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Abstract: A mid-infrared (mid-IR) dual-band filter with ultra-high resolving power is de-
signed and numerically investigated. It is composed of an Al,O3 layer between a gold
grating and a CaF, substrate. Each unit cell of the grating consists of two gold strips with
different heights. The filter provides two high-extinction ultra-narrow stop bands. One is at
a wavelength of ~3.8392 um with a full-width at half-maximum (FWHM) of ~0.8 nm, and
the other is at a wavelength of ~3.8435 pm with a FWHM of ~1.8 nm. The resolving power
of the filter is >2100. The two stop bands result from the (+1) and (—1) waveguide modes,
respectively. An interaction between the two resonance modes exists and affects the stop
bands. We can control the interaction by adjusting the grating parameters, thus designing
the FWHMSs and lineshapes of the two stop bands flexibly.

Index Terms: Subwavelength structures, filters, spectroscopy.

1. Introduction

Recently, there has been an increasing interest in using subwavelength grating structures to realize
optical filters. Compared with traditional filters made of multi-layered thin films [1], subwavelength
grating structure filters have the obvious advantages of low material cost, thin thickness, and flexible
control of spatial variation [2]. Researchers have investigated the use of dielectric gratings in such
type of filters. Spectral filtering is achieved based on the guided-mode resonance (GMR) effect
[31-[6]. Alternatively, metallic structures can also be used, and spectral filtering is achieved based
on the surface-plasmon resonance (SPR) effect [2], [7]-[9].

It should be noted that, in many hyper-spectral applications, optical filters with high resolving
power are highly desirable [8], [10]. These filters can provide narrow operating bands, thus
enabling precise selection or rejection of light at certain wavelengths. To achieve such filters, the
quality-factor (Q-factor) on resonance must be improved. For this reason, dielectric grating filters
have attracted extensive attention due to their intrinsic low-loss [11]-[14]. However, bandstop or
bandpass filters based on metallic structures could also have ultra-narrow operating bands [15],
[16]. Dielectric grating filters in the literature typically suffer from unwanted peaks over broad
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Fig. 1. (a) Schematic view of the designed mid-IR dual-band filter. fy, , and I, stand for intensities of the
incidence, transmission, and reflection, respectively. A is the period of the structure. (b) Cross-sectional
view of a single unit cell of the filter.

spectral regions [11]. Metallic structure filters suffer from the same issue [8]. But notably, there has
been research showing that this issue could be solved by proper design of the metallic structure [2].

However, most of the above-mentioned subwavelength structure filters only have a single and
narrow operating band. For high-resolution spectroscopic multiplexing sensing and detection,
we usually need filters with dual or multiple operating bands, ultra-narrow bandwidths, and no
unwanted peaks over broad spectral regions. Filters with these characteristics can give us the
ability to precisely control multi-wavelength signals, such as laser signals, atomic lines, molecular
lines, etc. From this point of view, it is hard to use the above-mentioned filters. The use of
metal-insulator-metal (MIM) structures could generate dual or multiple bands [17]-[19], but the
spectral resolving power is usually below 100.

In this work, we propose an ultra-high resolving power dual-band filter operating in the mid-IR
spectral region. It is achieved by the use of a new gold grating consisting of two gold strips with
different heights in each cell. The two ultra-narrow stop bands are attributed to the (+1) and (—1)
waveguide modes excited by the incidence, respectively. The resolving power of the filter can be
higher than 2100. Moreover, the two resonance modes can interact with each other. The interaction
affects the FWHMSs and lineshapes of the two stop bands. By adjusting the geometric parameters
of the gold grating, the interaction can be controlled. Therefore, the FWHMSs and lineshapes of the
filter can be designed flexibly.

2. Results and Analysis

Fig. 1(a) shows the designed mid-IR dual-band filter. It consists of an Al,O3 layer between a
gold grating and a CaF, substrate. The structure (grating) has a period of A. The incidence is
a transverse magnetic (TM) plane wave, whose polarization is perpendicular to the gold strips. In
each unit cell of the grating, there are two gold strips, and the center-to-center distance between
them is d, as shown in Fig. 1(b). The two gold strips have the same width (i.e., w) but different
heights (i.e., hy and hy). The thickness of the Al,Os layer is t. The performance of the filter was
simulated by means of a finite-difference time-domain (FDTD) method. In the simulations, optical
parameters of gold and Al,O3 were taken from Ref. [20], whereas optical parameters of CaF, were
taken from Ref. [21].

