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Abstract— Graphene, a two-dimensional monatomic layer of 

carbon material, has demonstrated as a good candidate for 
applications of ultrafast photodetectors, transistors, transparent 
electrodes, and biosensing. Recently, many studies have shown 
that using metallic deep gratings could enhance the absorptance 
of graphene of 2.3% up to 80% in the near infrared region for 
applications in photon detection. This paper presents utilizing a 
nanograting structure, namely, a compound metallic grating 
could greatly enhance the absorptance of graphene up to 98% and 
widen its spectral bandwidth to 0.6 µm, which are greater than 
those of previous work. The study also showed that the 
absorptance spectrum is insensitive to angles of incidence. 
Furthermore, the proposed graphene-covered compound grating 
might bring a lot of benefits for graphene designs-based optical 
and optoelectronic devices. 
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I. INTRODUCTION 

RAPHENE is a two-dimensional (2D) material with 
carbon atoms arranged in a honeycomb lattice, and it 

offers many potential applications for optoelectronic devices 
due to its unique electrical, mechanical, and optical 
characteristics [1-8]. To be detailed, the electrons in graphene 
are known as massless quasi-particles exhibiting a linear 
energy dispersion. More importantly, a very high carrier 
mobility (lager than 200,000 cm2 V-1 s-1) makes graphene as an 
excellent material used for ultrafast photodetectors and 
transistors in the visible and near infrared (NIR) regions [2, 7, 
8]. Unlike transistors, the photon detectors are designed with a 
requirement of strong light absorptance which generates more 
electro-hole pairs, and it thus produces a greater photocurrent 
[7, 9-11].  

As demonstrated, optical properties of graphene in the 
mid- and far-IR are similar to those of Drude-type materials and 
make strong resonance absorption when graphene interacts 
with light due to its plasmonic resonance [12-17]. On the other 
hand, in the visible and NIR ranges, there is no plasmonic 
response, and the absorption of a single-layered graphene is 
about 2.3% due to its very thin thickness [18]. Accordingly, 
absorption enhancement is necessary for the application of 
photon detection based on graphene designs. Many methods of 
the absorption enhancement have been proposed by using 
microcavities and nanostructures [7, 19-31]. A microcavity 
enhances absorption by allowing light to pass through the 
graphene layer multiple times [7]. Meanwhile, a deep grating 
structure covered by a graphene sheet could also enhance 
absorptance due to a strong localized electric field causing the 
magnetic resonances [9, 23, 24, 32, 33]. Although this grating 
exhibits absorptance of 81% and a spectral bandwidth of 0.3 
µm, it is very sensitive to angles of incidence [23, 24]. 
Accordingly, novel structures featuring a higher absorptance, a 
wider bandwidth and independence on angles of incident light 
are still in need. One of the simple gratings, namely a 
single-layered compound grating (CG) has not yet been studied 
and utilized to increase the absorption of graphene and widen 
its spectral bandwidth. 

In the present study, we propose CGs used to enhance 
graphene absorption, and its enhancement is caused by strong 
localized electromagnetic fields inside grating trenches and 
surface plasmons. A CG has a several multiple grating periods 
[34], and it is also named as a double-period grating, a 
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dual-pitch grating, a dual-period grating or a complex grating 
[35-38]. On the contrary, a simple grating (SG) has a single 
grating period [17]. Figure 1 (a) shows the schematic of a silver 
(Ag) SG structure while Fig. 1(b) similarly illustrates an Ag 
grating but covered by a graphene sheet on the top. As 
demonstrated in previous studies, graphene covered on SG 
structures works as a pure conductor or resistor in the NIR 
region which could absorb a large of incidence energy at the 
trench opening of deep gratings [23]. In addition to that, it was 
seen that resonance wavelengths in the SG structures and the 
structures covered by a graphene sheet remain unchanged. 
Accordingly, in order to enhance the absorption of graphene, 
this manuscript presents an optimal analysis of the absorptance 
of different SG structures. Their geometries are then tailored to 
have CG structures that could significantly elevate the 
absorption and their physical phenomena are investigated as 
well.  

II. MODELING DEVELOPMENT AND NUMERICAL METHOD 

A. Geometric Grating Structure  

As shown in Fig. 1(a), the geometry of the SG structure is 
defined by the period (Λ), the lamella width wΛ (w is the filling 
ratio, 0 < w <1), and the grating thickness (d). Similarly, Fig. 
1(b) shows the same SG but covered by a graphene layer (at z = 
0) with a thickness of h. The incident transverse magnetic (TM) 
H travels through free space with an orientation defined by the 
polar angle θ  between the wavevector k and the surface normal 
z. For the one-dimensional gratings shown in Fig. 1, the 
electromagnetic field is independent to y-axis because the 
wavevectors of all diffracted waves lie in the x-z plane, and 
thus, there are no excitations in the y direction. In this study, the 
TM wave is used for calculations because as theoretically and 
experimentally demonstrated designer surface plasmons (SPPs) 
or Fabry-Perot modes could be excited when the TM 
polarization is applied in the y direction [17, 23, 24, 34, 39-42]. 
The Ag base below the grating is assumed to be thick enough as 
an opaque. Accordingly, the transmittance is equal to 0, and the 
absorptance (α) can be computed from the reflectivity (R) via α 
= 1–R, where the reflectivity was calculated by the rigorous 
coupled-wave analysis (RCWA) based on a home-made 
program [43].  
  

