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Abstract

:

A highly transparent polarization-insensitive metamaterial absorber with wideband microwave absorption is presented. The broadband absorption (6.0~16.7 GHz, absorptance > 85%) is achieved using three patterned resistive metasurfaces. The visible light transmittance of the absorber is as high as 85.7%. The thickness of the absorber is 4.42 mm, which is only 0.088 times of the upper-cutoff wavelength. A prototype sample is fabricated and measured to demonstrate its excellent performance. The experimental results agree well with the simulation results. In view of its wide band absorption, high transmittance, low profile, polarization insensitivity and wide incidence angle stability, the presented absorber has a wide range of potential applications.
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1. Introduction


Microwave absorbers (MAs) are widely used in a variety of fields ranging from military devices to civil electronics, for eliminating unwanted electromagnetic (EM) radiation or reducing EM pollution [1,2,3]. Therefore, the study of the absorber has always been the focus of scholars all over the world. Classical microwave absorbers such as Salisbury screen [4,5] and Jaumann [6,7] absorbers are designed according to the principle of resonant absorption, and their thicknesses are limited by one-quarter of the wavelength. However, the electromagnetic wave absorbers based on metamaterials can break this limitation effectively. At the same time, because of their excellent designability, metamaterial absorbers have been widely investigated and developed greatly since they came into being, and many breakthroughs have been made [8,9,10]. Since their appearance, metamaterial absorbers have gradually developed from the single-frequency absorption of electromagnetic waves [8] to multi-frequency absorption [11,12] and even broadband absorption [13,14,15]. This absorption property has developed from the polarization sensitivity and normal incidence to polarization-insensitive and wide incidence angle stability [16,17]. The absorption bands have gradually extended from the initial radio frequency and microwave bands [18,19] to terahertz [20,21,22], infrared [23,24,25] and even visible bands [26,27]. Among them, optically transparent metamaterial absorbers have attracted a lot of attention because of their significant and extensive potential applications [28,29,30], such as radio frequency identification systems [31,32,33], electronic toll collection (ETC) systems [34], observation windows in stealth aircraft and electromagnetic shielding of rooms [35].



In recent years, more and more efforts have been devoted to developing optically transparent broadband absorbers. For optical transparent absorbers, researchers mainly focus on two aspects: how to effectively improve the absorbent bandwidth, and the visible light transmittance. Min et al. developed a transparent ultrawideband absorber based on a patterned resistive metasurface that had an efficiency of greater than 90% for a frequency band spanning 4.3~18.7 GHz [36]. However, the average visible light transmittance of the absorber is only 65%. Guan et al. developed a high transparency broadband absorber by standing up closed-ring resonators that had an average optical transparency of around 82% [37]. The bandwidth with an absorption greater than 90% ranges from 5.5~19.7 GHz. However, this absorber is sensitive to polarization and can only achieve these properties under particular polarization. Furthermore, the preparation process of this absorber is complex and its pattern contour is obvious. Among the published transparent absorbers, most of the resistive films are designed on the surface of the structure without considering their actual use, which will shorten the service life of the absorber because it can easily be destroyed in the process of use. Such design also makes the pattern contour obvious. Therefore, it is necessary to develop a wide-band transparent absorber with a simple fabrication process, high optical transmittance, low profile and good environmental adaptability.



In this paper, a new highly transparent, polarization-insensitive broadband absorber has been designed, fabricated and characterized. The novelty of the proposed absorber is three-fold. First, all patterned indium tin oxide (ITO) resistive films are designed within the structure, which can significantly improve the low profile and service life of the absorber. Second, the use of thin ultra-white glass with higher visible light transmittance enables our absorber to obtain higher optical transmittance (average transmittance, 85.7%) and less total thickness (0.088λ at the lowest operational frequency), which helps to improve the light environment and practicability of the absorber in practical applications. Third, the broadband absorption (6.0~16.7 GHz, absorptance > 85%) of the absorber is realized by using simple structure and preparation technology. In addition, our absorber has advantages of polarization insensitiveness and wide incidence angle stability. The excellent performance of the absorber has been demonstrated by simulation and experiment, and it promises to be a good candidate for various practical applications, such as the observation windows of communication vehicles, electromagnetic shielding of rooms and electronic toll collection (ETC) systems.




