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Abstract 

 The optical characteristics of a subwavelength grating (SWG) were examined as a 

means of achieving ultraviolet (UV) polarization control based on the interaction 

between a light wave and Bloch eigenmode wave in the SWG, which results in a spatial 

periodic refractive index distribution. The relation of dispersion of the eigenmode 

wavevector was calculated to reveal the light propagation mechanism in this structure. 

The expected optical characteristics proved the feasibility of obtaining highly polarized 

UV light with no significant decrease in light intensity. The effects of the higher-order 

eigenmode on the SWG optical characteristics were also examined and discussed via the 

finite-difference time-domain method. This approach provides new insight into the 

SWG design for UV polarization control using the above interaction. 

This is a post-peer-review, pre-copyedit version of an article published in Optical Review. The final authenticated version is available online at: https://
doi.org/10.1007/s10043-016-0293-8.
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1. Introduction 

Highly polarized ultraviolet (UV) light is suitable for unique applications. For example, 

highly polarized UV irradiation induces optical anisotropy in reactive polymers, which 

are favorable for photo-alignment devices. Note that irradiation with visible light does 

not yield the same effects [1, 2]. This property of UV light is favorable for achieving 

liquid crystal alignment without the use of rubbing and patternable processes. A UV 

polarization control method that does not cause a dramatic decrease in the light intensity 

is required for remarkable achievements of highly polarized UV light applications. 

Currently, dichromatic polarizing plates composed of iodine-doped polymers are 

widely used to generate polarized UV light. A high polarization ratio is obtained using 

this filter; however, the transmittance of the filter is very low owing to the doped iodine 

polymer. A subwavelength grating (SWG), which has a shorter period than the incident 

wavelength , is a candidate to overcome this issue [3–24]. In this structure, a Bloch 

eigenmode wave exists for each orthogonal polarization state, which is caused by the 

periodic refractive index nbar distribution. This eigenmode wave interacts with the 

incident light wave under certain conditions [3, 12, 13, 16, 17, 19, 20–24]. Utilizing 

these interactions, high polarization selectivity is achieved without a significant 

decrease in the transmitted light intensity.  

Traditionally, the SWG electromagnetic response has been examined using effective 

medium theory (EMT) [5, 7, 15, 20]. In EMT, one assumes that only a fundamental 

eigenmode wave with a certain propagation constant exists in the SWG structure. In 

other words, the SWG structure is approximated as a uniform layer with an effective 
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refractive index value. However, the EMT-predicted optical characteristics of the SWG 

are only accurate if the grating period  is significantly shorter than  [5, 20]. As  

approaches , the actual electromagnetic response in the SWG deviates from that 

predicted using the EMT. The origin of this deviation is the energy propagation by 

several eigenmodes within the SWG structure. Recently, the SWG optical 

characteristics incorporating multiple eigenmodes have been theoretically examined in 

the infrared (IR) wavelength region [20–24]. This analysis was performed for an SWG 

with a real nbar only, because the imaginary part of the material nbar is negligible in the 

IR wavelength region. However, the imaginary part of the SWG nbar in the UV 

wavelength region is larger than that in the IR region. Thus, the effect of the imaginary 

part on the eigenmode state in the SWG is not negligible in the UV region, and the 

optical characteristics in that region deviate from those in the IR region. In order to 

design an SWG for polarization control in the UV region, the eigenmode is determined 

with consideration of the effect of the nbar imaginary component on the eigenmode state. 

In this study, the optical characteristics of the SWG are theoretically examined in the 

UV region. The complex dispersion relation of the eigenmode wavevector is examined 

in order to elucidate the light propagation mechanism in the SWG. Further, the 

distribution of electromagnetic field within the SWG is calculated using a finite 

difference time domain (FDTD) method, in order to interpret and discuss the physical 

characteristics of the eigenmode within the SWG structure, and the new insight of the 

SWG design for UV polarization control is presented, based on theoretical 

considerations of the eigenmode. 
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2. Complex Dispersion Relation Analysis 