B. Numerical Method 

In the simulation, the optical property of Ag is calculated 
based on a Lorenzt-Drude model [43] [44] expressed as: 
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where εr,∞ is the dielectric constant at infinite frequencies, ωk, fk 

and Γk  are  the resonance frequency, strength and damping 
frequency of the kth oscillator, and ωp is the plasma frequency. 
These values of Ag are taken from [44]. Meanwhile, the 
dielectric function of graphene is described as 

0( ) 1 / ( )si hε ω σ ε ω= +  [6] , where σs, ε0, and ω are the sheet 

conductivity, the vacuum permittivity, and the angular 
frequency, respectively. The sheet conductance σs (σs = σD + 
σI) including the contribution of a Drude (intraband) term σD 
and an interband term σI  is described as:

         

 

 
Fig.1. Schematic illustration of (a) grating structure and (b) 
graphene-covered Ag grating. Their geometries are defined by grating 
period Λ, grating thickness d, lamella width wΛ (w is filling ratio), and 
graphene thickness h. The transverse magnetic wave H (parallel to the 
grating grooves or y-axis) is incident on the grating with a wavevector 
k and an angle θ  
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Fig.2. Real and imaginary parts of the permittivity of Ag and graphene. It is 
noted that the permittivity of graphene is computed based on µ = 0.3 eV, τ = 
10-13 s, T = 300K, and h = 0.3 nm     

where ( ) ( ) [ ]sinh / / cosh( / ) cosh( / )B B BG k T k T k Tξ ξ µ ξ= +   
[14]. In the above equations, e is the electron charge,   is the 
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reduced Planck constant, and kB is the Boltzmann constant. 
Other parameters are used for the calculation such as the Fermi 
energy µ = 0.3 eV, relaxation time (τ = 10-13 s), the temperature 
T = 300K, and the thickness of graphene, h = 0.3 nm. It is noted 
that the Fermi energy, µ = 0.3 eV, was used in the current work 
because calculations have shown that with this selected value in 
a range of 0.2 to 0.5 eV graphene-covered grating structures 
exhibit the highest absorptance. Accordingly, the property of 
graphene can be changed by varying µ which results in a 
change of plasmonic resonances [33]. Meanwhile, the optical 
property of Ag based on the Lorentz-Drude model and 
graphene is plotted in Fig. 2. It is seen that, the real part of 
permittivity of Ag decreases when the incident wavelength 
increases while that of graphene is constant. On the contrary, 
the imaginary of permittivity of Ag rises when the incident 
wavelength goes up, and the imaginary part of graphene has a 
similar trend. 

III. NUMERICAL RESULTS AND DISCUSSION 

A. Absorptance Spectrum at Normal Incidence  

 Figure 3 shows the absorptance contours for TM waves at 
normal incidence of two types of gratings: (a) and (b) the short 
period grating with and without a graphene overlay, and (c) and 
(d) the long period grating with and without a graphene layer as 
a function of wavelength and filling ratio w (0 < w <1), 
respectively. The short period, Λ = 140 nm, is to be divided in 7 
sections while the long period, Λ = 540 nm, is divided into 27 
sections. For instance, each lamella width (one section) 
corresponds to 20 nm (wΛ = 20 nm, and so w = 1/7 = 0.14 for 
the short period grating and w = 1/27 = 0.04 for the long period 
grating), and the grating thickness d is 200 nm while that of 
graphene h is 0.3 nm. The above values of the lamella width 
and the grating thickness are selectively feasible for fabrication 
since their aspect ratio 1:10 is satisfied with current 
manufacturing techniques. For example, to manufacture 
gratings one could use a cryogenic etching method to etch deep 
grating trenches to have the desired geometric gratings and then 
transfer the graphene onto the gratings. Previous fabrication 
processes were implemented with a deep width to wall 
thickness ratio (aspect ratio) up to 40 and a possible trench 
width of 20 nm [45-47]. Note that graphene is fabricated using 
chemical vapor deposition on a copper foil. In order to validate 
our RCWA MATLAB codes, we repeated calculations of 
radiative properties for the graphene-covered deep grating in 
Ref. [24], and results (not shown here) have revealed that our 
obtained absorptance and that of this structure are well-agreed. 

As can be seen from Fig. 3 (a) and (c), the absorptance α is 
obtained to be high at the larger filling ratio at w = 6/7 = 0.86 
for the short period grating (α = 0.3 at the peak λ = 1.67 µm) 
and w = 25/27 = 0.93 for the long period grating (α = 0.6 at the 
peak λ = 1.47 µm), and there is no absorptance at small filling 
ratios. It can be revealed that when the trench (containing air) is 
opened wider (the lamella width is thus smaller), the 
absorptance decreases significantly. On the other hand, the 
trench gets smaller the higher absorptance is obtained due to the 
coupling of surface plasmons and localized magnetic fields 

trapped in grating trenches. Results (not presented here for 
simplicity) have shown that the SPP occurs at the interface of 
Ag and air surroundings, and standing waves oscillate in the 
grating trenches of the short period grating structure [as shown 
in Fig. 3(a)] with w = 6/7 (narrow slits). In contrast, there were 
no resonance modes to be observed in the short period one with 
large slits (e.g., w = 0.14). The results were in agreement shown 
in previous work [23, 24, 34, 48]. The structural grating was 
also optimized with different thicknesses to get an optimal 
small trench (with d = 200 nm) and to ensure for the ease of 
fabrication as well. Similarly, the absorptance of the 
graphene-covered Ag short period and long period gratings in 
Figs. 3(b) and (d) are much enhanced compared with that 
shown in Figs. 3(a) and (c). In general, Fig. 3 provides a good 
guideline for designing gratings-based graphene with high 
optical absorptance. 

 
Fig. 3. Absorptance (α) contours at normal incidence for (a) short period Ag 
grating with Λ = 140 nm, (b) graphene-covered Ag grating with short Λ = 140 
nm, (c) long period Ag grating with Λ = 540 nm, and (d) graphene-covered Ag 
grating with long Λ = 540 nm in terms of filling ratio (0 < w <1) and wavelength 
λ.  

