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Abstract: A rigorous design using periodic silicon (Si) gratings as 
absorbers for solar cells in visible and near-infrared regions is numerically 
presented. The structure consists of a subwavelength Si grating layer on top 
of an Si substrate. Ranges of grating dimensions are preliminary considered 
satisfying simple and feasible fabrication techniques with an aspect ratio 
defined as the ratio of the grating thickness (d) and the grating lamella 
width (w), with 0 < d/w < 1.0. The subwavelength grating structure (SGS) 
is assumed to comprise different lamella widths and slits within each period 
in order to finely tune the grating profile such that the absorptance is 
significantly enhanced in the whole wavelength region. The results showed 
that the compound SGS yields an average absorptance of 0.92 which is 1.5 
larger than that of the Si plain and conventional grating structures. It is 
shown that the absorptance spectrum of the proposed SGS is insensitive to 
the angle of incidence of the incoming light. The absorptance enhancement 
is also investigated by computing magnetic field, energy density, and 
Poynting vector distributions. The results presented in this study show that 
the proposed method based on nanofabrication techniques provides a simple 
and promising solution to design solar energy absorbers or other energy 
harvesting devices. 
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1. Introduction 

Tailoring absorption spectra of absorbers or emitters based on micro- and nanostructures with 
their geometric shapes plays a vital role in such various applications as energy conversion 
systems [1–9]. One of the important practical applications is solar cells; they have attracted 
much attention of researchers because of their ability to convert solar energy directly into 
electricity, which makes them attractive as alternative green energy sources. With a 
development of the micro- and nanofabrication technologies, solar energy absorbers based on 
one, two, and three dimensional (1,2,3D) grating structures have been promising candidates 
due to their performance improvements [10–21]. For example, 1D multi-layered grating 
structures comprising periodic arrays of rectangular [11–14, 18], triangular [10, 11, 14], 
sinusoidal [22], and complex or shifted slits [13, 15] were used to enhance absorptance of 
solar energy absorbers via grating coupling. Along with 1D structures, 2D gratings with 
different structured profiles, including square lattices of identical or different geometric holes 
on one and two sides of the gratings [16–18], or rectangular blocks [23], were also 
investigated. Meanwhile, 3D nanodome-, nanocone-, and nanorod-shaped structures have 
clearly demonstrated their improvement in enhancing optical absorption for solar cells [19–
21]. 

Although the use of grating structures discussed above is to achieve the maximum light 
absorption for photovoltaic devices, such gratings have a complicated geometry and multiple 
layers; as a result, the fabrication process requires more material and equipment. 
Additionally, most of the studies were based on a variety of physical mechanisms found in 
nanostructures (e.g., surface plasmon polaritons, cavity resonance or Fabry-Perot resonance, 
Rayleigh-Wood anomaly, and magnetic polaritons [24–29]) in order to excite resonance 
wavelength ranges of interest in which the incoming light needs to be absorbed. Only a few 
studies have been reported on investigations of practical designs of absorbing structures that 
would be suitable for available fabrication techniques. Fabricated 2D and 3D structures have 
provided the solutions for the enhancement of light absorptance but they are not easily 
manufactured compared with 1D structures. Accordingly, 1D grating structures made of a 
single material are much preferred since they have an easily-fabricated geometry as well as 
offer acceptable performance. Therefore, a requirement for tuning the absorptance spectrum 
of 1D structures such that are feasibly manufactured with existing technologies is very 
important and thus addressed here. 

