
grid, aonetotwo order of magnitude decreasein CPEis required, owing
to the need for long storage durations®* 22, It is from this perspective
thatthe RTE canbesacrificed, aslongasitis above approximately 35%
(ref.?), provided it enables accession of much lower cost. Thus, tech-
noeconomic analyses indicate that a technology with a tenfold lower
CPE, yet atwofold lower efficiency as compared with Li-ion batteries,
is still more economically attractive*° 2,

Another promising application for TPVs is electricity generationin
which the heat source is the combustion of fuel> >, The temperature
regime examined here is accessible by combustion of natural gas or
hydrogen, which could be made into an efficient power generation
system by using recuperators made from refractory metals and
oxides*". Extended Data Figure 1d shows amodular combustion-driven
TPV concept. Air enters a recuperator and is preheated by exchanging
heat with the outgoing exhaust. The preheated air mixes with fuel, com-
bustsand transfers heat to the emitter wall, whichirradiates to the TPVs.
Here, the important metric is the first-law thermal efficiency defining
theratio of net work outputto the primary energy input (Extended Data
Fig.1le). The networkoutputis P, . — P, where P, is the electric power
output from the TPVs and P, is the work input for pumping required
forgascirculationandthe TPVliquid cooling. The primary energy input
is the higher heating value of the fuel, Q,,,,,- The combustor modules
are stacked to create an array of length scale of around 1 m (Extended
Data Fig. 1c), the side walls of each module are adiabatic by symmetry
andtheentireblock of modules canbe insulated at the outermost edges.



A TPV panel thatis close and opposite the emitter array has an area to
perimeter ratio thatislarge and minimizes view-factor losses from the
edges. Other heat losses can occur through the exhaust because of an
imperfect recuperator. However, the efficiency at which the chemical
energy in the fuel, Q,,,,, is converted to Q, for TPV systems (that is,
Q,/Qyyv) can be approximately 90% (ref. ).

These two examples (TEGS and combustion-driven electricity gen-
eration)illustrate theimportance of 7., , which dominates system-level
efficiencies for an appropriately designed system at scale. Assuming
that the other losses can be made negligible, our work demonstrates
asolid-state heat engine (terrestrial heat source) with an efficiency
higher than the average heat engine efficiency in the United States,
whichislowerthan35%based on primary energy inputs and electricity
output®, An efficiency of 40% is also higher than most steam cycles,
andisinthe samerange as simple cycle gas turbines*. Thus, 40% rep-
resents a major step forward (Fig. 1a), as this is a type of heat engine
that has the potential to compete with turbines by exhibiting compa-
rable efficiency and potentially even lower CPP, for example less than
$0.25 per W (refs. '**). To properly contextualize why this has
broad-reaching implications, it should be appreciated that over the
last century a range of alternative heat engines, such as thermoelec-
trics*, thermionics®®, TPVs', thermally regenerative electrochemical
systems®', thermoacoustic engines**and Stirling engines®**, have been
developed. All these technologies have some intrinsic advantage(s)
over turbines, such aslow maintenance, no moving parts and/or easier
integration with an external heat source, yet none of them have previ-
ously beenable to compete with the efficiency and CPP of turbines for
large-scale heat to electricity conversion.

TPV cell growth and processing details

Extended Data Figure 2 shows the device structures of the tandem
cells. All materials were grown by atmospheric pressure organome-
tallic vapour phase epitaxy using trimethylgallium, triethylgallium,
trimethylindium, triethylaluminium, dimethylhydrazine, arsine and
phosphine. Diethylzinc and carbon tetrachloride were used as p-type
dopantsources and hydrogen selenide and dislane were used as n-type
dopant sources. Growth took place in a purified hydrogen gas flow of
6 litres per minute. Substrates were n-type (100) GaAs with a 2° offcut
towards the (111)B plane, and all devices were grown in an inverted
configuration. For both types of cells, the substrate was prepared by
first etching in NH,OH:H,0,:H,0 (2:1:10 by volume). The substrate
was then mounted on a graphite susceptor and heated inductively to
700 °C under an arsine overpressure, followed by an approximately
10 min deoxidization under arsine.

