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Control of light absorbance using 
plasmonic grating based perfect 
absorber at visible and near-
infrared wavelengths
Duc Minh Nguyen  1, Dasol Lee1 & Junsuk Rho1,2

Conventional metamaterial absorbers have multilayer designs, where the dielectric interlayer 
is sandwiched between a top patterned metallic structure and bottom metallic film. Here, we 
demonstrate that a highly polarization-sensitive perfect absorber canbe realized by replacing the 
bottom metallic film with a plasmonic grating. Designs for broadband and narrowband of wavelength 
are proposed and numerically investigated. The designed absorbers perform high light absorption, 
which is above 90% over the wavelength range of 0.4–1.4 µm for the broadband absorber and 98% for 
the absorption peak in case of the narrowband design, with a specific polarization of incident light. We 
find that the absorption is tunable by changing the polarization. Such absorbers offer new approach for 
active control of light absorbance with strong impacts for solar energy harvesting, light emitting and 
sensing.

Perfect absorber, which is a device that neither reflects nor transmits the incident light, has drawn great interest 
due to its importance in both science and practical applications. With the advent of metamaterials whose optical 
properties such as effective permittivity and permeability can be manipulated, perfect absorbers are now reported 
to cover all the range from microwave to visiblelight1–3 and can be engineered to work in both broadband and 
narrowband of wavelength by utilizing the extraordinary optical absorption of plasmonic resonances. While the 
broadband absorbers offer many promising applications in photovoltaic industry4–6, radar technology7, 8, solar 
cells9 and thermal imaging10, the narrowband absorbers are generally applied for sensing11–13 due to the selective 
light absorption.

Generally, metamaterial absorbers base on coupled resonators on optical cavity forming by multilayers of 
metal and dielectric with certain patterned structures. Many polarization-insensitive absorbers at visible and 
near-infrared regime have been demonstrated such as structures using mesoporous gold surfaces14, structures 
consisting of a metal-insulator-metal stack with trapezoid arrays of nanostructures patterned on the top silver 
film15 or structures based on one ultrathin layer of refractory metal16. Since the control of light absorbance plays 
a fundamental role in photonics technology with strong impact for light emitting and sensing components, met-
amaterial designs that can enable active control of light absorbance are necessary. Perfect absorbers that are sen-
sitive to the polarization or incident angle therefore attract much attention, and have been realized recently by 
introducing anisotropy in the design structure16–21. For example, designs of narrowband polarization sensitive 
perfect absorber with botte-line and cub-like structures are proposed and demonstrated numerically16, and the 
one consisting of arrays of three-dimensional standing U-shaped resonators fabricated by two-photon polymer-
ization followed by blanket coating of the metal is reported21.

In this paper, we propose a new concept of polarization sensitive perfect absorber based on plasmonic gratings 
that can be applied for both broadband and narrowband regimes. Comprehensive numerical study is performed 
for different polarizations and incident angles, and we demonstrate that high light absorption, which is above 
90% over the wavelength range of 0.4–1.4 µm for the broadband absorber and 98% for the absorption peak in 
case of the narrowband design, is achieved with only a specific polarization of incident light. By changing the 
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polarization or incident angle, the absorption can be actively controlled and reaches minimum when the polari-
zation is perpendicular to the one at the perfect absorbing state. This feature makes the designed absorbers very 
useful in controlling light absorbance, manipulating and detecting light with specific polarization.

Theoretical background for multilayers perfect absorbers
We consider sandwiched multilayers of metal and dielectric as shown in Fig. 1 with layer thickness of dm, dd. 
In order to analyze the absorption in periodic structures, it is convenient to use the impedance transformation 
method 22 by introducing the wave impedance Z(z) = −Ey/Hx of a TE wave, and the characteristic impedance of 
layer medium
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where µk, εk are the permeability and permittivity of the layer, respectively and θ is the incident angle. To deal with 
periodic problems, we define Z(k) as the wave impedance at the interface between layer (k + 1)th and layer kth. The 
wave impedance at the first metal/dielectric interface is
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The wave impedance for the kth layer can be obtained by the recurrence formula
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The reflection of the system is finally given by
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where Zin is the characteristic impedance of the input medium, which is air in our case. According to the above 
equations, a perfect absorber can be realized by satisfying the following requirements: (i) substrate layer must 
reflect all the in coming light to negligee the transmission and (ii) choosing material variables such that the reflec-
tion in (5) vanishes, or in other words