Fig. 2 shows the calculated reflection, transmission, and absorption spectra at normal incidence.
The structure parameters are as follows: A =2.7 um, t =1.0 um, w =220 nm, d =270 nm,
hy =50 nm, and h, = 230 nm. There are only two notable transmission dips across the 3-5 um
wavelength range. The transmission background is high (>90%). One of the dips is approximately
at Ay = 3.8392 um, with a FWHM of ~0.8 nm and a minimum transmission of <1.8%. The
quality-factor (Q-factor) calculated by A;/FWHM is >4700, and the intensity-extinction on reso-
nance calculated by 10logq,(l/k) is >17 dB. The other dip is approximately at 1, = 3.8435 um,
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Fig. 2. Calculated transmission (T), reflection (R), and absorption (A) spectra at normal incidence. Inset
shows magnified view of the two ultra-narrow operating bands.
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Fig. 3. Angle-dependent transmission without the thicker (a) or the thinner (b) gold strip. The dotted
ellipses mark the symmetry-protected BICs. (c) Angle-dependent transmission of our structure.

with a FWHM of ~1.8 nm and a minimum transmission of <2.3%. Its Q-factor is >2100, and its
intensity-extinction on resonance is >16 dB. The spectral separation of the two dips is ~4.3 nm,
which is nearly three orders of magnitude smaller than the operating wavelengths.

Moreover, the reflection spectrum in Fig. 2 shows two ultra-narrow peaks with low reflection
background, which will be useful in mid-IR filtering applications too. However, because resonance
absorption exists, the maximum reflection of the two peaks is <70%.

To understand the mechanism of the two ultra-narrow operating bands, Figs. 3(a) and 3(b) show
the angle-dependent transmission maps after removing the thicker and thinner gold strips in each
unit cell, respectively. For comparison, the angle-dependent transmission map of our structure is
plotted in Fig. 3(c).

The transmission dips in Fig. 3 can be attributed to the GMR effect. That is, when an order
diffracted by the gold grating couples with a waveguide mode in the Al,O3 layer, the resonances
occur. The resonance wavelengths can be determined by the wavevector matching condition [8],
[15], [16]
2mi

. (1)

|B1| =

where g and k; are the in-plane wavevectors of the resonance mode and the incidence, i is the
index of diffraction order. In our case, the resonance modes excited by the (+1) and (—1) orders
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where net and A are the effective index and center wavelength of the resonance mode, k and « are
the wavevector and angle of the incidence.

In the case of Figs. 3(a) or 3(b), a symmetry-protected bound state in the continuum (BIC)
is supported because of the symmetric configuration in each unit cell [22]-[24]. Thus, at normal
incidence (@ = 0°), only a single transmission dip due to the GMR can be seen. The BIC happens
in the shorter-wavelength band edge, as shown in Fig. 3(a). On the contrary, the BIC happens in the
longer-wavelength band edge, as shown in Fig. 3(b). Both of the two BICs are unstable and can be
transformed into quasi-BICs, if the structural symmetry in each unit cell is broken [25]-[27]. In our
structure, structural asymmetry in each unit cell is introduced by using two gold strips with different
heights. This leads to quasi-BICs in both the shorter- and longer-wavelength band edge. In other
words, GMRs in our structure can happen in both the shorter- and longer-wavelength band edge.
Therefore, even at normal incidence, there are two spectral dips in the transmission, as shown in
Fig. 3(c).

In Fig. 3(c), both of the transmission dips have ultra-high Q-factors. The reason is that the losses
of the resonance modes are ultra-low [28]. Firstly, the Al;O3 layer in our structure has a relatively
low index and large thickness. The resonant energy is mainly confined in the Al; O3 layer, as shown
in the insets of Fig. 3(c). Secondly, the optical loss of Al;Os5 is very small in the 3-5 um wavelength
range. Compared with those in Fig. 3(c), although the Q-factors in Figs. 3(a) and 3(b) are higher,
the intensity-extinctions are significantly lower. From the point of view of bandstop filtering, the
structures shown in Figs. 3(a) and 3(b) are disadvantageous.

Based on Fig. 3(c), we can identify the resonance modes associated with the two transmission
dips. We first consider the (+1) mode. According to Eq. (2), as « increases from 0° to 90°,
nf;”/)»(“) should increase. Since the mode is mainly confined in the Al,O3 layer, the effective
index will increase/decrease with decreased/increased wavelength. To satisfy Eq. (2), 2+") should
decrease with increased «. In other words, the transmission dip associated with the (+1) mode
should exhibit a blueshift with increased incident angle. Similarly, according to Eq. (3), we know
that the transmission dip associated with the (—1) mode should exhibit a redshift with increased
incident angle. Hence, the (+1) mode is associated with the dip at shorter wavelength, and the
(—1) mode is associated with the dip at longer wavelength. At normal incidence, there are A(+1) =
3.8392 um and A(-") = 3.8435 um.