Accordingly, the present study proposes a simple SGS as a solar energy absorber 
comprising an Si grating layer on top of an Si substrate. The optical performance of the CSG 
at wavelengths in the range of 300 to 1100 nm with incident transverse magnetic (TM) light is 
optimized by tuning the geometry parameters such that it is feasible to fabricate. The 
optimization employs an aspect ratio d/w (i.e., 0 < d/w < 1.0). The first stage of the design is 
to preliminarily narrow down dimension ranges of the grating thickness (d) and the lamella 
width (w) via finding the aspect ratio for a region of maximum absorbed light. The next stage 
is to finely tune the lamella widths and add more Si within the grating period to enhance 
absorbed light via grating coupling. At this stage, some new structures feasible to 
manufacture, namely, simple gratings and compound gratings were analyzed and compared in 
terms of their optical performance. Note that the compound gratings have their surface 
profiles comprising two or more 1D simple grating profiles. In implementing the numerical 
analysis, the Rigorous Coupled-Wave Analysis (RCWA) method [30–33] was used to 
calculate the absorptance spectra of the gratings while the Finite Element Method (FEM-
based COMSOL Multiphysics) is used to plot the magnetic field, energy density, and 
Poynting vector patterns within the grating structures to demonstrate the absorptance 
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enhancement. In general, it is shown that the CSG exhibits a very high absorptance over a 
wide wavelength range and is insensitive to angles of incidence. 

2. Model development and numerical methods 

2.1 Solar energy absorber structure and its material 

Figure 1(a) shows a schematic illustration of the grating structure analyzed in this study. The 
structure consists of a rectangular Si grating on top of an Si substrate with a thickness of 500 
µm. Using a simple profile and single material for the grating and substrate results in a cost-
effective and straightforward fabrication process compared to that of 2D and 3D structures. 
As shown in Fig. 1(a), the geometry of the grating structure is defined by the period (Λ), the 
lamella width (w), and the grating thickness (d). In the present analysis, the incident light 
including TM or transverse electric (TE) waves travels through free space with an orientation 
defined by the polar angle θ between the wavevector k and the surface normal z. Note that H 
and E denote oscillation directions of magnetic and electric fields, respectively. 

 

Fig. 1. (a) Schematic illustration of the grating structure whose geometry is defined by the 
grating period Λ, the grating thickness d and the lamella width w. 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. (b) Optical constants of the Si material used in this study [34]; 
the inset figure shows the index ratio (κ/n) between the extinction index κ and the refractive 
index n. 

In analyzing the absorptance spectra of the grating structure shown in Fig. 1(a), the 
wavelength-dependent dielectric function, ελ = (n + iκ)2, of Si is obtained from Ref [34]. using 
a linear interpolation between two neighboring data of the extinction index κ and the 
refractive index n. Figure 1(b) shows spectra of κ and n in the wavelength range of 300 and 
1100 nm applicable to harvesting solar energy because the solar energy irradiating on the 
ground corresponds to wavelengths of 295 ~2500 nm [35]. The inset in Fig. 1(b) shows the 
index ratio (κ/n) which can characterize the relation between the optical property and 
absorptance feature (A) of the plain Si with a thickness of 500 µm. For normal incidence, A of 
plain Si can be calculated as [36]: 
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As shown in the inset, the ratio κ/n is large at short wavelengths (300 < λ < 370 nm) and 
then decreases quickly; and accordingly, A becomes significant at long wavelengths because 
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both κ and n decrease (see Eq. (1) above). Therefore, Si is selected for simulations here due to 
its high refractive index and low losses properties that are suitable for solar cells; moreover, 
Si is also easy to integrate with other optoelectronic devices. 

2.2 Design guidelines and numerical methods 

In designing the subwavelength grating structure for solar energy absorbers shown in Fig. 1, 
the parameter of interest is the aspect ratio (d/w) of the grating thickness (d) and the lamella 
width (w). The aspect ratio was set in the range of 0 ~1 for the purpose of being able to use 
available fabrication facilities [37–39] (e.g., electron-beam lithography, focused ion beam 
lithography, nanoimprint lithography, etc.). Moreover, this assumption also reduces many 
degrees of freedom for calculations. The lamella width w related to the filling factor (0 < f < 
1) and the grating period (Λ) is defined by w = fΛ. To be specific, the designed parameters 
were sought for optimization based on subwavelength gratings which are widely used for 
many applications of optoelectronic devices [3, 40, 41]. For example, the grating period was 
set as Λ = 300 nm due to Λ ≤ λmin, i.e., the period of the grating is smaller than the wavelength 
of the incoming light in a wavelength range of 300 ~1100 nm. The SG was selected in the 
present study because of its unique property in generating only 0th diffraction when 
interacting with incident light. Accordingly, the lamella width w could be specified as 0 < w < 
300 nm. Finally, the grating thickness (d) was determined by the thickness-to-lamella width 
ratio as 0 < d < 300 nm. 

