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Radiation from very hot objects (such as the Sun and incandescent light-bulbs) is of tremendous 

utility, yet a large fraction of the radiated energy is wasted: for example, in solar cells, the 

mismatch between the Sun's spectrum and the cell's absorption profile limits efficiency1; in 

incandescent light-bulbs, most of the energy is lost as heat2. For moderate temperatures, shaping 

thermal emission is possible through wavelength-selective radiators such as photonic crystals3-13. 

However, thermal emission tailoring at elevated temperatures (>1000K) remains exceedingly 

difficult14-18. Here, we address this challenge by coupling the hot emitter with a cold-side 

nanophotonic interference system. In particular, we show that a plain incandescent (3000K) 

filament, surrounded by an interference system uniquely optimized to reflect infrared and transmit 

visible light for all angles, becomes a light source that reaches luminous efficiencies close to the limit 

for lighting applications (~40%), surpassing all existing lighting technologies. In an experimental 

proof-of-concept, we demonstrate efficiency approaching that of commercial fluorescent or LED 

bulbs, but with exceptional reproduction of colors and high and scalable power. These results 

showcase the potential of spectral tailoring and enable a new high-temperature frontier in optics, 

with applications in thermophotovoltaic energy conversion3-5 and lighting. 
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    Consider a thermal emitter of emissivity  sandwiched between two identical structures 

of reflectance R(λ) and transmittance T(λ), separated by a small gap, as shown in Fig. 1c. In 

general, the emissivity of a high temperature emitter depends on temperature and wavelength. 

Such an emitter can be made of uniform, un-patterned, bulk material (e.g. refractory metals such 

as tungsten or tantalum), but can also be a photonic crystal with wavelength-selective emission 

properties. Similarly, in the simplest form, the filtering structure is a layered stack of materials of 

different refractive index, but can also be a 2-dimensional or a 3-dimensional photonic crystal. 

By tracing the reflected radiation in the cavity surrounding the emitter, we show (see 

Supplementary Discussion) that the effective emissivity of this emitter-tailoring-structure system 

can be expressed as 

     (1) 

where  is the original emissivity of the thermal emitter and F is the view factor characteristic to 

the geometry. The view factor equals the proportion of the radiation leaving the emitter that is 

intercepted by the enclosing surface. Expression (1) highlights the potential to tailor thermal 

emission by designing the surrounding cold-side structure properties. In such a manner, the 

radiation spectrum of extremely high temperature emitters can be modified without the need for 

any structural patterning of the emitter surface. The cavity effect due to the surrounding structure 

results in a portion of the power emitted at unwanted wavelengths to be reabsorbed by the 

thermal emitter. Applying a similar analysis as before and using Kirchoff’s law – at thermal 

equilibrium, the absorptivity of an object equals its emissivity – allows us to express the fraction 

of reabsorbed power as , where P0 is the original amount of the 

emitted power (see Supplementary Discussion). This shows that the original spectrum of the 
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thermal emitter is not just passively filtered, but that the temperature of the emitter itself is 

tailored by the surrounding photonic structure. Derivations above assume diffusive surfaces and 

diffusive view factors; in the Supplementary Discussion, we extend our analysis to include 

specularly reflecting surfaces and show that, in our case, the two methods yield similar results. 

We apply this concept to control the thermal emission spectrum of an incandescent filament. 

As mentioned previously, an incandescent filament is an inefficient source of lighting, as most of 

the power is emitted at infrared wavelengths, invisible to human eye. Surrounding the filament 

with interference structures designed to transmit visible and recycle IR light, for a wide range of 

emission angles, dramatically improves the efficiency. The efficiency of a lighting source 

(incandescent or otherwise) is defined as the ratio of the total emitted luminous flux and the total 

supplied power. Because incandescent sources emit essentially all supplied power into radiation, 

the luminous efficiency η can be written as: 

 

where P(T,λ) is the (hemispherical) spectral emissive power of the emitter at temperature T, and 

V(λ) is the photopic luminosity function, which characterizes the spectral sensitivity of the 

human eye19.  The luminous efficiency can theoretically assume any value from 0 to 1; lighting 

sources, however, also need to faithfully reproduce colors. This requires broadband emission 

throughout the visible spectrum. The index that characterizes the quality of light is known as the 

color rendering index (CRI); it attains its peak value (100) for high temperature broadband 

emitters such as incandescent light bulbs (see Supplementary Fig. 3). An excellent lighting 

source would then be a hypothetical high-temperature black body that emits only at visible 
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wavelengths. Such an emitter would have a luminous efficiency of at most 40-45% (see 

Methods).  