Additional understanding of the resonance properties is shown in Fig. 4. In Fig. 4(a), the electric
field confined in the Al,Oj3 layer illustrates the (+1) mode. There is also a strong concentration of
the electric field at the gold ridges. This implies that displacement currents exist in the gold strips. In
Fig. 4(b), we show the displacement currents. Owing to the Ohmic loss, a portion of the resonant
energy is dissipated in the gold strips, as shown in Fig. 4(c). As a result, resonance absorption
occurs. In Figs. 4(d)—4(f), similar phenomena are seen for the (—1) mode. A comparison between
Figs. 4(b) and 4(e) reveals that the displacement currents have different distributions. Accordingly,
the energy dissipations at the two resonance wavelengths are different, as shown in Figs. 4(c) and
4(f). The total energy loss at A(+1) = 3.8392 um is larger than that at A(-") = 3.8435 um. Thus, the
reflection at A(+") = 3.8392 um is smaller than that at A(~") = 3.8435 um.

3. Discussion

The geometric parameters of the gold strips in each unit cell can affect the spectral response of
the structure. We adjusted d, w, hy, or ho independently with the other parameters kept unchanged,
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Fig. 4. Electric field (a), displacement current (b), and energy dissipation (c) distributions at A(+1) =
3.8392 um. (d), (e), and (f) are the same as (a), (b), and (c), but are at (-1 = 3.8435 um.
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Fig. 5. Transmission with different values of d (a), w (b), hy (c), and h, (d).

and calculated the transmission spectra. The results are shown in Fig. 5. According to the analysis
above, we should note that A(+") and A(=") in the following stand for the stop bands at shorter and
longer wavelengths, respectively.

In Fig. 5(a), as d decreases, A+") exhibits a redshift. However, A(-") almost does not show a
redshift unless d is small enough. According to Egs. (2) and (3), the redshifts are attributed to the
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increases in nfj”. A smaller d leads to a stronger electric field in the gold slit, thus increasing ”§1)-
However, the electric field distributions in the gold slit are different (Figs. 4(b) and 4(e)). When d
increases, the changes in n{;") and n{.." are different. As a result, there is a difference between the
shifts of the two dips.

In Figs. 5(b)-5(d), the two dips exhibit redshifts when w, hy, or hy increases. The reason is that
the volume of gold (i.e., why + why) in each unit cell increases. This leads to the increases in nfj”,
thus enlarging A*") in Egs. (2) and (3). In Figs. 5(b) and 5(d), it is observed that A(-") is more
sensitive to w or h.. There are two reasons. At first, the electric field at A(=") is close to the thicker
gold strip, as shown in Fig. 4(d). Then, as w or h, increases, the increase in wh, is always larger.
Thus, the increase in né;” is larger when w or h, increases.

In Fig. 5, significant changes in the FWHMs and lineshapes of the two dips are seen. These
changes can be attributed to the interaction between the (+1) and (—1) modes. The interaction
is caused by the following two aspects. Firstly, the resonance wavelengths of the two modes are
very close to each other. Secondly, the electromagnetic fields on resonance are bonded to both of
the gold strips. In particular, the electric fields in the slit are strong and show different distributions.
Therefore, the interaction could be associated with the gold slit.

We would estimate that the volume of the slit associated with the (+1) mode is

Vi = (d = w) 4)
and the volume of the slit associated with the (—1) mode is
VD = Xiny 4 h)(d 5
slit —5(1+ 2)(d — w) (5)
Thus, the difference between V" and V" is
1
AVgit = 5(/72 —hi)(d —w) (6)

In Fig. 5(a), when d is relatively small, AV in Eq. (6) is relatively small. The interaction between
the (+1) and (—1) modes is strong. The lineshapes of the dips are asymmetric. In this situation, it
should be noted that the dip at longer wavelength is broader than the dip at shorter wavelength.
As dincreases, AV increases and is moderate. The interaction weakens. The lineshapes are
relatively symmetric, and the two dips could have the same FWHM. In Figs. 5(b)-5(d), similar
phenomena are seen when AV is relatively small.

