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Abstract 

Solar thermophotovoltaic devices have the potential to enhance the performance of solar energy harvesting 

by converting broadband sunlight to narrow-band thermal radiation tuned for a photovoltaic cell. A direct 

comparison of the operation of a photovoltaic with and without a spectral converter is the most critical 

indicator of the promise of this technology. Here, we demonstrate enhanced device performance through the 

suppression of 80% of unconvertible photons by pairing a one-dimensional photonic crystal selective emitter 

with a tandem plasma-interference optical filter. We measured a solar-to-electrical conversion rate of 6.8%, 

exceeding the performance of the photovoltaic cell alone. Meanwhile, the device operates more efficiently 

while reducing the heat generation rates in the photovoltaic cell by a factor of two at matching output power 

densities. We determined the theoretical limits, and discuss the implications of surpassing the Shockley-

Queisser limit. Improving the performance of an unaltered photovoltaic cell provides an important 

framework for the design of high-efficiency solar energy converters. 
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Introduction 

Since a photovoltaic device (PV) can only generate electrical power when illuminated by photons 

with higher energy than the electronic bandgap of the material (Ephoton > Eg), the broad spectral 

nature of sunlight gives rise to the well-known Shockley-Queisser efficiency limit
1
.  One method of 

getting beyond this limit is to alter the incident photon spectrum via a spectral converter.  

Luminescence is a common strategy to achieve this photon conversion
2,3

 and demonstrations have 

successfully taken advantage of energy transitions within various materials
4–7

. Device level system 

efficiencies have not yet been reported
8
, however, due to the substantial challenges associated with 

parasitic self-absorption
9
, strong reflections induced at the spectral converter/vacuum interface

10
, 

and fabrication of an integrated quantum converter within a solar cell architecture
2
.   

To bypass these challenges and enable greater functionality, we have been investigating solar 

thermophotovoltaic converters (STPVs, Figure 1a). In this approach, the absorption of sunlight and 

subsequent re-emission of electromagnetic radiation is achieved via tuned thermal emission from 

nanophotonic structures. The entire incident photon spectrum is harnessed through a broadband, 

index-matched thermalization process by a high temperature (>1000°C) absorber. This induces 

thermal excitations within the emitter structure, creating a thermal emission spectrum which 

generates free electrons that are localized to the conduction band edge in the PV (Figure 1b).  When 

coupled with strong suppression of sub-bandgap photon emission, high efficiency is attained by 

means of the spectral shift, while absorbed photon thermalization in the PV cell is reduced and 

excessive heat generation rates can be eliminated.  This effect could enable passive cooling of the 

PV despite the device typically being under high solar concentration (>100 suns).  Additionally, as 

a thermal engine, STPVs allow for the integration of auxiliary heating
11

 and thermal energy 

storage
12

 for continuous operation, the most appealing feature of STPVs relative to other spectral 
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converters. Thus, STPVs have been a particularly attractive technology since they address the 

common power generation concerns of efficiency, waste heat management, and dispatchability.  

Recently, a variety of photonic designs exhibiting spectral control of either reflection
13

 or high 

temperature thermal emission
14–17

 have been proposed, fabricated, and integrated into STPVs
18–21

 

for proof-of-concept demonstrations. Shimizu et al.
21,22

 created a multi-layer coating consisting of 

thin-film tungsten which was sandwiched by yttria-stabilized zirconia for both the absorber and 

emitter surfaces. With this material set, they reported an efficiency of ~8%, however, their actual 

experimental efficiency is estimated to be ~0.5% given their reported view factors. Recent work 

from Ungaro et al.
18

 developed a relatively simple fabrication technique to create microtextured 

absorber/emitter components. They estimated an efficiency of 6.2% using PV fill factors from a 

different operating point than their thermal demonstration.  In addition, their device was tested 

under laser illumination, which does not capture the STPV spectral conversion process (i.e., the 

narrowing of a broadband source). While these results show progress in STPVs, a direct 

comparison of these devices with their underlying PV is lacking and therefore enhanced 

performance due to an altered spectrum has not been shown. Here, we successfully pair a tandem 

plasma-interference optical filter with a one-dimensional Si/SiO2 photonic crystal thermal emitter to 

show spectral enhancement in a STPV device. Our theoretical and experimental results indicate that 

with the addition of this three-component (absorber-emitter-filter) thermally-based spectral 

converter, the overall device can exceed the efficiency of the underlying PV, with demonstrated 