Figure 1a shows that we can approach such high efficiencies by incorporating one-

dimensional photonic films made of commonly-deposited materials, and amenable to large-scale 

fabrication. The notion of increasing the efficiency of incandescent light bulbs by recycling IR 

radiation has been previously suggested20-22. In contrast, the novelty of our approach is two-fold. 

First, rejection of light at unwanted wavelengths (and subsequent reabsorption by the emitter) is 

possible only with interference stacks that operate for a wide range of both wavelengths and 

angles (as our fabricated example demonstrates, see Fig. 3). The challenge in obtaining a 

structure with similar spectral properties over the complete 0-90° range differs substantially from 

conventional photonic films that are designed only for a single angle of interest. The fabricated 

structure in our work has desirable spectral properties over a wide range of angles. Second, the 

special shape of the thermal emitter enables efficient reabsorption of unwanted radiation, unlike 

previous designs20-22 that suffer from sub-optimal probability of reabsorption. The thin and long 

radiator-like design of the emitter (see Fig. 1C) allows for resistive heating and, at the same time, 

provides a large amount of surface area to enable efficient coupling of radiation between the 

emitter and the planar surrounding structure. Furthermore, such planar device configuration is 

not sensitive to alignment issues that limit reabsorption and is compatible with thermal emitters 

such as 2D photonic crystals. It is the combination of these two advances that, for the first time, 

enables thermal emission tailoring to any significant degree.  

Here, we assume a planar emitter-tailoring-structure geometry, where the emitter is a plain 

tungsten filament and the filtering structure is a one-dimensional layered stack of dielectric 

materials. The tungsten emitter is at a uniform temperature T, and its optical properties are given 
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by its temperature-dependent emissivity (see Methods). The layered interference stack comprises 

of oxides of various refractive indices: from the low-index silica (SiO2) to the high-index titania 

(TiO2). To explore the theoretical potential of this scheme, we assume that no radiation leaks to 

the sides (i.e. near-unity view factor). Instead of separately optimizing interference structure 

properties against an arbitrary spectral target, we use the knowledge of the effective emissivity of 

our combined structure (Eq. 1) to perform direct, system-level optimizations of the total 

luminous efficiency (Eq. 2).  

We perform this optimization for several different stack designs (Fig 1). An optimized 

quarter-wave (QW) stack23 consisting of two materials (SiO2 and TiO2) can be effective to a 

certain extent at suppressing IR 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 QW-stack design is the rejection of additional higher-order 

bands at λ0/3, λ0/5, etc., limiting their potential for very-broadband reflection in the IR spectrum 

and transmission in the visible spectrum. These unwanted reflection bands can be suppressed by 

rugate-like stacks24 that feature a sinusoidal optical profile. We leave the specific details of 

rugate stack design for the Methods section, and note that both 3-material (Fig. 1a, pink) and 4-

material (Fig 1a, orange) rugate stacks represent a marked improvement over the QW stack. In 

particular, when the total number of layers is small, the 4-material design (with its larger unit 

cell) performs worse than the 3-material design; this is rectified for stacks with more layers. 

Another implication of the improved efficiency is that a smaller amount of power is needed to 

heat the thermal emitter to the desired temperature. Figure 1b shows the power consumed by the 

emitter enclosed between the interference stacks normalized to the power consumed by the plain 
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emitter at the same temperature (3000K). For optimized designs, this ratio can be lower than 

20%.  