Growth of the 1.4/1.2 eV tandem started with a 0.2 um GaAs buffer
and was thenfollowed by a 0.5 pm GalnP etch stop layer. Then, 0.1 pm
of GalnAsN:Se and 0.2 um of GaAs:Se were deposited as the front con-
tact layer. The top cell was grown, starting with a 0.02 pm AlInP win-
dow layer, then a 0.1 GaAs:Se emitter, a 0.1 um undoped GaAs layer,
a2.8 um GaAs:Zn base layer and a 0.12 pm GalnP back surface field
(BSF) layer. Next, an AlGaAs:C/GaAs:Se/AlGaAs:Si quantum well tun-
nel junction was grown, followed by a GalnP compositionally graded
buffer (CGB). The CGB consisted of 0.25 um GalnP steps spanning the
compositional range Ga, 51, 4P to Gag 3,In, P at a rate of 1% strain
per um, with the finallayer being al.0 pm Ga, 3,In, ¢ P strain overshoot
layer. The bottom cell was grown, consisting of a1.0 pm Gag 5, ¢5
Pwindow, a 0.1pm Ga, gsln, ;sAs:Se emitter, a 0.1um Ga, gsIn, ;sAs i-layer,
al.5 umGaggslng sAs:Znbase and a 0.05 pm Ga, 5;In, ¢;P:Zn BSF. Finally,
a0.05 pm Aly,,Gag ¢¢Ing ,As:Zn++back contact layer was grown.

For the 1.2/1.0 eV design?, a 0.2 pum GaAs buffer layer was grown
first, then a GalnP CGB consisting of 0.25 um GalnP steps, spanning
therange Ga, 5,In 4P to Gag oIn, g, P, with the final layersbeing a1.0 pm
Ga, oIng P strain overshoot layer and a 0.9 pm Ga, »,In, ;5P step back
layer lattice matched to the in-plane lattice constant of the Gag ;0In, g;P.
A 0.3 um Ga,,,In, ;0As:Se front contact layer was grown next, followed

by the top cell, starting witha 0.02 pum Ga, ,,In, ;sP:Se window, a1.0 pm
Aly15Gag ssIng 50As:Se emitter, an undoped 0.1 pm Al ;5Ga, ssIng 50AS
i-layer,a2.1 umAl,;5Ga, 5sIny 50As:Znbase and a 0.07 pm Ga, ,,In, ;5P:Zn
BSF. Thenthe tunneljunction, comprisinga 0.2 um Al ;5Ga, ssIng ;0As:Zn
layer, a0.05 pm GaAs, ,,Sb ,:C++layerand a 0.1 pm Ga, »,In, ;sP:Se++
layer, was grown. Finally, the bottom cell was grown, comprising a
0.05 pm Gag »,Ing ,5P:Se window, a 1.5 pm Ga, ;In, 50As:Se emitter, a
0.1 um Gag 50Ing 50As:Zni-layerand a 0.02 um Ga, ,,In, ;5P:Zn BSF. Finally,
a0.05 um Al ,Gag 50Ing30As:Zn++back contact layer was grown.

After growth, an approximately 2-um-thick reflective gold back
contact was electroplated to the exposed back contact layer (the last
semiconductor layer grown). The samples were bonded with low vis-
cosity epoxytoasilicon handle and the substrates were etched awayin
NH,OH:H,0, (1:3 by volume). Gold front grids were electroplated to the
front surfaces through a positive photoresist mask, using a thin layer
of electroplated nickel as anadhesion layer. The grids were nominally
10 pmwide, 100 pmapart and atleast 5 pmthick. The samples were then
isolatedintoindividual devices using standard wet-chemical etchants
and cleaved into single cell chips for characterization. The completed
cellshad mesaareas of 0.8075 cm?, withilluminated areas (discounting
the single busbar but including the grid fingers) of 0.7145 cm?.