STPV device conversion rates of 6.8%.  In addition, we show reduced waste heat generation in the 

PV by a factor of two while maintaining the same output power density. This work is an important 

step towards realizing a solar driven power generator capable of producing electricity with a single 

junction PV cell at efficiencies exceeding the Shockley-Queisser limit. 
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Figure 1 | Operating principle of STPVs and comparison to solar PVs. (a) Schematic 

representation of a solar thermophotovoltaic device. Incident concentrated sunlight is thermalized at 

the absorber. The generated heat conducts to the thermal emitter surface where, based on the 

temperature and spectral properties of the surface, engineered thermal emission is directed towards 

an optical filter. The filter passes photons capable of exciting charge carriers in a single junction PV 

cell and reflects back to the emitter those which cannot. (b) Energy conversion mechanisms in the 

cell comparing illumination by engineered thermal radiation (STPV) to direct solar (PV). The 

schematic on the right depicts electrons (filled circles) being excited by incident photons from the 

valence to the conduction band of the semiconductor diode; the intensity of the photons reaching 

the cell is shown as a function of the photon energy on the left. In the solar PV process, high-energy 

electrons generate heat within the cell as they decay down to Econduction, where they can be extracted. 

The STPV process generates an equivalent amount of free electrons but they are localized to 

Econduction – drastically reducing heat generation in the diode.  

 

Theoretical Enhancement Due To Thermal Spectral Control 

In a STPV device, spectral engineering aims to restrict the thermal radiation reaching the cell to 

energies above a threshold (Ephoton > Eg). The desired effective emissivity (achieved by 

suppressing
23

 or reflecting
24

 low energy emission modes) is a step function with unity emission 

relative to the blackbody at energies higher than Eg and no emission of sub-bandgap energy 

radiation (Figure 1b). At higher energies, the tail of Planck’s distribution naturally limits the flux of 

photons with excessive energy (Ephoton >> Eg). The theoretical limits of this type of single-cutoff 
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energy STPV conversion deviate from the absolute upper bound previously published
25

 based on 

monochromatic photon emission. Therefore, we first determined the limits of this strategy using a 

few assumptions: the photo-thermal converter is perfectly black and is illuminated by fully 

concentrated sunlight, the emission spectrum which illuminates the PV cell follows Planck’s 

distribution at supra-bandgap energies and is null for sub-bandgap energies, the PV cell converts 

the incident light (modified thermal radiation) using the assumptions described in the Shockley-

Queisser limit
1
 – allowing only radiative recombination from a black PV converter, and all non-

essential losses are neglected. More details about the model can be found under Theoretical 

Performance Calculations in the Supplementary Information.  

For a single-cutoff strategy, the emitter temperature (𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟) is a particularly important parameter 

since it determines the occupation of emission modes above the cutoff energy; as the thermal 

energy increases relative to the cutoff / bandgap, the supra-bandgap spectral distribution is 

enhanced and broadened. This is the basis for the fundamental tradeoff between power density and 

efficiency in STPVs. However, the choice of temperature for a particular bandgap is not trivial. The 

inset of Figure 2a shows three representative spectra which illuminate the same PV: 𝑘𝑏𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 =

0.35 𝐸𝑔 is when the peak of Planck’s distribution is aligned with Eg in energy space
26

,  

𝑘𝑏𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 = 0.2 𝐸𝑔 is when the peak of Planck’s distribution is aligned with Eg in wavelength 

space
27

, and 𝑘𝑏𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 = 0.1 𝐸𝑔 is when the Planck’s distribution barely overlaps the energy 

bandgap, where 𝑘𝑏 is the Boltzmann constant. 

