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In this paper, possible approaches will be explored for designing transparent glass windows with anti-
frost/anti-fog and energy-saving capabilities by coating nanostructure metamaterials on the widow’s 
outside surface. The metal-dielectric-metal nano-scale metamaterial structures with periodic metal-
dielectric interfaces, when shined with light, acquire surface plasmons thus trapping light at subwavelength 
scales. When these metamaterials are coated on the outside of a glass window, they may lead to efficient 
solar radiation absorption, which can be used for anti-frost/anti-fog and energy-saving windows of 
transportation vehicles and modern buildings. The total thickness of the so-called metamaterial perfect 
solar absorber is a few tens of nanometer and its absorption band is broad, tunable and insensitive to the 
angle of incidence. This paper will present a concept to use the matermaterial coating on the window glass 
to absorb solar spectrum (λ > 0.7 µm) for anti-frost/anti-fog and energy-saving in the winter, meanwhile 
almost without lowering the luminous transmittance. In the summer, for a rotatable window, its opposite 
side with the perfect mirror function can be turn to face the sunlight to reflect the sunlight away. By 
adjusting bottom coating structure, perfect or non-perfect mirror can be formed for natural solar reflection 
or transmittance. 
 
Keywords: metamaterial coating, transparent glass window, anti-frost, anti-fog, energy-saving, solar absorber, heat 
transfer, transportation vehicle, building 

 
 
INTRODUCTION 
 
The glass windows have been widely used for 
transportation vehicles and modern buildings. With taking 
aesthetic appearance characteristics of glass into 
consideration, more attention has also been paid on its 
abilities of anti-frost, anti-fog, energy-saving through heat 
control and sunlight projection. Therefore, multi-functional 
energy-saving glasses manipulated through specially 

designed coatings are getting more and more demands 
(Chen et al., 2011). 

With respect to energy flows, a conventional window 
generally functions transmitting a controlled amount of 
luminous radiation for vision, and solar radiation for 
space heating at a specifically controlled heat transfer. 
The heat transfer covers contributions from thermal  
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radiation, conduction in solids and gases, and gas 
convection. Radiation is relevant in three different 
wavelength regions (Voss et al., 2014): (a) the visual 
region from 0.4-0.7µm, (b) the solar region from 0.3-
3.0µm, and (c) the thermal region with wavelengths larger 
than 2µm. Luminous, solar and thermal radiations are 
confined to these specific wavelength intervalls, as can 
be seen in Fig.1 (Voss et al., 2014). Planck spectra for 
two temperatures of practical significance for windows 
are depicted in the right hand part. Both spectra are 
confined to the thermal range. The peak in the spectrum 
for 50°C lies at a shorter wavelength than the one for 0°C, 
which is a manifestation of Wien's displacement law. At 
room temperature the peak occurs at about 10µm. 
Thermal radiation from a material is obtained by 
multiplying the Planck spectrum by the emittance, which 
is generally wavelength dependent and is less than unity. 
The solid curve in the left-hand part shows a typical solar 
spectrum for radiation that has passed already the earth's 
atmosphere. The curve has again a bell shape 
corresponding to the sun's surface temperature of about 
6000°C. The minima in the spectrum are caused by 
atmospheric absorption, mainly by water vapor, carbon 
dioxide and ozone. The dashed curve shows the relative 
spectral sensitivity of the human eye in its light-adapted 
photopic state with the maximum at 0.555µm. In the 
darkness-adapted scotopic state, the latter one is 
displaced about 0.05µm towards shorter wavelengths 
(Voss et al., 2014).  

With metamaterial coatings on the window glass 
surface, these spectra can be selectively absorbed, tuned, 
manipulated based on the specific design requirements. 
In this paper, a design concept of matermaterial coatings 
applied on the window glass would be presented to 
absorb solar spectrum (λ > 0.7 µm) for anti-frost/anti-fog 
and energy-saving almost without lowering the luminous 
transmittance.  
 
 
Design principle of metamaterial absorbers 
 
Metamaterial absorbers can selectively absorb or emit 
electromagnetic waves by exciting plasmonic resonances 
at particular wavelengths inside the material structures 
(Watts et al., 2012). The absorbing metamaterials are 
generally made of micro/nanostructures with 
subwavelength metallic patterns on a metal film 
separated by a dielectric spacer. Between the metallic 
pattern and the metal film, strong electromagnetic 
coupling could occur at selected wavelengths due to 
electric and magnetic responses of the metamaterial 
(Wang and Wang, 2013).  

