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Fig. 1: Potential applications for selective enhancement of 
thermal emission include: (a) photovoltaics [3], (b) 
thermophotovoltaics (TPV) [6], (c) selective solar absorbers [4], 

and (d) photon-enhanced thermal emitters (PETE) [7]. 
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ABSTRACT 
Thermal emission plays a critical role in a wide variety of applications, including adjusting 

radiative losses in photovoltaics and selective solar absorbers, as well as enhancing the emission 

of high energy photons for thermophotovoltaics and photon-enhanced thermionic emission.  In 

this work, we consider the benefit to thermal emission associated with replacing conventional 

mirrors with meta-mirrors following Generalized Snell’s Law. By reflecting light at a different 

angle than incident, they can couple internally guided thermal radiation modes to the escape 

cone, ideally starting from any internally-guided angle. We illustrate the concept with two meta-

mirror structures: a graded index material and a xylophone structure. Even without optimization, 

angle-averaged selective thermal emission is significantly enhanced compared to the planar case 

at selected wavelengths. Furthermore, the central wavelength and bandwidth of the enhancement 

can be matched with the requirements of each application. 

 

INTRODUCTION 

The selective enhancement of radiative thermal emission is an emerging scientific theme in a 

wide variety of applications, including photovoltaics (PV), selective solar absorbers (SSA), 

thermophotovoltaics (TPV), and photon-enhanced thermionic emission (PETE), as shown in Fig. 

1. For instance, photovoltaic cells could benefit from radiative cooling  [1,2], particularly in 

indirect bandgap materials such as crystalline silicon [3]. Selective solar absorbers benefit from 

the simultaneous ability to emit little in the mid-infrared as they heat up, while trapping solar 

wavelengths in the visible and near-IR  [4,5]. In terms of selective thermal emission, both 

TPV  [6] and PETE  [7] benefit 

from strong emission above a 

certain energy. While the 

efficiency of solid state energy 

conversion has reached 23% at 

970 °C for TPV [8] and 2% at 

120 °C for PETE [7], 

researchers have yet to realize 

the full potential of these 

technologies, which is more 

than twice as high. The 

efficiencies of PV, SSA, TPV, 

and PETE are all dependent on 

the precise operating 

temperatures of both the photon 

sources and receivers, as well as 

the wavelengths of light 

exchanged. Certain 

wavelengths, generally close to 

357



 
Fig. 2: (Left) Generalized Snell’s Law, induced by a phase front Φ��� at an interface.  
(Right) Metasurface fabricated by Nanfang Yu et al., demonstrating Generalized Snell’s law 

behavior at infrared wavelengths (adapted from [13]). 

the semiconductor band edge, will yield high performance, whereas most other wavelengths will 

have a much lower or even zero response. In all these cases, a primary cause of the substantial 

performance gap between theory and experiment is insufficient control over the thermal emission 

spectrum. 

 In order to address the need for selective enhancement of emission for key wavelengths, a 

variety of approaches have been tried. Originally, the geometric light scattering approach was 

used, in which thermally generated light is randomly scattered over a broad range of angles 

inside a high-index material, with a mirror on the bottom to force emission into a single 

direction. This approach was shown to yield an enhancement factor up to 4��, where � is the 

refractive index of the absorbing medium [9]. In addition, random scattering structures must 

generally have thicknesses of at least multiple wavelengths for the best performance [10,11]. 

However, introducing nanoscale features for light trapping means that the previous limits, 

derived under the assumptions of classical optics, no longer apply. Instead, wave optics dictates 

new limits; it has been shown to be capable, in principle, of outperforming all geometrical optics 

approaches, for enhancements exceeding 4n2  [3,12]. This is particularly true over narrow 

bandwidths, because, in contrast to geometrical optics approaches that treat all wavelengths of 

light equally, wave optics approaches can be targeted to enhance emission enhancement only in 

the range where it can be most beneficial. However, it has been shown that there are also new 

limits to the bandwidth and absolute degree to which emission can be enhanced. The major 

strategy for light trapping that has emerged recently is using periodic media such as gratings and 

photonic crystals, which strongly interact with light in key wavelengths of the blackbody 

spectrum. However, a single periodic structure does not yield the maximum possible 

enhancement at every wavelength of interest. 

Further major advances in selective emitter performance are likely to arise from entirely 

new techniques for enhanced emission. One approach of great interest since 2011 is the use of 

metasurfaces, illustrated in Fig. 2. Originally demonstrated by Nanfang Yu et al. at Harvard [13], 

these structures impart a phase across a flat dielectric. As explored in this manuscript, that simple 

change could have tremendous implications for the performance of these devices. 