Using a 4-material rugate structure as a starting point, we show that an extensive numerical 

optimization scheme (see Methods) results in designs that reach very high luminous efficiency 

for a reasonable number of layers (Fig. 1a, red). For example, a system where the optimized 

interference stack consists of 300 layers of 4 materials (SiO2, Al2O3, Ta2O5 and TiO2) reaches 

very high luminous efficiency (40%), outperforming alternative, commercially available, energy-

efficient lighting sources such as fluorescent (7-13%) and LED (5-13%) lamps25, as well as state-

of-art compact LED bulbs (14-15%26, 29%27). The plotted line of optimized structures (red) 

shows that the increase in luminous efficiency with any additional layer is no worse than linear. 

However, the complexity of a global optimization problem consisting of hundreds of variables 

(layers and materials), makes it difficult to speculate on any global optima in the system. As 

fabrication methods advance and deposition costs go down, stacks with higher number of layers 

(and materials), as well as 2D and 3D photonic structures that allow for more efficient light 

filtering will become appealing6,7,28. In addition, it is not unlikely that similar or better 

performing stacks with fewer layers could be designed in the future using some of the more 

advanced techniques for optical thin film synthesis. 

Figure 2 compares the hemispherical (integrated over all angles) spectral emissive power of a 

plain emitter (bare tungsten) at 3000K with that of the same emitter surrounded by the 300-layer 

optimized structures from Fig. 1a. For reference, the shaded purple region corresponds to the 

luminosity function of the human eye. Because we optimized for the total luminous efficiency, 

the final effective emissivity closely follows the sensitivity profile of the human eye (as seen by 
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the red line in Fig. 2). As a result, the thermal emitter in this structure reaches its target 

temperature (3000K) for 1/10 of the original input power (Fig. 1b). 

To demonstrate our approach, we design a proof-of-concept version. The interference 

structure, for simplicity, consists of only two materials (SiO2 and Ta2O5) and 90 layers in total. 

The design was obtained using the optimization techniques described above; the structure is 

arranged in a high view-factor geometry. As previously mentioned, the filament’s shape is 

specifically designed to maximize reabsorption (Fig 1c): it is a thin sheet of polished tungsten, 

laser-machined into a closely-packed, radiator-like structure that maximizes planar surface area 

while allowing for resistive heating. Figure 2 shows the spectral emissive power (simulation 

results) of the emitter-tailoring-structure system (blue). We observe a close match to the 

spectrum of the plain emitter in the visible, and strong suppression of the emission in the IR. 

This is true for a wide range of wavelengths and angles: the average reflectance of the fabricated 

structure at 0(45) degrees is 92%(88%) for the 700-2000nm wavelength range. Figure 3 

compares the simulated and the measured reflectance of the fabricated stack as a function of 

angle and wavelength. We observe strong transmission across the visible spectrum and high 

reflection in the IR, across a wide range of angles. In addition, there is a very good match 

between the predicted and the measured reflectance (Fig. 3, also Supplementary Fig. 1). 

We characterize the performance of our structure by measuring the emitted spectral intensity 

at 0° and 45° angles and the amount of supplied electrical power. Figure 4 shows the measured 

and the modelled spectral intensity of the combined emitter-tailoring-structure system (labelled 

“emitter + stack”) normalized to the intensity of the plain emitter that consumes the same amount 

of power. As expected, we observe an enhancement of emission in the visible spectrum, and 
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suppression in the IR. To quantify this increase, we calculate the luminous intensity 

enhancement χ, given by 

     (3) 

where E(P0,λ) is the spectral emitted flux measured by the detector, when the emitter is 

consuming electrical power P0 (approximately 135W in the experiment). From Fig. 4, we 

calculate , at 0°(45°). The estimated view factor from the setup is ~0.95. We note 

that the calculation of χ involves the direct comparison of the two measured spectra and as such 

is not sensitive to (nor does it require) the value of temperature. Even though Fig. 4 shows 

mostly the spectrum in the visible, the spectral enhancement (relative to the bare emitter) in the 

visible wavelengths already tells us a great deal about the infrared part of the spectrum. When 

the amount of electrical power is the same, the stronger emission of light in the visible is a direct 

evidence of the suppression of emission in the infrared, even though emission in the infrared is 

not measured. We note that the consumed electrical power includes all emissions as well as 

losses in the device. The very good match between our measurements at different angles and our 

model (solid and dashed-dot lines in Fig. 4) allows us to evaluate the performance of our system. 

