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Abstract 
This abstract is publicly releasable. 

 
The principal motivation of this proposal is to provide a better understanding of the interaction of 
infrared radiation with aerospace materials in extreme environments. In this context, the surface 
roughness of the materials surface has an important impact on the reflection and absorption of 
incident radiation from material surfaces. Here, we developed a computational model for surface 
roughness effects to understand the interaction of infrared radiation with rough surfaces of 
materials, including polar dielectric and refractory metals. A detailed theoretical formulation and 
a numerical implementation was achieved based on the small perturbation method/small slope 
approximation (SPM/SSA). The code is capable of various statistical descriptions for rough 
surfaces, including Gaussian power spectral density. Using the developed computational code, we 
investigated the effects of various rough surface parameters, such as correlation length and surface 
roughness height, on the reflection and absorption spectrum of different materials, including polar 
dielectric and refractory metals.  
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1. Introduction 
 

Research on broadband spectral reflection and absorption has attracted increasing attention 
recently due to the wide range of applications in both science and industry. Extensive literature in 
broadband radiative cooling systems [1–3] , solar absorbers [4–6], broadband anti-reflectors [7,8], 
space applications [9,10] points out the importance of this issue. Various techniques were proposed 
in the literature to increase the broadband spectral reflectance. Optical structures are known for 
their ability to control the spectral reflectivity and emissivity of surfaces [11,12]. With the recent 
advances in solar thermal and thermophotovoltaic systems and broadband reflection/emission 
applications, the engineering of surface structures, especially for materials that can sustain high 
temperature, has become essential. Deterministic surface structures, including 2D and 3D photonic 
crystals and meta-surfaces, have been widely explored to tailor the spectral response of the surfaces 
to the incident solar spectrum [13,14], increasing the important metrics such as emission efficiency 
[15]. 
 

Random surface roughness and surface distortions occur inevitably as a result of material 
processing and fabrication techniques [16,17]. For most situations, it is hard to get a completely 
smooth surface. In some cases, such as the surface roughness of metals, there are reports of 
improvement of the solar cell energy trapping [16], and the subsequent enhancement in 
subwavelength imaging [18,19]. As the impact of surface roughness on the system is crucial, it is 
important to quantify the impact of surface roughness. 
 

Tailoring and smoothing the surface roughness can be challenging for thermomechanical stable 
materials, including refractory metals such as tungsten (W) and polar dielectrics, such as silicon 
carbide (SiC). These materials address problems like corrosion, adhesion, durability, and degraded 
reflectance performance due to damage, which are some issues that are encountered in various 
coatings [20,21]. Thermal solar [22–24], solar thermophotovoltaic [25], nuclear fusion [26–28], 
and aerospace applications [29] rely heavily on materials capable of operating at high 
temperatures. These materials must be able to operate at temperatures exceeding 1500 °C [16]. W 
is increasingly being used for different applications, such as solar devices, due to its outstanding 
chemical and thermal stability, high melting point, wear-resistance and the ability to store energy 
for over long periods of time [30–32]. Moreover, Tungsten is one of the refractory metals with 
intrinsic absorption in the VIS to NIR region that operates at high temperatures for the applications 
in which a high absorption is needed. Tungsten has high absorption in the visible range, but its 
large real part of the dielectric constant leads to a high reflection in the infrared regime. This causes 
flat films to have 60% or less absorption [33]. Tungsten can be textured in the shape of a pyramid 
micro/nanostructures to boost absorption [34].   

 
Recently, employing dielectric multilayer thin-film coatings has been demonstrated as 

broadband reflectors that enhance reflectivity in shorter wavelengths [35,36]. Although these 
methods made significant contributions to the related literature, further research is required to 
achieve broadband reflectors with better thermomechanical stability and optimized topologies. 
Since the 1970s, the principle of using surface structures and surface patterns has been used as an 
alternative to thin-film coatings for controlling spectral reflection and absorption. Anti-reflective 
treatments are used extensively in the optic industry for applications ranging from lenses, lasers, 
cameras, solar cells, and visible and near-infrared light systems to windows, missile domes, 
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defense, and infrared laser systems [37,38]. In military, aerospace, and some industrial 
applications, which primarily utilizes infrared (IR) spectrum, reflection is a major issue. A 
common approach to improve optical reflection is to use several thin layers of dielectric materials 
that are mounted on the exterior surface of the window or optical component [39]. Enhancing 
photon absorption by increasing the active layer thickness is a relatively simple method, but the 
balance between charge and absorption also limits the thickness of the layer. One of many 
techniques for enhancing absorption without raising the actual layer thickness is to pursue a light 
attenuating structure, allowing the number of internal passes inside the functioning layer to 
improve the total length of the optical path [40].. At higher frequencies, the surface texture has a 
significant impact on the material's interaction with the electromagnetic wave [41]. Textured or 
porous layers can scatter light, and hence, intensify the duration of light travel through the 
absorber. Patterned surface structures, such as pyramidal structures [34], blazed gratings [16], and 
complex square gratings [42] of W, have been investigated by numerical approaches, such as finite 
difference time domain (FDTD), and experimentally demonstrated to get high absorption 
efficiencies. Periodic thin-film dielectric coatings deposited over refractory metals were also 
proposed to reduce absorption [35]. Extending such investigations of refractory metals of 
deterministic structures to refractory metal surfaces with random surface roughness is of interest.  
 

There is also abundant literature for surfaces with deterministic textures for 
absorption/emission enhancement. In recent years, with the advancements in nanotechnology, 
periodically arranged surface textures are heavily utilized in the field of photonics due to the 
capability of resonance excitement. Frequency selective structures composed of silicon is reported 
for mid-infrared applications [43,44]. Issue with these structures suffer from low bandwidth of 
absorption due to resonant based nature. To overcome low bandwidth issue, different structures 
that combines multi-resonances together are studied in the literature [45,46]. However, those 
structures suffer from reduced absorption efficiency due to the destructive interference of different 
resonance modes. Besides the mid-infrared applications, periodically arranged surface textures are 
also developed for applications in visible and near-infrared spectrums [47,48]. In [47], structures 
are capable of strongly trapping the light in silicon for solar cell applications. Another study [48] 
proposed a hybrid structure, which sandwiches silicon structure between a polymer and a textured 
gold layer. Hybrid structure traps the light inside the silicon very effectively, thus resulting in high 
absorption in 0.3 -2 um interval reaching up to 90 % levels. However due to the hybrid nature, 
such structure requires several fabrication steps which makes it less feasible for fabrication. Black 
silicon devices composed of periodically arranged textures, for which some of the examples are 
given above, owe the absorptance enhancement to the field enhancement inside the silicon. High 
field enhancements in these devices are either attributed to resonance or light trapping effects due 
to sandwiched silicon. However, physics of the field enhancement in pure silicon structure, which 
neither support plasmonic resonances nor benefit from multiple reflections, is not clarified. 
Absorptance spectra of pyramid like textures composed of pure silicon is approximated by a 
multilayer structure with effective medium theory in [49]. Although computational results well 
agree with the experimental results, such approach does not able to explain the underlying physics. 
It shows that absorptance spectra of periodic surface textures can be mimicked with a multilayer 
structure which benefits from destructive interference of the reflected beams on the front surface. 

 
In the literature, the effect of surface roughness on the interaction of electromagnetic waves 

with various surfaces has been investigated in detail for various other applications [50,51]. Both 
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experimental and theoretical studies of the interaction of rough surfaces with electromagnetic 
waves have led to significant improvements at various spectral regions [52,53].  Surface roughness 
effects in solar cells have attracted significant interest, as surface texturing in solar cells has been 
shown to improve the efficiency of solar cells [54,55]. Experimental studies related to surface 
roughness effects in solar cells have attracted significant interest, since surface texturing in solar 
cells have been shown to improve the efficiency of solar cells [55]. In addition to these studies, 
another area that the interaction of rough surfaces and electromagnetic waves have attracted 
significant interest is the study surface plasmon excitation with rough surfaces [45,56–58]. In the 
literature, however, there is a lack of studies on the surface roughness effects of refractory metals. 
As the topology of random surface roughness is quantified by the power spectral density (PSD), 
the modeling and simulation of random roughness with direct numerical approaches such as FDTD 
or finite element method (FEM) is challenging. 

 
Despite the established literature on rough surface scattering from surfaces, surface roughness 

effects on thermomechanical stable materials have been largely ignored. With the increasing 
interest in thermomechanical stable materials, including refractory metals and polar dielectrics, an 
investigation of surface roughness effect on their broadband reflection spectrum is necessary. To 
address these issues, in this project, at first step we developed a model and investigated the impact 
of surface roughness on the spectral reflectivity under a broadband illumination [59]. We applied 
small perturbation method/small slope approximation (SPM/SSA) methods [60] to study 
reflectivity change in a broadband spectrum caused by Gaussian roughness for thermomechanical 
stable materials. The effects from the optical properties of materials and the surface roughness 
structures are studied and discussed.  

 
Demand for high absorptivity attracts the attention of the researchers, and therefore lead to 

various type of silicon based photonic structures with high absorptivity, which are also known as 
black silicon [61,62]. In the literature, black silicon is achieved by introducing geometrical textures 
on the surface of silicon. Although high absorptivity over a broad spectral band is reported with 
surfaces with various textures, the underlying physical mechanisms that lead to high broadband 
absorptivity, is still an area that requires further research. 

 
Black silicon has attracted attention of the researchers when it was fabricated by reactive ion 

etching (RIE) in which microstructures with high depth to width ratios were observed [62]. Later, 
black silicon with high absorptance in the 0.5 -2.5 μm spectrum band is demonstrated [61] by 
fabricating the surface textures using laser chemical etching. Enhanced absorption is attributed to 
the increased light trapping effect due to the spikes with high depth to width ratio. While abundant 
several studies exist in the literature regarding the experiments and fabrication techniques for 
micro-structured black silicon [63,64], fundamental physical mechanisms that yields this behavior 
have not been equally investigated. Scattering characteristics of electromagnetic waves from such 
random rough surfaces for various applications have been studied in the literature.  

 
At the next step, in this project, we uncovered the mechanisms of the enhanced broadband 

absorption in micro-structured silicon with random and deterministic textures, especially at 
wavelengths above its bandgap [65]. We considered texture geometry and doping concentration 
as major influential parameters on the absorptivity of the black silicon and linked those parameters 
to electromagnetic phenomena, which induce high field intensities. Random texture geometries 
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are analyzed by expressing them by random Gaussian surfaces and spectral characteristics are 
obtained. Surface geometry is characterized by root-mean-square (RMS) of surface height, hrms 
and transverse correlation length lc. Electromagnetic responses of those structures are analyzed by 
finite difference time domain (FDTD) [66] simulations. Then, spectral characteristics of random 
textures are compared to periodicity controlled deterministic patterns, and the field distributions 
are calculated for analysis with FDTD [66]. In summary, geometry of randomly and 
deterministically textured black silicon structures are studied, results are analyzed based on field 
distributions. During the analysis, we considered the high field enhancement problem in black 
silicon as reciprocal of a waveguide problem in which multiple modes are supported throughout 
the geometry. In addition, high coupling in the transverse directions are observed in the analysis 
and coupling condition is estimated by adapting an effective wavelength method, which was 
originally proposed for optical antennas [67]. Our findings show that overall field enhancement in 
the pure-silicon structure stem from these two different phenomena depending on the width of the 
features of the textures. These findings reveal the underlying physics of the broadband absorptivity 
enhancement in black silicon, which can aid the future studies in the field. 

 
As another application, rough surfaces can be used as selective absorbers which are commonly 

used in various fields due to their high absorptivity at specific wavelengths [68]. Spectrally 
selective filters can be used in various of applications involving solar absorbers [69], sensors [70], 
passive cooling [2,71], and thermophotovoltaic devices [72]. Optimization of energy use could be 
achieved by using the control of solar spectra. In addition to the consideration of cost, having the 
right transition wavelength can increase the efficiency of a solar absorber for specific applications 
significantly. Solar selective coatings are more common spectral selective absorbers studied in the 
literature [73]. Nanostructures can act as spectrally selective absorbers on the substrates [6]. While 
several studies exist in the literature regarding nanostructures' effect on the absorption spectra, the 
ability of random textures to use as spectrally selective absorbers has not been studied yet. The 
non-periodic structures can achieve high absorption rates, with structural sizes of one micron [74].  

 
In this project, a random distribution of surface features with varying feature profiles and depth 

is used to obtain high absorption in Tungsten [4]. Scattering at rough interfaces between the 
absorber layers causes a change in the electromagnetic field angle of incidence within the absorber 
layers. This leads to a phenomenon known as internal coupling, which allows light to couple inside 
the absorber [75]. Using this concept, randomly textured surface substrates have been successfully 
used for the integration into solar cells of rough interfaces [75]. Here, we use this concept for 
Tungsten surfaces, a stable thermomechanical material, to increase the length of the optical path 
in a thin absorber layer significantly. Our approach goes one more step to demonstrate broadband 
spectrally selective absorber using Tungsten anisotropic rough surfaces. In this case, the formation 
of anisotropic surface can be achieved by stretching an isotropic surface in certain directions, 
resulting in different lateral correlation lengths. It represents random rough surface interface with 
varying correlation length in the x and y directions. We propose a technique to engineer the surface 
morphology based on anisotropic surface roughness for improving the surface optical 
characteristics. Isotropic and anisotropic random rough surfaces of Tungsten with various RMS 
height and correlation length are investigated. The random rough surface in this study is 
characterized by Gaussian power spectral density (PSD) with RMS height and correlation length. 
Surface properties of textured tungsten surface are modeled using the finite-difference time-
domain (FDTD) technique, which enables analysis of textured Tungsten surface absorbance. Using 
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this method, a high absorption over a broad spectral band is obtained without adding any extra 
layers or coatings. 

 
As mentioned earlier, optical nanostructures are another way of enhancing reflectivity of 

refractory metals. Researchers have been inspired by the optical nanostructure of insects to design 
and optimize multilayers. Among these insects, Morpho butterflies are known for their excellent 
multifunctional features of photonic structure wings [76]. These morphologies have been applied 
to the design and fabrication of bio-inspired sensors such as thermal infrared and pH sensors 
[77,78], chemical sensors [79,80] , gas sensors [81], robotic tactile sensors [82], and acoustic 
sensors [83] alongside with applications in microfluidics [84,85] and radiative cooling technology 
[86,87]. The multilayered thin-film nanostructure wings of morpho butterflies play an important 
role in controlling the reflectivity of light. In several studies, researchers optimized Morpho 
butterflies’ wing structure to increase reflectivity in the narrowband spectrum. The literature 
results demonstrate that alternating the number of layers, the distance between the layers and, the 
shape and thickness of the layers not only impact reflectivity but also are responsible for the wide-
angle reflectance [88,89]. As indicated in the literature, increasing the number of layers and 
reducing the distance between the ridges increase the reflectivity [90,91]. In addition to the 
structure morphology, coating materials can also affect the reflectivity. For instance, researchers 
have used the periodic arrangement of high/low index thin film layers to tune the spectral 
reflectivity of morpho butterfly-like structures [92]. 