. 



 

Fig. 3: (a) Our metasurface concept for selective enhancement of emission is shown. A dielectric with 

refractive index � is placed on top of a meta-mirror which follows the Generalized Snell’s law of 
reflection. The meta-mirror shown here combines a gradient phase adding interface layer with a perfect 
mirror. A path for the light ray is calculated by ray tracing. (b) The red line shows reflection at the meta-
mirror, and the black line represents specular reflection. The shaded region represents the escape cone. 

 

THEORY 

In this paper, we will study an ultrathin metasurface structure that will strongly enhance the 

photon density of states and emission in the infrared. It can be shown that the overall emission 

depends as much on the photon density of states, driven by the effective refractive index of the 

material, as much as the absorption coefficient itself. An example of these types of structures is 

given in Fig. 2(a), where a gradient in an ultra-thin layer of thickness � 	 20 nm introduces a 

phase front for incoming light. These structures create a significant bias for light to be externally 

emitter outside the absorber layer of the structure. The effect of such surfaces will be simulated 

using both the Stanford Stratified Structure Solver, a rigorous coupled-wave technique [14,15], 

as well as MEEP, a finite-difference time-domain solver [16]. 

Consider a ‘meta-mirror’ which adds a phase shift Φ��� at any point � on the mirror 

surface upon reflection of the incident wave. This is known as the ‘Generalized Snell’s Law’ of 

reflection. This asymmetric scattering offers the possibility of strong enhancement of emission or 

absorption  [17]. 

In the special case when Φ��� varies linearly with �, we have Δ�� � �Φ���/�� � 

constant. This can be viewed as an addition of a constant tangential �-component Δ�� to the 

incident plane wave such that the angle of reflection will not equal the angle of incidence, as 

would be expected from the conventional Snell’s Law of reflection. We can write this 

relationship as follows: 

																																																						��� sin �� � ��� sin �� � Δ��																																														�1� 
																														�� � asin �sin �� � Δ��

���� � asin�sin �� � δ�																																										�2� 

Instead, the mirror effectively steers internally emitted plane waves outside the escape cone, 

where sin �� ! �1	 " δ�, into different angles.  



Fig. 3(a) shows the mechanism for the enhancement of thermal emission. For a conventional air-

dielectric-mirror configuration, thermal emission inside the dielectric where �� ! �#  will be 

internally reflected at the dielectric-air interface when � ≫ 1. Now, assume that the mirror is 

redesigned to follow Generalized Snell’s Law of reflection. Now two cases are possible for 

thermal radiation generated in an internally reflected mode. In the first case, the angle will be 

reduced upon reflection. If the wavevector is increased by an appropriate amount, then the light 

may be reflected at an angle |��&| 	 �# . More generally, after N bounces, it may be reflected at 

an angle |��'| 	 �# . Such reflection angles inside the escape cone would allow the light to exit 

the high index medium. Alternatively, the angle will be increased upon reflection. However, 

after passing a certain threshold depicted on the right-hand side of Fig. 3(b), a secondary 

reflection will take place that will reverse the sign of the angle, reducing us to the first case. 

 Now consider the design parameters required to achieve the maximal emission 

enhancement. With an unlimited number of potential bounces, we merely need to ensure that the 

angle enters the escape cone once. The edge case is when the reflected angles are ��' � �#  and 

��'(& � "�#  on the Nth and N+1th bounces, respectively. This scenario requires δ � 2sin �# , or 

Γ� � *�/2. A smaller change in angles, and thus an acceptable result, could also be achieved if 

Γ� > *�/2. For a range of wavelengths �*� close to *�, most of the wavelengths will couple out 

of the system, assuming that δ does not change. The precise bandwidth for this response will 

depend on the specifics of the design.  

 

DISCUSSION  

A simple example of a mirror with the discussed properties is a graded refractive index layer on 

top of a conventional mirror. Neighboring sub-segments with different refractive indices have 

the same physical thickness and thus provide varying optical paths for the incoming wave. The 

phase added to the light wave by the sub-segments will vary according to the index gradient.  

Therefore as the wave goes through the graded index layer and returns to the medium of 

incidence, it will accumulate a spatial gradient phase Φ���, which has to comply with the 

conditions discussed in the previous sub-section. The graded index layer must also be periodic 

and will have linearly varying indices ranging from �, to �-. The mirror properties and the 

emission enhancement performance are discussed in the next section. 