Figure 4 (a) shows the normal-incidence absorptance of the 
short and long period gratings with and without a covered 
graphene sheet with the periods of 140 nm and 540 nm, 
respectively. It is noted that the short period grating and long 
period grating with filling ratios of 0.86 (w = 6/7) and 0.93 (w = 
25/27), respectively, the grating thickness d of 200 nm, and the 
graphene thickness of 0.3 nm were selected. This is because 
their absorptance displays high values of 0.3 at λpeak = 1.67 µm 
and 0.6 at λpeak = 1.47 µm, respectively. However, when 
covering a graphene layer on top of the grating structures, their 
absorptance increases up to 0.7 for the short period grating and 
0.9 for the long period grating without changing the peak 
wavelengths. Figures 4(b) and (c) illustrate the absorptance 
contours of the short and long period graphene-covered Ag 
gratings in terms of the wavelength and angles of incidence. It 
is seen that the absorptance of the short period 
graphene-covered Ag grating remains high absorptance up to 
40° and then drops slowly to 70°, but the absorptance spectrum 
with a bandwidth of 0.2 µm still covers a wide range of the 
incidence wavelength. Meanwhile, the absorptance with its 
bandwidth of 0.3 µm of the long period graphene-covered Ag 
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grating is insensitive to angles of incidence up to 50° and 
decreases slowly to 80°. In general, the absorptance of the 
graphene-covered gratings was much enhanced, and their 
spectra covered a wide range of the incident angles. However, 
both their absorptance and spectral bandwidths were not 
obtained to be higher and wider enough. 

 
Fig. 4 (a) Normal-incidence absorptance of short period grating (w = 6/7, Λ = 
140 nm) with and w/o graphene and long grating period (w = 25/27, Λ = 540 
nm) with and w/o graphene, (b) and (c) Absorptance contours of 
graphene-covered short period and long period gratings, respectively, as 
function of wavelength and angle of incidence  
 

 
  Fig. 5. Schematic illustration of (a) optimal short period grating structure and 

(b) optimal long period grating structure, and (c) compound Ag grating 
constructed based on two simple gratings. Their geometries and coordinates are 
similarly defined as in Fig. 1 such as grating period Λ, grating thickness d, and 
trench width b. Transverse magnetic wave H (parallel to the grating grooves or 
y-axis) is incident on grating with wavevector k and angle θ  

Figure 5 shows the schematic illustration of (a) the short 
period, (b) long period, and (c) compound grating structures. 
The compound grating in Fig. 5(c) is constructed based on the 
SGs (a) and (b), and their geometries and coordinates are as 
same as shown in Fig. 1. As demonstrated in Figs. 3 and 4, the 
maximum absorptance could be obtained in the short period 

and long period gratings with a condition of the small trench 
(the filling ratio is large), e.g. w = 6/7 and 25/27. Accordingly, a 
compound grating structure was proposed by combining this 
feature of two grating structures with different grating periods 
as shown in Fig. 5(c). Note that the short and long periods were 
based on the above calculation due to their high optical 
performance. It is also ensured that the characteristic of the 
trench width in the compound grating is kept to be small (the 
trench width was selected to be b = 20 nm). Therefore, the 
compound grating used to be analyzed features a long period of 
540 nm comprising three Ag lamellae and three trenches 
occupied by air with different sizes.  
TABLE 1. COMPARISON OF OPTICAL PERFORMANCE OF PREVIOUS 

STRUCTURES COVERED BY GRAPHENE WITH THE CURRENT WORK 

Ref. Absorptance 
(%) 

Spectral 
bandwidths 

(µm) 
Structures 

[23, 
24] 81 ∼0.30 A binary grating 

[26] 80 ∼0.02 Multiple layered 
structure 

[27] 65 ∼0.12 2D nanopillars 
[28] 90 ∼0.32 A metal layer with an 

array of groove rings 
covered by 8 

graphene sheets 
[29] ∼50 ∼0.35 A multiple layered 

metal dielectric metal 
structure 

[30] 90 ∼0.5 A 
metal/dielectric/metal 

structure 
[31] 99 ∼0.02 A 2D multiple layered 

structure with a 
cross-shaped groove 

air resonator 
This 
work 

98 ∼0.6 A compound Ag 
grating 

 
Figure 6(a) displays the normal-incidence absorptance for 

TM waves of the short period (w = 5/7), long period (w = 
13/27), and compound gratings with and without a covered 
graphene layer. The compound grating was built based on the 
short and long period gratings. It is noted that building the 
compound grating having small trenches but comprising 
multiple lamellae and trenches requires a SG structure with a 
wide trench width to be superimposed by another with smaller 
trenches as shown in Fig. 5. Accordingly, the optimal filling 
ratios were selected based on Fig. 3 for calculations such as w = 
5/7 and 13/27. From Fig. 6(a), it is seen that the absorptance of 
the long period grating with a wide trench (b = 280 nm) is 
found to be 0.05 and increases to 0.22 when covered by a 
graphene sheet. Meanwhile, the short period grating with a 
trench b = 40 nm absorbs energy about 0.2, and this 
absorptance goes up to 0.4 when it is added with a graphene 
layer. On the contrary, the compound grating exhibits very high 
absorptance of 0.9 at the peak λ = 1.67 µm and spectral 
bandwidth about 0.3 µm. Interestingly, it absorbs the maximum 
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energy of 0.98 at the same peak wavelength when covered by a 
graphene sheet. In addition, its spectral bandwidth is obtained 
to be approximately 0.6 µm.  