 
Previous research also shows that the periodic structure of morpho butterfly wings helps them 

have lower wing temperature. This indicates that the ridge distances between periodic structures 
enhance convection from the wings to the ambient air, which decreases the thermal stress on the 
wing nanostructure. This thermal/heat transfer property of the morpho butterfly wing’s 
nanostructure has been implemented to reduce the thermal load on the multilayered structures [93]. 
To date, developments in numerical methods have opened up numerous approaches to optimize 
the structure of multilayer thin-film coatings. Implementing the genetic algorithm [94], needle 
optimization technique [95], evolutionary algorithm [3], and deep learning algorithms [96,97] to 
design film structures are some of the well-known methods. By benefiting from those methods, 
multilayers that mimic the geometry of the observed patterns in nature can be designed. By doing 
so, the advantages of structures that already exist in nature can be coupled to artificial structures.  
   

At the last stage of this project, we used a bio-inspired multilayer structure to increase the 
broadband reflectance of the thermomechanical superior materials [98]. Layer thicknesses of 
homogenous thin-film structures with predetermined layer numbers and materials are optimized 
such that impedance mismatch between the structure and incident medium is maximized to achieve 
broadband reflectivity. To benefit from thermal advantages of the morpho butterfly wings-like 
structures [99], spectral characteristics of such structures are studied by introducing periodicity, 
transforming homogenous multilayers to inhomogeneous structures. Final structures exhibit very 
high, reaching up to 90 % levels, broadband reflectance in 0.3-3 µm spectra, which prevents the 
absorption of incident radiation from high-temperature sources in these spectrums and leads to 
increased thermomechanical stability.  
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2. Methods, Assumptions & Procedures 

In this research project to control optical properties, especially absorption, reflection and 
transmission, novel design techniques for the field of spectrally selective surfaces, using random 
rough surfaces and nanostructures to control the optical properties is proposed and explained for 
the resulting behaviors.  

 
2.1. Surface Roughness Generation 
 
To understand the random surface roughness effect, a rough surface configuration shown in 

Fig. 1 is considered. Light illuminates the surface from vacuum with an incident angle 𝜃௜  and 
azimuth angle 𝜙௜. As the surface is not flat, different facet angle would cause reflection of light to 
different directions. The directions of scattered light are thus labeled with 𝜃௦, 𝜙௦. To study the 
broadband reflectivity and emissivity, we considered normal incidence of illumination, where 𝜃௜ =
0. Surface roughness is quantified in terms of the root mean square (RMS) of surface height 𝜎 and 
the transverse correlation length 𝑙 . The power spectral density (PSD) of the surface is 
mathematically the Fourier transformation of the surface height self-correlation function [100]. 
The integration of PSD function over k-space results in the room-mean-square (RMS) of surface 
height, thus s. Sinusoidal surface shapes will show as a delta function for the PSD. For a Gaussian 
surface, the roughness is randomly distributed with a PSD function, which follows a Gaussian 
distribution, the PSD of which is given as [100] 

 

𝑊(𝑘௫ , 𝑘௬) =
௟మఙమ

ସగ
𝑒ି

(ೖೣ
మశೖ೤

మ )೗మ

ర =
௟మఙమ

ସగ
𝑒ି

ೖഐ
మ ೗మ

ర                                 (1) 

 
where 𝑙 is transverse correlation length, 𝜎ଶ is the surface height variance, 𝑘ఘ

ଶ = 𝑘௫
ଶ + 𝑘௬

ଶ, which 
is the wave-vector at radial direction. In Eq.  1 we assumed same correlation length along x and y 
direction, which is 𝑙௫ = 𝑙௬, thus the random roughness is isotropic with no azimuthal angle 
dependence. 

 
Figure 1: Schematic illustration of the surface roughness and the light scattering system. 
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These quantities are related to the auto correlation function by, 

 

𝜌(𝑟) = ℎଶ 𝑒𝑥𝑝 ቈ− ቀ
௫

௖௟ೣ
ቁ

ଶ

− ൬
௬

௖௟೤
൰

ଶ

቉                                             (2) 

 

where 𝑐𝑙௫ and 𝑐𝑙௬ are the correlation length in x and y directions, h is the standard deviation of 
height and r shows the positions on the surface such that the rough surface structure can optionally 
generate textures as shown in Fig. 3(a). The integration of the power spectral density (PSD), which 
is the Fourier transformation of the surface height self-correlation function [101], over k-space 
results in the RMS of surface height. Three common spectral density functions are Gaussian, 
Power-Law and Exponential spectra.  

 
Based on the previous experimental studies, wet-chemical etching, which produces isotropic 

textures, is the most effective way for obtaining damage-free Si texture among various surface 
treatments including annealing and oxidation [102]. Isotropic distribution assumption is used in 
previously reported analysis of black silicon [103,104]. In line with those studies, random 
roughness surface profile is considered to be homogeneous and isotropic. In this study, isotropic 
gaussian rough surface approximation was utilized and clx=cly=cl. A statistically homogeneous 
surface means the distribution of height is equally possible at any position within the surface. An 
isotropic surface is that the correlation function of surface heights is independent of the direction 
between two corresponding surface points’ locations.  

 
The roughness is generated by creating a matrix of uniform random numbers in k space (wave 

vector). For this purpose, the random number generator is considered in the script of simulations 
enable us to generate the Gaussian random number. The high frequency components (short 
wavelengths) which came from conversion of time functions into waves of different frequencies 
and are rapidly changing in space, are removed, and the resulting values are transformed back to 
real space. In this case, a single import object (surface option) is used to define the entire object. 
The upper surface of this object is defined by a 2D matrix containing the surface height as a 
function of x and y. Then the surface matrix in k-space fills with uniform random numbers. It is 
then filtered according to the real roughness data extracted from atomic force microscopy (AFM) 
images to remove all high frequency components [53] and the actual surface is realized by applying 
the Fourier transform (FT) on the filtered k-space. The matrix is transformed back into real space, 
where the amplitude is corrected. Due to the way the Fourier transform is setup, the roughness will 
be periodic with period x, y span. This is convenient when using periodic boundary conditions. 
The import object is then added to the simulation. For other PSDs such as second order Power-
Law and exponential spectrum the spectrum density function is given by Eq. (3) and (5) 
respectively. For Power-Law PSD is given by 

 

𝑤 = ൬
௖௟ೣ௖௟೤ℎమ

ସగ
൰ ൜1 +

௰మ൫ே೛ିଵ/ଶ൯

௰మ൫ே೛൯
൤− ቀ

௄ೣ௖௟ೣ

ଶ
ቁ

ଶ

− ቀ
௄೤௖௟೤

ଶ
ቁ

ଶ

൨ൠ
ିே೛

                          (3) 

 
where Γ is the Gamma function, Np is the order and the auto-correlation function for Power-Law 
spectrum comes from: 
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𝜌(𝑟) = ℎଶ ቊ1 +
ଵ

ே೛
ቈ− ቀ

௫

௖௟ೣ
ቁ

ଶ

− ൬
௬

௖௟೤
൰

ଶ

቉ቋ

ିே೛

                                 (4) 

 

and for Exponential spectrum: 

 

𝑤 = ቀ
௖௟ೣ௖௟೤௛మ

గమ
ቁ ቄ1 + (𝐾௫𝑐𝑙௫)ଶ + ൫𝐾௬𝑐𝑙௬൯

ଶ
ቅ

ିଵ

                                (5) 

 

 

The auto correlation length for Exponential spectrum is as follow: 

 

𝜌(𝑟) = ℎଶ 𝑒𝑥𝑝 ൤−
|௫|

௖௟ೣ
−

|௬|

௖௟೤
൨                                               (6) 

 

Random textures for mentioned PSDs (Gaussian, Power-Law and exponential) are shown in 
Fig. 2. For this project the Gaussian type of distribution is commonly used since it is commonly 
observed in nature structures with random textures [105]. 

 
Figure 2:Random roughness texture generated by different PSD functions (a) Gaussian spectrum (b) Power-Law 

spectrum (c) Exponential spectrum. 

 
2.2. Surface Roughness Effects on the Broadband Reflection Design Formulation 
 
Theoretical methods in studying the surface roughness effect includes Lippmann–Schwinger 

equation [106], small perturbation method [50], and small slope approximation (SSA) [60]. The 
numerical methods used herein include moments of momentum (MoM) and Monte Carlo [107]. 
Among these techniques, the SPM/SSA method, up to second order, has been proven to be valid 
for studying the surface roughness with small variance or small slopes. It has been widely used in 
the remote sensing of thermal temperature of sea surfaces. In the literature, numerical techniques 
have been used for studying scattering from rough surfaces, including finite difference time 
domain (FDTD), finite element method (FEM) [108], method of moments and T-Matrix methods 
[18,109], and Monte Carlo approaches [110]. The SPM/SSA technique used in this study offers 
advantages for the problems that we address. Numerical approaches, such as FDTD- or FEM-
based methods, provide solutions for deterministically described rough surfaces, whereas the 
SPM/SSA technique provides solutions for stocastically described rough surfaces. Compared to 
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SPM/SSA, typical MoM or Monte Carlo approaches are more time-consuming. The SPM/SSA 
method, up to the second order, contains the scattered beam contribution from both coherent and 
incoherent terms, thus resumes energy conservation [111].  

 
In this study, we present a theoretical investigation on rough surface scattering. A simplified 

description of the method is discussed here. The reflection from the rough surface is given as [60] 
 

𝑅 = ൮

|𝑅௛௛
଴ |ଶ

|𝑅௛௩
଴ |ଶ

0
0

൲ + ∫
ஶ

଴
𝑑𝛽 ∫

ଶగ

଴
𝑑𝜑′𝐶(𝑘଴𝛽, 𝜑′) ൮

𝑔௛(𝛽, 𝜃௜ , 𝜑௜ , 𝜖, 𝜑)
𝑔௩(𝛽, 𝜃௜ , 𝜑௜ , 𝜖, 𝜑)

𝑔௎(𝛽, 𝜃௜ , 𝜑௜ , 𝜖, 𝜑)
𝑔௏(𝛽, 𝜃௜ , 𝜑௜ , 𝜖, 𝜑)

൲              (7) 

 
where |𝑅௛௛

଴ |ଶ and |𝑅௛௩
଴ |ଶ corresponds to the Fresnel reflection coefficients for horizontally and 

vertically polarized light incidence respectively. In Eq.  7, the contributions from the |𝑅௛௛
଴ |ଶ and 

|𝑅௛௩
଴ |ଶ terms account for the reflectivity of a flat surface. Reflectivity change due to the surface 

roughness are accounted in the second term in Eq.  7, where 𝛽 = 𝑘ఘ/𝑘଴ and [60]. 
 
 

𝐶(𝑘ఘ, 𝜑) = 𝑘ఘ
ସ𝑊(𝑘ఘ, 𝜑)                               (8) 

 
By substituting Eq.  8 into Eq.  1, we obtain  

 

𝐶(𝑘ఘ, 𝜑) =
௞ഐ

ర௟మఙమ

ସగ
𝑒ି

ೖഐ
మ ೗మ

ర                                                    (9)                                

 
Since weighting function 𝑔 are functions of 𝜑௜ − 𝜑 alone, integral over 𝜑 makes the dependent on 
𝜑௜ to be vanished. In our calculations, we choose 𝜑௜ = 0. The 𝑔 function in Eq. 7 can be expanded 
into its Fourier series as:   

 

𝑔ఊ,௡(𝜃௜ , 𝜖, 𝛽) =
ଵ

ଶగ
∫

ଶగ

଴
𝑑𝜑′𝑒௜௡ఝ𝑔ఊᇱ(𝜃௜ , 𝜖, 𝛽, 𝜑′)                              (10) 

 
Meanwhile, function C given in Eq.  9 can be expanded into its Fourier series as:  

 

𝐶௡(𝑘𝛽) = ∫
ଶగ

଴
𝑑𝜑′𝑒ି௜௡ఝᇱ𝐶(𝑘𝛽, 𝜑′)                                           (11) 

 
   

Therefore, the roughness caused reflection change can be written as:  
 

Δ𝑅 = ∫
ஶ

଴
𝑑𝛽𝑔ఊ,଴′(𝛽)𝐶଴(𝑘଴𝛽) + 2 ∑ஶ

௡ୀଵ ∫
ஶ

଴
𝑑𝛽𝑅𝑒{𝑔ఊ,௡′}𝐶௡(𝑘଴𝛽)            (12) 

 
Considering the large range of wavevectors that are going to be analyzed, each azimuth harmonic 
term in Eq.  12 is rewritten to be an linear integration over logଵ଴𝛽, which is:  

 
∫

ஶ

଴
𝑑𝛽Re{𝑔ఊ,௡′(𝛽)}𝐶௡(𝑘଴𝛽) = (ln10) ∫

ஶ

ିஶ
𝑑(logଵ଴𝛽)𝛽Re{𝑔ఊ,௡′(𝛽)}𝐶௡(𝑘଴𝛽)         (13) 
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Here, the weighing function 𝑔 is determined by the material optical properties, and 𝐶 depends only 
on the surface profiles. The magnitude of 𝑔 values are derived from scattering coefficients with 
the full description illustrated in [112]. 

 
 

2.3. Broadband Absorption in Black Silicon 
 

In this section, doped optical properties calculations is explained. Generated structures’ 
electromagnetic response is computationally obtained in 0.3 – 3 μm spectrum interval. The random 
rough surface generation methodology is similar to the methods expressed in section 2.1. In this 
section, 2.3, procedure for obtaining optical properties with doping is summarized. 

A rough surface configuration shown in Fig. 3(c) is considered for explaining the random 
surface roughness effect. The homogeneous random rough surfaces can be generated using spectral 
density function and discretization of it. In this case, the roughness is characterized by a specified 
sigma RMS (σ) which is describing the height profile and is identical to standard deviation of a 
random variable and correlation length (Lc) which is defining frequencies of spatial variations 
allowed over the surface. Large correlation length corresponds to small spatial frequencies and 
vice versa.  