Matching the consumed power and the view factor to our model, we estimate the luminous 

efficiency to be about 6.6% (see Methods). This value already approaches some commercially 

available compact fluorescent (CFL) bulbs and LED lights25. One advantage of our scheme is the 

high quality of color rendering; since the source of the radiation is a blackbody-like emitter, the 

broadband tailoring ensures faithful reproduction of colors (see photograph in Supplementary 

Fig. 3), resulting in a CRI of 95 (to calculate this number we followed 29). For comparison, 

compact (linear) fluorescent bulbs have CRI of 65-88 (50-90), while the majority of LED 

χ =
Eemitter + stack0

∞
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∞
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fixtures belong in the 70-90 range25.  Another important advantage of our scheme is scalability: 

while LED lights have so far been limited in the total amount of light they can produce30, high 

temperature thermal emitters allow for very high luminous flux output, particularly relative to the 

size of the fixture.  

The demonstrated method of tailoring high temperature thermal radiation is scalable and can 

also be implemented in more compact geometries. However, we would like to emphasize that 

this work demonstrates a concept that is much more general than efficient lighting. For example, 

the ability to tailor thermal emission (e.g. to better match the absorption profile of a photovoltaic 

cell) would have dramatic implications on the performance of solid-state thermophotovoltaic 

energy conversion schemes3-5, extending the technological importance of high-temperature 

thermal emission tailoring. In addition, this concept does not apply just to thermal emitters but to 

thermal radiation absorbers as well. For example, a similar approach can be implemented in a 

selective absorber element that efficiently captures solar energy to be delivered to the solar cell, 

but significantly reduces the usually wasted radiation emitted back towards the Sun4. Because the 

high temperature emitter is a plain, un-patterned material, it can withstand extremely high 

temperatures without structural surface degradation. At 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 (our case) or tantalum, but efforts that include filament doping, 

introduction of halogen elements and high molecular weight inert gases would reduce this effect. 

On the other hand, at temperatures needed for thermophotovoltaic energy conversion (such as 

selective radiators/absorbers3-5) of 1500-2000K – still very challenging for direct (hot-side) 

patterning of the thermal emitter surface – such evaporation effects are drastically reduced. Our 
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analysis can be extended to include interference structures other than 1D-layered stacks, such as 

2D or 3D photonic structures, as well as wavelength-selective emitters. Finally, our results show 

that these composite systems provide control over the fundamental structural properties of 

thermal emission and absorption: the designs that we describe here are examples to showcase the 

immense potential of nanophotonics for tailoring high temperature thermal radiation.  
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Figure 1 | Potential of cold-side thermal emission tailoring. a, Projected luminous efficiency of a tungsten 
thermal emitter (3000K) optimally enclosed by interference structures of different design: quarterwave stack 
(green), 3- and 4- material rugate stack (purple, orange), and stacks designed using a combination of optimization 
techniques (red; see main text). For quarterwave and rugate stacks, we introduce chirp to increase the bandwidth, 
and for each number of layers (x-axis) we explore the complete parameter space to find the optimal design 
(Methods). For all designs, the material refractive indices are bounded by SiO2 (low) and TiO2 (high). In addition to 
these two indices, the designs in red also use intermediate values (e.g. Al2O3 and Ta2O5). b, The amount of power 
needed for the emitter to reach the temperature of 3000K when it is surrounded by the corresponding designs shown 
in (a). The power is normalized to the power needed to heat the plain emitter to the same temperature (dashed line). 
c, Sketch of the proposed scheme to tailor the thermal emission of high temperature objects. In the case of efficient 
lighting, we design the surrounding structures to transmit visible and reflect (and thus recycle) IR light for a broad 
range of wavelengths and angles. Right: sketch of our experimental setup (see Supplementary Fig. 2). 
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Figure 2 | Effective emissivity of an optimally enclosed structure. The spectral emissive power (calculated) for an 
emitter (3000K) that is plain tungsten (dashed) or tungsten sandwiched by interference structures (solid; red and 
blue). The power is integrated over all angles (hemispherical emission). The sensitivity of the human eye 
(luminosity function19) is shown in shaded purple (arbitrary normalization). The optimized structure corresponds to 
the 300-layer design from Fig. 1a (red); its effective emissivity closely follows the sensitivity profile of the human 
eye. For simplicity, the fabricated design (blue), consists of 90 layers and only two materials (SiO2 and Ta2O5). It 
closely matches the spectrum of the plain emitter in the visible and offers strong suppression of emission in the IR.  
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Figure 3 | Simulation and experimental measurements over very wide ranges of wavelength and angle. 
Comparison between the simulated (left) and measured (right) reflectance spectra of the fabricated 90-layer 
interference structure (Fig. 2, blue line). In contrast to conventional photonic films designed for a single angle of 
interest, the challenge is to produce similar spectral properties over a very wide range of angles. The stack shows 
high transmission across the visible spectrum and high reflection in the IR. The experimental data were restricted to 
70 degrees because of the sample size. 
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Figure 4 | Experimental demonstration of thermal emission tailoring. Measured (blue, solid) and modelled 
(gray, dashed-dot) spectral intensity of the combined emitter-tailoring-structure system (labelled “Emitter + stack”) 
normalized to the intensity of the plain emitter (black, dashed) that consumes the same amount of power. The 
fabricated structure consists of 90 layers (Fig. 3), made of two materials (SiO2 and Ta2O5), deposited on a silica 
substrate. The spectrum is measured at 0° (front view) and 45° (side view). The sensitivity of the human eye 
(luminosity function) is shown in shaded purple (arbitrary normalization). For the same amount of input power, we 
measure a luminous flux that is 3.07(2.90) times enhanced at 0°(45°) compared to that of a plain emitter. 
 