The interaction between the Bloch eigenmode and the incident light dominates the 

electromagnetic response in the SWG structure. On the basis of the dispersion relation 

of the eigenmode wavevector, we examined the light propagation mechanism in the UV 

region to elucidate and examine the SWG optical characteristics. Figure 1 shows a 

cross-sectional view of the SWG structure used for the dispersion analysis. In this figure, 

the SWG structure was arranged in air. Normal incident light was assumed, with a 

monochromatic plane wave having  = 365 nm, which was s- or p-polarized. In the case 

of s-polarization, the electric-field vector was parallel to the grating stripe; it was 

perpendicular for p-polarization. The symbols H, s, and a defined in Fig. 1 indicate the 

grating height, grating width, and air-gap width, respectively. In previous studies, and 

the filling factor (defined as the ratio of s to ) were related to the Bloch eigenmode 

order and were set to ands respectively, to yield high polarization 

selectivity [16, 17, 19, 22]. The grating was assumed to have an infinite length in the 

y-direction, because the actual grating length in the y-direction is significantly larger 

than .  

Four grating materials were assumed: Si, Ge, Pt, and Cr, which have various nbar 

values. Subsequently, the effects of the real and imaginary parts of each material nbar on 

the SWG optical characteristics were examined. The nbar values at  365 nm for Si 

(6.5271 + 2.6672i), Ge (4.0716 + 2.576i), Cr (1.8636 + 2.6793i), and Pt (1.64 + 2.64i) 

are obtained from previous studies [25–27].  
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Within the SWG region, the eigenmode amplitude in the lateral direction (x-direction) 

was modulated by the periodic nbar distribution, as detailed in Ref. [22]. The symbols ka 

and ks in Fig. 1 are the lateral wavenumber vectors of the eigenmode in the air-gap and 

in the highly refractive region of the grating, respectively. In the z-direction, the light 

wave propagated as a plane wave with propagation constantIn this model, the 

relation of dispersion between ka and ks is obtained by considering the continuity of the 

electromagnetic field in the SWG. The relation of dispersion for the p-polarization is 

[22] 
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For the dispersion relation of s-polarization, the nbar term in Eq. (1) is replaced with 1 

[22]. The solutions of Eq. (1) indicate that the energy of the incident light wave can be 

transferred to the eigenmode wave. Further, the solutions in ascending order correspond 

to m. For example, the first solution of Eq. (1) corresponds to the first-order eigenmode 
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(m = 1).  

Note that some of the eigenmode energy disappears upon light propagation in the 

SWG, provided the SWG material has a light absorption capability. In this case, the 

eigenmode possesses complex lateral and vertical wave vectors. Hence, we expanded ka, 

ks, and m to complex numbers in order to reveal the light propagation mechanism in the 

SWG, because the light absorption cannot be neglected in the UV wavelength region.  

 Figure 2 shows the real and the imaginary values of m obtained by solving Eq. (1), for 

the various examined materials. When  is a complex number, the eigenmode 

propagates along the z-direction with the decay of the light intensity, and we cannot 

precisely distinguish the propagation and evanescent mode. We considered up to 

second-order eigenmode (m = 2), because the amplitude of more higher-order 

eigenmodes rapidly decrease and typically became very low [22]. The solid and dashed 

lines correspond to the first- and second-order eigenmodes, respectively. When only the 

real or the imaginary part of Eq. (1) was satisfied, we consider the eigenmode can 

possess the wavenumber vector according to the following rationale. The real and 

imaginary parts of Eq. (1) indicate the phase matching and the decreasing of the 

amplitude matching condition, respectively. When the grating has a light absorption 

capability, the energy of the incident light dissipates into the grating material. This 

decreases the eigenmode lifetime, and the amplitude and the phase of the mode cannot 

be determined simultaneously. The uncertainty between the amplitude and the phase 

broadens the eigenmode states, which leads to the relaxation of the resonance condition. 

Thus, the mode can possess the complex wave number, which satisfies only the real or 
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the imaginary part of Eq. (1). 

For p-polarization, the dispersion relation indicates that the absolute values of the 

imaginary parts of the first- and second-mode propagation constants, namely, the 

propagation loss, are lower for a high-refractive-index SWG (with Si or Ge, labeled Si- 

or Ge-SWG, respectively) than that for a low-refractive-index SWG (the Pt- or 

Cr-SWG), as shown in Fig. 2(a). In general, the imaginary part of the material nbar is 

directly related to the light absorption in the material. This causes energy loss of the 

incident wave, and this loss generally increases as the absolute value of the imaginary 

part of the nbar is increased. As a result, the propagation loss and the value of the nbar 

imaginary component are mutually related.  