Figure 2a shows the maximum theoretical conversion efficiency as a function of the bandgap for 

different 𝑘𝑏𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟/𝐸𝑔  ratios. A specific, optimum operating temperature for an ideal single-cutoff 

STPV exists, which depends on the bandgap of the material. If the thermal energy (𝑘𝑏𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟) is 
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high relative to 𝐸𝑔, an excess of high energy photons illuminate the PV; thermalization of the 

resulting excited charge carriers reduces the efficiency. At very high temperatures (i.e., large 

bandgaps), re-radiation losses from the absorber are also detrimental to the overall efficiency. On 

the other hand, smaller temperature differences between the hot (emitter) and cold (PV) reservoirs 

limit the extracted voltage level (in accordance with the Second Law of Thermodynamics) and thus 

the ultimate efficiency of the system. The optimum emitter temperature is plotted as a function of 

PV bandgap energy in Supplementary Figure 2. 

Figure 2a shows how the spectral conversion approach described here can theoretically improve the 

performance of a solar-to-electrical conversion process over the entire range of the semiconductor 

materials used as long as the spectral converter temperature is selected appropriately. For the 

common Si PV cell (Eg = 1.1 eV), the maximum achievable efficiency for an ideal single-cutoff 

emitter STPV converter is 63%, ~40% greater than the Shockley-Queisser limit for this bandgap 

under fully concentrated sunlight. This efficiency is achieved at a rather high spectral converter 

temperature of 1600°C. For a low bandgap material, such as the one used experimentally in this 

work (InGaAsSb, Eg = 0.55 eV), the theoretical efficiency limit is ~60% greater than the Shockley-

Queisser limit, though the absolute performance is reduced. This efficiency, however, is attained at 

a more modest and practically achievable optimal temperature of 1200°C.  

Figure 2b shows the undesired heat generated in each device, comparing solar PV to STPV, 

normalized by the amount of output electrical power produced. The STPV emitter temperature was 

optimized at each bandgap. For PV, the heat generation ratio is shown for a blackbody cell and for a 

cell with perfect reflectance below the bandgap (i.e., an ideal back-surface reflector, BSR
28

). We 

included the latter case since the heat generated from sub-bandgap photons is not intrinsic to the 

solar PV process. For the low bandgap cell (Eg = 0.55 eV), the heat generated in the cell during the 
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solar PV process is due to thermalization (down to Eg) of nearly the entire solar spectrum.  The 

presence of a thermal spectral converter reduces the normalized heat generation in the cell by a 

factor of ~3.  Reduced heat generation for the same or greater electrical power density relative to 

sunlight implies spectral enhancement.  

However, real devices operate far from these limits because of losses such as: 1) non-radiative 

recombination and imperfect electrical transport in the cell and 2) parasitic heat losses via thermal 

radiation associated with the spectral converter, which take potentially convertible energy away 

from the PV cell. For a net benefit, the losses associated with spectral conversion must not exceed 

the additional useful flux delivered to the cell. The ratio of the two curves (PV to STPV) in Figure 

2a indicates the lowest performance of a practical spectral converter compared to an ideal converter 

(no losses) that must be achieved in order for an STPV to outperform a solar PV (Supplementary 

Figure 1). In the following section, we experimentally show the results of this spectral conversion 

process using engineered nanophotonic materials.  

 

Figure 2 | Theoretical performance of a thermal spectral converter (a) Maximum theoretical 

conversion efficiency as a function of cell bandgap (Eg), comparing the Shockley-Queisser limit for 
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solar PV (dotted) to the single-cutoff STPV with an optimized converter temperature (T) and 

several specific kbT/Eg ratios. Inset highlights (via a solid fill) the above-bandgap portion of 

Planck’s distribution as a function of increasing kbT/Eg ratio. The colours correspond to the kbT/Eg 

ratios specified in the legend. (b) Heat generation normalized to the output power density of each 

device. Solid and dotted curves for the ideal solar PV converter represent with and without an ideal 

back-surface reflector (BSR), respectively.   

 

 

Nanophotonic Converter Design and Integration 

High photo-thermal efficiencies and precise spectral control are required to achieve properties 

similar to the ideal single-cutoff STPV system, such as the ones shown in Figure 3a. We used an 

InGaAsSb PV cell
13

 (Eg = 0.55 eV) for our demonstration because the necessary operating 

temperature and spectral properties are not as stringent to achieve spectral enhancement at this 

bandgap. Incident sunlight is almost entirely absorbed within a multi-walled carbon nanotube 

(MWCNT) forest
29–31

. In principle, the introduction of spectral selectivity can further enhance the 

performance of a STPV, provided that reducing the emittance in the thermal wavelengths does not 

significantly reduce the absorption of incident sunlight. High solar absorptance is critical when the 

converter is subject to high optical concentration
32

, as in our experiments. We fabricated a one-

dimensional photonic crystal comprised of several Si/SiO2 layers as the selective thermal emitter
11

. 

