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Methods

Thermal emitter properties and experimental setup details. The thermal emitter
was a sheet of refractory metal (tungsten sheet, 80-85 pum thick, obtained from
H.C. Starck), laser machined into a geometry that allowed for both resistive heating
as well as efficient reabsorption of reflected light (Supplementary Fig. 1b). Before
laser cutting, the sheet of tungsten was covered with a thin layer (~10 pum) of
ultraviolet-curable, water-soluble, polymer (DaeCoat PCA-120713) to protect
against material ablation. Afterwards, the coating was removed in deionized water by
sonication. The optical properties of refractory metals strongly depend on
temperature as well as sample purity and preparation conditions. Supplementary
Fig. 2a shows the general dependence of tungsten emittance (normal) on
wavelength?l] The crossover point, in the 1-1.5 pm region, separates the spectral
regions where the emissivity increases/decreases with temperature.

[n our calculations, we used tabulated data for normal spectral emjttancE in
200 K steps for a range of temperatures (1,600-3,100 K). Emittance for angles other
than zero was calculated as follows: the high-temperature dielectric permittivity for
tungsten was obtained by fitting the emittance data at each temperature to a sum of
Drude-Lorentzian dielectric functions. Once the permittivity (as a function of
wavelength and temperature) was known, the angular dependence of absorptivity
was derived from Fresnel reflection coefficients. Finally, from Kirchoff’s law, the
(directional, spectral) emissivity equals the (directional, spectral) absorptivity. For
intermediate temperatures (temperatures between the 200 K steps) we obtained the
emissivity by linear interpolation.

Light emitted by the resistively heated tungsten filament was captured by two
detectors, at 0° and 45" angles with respect to the surface of the filament emitter
(Supplementary Fig. 1a). The detectors were calibrated to correct for any
nonlinearity in the measured signal and to capture the emitted light once the system
had reached optical equilibrium and the filament had reached its peak temperature/
resistance (~1.5 s). The air in the setup was evacuated (P =~ 1 x 10°° torr)
and argon was added (P= 1 x 107" torr). The one-dimensional photonic film was
fabricated using ion-beam sputtering at Evaporated Coatings, with layers of Ta,0;
and Si0; on a fused-silica substrate (2 x 2 cm). In general, coatings deposited using
ion-beam sputtering have particularly low absorption in the visible and the
near-infrared: the extinction coefficient for Ta,Os was estimated to be <1 x 107*
(550 nm*?) and the tantala/silica coatings were used for antireflection coatings in
precise gravitational wave detectors, with absorption loss on the order of ppm
(1,064 n. For wavelengths in the mid-infrared (>4 pum), these materials can
become absorptive; however, we note from Fig. 2 that a 3,000 K tungsten emitter
radiates a very small fraction of light (~3.8%) in the spectrum above 4 pm.
Undesired absorption in the optically thick silica substrate may be further
reduced in glasses with particularly low infrared absorption such as Corning'’s

7979 or Heraeus' Infrasil (in addition, the substrate thickness can be
reduced further).

Thermal emitter temperature estimation. Supplementary Fig. 2b shows the
dependence of tungsten resistivity on temperatur The knowledge of resistivity,
together with the shape and size of the emitter, allowed us to estimate the
temperature from the measured resistance. First, we performed a finite-element heat
transfer analysis (COMSOL Multiphysics) to characterize the equilibrium
temperature distribution of the emitter, shown in Supplementary Fig. 2c. We observe
that only the main part of the emitter (the radiator-like structure) reaches very high
temperatures. Further analysis confirmed that most of the power was indeed
dissipated in this part of the emitter. In addition, we observed a highly uniform
temperature distribution between the central strips of the emitter. Values for the
high-temperature thermal conductivity and heat capacity of tungsten were obtained
from the literature’2-°

The measured resistance of the emitter in Fig. 4 of the main text was R =2.90 ()
when the interference structure surrounded the emitter and R = 2.62 () when there
was no such structure (plain emitter). In both cases, the measured power delivered to
the emitter was the same (135 W) and included all emissions as well as losses in the
device. Taking into account the uncertainty and the variation in the emitter
thickness (80-85 pm), these values of resistance imply (based on the resistivity
dependence shown in Supplementary Fig. 2b) a temperature estimate for the central
part of the emitter of 2,900-3,050 K for the case when the filtering structure is
present and an estimate of 2,700-2,830 K when the emitter is bare. Another way to
estimate the temperature is to evaluate the energy of the emitted light, assuming the
literature value of temperature-dependent tungsten emittancé®!] It is important to
note that at high temperatures, resistivity and, particularly, emissivity data for
refractory metals is heavily dependent on the sample preparation process, the
presence of impurities and the surface finish*!**] which means that the margin of
error for our estimates may be significant. With that in mind, our model estimates
(given the area of the emitter and the view factor of ~0.95) that to consume 135 W of
power, the emitter would have a temperature of 2,950 K and the total luminous
efhiciency of the system would be 6.6%.