Efficiency measurement

Tomeasure the TPV cell efficiency, we seek direct measurement of the
two contributing quantities in equation (1), the power output
Poue= Vol FF and the heat generated in the cell, Q. To test the cells
under awell-controlled and relevant spectrum (emission from tungsten
between 1,900 and 2,400 °C for TEGS), a tungsten halogen lamp was
used incombination witha concentrator. The concentrator consisted
ofasilver-plated elliptical reflector behind the lamp and acompound
parabolic reflector (CPC) obtained from Optiforms that further con-
centrated the light onto the cell. At the base of the CPC, awater-cooled
aluminium aperture plate was suspended above the TPV cell (Extended
DataFig.7). Theareaofthe aperture was 0.312 cm?*and the active area
of the cell was 0.7145 cm?

To keep the TPV cell cool it was mounted on amicrochannel copper
heatsink (M2, Mikros) that was water-cooled. To measureQ,, , aHFS,
model gSKIN XP obtained fromgreenTEG, was placed between the cell
andthe heatsink. Thermally conductive adhesive tape held the HFSin
place on the heat sink, and thermal paste provided thermal contact
betweenthe cell and the HFS. Electrical contact to the cellbus bars was
accomplished using a pair of copper clips, whichwere both electrically
and thermally isolated from the heat sink using a piece of insulation.
A pair of wires was connected to the bottom of each copper clip to
perform afour-wire measurement. The bottom side of the aluminium
aperture plate was shielded with several layers of copper-coated Kap-
ton and aluminium tape acting as a radiation shield to reduce the
radiative transfer between the aperture plate and the TPV cell.

Ad.c. power supply (Magna-Power) provided power to the tungsten
halogen lamp and the voltage was controlled to achieve the desired
emitter temperature. The lamp was rated for 5 kW at 3,200 K, but the
temperature and power were tuned down to the desired emitter tem-
perature by controlling the voltage to the lamp using the power supply.
The emitter temperature was determined by measuring the resistance
ofthe tungsten heating element in the lamp and using published cor-
relations on the temperature dependence of the electrical resistivity
and resistance of tungsten filaments inincandescent lamps®. First, the
coldresistance of the bulb was measured at the point of the bulb junc-
tionand at the point of contact with the power supply to determine the
resistance of the electrical leads to the bulb. The hot bulb resistance
was measured by subtracting the electrical lead resistance from the
total resistance as determined from the voltage and current input to
the d.c. power supply. The heat sink was mounted onto the z-stage to
allow for repeatable control of the TPV cell positioning with respect
tothe aperture, reflectors and lamp.
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The TPV efficiency was measured by taking simultaneous measure-
ments of £, and Q .. The electric power was measured using a source
meter (Keithley 2430) by sourcing the voltage and measuring the cur-
rent density at the maximum power point,and Q was measured using
the HFS beneath the cell. Owing to the temperature-dependent sensi-
tivity of the HFS, the average HFS temperature, T, was needed, which
is taken from the average of the hot- and cold-side temperatures.
The hot-side temperature was measured by a thermocouple placed
underneath thecell. The cold-side temperature was determined itera-
tively using the thermal resistance of the sensor (4.167 K W), the meas-
ured heat flux and the cell temperature. From the calibration certificate
from the manufacturer, the sensitivity S(uV W™m™) is given by
S§=(T,-22.5)0.025+19.98.