 

 
Figure 3: a) Example 3D visual of random texture formed by random Gaussians. b) Example 3D visual of 

periodicity controlled deterministic texture. c)  2D scheme for random texture with geometric parameters. d) 2D 
scheme for deterministic texture with geometric p 

 
Reflection and absorption spectra have been determined in FDTD [105]. Periodic boundary 

conditions were used in the -x and -y directions, while perfectly matching layers (PML) were used 
in the lateral directions (-z direction). A broadband plane wave source was employed under normal 
incidence propagating. Reflection and transmission spectrum are evaluated with defining two 
monitors above and below the structure respectively. The absorption, A, is then calculated from 
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reflection, R, and transmission, T, as A =1-R-T, in broadband spectrum. Field distributions over 
the geometry are also recorded in x-z plane to study the absorption spectra. 
 

2.3.1. Optical Properties 

Optical properties of the semiconductors can be modeled by Drude-Lorentz formalism, which 
is shown in Eq. (14),  

 

𝜀(𝑤) = 𝜀∞ −
௪೛

మ

௪మା௜௪௩
+ ∑

௙ೕ

௪ೕ
మି௪మି௜௰ೕ௪

௠
௝ୀଵ                                        (14) 

and can be used to characterize dielectric function from spectral measurements [113]. First 
term in Eq. (14), ε∞, is the high frequency permittivity which stands for the contributions from 
high-frequency electronic transitions. Second term (Drude formalism) is the expression for free 
electron contribution to the frequency dependent permittivity where Wp is the plasma frequency 
and ν is the relaxation frequency. Expressions for Wp and ν are given in Eq. (15) and (16) 
respectively as, 

 

𝑤௣ = ට
ସగே௘మ

௠∗
                                                               (15) 

 
𝜈 =

௘

ఓ೎௠∗
                                                                    (16) 

 
where N is the carrier concentration, e is the electron mass and m* is the effective mass in Eq. (15) 
and μc is the mobility in Eq. (16). Last term in Eq. (14), Lorentz formalism, stands for the 
contributions to permittivity coming from lattice vibrations and interband transitions of bond 
electrons. In Lorentz formalism, fj stands for oscillator strength, wj for resonance frequency and Γj 
for damping factor. 
 

 
Figure 4: a) Real and imaginary part of the permittivity of the undoped silicon retrieved from [56]. b) 

Reflectance, transmittance and absorptance of Si film of finite thickness. 

Drude formalism is sufficient to model the optical properties of Si for wavelengths longer than 
3 μm, where optical properties are dominated by electron plasma of the material. However, to 
model the properties in wavelengths which are below bandgap energy of the Si, especially in 
visible spectrum, Lorentz term should be included to address the interband transitions. In Fig. 4(a) 
permittivity of the Si, retrieved from [100] is demonstrated and reflectance, transmittance and 
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absorptance of Si film of finite thickness is shown in Fig. 4(b). As seen from Fig. 4(a), real part of 
the permittivity of the Si is almost constant after 1 um. However, it has distinct peak around 0.5 
um with finite imaginary part, due to effects of bounded electrons, which give rise to below 
bandgap absorption as shown in Fig. 4(b). Therefore, Drude-Lorentz formalism is required to 
model the optical properties in 0.3 – 3 um spectrum interval. 

 
To obtain a Drude-Lorentz model for optical properties of Si, we fit Eq. (14) to permittivity 

data given in Fig. 4(a) and obtained the ε∞, Wp, ν in Drude term and other Lorentz parameters. We 
set the number of Lorentz oscillators to 6. Fitting parameters are given in Table 1 and reference 
and fitted permittivity, as well as the spectral reflectance values are compared in Fig. 3. Reflectance 
is obtained by Fresnel equation given in Eq. (17). 

 
 

𝑅(𝑤) = ฬ
ඥఌ(௪)ିଵ

ඥఌ(௪)ାଵ
ฬ

ଶ

                                                       (17) 

 
Table 1: List of parameters and their values for fitting Drude-Lorentz formalism given in Eq. (3) to optical 

properties of Si given in [109]. 

Parameter Value 

ε∞ 5 [F/m] 

Wp 0.5006 [eV] 

ν 7.33*10-7 [eV] 

f = [f1:f6] [1.33, 0.18, 1.61,1.49,1.53] [eV2] 

w = [W1:W6] [4.50, 3.40,3.53,3.82,4.50,4.1] [eV] 

Γ= [ Γ1: Γ6] [2.73*10-5, 0.0025, 0.0874, 2.36*10-5, 
0.064] [eV] 

 
 
 

As shown in Fig. 5, reference optical properties and obtained properties by fitting agrees well 
and similar reflectance is obtained over the spectrum of interest. From the Drude-Lorentz equation 
obtained for pure Si, optical properties of doped silicon for various doping concentrations is 
obtained. Doping may significantly alter the optical properties depending on the doping 
concentration. Optical properties are linked to doping level by carrier concentration in the material. 
As shown in Eq. (15), carrier concentration has proportional relationship with the plasma 
frequency. In addition, it is also linked to mobility. Both plasma frequency and mobility are in the 
Drude part of the model, therefore, by modifying the Drude term in Eq. (16), permittivity for doped 
Si is obtained. During the calculations, we assumed constant effective mass for various doping 
levels. Although we considered n-type doping in analysis, given equations are valid and can be 
used with corresponding mobility values experimentally reported in [59] and effective mass for -
p type doping. 
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Figure 5: a-b-c) Comparison of real and imaginary part of the permittivity given in [96] and fit values for 

undoped silicon, and reflectance obtained from it and the fit. 

 
 

 
Figure 6: a-b) Imaginary part of the permittivity of Si with doping concentrations of 1.5x1010, 1014, 5x1015 cm-3. 

c) Absorptivity of silicon with carrier concentrations of 1.5x1010 ,1014, 5x1015 cm-3. 

 
Effect of carrier concentration on plasma frequency is evaluated as given in Eq. (16). To include 

the effect of carrier concentration on mobility, experimental values reported in [59], for mobility 
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with respect to carrier concentration, are used in the calculations. We assumed the initial carrier 
concentration of Si is approximately 1.5 x 1010 cm-3and obtained optical properties for n-type 
doping with different carrier concentrations. In Fig. 5, imaginary part of the permittivity of Si with 
n-type doping concentrations of 1014, 5x1015 cm-3. 

 
With the increasing carrier concentration, considerable increase in imaginary part occurs, as 

shown in Fig. 6(a), therefore loss in the material increases. Increased loss in the material results in 
elevated absorptance/emittance even in the bulk form. As shown, imaginary part of the permittivity 
is not changed significantly around 3 μm and shorter wavelengths with carrier concentration of 
1014 cm-3. In Fig. 6(b), spectral absorptance of Si with the selected doping concentration is 
demonstrated. As seen, absorptance in broadband spectrum is significantly improved when carrier 
concentration is increased from 1014 to 5x1015 cm-3. These findings show that even low doping 
concentrations, give rise to elevated absorptance/emittance in silicon. When combined with 
surface roughness/patterns, absorption is further improved by increased coupling with the incident 
waves and the structure. Absorption of textured structures, A(λ), are obtained by 

 
𝐴(𝜆) = ∯ (|𝐸(𝜆)|ଶ × 𝜎(𝜆))

ௌ
⋅ 𝑑𝑠                                                (18) 

 
where |E(λ)|2 is the electric field intensity in the geometry and σ(λ) is the optical conductivity and 
dependent on the complex part of the dielectric permittivity, ε = ε’ + i ε’’, as 
 

𝜎(𝜆) = 2 × 𝜋 × 𝑓 × 𝜀ඁඁ(𝜆)                                                                           (19) 
 
 
 

2.4. Tungsten Based Spectrally Selective Absorbers design formulation 
 
 
In this section, a numerical approach is applied to obtain the optical properties and spectral 

absorption of random rough surfaces of Tungsten in the range of 300-3000 nm. The procedure for 
obtaining optical properties from random rough surfaces is summarized.   In the next step, the 
anisotropic random rough surface of Tungsten is examined, and the effect of this random texture 
on the optical properties of surface and Absorption bandwidth is reported. The schematic of the 
proposed system is shown in Figure 7. As can be seen from this figure, the isotropic and anisotropic 
random rough surface could increase the absorption in the VIS and NIF regions. Moreover, as 
Figure 7 (a) indicates, anisotropic random rough surface causes absorptivity of more than 95%, 
which can be used as spectral selective system. A schematic of isotropic and anisotropic random 
rough surfaces and their working principle in the scattering of light is displayed in Figure 7 (b). It 
is observed that all the UV and VIS light and some part of IF light are absorbed using anisotropic 
rough surfaces. Moreover, the top view of both isotropic and anisotropic random rough texture can 
be seen in Figure 7 (c). 
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Figure 7: Schematic of proposed selective absorber (a) comparison of absorption spectrum (b) scattering 

performance of isotropic and anisotropic rough surfaces (c) top view of isotropic and anisotropic rough surface 

 
Rough surfaces exhibit less reflectance or more excellent absorption than flat surfaces 

[114,115]. Surface roughness is one of the important factors affecting the reflectivity/emissivity 
due to the incident angle change on different facets [59]. In this study, random texture geometries 
similar to previous studies are characterized by their statical properties, include the height 
distribution specified as sigma RMS, which determines the spread of heights away from some 
smooth plane and represent the standard deviation of the distribution of surface heights and 
correlation length (Lc), which is defining the uniformity of the height over finite distances along 
the surface. In other words, the correlation length shows the distance between two statically 
independent points. 
 

To get a better understanding of the light absorption characteristics of W refractory metal, the 
finite difference time domain (FDTD) simulations were carried out to obtain the full-wave solution 
of Maxwell's equations. The FDTD approach is one of the most appealing techniques for studying 
light dispersion and absorption from randomly formed small particles in computational 
electromagnetics. It produces a frequency-domain electric field and magnetic field distributions 
for all frequencies of interest. Our simulation is set in 3-D, and the upper and bottom surfaces in 
the z-direction are subjected to the perfectly matched layer (PML) boundary condition, and the 
periodic boundary condition is applied on the side surfaces in the FDTD simulation region. A 
broad frequency plane wave is irradiated from the top of the surface with the linear polarization 
along the x-axis. The transmittance and reflectance monitor are set on the bottom and top sides of 
the surface, respectively, to collect the propagated light. The light absorption spectrum is then 
visualized at different absorption resonance wavelengths. In the back-stretching plane, the 
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reflection spectrum is detected. Also, the magnetic (H) and electric (E) components of the 
electromagnetic radiation are parallel to the surface, while the wavevector k (direction of 
oscillation) is perpendicular to the structure. The permittivity of Tungsten is taken from Palik's 
book [116] and is illustrated in Figure 8. Under these conditions, the light reflection, transmission, 
absorption properties of random rough surfaces are evaluated. Tungsten's transmission in the entire 
spectral range is nearly zero, indicating an almost total absence of transmission. The power flow 
across a surface on an averaged time basis is defined by [117]:  

 

𝑃 =  ∫ 𝑆𝑑𝑠 = ∫
ଵ

ଶ
𝑅𝑒[𝐸 × 𝐻∗]𝑑𝑠                                               (20)                                                                                        

 
in above formula E and H are the electric and magnetic field intensities, respectively. Here, H* 

denotes the magnetic field vector's complex conjugate, and s denotes the surface area. The 
reflectivity is given as: 

 

𝑅 =
௉ೝ

௉೔
                                                                     (21)                                                                                                  

 
where 𝑃௥  represents the reflected light's power and 𝑃௜  represents the incident light's power. 

Then to calculate the absorption coefficient of a solar absorber below formulated is used: [118] 
 

𝐴(𝑤) = 1 −  𝑇(𝑤) − 𝑅(𝑤)                                                    (22)                                                                                                               
 
where T(w) and R(w) are the frequency-dependent transmission and reflection parameters, 

respectively. Maximum optical and thermal absorption is attained when the reflection and 
transmission coefficients are minimized. Since the optical properties of the material can be affected 
by both the intrinsic properties and the surface morphology, the study of surface engineering could 
be an excellent approach to change the optical properties.  

 

 
Figure 8: The real and imaginary part of the permittivity of the Tungsten 
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Numerous studies have been conducted on the control of absorption using surface 
microstructures such as shallow grating [119–121]. One advantage of optical control via surface 
gratings is the high thermal stability of optical devices, which are typically fabricated on bulk 
materials and thus do not contain thermal discontinuities, in contrast to multiple antireflection or 
filtering coatings. This indicates that spectral control via surface gratings is an appealing prospect 
for high-temperature applications. 

 
Inspiring from the grating coupler, anisotropic random rough surfaces by taking advantage of 

increasing absorption by light trapping structure and benefits of optical control of grating 
microstructures could be a good prototype of passive spectrally selective absorber which is 
investigated in the current research. The anisotropic rough surfaces can be generated when a 
randomly rough surface has two different correlation lengths along x, y, marked as lx, ly 
respectively, and the reflection and absorption of the surface could be affected. Tungsten is chosen 
as the refractory metal which can use in high temperature and in compared to noble metals such 
as Ag and Au, has high thermal stability. The main principle behind this approach is to use less 
material and omitting the extra coatings and layers, which can be used as filters and absorbers. The 
top view of various correlation lengths for an anisotropic random rough surface can be seen in 
Figure 9. 

 

 
Figure 9:Anisotropic random roughness texture formed by random Gaussians 

 
 

2.5. Broadband Reflectance of Tungsten with Bio-Inspired Multi-layers  
 

Elevated temperatures in the systems lead to a reduction in both device performance and 
lifetime. Refractory metals like W, Ta, Mo, and Nb are widely utilized in such high-temperature 
applications not only for their higher melting points but also for their superior mechanical 
characteristics, which make them less vulnerable to corrosion and mechanical damage [122]. 
However, those metals suffer from low reflectivity in visible and near-infrared spectrums, 0.3 – 1 
µm wavelength interval, at which thermal radiation from high-temperature sources is strong, as 
depicted in Fig. 10 (a). 