In order to prove superior performance of the proposed 
device, Table 1 shows a comparison of the optical 
characteristics including absorptance, bandwidths and 
structural geometries of previously designed structures covered 
by graphene and the current work.  It is seen that the proposed 
device features a simply geometric structure exhibiting a higher 
absorptance (98%) and a wider bandwidth (0.6 µm) compared 
with those of the previous structures. Although some of 
previous devices have high absorptance from 90% to 99%, they 
own complex geometric structures (multiple layers or 2D 
geometries), which need more materials and complicated 
fabrication processes.  

Figures 6(b) and (c) show the normal-incidence absorptance 
contours of the compound grating with and without a covered 
graphene layer as a function of wavelengths and angles of 
incidence. It is revealed that the absorptance in both structures 
is independent to the incident angles in a wide range from 0° to 
80°. It can be observed that the grating without the graphene 
overlay keeps maximum absorptance at a very large range of 
incident angles although it exhibits a narrower bandwidth. In 
other words, the absorptance spectrum of the graphene-covered 
compound Ag grating has the wider bandwidth covering a 
range of wavelengths from 1.4 µm to 1.8 µm up to 40° and is 
then narrower after 50°.  Generally, the proposed absorber 
provides very good optical performance, i.e. the superior 
absorptance, the wider spectral bandwidth, and insensitivity of 
the incident angles. In addition to that, it owns an easy 
fabrication process due to the simple structural geometry that 
results in cost effectiveness. 

Fig. 6. (a) Normal-incidence absorptance of short period grating (w = 5/7), long 
grating period (w = 13/27), and compound grating constructed by 
superimposing short and long period grating with and w/o a covered graphene, 
(b) and (c) Absorptance contours of compound Ag grating and 
graphene-covered compound Ag grating, respectively, as function of 
wavelength and angles of incidence 

 
B. Physic Origin Underlying the Grating Structures 

Figure 7 shows the electric field and Poynting vector 
distributions in one grating period of the CG and 

graphene-covered CG structures at an off-resonance 
wavelength of 1 µm, on-resonance wavelength of 1.67 µm, and 
normal incidence. Figs. 7(a) and (b) display the electric field 
distributions at the off-resonance wavelength corresponding to 
the lowest absorptance of the CG with and without a graphene 
layer as plotted in Fig. 6(a). As shown, the electric fields are 
strongly confined in the middle trench of one grating period of 
the CG and the graphene-covered CG structure; however, they 
are much enhanced at the corners of the graphene and trench 
opening.  In other words, at the on-resonance wavelength as 
shown in Figs. 7(c) and (d), the electric fields trap in the two 
grating trenches, which results in a higher absorptance 
compared with those at the off-resonance wavelength. 
Similarly, magnetic fields (not shown here) oscillating much 
more in the centers of two grating trenches at the on-resonance 
wavelength were also observed. 

 
Fig. 7. Electric field distributions and Poynting vector in one grating period 
including three trenches of CG and graphene-covered CG structures at 
off-resonance wavelength (λ = 1 µm and θ = 0°) and on-resonance wavelength 
(λ = 1.67 µm and θ = 0°). (a) and (b) normalized electric field at 1 µm, (c) and 
(d) normalized electric field at 1.67 µm, and (e) and (f) Poynting vector patterns 
and arrows at 1.67 µm. It is noted that Figs. (e) and (f) show only one trench 
opening  w/o graphene of the CG structure.  

It is clearly seen from Figs. 7(a)-7(d) that high 
concentration of the electric fields is at the graphene and trench 
opening; as a result, the absorptance of graphene is elevated. 
This enhancement can be explained based on the power 
dissipation density of graphene, which is related to optical 
constants of graphene (high imaginary part in the permittivity) 
and the high electric field [24]. It is described as: 

 2"
0

1( , ) ( , ) ,
2

w x z x z x zε ωε= E( )  (4) 

where E is the complex electric field, and ε” is the imaginary 
part of the permittivity of graphene. Finally, the absorptance of 
graphene is calculated by dividing the power dissipated in 
graphene to the incident power.   
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Figures 7(e) and (f) show energy flowing indicated by 
patterns and arrows in trench opening of CG with and without 
graphene at normal incidence and the on-resonance 
wavelength, λ = 1.67µm. As can be seen, the energy squeezes 
into the trench of all the grating structures. However, the 
coming energy concentrates much on the interface between the 
graphene layer and the top edge of the trench opening. In 
addition, the energy flows on the surfaces of the metal layer and 
the graphene layer as indicated by the arrows. This confirmed 
that the designer surface plasmons occur at the interface of Ag 
(graphene) and the dielectric layer [40]. Further, energy reflects 
back from the grating walls and trench bottom hitting the 
graphene overlay; accordingly, this results in a reflection 
reduction. Therefore, as demonstrated the graphene layer 
absorbs much energy due to the localized electromagnetic 
fields inside the grating trench (the Fabry-Perot mode) 
coupling with surface plasmons [41, 49, 50]. These phenomena 
cause the increase of the absorptance of the whole structure and 
widen the spectral bandwidth as well.    

IV. CONCLUSIONS 
This work theoretically presented a method of enhancing 
graphene absorption by proposing a compound metallic grating 
structure. The enhancement of absorptance up to the maximum 
attainable of 100% was demonstrated with the observation of 
strongly localized electromagnetic fields in the grating trenches 
and SPP modes at the interface of Ag/graphene and air. 
Moreover, the resonance frequency occurred in the compound 
Ag grating with and without a graphene overlay remains 
unchanged. It has also shown that the spectral bandwidth of 0.6 
µm is found to be wider than that of the previous studies, and 
the absorption spectrum is insensitive to a large range of the 
angles of incidence. Additionally, the proposed structure is 
feasible to be manufactured, which might pave the way for 
many novel designs of graphene-based photon detection, 
energy harvesting systems, and plasmonics devices. 