Emitter spectrum
The spectrum of the light source was measured using spectrometers
in the visible (Ocean Insight FLAME) and in the near-infrared (NIR)
(Ocean Insight NIRQUEST). The spectrometers were calibrated using
a1,000 W, 3,200 K quartz tungsten halogen bulb with known spectrum
(Newport). Spectrum measurements at several temperatures can be
foundin Extended Data Fig. 4. To extrapolate the measured spectrum
toabroaderwavelength range, the spectrum was modelled by consid-
ering the literature values of the emission of tungsten®®, the filament
material, and transmission of quartz, for the envelope surrounding
the bulb. Quartz transmission was calculated for a 3-mm-thick piece
of quartz using optical constants from the literature®. The filament
consists of tungsten coils with non-zero view factor to themselves.
The coil geometry acts to smooth the spectral emission because light
emitted by the inside of the coil has a high view factor to itself.
Therefore, ageometric factor accounting for this smoothing was used
as afitting parameter to model the spectrum to extend it beyond the
spectrometer measurement range. Extended Data Figure 5a shows a
comparison between the spectrum described by the emission of
tungsten with AR=1and VF =1, ablackbody spectrum shape and the
model, which was found to agree well with the measured spectrum.
Owing to the good agreement, the modelled spectrum was then used
to form the efficiency predictions. We refer to this spectrum as
Erpy(4, T) inthe subsequent sections, where Ais wavelength.
Extended Data Figure 5b shows a comparison between the TPV
modelresults under the lightbulb spectrawith spectra corresponding
to emitter/cell pairs with VF =1, which allows the reflected light to be
recycled (anexample of these systemsis shownin Extended Data Fig.1).
Modelling is shown for a tungsten emitter operating with AR=1and
VF =1, and for a blackbody emitter with VF =1. The results show that
thelightbulb spectra provide acharacterization of TPV efficiency that
is relevant to various higher intensity spectra experienced in TPV
systems.

Effective view factor

To compare the measured TPV cell performance to model predictions,
the effective view factor, VE;, was deduced from J,. which was com-
puted from Osterwald*® and is shown in equations (2) and (3). We used
an NREL-fabricated GaAs cell with measured EQE and a J_ that was
measured at NREL on an XT-10 solar simulator (AM1.5D, 1,000 W m™2)
using asecondary calibration reference cell to set the intensity. Before
an efficiency measurement, the GaAs cell was placed in the setup at
the samelocation as the multi-junction cell using the z-stage. Inequa-
tion (2), jgcp" is the short-circuit current of the GaAs cell measured in
theefficiency setup, J&73%is the short-circuit current of the cell meas-
ured using the XT-10 simulator at NREL, E1py (4, T) isthe spectral emis-
sive power under the measured spectrum in the efficiency setup
(Extended Data Fig. 4) and Eg;734(A) is the AM1.5D spectrum. Both
spectra are in units of W m 2 nm'. We define VE as the ratio of the
actualirradiancein the efficiency setup, EJFv;.....- tothe fullirradiance
for the spectral emissive power at the same test temperature,

fETPV (A, T)dA (equation (3)). The Emitter Spectrum section above
discusses how Erpy (4, T) was determined. Measurements of /I*V were
averaged across the range of emitter temperatures.

TV ZVE, % J&? JEwA, DEQEAA
sc L,000Wm™?  [EgsDEQE()AdA Q)
J Ecsiar
TPV
VFe _ irradiance (3)

T [Erpy(A, TYdA

Vs was then used to form the efficiency model predictions. A use-
ful metric to enable comparisons with other systems is to define an
effective view factorin relation to the blackbody spectrum. Equation (4)
compares the TPV irradiance in our efficiency setup with that of the
Planck distributionblackbody spectrum at the same test temperature.

TPV
VF - irradiance 4
eff,black J"EB (/1’ T) d/1 ( )

Because the shape of Eqpy (4, T) varies slightly with temperature,
VE ¢ black IS0 changes slightly with temperature. Averaged across the
emitter temperatures, for the1.4/1.2 eV tandem VEy 1, =10.07%and
forthe1.2/1.0 eVtandem VE . =10.65%. The differences are due to
slight adjustments made to the setup between measurements of the
two multi-junction cells.