2. Design and Simulation


The structure of the unit cell of the transparent metamaterial absorber is depicted in Figure 1a. The unit cell is composed of three layers of indium tin oxide (ITO), two layers of polyvinyl butyral (PVB) films and three layers of dielectric substrates. In order to improve the transparency of the absorber, we used ultra-white glass as the substrate. The ultra-white glass was low-iron glass with high light transmittance (>91.5%). The relative permittivity of ultra-white glass is    ε r    = 7.0, and the dielectric loss is negligible. The thicknesses of the three layers of ultra-white glass substrate are    d 1   ,    d 2    and    d 3   , respectively. The sheet resistances of the three layers of ITO films we utilized were SR1, SR2 and SR3, respectively. The first layer of ITO was printed on the first substrate to serve as the ground plane. The second layer of ITO on the second substrate was designed as a closed ring with period p2, outer diameter R2 and line width w2. The third layer of ITO on the third substrate was designed as a closed ring with period p3, outer radius R3 and line width w3. The two layers of PVB films were used to bond the three substrates. The relative permittivity of PVB is 2.22. The thickness of the PVB is t = 0.76 mm (selected from commercial standards).



We used full-wave analysis software CST MWS (computer simulation technology microwave studio) to simulate the performance of the absorber. The CST MWS simulation model is shown in Figure 1b. As shown in Figure 1b, the unit cell boundary was used to simulate the infinite periodic element of the transparent absorber. The Floquet ports were used to simulate the incident wave. In order to obtain good microwave absorption performance, we optimized the geometric and physical parameters of the absorber. At the same time, the actual processing conditions were fully considered. The optimized structural parameters of the transparent absorber are shown in Table 1.



The absorptance of the transparent absorber can be calculated by   A ( ω ) = 1 − T ( ω ) − R ( ω )  , where   T ( ω ) =    |   S  21    |   2    is the transmittance, and   R ( ω ) =    |   S  11    |   2    is the reflectance. The simulated reflectance, transmittance and absorptance curves of the proposed absorber under normal incidence of transverse electric (TE) wave, obtained by CST MWS, are presented in Figure 2. As shown in Figure 2, the absorber obtained wideband absorption with an efficiency above 85% over the frequency range from 6.0 to 16.5 GHz, in which the bandwidth with an absorptance higher than 90% ranged from 6.4 to 16.0 GHz, and the relative absorption bandwidth was about 91.4%. In addition, the microwave transmittance of the proposed absorber was close to zero. Thus, it was omitted and the calculation of the absorptivity simplified into the formula:   A ( ω ) = 1 − R ( ω )  . There were two absorption peaks at 7.3 GHz and 13.9 GHz, and the peak absorptance in each case was 94.2% and 96.7%, respectively.



For insight into the physical mechanism of the proposed absorber, surface current distributions of the absorber under different frequencies were studied in Figure 3. By comparing the surface current distribution of three ITO-resistive metasurfaces at different frequencies, it was found that the intensity of surface currents on the first and second ITO film was stronger than the third ITO film at 7.3 GHz. This indicates that the absorption property is mainly attributed to the first and second ITO film. Layer 1 was used to avoid the transmission of electromagnetic waves, so as to achieve better absorption performance, so the lower resistance was selected. Note that at 13.9 GHz, the surface currents of layer 2 and layer 3 were higher than that of layer 1. In addition, it can be observed that the current flowed in opposite directions on layer 1 and layer 2. Such anti-parallel current flows imply the occurrence of magnetic resonances between layer 1 and layer 2. However, the direction of the current flow between layer 2 and layer 3 was parallel. Such parallel current flows indicate the occurrence of electric resonances between layer 2 and layer 3. Thus, the electric and magnetic resonances occured simultaneously, resulting in a strong broadband absorption.



Furthermore, the power loss,    P D   , in the unit cell can be calculated by Equation (1).


   P D  = S R    ∬  u n i t c e l l       |  J  (  x , y  )   |   2  d x d y     



(1)




where   J  (  x , y  )    is the surface current, and   S R   is the sheet resistance. Thus, the surface current in the three ITO layers, combined with the ohmic loss from the ITO film, further contribute to the excellent absorption properties. Therefore, the absorption bandwidth and absorptance of the absorber can be precisely adjusted by the geometry and sheet resistance of the ITO metasurface.