In Fig. 10 (a), thermal radiation from the sun (obtained by thermal blackbody radiation 
from a surface at 5850 K and with a solid angle of 6.84 x 10-5 at a perpendicular angle of incidence. 
The reflectivity of the W is also plotted with respect to wavelength in Fig. 10 (a). The spectral 
distribution of absorbed power is also depicted in Fig. 10 (b) together with the incident thermal 
radiation. The red-shaded region corresponds to absorbed radiation power with respect to 
wavelength, and the blue-shaded region represents the reflected power. Incident and absorbed 
powers are obtained by calculating the areas under these curves.  In the interval of 0.3 – 1 µm 
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interval (the red-shaded region in Fig. 10 (a)), more than 1100 W/m2 power reaches the 
atmosphere, and this power increases with reducing distance to the sun. As seen from Fig. 10 (a), 
the reflectivity of W is around 50 % levels which leads to absorption of nearly 600 W/m2 of the 
incident power. At wavelengths longer than 1 µm (the green-shaded region in Fig. 10 (a)), W has 
higher reflectivity reaching up to 90 % levels, preventing the absorption of incident thermal 
radiation at these wavelengths. Because of these spectral characteristics, spectral reflectivity of 
refractory metals should be enhanced in the broadband spectrum for more efficient use in high-
temperature applications such as aerospace [9,10].  

 
Figure 10: a) Spectral distribution of thermal radiation from the sun at perpendicular angle of incidence and 

spectral reflectivity of W. b) Spectral distribution of thermal radiation from the sun at perpendicular angle of 
incidence and absorbed power by -500 nm 

 Among many other coating types, homogeneous multilayer structures were previously 
reported to enhance the reflectivity of refractory metals [9,35,36]. Despite their high reflectivity 
in the broadband spectrum, implementing a high number of layers causes fabrication difficulties 
in these types of coatings. In addition to homogeneous multilayers, the spectral characteristics of 
the patterns observed on the wings of the Morpho butterflies, which are composed of multilayer 
features separated from each other, are extensively studied [123]. However, such features were not 
utilized to enhance the spectral reflectance of refractory metals. 

Besides, although the spectral reflectance of the periodic multilayer coatings inspired by 
Morpho butterfly wing’s nanostructures is explored in a relatively narrowband spectrum so far, 
the effect of periodicity of the multilayers on the broadband reflectivity of refractory metals is not 
studied. Schematic representation of the structures in which inhomogeneities are introduced in 
transverse directions is visualized in Fig. 11. Based on the previous findings, which state that 
periodic arrangement of multilayers, inspired by the features on the wings of Morpho butterflies, 
would enhance the thermal management capability of the coatings [86,93]. For this purpose, 
understanding the effect of periodicity on spectral characteristics is essential. 

 

a) b) 
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Figure 11: Schematic representation of multilayer structures inspired from wings of morpho butterflies. 

 

The design of multilayer structures with predetermined layer numbers and layer materials is 
studied in this work to address these issues and fill the gap in the related literature. First, spectral 
reflectance in 0.3 – 3 µm of the multilayers composed of high-low index layers with a varying 
number of layers is optimized by tuning layer thicknesses. TiO2 is chosen as high-index, and the 
air is selected as low index material. When excited with a plane wave, the incident wave encounters 
TiO2 layers separated by air gaps of varying thicknesses. Spectral reflectance of the structures is 
formulated based on wave impedance approach, similar to the one used in [2], and optimization is 
conducted based on that formulation. When executed, the developed algorithm seeks a structure 
that maximizes the impedance mismatch between the substrate and the incident medium. Spectral 
characteristics of the resulting structures are both analyzed by wave impedance analysis and 
evaluating the total optical path that wave travels throughout the structure by summing individual 
optical thicknesses of the layers obtained by, 

𝛿௜ =
(2𝜋𝑛௜𝑑௜)

𝜆
                                                               (23) 

where δi is the optical thickness of the ith layer, ni is the refractive index of the medium/layer, di is 
the geometrical thickness, and λ is the wavelength. 

As a next step, the effect of lift-off materials on the spectral reflectance of the multilayers is 
studied. Lift-off materials are needed to realize the air gaps between TiO2 layers. Finally, to study 
the effect of periodicity, multilayers that do not have any inhomogeneities in transverse directions 
are transformed to structures depicted in Fig. 11, and their spectral reflectance is studied by FDTD. 

DISTRIBUTION A: Distribution approved for public release.



27 
 

In this case, the resulting reflectance spectrum characteristics are studied by obtaining the 
reflection coefficients/ S parameters of the studied multilayers with different periodicities by an S 
parameters retrieval method for electromagnetic metamaterials [124].  

2.5.1. Design of homogeneous multilayers based on impedance mismatch  

Starting from the intrinsic impedance of individual layers, which are solely dependent on 
material properties, 

𝑍 = ට
𝜇

𝜀
                                                                    (24) 

and including the thicknesses of the layers and their interaction with each other, surface impedance 
of a multilayer composed of N number of layers can be expressed as, 

 

𝒵௜ = 𝑍௜

𝒵௜ାଵ + 𝑍௜ tan(𝛿௜)

𝑍௜ + 𝑗𝒵௜ାଵ tan(𝛿௜)
                                                 (25) 

 
From the surface impedance of a multilayer structure, the amplitude of its reflectance 

coefficients and reflectance percentage is given as, 
  

Γ =
𝒵ଵ 𝑍଴⁄ − 1

𝒵ଵ 𝑍଴⁄ + 1
                                                             (26) 

 
The reflectance coefficient values obtained by Eq. (25) at different wavelengths are 

schematized on a complex plane in Fig. 12(a). In Eq. (26), Z0 is the intrinsic impedance of the air 
and is equal to 377 Ω and 𝒵ଵis the surface impedance of the multilayer. By using Eqs. (24)-(26), 
reflection coefficients of a multilayer structure and its reflectance, 𝑅(𝜆) = |Γ(𝜆)|ଶ can be 
calculated. Since reflection coefficients are complex quantities, they are visualized on a complex 
plane, called complex impedance plane/-S plane. An example distribution of complex reflection 
coefficients on the -S plane is represented in Fig. 12(a). It is observed that the reflection 
coefficients are distributed (green dots) inside a unit circle centered at the origin (blue circle). In 
Fig. 12(a), green dots correspond to reflection coefficients at different wavelengths, which always 
remain in the unit circle represented by blue color. This representation is very similar to the Smith 
chart [125] used in microwave and RF regimes for the purpose of impedance matching. From this 
representation, it is clear that zero reflectance at a wavelength is achieved only if the amplitude of 
the reflectance coefficient is zero, appears at the origin (red star). Since this condition is only 
satisfied if ZSurf = Z0, the origin of the unit circle is called a perfect impedance matching point. On 
the other hand, the magnitude of the reflectance coefficients on any point on the unit circle is 
always 1 (|Γ| = ห𝑟𝑒௜ఏห, 𝑖𝑓 𝑟 = 1). 
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Figure 12: a) Representation of impedance mismatch method in -S plane. b) Reflectivity of W in 0.3 – 3 µm 

spectrum intervals. c) Reflection coefficients of W in -S plane. 

 
Therefore, any point on the unit circle is called a perfect impedance mismatch point. Based on 

these, the following can be deduced: Reflectance is reduced as the reflectance coefficient 
approaches the origin, and it increases as the reflection coefficient moves away from the origin. 
Such characteristics of the reflectance coefficients on the unit circle (S-plane) can be utilized to 
engineer the reflectance spectrum of the multilayers. In Fig. 12(b), spectral reflectance of the 
tungsten substrate is shown, and corresponding reflectance coefficients are shown in Fig. 12(c). 
As seen from Fig. 12(c), W's reflectance is below 50 % at wavelengths shorter than 1 µm and starts 
to increase at longer wavelengths and reaches up to 95% levels. Reflection coefficients of low 
reflectance spectrum (blue points) are closer to the origin and start to approach the left side of the 
unit circle for longer wavelengths (red points). Here the aim is to preserve high reflectance at 
longer wavelengths while enhancing it in shorter wavelengths. Based on this, the design spectrum 
separated as low and high reflectance spectrum, and a weighting is introduced in the mathematical 
expression of the problem and defined as, 

 

θ

c) b) 

a) 
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𝑚𝑎𝑥  𝛼 න ห𝑟(𝜆)𝑒௜ఏ(ఒ)ห
ఒమ

ఒభ

𝑑𝜆 + (1 − 𝛼) න ห𝑟(𝜆)𝑒௜ఏ(ఒ)ห𝑑𝜆
ఒయ

ఒమ

                             (27) 

 
where α is the weighting parameter, λ1, λ2, and λ3 are 0.3, 1, and 3 µm respectively. α is chosen as 
0.7 to keep the reflection reduction rate low at longer wavelengths while enhancing it at shorter 
wavelengths. Both homogenous and inhomogeneous structures’ spectral characteristics are 
analyzed on the S-plane.  

 

2.5.2. Analysis of introduced inhomogeneities in transverse directions 
 

Effect of applied inhomogeneities in -x and -y directions on the spectral reflectance is obtained 
by FDTD simulations. Periodic boundary conditions were used in -x and -y directions, PML 
boundary conditions were used in the -z direction. Studied multilayer structures were excited with 
a -x polarized plane wave propagating in -z direction. Realistic optical properties for TiO2, 
obtained from [116], are used in all the calculations. Lift-off materials were used in FDTD 
simulations to analyse realizable multilayers with a refractive index of 1.41, similar to one reported 
in [126], as well as for varying refractive indices and dimensions. Then a -S parameters retrieval 
method for metamaterials was used to obtain the -S parameters of the inhomogeneous multilayers 
[124]. Calculated -S parameters were used to analyse the spectral reflectance of the 
inhomogeneous multilayers.  
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3. Results & Discussions 
 

In this section, results obtained by following the methods described in section 2, are reported. 
They are categorized under the sub-sections based on the problem definitions and applied 
methodologies. In subsection 3.1, results related to surface roughness effects on the broadband 
reflection for refractory metals and polar dielectrics are given. In the next subsection, surface 
roughness are used to design black silicon and the origins of the enhanced broadband absorption 
in black silicon is studied. In addition, effects of geometrical perturbations, which yield 
inhomogeneous structures to provide enhanced thermomechanical stability, on the absorption 
spectrum is analyzed. In subsection 3.3 similar methods are adapted to study tungsten based 
spectrally selective absorbers with anisotropic rough surface texture. In subsection 3.3 results 
related to broadband absorption are presented. In the final subsection, results of a impedance 
mismatch-based enhancement of broadband reflectance of tungsten with bio-inspired multi-layers 
are demonstrated. In this section, it is shown that surface engineering can be used to evaluate the 
resulting spectrum characteristics in broadband spectrum.  

 
3.1. Surface Roughness Effects on the Broadband Reflection for Refractory Metals and 

Polar Dielectrics 
 

As the PSD of sinusoidal surfaces are delta functions at the corresponding wave-vector 𝑘, each 
value of the weighting function 𝑔 at a given 𝑘 determines the reflection change caused by the 
corresponding sinusoidal surface. For the Gaussian surface in this study, we take the 0𝑡ℎ harmonic 
of the weighting function into account. As a result, weighting functions depend only on the optical 
permittivity of materials for a chosen beam incident angle. To illustrate the different scattering 
properties of different materials in this study, weighting functions for materials with artificial 
dielectric constants are presented. Refractive index of material is represented as 𝑛 + 𝑖𝑘, where 𝑛 
and 𝑘 correspond to the real and imaginary parts of the dielectric constant, respectively. 

 
 Fig.  13 shows the normal incidence weighting functions for dielectrics with 𝑘 = 0, where the 

materials are transparent with no absorption. As can be seen, there is one strong resonance peak at 
𝛽 = 1 and one secondary resonance peak happens around the 𝛽 = 𝑛. At 𝛽 = 1, the corresponding 
space periodicity of the surface has the same periodicity of incident wavelength 𝜆, where perfect 
phasing matching is provided for the reflected waved, therefore, causing less reflection. For the 
secondary resonance peak, the corresponding periodicity is 𝜆/𝑛, which is the wavelength of beam 
inside the material. As there is no absorption from the material, reflection change are purely 
brought by the roughness periodicity caused momentum change. When the surface roughness gets 
larger than the incident wavelength, it behaves like smooth surface and weighting function 
magnitude gets close to 0. Similarly, when the surface roughness gets very small, the weighting 
function also decreases. Surface roughness with the periodicity between incident wavelength and 
the wavelength in the material have strong effect of the surface reflection and the effect slowly 
decreases as roughness gets smaller. 
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Figure 13: 0th order weighting function magnitude with respect to optical constant for materials with k=0. The 

legend in the figure shows the corresponding n value for each curve. Inset plot corresponds to the region in the grey 
box. 

   The materials experience absorption of penetrated beam, which can be quantified by the 
imaginary part of permittivity, 𝜖 = 𝑛ଶ = 𝑛ଶ − 𝑘ଶ + 2𝑛𝑘𝑖. At 𝑛 = 𝑘, 𝜖 = 0. For metals, this is 
caused by the electron oscillations and the corresponding frequency is called plasma frequency 
𝜔௣. For polar dielectrics, phonon resonances can also cause epsion-near-zero region, which 
corresponds to the so-called Reststrahlen band [127]. Here, artificial material with fixed 𝑛௥ = 3 is 
chosen, the corresponding weighting functions for varying 𝑘 values are calculated and plotted in 
Figure  14. Blue curve corresponds to 𝑘 = 0, where two resonance peaks at the location of 𝜆 and 
𝜆/𝑛 exist in the curve as discussed above. As 𝑘 increases, penetrated beams to the material 
experience energy absorption, providing extra phase and momentum change of optical beams, 
therefore, the second resonance peak which corresponds to the light wavelength inside the material 
decreases and disappears. Due to the absorption and reemission, reflected beams experience more 
complicated phase change compared to pure dielectrics with 𝑘 = 0. As 𝑘 increases and gets larger 
than 𝑛௥, 𝜖 becomes negative. Surface behaves like perfect electrical conductor with high 
reflectivity, the influence from surface roughness under this condition is also relatively small. 
Weighting function shows as one sharp peak at the incident 𝜆. 
 

 
Figure 14: 0th order weighting function magnitude with respect to dielectric constant for materials with n_r=3. 