 

 

 

 

 

 

 

 

 



 15 

Methods 

 

Ideal luminous efficiency for lighting applications. Using equation (2) from the main text, we 

can estimate the luminous efficiency of an ideal lighting source. A black (or grey) body at 

temperature 2800K(5800K), with its spectrum truncated to wavelengths where the luminosity 

function is ≥1% of its peak value, has a luminous efficiency of 41.9(41.5)%.  

 

Thermal emitter properties and experimental setup details. The thermal emitter is a sheet of 

refractory metal (tungsten sheet, 80-85µm thick, obtained from H.C. Starck), laser machined into 

a geometry that allows for both resistive heating as well as efficient reabsorption of reflected 

light (Supplementary Fig. 2b). Prior to laser cutting, the sheet of tungsten is covered with a thin 

layer (~10µm) of UV-curable, water-soluble, polymer (DaeCoatTM PCA-120713) to protect 

against material ablation. Afterwards, the coating is removed in de-ionized water by sonication. 

Optical properties of refractory metals strongly depend on temperature as well as sample purity 

and preparation conditions. Supplementary Fig. 4a shows the general dependence of tungsten 

emittance (normal) on wavelength31. The crossover point, in the 1-1.5µm region, separates the 

spectral regions where the emissivity increases/decreases with temperature. 

In our calculations, we use tabulated data for normal spectral emittance31, in 200K steps for a 

range of temperatures (1600-3100K). Emittance for angles other than zero is calculated as 

follows: high temperature dielectric permittivity for tungsten is 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) is known, angular dependence of absorptivity is 

derived from Fresnel reflection coefficients. Finally, from Kirchoff's law, the (directional, 
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spectral) emissivity equals the (directional, spectral) absorptivity. For intermediate temperature 

(temperatures in between the 200K steps), we obtain the emissivity by linear interpolation. 

Light emitted by the resistively heated tungsten filament is captured by two detectors, at 0° 

and 45° angles with respect to the surface of the filament emitter (Supplementary Fig. 2a). The 

detectors are calibrated to correct for any nonlinearity in the measured signal. The air in the setup 

is evacuated (P~10-6 torr) and argon is added (P~10-4 torr). The one-dimensional photonic film 

was fabricated using ion-beam sputtering at Evaporated Coatings, Inc., with layers of Ta2O5 and 

SiO2 on a fused-silica substrate (2cm x 2cm). Coatings deposited using ion-beam sputtering have 

particularly low absorption in the visible and the near-IR: the extinction coefficient for Ta2O5 is 

estimated to be <10-4 (550nm, [32]), and the tantala/silica coatings are used for antireflection 

coatings in precise gravitational wave detectors, with absorption loss on the order of ppm 