In this study, the geometry of the SGS was optimized using the RCWA [30–33] to 
calculate the absorptance spectrum based on the specified parameters of the grating thickness 
and the lamella width with the wavelength range of 300 ~1100 nm. After the optimized 
geometric parameters of the SGS were defined, its structured profiles were tuned to find the 
new structure exhibiting the best performance while preserving its manufactured geometry. In 
the simulation, the calculated absorptance spectrum (A) was obtained indirectly from the 
reflectance R, i.e., A = 1-R [3, 9]. Additionally, to investigate the enhancement of absorptance 
obtained from the optimized grating structure, the TM field, energy density, and Poynting 
vector distributions within the SGS were analyzed using the FEM method (COMSOL 
Multiphysics). To ensure the accuracy of the numerical results, the FEM method was 
implemented using a 2D model with a mesh size based on the relation Δ = λ/10 where λ is the 
wavelength of incident light. In addition, the boundary condition in the z-direction was 
selected as the perfectly matched layer while the periodic boundary condition was applied in 
the x-direction. Based on these conditions, the calculated absorptance of grating structures 
within one and ten periods was verified with both results being identical. Note that the FEM 
was used to obtain the distributions of magnetic field, energy density, and Poynting vectors 
within the SGS after all geometric parameters were verified by the RCWA method. The 
numerical results obtained from both methods were also validated before calculations. 

3. Results and discussion 

3.1 Absorptance of designed SGS 

Figure 2 shows the absorptance contour plots of the SGS with Λ = 300 nm and a range of the 
selected parameters based on the aspect ratio d/w (e.g., 20 < d < 200 nm and 0 < w < 300 nm) 
and the wavelengths in the range of 300 ~1100 nm for the TM wave at normal incidence. 
Examining Fig. 2 shows that the TM wave absorptance at the grating thickness d = 20 nm and 
40 nm is smaller than those of the structures with d > 40 nm in a wide range of wavelengths 
and lamella widths. At the grating thickness of 80 nm, the maximum absorptance marked by 
white occurs at two regions of the lamellae widths (i.e., 30 < w1 < 130 nm and 120 < w2 < 250 
nm), while the left ones have one zone at the range w of 30 ~250 nm. Moreover, it is seen that 
the absorptance of the structures with grating thicknesses d = 120 and 160 nm is maximum at 
a wide wavelength range of 600 ~1100 nm and the lamella width of 50 ~250 nm compared 
with those of the other structures. Overall, the results presented in Fig. 2 show that the 
optimized simple SGSs achieve a maximum absorptance with the grating thickness d ≥ 80 nm 
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and the lamella width 50 < w < 250, and their absorptance spectra are not covered by the 
whole wavelength range of interest. 

3.2 Tuning geometric profiles of the designed structure 

Previous studies have shown that compound gratings (CGs) whose profiles are a 
superposition of two or more 1D simple grating features are promising candidates for 
controlling optical transmission [40–42]. Accordingly, in this study the simple grating 
structure’s geometry was modified to build CGs with different profiles as shown in Fig. 3, in 
order to tailor absorptance spectra. Importantly, controlling structured profiles of the CGs is 
to follow the aspect ratio for ease of fabrication. From inspection of Fig. 2, one can see that 
the absorptance spectra of the simple grating structures with grating thicknesses d = 80, 120, 
160, and 200 nm and lamella widths w = 150 ~200 nm are maximum but do not extend over 
the whole range of wavelengths of interest. For example, the grating structures with d = 80, 
120 and 160 nm and w = 150 ~200 nm exhibit low absorptance of about 0.45 at wavelengths 
of 300 ~400 nm while the one with d = 200 nm displays very high or low absorptance in a 
short range of wavelengths. However, the grating with d = 80 nm and w = 60 and 120 nm 
gives high absorptance of 0.75 ~0.85 in the whole wavelength region. Thus, we select this 
grating structure since it offers good performance in the wide range of wavelengths, i.e., 300 
~1100 nm to construct CGSs in order to enhance the absorptance. The geometric parameters 
of the constructed grating are also compatible with current fabrication techniques (e.g, 
electron beam lithography, nanoimprint lithography, ect.). Among the available techniques, 
nanoimprint lithography is considered as a promising method due to the reasons. It can be 
used to fabricate nanograting structures with critical dimensions of lamella widths from 15 to 
70 nm, and it has been developing to a roll-to-roll processing method which can be applied to 
manufacture nanodevices over large areas [39, 43, 44]. In addition, the selected lamella 
widths are much smaller than that of the grating period Λ; as a result, there is room for 
tailoring the structured profiles based on d/w. Following schematic illustrations shown in Fig. 
3 are the new structures constructed based on the selected geometric parameters. 