Both constructive and destructive wave interference provides a steep cut-off in the spectral 

emittance at the bandgap of the InGaAsSb PV cell
13

. However, >50% of the emitted power cannot 

be converted at the operating temperature (~1000° C) due to the high intrinsic emission of the 

underlying Si at lower energies (<0.25 eV). Because this emission is a direct loss in the system
32

, 

we incorporated a tandem plasma-interference rugate filter in this study through which the emitted 

light is passed. The filter was engineered to reflect low energy photons (Ephoton < Eg) while 

transmitting the convertible photons (Ephoton > Eg)
22,31

.  
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Optical measurements of the participating surfaces in the spectral converter were used to simulate 

the resulting illumination spectrum on the cell at a few different emitter temperatures, shown in 

Figure 3b. Of the radiation arriving at the 0.55 eV cell, only ~20% of the energy is carried by 

photons below its bandgap at an emitter temperature of 1000°C and are therefore un-convertible.  

Qualitatively, we see the entire solar spectrum has been converted much closer to Eg (0.55 eV).  

Note, however, the conversion is not purely downward since 5% of the AM1.5D spectrum is below 

the bandgap of the cell. These photons are unable to generate electron-hole pairs if they were to 

directly illuminate the cell in a solar PV process. In this device, they are thermalized in the absorber 

and their energy may contribute to the emission of a convertible photon. This is a feature of STPVs 

that is distinct from other purely down-shifting strategies.  
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Figure 3 | Spectrally engineered STPV device (a) Optical image of the solar thermophotovoltaic 

device constructed in this study to observe the spectral enhancement process. The backside of the 

suspended converter (not shown) is the Si/SiO2 selective emitter. (b) Simulated spectral irradiances 

reaching the PV cell for a few different temperatures. Modification of the blackbody spectrum (BB) 

comes both from the spectrally selective Si/SiO2 emitter as well as the rugate optical filter. Also 

shown is the AM1.5 solar spectrum at an optical concentration of 100 Suns (which is typical for 

STPVs with matching emitter and absorber areas
19

).  

 

Experimental Characterization of Efficiency and Heat Generation 

We performed a series of experiments to observe the enhancement of the converted spectrum using 

the material set previously described. We directly compared the operation of a cell with and without 

the presence of our spectral converter. To quantify the conversion performance of the device, we 
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define efficiency as the ratio of electrical power generated by the device to the radiative power 

incident on the absorber surface 

𝜂𝑑𝑒𝑣𝑖𝑐𝑒 =
𝑀𝑃𝑃𝑃𝑉

𝑄̇𝑠𝑜𝑙𝑎𝑟

=
𝑊̇𝑒𝑙𝑒𝑐

" 𝐴𝑃𝑉

𝑄̇𝑠𝑜𝑙𝑎𝑟

 
(1) 

where 𝑀𝑃𝑃𝑃𝑉 is the maximum power operating point of the PV cell, 𝑄̇𝑠𝑜𝑙𝑎𝑟 is the radiative power 

that impinges each absorber surface, 𝑊̇𝑒𝑙𝑒𝑐
"  is the measured electrical power density, and  𝐴𝑃𝑉 is the 

total PV area in the device.   

We first characterized the InGaAsSb
13

 cell by exposing it to a simulated AM1.5D solar spectrum 

and varied the input flux over a wide range (50-100 suns). As expected, the generated photocurrent 

density scaled linearly with solar illumination in this range. The increasing photocurrent was 

accompanied by a logarithmic increase in open-circuit voltage and a slight decrease in fill-factor 

due to the presence of parasitic series resistance. This led to a relatively constant conversion 

efficiency which will be discussed later. 