Considering a slab of magneto-dielectric metamaterial 
structure with thickness d, which can be described by 
both the magnetic permeability			����� = ���	
��� and the 
electric permittivity �̃��� = ���	 ��� , and backed by a 
highly conductive opaque metallic ground plane, here ε0  

 
 
 
 
andµ0 are the permittivity and permeability of free space; 
the reflectivity ( R ) and reflection coefficient ( r ) of an 
interface, for transverse electric (TE) and transverse 
magnetic (TM) polarized waves can be expressed as 
(Watts et al.,2012) 

��� = |���|� = ������������ ��!�� ����"������ ��!�� �
�
                (1) 
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�
           (2) 

where θ is the angle of incidence, and % = √�	�	 is the 
index of refraction of the magneto-dielectric medium. In 
case of normal incidence angle (θ = 0), the Eq. (1) and (2) 
reduces to (Watts et al.,2012): 
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           (4) 

If it is intended to have no reflectivity for both 
polarizations, RTE and RTM should be equal to zero, which 
is equivalent to µr = εr. This indicates that impedance of 

the metamaterial (, = ��/� ) should match that of air 

(,� = ���/��) in order to reduce the reflection loss down 

to zero (Watts et al.,2012). According to Kirchhoff’s rule 
(Mehdi et al., 2014), the sum of the transmittance T, 
reflectance R, and absorbance A should be equal to 1 in 
the absence of scattering and diffraction, that is, the 
absorptivity can be written as (Watts et al.,2012) 

. = 1 − � = 1 − +1�121"12+
�
=1 − +������"�+

�
                       (5) 

Therefore, the light can be absorbed totally if the 
impedance of metamaterial matches to that of the free 
space, and the back metallic film or ground plane is 
opaque for zero light transmission (acts as a mirror). 
However, lowering the reflectivity by impedance matching 
is not sufficient and presence of lossy materials is 
obligatory for realization of high absorptivity (Mehdi et al., 
2014). For instance, if the metamaterial slab thickness d 
is not sufficiently thick and the constituent material is not 
lossy enough, the wave which is bounced back off the 
back metal film can reflect back into free space (Watts et 
al.,2012). As a result, the challenge to design a perfect 
metamaterial absorber is to structure it with lossy 
materials and meet the condition of the impedance 
matching the free space (Mehdi et al., 2014). 

Metals are electromagnetically lossier in high frequency, 
in particular at optical realm, due to electron transitions 
from the filled d bands into the surface plasmon (SP) 
conduction bands, which is base of wave absorption 
(Callaway, 2014). However, at lower frequency especially 
when the frequency is below terahertz or near-infrared 
range (Reza, 2008), most metals can be assumed acting 
as a perfect conductor with small loss, since the 
corresponding Ohmic loss fraction, the ratio of the skin 
depth over wavelength, is only 0.1% or less (Mehdi et al., 
2014). As a result, for the electromagnetic absorbing 
metamaterials designed for below terahertz or near- 
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infrared, the main loss is resulted from the dielectric. 
Therefore, lossy dielectric is usually incorporated in the 
metamaterial design. In contrast to low frequency, 
contribution of metallic absorption through Ohmic loss 
and surface plasmon decay is more than dielectric when 
the operating frequency is near-infrared (NIR) or visible. 
As a result, absorption within the metallic part in 

metamaterial absorbers for visible frequency reduces the 
role of dielectric absorption, and hence relatively thinner 
dielectric is sufficient for high frequency purposes (Mehdi 
et al., 2014).  

For example, ultra-thin (~20 nm) plasmonic 
nanocomposite made of metal nanoparticles dispersed 
randomly in polymeric or generally dielectric matrix,  a  

 
Figure 1. Different solar radiation in the environment  
(Voss et al., 2014). 