In contrast, the result shown in Fig. 2(a) indicates that the absorption coefficient is not 

directly related to the propagation loss, and the propagation loss in the 

high-refractive-index SWGs can become lower than that in the low-refractive-index 

SWGs in spite of the large absorption coefficient. The reason for this behavior is 

explained as follows. The eigenmode is defined as a solution of Maxwell’s equations for 

the periodic nbar distribution, and the eigenmode must satisfy the electromagnetic 

boundary condition inside the SWG structure. The eigenmode state and the excitation 

conditions are strongly dependent on the geometric shape. Therefore, the propagation 

loss in the SWG is not only determined by the material properties, but also by the 

geometry. According to the dispersion analysis result, the eigenmodes within the Ge- 

and Si-SWGs are tuned to yield high p-polarization transmittance by controlling the 

SWG geometry, despite the large absorption coefficient. These types of SWGs are, 
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therefore, suitable for maintaining high transmittance throughout the structure. 

We also obtained solutions to Eq. (1) for an s-polarized incident wave, as shown in Fig. 

2(b). This figure shows that the s-polarization propagation loss is significantly larger 

than that of the p-polarization case for all examined gratings. The s-polarization 

transmittance through the Si- and Ge-SWGs is lower than that through the Pt- and 

Cr-SWGs, because the absolute value of the imaginary part of the first-order mode 

propagation constant in the Si- and Ge-SWG is larger than that for the other gratings. 

The difference in the eigenmode characteristics between the p- and s-polarization are 

attributed to the difference in the electric field direction between the two orthogonal 

polarization states, because the eigenmode state is strongly dependent on the boundary 

condition and the structure geometry for the electric field of the light. As a result, the 

dispersion relation suggests that a high-refractive-index material is suitable for 

achieving high polarization selectivity and high transmittance in the UV wavelength 

region. 

 

3. FDTD Calculation Results and Discussion 

To evaluate the actual optical characteristics of the SWG, the electromagnetic field 

distribution was calculated using the FDTD method. The calculation model is shown in 

Fig. 3, where the calculation region is defined as the square region surrounded by 

broken lines. The vertical and lateral sizes of the calculation region were 715 nm and 

405 nm, respectively. A perfectly matched layer (PML) and periodic boundary condition 

(PBC) were employed as the boundary conditions for the z- and x-directions, 
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respectively. There were 20 PML layers, and the calculation region was divided into a 2 

nm × 2 nm rectangular cell. The calculation time step was 3.3 × 10−18 s. In the model, an 

SWG structure was arranged in air. A p- or s-polarized incident plane wave with  = 

365 nm was propagated through the SWG, and the transmittance through the SWG was 

calculated at the observation plane, as shown in Fig. 3. 

Figure 4 shows the calculated transmittance through the SWG structure as a function 

of H. Note that the transmittance converges to 100% at H = 0. The reason is explained 

as follows. In the case of H = 0, the light propagates in free space. On the other hand, 

the eigenmode due to the SWG starts propagating energy with increasing H. Therefore, 

the transmittance varies rapidly around H = 0. The transmittance of p-polarization was 

significantly larger than that of the s-polarization for all SWG cases and oscillated with 

increased H. In the region up to H = 30 nm, the transmittance through the Si- and 

Ge-SWGs was higher than that through the low-refractive-index SWGs. In the region of 

H = 50100 nm, the transmittance through the high-refractive-index SWGs was lower 

than that through the low-refractive-index SWGs. On the other hand, the 

electromagnetic response for the s-polarization varied significantly from that for the 

p-polarization case. That is, the s-polarization transmittance significantly and 

monotonically decreased with increased H, and became significantly smaller than that 

obtained for the p-polarization case.  