REFERENCES 
[1] P. Avouris and M. Freitag, "Graphene photonics, plasmonics, and 

optoelectronics," IEEE J. Sel. Top. Quant., vol. 20, pp. 72-83, 2013. 
[2] F. Xia, T. Mueller, Y.-m. Lin, A. Valdes-Garcia, and P. Avouris, 

"Ultrafast graphene photodetector," Nat. Nanotechnol., vol. 4, p. 839, 
2009. 

[3] F. J. Garcia de Abajo, "Graphene plasmonics: challenges and 
opportunities," ACS Photonics, vol. 1, pp. 135-152, 2014. 

[4] M. Jablan, M. Soljačić, and H. Buljan, "Plasmons in graphene: 
fundamental properties and potential applications," Proceedings of the 
IEEE, vol. 101, pp. 1689-1704, 2013. 

[5] A. Grigorenko, M. Polini, and K. Novoselov, "Graphene plasmonics," 
Nat. Photonics, vol. 6, p. 749, 2012. 

[6] A. Vakil and N. Engheta, "Transformation optics using graphene," 
Science, vol. 332, pp. 1291-1294, 2011. 

[7] M. Furchi, A. Urich, A. Pospischil, G. Lilley, K. Unterrainer, H. Detz, P. 
Klang, A. M. Andrews, W. Schrenk, and G. Strasser, 
"Microcavity-integrated graphene photodetector," Nano Lett., vol. 12, pp. 
2773-2777, 2012. 

[8] J. Wu, M. Agrawal, H. A. Becerril, Z. Bao, Z. Liu, Y. Chen, and P. 
Peumans, "Organic light-emitting diodes on solution-processed graphene 
transparent electrodes," ACS Nano, vol. 4, pp. 43-48, 2009. 

[9] C.-H. Liu, Y.-C. Chang, T. B. Norris, and Z. Zhong, "Graphene 
photodetectors with ultra-broadband and high responsivity at room 
temperature," Nat. Nanotechnol., vol. 9, p. 273, 2014. 

[10] T. Echtermeyer, L. Britnell, P. Jasnos, A. Lombardo, R. Gorbachev, A. 
Grigorenko, A. Geim, A. C. Ferrari, and K. Novoselov, "Strong plasmonic 
enhancement of photovoltage in graphene," Nat. Commun., vol. 2, p. 458, 
2011. 

[11] Y. Zhang, T. Liu, B. Meng, X. Li, G. Liang, X. Hu, and Q. J. Wang, 
"Broadband high photoresponse from pure monolayer graphene 
photodetector," Nat. Commun., vol. 4, p. 1811, 2013. 

[12] F. Wang, Y. Zhang, C. Tian, C. Girit, A. Zettl, M. Crommie, and Y. R. 
Shen, "Gate-variable optical transitions in graphene," Science, vol. 320, 
pp. 206-209, 2008. 

[13] R. Alaee, M. Farhat, C. Rockstuhl, and F. Lederer, "A perfect absorber 
made of a graphene micro-ribbon metamaterial," Opt. Express, vol. 20, 
pp. 28017-28024, 2012. 

[14] L. Falkovsky, "Optical properties of graphene," in J. Phys.: Conf. Ser., 
2008, p. 012004. 

[15] A. Y. Nikitin, F. Guinea, F. J. Garcia-Vidal, and L. Martin-Moreno, 
"Surface plasmon enhanced absorption and suppressed transmission in 
periodic arrays of graphene ribbons," Phys. Rev B, vol. 85, p. 081405, 
2012. 

[16] S. Thongrattanasiri, F. H. Koppens, and F. J. G. De Abajo, "Complete 
optical absorption in periodically patterned graphene," Phys. Rev. Lett., 
vol. 108, p. 047401, 2012. 

[17] N. Nguyen-Huu, M. Cada, Y. Ma, F. Che, J. Pistora, K. Yasumoto, J. Lin, 
and H. Maeda, "Mid-infrared Fano resonance in heavily doped silicon and 
metallic nanostructures due to coupling of Wood–Rayleigh anomaly and 
surface plasmons," J. Phys. D: Appl. Phys., vol. 50, p. 205105, 2017. 

[18] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. 
Stauber, N. M. Peres, and A. K. Geim, "Fine structure constant defines 
visual transparency of graphene," Science, vol. 320, pp. 1308-1308, 2008. 

[19] Z. Fang, Z. Liu, Y. Wang, P. M. Ajayan, P. Nordlander, and N. J. Halas, 
"Graphene-antenna sandwich photodetector," Nano Lett., vol. 12, pp. 
3808-3813, 2012. 

[20] Y. Yao, M. A. Kats, R. Shankar, Y. Song, J. Kong, M. Loncar, and F. 
Capasso, "Wide wavelength tuning of optical antennas on graphene with 
nanosecond response time," Nano Lett., vol. 14, pp. 214-219, 2013. 

[21] A. Ferreira, N. Peres, R. Ribeiro, and T. Stauber, "Graphene-based 
photodetector with two cavities," Phys. Rev B, vol. 85, p. 115438, 2012. 

[22] J. R. Piper and S. Fan, "Total absorption in a graphene monolayer in the 
optical regime by critical coupling with a photonic crystal guided 
resonance," ACS Photonics, vol. 1, pp. 347-353, 2014. 

[23] B. Zhao, J. Zhao, and Z. Zhang, "Enhancement of near-infrared 
absorption in graphene with metal gratings," Appl. Phys. Lett., vol. 105, p. 
031905, 2014. 

[24] B. Zhao, J. Zhao, and Z. Zhang, "Resonance enhanced absorption in a 
graphene monolayer using deep metal gratings," J. Opt. Soc. Am. B, vol. 
32, pp. 1176-1185, 2015. 

[25] N. Nguyen-Huu and Y.-L. Lo, "Control of infrared spectral absorptance 
with one-dimensional subwavelength gratings," J. Lightwave Technol., 
vol. 31, pp. 2482-2490, 2013. 

