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ABSTRACT.  Recent advances have revealed exciting new opportunities of nonreciprocal thermal 
emitters for photon-mediated thermal and energy applications by breaking Kirchhoff's law of radiation. 
However, most nonreciprocal emitters reported can only achieve high contrast between emissivity and 
absorptivity in a relatively narrow frequency and angular range, limiting their wide applications. Emitters 
consisting of multiple semiconductor layers with different doping levels have attracted a lot of attention 
for the fabrication feasibility and promises for achieving broadband nonreciprocal thermal emission due 
to epsilon-near-zero response. However, there has not been a systematic study on how the multilayers 
should be arranged for optimal performance. In this work, we study the effect of doping profile on 
nonreciprocal thermal radiative properties. By optimizing the arrangement of the layers, we achieve a 
contrast of 0.6 between emissivity and absorptivity, highest contrast in this system to the best of our 
knowledge.  
 
 

1 INTRODUCTION 
 

Kirchhoff's law of radiation states that the emissivity equals the absorptivity for the same frequency 
and direction [1-3]. This equivalence between emissivity and absorptivity has been widely applied in 
designing thermal and energy functionalities, such as thermal camouflage [4], solar energy harvesting 
[5, 6], and radiative cooling [7, 8]. However, recently, it has been shown that the validity of 
Kirchhoff's law is rooted in Lorentz reciprocity. In systems that break reciprocity (nonreciprocal), 
Kirchhoff's law can be violated [9-11]. Nonreciprocal emitters has drawn great interest in many 
research areas, such as energy harvesting [12-14] and radiative heat transfer [15-17]. Existing designs 
of nonreciprocal emitters mainly use two kinds of materials, i.e., magneto-optical materials [11, 18, 
19] and Weyl semimetals [9, 20, 21]. Both materials support an epsilon-near-zero (ENZ) wavelength 
range where the dielectric function across zero, and nonreciprocal properties can be greatly enhanced 
by the ENZ effect. Despite the predominant enhancement to nonreciprocal radiative properties, the 
enhancement effect is confined within a narrow wavelength range [22]. The narrowband 
nonreciprocal emission cannot meet the requirement for energy and thermal applications in which 
broadband nonreciprocal thermal radiation is needed.  
 
Recently, gradient multilayer structures are proposed to address this challenge [23-25]. Each layer in 
these emitters has a different parameter, such as carrier concentration or chemical potential, providing 
a broad wavelength range in which ENZ effect can be significant. For example, Zhang and Zhu [24] 
propose a nonreciprocal thermal emitter using a gradient doped InSb multilayer on top of a reflector. 
In this structure, each layer has a different doping level to have a different ENZ wavelength, and a 
broadband nonreciprocity from 12 to 16 µm is achieved. In another work, Liu et al. [25] design a 
multilayer structure using ultrathin magnetized InAs films with different doping to enable different 
ENZ wavelengths, achieving a broadband nonreciprocal emission from 20 to 40 µm. The realization 
of broadband nonreciprocal thermal emitters is inspiring. However, it is still unclear whether the 
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profile of ENZ wavelengths can affect the contrast between emissivity and absorptivity for such 
multilayer semiconductor emitters while maintaining the broadband feature. For a linear doping 
profile in which the doping level difference between two adjacent layers is constant, the changing 
direction of the doping profile may make a difference. In addition to the linear doping profile, a 
nonlinear doping profile also can affect the performance of multilayer structures with gradient 
parameters [26]. There has not been a systematic study on how the multilayers should be arranged to 
have a better doping profile for optimal nonreciprocal performance. 
 
In this work, we study the effects of doping profiles on the performance of nonreciprocal broadband 
multilayer semiconductor emitters. We analyze the nonreciprocal performance of linearly doped 
multilayer structures. We apply a nonlinear doping profile to such multilayer structures and achieve 
the largest contrast between emissivity and absorptivity among broadband nonreciprocal multilayer 
emitters with a magnetic field 1.5 T, to the best of our knowledge. Our results pave the way to 
achieving high-performance broadband nonreciprocal multilayer emitters.  
 