 

Fig. 2. Contour plots of absorptance (A) for wavelengths of 300 ~1100 nm at TM normal 
incidence with variations of the grating thickness, 20 < d < 200 nm, and the lamella width, 0 < 
w < 300 nm. The designed parameters for tuning geometric structures to enhance absorptance 
are marked by two dash lines. 

Figure 3 presents a schematic illustration of newly built structures classified by group I 
and II with the same grating period (Λ = 300 nm) and the grating thickness (d = 80 nm). The 
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group I comprises a simple grating I (SGI) and a compound grating I (CGI) with the same 
parameters, but CGI has two identical lamella widths in each period (w1 = 60 nm). The group 
II consists of a SGII with w2 = 120 nm and a CGII with different w (w1 = 60 nm and w2 = 120 
nm). Note that the simple grating with d = 80 nm and w = 60 and 120 nm was chosen to build 
these compound gratings due to their advantages as analyzed above. With these geometric 
parameters of the grating, we take the maximum w of 120 nm and minimum w of 60 nm to 
build two types of SGs with the same thickness d, e.g., SGI and SGII. Then, we manipulate 
the grating structure by adding more Si lamella materials to become CGI and CGII with d = 
80 nm, w1 = 60 nm, and w2 = 60 nm. The distances between two Si lamellae w1 and between 
w1 and w2 are all equal to w1 as shown in Fig. 3. It is also noted that the analysis for these 
structures is considered having the same coordinate system as that shown in Fig. 1, with TM 
(TE) waves being incident on the grating surface, whose magnetic field H (E) component is 
parallel to the slits. 

 

Fig. 3. Schematic of simple and compound grating structures with the grating period Λ, the 
lamella widths (w1 = 60 nm and w2 = 120 nm), and the same grating thickness (d = 80 nm). 
The proposed structures are classified by groups I and II (TM wave incidence in all cases). 

Figure 4 shows the absorptance spectra of simple and compound grating structures at TM 
normal incidence with wavelengths ranging from 300 ~1100 nm. Note that the absorptance 
spectrum of the plane Si is also shown for comparison. Note also that the left-hand side inset 
shows the TE wave absorptance while the right-hand side inset shows a comparison of 
spectral absorptance peak with angles of incidence between the RCWA and FEM methods. 
As shown in Fig. 4, the results obtained from the grating structures of group II are better than 
those of group I. For example, the average absorptance of SGII is 84% while that of SGI is 
only 74%, and the average absorptance of CGII is 92% with CGI having only 83%. However, 
the performance of the grating structures is significantly higher than that of the plain Si with 
its absorptance of 60%. The absorptance spectra of the plain Si was calculated using Eq. (1) 
and is marked by the red solid line in the left-hand side of Fig. 4. This result matches well 
with that obtained from RCWA codes (marked by the dash line). 
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Fig. 4. Absorptance spectra of simple and compound grating structures (group I and II) for the 
TM wave at normal incidence. The left-hand side inset represents the absorptance spectra 
plotted for TE wave, while the right-hand side inset shows validation between the RCWA and 
FEM methods used to calculate spectral absorptance peak D2 (located a λ = 420 nm) with 
different angles of incidence. 