 
Figure 2. Schematic illustrations of some perfect metamaterial absorbers: (a) wide-angle  
absorption for both transverse electric (TE) and magnetic (TM) polarized waves  
(Landy et al., 2008); (b) subwavelength perfect absorber made of a film-coupled crossbar  
structure (Tao et al., 2008); (c) plasmonic absorber made of a layer of gold patch array with 
 the width less than 200 nm on a thin Al2O3 layer over a gold film showed an absorption peak  
of 88% at the wavelength of 1.58 µm (Liu et al., 2010); and (d) ultra-thin plasmonic absorber  
in the visible spectrum by depositing a two dimensional (2D) Ag grating with a period of 300 nm 
on a 60-nm SiO2 over an Ag film (Hao et al., 2010). 
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highly dispersive material with a high refractive index 
contrast to the interlayer, could give rise to perfect 
absorption of light in a broad range of frequency from 
deep ultraviolet (UV) up to visible and NIR (Etrich  et al., 
2014). Once again, this verify that impedance matching 
of the matamaterial to free space, multi-reflection of light 
between different structural layers, light trapping and 
absorption by the tiny metallic particles /period metallic 
structures/metallic films enable realization of almost unity 
absorption of light in wide range of spectrum from UV to 
NIR (Mehdi et al., 2014). 
 
 
Perfect metamaterial absorber coatings on glass 
windows 
 
Initially, perfect metamaterial absorbers were made of 
electric ring resonators coupled to metal wires, exhibiting 
selective absorption in the terahertz region. By replacing 
the metal wires with a continuous film, as shown in Fig.2a, 
the design was improved to achieve wide-angle 
absorption for both transverse electric (TE) and magnetic 
(TM) polarized waves (Landy et al., 2008). Moreover, 

different top-layer pattern structure designs such as chiral 
metamaterial, fishnet structure, and cut-wire array were 
proposed to achieve omnidirectional and polarization-
independent absorption in the terahertz regime. 
Thereafter, by shrinking the sizes of the metamaterial 
absorbers, the near-perfect selective absorption can be 
obtained in the infrared and visible region. For instance, 
97% absorption was demonstrated at the wavelength of 
6µm in a subwavelength perfect absorber made of a film-
coupled crossbar structure, as shown in Fig. 2b (Tao et 
al., 2008). Fig. 2c shows a plasmonic absorber made of a 
layer of gold patch array with the width less than 200 nm 
on a thin Al2O3 layer over a gold film, demonstrating an 
absorption peak of 88% at the wavelength of 1.58 µm 
(Liu et al., 2010). As shown in Fig. 2d, by depositing a 
two dimensional (2D) Ag grating with a period of 300 nm 
on a 60-nm SiO2 over an Ag film, an ultra-thin plasmonic 
absorber was made in the visible spectrum (Hao et al., 
2010). Strong visible light absorption has also been 
achieved by film-coupled colloidal nanoantennas , 
circular plasmonic resonators, and nanoparticles, by 
exciting magnetic resonance inside the metamaterial 
absorbers. In addition, selective absorption can also be  

 
Fig. 3 Schematic of proposed metamaterial solar absorbers (Wang and Wang, 2013): 
 (a) Single-sized, 2D periodic tungsten gratings with period Λ, patch width w and grating  
height h, on a thin SiO2 spacer with thickness t over an opaque tungsten thin film.  
The electromagnetic wave is incident at a polar angle θ, polarization angle ψ, and azimuthal angle φ.  
The structure is assumed to be geometrically symmetric in the x and y directions, and φ is taken as 0°  
for simplicity. (b) Double-sized metamaterial solar absorbers with tungsten patches of different widths w1  
and w2, and period Λ′ = 2Λ Tungsten patches with the same size are arranged diagonally and each patch  
is centered in its quadrant. (c) Spectral absorptance of the single-sized metamaterial solar absorber at  
normal incidence as a function of spacer thickness t. The base values of the geometric parameters are  
Λ = 600 nm, w = 300 nm, and h = t = 60 nm. The broadband high absorption in the spectral region from  
0.3 µm to 2 µm is due to several physical mechanisms including SPP, CMP, intrinsic loss of tungsten, and 
 MP. (d) Spectral normal absorptance in the spectral region from 0.4 µm to 4 µm for a double-sized  
metamaterial solar absorber with tungsten patch widths of w1 = 250 nm and w2 = 300 nm, in comparison 
 with that of single-sized metamaterial solar absorbs with w1 or w2. Other geometric parameters are the  
same: Λ = 600 nm, h = 150 nm, and t = 60 nm. The inset depicts the arrangement of the tungsten patches 
 for the double-sized absorbers. 
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used for controlling thermal emission (Wang and Wang, 
2013). 
 