Efficiency validation

Equation (1) for TPV efficiency can also be written in terms of equa-
tion (5), where P, is the irradiance incident on the cell, P is the flux
reflected by the cell, P, , is the above-bandgap irradiance, P, q, iS
thesub-bandgapirradiance, R, is the spectral-weighted above-bandgap
reflectance and R is the spectral-weighted sub-bandgap reflectance?.
The denominator of the efficiency expression represents the net flux
to the cell.

Vocjsc FF
Pine~ Pinc,aRa - Pinc,subRsub

n — Pout — VOC-/sc FF —
TPV R)ut + Qc Pinc - Pref

)]

The measuredV,,, J,.and FF are shown in Extended Data Fig. 8 and
Extended Data Tables1and 2. To model the numerator or electric power
portion of the efficiency expression (Extended Data Fig. 8), we used a
well-established analytical model that takes values extracted from
experiments asinput parameters®. Using a flash simulator with known
spectralirradiance, we first measured the cell performance under care-
fully controlled conditions of known spectrum with the cell tempera-
ture fixed at 25 °C. Using the model, we fit the data satisfactorily over
anirradiance range of several orders of magnitude (shown for the
1.2/1.0 eVtandemin Extended Data Fig. 9a). The fitting was done using
only three parameters: the geongetric averaged dark current for the
twojunctionsinthe formof W, = -* -V, (ref.°) where £, is the bandgap
and W, is the bandgap-voltage offset, the n = 2component of the dark
current and the effective lumped series resistance R, ;... We refer to
these as the cell characteristic parameters.

We then measured the IV performance parameters ( /., V,, FF) of
the deviceasafunction of the ratio of the top to bottomjunction pho-
tocurrents under a continuous 1sun simulator for which the spectral
content canbe varied. Using the measured EQE of the cells (Extended
Data Fig. 3), the photocurrent ratio for a given emitter temperature
can be calculated, and using reference cells®® the simulator was set to
that photocurrentratio for each emitter temperature. With the meas-
ured EQE and the cell characteristic parameters from above, we calcu-
lated the cell performance parameters and compared them to the



measurements (shown for the 1.2/1.0 eV tandem in Extended Data
Fig.9b). The agreement supports the validity of the modelling process
and its ability to correctly predict performance trends under a wide
range of conditions—for bothirradiance and emitter temperature (that
is, spectrum).

The measured spectra (Extended Data Fig. 4) were used along with
the measured EQE to calculate the top and bottom junction photocur-
rents (equation (6)). With those as inputs to the model, and the cell
characteristic parameters determined above, we computed the cell
performance parameters under the actual efficiency measurement
conditions. The cell temperature varies (Extended Data Fig. 6a). This
was accounted for using a well-established model that works especially
well for near-ideal devices, such as IlI-V devices. The model accounts
for the temperature dependence through its effect on the intrinsic
carrier density, and thus the dark current, and the effects of the band-
gap variation with temperature®2, Extended Data Figure 9c shows a
comparison of the computed cell performance for a 25 °C cell and at
the measured cell temperature for the 1.2/1.0 eV tandem.

_g*VEg

= IO EQE)Erpy(A, T)AA (6)

The spectral emissive power, Etpy (A, T) was used to determine P,
based on the emitter temperature, 7, and VE(equation (7)). The reflec-
tance, p(1), was measured on two different instruments owing to the
range of the spectrum. The mid-infrared sub-bandgap reflectance was
measured using a Fourier-transform infrared (FTIR) spectrometer
(NicoletiS50) with an integrating sphere accessory (PIKE Mid-IR Inte-
gratIR). A copper aperture with area approximately 0.35 cm?was used
over thesample port, and the spot encompassed both the celland the
front grids. The above-bandgap and NIR sub-bandgap reflectance was
measured using an ultraviolet-visible-NIR spectrophotometer (Cary
7000) with the diffuse reflectance accessory and with a spot size

approximately 0.4 cm*encompassing the cell and the front grids. P
was then calculated according to equation (8).