One can see from inspecting Fig. 4 that the TM absorptance peaks and valleys of SGI and 
CGI at angle of θ = 0° are equal to 0.97 (A1, λ = 470 nm) and 0.59 (B1, λ = 370 nm), and 0.98 
(A2, λ = 460 nm) and 0.78 (B2, λ = 390 nm), respectively. Moreover, it is observed that CGI 
achieves higher absorptance over a larger wavelength range, as clearly shown in the top right-
hand side of Fig. 4. The absorptance of SGI is much enhanced when adding one lamella width 
in each grating period, called CGI. As it is seen, the peak A1 and the valley B1 become A2 and 
B2. Similarly, CGII exhibits absorptance higher than not only SGII but also all gratings group 
I over a wide range of wavelengths by increasing one of lamella widths to a double (w2 = 120 
nm). For example, the peak C1 (located at λ = 515 nm) and the valley D1 (located at λ = 410 
nm) rise up to C2 (located at λ = 515 nm) and D2 (located at λ = 420 nm) when the grating 
geometry is modified. Interestingly, the valley C1 increases to become a maximum–the peak 
D2; as a result, CGII absorbs more energy at this peak wavelength, as shown in the bottom 
right-hand side of Fig. 4. In general, the results illustrated in Fig. 4 show that CG structures 
exhibits higher energy than SG ones. 

In addition, the bottom right-hand side inset in Fig. 4 shows a comparison between using 
the RCWA and FEM methods to calculate the absorptance peak D1 versus angles of 
incidence, as an example. It is seen that the results obtained from the two methods are well-
matched at angles of incidence between 0 ~45° as illustrated by filled triangle and circle 
markers. For incident angles greater than 45°, both methods are not in a good agreement due 
to numerical errors influenced by boundary conditions (perfectly matched layers) in the FEM 
method [45]. Thus, with a large range of incident angles it is simply sufficient to investigate 
the enhanced light trapping in the grating structures using the FEM method. Overall, Fig. 4 
shows that the subwavelength grating structure has a potential application for solar energy 
absorbers due to its better performance achieved by controlling its geometric profiles via a 
modification of the grating lamella within each period. For example, the results presented in 
Fig. 4 demonstrate that the CGII may be used as the best solution for solar energy absorber 
with an average absorptance of 92% among the others. 
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Fig. 5. Absorptance for wavelengths of 300 ~1100 nm at the TM wave versus angles of 
incidence for CGI and CGII structures. 

Figure 5 shows the absorptance contour plots for wavelengths of 300 ~1100 nm at TM 
incidence for CGI and CGII as it depends on incident angles of 0 ~80°. It is observed that the 
absorptance of CGI is greater at wavelengths ranging from 300 ~800 nm corresponding to 
incident angles ranging from 0 ~60°. Meanwhile, CGII exhibits very high absorptance, 
around 100%, in a large range of wavelengths and angles of incidence, i.e., 300 < λ < 1100 
nm and 0 < θ < 75°, respectively. Moreover, it is also seen that CGII absorbs maximum 
energy at a large range of wavelengths (400 ~750 nm) and of incident angles (0 ~60°) 
compared with CGI. Overall, the results presented in Fig. 5 suggest that the CGII works as a 
solar energy absorber possessing the highest absorptance over the whole wavelength range 
with its absorptance spectrum being quite insensitive to the angle of incidence compared with 
other studied grating structures. 