 
Tungsten-silica-tungsten metamaterial solar 
absorbers 
 
This paper will attempt to use tungsten-silica-tungsten 
solar absorbers, proposed by Hao Wang and Liping 
Wang (Wang and Wang, 2013), as metamatial coatings 
for design of anti-frost/anti-fog and energy-saving 
transparent glass windows.  Fig.3 shows typical 
structures of the metamaterial solar absorbers made of 
2D periodic tungsten gratings on a thin SiO2 spacer over 

a tungsten thin film (Wang and Wang, 2013). A unit cell 
of the metamaterial structure with single-sized tungsten 
patches is shown in Fig. 3a. The geometric parameters 
include grating period Λ, tungsten patch width w, grating 
height (or patch thickness) h, and SiO2 spacer thickness t. 
The opaque tungsten thin film could be a couple of 
hundred nanometers thick. The three-layer-structural 
metamaterial would be deposited on outside surface of a 
glass window to obtain the anti-frost/anti-fog and energy-
saving capabilities. The 2D periodic gratings are 
designed with the same geometric parameters (i.e., Λ 
and w) in the x and y directions, since the geometric 
symmetry is crucial to realize the polarization 
independence at normal direction. Here wavevector Kinc  

 
Figure  4.  Schematic of a rotatable window coated with the metamaterial solar  
absorber. In the winter, the side with the solar absorber would face the sunlight;  
in the summer, another side with the perfect mirror function will face the sunlight 
to reflect the sunlight away. 

 
 
Figure 5. Schematic closed field magnetron sputtering (Monaghan et al.,  
1993), (Gibson et al., 2006) 
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represents the electromagnetic wave with a free-space 
wavelength λ incident onto the metamaterial structure at 
a polar angle or incidence angle θ, polarization angle ψ, 
and azimuthal angle φ. The polar angle θ denotes the 
angle between Kinc and the surface normal of the 
structure (z direction). The polarization angle ψ is by Kinc 
and the structure surface normal, between electric field 
vector E and the plane of incidence. ψ = 0° indicates the 
transverse magnetic (TM) polarized wave while ψ = 90° 
gives the transverse electric (TE) polarized wave. 
Azimuthal angle φ is the angle between the x axis and 
the plane of incidence, and can be taken as φ = 0° here 
for simplicity by ignoring conical diffraction due to the 
non-zero wavevector components in both x and y 
directions for the incident wave (Wang and Wang, 2013).  

Fig.3 b illustrates a unit cell for the metamaterial 
absorber with double-sized tungsten patches of different 
widths w1 and w2. The patches with the same width are 
arranged diagonally such that the structure behaves 
exactly the same at normal incidence for either TE or TM 
waves. Each patch is centered in its quadrant, and the 
period Λ′of the double-size metamaterials is twice that of 
single-sized ones, i.e, Λ′ = 2Λ (Wang and Wang, 2013).  

As shown in Fig. 3c, SiO2 spacer thickness t yields a 
similar effect as the tungsten grating height h on the 
normal absorptance of the single-sized metamaterial 
solar absorber. When the spacer thickness increases 
from 40 nm to 150 nm, the magnetic polariton (MP) peak 
shifts to shorter wavelength, while the peak amplitude 
first increases to a maximum close to 1 with t = 80 nm 
and then drops with further thicker spacers. The surface 
plasmon polariton (SPP) peak locations do not change 
with spacer thickness but the amplitudes change with 
different t values. The coupled magnetic polariton (CMP) 
peak separates from the SPP peak around λ = 0.6 µm, 
and shifts slowly towards the longer wavelength with 

increasing t. As a result, the absorbance in the spectral 
region between 0.6 µm to 1.8 µm is greatly enhanced, 
with the minimum value of spectral absorbance increases 
from 0.6 at t = 40 nm to 0.92 at t =120 nm. However, the 
absorptance starts to decrease with further thicker 
spacers (Wang and Wang, 2013). Therefore, a SiO2 
spacer thickness range of 60 nm to 120 nm is preferable 
when coating the spacer layer on the window glass. 