Overall, the polarization ratio (defined as the transmittance ratio of the p- to 

s-polarization) increases with increasing H, and the Si-SWG polarization ratio is the 

highest of all the examined gratings, at more than 9 × 104 for H = 100 nm, while 
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maintaining ~40% transmittance. These results suggest that both high polarization 

selectivity and high transmittance can be achieved in the UV wavelength region using a 

Si-SWG. The tendency of the optical characteristics determined via the FDTD method 

agrees with that obtained by considering the dispersion relation. Moreover, the magnetic 

field distribution in the Ge-SWG at H = 100 nm is shown in Fig. 5. The field 

distribution was normalized by the field intensity of the light source. The black region 

indicates a high field intensity, namely a saturated field intensity. Figure 5 reveals that 

the distribution obtained when the imaginary part of the SWG nbar is considered varies 

significantly from that obtained when the imaginary part is neglected. Further, these 

FDTD calculation results are significantly different from the optical characteristics of 

the SWG predicted via EMT. Consequently, consideration of the eigenmode is essential 

for the evaluation of the SWG optical characteristics. 

In order to interpret and discuss the physical characteristics of the eigenmode, the 

FDTD calculation results were compared with those yielded by the dispersion relation. 

For p-polarization, the FDTD calculation results indicate good agreement with the 

prediction of dispersion relation in the region up to H = 30 nm. For H = 50100 nm, 

however, the transmittance through the Pt- and Cr-SWGs is higher than that through the 

Si- and Ge-SWGs, which is contrary to the prediction of dispersion relation. 

Considering the s-polarization, the transmittance through the Ge-SWG is higher than 

that for the Si-SWG. Moreover, this result disagrees with the prediction of dispersion 

relation. These discrepancies occur only for the high-refractive-index SWGs.  

In order to elucidate the origin of this disagreement, the dependence of the p-polarized 
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eigenmode magnetic field distribution in the Ge-SWG on H was determined, as shown 

in Fig. 6. This SWG was selected because it exhibits significant variation in the 

transmittance of p-polarization with increasing H. The green-squares in Fig. 6 indicate 

the highly refractive region of the grating. In Fig. 6, the field intensity of the blue region 

in the green-squares increased with increasing H, whereas the red region remained 

almost unchanged. This indicates that the field distribution of the eigenmode varied 

with increasing H. Therefore, one of the origins of the above discrepancies is attributed 

to the transformation of the incident light energy into the higher-order eigenmode, 

because the energy transformation into the higher-order mode in a high-refractive-index 

SWG can become larger than that in the low-refractive-index SWG [3, 12, 13, 22]. We 

consider up to the second higher order mode, because the higher order mode than the 

second significantly decreases with propagation. To confirm the effect of the 

higher-order mode on the SWG optical characteristics, we examined the transmittance 

through the Ge-SWG for various weightings of the first- and second-order eigenmodes. 

The transmittance was evaluated by the electric field of the first- and second-order 

eigenmodes and the ratio of the incident light intensity to the transmitted intensity was 

determined. To examine the dependence of the transmittance decay on the ratio of each 

mode weight, we considered only the imaginary part of  Moreover, the difference of 

the real part of  causes the phase difference between the eigenmodes when the modes 

pass through the SWG. The difference of the phase influences on the transmittance 

through the SWG. This effect of the real part of  on the mode phase was considered for 

calculating the mode weight. 
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 The first- and second-order modes with the imaginary components 1 = −0.4709 and 

2= −6.014 were used for the investigation, with the above values being obtained 

from the relation of dispersion. The envelope of the total electromagnetic field within 

the SWG was expressed in terms of the superposition of the excited modes, i.e., 

A1exp(−0.4709H/) + A2exp(−6.014H/), where A1 and A2 are the first- and 

second-order mode weights, respectively.  

Figure 7 shows the dependence of the transmittance through the Ge-SWG as a function 

of H for various first- and second-order mode weights. This figure demonstrates that the 

optical characteristics agree with those yielded by the FDTD calculation when the 

weights of the first- and second-order eigenmodes are adjusted with increasing H. This 

agreement is explained by considering the modulation of nbar with increasing H. As Si- 

and Ge-SWGs have higher nbar values than the other examined substances, the degree of 

the nbar modulation for these materials increases with increased H. The oscillator 

strength of each mode is modified by the variety of the nbar modulation, and the 

transformation of the light energy into the higher-order mode is changed. Thus, the 

weight of each eigenmode varies with increasing H. The propagation loss for the 

higher-order modes is larger than that for the lower-order mode. As a result, the 

transmittance through the SWG is influenced by the changes in the transformation of 

photon energy into higher-order eigenmode. By referring previous studies, we verified 

the estimated weight of each mode [28]. The weight was calculated by 



14 

 