= .Z Z (6)nin

In case the metal layer is ultra thin compared to the optical wavelength, and assume that real part of the substrate 
refractive index is negligible, Zn in (5) will change periodically as a function of tan (kzdd), giving rise to different 
absorption bands. The top nth layer can have a patterned metallic structure for selective light absorption based on 
plasmonic resonance. In conventional metamaterial absorbers, the first condition is realized by using a metallic 
layer as a substrate to diminish the transmission. In our work, we use plasmonic grating structure, defined as 
a metallic grating with period much smaller than the wavelength, at the substrate layer for reflecting selected 
polarization. Figure 2a presents schematic of a gold grating on silica substrate and the corresponding reflection 
for a grating period of 50 nm is shown in Fig. 2b. The grating has extremely high reflection (>98%) over a broad 
range of wavelength from visible to near-infrared (NIR) (600–1600 nm) for s-polarization incident light, but low 
reflection (<20%) for the p-polarization light over the same range of wavelength. We utilize this feature of the 
plasmonic grating for designing polarization sensitive perfect absorbers as explained in the following section.

Figure 1. Multilayer structure for perfect absorbers. Zk is the characteristic impedance of the layer medium.
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Broadband polarization sensitive absorber
Our design for broadband polarization sensitive absorber is presented in Fig. 3a. It consists of an ultra thin chro-
mium (Cr) interlayer of 8 nm sandwiched by two silica layers of 85 nm. Gold grating structure with period of 
200 nm, filling factor of 0.5 and thickness of 100 nm is deposited on one silica layer. Since the permittivity of Cr16 
matches the ideal permittivity to satisfy the matching impedance condition (6) for broadband waveleng thin the 
visible and NIR, and the grating structure will reflect the light back to the silica layer for only selected polariza-
tion, the proposed structure is expected to work as a broadband polarization sensitive perfect absorber.

To demonstrate the performance of the absorber, we perform numerical investigation based on the Finite 
Element Method (FEM) with COMSOL and Finite Difference Time Domain method (FDTD) with Lumerical. 

Figure 2. Plasmonics grating. (a) Gold grating on silica substrate. (b) Corresponding reflection for p-and 
s-polarized light under normal incidence.

Figure 3. (a) Schematic of the broadband polarization sensitive perfect absorber. (b) Absorption for s-and 
p-polarization under normal incidence. (c) Corresponding field distribution at x–z plane for s-polarization at 
wavelength of 600 nm. The grating periodis 200 nm with filling factor of 0.5. The time-averaged power flow 

→
P  

(arrows in the right figure of Fig. 3c) keeps the same intensity in the air and the top silica layer but decays 
rapidly below the Cr layer.
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Absorption of the proposed structure under s-and p-polarization and normal incidence are shown in Fig. 3b. 
When the incident light is s-polarized, multi-resonances are created when the beam reflects back to the dielectric 
layer after approaching the grating, leading to high absorption (above 90%) over a broad wavelength range of 0.4-
1.4 µm. For p-polarized incidence, we can see that absorption decreases rapidly and becomes smaller than 25% 
for wavelength range of 1.2–1.6 µm. Furthermore, the impedance matching (6) for the absorber under the 
s-polarized light is observed through the electric field distribution Es under normal incidence at the wavelength 
of 600 nm as shown in Fig. 3c, where there is no distortion and change in shape of the wavefront as the incident 
wave propagates into the silica layer of the absorber from the air, meaning that there is no reflection from the 
absorber. The time-averaged power flow 

→
P  (arrows) keeps the same intensity in the air and the top silica layer but 

decays rapidly below the Cr layer, illustrating the role of the Cr layer whose absorption loss induces the perfect 
absorption of the incident light.