The legend in the figure shows the corresponding k value for each curve. Inset plot corresponds to the boxed region. 
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Considering function 𝐶(𝛽) , the maximum magnitude happens at 
డ஼

డఉ
= 0, where 

ଶ√ଶ

௞బ௟
=

√ଶ

గ

ఒబ

௟
, 

and the maximum value  
 

𝐶௠௔௫ =
ଵ଺

గ௘మ
(

ఙ

௟
)ଶ                                                       (28) 

            
 Thus, the maximum value of C for Gaussian surfaces is proportional to (

ఙ

௟
)ଶ. In Figure  15, we 

plotted four 𝐶 functions with the transverse correlation lengths chosen to be 𝜆/10, 𝜆/5, 𝜆/2.5, 𝜆 
respectively. For all these curves, 𝜎 = 𝑙/5. 𝜎/𝑙 are kept to be the same thus the 𝐶 curves have the 
same maximum values according to equation  28. 𝜎/𝑙 shows the general slope of the surface 
roughness, for SPM/SSA method to be valid, 𝜎/𝑙 to be smaller than 4 are necessary. As illustrated 
in Fig.  15 the peak positions of function 𝐶 moves to the smaller length scales section as 𝑙 gets 
smaller. At the location 𝛽 = 1, which is the resonance position for weighting functions, maximum 
𝐶 happens at 𝑙/𝜆଴ = 𝜋/√2 ≈ 2.22. Due to the fast fall off of weighting functions, when 𝑙 =
𝜆଴(Cyan curve in fig.  15), panel (𝑏), overlap between the function 𝐶 and weighing function 
becomes too small, the reflection change caused by the roughness can be neglected. In other words, 
the roughness length scale is too big for the incident light to detect and the reflection value is close 
to smooth flat surface.  

 

 
Figure 15: Illustration of C_0 functions for Gaussian surfaces overlapped with the weighting function and 

corresponding surface profile. Top panels a(1),a(2) show two example surface height profiles. Panel (b) shows 
weighting function with four C_0 functions. Pan 
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     When 𝑙 gets smaller than 𝜆଴, weighting functions doesn’t fall as fast, maximum overlap 
between these two function happens when l is in between 𝜆/𝑛 and 𝜆/2.22. Panel (𝑐) in Fig.  15 
plotted the reflection change for Gaussian surfaces with different correlation lengths. The x-axis 
is the correlation length 𝑙 in the unit of 𝜆/2.22, in other words, the location of 𝐶௠௔௫ for surface 
curves. As illustrated, the maximum Δ𝑅 happens with the maximum overlap between the surface 
𝐶 function and the weighting function, which is in between 𝜆/𝑛 and 𝜆/2.22. Two example surface 
height profiles are shown in Fig. 15, panel (𝑎). At the left profile, panel 𝑎(1), 𝑙 = 𝜆/2.5 =
600𝑛𝑚, and for the right profile 𝑙 = 𝜆/10 = 150𝑛𝑚. The 𝐶 function for these two surface profiles 
are the dotted green and dotted red curve respectively. As stated previously, 𝜎/𝑙 are kept the same 
for these illustrations, therefore, smaller 𝑙 corresponds to smaller defects. 

 
After a brief discussion on the weighting function and the correlation functions, we will next 

discuss the surface roughness effects for refractory metals and polar dielectrics, which are popular 
materials for high temperature applications. Here, we chose Tungsten and SiC as two examples 
and analyzed the surface reflection change caused by random surface roughness. 

 
Similar to other refractory metals, W shows a high reflection at far-infrared range, while it 

experiences a considerable absorption in the visible and near-infrared.  We pick four wavelengths, 
500𝑛𝑚, 1000𝑛𝑚, 1500𝑛𝑚, 2000𝑛𝑚, respectively. We calculated the corresponding weighting 
functions, which are plotted in the top panel of Fig. 16. With reference to the middle panel of Fig.  
16, at 𝜆 = 500𝑛𝑚, 𝑛 > 𝑘, 𝜖 > 0; at 𝜆 = 1000𝑛𝑚, 𝑛 gets smaller compared to 500nm, 𝑘 is bigger 
and 𝜖 gets close to 0. As can be seen from the second panel, the weighting function for 𝜆 =
500𝑛𝑚, 1000𝑛𝑚 is very close in magnitude. At 𝜆 = 1500𝑛𝑚, the magnitude of the weighting 
function starts to get smaller especially when 𝛽 gets away from the incident wavelength resonance 
location. At 𝜆 = 2000𝑛𝑚, 𝜖 gets far negative, where weighting function gets a lot smaller in 
magnitude compared to the previous 3 wavelengths. Since the maximum reflection change point 
is closely correlated with the incident 𝜆, if we look at the problem from the broadband spectrum 
point, for a fixed topology of surface roughness, its influence on the spectrum will mainly be 
around the 𝑙/2.22 location. Keeping this idea in mind, the broadband spectrum for W Gaussian 
surfaces are calculated and plotted in the bottom panel. Legend in the panel shows the maximum 
location of the chosen 𝐶 function, in other words, 𝑙/2.22. For the first three curves, 𝑙/2.22 =
500𝑛𝑚, 1000𝑛𝑚, 1500𝑛𝑚, The maximum Δ𝑅 value location is around the corresponding 
wavelengths. For all these curves, 𝜎/𝑙 are kept the same for each surface profile, therefore, 𝜎 will 
be larger for bigger 𝑙 curves. It shows in the curve that the Δ𝑅 values smooth out at longer 
wavelengths. This confirms that when the surface roughness size is very small compared to 𝜆, Δ𝑅 
depends only on the value of 𝜎 [60]. For the red curve, where 𝐶௠௔௫ location at 2000𝑛𝑚, it is 
expected that one resonance peak would show around 𝜆 = 2000𝑛𝑚, however, the resonance peak 
actually appears at around 𝜆 = 1500𝑛𝑚, which is a big resonance shift. Going back to the first 
three curves, we could see that there are also shoulder peaks at around 𝜆 = 1500𝑛𝑚. Refer to the 
top panel in this figure, for Tungsten, epsilon becomes negative at around 𝜆 > 1000𝑛𝑚, where 
surface plasmons resonances(SPR) can be excited. The localized surface plasmons resonance will 
increase the absorption of the material thus shows as a higher reflection reduction. Gaussian 
surfaces with one certain transverse correlation length can be decomposed into sinusoidal surfaces 
with the corresponding periodicity. As the corresponded periodicities for Gaussian surface covers 
one certain range centered around 𝑙, shown as the 𝐶 function in Fig.  16, if 𝑙 is around 𝜔௣, LSPR 
gets excited and increases absorption. At 𝐶௠௔௫ location at 2000𝑛𝑚, the weighting function for 
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𝜆 = 2000𝑛𝑚 is relatively small due to the high negative number of 𝜖, the resonance peak matching 
the periodicity doesn’t gets as high as LSPR peak, thus showing as resonance shift on the reflection 
spectrum. As 𝑙 gets larger and further away from the 𝜔௣ frequency, corresponded LSPR resonance 
also gets lower due to the magnitude of 𝐶 function at this resonance frequency gets lower. The 
LSPR resonance peak can still be seen at 𝐶௠௔௫ = 2500𝑛𝑚, but disappears at 𝐶௠௔௫ = 3000𝑛𝑚. 
At these larger 𝑙s, the primary resonance peak is also not as sharp and it falls very fast to one 
smooth value. 

 

 
Figure 16:  Random roughness effects on Tungsten surface. Top panel: weighting function for wavelengths 

λ=500nm,1000nm,1500nm,2000nm. Middle panel: optical dielectric constants for W at the visible and near-infrared 
range. Bottom panel: Reflection spectrum change 

 
        Similar analysis is performed for SiC. Fig.  17 illustrates the optical constant, weighting 
function for selected wavelengths, as well as the broadband reflection change for fixed Gaussian 
surface topologies. SiC is a lossy dielectric in infrared range. Incident beams penetrates dielectrics 
thus resulting low reflection. Four wavelengths 𝜆 = 410 nm, 1500 nm, 11700 nm, 24900 nm 
were chosen to illustrate the weighting functions respectively, shown in top panel of Fig. 17. 
Compared to W, the magnitude of weighing functions are smaller. As the magnitude of weighting 
function of W gets up to -20, the magnitude for SiC goes only to -1. Even 𝑛 values for W and SiC 
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are comparable, there is significant difference in 𝑘 values. Lower 𝑘 values for SiC means lower 
absorption for penetrated beams propagating inside the material. As seen in the top panel, the 
secondary resonance peak shows for the chosen wavelengths. As the differences among the 
weighting functions are relatively small, roughness caused reflection change are also highly 
depended on the ration of 𝑙/𝜆, with 𝜎/𝑙 fixed. The results are shown in panel 3. As expected, at 
the long wavelength range, surface reflection change goes up as 𝜎 goes up. The maximum 
reflection change occurs when maximum overlap of Gaussian surface C function and weighting 
function, which is when the 𝐶௠௔௫ locates at 𝜆/2.22. Further than that, it can be seen that there is 
one secondary resonance peak around the location of 𝜆 in between 10000 nm and 15000 nm, where 
the lattice oscillations cause extra absorption. These lattice polar resonances behaves like Lorentz 
oscillators for polar dielectric crystals, and the dispersion relation are similar to those of metals. 
Referring to middle panel, which illustrates the optical constant of SiC, we can clearly see that 
there is one resonance peak at 𝜆 ≈ 10𝜇m - 15𝜇m. For some polar dielectrics, such as 4H-SiC, 
surface phonon resonance (SPhR) modes can be excited during the Reststrahlen band, where 
results epsilon near to zero and negative 𝑅𝑒(𝜖). According to our previous discussion, the surface 
roughness for these materials will be expected to experience some higher reflection change at the 
resonant frequency location. 

 

 
Figure 17:  Random roughness effects on SiC surface. Top panel: weighting function for wavelengths 

λ=410nm,1500nm,11700nm,24900nm. Middle panel: optical dielectric constants for SiC at the visible and near-
infrared range. Bottom panel: Reflection spectrum change 

DISTRIBUTION A: Distribution approved for public release.



36 
 

       After this detailed discussion on various materials, the main findings and differences of each 
case can be summarized as follows: For lossless case, weighting function has two resonance peaks, 
corresponding to the incident wavelength and wavelength of beam inside the material, however 
the magnitude of weighting functions are limited compared to lossy materials. For the lossy 
materials that we studied, a comparison of W and SiC suggests that SiC is more dielectric as n>k 
for interested spectrum range for SiC(400nm-2um), thus for the same 𝜎, which is height variance, 
roughness causes bigger reflection change for W, especially at the near-infrared range, where 
epsilon of W is close to 0. For SiC, roughness caused spectrum change can show the magnification 
in the 10 um to 15um range, which corresponds to the phonon resonance in SiC, however, due to 
SiC is still dielectric at this range, the magnification is limited. 

 
 
3.2. Origins of the Enhanced Broadband Absorption in Black Silicon 
 
First, random textures with varying l and h are formed with p = 4 μm for which geometries are 

depicted in Fig. 18 and spectral absorption of those geometries are shown in Fig. 19(a). Doping 
concentration of silicon is fixed to 1014 cm-3, for which calculation of the corresponding optical 
properties are described in previous sections. As seen in Fig. 19(a), for doping concentration of 
1014 cm-3 near unity absorption is observed in 0.3 – 1 μm spectrum interval for varying correlation 
lengths and RMS heights when p =4 μm. However, high absorptance is decreased to 30 % at longer 
wavelengths and approach to absorption of smooth film. Such difference over the spectra is 
attributed to dispersion in optical conductivity where σ(λ=1 μm) ≈ 1014 and σ(λ=2 μm) ≈ 1013 .  
|E(λ=0.5 μm )|2 distributions over the film and texture with l =0.2 μm, h =0.6 μm, geometry 
depicted in Fig. 18(a), are shown in Fig. 19(b) and 19(c) respectively. As shown in Fig. 19(b), 
uniform distribution of the fields inside the Si is observed when the surface is smooth. Unreflected 
fields penetrate to the silicon and physical phenomena at the interface can be explained by Fresnel 
reflections. However, in the case of textured surface, high field enhancements localized near the 
edges of the individual pyramid-like textures, are observed as shown in Fig. 19(c), which are called 
as side modes throughout the manuscript. As seen, those side modes give rise to higher fields 
inside the Si spikes, thus lead to elevated absorption. Similar side modes are also observed at 
different wavelengths in 0.3-3 μm interval. It indicates that such side modes occur in broadband 
spectrum when the Si surface is textured and responsible from broadband absorption enhancement. 
To explore the effect of roughness dimensions on the absorption, field distributions are also 
analyzed for the geometry depicted in Fig. 18(b), which has less peaks and dips in the geometry 
due to the increased correlation length. In other words, texture in Fig. 18(a) has more spikes with 
small widths, whereas texture in Fig. 18(b) has less spikes with wider widths. 
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Figure 18: a) An example random texture generated by setting l =0.1 μm, hrms =0.3 μm, p = 1 μm. b) An 

example random texture generated by setting l =1.1 μm, hrms =0.8 μm, p = 4 μm. c) An example random texture 
generated by setting l =0.6 μm, hrms =0.8 μm, p = 4 μ 

 
Although no significant difference between textures with varying l and h are observed at longer 

wavelengths, slight decrease in absorption in visible spectrum is observed for increased l. To 
analyze, |E(λ=0.5 μm)|2 distribution for the texture with l =1.1 μm, h =0.8 μm is shown in Fig. 
19(d). As seen in Fig. 19(d), side modes also occur in this texture with slightly reduced field 
intensities inside the spikes. It shows that field enhancement by the side modes are dependent on 
the width of the individual pyramids. Increased widths lead to reduced intensity, thus resulting in 
decreased absorption. Effect of doping concentration on the spectral distribution and 
corresponding spatial absorption profiles for doping concentrations of 1014 and 5x1015 cm-3 are 
also shown in Fig. 20. As shown in Fig. 20(a), spectral absorption is significantly enhanced with 
increased doping concentration especially at longer wavelengths. |E(λ)|2xσ(λ) distributions given 
in Fig. 20(b) and 20(c) for N =1014 and 5x1015 cm-3 also shows that spatial distribution profile 
inside the texture is not significantly altered by N. 
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Figure 19:  a) Comparison of spectral absorption of untextured (film) and textures silicon with varying l and 

hrms. b) |E(λ)|2 distribution of untextured Si. c) |E(λ)|2 distribution of textured silicon with l =0.1 μm and hrms =0.3 
μm. d) |E(λ=0.5 μm)|2 distribution of the texture with l =1.1 μm , hrms =0.8 μm at λ =0.5 μm. 

 
However, differently from N =1014 cm-3 case, fields absorbed more on the upper segment of 

the texture due to increased attenuation with increased ε’’(λ), therefore σ(λ), when N is set to 
5x1015 cm-3. Finally, spectral absorption of a random texture is compared to deterministic textures 
with varying periodicities in Fig. 20(d). |E(λ=0.5 μm)|2 is also depicted in Fig. 20(e). 