(1064nm, Table 10.1 in [33]). For wavelengths in the mid-IR (>4µm), these materials become 

absorptive: however, we note from Fig. 2 that a 3000K tungsten emitter radiates a very small 

fraction of light (~3.8%) in the spectrum above 4µm. Undesired absorption in the optically-thick 

silica substrate may be further reduced in glasses with particularly low IR-absorption such as 

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

 

Thermal emitter temperature estimation. Supplementary Figure 4b shows the dependence of 

tungsten resistivity on temperature34. The knowledge of resistivity, together with the shape and 

size of the emitter, allows us to estimate the temperature from the measured resistance. First, we 

perform a finite-element heat transfer analysis (COMSOL Multiphysics) to obtain the 

equilibrium temperature distribution of the emitter, shown in Supplementary Fig. 4c. We observe 

that only the main part of the emitter (the radiator-like structure) reaches very high temperatures. 
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Further analysis confirms that most of the power is indeed dissipated in this part of the emitter. 

In addition, we observe a highly uniform temperature distribution between the central strips of 

the emitter. Values of high temperature thermal conductivity and heat capacity of tungsten are 

obtained from literature35,36. 

The measured resistance of the emitter in Fig. 4 of the main text is R=2.90Ω when the 

interference structure surrounds the emitter, and R=2.62Ω when there is not such structure (plain 

emitter). In both cases, the measured power delivered to the emitter is the same (135W). Taking 

into account the uncertainty and the variation in the emitter thickness (80-85µm), these values of 

resistance imply (based on the resistivity dependence shown in Supplementary Fig. 4b) a 

temperature estimate for the central part of the emitter of 2900-3050K for the case when the 

filtering structure is present, and an estimate of 2700-2830K 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 emittance31. 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, presence of impurities and surface finish31,34, 

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 ~0.95) that to consume 135W 

of power, the emitter would have a temperature of 2950K, and the total luminous efficiency of 

the system would be 6.6%. 

 

Interference structure design and optimization. For the custom optimization (Figs. 1&2, red; 

Fig. 2, blue), we use rugate-like designs (see below) as a starting point, and apply other 

optimization methods37, including the needle optimization38. Specifically, we use a combination 
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of local, gradient-based, optimization algorithms39, 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 (lum. efficiency) of the combined system (emitter 

+ stack).  The combination of these methods yields the designs with luminous efficiency values 

plotted in Figures 1 and 2 of the main text. 

The purpose of a rugate-like interference structure24,40 is to suppress the higher-order 

reflection bands (which for a QW stack designed for wavelength λ0 occur at λ0/3, λ0/5, λ0/7, etc.), 

and thus allow for a wide rejection band in the IR (~0.7-2.5µm) 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 n2(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 the sinusoidal 

profile40. Such a structure would have a refractive index profile that satisfies 

ln(n(x)) = acos(4π x / λ0 )+ b , where λ0 is the design wavelength, and x is the optical thickness. 

The coefficients a,b ensure the correct limit to the optical profile and are given by 

a = 1/ 2 ln(nL / nH )  and b = 1/ 2 ln(nLnH )  where nL and nH denote the low and the high refractive 

indices. 

In practice, the rugate filter profile is obtained by using a discrete set of materials with 

refractive indices bounded by nL and nH  (corresponding to SiO2 and TiO2 in our case). For a 4-
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material rugate structure, the corresponding stacking of layers is [ABCDDCBA], where by 

definition n(A)=nL, n(D)=nH, and the optical thickness of each layer is λ0/4. We increase the 

bandwidth of our interference structure by introducing period chirping, defined as 

Ti = Ti−1(1+ς /1−ς )
1/(Np−1)  where Ti denotes the optical thickness of the i-th period, Np is the total 

number of layer periods, and ς is the dimensionless chirp parameter. Given the definitions above, 

for the QW stack and the 3- and 4- material rugate structure designs from Fig. 1 of the main text, 

we sweep the complete parameter space to find the optimal rugate design for a given number of 

layers. 
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