 
2 METHODS AND MATERIALS 

 
We start by introducing the method we use to compute the emissivity and absorptivity of 
nonreciprocal emitters. As shown in Figure 1a, a system consists of an opaque thermal emitter and 
two blackbodies A and B, under thermal equilibrium, with the three objects at the same temperature. 
From the second law of thermodynamics, part of the emission from blackbody A is absorbed by the 
thermal emitter, and the other part is reflected and then absorbed by blackbody B, and we have 
 

𝛼! + 𝑟!→# = 1                                                               (1) 
 

where 𝛼! is the absorptivity in the direction A at a given wavelength, and 𝑟$→% is the reflectivity of 
the emitter from channel i to channel j at a given wavelength, with i, j ∈{A, B}. Similarly, follow the 
emission from blackbody B, we have  
 

𝛼# + 𝑟#→! = 1                                                               (2) 
   

Meanwhile, at thermal equilibrium, each blackbody receives the same amount of energy as it emits, 
which yields  
 

𝜀! + 𝑟#→! = 1                                                              (3) 
 

and 
 

𝜀# + 𝑟!→# = 1                                                              (4) 
 

Combining equation (1)-(4), we have  
 

𝛼! − 𝜀! = 𝑟#! − 𝑟!#                                                        (5) 
 

For reciprocal emitters, 𝑟#! = 𝑟!# , and therefore	𝛼! = 𝜀! , which is Kirchhoff's law of radiation. 
However, for nonreciprocal emitters, 𝑟#! ≠ 𝑟!#, and thus 𝛼! ≠ 𝜀!. More specifically,  
 

𝛼! = 1 − 𝑟!#                                                              (6) 
 

and 
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 𝜀! = 1 − 𝑟#!                                                              (7)  

 
The above two equations are used to compute the emissivity and absorptivity of the nonreciprocal 
emitters considered in this work [27], which consist of multiple thin InAs films and a reflective 
substrate, as shown in Figure 1b. Each layer of the structure would have a different carrier 
concentration to induce an ENZ effect at different wavelengths. To show the ENZ mode, we calculate 
the real part of permittivity of InAs layers with varying carrier concentration of 𝑛&', 𝑛&(, 𝑛&), 𝑛&*, 
and 𝑛&+ , which are 4 × 10',	cm-) , 5 × 10',	cm-) , 6 × 10',	cm-) , 7 × 10',	cm-) , and 8 ×
10',	cm-), respectively. As shown in Figure 1c, when the carrier concentration increases from 𝑛&' 
to 𝑛&+, an obvious shift of the ENZ wavelengths occurs. We further calculate the contrast between 
absorptivity and emissivity for each InAs layer on top of a reflection substrate, and the results are 
shown in Figure 1d. The peak of the contrast occurs at the ENZ wavelengths, and therefore would 
shift with the carrier concentration increasing. Since each can have nonreciprocity at different narrow 
bands, building the multilayer structure consisting of InAs layers with different carrier concentrations 
to break Kirchhoff's law in broadband can be expected.  
 
 

 
 

Figure 1 Nonreciprocal emitters that break Kirchhoff's law of radiation. (a) Schematic of a system 
consisting of a nonreciprocal thermal emitter and two blackbodies under thermal equilibrium, with 
the temperature of the thermal emitter the same as that of the blackbodies (b) Schematic of a gradient-
doped multilayer structure for broadband nonreciprocal thermal emission, with each layer having a 
different carrier concentration and a different epsilon-near-wavelength that can break reciprocity at a 
specific wavelength range (c) The real part of permittivity of InAs layers with different carrier 
concentrations, i.e., 𝑛&', 𝑛&(, 𝑛&), 𝑛&*, and 𝑛&+. (d) The contrast between absorptivity and emissivity 
of structures with a InAs layer on a reflection substrate, with the carrier concentration of the InAs 
layer ranging from 𝑛&' to 𝑛&+. The carrier concentration of 𝑛&', 𝑛&(, 𝑛&), 𝑛&*, and 𝑛&+ in (c) and (d) 
are 4 × 10',	cm-) , 5 × 10',	cm-) , 6 × 10',	cm-) , 7 × 10',	cm-) , and 8 × 10',	cm-) , 
respectively, and the magnetic field is 1.5 T. 