 
Results depicted in Fig. 20(a) shows that spectral absorption of the random textures are very 

similar to previously reported experimental results [13,15]. Also, absorption of deterministic 
textures is similar to random textures’ and are not very sensitive to periodicity in 0.3-3 μm 
spectrum, except the visible spectrum. Similar change in the visible spectra is also reported for 
random textures and attributed to reduced field intensity when texture widths are increased. In 
addition, field distribution for the deterministic texture with p =1 μm shown in Fig. 20(e) shows 
that side modes are also supported in deterministic textures. such similarity in absorption spectrum 
and field distributions allow us to use deterministic textures to understand underlying mechanisms 
in textured silicon. For analysis, deterministic textures with varying dimensions in broadband 
spectrum are analyzed. 
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Figure 20: a) Spectral absorptions of random textures for N =1014 and 5x1015 cm-3. b-c) Spatial absorption 

profiles for N =1014 and 5x1015 cm-3 at λ=0.5 μm. d) Absorption of a random texture and deterministic texture with 
varying p for N =5x1015 cm-3. e) |E(λ=0.5 μm)|2  distribution for the deterministic texture with p =1 μm. 

 
 
In the light of reported results until this point, it is found out that high absorption in broadband 

spectrum stem from local field enhancements which occur near the edges of the features. Both in 
random and periodic textures, such side modes are observed. Analysis reveals that field intensity 
of the side modes are dependent on the width of the individual spikes and are reduced with 
increased width. This led to reduction in the absorptance percentage of the periodic textures 
compared to random textures due to the presence of a single structure with larger width. Source of 
the observed variations is discussed in the following parts together with the driving mechanisms 
for the fields. Spatial absorption profiles inside the silicon are found to be insensitive to doping 
concentration. Finally, it is shown that deterministic textures exhibit similar absorption 
characteristics compared to random textures. 
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Figure 21: a-b-c) |E(λ)|2 at wavelengths of 0.75, 1.5 and 3 μm for the pyramid dimensions of p =1 μm, h =3 μm 

and carrier concentration of 1014 cm-3 

 
To study the underlying mechanism that give rise to side modes, further analysis is carried out 

with deterministic textures. Deterministic textures are chosen to avoid interference effects in 
random textures therefore, to be able to characterize the side modes occurring in individual 
features. |E(λ)|2 and |E(λ)|2 x σ(λ) distributions over the deterministic textures are considered for 
the analysis. In Fig. 21, |E(λ)|2 for λ = 0.75 μm, λ = 1.5 μm and λ = 3 μm is demonstrated. p and 
h of the pyramid are set to 1 μm and 3 μm respectively and N is set to 1014 cm-3. As seen, distinct 
local field enhancements on the edges of the pyramid are observed. At each wavelength, highest 
field intensities are obtained near the top of the pyramid. However, number of local field 
enhancements on the edges of pyramid differ for each wavelength. Those distinctive regions also 
exist inside the pyramid, as shown in |E(λ)|2 x σ(λ)distributions depicted in Fig. 10 for selected 
wavelengths.  

 
As shown in Fig. 22, highest absorption inside the pyramid occurs at the region where side 

mode with highest intensity penetrates the structure. Field distribution due to this mode, thus the 
absorption, inside the pyramid is similar for the selected wavelengths. Results depicted in Fig. 21 
and 22 shows that these textures support resonance modes at different wavelength and resonance 
conditions are satisfied throughout the geometry multiple times. To analyze, previously reported 
study regarding to resonance mechanisms in a trapezoid geometry is considered. 
 

 
Figure 22: a-b-c) |E(λ)|2 × σ(λ) at wavelengths of 0.75, 1.5 and 3 μm for the pyramid dimensions of p =1 μm, h 

=3 μm and carrier concentration of 1014 cm-3. 
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In the literature, such position dependent local field enhancements are reported for trapezoidal 
metal-insulator-metal (MIM) ultra-thin broadband resonators [128]. In [128], it is shown that 
strong and broadband field enhancement is achieved by exciting multiple resonance modes in 
different regions of the trapezoidal structure. Similarly, silicon pyramid can support multiple 
resonance modes due to its trapezoidal geometry and give rise to high field enhancements inside 
which are absorbed due to the broadband loss introduced in the silicon with doping. Those 
resonance modes also give rise to strong fields in the silicon air interface on the sides of the 
pyramid. Resonance condition for different wavelengths is dependent on -Z direction. Position of 
the resonance mode with the highest intensity shifts towards to the bottom of the pyramid for 
increasing wavelength. It indicates that higher pyramid width is required to achieve increased 
coupling with the structure for longer wavelengths.  It is also observed that those modes are 
repeated throughout the pyramid in -Z direction. To estimate the resonance condition in the 
pyramid, an effective wavelength method derived for optical antennas is used here. 

 

 
Figure 23:Scheme for analogy between silicon pyramid and stacked half-wave antennas 

 
It is known that coupling condition for RF and microwave antennas are strongly correlated 

with the length of the antenna, e.g. it is L = (1/2)λ [129] for half-wave antennas. Such relationship 
fails in optical frequencies due to the penetration of the incident wave into the structure and 
interaction of it with the electron oscillations, whereas structures are nearly perfect conductors in 
microwave and RF applications, thus penetration does not occur. By considering this difference, 
an effective wavelength, λeff, calculation formula is derived in [67] which yields an λeff inside the 
antenna that can be used to tune the L. By utilizing this theory, required width for the resonance at 
a specific wavelength inside the silicon pyramid is estimated. To apply such analysis, pyramidal 
geometry is treated as a combination of several half-wave antennas which resonate at different 
wavelengths. Scheme for such representation is depicted in Fig 23. λeff calculation is described in 
detail in [130] and final formula for λeff is given in Eq. (29), 
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                                                (29) 

 
where λ is the incident wavelength, εs is the permittivity of the incident medium, R is the 

thickness of the antenna and z is an intermediate variable. Based on this formula, L for the 
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resonance to occur is obtained as λeff/2 for a half-wave antenna. To create an analogy between half-
wave antennas and silicon pyramids, L is treated as width of the pyramid where a side mode occurs. 
Therefore, side modes are attributed to half-wave antennas and when stacked together in 
trapezoidal fashion, multiple resonance modes at different wavelengths are supported.  

 
Effective wavelength calculation with Eq. (29) is carried out for the selected wavelengths, λ1 

= 0.5 μm, λ2 =1.5 μm and λ3 =3 μm. Hypothetical half-wave antenna with dimensions is 
schematized on the pyramid and field distribution at λ3 is shown in Fig. 24(a). In this case, effective 
wavelength of 0.7 μm is obtained, with R =0.13 μm, from Eq. (29), thus L = 0.35 μm, which is 
equal to the width of the pyramid at the location where resonance mode is occurred as shown in 
Fig. 21(c).  Smaller effective wavelengths are achieved for wavelengths of λ1 and λ2, for which 
field distributions are also shown in Fig. 21. To analyze the dependency of L on R, L values are 
calculated for varying R values. To satisfy the R << λ requirement for Eq. (29) to be valid, R values 
between λ/20 and λ/50 are considered and maximum errors are demonstrated in Fig. 24(b) for 
wavelengths of λ1, λ2 and λ3. 

 

 
Figure 24: a) Representation of individual half-wave antenna with thickness 2R and length L, on the pyramid 

silicon. b) Calculated resonance condition for varying R values and corresponding L values. Lower and upper 
bounds of the error bars stand for R= λ/50 and λ/20.  L = λEff/2 values are obtained at R =λ1/45, R =λ2/37 and R 

=λ3/22 which is equal to the width of the pyramid where first side mode occurs. 

 
 

As seen from Fig. 24(b), maximum errors are 0.07, 0.15 and 0.18 μm which corresponds to 
λ1/7, λ2/10 and λ3/15 for wavelengths of λ1, λ2 and λ3. Estimation accuracy is increased with higher 
‘R’ at longer wavelengths which indicates that fields are less confined in the geometry for longer 
wavelengths. Such variations in confinement also shown in Fig. 21. Calculated effective 
wavelengths for the given dimensions of ‘L’ and ‘R’ shows that absorption occurs in very small 
dimensions compared to overall size. This also explains the high absorption at different 
periodicities which controls the width of the pyramids. Since sufficient width for effective 
wavelength matching condition is satisfied for p =1, 2 and 4 μm, high fields, thus absorption, inside 
the pyramids are achieved. As shown in the field distribution results, these absorptance modes are 
repeated throughout the geometry. This repetition is attributed to similar resonance condition, 
which occurs due to the scaling of effective wavelength obtained from Eq. (29). In other words, 
effective wavelength matching conditions are satisfied when the width of the pyramid is extended. 
Similar behavior is also observed for increased pyramid heights. Higher heights only lead to 
increased number of side modes, which do not alter the absorptance in broadband. This also 
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indicates that, matching condition is highly dependent on width of the pyramid. As a next step, 
effects of periodicity of the pyramids, therefore the texture widths, on the field distributions and 
absorption are investigated.  

 
|E(λ)|2 distributions depicted in Fig. 25(a), (b) and (c) shows that number of side modes at 3 

μm is increased with increasing periodicity. These results indicate that coupling condition inside 
the pyramid is repeated and it is linked to the periodicity, thus the width of the pyramid. However, 
different trends are observed in the fields inside the pyramid. In Fig. 25(d), a single distinctive 
high absorption zone is observed inside the pyramid which is linked to side mode shown in Fig. 
25(a). The highest absorptance zone is shifted towards to the bottom of the pyramid and exhibits 
a different kind of |E(λ)|2 x σ(λ) distribution when p is increased to 2 μm.  

 

 
Figure 25: a-b-c) |E(λ)|2 distributions at λ =3 μm wavelength for p =1 μm, 2 μm and 4 μm respectively. d-e-f) 

|E(λ)|2 x σ(λ) distributions at λ =3 μm wavelength for p =1 μm, 2 μm and 4 μm respectively. 

 
The highest absorptance zone in Fig. 25(d) is occurred due to the side modes and a continuous 

trend between the fields inside and outside of the pyramid is observed. However, a continuous 
trend is not observed between the highest |E(λ)|2 x σ(λ) region inside the pyramid and side modes 
shown in Fig. 25(e) and 25(b) respectively.  

 
A different behavior from these is observed when p =4 μm. As seen in Fig. 25(f), multiple high 

|E(λ)|2 x σ(λ) zones are occurred, and they are extended in -Z direction like propagating modes. 
|E(λ)|2 x σ(λ) in Fig. 25(e) and 25(f) indicates that absorptance enhancement inside the pyramids 
in these geometries does not only stem from effective wavelength matching condition. Although 
resonance conditions in the pyramid is satisfied as shown in Fig. 25(b) and 25(c), another 
phenomenon occurs in these geometries which induces fields that interfere with the resonances. 
Therefore, distinctive |E(λ)|2 x σ(λ) region in Fig. 25(e) is attributed to the interference of the fields 
induced by multiple electromagnetic phenomena occurring in the geometry. Finally, results 
depicted in Fig. 25(f) shows that field enhancement in the geometry is dominated by this second 
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electromagnetic phenomenon which give rise to field enhancements extended in -Z direction and 
suppresses the fields induced by effective wavelength matching.  

 
It is observed that these pyramids resemble the waveguide geometries that are composed of a 

high index core surrounded by a low index cladding which supports certain TM modes. In this 
configuration, silicon acts as high index core and air is the low index cladding material as depicted 
in Fig. 26(a). Due to the tapered geometry, broadband spectrum of wavelengths is supported 
throughout the geometry and response is analogous to tapered fibers [131]. In tapered fibers, modes 
with longer wavelengths start to cut-off as the width of the fiber shrinks. In the textured silicon 
geometries, modes with longer wavelengths start to occur as width of the pyramid increases.  

 
Therefore, two problems are analogous and similar analysis is adapted based on the reciprocity 

of the Maxwell’s equations. Assuming tapered geometry is composed of rectangular segments for 
which supported TM modes’ cut-off wavelengths are estimated by, 

 
𝑘௖௨௧ =

௠గ
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                                                        (30) 

 
and dispersion diagrams are obtained by the following expressions: 
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𝑘௭ = ඥ𝑤ଶ𝜇଴𝜀ଵ − 𝑘௫
ଶ                                                   (32) 

 
With the aid of dispersion diagrams, which modes are supported at certain parts of the tapered 

geometry is estimated. Based on these formulas, dispersion diagrams for different core widths, 
which corresponds to width of the silicon pyramid.  Diagrams for d=0.06 μm, d=0.2 μm and 
d=0.35 μm, at which effective wavelength matching is achieved, are obtained and shown in Fig. 
26.  
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Figure 26: a) Scheme for the black silicon as a waveguide problem composed of high index (core) and low 

index (cladding). b-c-d) Dispersion diagrams for d =0.06, 0.2 and 0.35 μm at which effective wavelength matching 
condition is satisfied for wavelengths of 0.5, 1.5 and 3 μm wavelengths. 

 
 
As seen in Fig. 26(b), 26(c) and 26(d) respectively, only TM1 modes exist with a very small 

wavevector (near cut-off wavelength), for wavelengths of 0.5 μm, 1.5 μm and 3 μm when d is set 
to 0.06 μm, 0.2 μm and 0.35 μm. This indicates that fields formed due to the effective wavelength 
matching in these segments do not strongly interfere with TM modes. Therefore, E fields smoothly 
travels throughout the pyramid in -X direction and continuous trends are observed. However, this 
is only valid for the top side mode. 
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Figure 27: a-b-c) Dispersion diagrams for d =0.7, 1 and 2 μm and supported TM modes with cut-off 

wavelengths labeled. 

 
Although modes that exist when d =0.2 μm or d=0.35 μm do not have high wavevectors at 

longer wavelengths, it is not the case for shorter wavelengths. As seen in Fig. 26(c) and 26(d), 
number of modes and magnitude of the existing modes’ wavevectors are increased at shorter 
wavelengths. This indicates that TM modes at shorter wavelengths start to interfere with fields 
induced by effective wavelength matching when width is around 0.2 μm. Such interference lead 
to reduction in absorption in the visible spectrum for the rough surfaces with increased correlation 
lengths. Since width of the individual spikes are increased with increasing correlation lengths, TM 
modes start to form in the textures and reduction in absorption in shorter wavelengths are observed.  
To further analyze the effect of texture width, d, modes in the structures with higher periodicities 
are analyzed. 