In order to further explore this mechanism, the effects of each parameter of the transparent absorber on the absorption property were analyzed. As shown in Figure 4, the absorption response of the proposed absorber under different sheet resistance values of each layer was studied. Note that when the sheet resistance of one layer changed, the sheet resistance of the other two layers remained unchanged. It can be observed from Figure 4a that as the resistance SR1 increased, the first absorption peak intensity slightly decreased, while the second absorption peak intensity stayed pretty much the same. Therefore, changes in SR1 had little impact on absorption performance. The smaller SR1 is, the lower the optical transparency of the absorber is, and the better the shielding effectiveness is. Thus, considering the optical transparency and shielding effect, SR1 = 3 Ω/sq was selected. It can be seen from Figure 4b that with the increase in resistance SR2, the first absorption peak intensity first decreased and then increased, while the second absorption peak intensity decreased. At the same time, the first and second absorption peaks shifted toward each other. Therefore, the absorption bandwidth of the absorber decreased with the increase in SR2. Thus, it is clear that there is an optimal sheet resistance value (SR2 = 45 Ω/sq) for the widest absorption bandwidth (greater than 85%). In this case, the two absorption peaks overlap and together form a continuous broadband absorption of above 85%, ranging from 6.0 to 16.5 GHz. As shown in Figure 4c, the first and second absorption peak intensities slightly increased with the increase in resistance SR3. At the same time, the change in SR3 had little influence on the absorption bandwidth. Considering that ITO is difficult to prepare when its sheet resistance is very high, we chose SR3 = 200 Ω/sq. In conclusion, the absorption performance of the absorber was not sensitive to SR1 and SR3, but sensitive to SR2. Therefore, in preparation, SR2 needs to be strictly controlled, while SR1 and SR3 can be appropriately relaxed.



The influence of the ITO pattern’s geometric dimensions on the absorption property of the absorber was studied, as shown in Figure 5. It is observed from Figure 5 that the absorption performance of the absorber was sensitive to d2, d3, R2, w2 and w3, while it was not sensitive to R3. We selected three types of ultra-white glass thickness (0.9 mm, 1.0 mm, 1.1 mm) based on existing production standards. Since the first layer of substrate is completely covered by ITO, its thickness has no effect on the absorption performance of the absorber. In order to reduce the thickness of the entire absorber, the thickness of the first substrate (d1) was selected to be 0.9 mm. It can be seen from Figure 5a that as d2 increased, the first absorption intensity increased, while the second absorption peak intensity decreased. Meanwhile, the first absorption peaks shifted toward the low-frequency direction, but the position of the second absorption peak was unchanged. Thus, the absorption band broadened. We chose the thickness of the second substrate d2 = 1.1 mm. As d3 increased, the change in absorption peak strength was the same as that in Figure 5a, as shown in Figure 5b. The first and second absorption peaks moved to the left at the same time, but the second absorption peak moved more to the right than the first absorption peak. Therefore, the absorption bandwidth was reduced. We chose the thickness of the third substrate d3 = 0.9 mm. As shown in Figure 5c, the first absorption peak intensity decreased as R2 increased, while the second absorption peak intensity increased. At the same time, the first absorption peak shifted toward the low-frequency direction, but the second absorption peak shifted toward the high-frequency direction. Therefore, the overall absorption bandwidth increased. However, when R2 increased to 5, the first absorption peak strongly shifted to the higher frequencies, and the second one was at 20.9 GHz. At this point, the absorption bandwidth could not cover the entire X-band. Thus, it is apparent that there is an optimum R2 value (R2 = 4 mm) for the widest absorption bandwidth. It can be seen from Figure 5d that as R3 changed, the absorption performance was essentially unchanged. Considering the convenience of processing the sample, we chose R3 = 7 mm. It can be seen from Figure 5e that with the decrease in w2, the intensity of the first and second absorption peaks both decreased. Meanwhile, the first and second absorption peaks moved toward each other, so the absorption bandwidth was reduced. When w2 was reduced to 2 mm, the first and second absorption peaks were superimposed on each other to form an absorption peak. Therefore, there is an optimal w2 value (w2 = 3 mm) to maximize the absorption bandwidth (above 85%). At this point, the two absorption peaks overlap each other to form a continuous broadband absorption of greater than 85%, from 6.0 to 16.5 GHz. Figure 5f shows the impact of w3 on the absorption performance of the absorber. As shown in Figure 5f, the first and second absorption peak intensities both decreased with the increase in w3. At the same time, with the increase in w3, the absorption bandwidth of the absorber increased slightly, but the average absorptance decreased. Therefore, there is an optimal w3 value (w3 = 1 mm) that enables the absorber to have a large average absorptance and absorption bandwidth. In summary, the optimum geometric dimension parameters of the absorber are as follows: d1 = 0.9 mm, d2 = 1.1 mm, d3 = 0.9 mm, R2 = 4 mm, R3 = 7 mm, w2 = 3 mm and w3 = 1 mm.