Because the high-temperature emitter is a plain, unpatterned material, it can
withstand extremely high temperatures without structural surface degradation. At
the temperatures required for efficient incandescent lighting, however, material
evaporation from the surface of the emitter may affect the optical properties of the
close-by interference structure. This can be particularly pronounced for pure metals

such as tungsten or tantalum, but efforts that include filament doping, the
introduction of halogen elements and high-molecular-weight inert gases could
reduce this effect. On the other hand, at the temperatures needed for
thermophotovoltaic energy conversion (such as selective radiators/absorbers’>"'*} of
1,500-2,000 K—still very challenging for direct (hot-side) patterning of the thermal
emitter surface—such evaporation effects are drastically reduced.

Optimal efficiency for lighting applications. Using equation (2) we can estimate
the luminous efficiency of an ideal lighting source. A hypothetical black (or grey)
body at a temperature of 2,800 K(5,800 K) with its spectrum truncated to
wavelengths where the luminosity function is 1% of its peak value has a luminous
efficiency of 40.1% (40.4%). This value depends on the choice of the cutoff, and as
such it should be mainly used as a guide.

Interference structure design and optimization. The optimizations of luminous
efficiency shown in Fig. 1 were performed for various stack designs, including
quarter-wave as well as the three- and four-material rugate stacks. An optimized
quarter-wave stack consisting of two materials (SiO, and TiO,) can be effective to a
certain extent at suppressing infrared radiation and allows for a higher luminous
efficiency relative to the plain incandescent emitter (Fig. 1a, dashed). However, after
the first several dozen periods, the quarter-wave stack no longer offers improved
efficiency as additional layers are added. Another well-known issue with a quarter-
wave-stack design is the rejection of additional higher-order bands at A4/3, A4/5 and
so on, limiting their potential for very-broadband reflection in the infrared spectrum
and transmission in the visible spectrum.

The purpose of a rugate-like interference structure+*%lis to suppress such
higher-order reflection bands and thus allow for a wide rejection band in the infrared
(~0.7-2.5 um) while maintaining low reflection in the visible spectrum. This is
achieved through a sinusoidal refractive index profile. There are several ways to
implement such a profile: for example, the index of refraction n(x) or the dielectric
permittivity 7°(x) can be sinusoidally dependent on the structure optical thickness x.
However, it can be shown that the most complete suppression of the reflectance
bands at higher harmonics is achieved when the natural logarithm of the refractive
index exhibits a sinusoidal pmﬁl@ Such a structure would have a refractive index
profile that satisfies In(n(x)) = acos(4mx/Ay) + b, where A, is the design wavelength
and x is the optical thickness. Coefficients a and b ensure the correct limit to the
optical profile and are given by a = 1/2In(n;/ny) and b= 1/2In(n ny) where n; and
1y denote the low and high refractive indices. In practice, the rugate filter profile is
obtained by using a discrete set of materials with refractive indices bounded by n;
and ny (corresponding to SiO; and TiO; in our case). For a four-material rugate
structure, the corresponding stacking of layers is [ABCDDCBA]|, where by definition
n(A) = n, n(D) = ny and the optical thickness of each layer is A5/4. We increased the
bandwidth of the interference structure by introducing period chirping, defined as
T, =T,_,(1+¢/1-¢)""™ " where T, denotes the optical thickness of the ith period,
N,, is the total number of layer periods and ¢ is the dimensionless chirp parameter.
Given the definitions above, for the quarter-wave stack and the three- and four-
material rugate structure designs from Fig. 1 of the main text, we swept the complete
parameter space to find the optimal rugate design for a given number of layers. We
note that both three-material (Fig. 1a, pink) and four-material (Fig. 1a, orange)
rugate stacks represent a marked improvement over the quarter-wave stack. In
particular, when the total number of layers is small, the four-material design (with its
larger unit cell) performs worse than the three-material design; this is rectified for
stacks with more layers.

For custom optimization (Figs 1 and 2, red; Fig. 2, blue), we used rugate-like
designs as a starting point and applied other optimization methodt’) including
needle nptimizatin Specifically, we used a combination of local, gradient-based,
optimization algorithm4*®] made possible by implementing a transfer matrix
approach that in addition to calculating luminous efficiency also calculates the
necessary derivatives of the efficiency (with respect to each layer thickness) at a
comparatively small computational cost. This is combined with a parallelized
(MPI) implementation of the calculation that efficiently determines where a new
layer should be introduced or an existing layer removed to maximize the figure of
merit (luminous efficiency) of the combined system (emitter + stack). For the
fabricated structure we also require an exceptionally high CRI. The combination
of these methods yields the designs with luminous efficiency values plotted in
Figs 1 and 2.
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