 
As periodicity increased, maximum width of the silicon pyramid is also increased, and multiple 

effective wavelength matching conditions occur throughout the geometry as shown in Fig. 25(b). 
Increase in maximum possible width also allows the pyramid support other TM modes which have 
longer cut-off wavelengths.  To show this, dispersion diagrams with d = 0.7 μm, 1 μm and 2 μm 
is demonstrated in Fig. 27. As shown in Fig. 27, with increasing d, number of TM modes increase 
and wavevector of the existing modes, e.g. TM1, is increased. Therefore, at wider widths, 
contributions from TM modes to electric fields are increased. This leads to significant changes in 
field distributions and reduction in absorption which becomes more dominant at shorter 
wavelengths. This finding also explains the reduction in absorptance at longer wavelengths in 
periodic textures compared to deterministic textures, which was attributed to presence of a single 
texture with higher width. Due to the stronger interference of the waveguide modes with the fields 
induced by effective wavelength matching at higher widths, reductions in absorptance spectra of 
random textures compared to deterministic ones are observed. 

 
Demonstrated dispersion diagrams indicate that waveguide modes are started to be supported 

at widths larger than 50 nm and their contributions become more distinguishable at larger widths. 
Their contributions are observed in spatial absorptance profiles depicted in Fig. 22 and 25(d-f), 
which shows that these two separate phenomena coexist in broadband spectrum at these 
geometries. In summary, our analysis regarding to supported TM modes reveal that these modes 
have significant effect on the field distribution inside the pyramid. It is shown that TM modes 
becomes dominant in broadband with increased periodicity of the pyramids and compensates the 
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effect fields induced due to the effective wavelength matching throughout the geometry. In other 
words, TM modes starts to dominate field profile in the geometry at widths around 0.3 μm in 
broadband and effective wavelength matching is dominant at smaller widths. 

 
 
3.3. Tungsten Based Spectrally Selective Absorbers with Anisotropic Rough Surface 

Texture 
 
We first studied the effect of surface roughness on Tungsten surfaces. To analyze the influence 

of surface morphology on spectral absorption of Tungsten surfaces in the VIS and NIF spectral 
regions, the absorption spectra of the flat and roughened Tungsten surface are compared in Figure 
28. As can be seen in this figure, the spectral absorption Tungsten increases significantly by using 
surface roughness in comparison to a flat Tungsten surface, especially for wavelength below 1500 
nm. This phenomenon comes from the mode interactions and the corresponding effects on 
absorption. It is worth noting that in the spectral region of interest, 0.4-1.5 µm, Tungsten does not 
support surface plasmons. Tungsten has shown a nonzero value of 2.5–4 for the real and imaginary 
parts of its permittivity. Within this wavelength range, n decreased gradually while k increased 
monotonically. Also, in Figure 28, the absorption reduces in the longer wavelengths, and there is 
not a notable difference between flat and rough surfaces. Our results indicate a strong relationship 
between the absorption spectra of rough Tungsten surfaces Tungsten and the correlation length 
and RMS height of the rough surface. 

 

 
Figure 28: Comparing Absorption of Flat and rough (lx=100 nm, ly=100 nm and h=50 nm) Tungsten finite 

thickness film by FDTD solution 

 
In Figure 29(a), the absorption spectra of various surfaces with different correlation lengths at 

fixed RMS height of h= 50 nm are given. As can be seen, increasing the roughness by reducing 
the correlation length, which increases the slope of the surface facets at a fixed RMS height, 
increases the absorption of the surface. A similar effect can be observed in Figure 29(b), where the 
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absorption spectra is given for various heights at a fixed correlation length of l= 100 nm. Both 
Figure 29(a) and Figure 29(b) shows no significant difference between textures with varying l and 
h are observed at longer wavelengths, with decreasing the correlation length in the isotropic case, 
the absorption increases in the VIS region, as shown in Figure 29(a). As we increase the correlation 
length to values larger than 200 nm, a peak in the absorption spectra is observed. It could be noted 
that when the correlation length becomes larger than λ/5, a peak resonance is observed in the 
absorption spectra. This effect intensifies by increasing the RMS height of rough texture, and the 
dip point in the absorption spectra reaches unity. Based on the optimized values obtained in Figures 
29(a) and 29(b), a correlation length of 200 nm and a minimum height of 100 nm is selected to 
have an absorption dip in a specified wavelength region. 

 
 

 
Figure 29:  The effect of (a) Correlation length and (b) RMS height in the absorption spectra of random rough 

surface Tungsten 
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The spectral distribution of the Absorption of Tungsten surfaces can be influenced by the 
surface roughness by selectively changing the correlation length and RMS height of the random 
rough surface as shown in Figure 30. In particular, the bandwidth of the spectral distribution can 
be greatly enhanced. This phenomenon can be used in the spectral selective absorbers, in which 
high absorption is needed at a specific wavelength. Based on the results in Figure 30, a surface 
with a correlation length of 200 nm and a RMS height of more than 100 nm shows absorption of 
nearly 100% absorption at the wavelength in range of 1000-1500 nm. A relatively narrowband 
absorption is detected for systems with a lower RMS height. Additionally, the VIS region has a 
lower spectral absorption. These characteristics are primarily due to the decreased optical coupling 
efficiency and narrow bandwidth of the resonances supported by the small surface peaks. 
Increasing the height of rough texture increases not only the absorptions in the VIS region but also 
the broad bandwidth of absorption. Furthermore, the near-unity absorption is accessible over a 
larger bandwidth. The reason is that rough surface height increases the degree of interaction 
between resonance and trapping light. Note that the higher the surface height, the more trapping 
of long-wavelength waves. It should be noted that the absorption curve at low wavelengths 
(approximately up to 1000 nm) is flatter with a higher RMS height value. Correlation length and 
RMS height could be used as controlling factors for a spectrally selective absorber. It is shown 
that for the wavelength in the range of 1000- 1600 nm, a very high absorption around 0.95 could 
be obtained just by the roughness of the surface without any additional coatings. In addition, an 
average of 47% improvement in the absorption is observed in the wavelength in the range of 300-
1000 nm for the case of l=200 nm and h=180 nm in comparison to the flat surface, which is 
beneficial for high-temperature applications. Simulation results show that increasing the RMS 
height with a proper correlation length increases the bandwidth of the absorption. This increase in 
absorption is caused by the coupling between the surface peaks' resonant modes. For an RMS 
height of 180 nm, the absorption curve is over 85% in a wide wavelength range of 300–1600 nm. 
At the same time, for the wavelengths of 1000–1600 nm, the absorption value is more than 95%. 
For higher heights, the coupling between the surface peak's resonance mode occurs in a wider 
range of wavelength, which cause a broader bandwidth of absorption. 

 

 
Figure 30: The RMS height effect on bandwidth of absorption 
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In the next step, inspired by grating couplers to control the light-matter interaction at material 
surfaces, we investigated the effect of anisotropic rough surfaces. Anisotropic surface roughness 
can be obtained by a Gaussian surface with two different correlation lengths along x, y, marked as 
lx, ly respectively. As can be seen in Figure 31, anisotropic surfaces also show the spectrally 
selective characteristic, which means that at a specific wavelength, the absorption increase 
dramatically. Figure 31 illustrates the absorption spectra for various anisotropic surfaces. The 
results in Figure 31 indicate that the absorption of the anisotropic rough surface can be lower than 
the isotropic rough surface with the same correlation length (lx=200 nm, Figure 31 (b)) in the x-
direction, which is shown with a black dash line in Figure 31 (a). It means that with the same 
correlation length in the x-direction, decreasing the correlation length in y-direction which causes 
a drop in absorption values. However, lower correlation length in x-direction (lx=100 nm) in the 
anisotropic case leads to more Absorption in VIS spectrum and, at the same time, spectrally 
selective characteristics (red dash line in Figure 31 (a) and 31 (c)). Moreover, higher absorption 
can be obtained in the infrared region for the anisotropic case of lx=100 nm, ly=400 nm, and h=100 
nm. The absorption results of W anisotropic rough surface with lx=200 nm and ly= 800 nm, which 
is shown in Figure 31 (d), shows two clear resonance peaks in its spectrum the first one is in 533 
nm with 85% absorption, and the second one is 1082 nm with 87% absorption. In addition, the 
above results show that anisotropic rough surfaces with lower correlation length in the x-direction 
can be used to obtain higher absorption in comparison to the isotropic rough surfaces with higher 
RMS height. In other words, at the same RMS height, anisotropic rough surfaces with lower 
correlation length could be used instead of isotropic rough surfaces to have more Absorption in 
VIS and near-infrared region.  

 

 
Figure 31: (a) The effect of correlation length for W anisotropic rough surface (b) Isotropic rough surface with 

l=200 nm and h=100 nm. (c) Anisotropic rough surface with lx=100 nm, ly= 400 nm, and h=100 nm. (d) Anisotropic 
rough surface with lx=200 nm, ly=400 nm, and h=100 nm 
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Figure 32: The RMS height effect on the absorption of the anisotropic rough surface of Tungsten with lx=100 

nm, ly=400 nm 

 
In Figure 32, the effect of RMS height on the absorption band is investigated. As mentioned 

above, for the isotropic random rough surfaces with increasing the RMS height, the bandwidth of 
absorption increases. It is observed that started from λ=1000 nm; the perfect absorption spectrum 
is continuously broadened. For anisotropic random rough surfaces, as can be seen from Figure 32, 
with increasing the RMS height of the surface, a vast bandwidth is obtained, which started from 
λ=300 nm and continued to λ=1500 nm. It is shown that for the case of the anisotropic surface 
with lx=100 nm and ly=400 nm, for RMS height of 150 nm with taking the absorption>90% into 
account, the spectral range is varied from 300 nm to 1700 nm, suggesting a perfect absorption 
bandwidth up to 1700 nm in the ultraviolet- visible-near infrared region and for the RMS height 
of 180 nm the absorption reaches to more than 95% which is a very great improvement in 
comparison to the flat Tungsten surface and have a lot of application in high-temperature 
situations. This wide broadband is also obtained previously in the literature, but in all cases, 
another material coating was added to Tungsten for reaching these high absorptions [22,132]. 
However, in our results, this broad bandwidth is just obtained by modifying the surface structure. 
Moreover, in comparison to the flat Tungsten surface, the absorption enhanced around 52% in the 
VIS region and approximately 80% for larger wavelengths from 1500-2000 nm. 

 
3.4. Impedance Mismatch-Based Enhancement of Broadband Reflectance of Tungsten 

with Bio-Inspired Multi-layers 
 
The average reflectance of the multilayer with the increasing number of layers is shown in Fig. 

33(a), for which the corresponding layer materials and thicknesses are given in Table 1, and the 
spectral reflectance of the multilayer composed of eight layers is shown in Fig. 33(b). The average 
reflectance of the multilayer in both spectrum intervals reaches 95% levels from 50% and 80% 
levels for eight layers. Change of average also indicates that when layer number is higher than 4, 
there are enough design parameters to increase the average in both spectrum intervals. Amplitudes 
of the reflectance coefficients are also demonstrated in S-plane in Fig. 33(c). Illustrated amplitudes 
of the reflection coefficients of W with and without multilayer agrees with the spectral 
characteristics. As seen, all amplitude values shift towards the outer edge of the unit circle. Besides 
the broadband reflectance enhancement, a multilayer structure yields sharp drops over the 
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spectrum. To analyze the nature of the peaks and the broadband reflectance characteristics, the 
total optical path, δTotal, that light travels throughout the homogeneous multilayer structure, is 
plotted in Fig. 33(d).   

 

 
Figure 33:  a) Reflectance of homogeneous multilayers for increasing number of layers. b) Spectral reflectance 

of a multilayer with 8 layers designed for α =0.7 with TiO2 and air. c) Reflectance coefficients of the multilayer 
whose spectral reflectance is given in Fig. 4(b) on -S plane. d) Comparison of optical thickness of the multilayer 

structure on which even multiples are marked. 

 
Table 2: Thicknesses of the layers used in the multilayers with layer numbers of 2, 4, 6, 8, 10, 12, 14 and 16 on top 

of 500 nm W. 

Layer Material # of Layers 
2 4 6 8 10 12 14 16 

W (500 nm) Thickness [nm] 
Air 119.15 106.2 279.04 268.94 62.43 88.35 185.98 59.1 

TiO2 67.04 68.28 93.08 256.86 126.53 220.75 680.19 181.23 
Air  145.02 126.96 136.88 178 703.4 245.15 229.43 

TiO2  108.12 58 125.96 132.21 132.48 121.29 259.87 
Air   130 136.36 93.58 754.92 177.59 698.30 

TiO2   59.56 187.64 169.5 235.62 122.6 149.04 
Air    181.74 414.79 480.91 273.93 650.99 

TiO2    65.06 208.07 630.17 324.03 156.19 
Air     196.16 125.36 231.37 669.27 

TiO2     309.87 544.92 417.35 239.12 
Air      428.56 37.48 951.18 

TiO2      131.24 233.66 154.34 
Air       203.49 756.69 

TiO2       151.68 396.4 
Air        751.85 

TiO2        504.2 
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    For verification purposes, we compared the reflectance spectrum of the 8-layered structure, for 
which layer materials and thicknesses are depicted in Table 1, obtained by the described impedance 
formulation, characteristic matrix method [60] and the FDTD [55]. As seen in Fig. 34(a), there is 
very good agreement between the analytical solution (both impedance formulation and 
characteristic matrix method belongs to this category) and the FDTD solution. Also, to quantify 
the dependence of the broadband reflectance spectrum on meshing, we compared the total 
absorption percentage, which is expressed as I୆୆(λ, T = 5850 K)x൫1 − R(λ)൯x100/I୆୆(λ, T =

5850 K) . As seen in Fig. 34(b), absorption percentage remains around %8 and does not 
significantly change as the number of mesh points is increased beyond 14. Therefore, we 
proceeded with FDTD simulations with mesh points of 14. 
 

 
Figure 34: a) Analytical solution of the 8-layered structure obtained analytically by characteristic matrix method 

[60] vs. FDTD solution with number of mesh points of 14. b) Mesh accuracy vs. absorption percentage of the 
incident radiation. 

It is well known that a medium highly reflects incident wave if the optical path at that 
wavelength is an odd multiple of π/2. By relying on this, odd multiples, m, of π/2, is also marked 
on the plot depicted in Fig. 33(d). It is observed that there is a perfect fit between mπ/2 and δTotal, 
which clarifies the broadband reflectance behavior. Wavelengths of the sharp drops over the 
spectrum are also marked, which correspond to λ = 0.67, 0.77, 0.93, 1.23, and 1.74 µm 
wavelengths. Here, sharp dips appear in the regions between the wavelengths where odd multiples 
are crossing with δTotal. 