Figure 4a shows a false-color plot of the absorption as a function of polarization angle, where 0° corresponds 
to the p-polarization and 90° corresponds to the s-polarization, over broad range of wavelength in visible and 
NIR regime. We can see that the absorption is high (above 80%) and insensitive to the polarization for wave-
length below 700 nm, and becomes sensitive to the polarization for the higher wavelength range, in which the 
absorption can be tuned from extremely high absorbing state (above 98%) to low absorbing state (below 10%) 
by rotating the polarization angle from s-polarization (90°) to p-polarization (0°). To identify the sensitivity of 
the absorber to the polarization, we define a sensitivity parameter S as a difference of the absorption between 
the s-and p-polarization. Physically, higher S means the absorber is more sensitive to the polarization. An ideal 
polarization sensitive perfect absorber will have S = 1, and a polarization independent perfect absorber has S = 0. 
We perform investigation of the sensitivity as a function of incidence angle and the results are shown in Fig. 4b. 
In this figure, the hot color corresponds to high sensitivity. This illustrates a high sensitivity region with S above 
50% in the wavelength range of 0.9–1.5 µm and incidence angle between 0° and 30°. The sensitivity decreases with 
larger incident angle and have maximum at normal incidence.

To study the performance of the designed absorber to the tolerance of plasmonic grating parameters, we 
investigate the polarization sensitivity of the absorber as a function of grating period as shown in Fig. 5. Other 

Figure 5. Polarization sensitivity of the broadband absorber as a function of grating period.

Figure 4. False color plot of absorption spectrum as a function of polarization angle under normal incidence 
(a) and sensitivity as a function of incidence angle (b) of the broadband absorber. p-polarization and 
s-polarization correspond to polarization angles of 90° and 0° respectively.
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parameters of the grating such as filling factor and thickness are fixed. For wavelength range of 800–1500 nm, the 
polarization sensitivity is nearly unchanged when the grating period is varied from 120 nm to 400 nm. This shows 
that the proposed broadband polarization sensitive perfect absorber does not require a strict value of the grating 
period, thus illustrating the feasibility for fabrication and realization.

Narrowband polarization sensitive absorber
Generally, narrowband perfect absorber is based on the extraordinary absorption of plasmonic resonances. A 
variety of structures has been investigated for selective light absorption, and the metal-insulator-metal (MIM) 
structure with one side patterned layer has been recently applied for realization of such absorbers. For example, 
a triple-band perfect absorption in a MIM structure has been demonstrated in ref. 23 by utilizing the coupling 
between the surface plasmon polariton and the guided mode resonance.

We now demonstrate that a narrowband perfect absorber sensitive to polarization can be realized by using one 
side patterned metal-insulator-grating (MIG) structure, in which the top layer has patterned plasmonic structure. 
Figure 6a presents our design for this kind of absorber in the visible and NIR range. A periodic disk structure 
having radius of 80 nm, thickness of 65 nm and period of 600 nm is patterned on a titanium dioxide (TiO2) spacer 
of thickness of 200 nm. The grating structure has a period of 20 nm and thickness of 100 nm. For s-polarized light 
with normal incidence, three absorption peaks, denoted as Peak 1 (absorption above 98%), Peak 2 (absorption 
above 85%) and Peak 3 (absorption above 68%), corresponding to the wavelength of 729 nm, 870 nm and 990 
respectively are observed. Peak 1 originates from the loss of Au enhanced by the Fabry-Perrot resonance whose 
cavity length is equal to the thickness of the spacer layer23. The physical mechanism of the absorption Peak 2 and 
3 are explored through their electric field distributions as shown respectively in Fig. 6c. The absorption Peak 2 
is induced from the coupling between the surface plasmon polaritons and guided mode resonances, and Peak 
3 originates from the localized surface plasmon on nano Au discs, in which the position of Peak 3 depends on 
the size of the nano gold particles. When the p-polarized light is applied, we can see that all of these 3 absorp-
tion peaks are diminished as can be seen in Fig. 6b. In particular, the absorption Peak 1, Peak 2 and Peak 3 are 
changed from 99%, 90% and 70% to below 26%, 5% and 35% respectively when changing the incident light from 
s-polarization to p-polarization.