For comparison, we shielded the InGaAsSb PV from the solar spectrum with the spectral converter 

and repeated the experiment. We designed our spectral converter to be 4 cm
2
 in order to drastically 

improve the thermal performance from our previous work (1 cm
2
)
19

. This scale up decreased the 

amount of side losses relative to the primary radiation flows. Due to the limited availability of the 

InGaAsSb cells, we used the same converter (1 cm
2
) as the first experiment. Thus, inactive PV cells 

were arranged below the filter which participated radiatively, but not electrically, to match the 

emitter area (3 cm
2 

of inactive cells + 1 cm
2
 of active cells, Supplementary Figure 3a). Due to the 

high reflectivity of the rugate filter at sub-bandgap energies (Supplementary Figure 3b), the effect 

of the inactive PV cell area on the energy balance was negligible. 
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Given the geometry of the spectral converter, thermal gradients due to the spreading of absorbed 

power in the CNT forest, and local view factor variations are expected. To address this, we took 

advantage of the symmetry of the device – the net radiation exchange in any one of the four 

quadrants on the emitter surface is spatially equivalent. Thus the average photocurrent density 

generated in the active PV cell is representative of the entire emitter area. For the STPV 

experiments, the 𝑀𝑃𝑃𝑃𝑉  was determined by finding the 𝑀𝑃𝑃𝑎𝑐𝑡𝑖𝑣𝑒 𝑃𝑉 and scaling it to meet the total 

PV area, validated by the experiments described in the Supplementary Information.   

As in the solar PV experiment, we varied the incident radiation on the absorber and recorded the 

electrical characteristics of our active PV cell. Two different STPV devices were tested. One of 

them (STPV 1) had a smaller absorber relative to the emitter surface area (
𝐴𝑒𝑚𝑖𝑡𝑡𝑒𝑟

𝐴𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟
= 12) and the 

other (STPV 2) had a larger absorber (
𝐴𝑒𝑚𝑖𝑡𝑡𝑒𝑟

𝐴𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟
= 7). The smaller absorber demonstrated reduced 

thermal re-emission losses and therefore more efficient device operation. The input power to all 

devices (solar PV and STPV) was provided by a solar simulator; in some STPV cases, this light 

source was supplemented by a Xenon-arc broadband source to achieve higher emitter temperatures 

(see Methods).  More about the optical configuration is provided in Supplementary Figure 5.  

Figure 4a shows that while the conversion efficiency of the solar PV process remained relatively 

constant with increasing output electrical power, the measured STPV efficiency reached 6.8 +/- 

0.2%, which is higher than previously reported values of comparable measurements.  This result is 

attributed to the vastly improved spectral control and increased scale.  Our experimental results 

(shown as points) show good agreement with our isothermal radiative transfer model shown as 

smooth lines (see our previous work
34

 for a more details). At low output power densities, the device 

conversion efficiency of the PV cell was much higher than that of the STPV device since the 
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temperature of the thermal emitter was too low. However, as the emitted photon flux became more 

energetic at higher temperatures (Figure 3b), there was a transition to a regime where the spectral 

conversion strategy exceeded the overall efficiency of the solar-to-electrical conversion of the 

directly illuminated cell (solar PV). 

This experimental demonstration of an STPV device exceeding the performance of solar PV with 

the same cell successfully exhibits the enhancement gained from spectral conversion; the losses 

introduced by the absorption / re-emission process were outweighed by the improvement gains 

from converting the solar spectrum. Our model (described in Ref. 34) indicates that at our highest 

measured efficiency point, ~68% of incident power was delivered to the cell in the form of a 

modified spectrum, ~10.2% of which was converted by the cell into electrical power.  Our model 

suggests that increasing the input power further (and therefore 𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟) would allow the STPV 

device to continue to exceed the conversion efficiency of this PV cell and reach overall efficiencies 

approaching 10% for this particular experiment.  