3.3 Magnetic fields, energy density, and Poynting vectors 

Figure 6 shows magnetic fields (top), the time-average Poynting vector, and the energy 
density (bottom) at points A1, A2, B1, and B2, within one grating periods of a structure in 
group I, obtained from the FEM method-based COMSOL Multiphysics. The background 
contour of the top figures is the y-component intensity of magnetic fields while that of the 
bottom figures is the time-average energy density. The arrows indicate the Poynting vectors 
representing the energy flow rate and the direction. It can be seen from Fig. 6 that the 
magnetic fields at peaks A1 at λ = 470 nm and A2 at λ = 460 nm are confined in the lamella 
width regions (as illustrated by white) much more than those at valleys B1 at λ = 370 nm and 
B2 at λ = 390 nm. It suggests that there is a significant light trapping effect inside these 
structures. Moreover, the incident energy trapping in the grating structures is at the same 
positions along with the enhanced magnetic fields as shown in the plots of the energy density 
and the Poynting vector distributions. To be specific, the energy density of CGI concentrates 
much under the lamella areas when compared with that of SGI. Meanwhile, the Poynting 
vectors of CGI at the grating inlets are guided and trapped in the lamella corners and substrate 
much more than that of SGI. Thus, the total energy is collected in CGI. Overall, these plots 
demonstrate that the enhancement of magnetic fields excited in the grating structures 
illustrates the coupling of the grating and incident light or Fabry Perot resonance. 
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Fig. 6. Near-field patterns of grating structures of group I including SGI and CGI at points A1 
(at λ = 470 nm), A2 (at λ = 460 nm), B1 (at λ = 370 nm), and B2 (at λ = 390 nm) as plotted in 
the top right-hand side of Fig. 4. The top figures represent electromagnetic field distributions 
while the bottom figures show energy density and Poynting vector patterns within one grating 
period. 

Similar to Fig. 6, Fig. 7 shows magnetic fields (top), the time-average Poynting vector, 
and the energy density (bottom) of the structure group II at points C1 located at λ = 515 nm, 
C2 located at λ = 515 nm, D1 located at λ = 410 nm, and D2 located at λ = 420 nm. In Fig. 7, 
the background contour of the top figures is the y-component of the intensity of magnetic 
fields, while that of the bottom figures is the time-average energy density. The Poynting 
vectors representing the energy flow rate and the direction are indicated by arrows at the 
bottom figures. One can see by inspecting Fig. 6 that the magnetic fields at all points are 
concentrated under the lamella regions (as illustrated by white). Additionally, the energy is 
much confined in CGII due to having more grating lamella and is also at the same positions 
as the enhanced magnetic fields. As a result, the energy is collected by CGII much more than 
that by SGII, as the absorptance spectra and energy density distributions show in Fig. 4 and 
the bottom plots of Fig. 7, respectively. For example, it is clearly seen that at the valley C1 
and the peak D1, the incident energy absorbed by SGII is smaller than at peaks C2 and D2 in 
CGII, as demonstrated by the depth of the energy density penetrating into the structure. Thus 
the results presented in Fig. 7 suggest that CGII absorbs most of solar energy with an average 
absorptance of 92% compared with that of the other structures due to the excitation of Fabry-
Perot effect in which the magnetic fields strongly couple with grating lamellae. 
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Fig. 7. Near-field patterns of grating structures of group II including SGII and CGII at points 
C1 (at λ = 515 nm), C2 (at λ = 515 nm), D1 (at λ = 410 nm), and D2 (at λ = 420 nm) as plotted in 
the bottom right-hand side of Fig. 4. The top figures represent electromagnetic field 
distributions while the bottom figures show energy density and Poynting vector patterns within 
one grating period. 

4. Conclusions 

This study has proposed an applicable method for designing solar energy absorbers based on 
the experimental rules using the RCWA method and the FEM-based COMSOL Multiphysics. 
The applied fabrication rules are based on the aspect ratio of the grating thickness and grating 
lamella width, which may be implemented using many fabrication facilities. The RCWA 
method was used to calculate the absorptance of the grating structures at wavelengths in the 
range of 300 nm ≤ λ ≤ 1100 nm while the FEM method was applied to compute the magnetic 
field, energy density, and Poynting vector distributions. The results have shown that the 
compound grating type II yields the highest absorptance of 92%, which is significantly 
higher, about 1.5 times, than that of the conventional gratings and the plain Si. Additionally, 
the absorptance spectrum of the proposed grating is insensitive to the angle of incidence of 
the incoming light. In general, the results presented in this study confirm the effectiveness of 
the proposed method providing various solutions in designing optoelectronic devices. For 
instance, some simple grating structures as shown in Fig. 2 may be used to design narrow-
band thermal emitters/absorbers or biosensors. On the other hand, compound grating 
structures are best suitable for broad-band thermal emitters/absorbers or other energy 
harvesting applications. 
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