              　　　










0

,,2

0

2

,

,

)()(
)(

1

)(

dxxhxh
xr

dxxh

A
in

my

out

ny

in

my

mn
             (3) 

The symbol r(x) denotes the refractive index and 1 in air-gap of the SWG. In the 

grating bar, the r(x) is nbar, where n = 0, 1, 2… denote the diffraction order outside the 

SWG. In the SWG, only the 0th diffraction (n = 0) propagates the energy of the light. 

r(x) is the refractive index of the medium. The symbols )(, xhout

ny
 and )(, xhin

ny
 are 

lateral magnetic fields of the profile inside and outside the SWG and are obtained 

from previous studies [22]. The calculated mode weights of first and second were 

about 9.55 and 0.45, respectively. These calculated mode weights agree with our 

estimated mode weights. 

 

 

4 Conclusion 

The optical characteristics of various SWGs in the UV region have been examined. 

The complex dispersion relation was employed in order to elucidate the light 

propagation mechanism, and the optical characteristics in the UV wavelength region 

were examined. Moreover, the effect of the complex nbar value on the optical 

characteristics of the SWG was investigated. The results indicate that a 

high-refractive-index SWG is suitable for achieving both high polarization selectivity 

and high transmittance. Furthermore, the electromagnetic field distribution was 

calculated using the FDTD method to interpret the physical characteristics of the 
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eigenmode within the SWG structure and to discuss the predicted optical characteristics. 

The FDTD calculation results show good agreement with those predicted by the 

dispersion relation, provided the effects of the higher-order eigenmode are considered. 

The results indicate that the eigenmodes in the Si- and Ge-SWGs are suitable for UV 

polarization control. In particular, the Si-SWG polarization ratio reached 9 × 104 while 

maintaining approximately 40% p-polarization transmittance. These results indicate that 

both high polarization and high transmittance are achieved. These findings provide new 

insights on SWG design for UV polarization control and can play an important role in 

the development of UV polarization control devices. 
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Figure Captions 

 

 

 

 

 

Fig. 1 Cross-sectional view of subwavelength grating (SWG) structure for dispersion 

analysis. The SWG was arranged in air. The symbols , H, s, a, and nbar indicate the 

grating period, height, grating width, width of the air gap, and the grating refractive 

index, respectively. The grating has an infinite length in the y-direction. The grating 

material was assumed to be Si, Ge, Cr, or Pt. A normal incident plane wave with a 

365-nm wavelength was assumed, being p- or s-polarized. The incident light propagated 

in the z-direction through the SWG. 
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Fig. 2 Real and imaginary parts of propagation constant for (a) p- and (b) s-polarized 

eigenmodes. The solid and dashed lines correspond to the first- and second-order 

eigenmodes, respectively 
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Fig. 3. Schematic of finite difference time domain (FDTD) calculation model. Perfectly 

matched layers (PMLs) and periodic boundary conditions (PBCs) were employed as the 

boundary conditions for the z- and x-directions, respectively. The number of PML layers 

was 20. The calculation region was defined as a square region surrounded by broken 

lines, and was divided into a 2 nm × 2 nm rectangular cell. The calculation time step 

was 3.3 × 10−18 s. The SWG was arranged in air. An incident plane wave with a 365-nm 

wavelength propagated along the z-direction through the SWG. 
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Fig. 4 Calculation of transmittance through SWG as a function of grating height (H) 

using the FDTD method. The filled and open symbols indicate the transmittance of the 

p- and s-polarization, respectively 
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Fig. 5 Magnetic field distribution of p-polarized eigenmode within Ge-SWG, (a) 

without and (b) with the imaginary part of nbar 
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Fig. 6 Dependence of p-polarized eigenmode magnetic field distribution within 

Ge-SWG on H, for H = (a) 25, (b) 50, (c) 75, and (d) 100 nm 
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Fig. 7 Dependence of p-polarization transmittance through Ge-SWG as a function of H 

for various first- and second-order mode weights 

 