[26] H. Lu, X. Gan, B. Jia, D. Mao, and J. Zhao, "Tunable high-efficiency light 
absorption of monolayer graphene via Tamm plasmon polaritons," Opt. 
Lett., vol. 41, pp. 4743-4746, 2016. 

[27] Y. Liu, W. Huang, T. Gong, Y. Su, H. Zhang, Y. He, Z. Liu, and B. Yu, 
"Ultra-sensitive near-infrared graphene photodetectors with nanopillar 
antennas," Nanoscale, vol. 9, pp. 17459-17464, 2017. 

[28] H. Lu, B. P. Cumming, and M. Gu, "Highly efficient plasmonic 
enhancement of graphene absorption at telecommunication wavelengths," 
Opt. Lett., vol. 40, pp. 3647-3650, 2015. 

[29] L. Zhang, L. Tang, W. Wei, X. Cheng, W. Wang, and H. Zhang, 
"Enhanced near-infrared absorption in graphene with multilayer 
metal-dielectric-metal nanostructure," Opt. Express, vol. 24, pp. 
20002-20009, 2016. 

[30] Q. Pan, J. Hong, G. Zhang, Y. Shuai, and H. Tan, "Graphene plasmonics 
for surface enhancement near-infrared absorptivity," Opt. Express, vol. 
25, pp. 16400-16408, 2017. 

[31] X. Jiang, T. Wang, S. Xiao, X. Yan, and L. Cheng, "Tunable 
ultra-high-efficiency light absorption of monolayer graphene using 
critical coupling with guided resonance," Opt. Express, vol. 25, pp. 
27028-27036, 2017. 

[32] B. Zhao and Z. M. Zhang, "Study of magnetic polaritons in deep gratings 
for thermal emission control," J. Quant. Spectrosc. Radiat. Transfer, vol. 
135, pp. 81-89, 2014. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

7 

[33] B. Zhao and Z. M. Zhang, "Strong plasmonic coupling between graphene 
ribbon array and metal gratings," ACS Photonics, vol. 2, pp. 1611-1618, 
2015. 

[34] N. Nguyen-Huu and Y.-L. Lo, "Tailoring the optical transmission spectra 
of double-layered compound metallic gratings," IEEE Photon. J. , vol. 5, 
pp. 2700108-2700108, 2013. 

[35] W.-C. Tan, J. R. Sambles, and T. Preist, "Double-period zero-order metal 
gratings as effective selective absorbers," Phys. Rev. B, vol. 61, p. 13177, 
2000. 

[36] A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, "Excitation of 
remarkably nondispersive surface plasmons on a nondiffracting, 
dual-pitch metal grating," Appl. Phys. Lett., vol. 80, pp. 2410-2412, 2002. 

[37] D. C. Skigin and R. A. Depine, "Diffraction by dual-period gratings," 
Appl. Opt., vol. 46, pp. 1385-1391, 2007. 

[38] N. Nguyen-Huu, J. Pistora, and M. Cada, "Dual broadband infrared 
absorptance enhanced by magnetic polaritons using graphene-covered 
compound metal gratings," Opt. Express, vol. 27, pp. 30182-30190, 2019. 

[39] N. Nguyen-Huu, M. Cada, J. Pištora, and K. Yasumoto, "Tunable optical 
filter based on gold and silver double-sided gratings and its application as 
plasmonic sensor," J. Lightwave Technol., vol. 32, pp. 3477-3484, 2014. 

[40] A. P. Hibbins, B. R. Evans, and J. R. Sambles, "Experimental verification 
of designer surface plasmons," Science, vol. 308, pp. 670-672, 2005. 

[41] X.-R. Huang, R.-W. Peng, and R.-H. Fan, "Making metals transparent for 
white light by spoof surface plasmons," Phys. Rev. Lett., vol. 105, p. 
243901, 2010. 

[42] Y. Dai, H. Xu, H. Wang, Y. Lu, and P. Wang, "Experimental 
demonstration of high sensitivity for silver rectangular grating-coupled 
surface plasmon resonance (SPR) sensing," Opt. Commun., vol. 416, pp. 
66-70, 2018. 

[43] N. Nguyen-Huu, Y.-L. Lo, Y.-B. Chen, and T.-Y. Yang, "Realization of 
integrated polarizer and color filters based on subwavelength metallic 
gratings using a hybrid numerical scheme," Appl. Opt., vol. 50, pp. 
415-426, 2011. 

[44] A. D. Rakić, A. B. Djurišić, J. M. Elazar, and M. L. Majewski, "Optical 
properties of metallic films for vertical-cavity optoelectronic devices," 
Appl. Opt., vol. 37, pp. 5271-5283, 1998. 

[45] H. Miao, A. A. Gomella, N. Chedid, L. Chen, and H. Wen, "Fabrication of 
200 nm period hard X-ray phase gratings," Nano Lett., vol. 14, pp. 
3453-3458, 2014. 

[46] Y. Wu, D. Olynick, A. Goodyear, C. Peroz, S. Dhuey, X. Liang, and S. 
Cabrini, "Cryogenic etching of nano-scale silicon trenches with resist 
masks," Microelectron. Eng., vol. 88, pp. 2785-2789, 2011. 

[47] C. Welch, A. Goodyear, T. Wahlbrink, M. C. Lemme, and T. 
Mollenhauer, "Silicon etch process options for micro-and nanotechnology 
using inductively coupled plasmas," Microelectron. Eng., vol. 83, pp. 
1170-1173, 2006. 

[48] N. Nguyen-Huu, Y.-B. Chen, and Y.-L. Lo, "Development of a 
polarization-insensitive thermophotovoltaic emitter with a binary 
grating," Opt. Express, vol. 20, pp. 5882-5890, 2012. 