Poc=VEire [ Erny (4, D)1 @

Rer= VFeffJ‘O Erpy(A, T)p(1)dA (8)

This approach to modelling the cells was used to predict the cell
performance under the tungsten filament lighting conditions.
The decomposition of reflectance into R, and R, portions (equa-
tion (4)) enabled the subsequent predictions of efficiency at higher
R, showninFig.3b.

Heat transfer considerations
We examined the influence of different parasitic heat flows on the effi-
ciency measurement. A schematic of the different parasitic heat flows
isshownin Extended DataFig. 6b and they are quantified in Extended
Data Fig. 6c. Possible parasitic heat flows, Qparasticc A€ given by equa-
tion (9). A positive value onpamsticwouId acttoincrease the measured
heat flow and reduce the measured efficiency, whereas a negative value
of QIDarastiC would have the opposite effect.
Qparastic = Qcond,clips + Qrad,gain - Qrad,loss - Qconv,loss (9)
For example, the aperture does not block all the light hitting the
electrical Ieads.and'C"psarises owingto conduction fromthe electric
leads into the cell that is cooled by the heat sink, which by design are
thermally stranded from the heat sink using insulation. To quantify
thisvalue, we performed measurements of the heat flow both with and
without the electrical leads attached to the cell. In both cases the cell

wasoperating atV,.to avoid differences in heating due to power being
extracted by the cell. The difference between the two heat flows is
and'cnps. The results show that, at most emitter temperatures, the
heat flow in the presence of the leads is larger than without, because
theleads are thermally stranded while the cellis actively cooled. Thus,
inclusion of such aterm would lead to a higher efficiency than what is
reported.

The next parasitic heat flow is due to radiation from the aperture
platetothe celI,Qm]’gain .Thetemperature of the bottom of the aperture
plate was measured with athermocouple at the different emitter tem-
peratures. Aperture temperatures varied from 43 °C at the lowest emit-
ter temperature to 125 °C at the highest. The view factor between the
aperture plate and the cell, F,, was calculated from their geometry and
spacing. The heat transfer from the aperture to the cell was calculated
using a diffuse grey approximation according to equation 10, where
A, isthearea of the aperture plate and A is the area of the cell.

4 _ 74
U(Tap Tcell

1-écenl + 1

EcelAcell  Aapfac

Qrad,gain= 1-¢&ap (10)

sapAap

The emissivity of the cell weighted by the spectrum at the aperture
temperature is €. (0.15 for the 1.4/1.2 eV tandem and 0.11 for the
1.2/1.0 eV tandem) and the emissivity of the apertureis¢,,~ 0.1.

There is also radiative transfer between the cell and the ambient
environment, Qrad oss’ but this was found to be negligible at the cell
temperature and the calculated view factor between the cell and the
environment. Nonetheless, it wasincluded in the calculation of Q
for completeness.

Another parasitic heat flow is convective heat loss from the cell to
the ambient,

parastic

= hAceII(Tm_ Tcell) (1)

Qconv, loss

where his the convective heat transfer coefficient, and T..is the ambient
temperature. The ambient temperature was measured with athermo-
couple, which was blocked from irradiance by the light source using
several layers of aluminium foil forming a radiation shield. Ambient
temperatures were found to vary between 26 °C at the lowest emitter
temperature and 33 °C at the highest emitter temperature. h was cal-
culated using a Nusselt (Nu) correlation for natural convective heat
transfer from a horizontal plate at the calculated Rayleigh (Ra) num-
ber®. Heat transfer coefficients were calculated at each cell/ambient
temperature, with the average being h=5.8 Wm 2 K™,

Qparasticis asmalland positive quantity at most emitter temperatures.
At lower emitter temperatures it is dominated by and'cnps, whereas
at higher emitter temperatures Qonv loss and Q4 ,.;, become more
important. The potentialimpactofQ_, . .. ontheefficiency measure-
ment is shown in Extended Data Fig. 6d. Overall, Qparastic has asmall
impact on the efficiency because Qparastic is two orders of magnitude
lower thanQ_. Because QParastic is largely derived from modelling and
correlation, we do not include it in the efficiency measurement
reported. In fact, our calculation of Q, ;. largely predicts a higher
efficiency than the measured value, whichindicates reported measured
efficiency could be conservative.