 
 

3 RESULTS AND DISCUSSIONS 
 

To better compare our results with the state-of-the-art design, we first reproduce the results in Ref. 
[25] for a gradient multilayer structure of InAs with a linear doping profile, as shown in Figure 2. The 
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multilayer structure includes 10 layers of InAs on top of a 500 µm highly doped InAs substrate for 
reflection, and each layer has the same thickness of 350 nm. The doping concentration increases from 
the top layer to the bottom layer, from 4 × 10',	cm-)  to  8.5 × 10',	cm-) , with an equal 
concentration difference of 0.5 × 10',	cm-) between two adjacent layers. For such a structure, since 
each layer has a different carrier concentration, each layer can provide a strong Kirchhoff's law-
breaking effect near its ENZ wavelength [24]. The emissivity and absorptivity of the 10-layer gradient 
structure between 20-40 µm are then calculated to show this breaking effect at the incident angle of 
60°, and we consider TM waves in the calculation because there is no magneto-optical response for 
TE waves and the structure is reciprocal for TM waves [25]. As shown in Figure 2b, the emissivity 
and absorptivity differ in a broad wavelength range from 20 to 40 µm. Figure 2c shows the contrast 
between emissivity and absorptivity, and the largest contrast is 0.5 around the wavelength of 30 µm, 
demonstrating strong nonreciprocal behaviors. 
 

 
 

Figure 2 Nonreciprocal behavior of a 10-layer gradient doped InAs structure from Ref. [25]. (a) 
Schematic of the 10-layer gradient doped structure on top of a reflective substrate under a moderate 
magnetic field. Each layer has the same thickness, and the doping concentration increases from top 
to the bottom layer. (b) Emissivity and absorptivity of the 10-layer gradient structure at a magnetic 
field of 1.5 T and an incident angle of  60° (c) The contrast between the emissivity and absorptivity. 
 
We now consider four different linear doping profiles inside the multilayer structure to investigate 
their effects on nonreciprocal behaviors. We still fix the number of layers to 10, the same as before, 
and use the same InAs substrate. Each layer has a thickness of 350 nm. In all these profiles, the doping 
concentration difference between the adjacent two layers is fixed to 0.5 × 10',	cm-) , but the 
distribution of doping concentration is different, as shown in Figure 3a. For linear profile 1, 2, 3, and 
4, the doping concentration increases from the top to the bottom, from the bottom to the top, from the 
two sides to the middle, and from the middle to the two sides, respectively. The contrasts between the 
emissivity and absorptivity of structures with different doping concentration profiles are shown in 
Figure 3b. Both the nonreciprocal bandwidth and the contrast change with the doping concentration 
profile. When the concentration increases from the top to the bottom, the structure has a larger 
nonreciprocal bandwidth, while the structure with the concentration increasing from the two sides to 
the middle has a slightly higher contrast between emissivity and absorptivity. For profiles 1 and 2, 
the carrier concentrations range from 4 × 10',	cm-) to 8.5 × 10',	cm-), which is larger than that 
of profiles 3 and 4 (6 × 10',	cm-) to 8.5 × 10',	cm-)), and therefore they exhibit the nonreciprocal 
ENZ effect in a broader wavelength range.  
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Figure 3 Nonreciprocal behavior of multilayer structures with different linear doping profiles. (a) 
Schematic of four different linear doping profiles inside the 10-layer gradient InAs structures, with 
the green arrow showing the increasing direction of the carrier concentration. For profile 1, 2, 3, and 
4, the doping concentration ranges are 4 − 8.5 × 10',	cm-) , 4 − 8.5 × 10',	cm-) , 6 − 8.5 ×
10',	cm-) , and 6 − 8.5 × 10',	cm-) , respectively. (b) The contrast between the emissivity and 
absorptivity of structures with four different linear doping profiles. 
 
The broadband nonreciprocal behavior persists in a wide angler range. We plot the contrast between 
emissivity and absorptivity in the angular domain for all the above-discussed multilayer structures in 
Figure 4. It can be seen that the maximal contrast between emissivity and absorptivity occurs at an 
angle of around 60° for all the multilayer structures. Regardless of the differences in the nonreciprocal 
bandwidth, all the four different linear profiles could enable nonreciprocal absorptions and emissions 
across a broad angle, namely from 10° to 80°, making them omnidirectional nonreciprocal thermal 
emitters.  
 
 

 
 

Figure 4 Angular distribution of the contrast between emissivity and absorptivity of multilayer 
structures with different linear doping profiles. (a) Profile 1, with the doping concentration increasing 
from the top to the bottom. (b) Profile 2, with the doping concentration increasing from the bottom 
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to the top. (c) Profile 3, with the doping concentration increasing from the two sides to the middle. 
(d) Profile 4, with the doping concentration increasing from the middle to the two sides. 
 