In many practical applications, it is necessary for the absorber to have good angular stability. The absorptivity of the designed absorber under different oblique incidences of irradiation for both TE and transverse magnetic (TM) modes are depicted in Figure 6. Under TE mode irradiation, the absorption was maintained above 85% at incident angles from 0 to 40°, while the absorption band remained nearly unchanged, as shown in Figure 6a. It can be seen from Figure 6b that the absorptivity was maintained above 85% at incident angles from 0 to 70° for TM mode. By comparing Figure 6a,b, it can be seen that the angular stability of the absorber was better for the TM mode. In general, at TE and TM modes from 0 to 40 degrees of incidence, the absorptivity of the absorber was over 85%, and the operating bandwidth spanned from 6.0 to 16.5 GHz. This indicates that the absorber has a wide incident angle stability.



As shown in Figure 7, the absorptance of the proposed absorber was almost invariable when the polarization angles varied from 0 to 90°. This indicates that the designed absorber has polarization stability, which is attributed to the axisymmetric property of the structure.




3. Experiment Results


In order to verify the absorption performance of the designed absorber, a 300 mm × 300 mm sample was fabricated, as shown in Figure 8. The production flow chart of the sample is shown in Figure 9. The preparation process was consistent with that described in our previous paper [38]. Firstly, the conductive glass was obtained by coating the ultra-white glass with ITO film by the magnetron sputtering technique. We prepared conductive glass with sheet resistance of 3 Ω/sq, 45 Ω/sq and 200 Ω/sq, respectively. Secondly, the corresponding patterns on the conductive glass were etched by laser-etching technology. Finally, two layers of PVB films were used to combine the three layers of glass into a complete wave-absorbing structure under high temperature and pressure. At the same time, the use of PVB also helped to reduce the profile because PVB reduces the refractive index difference between interfaces. We used an autoclave for this lamination process.



We measured the absorption performance of the transparent absorber by the arch test system. The comparison of the measured and simulated absorptance of the transparent absorber is shown in Figure 10. It can be seen from Figure 10 that the experimental and simulated results are in good agreement. The overall trend of the measured results is consistent with the simulation results. The measured results also have two absorption peaks, at 7.1 GHz and 14.3 GHz respectively. It can be found that the two absorption peaks of the experimental results moved slightly towards low frequency and high frequency, respectively; thus, the absorption bandwidth was slightly increased (6.0~16.7 GHz, absorptance > 85%). At the same time, the experimental values of absorptivity in the absorption band were slightly lower than the simulation results, which was reduced by about 3%. The sheet resistance SR2 of the second ITO layer was non-uniform and less than the optimal value, which may cause this spectral displacement, as shown in Figure 4b. In addition, PVB was used to bond three layers of glass, which resulted in the thickness between the glasses not being precisely controlled, which may also have led to the reduction in the absorption peak. Although there were some deviations between the experimental value and the simulation value, these deviations are within the acceptable range and can be reasonably explained, and the deviations can be reduced by optimizing the process parameters.



The optical transmittance of the fabricated absorber was measured by the Agilent spectrophotometer (Carry5000), as shown in Figure 11. It can be observed that the average transmittance of the transparent absorber in the visible band was approximately 85.7%. Therefore, the absorber designed in this paper proved to have a high transmittance in the visible band. This property can effectively improve the working environment in practical applications.