Uncertainty propagation

Uncertainty in the efficiency measurement arises from the measure-
ment of £, and the measurement of Q_ (equation (1)). From the
manufacturer, the calibration accuracy of the HFS is +3%. We include
an additional 10 °C temperature uncertainty in T;, the sensor tem-
perature, which comes from the average temperature rise across the
sensor as calculated from the thermal resistance of the sensor
(4.167 KW™) and the average heat flux passing through the sensor.
Thisleads to an uncertainty of heat absorbed ofBQC =0.0325Q,.From
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the source meter, the voltage measurement uncertainty is 0.03% of
the voltage (B,= (3 x10™*)V) and the current measurement uncer-
tainty is 0.06% of the current (B, = (6 x 10™)/). This leads to an uncer-
tainty in the electric power measurementof g, = /(/x Bv)2 +(Vx B,)Z,
whichisnegligible due to the low uncertainty in voltage and current.
The absolute uncertainty in measured efficiency, B was
calculated as

Ntpy,measure”

2 2

a’ITPV, measure a’ITPV,measure
= Bp| + B,

By measure = ! P 3Q, (12)

The uncertainty in the model prediction primarily arises from the
uncertainty in predicted J (B-/sc ~0.03 »J, ) from the uncertainty of
the EQE measurement of the multi-junction cell, and from the uncer-
tainty of the FTIR reflectance measurement leading to B =~ 0.013.
Propagating these errors through equation (4), the absolute uncer-
tainty in the modelled efficiency, By g WS calculated according
to equation (13) and the model uncertainty is shown by the shaded
regionsin Fig. 3a.

2
anTPV,modeI

R
aRsub sub

a'ZTPV,modeI
a"ISC jSl‘

13)

N1pv,model |

The uncertainty in the emitter temperature measurement was calcu-
lated fromthe variationin resistance of the bulb measured at each emit-
ter temperature and the uncertainty in the temperature dependence
of the resistance from the literature expression that was used, which
isa 0.1% relative error on resistance as a function of temperature®,
Theroot mean square of these two yielded temperature measurement
uncertainties of less than 4 °C, which had anegligible impact on model
uncertainty.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Extended DataFig.1| TPV applications. a) Conceptualillustration of TEGS',
whichtakesin electricity, convertsitto heat viaJoule heating, stores the heatin
insulated graphite blocks, and then uses TPV for conversion of heat to
electricity. A unit cell of the power blockis also shown. B) Sankey diagram
showing the energy flows in the TEGS system at scale and different efficiency
metrics. c) Therelationship between TPV sub-system efficiency and power
block size or volume to surface arearatio, ®, assuming the systemisacube.
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d) Conceptualillustration of acombustion-based electricity generation
system using TPV. The system consists of anall-ceramic recuperator, similar to
aprinted circuit heat exchanger, with the end comprising of acombustion
chamber. Airis preheated by exhaust and then combined with fuel for
combustion near the end facing the TPV. The hot exhaust then delivers heat to
theceramic which radiatesittothe TPV.e) Sankey diagram showing energy
flowsinacombustion-based TPV systematscale.
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used to extend the spectrameasurements to longer wavelengths. The spectral
radiance goestozero>~4500 nmdueto the presence of the quartzenvelope
around the bulb, as quartzis absorbing beyond this wavelength.
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blackbody spectrumshape at the same emitter temperature. The blue curve
shows comparisonto the spectrum described by the literature emission of
tungstenwith AR=1, VF=1. All curves are normalized by their peak to show the
comparisoninspectrashapes. The spectrumshape under which the cellswere
characterized (red curve) is similar to that of ablackbody (gray curve),
particularly above bandgap. Comparison of modeled TPV efficiency under the
spectrumin this work with emitters which couldbeincorporatedintoa TPV
systeminwhichthe AR and VF allow for the reflected light to be recycled.
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Shownisatungsten (W) emitter with AR=1and VF =1aswellasablackbody
emitter (cavity) withVF=1. An example of systems which could have this
geometryisshowninExtended DataFig.1. The W emitter results ina higher
efficiency because the selective emissivity properties of W suppress some of
thebelow-bandgap energy. Additionally, the W emitter causes the peakin
efficiency to shift to lower temperature because the emissivity of W weights
thespectrum towards shorter wavelengths. The blackbody emitter resultsina
lower efficiency because the highirradiance causes alarger penalty of series
resistance loss due to the high current density. The comparison shows that the
efficiency measured under the lightbulb spectrumin this work provides an
appropriate andrelevant characterization for TPV efficiencyinareal TPV
sub-system.Inall cases, the cell temperatureis 25 °C.
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25°C.Amodelwasfittothe datausing the three fitting parameters to
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continuous1sunsimulatorinwhichthespectral content could be varied to