Figure 7a demonstrates the ability for active control of the absorption at Peak 1, Peak 2 and Peak 3 by varying 
the polarization of the incident light, in which we can achieve any expected values of light absorption by setting 
an appropriate polarization state between 0° (p-polarization) and 90° (s-polarization). The simulation is done 
under normal incidence. The dependence of polarization sensitivity of the triple-band absorption corresponding 
to Peak 1, Peak 2 and Peak 3 is shown in Fig. 7b. The results show that the sensitivity of Peak 1 is nearly same as 
the one of Peak 2, where the sensitivity is highest (0.82) at normal incidence and decreases at larger incidence 
angle, while the sensitivity of the Peak 3 remains unchanged at low value around 0.33. High sensitivity of absorp-
tion Peak 1 and Peak 2 according to the polarization can therefore have potential applications in optical filters, 

Figure 6. (a) Schematic of the narrowband polarization sensitive perfect absorber. Au nano-disk has diameter 
of 160 nm and thickness of 65 nm. TiO2 layer has thickness of 200 nm, and the Au grating has period of 40 nm, 
with filling factor of 0.5 and thickness of 100 nm. (b) Absorption for s-and p-polarization under normal 
incidence. (c) Electric field distributions at Peak 2 (left) and Peak 3 (right) for s-polarization.
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polarization detectors and sensors. We investigate the dependence of the narrowband absorber on the tolerance 
of the grating period. As shown in Fig. 8, the absorption spectrum for s-polarization (Fig. 8a) and the sensitivity 
spectrum (Fig. 8b) under normal incident angle are presented for a broad range of grating period of 20–200 nm. 
We can see that for s-polarization, the first two absorption bands corresponding to Peak 1 (wavelength of 728 nm) 
and Peak 2 (wavelength of 870 nm) have high absorption that is above 90% for broad range of grating period from 
20 nm to 200 nm. However, the third absorption band has lower absorption, and only achieve higher value that is 
above 80% for grating period larger than 160 nm. Regarding polarization sensitivity, which is defined as the differ-
ence of absorption between the s-polarization and p-polarization, false color plot of its spectrum in Fig. 8b illus-
trates a high independent sensitivity (>80%) of the second absorption band on the grating period. Meanwhile, 
polarization sensitivity of the first absorption band is higher at smaller grating period, and the one of the third 
absorption band is higher at larger grating period. These investigations are important to design a polarization sen-
sitive perfect absorber adapting to a specific application whose working wavelength is at absorption band 1, 2 or 3.

Practical Aspect
We elaborate on the feasibility of fabrication of our plasmonic grating based polarization sensitive perfect absorb-
ers. The broadband perfect absorber depicted in Fig. 3a can be fabricated by depositing respectively Cr and SiO2 
layers on the SiO2 substrate by using the electron beam (e-beam) evaporation. Since the resolution of a commer-
cial e-beam evaporator is less than 1 nm, it would be practical to control precisely the layer thickness. Gold grat-
ing will be finally fabricated on the SiO2 layer with patterning using e-beam lithography and lift-off process. As 
explained in Fig. 5, the polarization sensitivity is nearly unchanged when changing the grating period in a broad 
range from 120 nm to 400 nm. Consequently, it is acceptable for a small difference between the fabricated grating 
period and the designed, leading to a practical implementation of the designed structure to practical experiments. 
Regarding the narrowband polarization sensitive perfect absorber, a schematic design for practical fabrication is 
shown in Fig. 9. Gold gratings will be fabricated first on a silica substrate with patterning using e-beam lithog-
raphy and lift-off process. Then the TiO2 layer is deposited by e-beam evaporation. Au discs are finally placed 

Figure 8. (a) Absorption spectrum for s-polarization and (b) polarization sensitivity spectrum of the 
narrowband absorber as a function of the grating period.