[49] G. D’Aguanno, N. Mattiucci, M. Bloemer, D. De Ceglia, M. Vincenti, and 
A. Alù, "Transmission resonances in plasmonic metallic gratings," JOSA 
B, vol. 28, pp. 253-264, 2011. 

[50] K. Li, J. M. Fitzgerald, X. Xiao, J. D. Caldwell, C. Zhang, S. A. Maier, X. 
Li, and V. Giannini, "Graphene plasmon cavities made with silicon 
carbide," ACS Omega, vol. 2, pp. 3640-3646, 2017. 

 
 
Nghia Nguyen-Huu (SM'14) received his Bachelor's degree in mechanical 
engineering from the Can Tho University, Vietnam, in 2004, the dual master’s 
degree in mechanical engineering from the Institute National des Sciences 
Appliquees de Lyon, France, and Universitat Politecnica de Catalunya 
Barcelona, Spain, in 2007, and the Ph.D. degree from the Department of 
Materials Science and Engineering, National Cheng Kung University 
(NCKU), Taiwan, in 2012. He has authored 17 SCI journals and some SPIE 
and IEEE conference proceedings and is a senior member of SPIE.  
Nghia has research interests focusing on the field of micro/nanoscale thermal 
radiation, metamaterials, plasmonics and fluid transport for applications of 
filters, polarizers, energy harvesting devices, biosensors, and so on. 
 

Jaromír Pištora received his MSc. degree in theory of electromagnetic field 
from Czech Technical University in Prague (1977) and Ph.D. degree in 
experimental physics from Charles University in Prague (1984).  

He is currently Professor of applied physics at VŠB - Technical University 
of Ostrava, and Director of Nanotechnology Center. He has published more 
than 300 papers in international journals and conference proceedings including 
12 invited talks. Dr. Pištora is a member of IEEE, OSA, SPIE-Czech Chapter, 
Czech and Slovak Society for Photonics, Union of Czech Math. and 
Physicists, EOS-Czech Chapter. He was a Visiting Professor at Kyushu 
University (1999, 2001), Research Institute of Electronics, Shizuoka 
University (2002, 2005-2006), and Dalhousie University (2007). He has also 
been a Chairman of International Symposium on Microwave and Optical 
Technology (ISMOT), Ostrava 2003, and vice chairman of ISMOT 2005, 
Fukuoka, Japan. His research interests include magneto-optics, periodical 
structures, and magnetic sensors.   
 
Michael Cada graduated from the Czech Technical University in 
Prague in electrical engineering in 1976 and received the Ph.D. degree 
in technical sciences in 1979 from the Czechoslovak Academy of 
Sciences in Prague.  

Since his graduation, he has worked as a Research Associate with 
A.M. Prokchorov in Moscow, as an Assistant Professor at the Czech 
Technical University, as a Research Fellow at the Polytechnic 
University of New York, as a visiting Researcher at NRC, as a 
Research Engineer at MPB in Montreal, as an invited Professor at 
Ecole Polytechnique Federale in Lausanne, Switzerland, as an 
Industrial Fellow at BNR and as a guest Scientist at Siemens in 
Germany. Dr. Cada has attracted more than C$10 million in research 
funds; published more than 250 refereed articles, conference papers 
and industrial reports; supervised more than 200 highly qualified 
personnel – and set up a high-tech company. He is a principal 
investigator in a European Union nanotechnology training project that 
has recently attracted more than C$2 million in funding. Dr. Cada is 
also a director of NSERC (Natural Sciences and Engineering Research 
Council of Canada), CREATE (Collaborative Research and Training 
Experience Program), and ASPIRE (Applied Science in Photonics and 
Innovative Research in Engineering).  

 
Trung Nguyen-Thoi received his PhD in Mechanical Engineering 
from National University of Singapore (NUS) in 2010. He was 
promoted to Associate Professor in Mechanics by University of 
Science (VNU-HCM) in 2013 and was promoted to Research Full 
Professor of Ton Duc Thang University in 2017. He has been the 
Director of Institute for Computational Science (INCOS) of TDTU 
since February 2014.  

His research interests include Numerical methods, Computational 
mechanics, Structural optimization, Reliability analysis, intelligent 
computation and Structural health monitoring. He has published over 
170 Journal papers ISI, finished 5 national basic research projects and 
co-edited 2 books (one of them is published by CRC Publisher). His 
H-index is now 42 (on ISI) with more than 6000 citations. He is the 
recipient of the silver medal upon graduation of Bach Khoa University 
(VNU-HCM), Master scholarship of University of Liege (Belgium), 
PhD scholarship of NUS, President graduate fellowship of NUS, Best 
PhD Thesis award of NUS, Lifetime Achievement Award of TDTU 
and many excellence research awards of Vietnam National University 
– HCM and TDTU. He is a member of Editorial Board of Journal 
"Shock and Vibration" (ISI journal), International Editor Board of 
"Journal of Computational Applied Mechanics" (JCAMECH) 
(Emerging Sources Citation Index) and the Deputy Editor in Chief of 
the "Journal of Advanced Engineering and Computation" (JAEC). 
 
Youqiao Ma received the M. Sc. degree from the Faculty of Science, 
Ningbo University, Zhejiang, China, in 2010. In 2015, he received his 
PhD degree from Dublin Institute of Technology, Ireland. Currently 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

8 

he is working as a research fellow at Applied Science in Photonics and 
Innovative Research in Engineering (ASPIRE) in Dalhousie 
University, Canada. He has been involved in four national and 
international projects including Fiosraigh Science Foundation Ireland 
(TIDA), the Open Fund of the State Key Laboratory of Information 
Photonics and Optical Communications, and the Natural Sciences and 
Engineering Research Council of Canada (NSERC). He is authored 
more than 30 scientific papers and 10 conference proceeding papers. 
His research interests include fiber optics, plasmonic waveguides, 
terahertz devices, semiconductors, biosensing and energy-harvesting 
solutions. 
 