 
High reflectance zones over the spectrum are generated when δTotal becomes close to an odd 

multiple of π/2, and in between two odd multiples, δTotal approaches to even multiples of π/2, which 
is associated with high transmission. Due to the increased number of odd multiple modes at shorter 
wavelengths, the even multiples, rate of appearance of sharp dips increase, and more oscillatory 
reflectance spectrum are observed. As a next step, the effects of lift-off material properties and 
their dimensions on the reflectance spectrum are studied, and corresponding results are depicted 
in Fig. 35(a) and 35(b). In Fig. 35(a), nLift is set to 1.41, and the reflectance spectrum for the updated 
multilayer with eight layers is obtained.  
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A decrease in reflectance, especially at the shorter wavelengths, is observed with increasing lift-
off dimensions. This stems from the perturbation introduced in the air medium, which changes the 
medium's refractive index in the design stage. With increasing volume fraction of the lift-off 
material, the effective index of the medium starts to deviate more from the presumed value of nAir 
=1 and alter the interference effects between the mediums. Similarly, in Fig. 35(b), in which the 
reflectance spectrum for varying nLift is depicted for 50*50 nm lift-off material dimensions, 
reflectance intensities start to decrease slightly. Similar reasoning is also valid here. 
 

 
Figure 35:  a) Reflectance spectrum of the structure with 8 layers in which lift-off layers (n =1.58) of various 

sizes are added. b) Reflectance spectrum of the structure with 8 layers in which lift-off layers (100*100 nm) of 
different refractive indices are added. 

 
There are two possible advantages of the inhomogeneous multilayers over the homogenous 

ones, in which layers are separated with air gaps, from a thermomechanical point of view. Due to 
the increased ratio of the refractive indices between the layer materials, higher reflection 
percentages can be achieved with fewer layers [133]. In addition, air gaps provide space for the 
layers for thermal expansion under excessive thermal load. In the absence of air gaps, due to the 
difference between thermal expansion coefficients of the layers, high thermal stresses can occur 
under excessive thermal load, which lead to mechanical failure of the coating. By introducing air 
gaps, layers are allowed to expand with less resistance. In addition, separated features are also 
more advantageous compared to a single large feature. The thermal expansion of a single large 
feature, in transverse directions is much larger than the thermal expansion of the smaller features, 
as seen from the mathematical expression for linear expansion under uniform temperature 
variation ΔL =Li x α x ΔT where Li is the initial length, α is the thermal expansion coefficient, 
(given as 9.5x10-6 K-1 for TiO2 ), ΔT is the temperature change (TFinal - TInitial), and ΔL is the length 
change (LF – Li). Under constant temperature change over the layer, ΔL can be calculated. In Fig. 
36(b), ΔL is plotted with respect to temperature change, ranging from 100 K to 1000 K, for varying 
Li, is demonstrated. As seen, with increasing Li, ΔL also increases. By introducing inhomogeneities 
in transverse directions, features will be separated from each other, and they are allowed to expand 
in those directions, which will be less than the expansion of a single large layer. For this purpose, 
understanding the effect of periodicity on spectral characteristics is essential.  
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Figure 36: a) Scheme for the periodically arranged morpho butterfly inspired multilayer features. b) 

Temperature change vs. linear length change for initial lengths of 0.5, 1 and 1.5 μm. 

 
Figure 37: a) Average reflectance of structures for varying distance/periodicity. b-c-d-e) Spectral reflectance of 

the structures for varying distance/periodicity. 
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According to Fig. 36, the distance between two neighboring ridges, (d) parameter, is one of the 
most important variables that affects the structure's reflectivity. In this regard, the average 
reflectivity for distances of 25, 50, 75, 100 nm has been calculated, and the results can be seen in 
Fig. 37(a). It can be understood from this figure that increasing the distance between two adjacent 
ridges decreases the amount of reflectivity from 95% to less than 86%. Furthermore, to compare 
the effect of the shape of inhomogeneous structures on spectral characteristics, the reflectance of 
the proposed model for the morpho butterfly wing’s nanostructure is depicted in Fig. 37(b-d). 
Periodicity, P, in the calculations is set to 0.5 μm. 

 
However, increasing the gap between two adjacent ridges causes frequent oscillations, 

especially in shorter wavelengths, which lead to reduced average reflectance. Such oscillations 
stem from the additional interference effects induced by the air gaps between the periodic 
structures introduced by non-zero d. Contribution from such additional interference effects alters 
the total optical path that waves travel through the structure. However, the total optical path cannot 
be calculated by the theory developed for homogeneous layers, which is only applicable for zero 
d. Therefore, a -S parameters retrieval method [124] is applied to calculate the -S parameters of 
the studied multilayer structures. -S parameters can be treated as the transfer function of the 
multilayer structure, therefore provides an understanding of the optical response of the structures 
in consideration. Since the reflectance spectrums of the structures are of interest, only S11 
parameters are analyzed.  

 
S11 parameters are identical to reflectance coefficients given in Eq. (26) and can be represented 

with magnitude and phase terms. Since phase term determines the optical path that wave travels, 
phase of S11 terms, <S11, are studied in the entire spectrum interval. The distinct reflection dips 
occurring in the 1-1.6 µm spectrum are analyzed to make a detailed evaluation. Then the analysis 
is extended to a broader spectrum. 

 
In Fig. 38(a), reflectance dips occurring in 1-1.75 µm wavelength interval for the structures 

with d = 25, 50, 75, and 100 nm are illustrated. As seen, all these dips are shifted to shorter 
wavelengths compared to homogenous film. A single dip is observed for the structures with d = 
25, 50, 75 nm, and two dips for d = 100 nm.  In Fig. 38(b), <S11 are plotted concerning wavelength, 
and even multiples of π are marked with black dashed lines.  As seen, the <S11 curve of the 
structure with d = 25 nm crosses 0 at 1.45 µm. When considered with the reflectance spectrum 
depicted in Fig. 38(a), it can be seen that crossing points are very close to reflection dips. Similar 
trends are observed for the structure with d =50 nm whose <S11 crosses 0 at 1.3 µm wavelength, 
which corresponds to the reflectance location dip. Again, single crossing at 0 occurs for the 
structure with d =75 nm and resulting in a single dip in the reflectance spectrum. Finally, the 
structure with d = 100 nm has two crossing points, around 1.18 and 1.57 µm, which result in a 
distinct and relatively smooth dip in the reflectance spectrum, respectively. To analyze the 
characteristics at shorter wavelengths that exhibit more frequent oscillations, <S11 curves in 0.3 – 
3 µm spectrum are plotted with even multiples of π are marked and demonstrated in Fig. 38(c). As 
seen, the slope of the <S11 curves is nearly similar for λ>1 µm. Therefore, the number of mπ/2 
crossings (m =0,2,4,…N) are observed in the spectrum are less. With the increasing slope of <S11 
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curves at λ<1 µm, the number of mπ/2 crossings increases, therefore the number of oscillations 
increases.  

 
Figure 38: a) Distinct reflectance dips for the structures with different d. b) <S11 curves of the structures with 

different d for which reflectance dips are shown in Fig. 8(a). c) <S11 curves of the structures with different d in 0.3 
– 3 µm interval with even multiples of π/2 are marked. 

 
In the light of these results, it is expected that average reflectance will further decrease with 

increasing d. Therefore, to have more efficient thermal management, one should consider the 
increasing radiative thermal load in the coating with increasing d [30,42]. 

 
Finally, in addition to the effect of the variation of the refractive index and dimensions of the 

lift-off materials on the broadband reflectance, the sensitivity of the final structure against possible 
fabrication imperfections is also studied. For this purpose, ±5 nm was selected, which is within the 
manufacturing tolerances of the current fabrication technologies, such as electron and ion beam 
deposition. These modifications are made to the geometric dimensions of the structure with 8 
layers which is expressed by 24 geometrical parameters (3 for each layer in 3D) and calculated the 
reflectance of the structure. Reflection calculations are repeated 10 times. The means and standard 
deviations for both low and high reflectivity spectrum intervals are plotted in Fig. 39. As seen in 
Fig. 39, standard deviations are very low (0.2 % and 1 % for λ<1 μm and λ>1 μm intervals) with 
the added possible fabrication errors, which shows the robustness of the structure for possible 
fabrication errors. 
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Figure 39: Mean and standard deviations of the average reflectivity of the 8-layered final structure with d = 25 

nm both at wavelengths in 0.3 – 1 μm and 1 – 3 μm intervals. 

 
 

4. Conclusions 
 
 

        In this project, the random surface roughness effects on the reflectivity of refractory metals 
and polar dielectrics is studied. SPM/SSA method enables the decomposition of surface roughness 
topography and material properties. Larger 𝑛 shows higher roughness effect as well as broader 
length scale range which are illustrated as weighting functions. Transparent dielectrics with with 
low 𝑘 values experiences two resonance locations on the weighting function, corresponding to the 
periodicity of roughness same as incident wavelength and the wavelength in material. Absorption 
increase (𝑘 increase) for materials will increase the weighting function in magnitude, but the 
secondary resonance peak weakens and disappears. Maximum roughness effect happens when 𝑘 
is similar in terms of magnitude as 𝑛, where epsilon is close to zero. 
 
       For refractory metal W, as 𝑛 and 𝑘 are relatively close in terms of magnitude at the visible to 
infrared range, surface roughnesses with the corresponding correlation lengths cause higher 
absorption change with same roughness height variance. At far-infrared region, where flat W 
surface experience high reflectivity, reflection change due to surface roughness is also limited. For 
SiC, as the magnitude 𝑘 is smaller compared to 𝑛 at infrared, surface roughness caused reflection 
change is limited, however, polar resonance at 𝜆 around 12𝜇𝑚 causes one resonance peak at this 
location for the surface roughness effect. Our results indicate that maximum impact on the 
reflection from a rough material surface is observed when the correlation length of the random 
surface roughness satisfies 𝑙 = 2.22𝜆଴ condition and the operation frequency matches the internal 
absorption frequencies (plasma frequency and phonon frequency). 
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Moreover, in this project, broadband absorption mechanism of the black silicon is investigated. 
Field distributions inside the random and deterministic textures show that high field intensities 
which are confined near the edges of the textures occur. Detailed analysis shows that high coupling 
in transverse direction occurs and coupling conditions are estimated with effective wavelength 
matching phenomenon in optical antennas. Further analysis reveals that, TM modes are also 
supported in the textures and affects the absorption distribution over the geometry. Due to the 
trapezoidal geometry of the textures, TM modes start to form with increasing width (d). It is found 
out that effective wavelength matching occurs in smaller widths (d<0.3 μm) and are dominant in 
terms of contribution to absorption. On the other hand, TM modes start to dominate at higher 
widths (d>0.3 μm) in broadband for which cut-off wavelengths are obtained by waveguide theory. 
Destructive interference of the fields induced by these two different phenomena lead to slightly 
reduced spectral absorption. Our findings regarding to driving mechanisms of elevated absorption 
in black silicon provide a good understanding of those mechanisms which was not discussed in 
such a detailed manner before.  
 

Furthermore, we demonstrated spectrally selective absorber surface made of Tungsten using 
an anisotropic Gaussian random rough surface for high-temperature applications. It is shown that 
the rough surface enhances the absorption spectra both in the visible and near infrared spectral 
regions. For isotropic random rough surfaces, it is shown that at correlation length higher than 200 
nm, a dip started to appear in the absorption curve around the wavelength of 1000 nm. Increasing 
RMS height leads to broadening the bandwidth of near-unity absorption for the 1000-1600 nm 
region due to more optical interference. Our investigation shows that using anisotropic random 
rough surface design yields even more interesting results in terms of the absorption spectrum. 
More than 90% absorption is obtained for the optimized anisotropic random rough surface for the 
spectral range from 300-1700 nm, suggesting a perfect absorption bandwidth up to 1700 nm in the 
ultraviolet- visible-near infrared region. These random nanostructures provide multiple resonant 
modes, which introduce strong optical coupling and result in a broadening of the high absorption 
spectrum region. The proposed spectrally selective absorber in this study eliminates the need for 
adding extra layers or nanoparticles to act as spectral selective emitters. Moreover, this technique 
avoids inserting additional surface thickness by adding coatings of different materials. These 
findings can be used in tailoring broadband spectrum for different applications in which the 
surfaces are exposed to high temperatures, such as solar and aerospace applications.  
 

   Finally, optimized multilayer coatings inspired from morpho butterfly structures are proposed 
in this project to increase the reflectivity of Tungsten in the broadband spectrum of 0.3-3µm. The 
impedance mismatch method results indicate that stacking eight number of TiO2-Air (As high 
index-low index) layers on the tungsten substrate with the optimized thicknesses increases the 
average reflectivity of Tungsten up to 95% in the broadband spectrum. It is shown that lift-off 
dimensions and optical properties do not significantly impact the selected values. While the 
inhomogeneities in the transverse direction do not cause a significant reduction in the reflectance, 
a slight decrease in magnitudes is observed due to an increased number of sharp reflection dips 
over the spectrum. Calculated -S parameters of the final inhomogeneous structures show that 
reflection dips occur when <S become multiples of π, and the number of crossings increases at 
shorter wavelengths. Spectral analysis of different distances between the ridges, d, indicates that 
reflectance of the coating is reduced with increasing d. The highest reduction rate is observed for 
d~100 nm, for which average reflectance drops to 86 % levels at most. Robustness of the final 
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structure against possible fabrication imperfections described by adding ±5 nm tolerance in 
dimensions indicate the means of the average reflectance changes by % 1 at most at longer 
wavelengths. 
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6. List of Symbols, Abbreviations and Acronyms 
 

𝑙: is transverse correlation length 

K: Wave vector 

𝑐𝑙𝑥: Correlation length in x direction 

𝑐𝑙y: Correlation length in y direction 

h: Standard deviation 

Γ: Gamma function 

R: Fresnel reflection coefficient 

g: Weighting function 

ε: Permittivity 

μ: Permeability 

e: Electron mass 

f: Frequency 

A: Absorption 

E: Electric field 

H: Magnetic field 

δ: Optical thickness 

Z: Intrinsic impedance 

Ƶ: Surface impedance 

N: Layer number 

j: √-1 

Z0: Intrinsic impedance of free space 

Ƶ1: Surface impedance of the top layer 

Γ: Reflection coefficient 

ΓNorm: Normalized reflection coefficient with respect to Z0 

r: Amplitude of the reflection coefficient  

θ: Phase of the reflection coefficient 

n: Refractive index 

k: Extinction coefficient 

t: Geometrical thickness 

υr: Angle of refraction 

λ: Free space wavelength 
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α: Weighting factor 

p: Periodicity 

IBB: Blackbody radiation intensity 

T: Temperature 

h: Planck’s constant 

kb: Boltzmann’s constant 

c: Speed of light 

Re: Real part of a complex number 

Im: Imaginary part of a complex number 
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