 

Figure 4 | Experimental results of efficiency and heat generation (a) Converter device 

performances for both STPV and PV with InGaAsSb (Eg = 0.55 eV) cell. The STPV exceeds the PV 
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conversion efficiency for a given output power density at sufficiently high temperatures. Increasing 

the input solar power is expected to raise the emitter temperature and increase further the 

conversion efficiency relative to the PV cell. STPV (1) has a smaller absorber than STPV (2) and 

thus operates more efficiently for a particular output power.  The dotted lines are generated from a 

PV model whereas the solid lines come from a STPV model (Ref. 34). (b) Heat dissipated by the 

cooling loop in both the PV and STPV experiments in order to maintain the PV converter at an 

equilibrium temperature (Supplementary Figure 4). Reducing the illumination of the PV cell with 

unusable photons improves efficiency and dramatically reduces heat generation. The inset shows 

schematically the calorimetric method used to determine heat generation rate, which is the product 

of the water mass flow rate (𝒎̇), the specific heat capacity (𝒄𝒑) and the temperature differential 

between outlet (𝑻𝒐𝒖𝒕) and inlet (𝑻𝒊𝒏) normalized by the total PV cell assembly area (𝑨𝑷𝑽).  

 

From a heat generation perspective, the two spectra (solar and thermally modified) shown in Figure 

3b produced dramatically different heat loads on the cell. Since the bandgap of the InGaAsSb cell is 

energetically almost entirely below the solar spectrum, a large portion of the incident energy 

contributed to heat generation. When the cell is illuminated by the lower energy spectrum that is 

produced by the spectral converter, the resulting heat generation is substantially reduced. Figure 4b 

shows the measured heat generation in the PV cell for the experiments. At 0.35 W/cm
2 

of electrical 

power density, the solar PV generated ~2x more thermal power in the cell than the STPV despite 

having the same conversion efficiency (to within the error of the measurement).  Excessive heat 

loads must be dissipated with higher convection coefficients to prevent an increase in cell 

temperature and thus reduced electrical performance
33

.    

Discussion 

This experimental demonstration of spectral enhancement using a single-cutoff scheme provides 

deeper insight into the conversion process. The transformation of the solar spectrum into a narrow 

band thermal spectrum is, in principle, independent of the quality of the PV cell used in the device. 

By revisiting the idealized PV cell introduced in the theoretical section which operates at the 
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Shockley-Queisser limit under a given solar illumination, we show in Figure 5 that incorporating 

our spectral converter would enhance the conversion rate and thus exceed this limit, despite an un-

optimized design and non-ideal spectral components (provided the input beam could be further 

concentrated for sufficient thermal performance). According to the analysis, the crossover points at 

which the STPV meets the Shockley-Queisser limit occurs at an emitter temperature of ~1300°C 

and an optical concentration of ~2000x on the STPV absorber (corresponding to ~200x on the 

idealized PV due to the introduced area ratio). Furthermore, a scaled-up spectral converter 

constructed of the same material set that operates at the same temperature with an input power of  

>4 kW (where parasitic heat losses from the supports and device edges are less than 1% of the input 

power) would further improve the efficiency of this converter by ~10-15%. The crossover point in 

this case is at a moderate emitter temperature of ~1000°C and an optical concentration of ~800x on 

the STPV absorber (~80x on the idealized PV). Thus, moving to larger devices plays an important 

role in exceeding the Shockley-Queisser limit at more feasible operating conditions. Included in the 

figure is the performance of our device with the ideal single-cutoff emitter used to calculate the 

theoretical limits, indicating that our demonstrated spectral converter is only ~15% worse than this 

ideal case. 
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Figure 5 | Nanophotonic material set in the radiative limit. Predicted performances of the three-

component spectral converter demonstrated in this work when paired with a PV (Eg = 0.55 eV) that 

operates in the radiative limit; shown as a function of device scale: (i) 4 cm
2
 converter as 

demonstrated in this work, and (ii) at a kW scale (400 cm
2
). For comparison, the Shockley-Queisser 

limit (dotted) shows the performance of the same ideal PV under AM1.5D solar illumination. Also 

shown is the device (i) with an ideal single-cutoff emitter (dash-dot), as used to calculate the 

theoretical limits in Fig. 1.  

 

Any spectral modification strategy implemented between the sun and a PV needs to perform well 

enough to justify the losses introduced to the system. While this demonstration was performed on a 

low bandgap cell, our theoretical analysis shows this thermally-based spectral enhancement can be 

extended to wider bandgap materials to reach higher efficiencies. As the development of refractory 

photonic materials continues to grow rapidly, higher quality emission spectra will be delivered to 

the PV cell. Future studies should continue to seek high spectral control with cost-effective and 

scalable components as the field begins to approach commercializable solar energy converters.  
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Methods 

Fabrication and assembly of active components. 