produce photocurrent ratios of the two junctions corresponding to different
emitter temperatures. Cell temperature was fixed at 25 °C. The model was
determined using the cell characteristic parameters which were extracted
from fitting to the dataover awide range of irradiances. The good agreement
suggests thatthemodel canbe used to predictV,, /., FF overawide range of
conditions (irradiance and spectra). c) Modeled cell performance parameters
under the measured spectrashowingacomparisonbetween results fora 25 °C
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Extended Data Table 1| 1.4/1.2-eV measurements of \/,, J,., and FF

Emitter Temperature (°C) Voc (mV) Jsc (mA/cm?) FF (%)
1894 1993.45 + 2.68 319.51+0.19 87.20+ 0.14
1943 2001.50 + 2.84 381.86 £ 0.23 87.10+0.15
1997 2005.95 £ 2.58 456.95+0.27 87.09 +£0.14
2041 2005.31 +£2.86 537.34+0.32 86.34+0.15
2096 2009.89 + 2.69 639.50 £ 0.38 85.68 £ 0.14
2141 2005.02 +2.86 755.95+0.45 85.26 £ 0.14
2195 1993.29 +2.72 933.00 + 0.56 82.97+0.14
2246 1993.43 £2.72 1010.94 + 0.61 82.27+0.13
2294 2000.00 +2.90 1111.07 £ 0.67 83.14+0.14
2350 1988.69 + 2.87 1269.69 + 0.76 82.95+ 014
2400 1980.49 £ 2.77 1485.82 +0.89 82.41 £ 0.14




Extended Data Table 2| 1.2/1.0-eV measurements of \/, ., J,., and FF

Temperature (°C) Voc (mV) Jsc (mA/ecm?) FF (%)
1883 1579.88 +2.13 690.12 £ 0.41 83.61 +0.14
1934 1563.86 + 2.15 804.04 £ 0.48 83.35+0.14
1983 1579.35+2.13 970.44 £ 0.58 82.00+0.13
2026 1574.75+2.13 1101.57 + 0.66 80.81+0.13
2083 1572.30+2.15 1281.05+0.77 80.37+0.13
2127 1570.44 + 2.15 1415.80 + 0.85 81.21+0.13
2178 1562.42 +2.13 1559.57+ 0.94 81.5+0.13
2231 1548.67 +2.17 1748.27 £ 1.05 80.89+£0.13
2279 155422+ 2.13 1918.07 £ 1.15 81.49+0.13
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