Figure 7. (a) Absorption spectrum as a polarization angle under normal incidence and (b) sensitivity of triple 
absorption band as a function of incidence angle of the narrowband absorber.
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on the TiO2 layer. Since our narrowband absorber bases on the patterned metal-insulator-reflector structure, 
the absorption properties of the structure are mainly governed by the patterned plasmonic layer and thickness 
of the insulator providing the condition that the reflector layer has high reflection efficiency. Consequently, the 
influence of the silica substrate below the grating and the incorporating TiO2 in Au grating on the absorption 
performance of the device in comparison with the design in Fig. 6 is negligible.

Conclusions
In conclusion, we have demonstrated that a conventional polarization-insensitive multilayer perfect absorber can 
be switched to a highly polarization-sensitive perfect absorber by replacing the reflector layer, which is normally 
a metallic thin layer, with a plasmonic grating. We proposed designs of polarization sensitive perfect absorber 
for both broadband and narrowband of wavelength, and numerically demonstrated the tunability of the light 
absorption when changing the light polarization. Particularly, light absorption in broadband or triple-narrow 
band of wavelength obtains highest values (>90%) at s-polarization and decrease rapidly when changing to 
p-polarization. This effect could be exploited to realize broadband or selective band optical switches controlled 
by the incident polarization. Furthermore, we showed that the broadband absorber and the second absorption 
band of the narrowband absorber have good performance over a wide range of grating period, while for the 
narrowband absorber, the first absorption band prefers shorter grating period and the second absorption band 
prefers longer grating period. Finally, we discussed the possible implementation of the designs to real fabrication 
and applications. We foresee that the actual implementation of the plasmonic grating based polarization sensitive 
perfect absorber may result in a new class of active control of light absorption devices that offer manypromising 
applications in photovoltaic industry, radar technology, solar cells and thermal imaging.

References
 1. Wu, J. Broadband light absorption by tapered metal-dielectric multilayered grating structures. Optics Communications 365, 93–98 

(2016).
 2. Ye, Y. Q., Jin, Y. & He, S. Omnidirectional, polarization-insensitiveand broadbandthin absorberinthe terahertzregime. JOSAB 27, 

498–504 (2010).
 3. Wu, J. et al. Te polarization selective absorber based on metal-dielectric grating structure for infrared frequencies. Optics 

Communications 329, 38–43 (2014).
 4. Kochergin, V., Neely, L., Jao, C.-Y. & Robinson, H. D. Aluminum plasmonic nanostructuresforimproved absorptionin organic 

photovoltaic devices. Applied Physics Letters 98, 73 (2011).
 5. Vora, A. et al. Exchanging ohmic losses in metamaterial absorbers with useful optical absorption for photovoltaics. Scientific reports 

4, 4901 (2016).
 6. Munday, J. N. & Atwater, H. A. Large integrated absorption enhancementin plasmonic solar cellsby combining metallic gratings and 

antireflection coatings. Nano letters 11, 2195–2201 (2010).
 7. Iwaszczuk, K. et al. Flexible metamaterial absorbers for stealth applications at terahertz frequencies. Optics express 20, 635–643 

(2012).
 8. Shen, X. et al. Polarization-independent wide-angle triple-band metamaterial absorber. Optics express 19, 9401–9407 (2011).
 9. Wang, Y. et al. Metamaterial-plasmonic absorber structure for high efficiencyamorphous silicon solar cells. Nano letters 12, 440–445 

(2011).
 10. Liu, X., Starr, T., Starr, A. F. & Padilla, W. J. Infrared spatial and frequency selective metamaterial with near-unity absorbance. 