Fabrication of the active components has been previously reported in literature: absorber
36

, emitter
11

, optical 

filter
33

, cell
13

. Specifically, to prepare the absorber-emitter, the procedure described in (Ref. 19) was adapted 

for larger samples. The MWCNT absorbers were grown using a CVD process while the Si/SiO2 layers of the 

emitter (one-dimensional photonic crystal) were deposited by low-pressure (LP) and plasma-enhanced (PE) 

CVD
11

. The absorber and emitter were fabricated on either side of a silicon substrate (550 μm thickness). The 

tandem plasma-interference optical filter was purchased from Rugate Technologies, Inc; it consists of an 

interference filter in series with a plasma filter
33

. The InGaAsSb diode was fabricated at Lincoln Lab
13

. The 

filter-cell assembly was constructed by epoxying the cold-side tandem filter directly to the InGaAsSb cell 

(and to the surrounding dummy cells) using optically transparent
37

 polydimethylsiloxane (PDMS), see 

Supplementary Figure 3. PDMS was chosen for its optical transmittance. The PDMS was applied thinly and 

uniformly over the active and inactive PV areas and the optical filter was gently pressed down and aligned 

over the PV area. The epoxy was allowed to cure overnight on a hot plate at 50°C leading to a strong bond 

which preserved its high transmittance. While the thermal conductivity of PDMS is relatively low (~0.15 

W/m-K
38

), the thickness is assumed to be on the order of the roughness of the material (<1μm) which 

suggests a negligible temperature drop between the optical filter and the cell surface.  

 

Construction and alignment of the integrated device. 

We developed a systematic procedure for repeatable alignment and gap control between the emitter and 

optical filter, and between the absorber and the aperture/shield (see Ref. 19 for more detailed layout 

information). The PV cell assembly was first mounted to the heat collection device which was fixed to a z-

axis stage (122-0101, Opto Sigma Corp.). The absorber-emitter was then placed on the optical filter; since 

the filter and the absorber-emitter have equal dimensions, the sample edges were aligned with the filter edges 

using a vertical straightedge. The mechanical support needles were brought into contact with two edges of 

the absorber-emitter to secure its position while maintaining alignment with the PV cell. Two hypodermic 

needles (27Gx1.25”, B-D) were used on one side of the sample and a spring-loaded pin (POGO-72U-S, 

ECT) on the opposite side for mechanical support. This design minimized pitch errors due to thermal 

expansion of the sample during operation. The gap between the emitter and the PV cell was set using the z-

stage to lower the PV cell assembly. The experimental setup was then mounted in the vacuum chamber and 

aligned with the aperture/shield using a manual linear stage. The chamber was evacuated during STPV 

experiments (<0.5 Pa). A ~300 µm gap separated the emitter from the front surface of the optical filter 

(thickness of 400 µm) such that the diffuse view factor between the emitter and the PV cell was 

approximately 96%. 

Spectral properties. 

The spectral properties of the following components have been previously reported in literature: absorber
30

, 

emitter
11,19

. Further, the spectral properties of the optical filter when bonded to the InGaAsSb cell (as well as 

a black substrate) are shown in Supplementary Figure 3b. 

 

Measurement of output power. 

We performed current-voltage (I-V) sweeps using a source-meter (2440, Keithley Instruments Inc.) when the 

PV reached quasi-steady state at the particular operating point being studied.  The sweep was conducted in a 

4-wire configuration with 50 points acquired in the range of 0-0.7 V. The maximum power point (MPPPV) is 

the maximum of the product of the current and the voltage.  
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In order to verify that the energy balance of the device was not altered by having one quadrant of the PV area 

active (Supplementary Figure 3a), we studied the optical properties of the optical filter with various backing 

materials. These measurements were performed using an FT-IR (FT-IR 6700, Thermo Fisher) with a DTGS 

detector and a KBr beam splitter. The FT-IR spectrum of the rugate filter bonded to the InGaAsSb cells, Si 

painted with HE-6, or Ag is shown in Supplementary Figure 3b. The data indicates that the reflectance 

remains approximately unchanged when the active cell is swapped out for a highly absorbing substrate.  For 

that reason, the dummy cells, which populate the inactive PV area, were painted with black paint (HE-6, 