Finally, the characteristics of the previously reported transparent absorbers are summarized in Table 2. The results show that the proposed absorber not only has a wide absorption band, but also has advantages in relative thickness and visible light transmittance. Therefore, its broadband absorption, high transparency, low profile, polarization insensitivity and oblique incidence stability mean that the proposed transparent absorber has potential use in many practical applications, such as observation windows in communication vehicles, electromagnetic shielding rooms and transparent radio-frequency identification systems.




4. Conclusions


In this paper, an optically transparent metamaterial broadband absorber with high transparence, low profile, polarization insensitiveness and oblique incidence stability is proposed, as confirmed by both the simulation results and the experimental measurements. The thickness of the absorber is only 0.088λ at the lowest cutoff frequency. The measured bandwidth with an absorptance of more than 85% ranges from 6.0 GHz to 16.7 GHz. The measured average optical transmittance is 85.7%. Less thickness can effectively reduce the weight of the absorber, and higher transparency can significantly improve its optical use in practical applications. In addition, all ITO patterns are located inside the structure, which can significantly increase its service life. The proposed transparent absorber has potential utilizations in practical applications in the observation windows in communication vehicles, electromagnetic shielding rooms and transparent radio-frequency identification systems.
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Figure 1. The structure of the absorber and the CST MWS simulation model. (a) The structure, (b) the CST MWS simulation model. 
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Figure 2. The characteristics of the proposed absorber. 
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Figure 3. The distributions of surface currents under normally incident TE waves at 7.3 GHz and 13.9 GHz. 
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Figure 4. Absorption performance of the absorber for different sheet resistances of the ITO layers: (a) varied SR1; (b) varied SR2; (c) varied SR3. 






Figure 4. Absorption performance of the absorber for different sheet resistances of the ITO layers: (a) varied SR1; (b) varied SR2; (c) varied SR3.



[image: Applsci 10 09125 g004a][image: Applsci 10 09125 g004b]







[image: Applsci 10 09125 g005a 550][image: Applsci 10 09125 g005b 550][image: Applsci 10 09125 g005c 550] 





Figure 5. Absorption performance of the absorber for different geometric dimensions: (a) varied d2; (b) varied d3; (c) varied R2; (d) varied R3; (e) varied w2; (f) varied w3. 
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Figure 6. Absorption performance under different incident angles  θ , for (a) TE and (b) TM polarizations. 
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Figure 7. Absorption performance at different polarization angles  φ . 
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Figure 8. Photograph of the fabricated absorber sample. 
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Figure 9. The production flow chart of the sample. 
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Figure 10. Comparison of measured and simulated absorptance of the absorber. 
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Figure 11. The measured optical transmittance of the fabricated absorber. 
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Table 1. The optimized structural parameters of the absorber.
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	Parameter
	Value
	Parameter
	Value





	p1
	50 mm
	d3
	0.9 mm



	p2
	10 mm
	w2
	3 mm



	p3
	50 mm
	w3
	1 mm



	R2
	4 mm
	t
	0.76 mm



	R3
	7 mm
	SR1
	3 Ω/sq



	d1
	0.9 mm
	SR2
	45 Ω/sq



	d2
	1.1 mm
	SR3
	200 Ω/sq
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Table 2. Comparison with other transparent broadband absorbers.
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	Absorber
	Absorption Band above 85% (GHz)
	Relative Bandwidth 1
	Thickness (mm)
	Relative Thickness 2
	Optical Transmittance





	Ref. [39]
	3.6~19.4
	5.39
	8.6
	0.103
	62~75%



	Ref. [40]
	8.6~11
	1.28
	3.6
	0.103
	80~85%



	Ref. [41]
	12~14.3
	1.19
	7.75
	0.310
	73~82%



	Ref. [37]
	5.5~19.7
	3.58
	5.5
	0.101
	82%



	Ref. [38]
	4.6~18
	3.91
	6.76
	0.104
	75%



	This work
	6.0~16.7
	2.78
	4.42
	0.088
	85.7%







1 Relative bandwidth is defined as the ratio of the highest frequency and the lowest frequency in the band when absorption is better than 85%; 2 Relative thickness is defined as the ratio of the thickness and wavelength of the lowest absorption frequency when absorption is better than 85%.
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