Fig. 3d shows the absorptance of both single-sized and 
double-sized metamaterial absorbers with the same 
geometric parameters of Λ = 600 nm, h = 150 nm and t = 
60 nm but different patch widths w1= 250 nm and w2 = 
300 nm, respectively (Wang and Wang, 2013). The 
tungsten grating height h can be optimized to make the 
single-sized metamaterial have close-to-unity 
absorptance in the partial or full visible and near-infrared 
region, or in the near-infrared region only to let the visible 
light transmit through the window glass for luminous. The 
single-sized metamaterial absorber with smaller patch 
width w1 = 250 nm has a narrower band of absorption but 
a little bit higher absorptance in the near-infrared, than 
the one with larger patch width of w2 = 300 nm (Wang 
and Wang, 2013). By comparison, the double-sized 
metamaterial is more preferable for coating on the 
window glass because of its broader absorption band 
than the single-sized one with w1 = 250 nm, and higher 
absorbance than the single-sized one with w2 = 300 nm. 
The minimum absorptance of the double-sized 
metamaterial is higher than 0.95 in a wide spectral range 
from 0.6 µm to 1.8 µm (Wang and Wang, 2013), 
meanwhile the geometry design with a couple hundred of 
total thickness of the metalmaterial coating would almost 
not result in lowering the luminous transmittance.  

In addition to the absorptance enhancement of MP, 
CMP and SPP resonance modes around particular 
wavelengths, the utilization of high intrinsic loss of  

 
Figure 6.  Heat transfer illustration of metamaterial solar absorber coated glass windows. 
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tungsten is another important factor for the broadband 
high absorption. Compared with relatively low losses 
such as Ag and Au, Tungsten has several interband 
transitions around the wavelengths of 0.4 µm, 0.6 µm and 
1.4 µm (Voss et al., 2014). For solar thermal applications, 
its high intrinsic loss is actually beneficial to enhance the 
absorption of solar radiation across a wide spectral range. 
Therefore, the most important approach to achieve 
almost perfect absorption in a broad spectral band from 
visible to the near-infrared region with the designed 
metamaterial absorber is use of the coupling effect 

between different resonance modes and interband 
absorption of tungsten. In other words, the absorptance 
of the metamaterial solar absorber strongly depends on 
the geometric parameters (such as the tungsten patch 
width, grating period, grating thickness, and the spacer 
thickness), the coupling between MP, CMP and SPP 
modes as well as the intrinsic loss of tungsten. The peak 
wavelengths of the MP and CMP modes also strongly 
depend on the patch width w, grating period Λ, grating 
height h, and spacer thickness t, which could be 
potentially employed to further broaden the absorption  

Figure 7.  Variation of the window outside surface temperature vs. solar absorption  
time for (a) general building window; (b) a car window, assuming initial outside and inside  
surface temperatures of the window are the same. 

Figure 8. Variation of the building window inside surface temperature vs. solar absorption 
time for (a) Initial outside temperature -15°C; (b) Initial outside temperature -30°C.   
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peak. As a result, the absorption could be also 
maximized by optimizing the geometric parameters 
(Wang and Wang, 2013).  
 
 
Applications on window glass 
 
As shown in Fig.3, the solar absorber used for coating on 
window glass consists of three-layer structures. The top 
layer is constructed based on the top one-dimensional 
(1D) tungsten planar stack, the dielectric SiO2 spacer 
functioned as an optical cavity, and the bottom metallic 
film sandwiching the cavity with the top tungsten stack, 
functioning as non-perfect or perfect mirrors (Wang and 
Wang, 2013). The three-layer absorber structure can be 
deposited on one side of a rotatable window glass 
surface, as shown in Fig. 4, for instance. The profile of 
the three-layer structured coating can be designed to 
allow proper proportion of visible light transmit through 
the window glass for enough lightening in the room, while 
maximum infrared waves can be absorbed for heating. 
For example, the bottom metal film can be made thick 
enough to block near-infrared and infrared light 
transmission, while the top metal layer is deposited to be 
ultrathin (close to the radiation penetration depth) to 
enable transmission of the incident sunlight wave into the 
cavity and further generate resonance to maximize 
absorption (Voss et al., 2014). 