Now consider a graded index mirror embedded in a dielectric (� � 3.5). We introduce a 

matching layer on top of the graded index layer to minimize specular reflection (see Ref.  [17] 

for details). We choose period Γ� � 1100nm for the design wavelength *� � 1200nm. The 

structure is uniform along y-direction. And, we only consider the 12-polarization for the incident 

light. Although the (+1)-diffraction mode represents the desired �� " ��  relationship of the 

‘Generalized Snell’s law of reflection’, there are also other scattered modes. Note that the �� "�� relationship predominantly follows the Generalized Snell’s law of reflection for low �� (i.e., 

|��| 	 20∘). However, reflections at larger �� eventually revert to Snell’s Law, i.e., specular 

reflection (with small contribution from other diffraction modes). No surface wave is observed 

for the high incidence angles—this is a deviation from the ideal characteristics. The angle of 

reflection for normal incidence �� � 0 can be calculated for the (+1)-diffraction mode as follows: 

 ���(&� � asin�δ� � asin �*/�Γ� � (3) 

For * � 1200nm, Γ� � 1100nm, and � �3.5 we find ���(&� � 18.16∘, which matches with the 

numerical calculations. Also Eq. (3) predicts that ���(&� would increase with *.  



 
Fig. 4: (a) Xylophone meta-mirror structure for selective enhancement of thermal emission for 
a partially selective dielectric above with an anti-reflection coating on top. (b) Angle-averaged 
emissivity for s- and p-polarizations. The s-polarization shows particularly high selectivity for 

selective thermal emitter applications. 

Now, consider a meta-surface mirror with a xylophone structure embedded in the 

dielectric, which behaves similarly to the graded index mirror structure (see Fig. 4(a)). Again, let 

the period Γ� � 1100 nm and central wavelength *� � 1200 nm. The �� " ��  relationship of the 

meta-mirror shows predominantly (+1)-diffraction (via Generalized Snell’s Law) for small ��, 
and returns to specular reflections for larger ��. However, the meta-surface mirror is closer to the 

ideal case depicted in Fig. 3(b) [17]. 
 

Selective Thermal Emission 

Next, let us focus on the enhancement of thermal emission using our proposed scheme. We can 

choose the dielectric thickness 6 � 1.55 mm (typical for a selective emitter substrate) on top of 

the xylophone meta-mirror structure, as shown in Fig. 4(a). To minimize reflections inside the 

escape cone, a quarter wave-matched (for *� � 1200	nm) layer is used as an ARC. We choose a 

partially selective, weakly absorbing medium with refractive index � � 3.5, and a peak 

absorption coefficient 7 � 2/cm. Both � and 7 are assumed to be non-dispersive in the 

wavelength range of interest (900	nm 	 * 	 3000	nm), to help achieve a better comparison of 

the emission enhancement properties. The blue and red lines in Fig. 4(b) show the angle-

averaged absorptance for s- and p-polarizations respectively, for structures constructed using the 

meta-mirror configuration at the back. The baseline absorption doesn’t experience enhancement, 

while the selective absorption range can be enhanced by the effect of photon trapping around 

1500 nm. Therefore, the weak natural selective absorption of the substrate can be enhanced 

without increasing the absorption all over the spectrum. For the meta-mirror configuration in Fig. 

4(a), there is minimal change in absorptance for * 	 Γ� � 950	nm, as predicted earlier. 

However, there are absorption peaks observed in this wavelength range. This can be associated 

with the resonances created by the series of dielectric layers. Also, note that the absorption starts 

to go down sharply for * > 1600	nm, particularly with the s-polarization. Thus, the s-

polarization offers the best overall selective thermal emission. 

 



CONCLUSIONS 

In conclusion, this work has shown that ultrathin metasurfaces (: 	 ;< nm) combined with ideal 

mirrors have tremendous potential for applications relying upon selective thermal emission, 

particularly including solar photovoltaics, selective solar absorption, thermophotovoltaics, and 

photon-enhanced thermionic emission. Two example meta-mirror structures were considered. 

The first example was a graded index and mirror, which showed angular deflections matching 

with analytical theory, albeit with performance approaching the conventional mirror at large 

angles. The second example using a xylophone metamirror structure showed stronger 

performance over a broad range of angles. This resulted in an enhancement of selective emission 

for both s- and p-polarized light at particular wavelengths in the infrared.  
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