Kiyotoshi Yasumoto (LF’) received the B.E., M.E., and D.E. degrees 
in Communication Engineering from Kyushu University, Fukuoka, 
Japan, in 1967, 1969, and 1977, respectively. From 1988 to 2008, he 
has been a Chair Professor of the Division of Electromagnetic Waves 
and Communications at the Department of Computer Science and 
Communication Engineering, Kyushu University. Since April 2008, 
he has been Professor Emeritus, Kyushu University. He was a Visiting 
Professor of the Department of Electrical and Computer Engineering, 
University of Wisconsin, Madison, USA. in 1989, a Guest Professor of 
the Department of Applied Electronics, University of Roma Tre, Italy 
in 2009, a Guest Professor of Nanotechnology Center, Technical 
University of Ostrava, Czech Republic in 2013, and a Visiting 
Professor of the College of Information Science and Technology, 
Nanjing Forestry University, China from 2012 to 2015.  

Dr. Yasumoto is a Fellow of Optical Society of America (OSA), a 
Fellow of Institute of Electronics, Information and Communication 
Engineers (IEICE), a Fellow of Chinese Institute of Electronics (CIE), 
and a Fellow of Electromagnetics Academy, USA. His research 
interests are in electromagnetic wave theory, analytical and numerical 
techniques in microwave and photonics, and wave interactions, 
radiation, and scattering in electron beam-plasma systems. 
 
B. M. Azizur Rahman (LF’) received the B.Sc.Eng and M.Sc.Eng. 
degrees in Electrical Engineering with distinctions from Bangladesh 
University of Engineering and Technology (BUET), Dhaka, Bangladesh, in 
1976 and 1979, respectively. He also received two gold medals for being the 
best undergraduate and graduate students of the university in 1976 and 1979, 
respectively. In 1979, he was awarded with a Commonwealth Scholarship 
to study for a PhD degree in the UK and subsequently in 1982 received his 
PhD degree in Electronics from University College London.  

In 1988, he joined City, University of London, as a lecturer, and became a 
full professor in 2000. At City, he leads the research group on Photonics 
Modelling, specialised in the use of rigorous and full-vectorial numerical 
approaches to design, analyse and optimise a wide range of photonic 
devices. He has published more than 600 journal and conference papers, and 
his journal papers have been cited more than 8200 times, with an h-index 
value of 40. He has supervised 34 students to complete their PhD degrees as 
their first supervisor and received more than £13 M in research grants. Prof. 
Rahman is a Life Fellow of the IEEE, and Fellow of the Optical Society of 
America and the SPIE. 
 
Qiang Wu received the B.S. and Ph.D. 79 degrees from Beijing 
Normal University and 80 Beijing University of Posts and 81 
Telecommunications, Beijing, China, in 1996 82 and 2004, 
respectively.,From 2004 to 2006, 83 he worked as a Senior Research 
Associate in 84 City University of Hong Kong. From 2006 to 85 2008, 
he took up a research associate post in Heriot-Watt 86 University, 
Edinburgh, U.K. From 2008 to 2014, he worked as 87 a Stokes 
Lecturer at Photonics Research Centre, Dublin 88 Institute of 
Technology, Ireland. He is currently an Associate 89 Professor at 

Northumbria University, U.K. His research 90 interests include 
photonics devices and fiber optic sensing 
 
Yuan Ma is an Associate Professor in the Electrical and Computer 
Engineering Department at Dalhousie University. She received her 
Bachelor and M.Eng. degrees in Applied Physics from Southeast 
University, P.R. China in 1991 and 1994; and her M.Sc. and Ph.D. degrees 
in Microelectronics from University of Alberta in 1997 and 2002. From 
November 2000 to June 2006, she worked as a research scientist at JDS 
Uniphase (Ottawa). 
 
Quang Hieu Ngo (SM’19) received his B.S. degree in Mechanical 
Engineering from Ho Chi Minh City University of Technology, Vietnam, in 
2002, an M.S. degree in Mechatronics from Asian Institute of Technology, 
Thailand, in 2007 and a Ph.D. degree in Mechanical Engineering from 
Pusan National University, Korea, in 2012. He is currently an associate 
professor in the Department of Mechanical Engineering, Can Tho 
University and serves as Head of Department since 2014. His research 
interests include port automation, control of axially moving systems, sliding 
mode control, adaptive control, and input shaping control. 
 
Lin Jie received the Ph.D. degree in optics from Harbin Institute of 
Technology, Harbin, China, in 2007. He currently works as an Associate 
Professor in the Department of Automation Measurement and Control, 
Harbin Institute of Technology. His research interests include optical beam 
shaping, super-resolution focusing, grating for lithography, and binary 
optical elements. 
 
Hiroshi Maeda was born in Fukuoka, Japan, in July 1966. He received the 
B.E. degree in electronics engineering, M.E. degree in information systems 
engineering and D.E. degree in computer science and communication 
engineering from Kyushu University in 1989, 1991, and 1996, respectively. 
In 1997, he joined to Department of Information and Communication 
Engineering in Fukuoka Institute of Technology, Japan. His research 
interest is experimental approach for electromagnetic band gap structure. He 
also studies numerical analysis technique for wave-guiding structure and 
nonlinear optics. Prof. Maeda is a member of Optical Society of America 
(OSA), Institute of Electronics, Information and Communication Engineers 
(IEICE) Japan and Japan Society of Applied Physics (JSAP). 


	I. INTRODUCTION
	II. Modeling Development and Numerical Method
	III. Numerical Results and Discussion
	IV. Conclusions
	References