In the summer, another side of the window functioning 
as perfect metal film mirror will face the sunlight to reflect 
the sunlight away. By adjusting bottom metal film coating 
structure, perfect or non-perfect mirror can be formed for 

natural solar reflection or transmittance. Here the spectral 
transmittance can be weighted and averaged over the 
whole solar spectrum between 300-2500nm (Voss et al., 
2014). The light transmittance and reflectance are 
manipulated based on the requirement of visual 
evaluation and daylighting systems.  

The three-layer absorber structure coating can be 
deposited using closed field magnetron sputtering (CFM). 
As shown in Fig.5, CFM sputtering offers a flexible and 
high throughput deposition process for metamaterial 
absorber and other optical coatings (Monaghan et al., 
1993), (Gibson et al., 2006). During CFM, two or more 
different material targets can be used to deposit 
multilayers structures comprising a wide range of 
dielectrics, metals and conductive oxides. Moreover, 
CFM can produce films over a large surface area at high 
deposition rate with excellent and reproducible optical 
properties, attributed to its advantages of room 
temperature deposition, high ion current density, and low 
bias voltage and reactive oxidation in the entire volume 
around the rotating substrate drum carrier. CFM has 
been used for various optical coatings, including anti-
reflection, IR blocker and color control and thermal 
control filters, graded coatings, narrowband filters as well 
as conductive transparent oxides such as indium tin 
oxide (Gibson et al., 2006).  
 
 
Heat exchanges of glass windows with perfect 
metamaterial absorber coatings 
 
Taking the metamaterial solar absorber (Fig.3 and 4) as 

Figure 9.  Variation of the car window inside surface temperature vs. solar absorption time 
 for (a) Initial outside temperature -15°C; (b) Initial outside temperature -30°C.   



 
 
 
 
 
an example, the total solar absorptance or the fraction of 
absorbed solar energy at the normal incidence can be 
calculated by (Wang and Wang, 2013) 

34�456,8 = 9 :;,<=>?�.A�B�CBD*E2.F*E
9 =>?�.A�B�CBD*E2.F*E

        (6) 

Here, IAM1.5 (λ) is the spectral intensity of solar 
irradiation in the US continent (Air Mass 1.5 Spectra, 
American Society for Testing and Materials (ASTM), 
2014). The total absorbance at normal incidence for the 
single-sized metamaterial absorbers with w1 = 250 nm 
and w2 = 300 nm, and the double-sized one with w1 and 
w2 are 88.06%, 87.96%, and 88.72%, respectively (Wang 
and Wang, 2013) 

While the total absorbance represents the performance 
to collect solar energy, the total emittance should also be 
considered as a measurement of thermal energy loss 
from the thermal emission of the absorber itself, which 
can be calculated at normal direction by (Wang and 
Wang, 2013) 

�4�456,8 = 9 $;,<=GG�B,�>�CB 2*E2.F*E
9 =GG�B,�>�CB 2*E2.F*E

       (7) 

where IBB (λ ,TA ) is the blackbody spectral intensity at 
the solar absorber temperature TA. The total emittance 
strongly depends on the absorber temperature. Assuming 
that the absorbers operate at TA = 100°C, the total 
emittance at normal direction for all above three 
metamaterial solar absorbers are 2.76%, 3.20% and 
2.97%, respectively. Therefore, the metamaterial 
structure coatings as shown in Fig.4 could potentially be 
highly efficient selective solar absorbers with more than 
88% solar absorptance and less than 3% total emittance 
at 100°C (Wang and Wang, 2013). 

By neglecting convection and conduction heat loss and 
assuming 1 sun condition, the total photon-to-heat 
conversion efficiency of the solar absorbers can be 
calculated by (Wang and Wang, 2013): 

H = :IJIKL,<M�$IJIKL,<�N�>D	�N�OPQD	 �
M                                      (8) 

where G = 1000 W/m
2
 is the incidence heat flux of solar 

irradiation (Green et al., 2011), and Tsky = 0°C is the sky 
temperature. The total conversion efficiencies are 
85.90%, 85.45%, and 86.40% for the optimized single-
sized structures with w1 = 250 nm and w2 = 300 nm, and 
the double-sized one, respectively (Wang and Wang, 
2013). 