Physical review letters 104, 207403 (2010).
 11. Liu, N., Mesch, M., Weiss, T., Hentschel, M. & Giessen, H. Infrared perfect absorber and its application as plasmonic sensor. Nano 

letters 10, 2342–2348 (2010).
 12. Meng, L. et al. Optimized grating as an ultra-narrow band absorber or plasmonic sensor. Optics letters 39, 1137–1140 (2014).
 13. Lu, X., Wan, R. & Zhang, T. Metal-dielectric-metalbased narrowband absorberforsensing applications. Optics express 23, 

29842–29847 (2015).
 14. Teperik, T. V. et al. Omnidirectional absorption in nanostructured metal surfaces. Nature photonics 2, 299–301 (2008).
 15. Aydin, K., Ferry, V. E., Briggs, R. M. & Atwater, H. A. Broadband polarization-independent resonant light absorption using ultrathin 

plasmonic super absorbers. Nature communications 2, 517 (2011).
 16. Deng, H. et al. Broadband perfect absorber based on one ultrathin layer of refractory metal. Optics letters 40, 2592–2595 (2015).
 17. Meng, L., Zhao, D., Li, Q. & Qiu, M. Polarization-sensitive perfect absorbers at near-infrared wavelengths. Optics express 21, 

A111–A122 (2013).
 18. Li, H. et al. Ultrathin multiband gigahertz metamaterial absorbers. Journal of Applied Physics 110, 014909 (2011).
 19. Huang, L. et al. Experimental demonstration of terahertz metamaterial absorbers with a broad and flat high absorption band. Optics 

letters 37, 154–156 (2012).
 20. Shchegolkov, D. Y., Azad, A., O’hara, J. & Simakov, E. Perfect subwavelength fishnetlike metamaterial-based film terahertz absorbers. 

Physical Review B 82, 205117 (2010).

Figure 9. Alternative design of narrowband absorber for realistic fabrication.



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 2611  | DOI:10.1038/s41598-017-02847-1

 21. Xiong, X. et al. Polarization-dependent perfect absorbers/reflectors based on a three-dimensional metamaterial. Physical Review B 
88, 115105 (2013).

 22. Haus, H. A. Waves and fields in optoelectronics (Prentice-Hall, 1984).
 23. Zhang, S., Wang, Y., Wang, S. & Zheng, W. Wavelength-tunable perfect absorber basedon guided-mode resonances. Applied optics 

55, 3176–3181 (2016).

Acknowledgements
The research was supported by Green Science program funded by POSCO, and Young Investigator program 
(NRF-2015R1C1A1A02036464), Engineering Research Center program (NRF-2015R1A5A1037668) and Global 
Frontier program (CAMM-2014M3A6B3063708) through the National Research Foundation of Korea (NRF) 
grant funded by the Ministry of Science, ICT and Future Planning (MSIP) of Korean government.

Author Contributions
D.M.N. and J.R. conceived the idea and initiated the project. D.M.N. performed numerical studies. D.M.N. and 
D.L. wrote the manuscript. J.R. guided the research. All authors participated in the discussion and approved the 
final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Control of light absorbance using plasmonic grating based perfect absorber at visible and near-infrared wavelengths
	Theoretical background for multilayers perfect absorbers
	Broadband polarization sensitive absorber
	Narrowband polarization sensitive absorber
	Practical Aspect
	Conclusions
	Acknowledgements
	Figure 1 Multilayer structure for perfect absorbers.
	Figure 2 Plasmonics grating.
	Figure 3 (a) Schematic of the broadband polarization sensitive perfect absorber.
	Figure 4 False color plot of absorption spectrum as a function of polarization angle under normal incidence (a) and sensitivity as a function of incidence angle (b) of the broadband absorber.
	Figure 5 Polarization sensitivity of the broadband absorber as a function of grating period.
	Figure 6 (a) Schematic of the narrowband polarization sensitive perfect absorber.
	Figure 7 (a) Absorption spectrum as a polarization angle under normal incidence and (b) sensitivity of triple absorption band as a function of incidence angle of the narrowband absorber.
	Figure 8 (a) Absorption spectrum for s-polarization and (b) polarization sensitivity spectrum of the narrowband absorber as a function of the grating period.
	Figure 9 Alternative design of narrowband absorber for realistic fabrication.