The above analysis showcases the effectiveness of a gradually decreasing doping profile in terms of 
achieving broadband nonreciprocity. Built on this, we further investigate the case with a more 
generalized nonlinear doping profile [26], which can offer a higher tunability and may bring 
additional benefits. We still fix the number of layers to 10. As shown in Figure 5a, from the top to 
the bottom layer, the doping concentration (y) of each layer is set to be a function of the layer number 
(x), which ranges from 0 to 9. For the linear doping profile, 𝑦 is proportional to 𝑥 (𝑦~𝑥). While for 
nonlinear doping profiles, we choose two representative cases, i.e., 𝑦  proportional to 𝑥'/)  or 𝑥) 
(shown in Figure 5a). We fix the doping concentration of the top layer and bottom layer to be 
4 × 10', and 8.5 × 10',, respectively, and the thickness is set to 350 nm for each layer.  
 
The nonlinear doping profile indeed brings additional changes to the nonreciprocal performance. In 
Figure 5b, we calculate the contrast between emissivity and absorptivity of the three doping profiles, 
namely 𝑦~𝑥, 𝑦~𝑥), and 𝑦~𝑥'/). It shows that the emitters in all the three cases have a broadband 
nonreciprocal behavior. The highest contrast is 0.6 achieved by the doping profile of 𝑦~𝑥), which 
corresponds to a doping profile in which the doping concentration increases from the top layer to the 
bottom layer with increasing speed. A contrast of 0.6 is also the highest contrast under a moderate 
magnetic field (1.5 T) among all proposed multilayer nonreciprocal broadband emitters to the best of 
our knowledge. The multilayer structure with the nonlinear doping profile of 𝑦~𝑥) also have a wide-
angle nonreciprocal emission and absorption, as shown in Figure 5c, making it a broadband and wide-
angle thermal emitter with high nonreciprocal performance. The proposed nonlinear doping profile 
with the highest nonreciprocal performance (red curve in Figure 5a) could be achieved by 
conventional ion implantation techniques that is well-established doping technologies in 
semiconductor industry [28, 29]. Another  nonlinear doping profile (blue curve in Figure 5a) could 
be achieved using thermal-diffusion semiconductor doping technology [30, 31], which is also a well-
developed technology in industrial semiconductor manufacturing featuring simplicity and 
affordability [32, 33]. Compared with the emitter with linear doping profile that requires epitaxially-
grown multilayers[25], the emitter with nonlinear doping profile possess the advantages to be readily 
fabricated and widely applied while maintaining the high nonreciprocal performance. 
 
 

 
 

Figure 5 The difference between linear and nonlinear doping profiles inside the multilayer structure. 
(a) Schematic of different doping profiles inside the gradient multilayer structure, in which 𝑥 is the 
number of layers and 𝑦  is the doping concentration. (b) The contrasts between emissivity and 
absorptivity of multilayer structures with linear and nonlinear doping profiles. (c) Angular 
distribution of the contrast between emissivity and absorptivity of multilayer structures with nonlinear 
doping profile, 𝑦~𝑥). 
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4 CONCLUSIONS 
 

In conclusion, we reveal the effects of the ENZ profile on the nonreciprocal behaviors of broadband 
nonreciprocal multilayer emitters. Changing the ENZ profile can increase the contrast between the 
emissivity and absorptivity but leave the nonreciprocal bandwidth of such broadband nonreciprocal 
emitters unaffected. For InAs multilayer structures with different linear profiles, the multilayer 
structure has a broader nonreciprocal bandwidth when the doping concentration increases from the 
top to the bottom. Under a fixed doping concentration difference between the top and the bottom, a 
nonlinear doping profile can result in a larger contrast between emissivity and absorptivity as 
compared to the linear doping profile, while maintaining the broad nonreciprocal bandwidth. A high 
contrast of 0.6 is achieved by the nonlinear profile in this work, which is the highest contrast achieved 
under moderate magnetic field among broadband nonreciprocal multilayer emitters to the best of our 
knowledge. This work of controlling the profile can also be applied to other gradient multilayer 
structures for performance improvements, and such nonreciprocal emitters designed in this work has the 
great potential to be used in many thermal management systems and energy-based applications, for 
example, radiative cooling. Since the multilayer emitter in the work has a stronger emission than 
compared with the absorption in the mid-infrared wavelength range, it has a great potential to be applied 
in radiative-cooling systems to improve their performance. 
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