As shown in Fig. 6, for a solar absorber/building glass 
window system (glass/air space/glass), the heat energy 
balance can be expressed as 

Ac·Js·td·η =AcLwdwcw(TOutside-TOI)+ 
�RSIOTUV��W)OTUV

�>XY �ZT[ \
]X^X_"]K^K" �ZJ`

        (9) 

were Ac and Ag are the surface area of the solar 
absorber coating and window glass, separately, m

2
; Js is 

standard solar radiation at the earth’s surface, 1000 W/m
2
 

(Green et al., 2011); td is working hours per day of the 
solar absorber; η is thermal efficiency of the solar  
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absorber; Kg and Ka are thermal conductivities of the 
window glass, and the air space, W/mK; hi and ho are the  
convective coefficient of the inside glass surface and out 
surface of the window, W/m

2
K; TInside and TOutside are the 

inside surface temperature and the out surface 
temperature of the window glass, °C; Lg and La are the 
thickness of the window glass and the air space, m; dw is 
density of tungsten coating, 19300kg/m

3
; Lw is the 

thickness of the tungsten coating, and cw is the specific 
heat of the tungsten coating, 132 J/kgK. 
 
When Ac =Ag, Eq. (9) can be changed as  

abc4�!Cd = eO4UfY �ZT"�
]XPX"

]KPK"
�
ZJ`"ghCh�hY

�
ZT"�

]XPX"
]KPK"

�
ZJ`�RW"�W)OTUV

("ghCh�hY �ZT"�
]X
PX"

]KPK"
�
ZJ`

 

(10)                    

a=��!Cd = abc4�!Cd \1 + jklkmk Y (nT + 2 gX
pX + gK

pK +
(
nJq_+r�sCH Y (nT + 2 gX

pX + gK
pK + (

nJ` + jklkmk Y (nT + 2 gX
pX + gK

pK +
(
nJq ab=                                                     (10a) 

For a car window with one layer-glass window, Eq. (9) 
can be simplified as 

Ac·Js·td·η = AcLwdwcw(Toutside-TOI) + �RSIOTUV��W)OTUV
�>XY �ZT[\

]X^X_" �ZJ`
         (11) 

When Ac = Ag, Eq. (11) can be changed as 

abc4�!Cd = eO4UfY �ZT"
]XPX"

�
ZJ`"ghCh�hY

�
ZT"
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�
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       (12) 

 a=��!Cd = abc4�!Cd \1 + jklkmk Y (nT +
gX
pX + (

nJ`_+r�sCH Y (nT +
gX
pX + (

nJq + jklkmk Y (nT +
gX
pX + (

nJ` ab=                        (12a) 

 
With calculation results according to Eq. (10) and 

Eq.(12), Fig.7 shows the variation of the window outside 
surface temperature vs. solar absorption time for (a) 
general building window; (b) a car window, assuming 
initial  outside and inside surface temperature of the 
window is the same. With the proposed metamaterial 
solar absorber coating, the frost and fog on the windows 
in a cold winter can be evaporated and removed quickly. 
With calculation results according to Eq.(10a) and 
Eq.(12a), Fig. 8 and Fig. 9 provide the variation of the 
inside surface temperature of building/car window vs. 
solar absorption time. With proper design, the widow 
surface temperatures can be well controlled for efficient 
anti-frost, anti-fog and energy-saving. Here the tungsten 
coating thickness is assumed as 300 nm, which would 
not generate apparent effect on the transparency of the 
window glass. Moreover, the transparency can be 
adjusted by changing the tungsten coating thickness; 
meanwhile the absorption performance of the solar 
absorber has no significant variation.  
 



040 Glo. Adv. Res. J. Eng. Technol. Innov. 
 
 
 
CONCLUSION 
 
The nano-scale metamaterial structures with period array 
metal-dielectric interfaces, when shined with light, acquire 
surface plasmons thus trapping light at subwavelength 
scales. When these metamaterials are coated on outside 
of a rotatable or switchable glass window, they lead to 
efficient light absorption, which can be used for window 
anti-frost/anti-fog and energy saving of transportation 
vehicles/airplanes and modern buildings. Based on this 
paper’s analysis, tuengsten-SiO2-tuengten metamaterial 
solar absorber coating can be efficiently provide or 
improve the window glass’ anti-frost/anti-fog and energy-
saving capabilities, meanwhile its transparency has no 
evident variation. In addition, if the transparency needs to 
be adjusted, it can be done easily by variation of the 
tungsten coating thickness without apparent effect on the 
solar absorption performance.  In the summer, for a 
rotatable window, its opposite side with the perfect mirror 
function can be turn to face the sunlight to reflect the 
sunlight away. By adjusting bottom coating structure, 
perfect or non-perfect mirror can be formed for natural 
solar reflection or transmittance. 
 