Rolls Royce). In this approach, the absence of active cells is expected to have a negligible impact on the 

absorber-emitter temperature distribution and the output power from the active quadrant (note: the potential 

impact of radiative recombination in the cell on the absorber-emitter temperature was neglected since the cell 

efficiency is relatively low). Further, when the inactive cells are placed in a configuration as shown in 

Supplementary Figure 3a, due to symmetry, the power extracted from the single active quadrant (i.e., the 

active PV area) can be scaled by a factor of four in order to determine the total STPV electrical power 

generated.  

Cell thermal management and heat load calorimetry.  

The temperature of the cell in the experiments was monitored by a thermocouple (Type J, Omega 

Engineering) sandwiched between the PV cell and a copper cooling block (CP25, Lytron Inc.). The 

temperature was recorded at each data point. The difference in cell temperature between the PV and STPV 

experiments is small (less than 6 degrees) as shown in Supplementary Figure 4a. We also characterized the 

cell performance as a function of temperature by fixing the input radiation spectrum and varying the inlet 

cooling water temperature. Supplementary Figure 4b indicates that the relative change in performance (i.e., 

maximum power that can be extracted for a given input spectrum) as a function of increasing temperature is 

highly linear in this regime with a slope of 0.76 %/K (R
2
 value of 0.995). For a difference in temperature of 6 

K, we expect a maximum difference of less than 6% (relative) due to the temperature dependence. (Note: the 

slightly warmer cell temperature during the STPV experiment is not due to higher heat generation.) 

To quantify the heat generation in the cell during the PV and STPV experiments, we monitored the amount 

of heat dissipation required to keep the cell at a fixed temperature (Supplementary Figure 4).  This was 

performed using a cooling loop in thermal contact with the PV cell via a thin copper block. The inlet and 

outlet temperatures of the water that passed through the copper block were measured with two 

thermocouples (Type J, Omega Engineering). The flow rate was regulated with a peristaltic pump 

(Masterflex EW-07522-20, Cole-Parmer). The overall heat generated (W/cm
2
) is the product of the water 

mass flow rate (kg/s), the specific heat capacity (J/kg-K) and the temperature differential between inlet and 

outlet (K), normalized by the total PV cell assembly area, APV (cm
2
). It should be noted that in the STPV 

experiments, the heat generated is normalized by the full area of the optical filter (4 cm
2
) since the dummy 

cells provide a conductive heat path to the cold loop.  Both the PV and the STPV heat generation data were 

acquired without an external electrical load; the reported heat load data were corrected accordingly by 

subtracting the total electrical output power from the total heat generation without an external electrical load.  

 

Solar-simulating light source. 

The solar simulator used in the experiment (92192, Newport Oriel, Inc.) was able to provide a maximum flux 

of ~400 Suns. 𝑄̇𝑠𝑜𝑙𝑎𝑟 was measured at the absorber plane using a thermopile detector (919P-040-50, 

Newport) for each 𝑀𝑃𝑃𝑃𝑉 data point recorded. The input power was varied by moving the concentrating lens 

such that the focal plane is translated relative to the absorber plane. In order to boost the input power (and 



20 

 

thus the emitter temperature), we integrated a Mercury-Xenon Arc Lamp (66142, Newport) in the setup 

shown in Supplementary Figure 5a. The auxiliary beam is a broadband white light source which, like the 

primary solar simulator beam, undergoes near perfect thermalization upon interaction with our blackbody 

absorber. Using this source, we were able to boost the max input power by ~25%. Supplementary Figure 5b 

shows the same data as Figure 4a, but indicates which of the operating points correspond to which input 

power. As indicated by the figure, it is the integrated value of input power that drives the temperature of the 

device due to the spectral independence of the MWCNT absorber.  

Measurement uncertainty. 

Unless otherwise specified, uncertainty in the reported experimental values was evaluated based on 

propagation of the following errors: standard deviation (using a t-distribution with a 95% confidence 

interval), instrument error, and resolution error.  
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