 
REFERENCE 
 
Chen CM et al (2011). Transparent glass window with energy-saving 

and heat insulation capabilities. Advanced Materials Research, Vols 
314-316:10-16.Voss K, Platzer W,  Robinson P (2014). Education of 
architects in solar energy and environment -Advanced glazing - 
http://www.cenerg.ensmp.fr/ease/glazing_overheads.pdf. Accessed 
on Oct. 21, 2014.Voss K, W Platzer & P Robinson (2014).  Education 
of Architects in Solar Energy and Environment - Advanced glazing 
and transparent insulation  

http://www.cenerg.ensmp.fr/ease/advanced_glazing.pdf. Accessed on 
Sep. 12, 2014. 

Watts CM, Liu X, and  Padilla WJ (2012). Metamaterial electromagnetic 
wave absorbers. Adv. Mater. 24(23), OP98–OP120, OP181. 

Wang H and L Wang (2013).  Perfect selective metamaterial solar 
absorbers. OPTICS EXPRESS Vol 21 (S6): A1078-1093. 

Watts  CM,  Liu X,  Padilla WJ (2012). Metamaterial electromagnetic 
wave absorbers. Adv. Mater. 24: 98–120. 

Mehdi Keshavarz Hedayati , Franz Faupel and Mady Elbahri (2014). 
Review of plasmonic nanocomposite metamaterial absorber. 
Materials 7:1221-1248. 

Callaway J (2014). Band Theory of Solids. Access Science. McGraw-
Hill Education. 

Reza A (2008). The optical properties of metamaterial waveguide 
structures. Master degree thesis, Queen’s University, Kingston, 
Ontario, Canada. 

Etrich C et al (2014). Effective optical properties of plasmonic 
nanocomposites. Materials 7: 1–15. 

Landy NI, Sajuyigbe S,  Mock JJ,  Smith DR, and  Padilla WJ (2008). 
“Perfect metamaterial absorber,” Phys. Rev. Lett. 100(20), 207402 
(2008). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
Tao CM, Bingham AC, Strikwerda, D. Pilon, D. Shrekenhamer, N. I. 

Landy, K. Fan, X. Zhang, W. Padilla, and R. Averitt (2008). “Highly 
flexible wide angle of incidence terahertz metamaterial absorber: 
Design, fabrication, and characterization,” Phys. Rev. B 78(24), 
241103R (2008). 

Liu X,  Starr T,  Starr AF, and  Padilla WJ (2010). “Infrared spatial and 
frequency selective metamaterial with nearunity absorbance,” Phys. 
Rev. Lett. 104(20), 207403 (2010). 

Hao J, Wang J,  Liu X, Padilla WJ,  Zhou L, and  Qiu M (2010). “High 
performance optical absorber based on a plasmonic metamaterial,” 
Appl. Phys. Lett. 96(25), 251104 (2010). 

Monaghan DP  (1993). Diamond-like carbon coatings. Materials World, 
Vol. 1 no. 6 pp. 347-49. 

Gibson DR  (2006). Deposition of multilayer optical coatings using 
closed field magnetron sputtering. Proc. SPIE 6286, Advances in 
Thin-Film Coatings for Optical Applications III, 628601 (28 August 
2006), Michael J. Ellison, Editor(s); doi: 10.1117/12.679052 

Air Mass 1.5 Spectra, American Society for Testing and Materials 
(ASTM), http://rredc.nrel.gov/solar/spectra/am1.5/ Accessed on June 
21, 2014. 

Green  (2011). Solar cell efficiency tables (version 37). PROGRESS IN 
PHOTOVOLTAICS: RESEARCH AND APPLICATIONS Prog. 
Photovolt: Res. Appl. 2011; 19:84–92 Published online in Wiley 
Online Library (wileyonlinelibrary.com). DOI: 10.1002/pip.1088 