In Fig. 5(b), when w is small, AVg; is large. In this situation, the interaction is also strong, and the
lineshapes of the dips are also asymmetric. However, the dip at longer wavelength can be narrower
than the dip at shorter wavelength, which is different from the case of small AVy;. In Fig. 5(d), this
phenomenon is more obvious when AV, is large. The results indicate that we can tune the FWHMs
and lineshapes of the two transmission dips flexibly.

Fig. 6 shows the spectral responses of the structure with different Al,O5 thicknesses. The
other structure parameters are kept unchanged. As t increases, the two dips exhibit significant
redshifts. It is because a thicker Al,O3 layer leads to larger effective indices in Egs. (2) and (3). The
FWHM and lineshape of the dip at longer wavelength changes with increased t, which is similar
to the phenomenon when AVy;; decreases. This is because the resonance wavelength increases.
However, the FWHM and lineshape of the dip at shorter wavelength do not change significantly
with increased t. This implies that the mode interaction changes slightly with increased t. A very
small t is disadvantageous, since it lowers the intensity extinctions of the dips greatly.

The filter is obviously polarization-sensitive due to the one-dimensional gold grating. Fig. 7 shows
the transmission spectrum of the filter when the incidence is a transverse-electric (TE) plane
wave. As can be seen, there are two new transmission dips in this case, which are caused by
the phase resonance effect [29]. Specifically, for the spectral dip at the shorter wavelength, the
phase difference is approximately = (see inset I), and the electric field is opposite in each unit cell
(seeinsets Il and Ill). These result in significantly destructive interference in the transmission at this
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Fig. 6. Transmission with different thicknesses of the Al,O3 layer.
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Fig. 7. The transmission spectrum in the case of a TE-polarized normal incidence. Insets: phase
distribution at z= 1.3 um (I) and electric field distributions (Il and Il) for the lower spectral dip; (1V)-(VI)
are the same as (I)-(ll) but are for the upper spectral dip.

wavelength. However, for the spectral dip at the longer wavelength, the phase difference deviates
from 7 largely (see inset IV), although the electric field is opposite in each unit cell (see insets
V and VI). Thus, the interference in the transmission at this wavelength is not strong enough to
produce a high-extinction dip.

In addition, Figs. 4(b) and 4(e) indicate that strong electric fields are concentrated at the corners
of the gold strips. However, considering practical situations, the corners of the fabricated gold strips
cannot be as perfect as in Figs. 4(b) and 4(e). To investigate this, we carried out simulations where
the gold strips in each unit cell were assumed to have trapezoidal cross-sections, rounded corners,
or rough surfaces. In the case of trapezoidal cross-sections, the side slope was set to ~10°. In the
case of rounded corners, a radius of 20 nm was assumed. In the case of rough surfaces, random
fluctuations within 15 nm were used. Fig. 8 shows the simulated transmission spectra. In these
cases, we see that the filter still performs well. The transmission dips only shift slightly (<2 nm).
The intensity extinctions on-resonance exhibit tiny changes. The Q-factors are equivalent to those
in Fig. 2.

If we fabricate the filter, the Al,O3 layer could be obtained by deposition. However, the optical
constants of a deposited Al,O3 layer may be different from those in Ref. [20]. In this situation, the
geometric parameters of the structure should be slightly adjusted to achieve two transmission dips
with good properties. Fig. 9(a) shows the transmission spectrum of the filter with a deposited Al,O3
layer, where the geometric parameters are: A =2.7 um, t =1.2 um, w = 240 nm, d = 300 nm,
hy =50 nm, and h, =250 nm. It can be seen that the two transmission dips are ultra-narrow.
Compared with those in Fig. 2, the Q-factors are slightly lower in this case. This is mainly because
the width of the gold strips is slightly larger in this case.
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Fig. 9. Simulated transmission spectra assuming that the waveguide layer between the gold grating
and the substrate is a deposited Al O3 film (a) and SizN4 film (b). Note that the optical constants from
Refs. [30] and [31] are used for Al,O3 and SisNy, respectively.

Another material can be used as the waveguide layer, provided that its refractive index is larger
than that of the CaF, substrate and its loss is low in the mid-IR. For example, Fig. 9(b) shows
the transmission spectrum when a SisN, layer is used between the gold grating and the CaF,
substrate. In this case, the geometric parameters are chosen to be: A =2.6 um, t =0.9 um,
w = 220 nm, d = 320 nm, h; = 50 nm, and h, = 250 nm. Two ultra-narrow transmission dips can
also be achieved. However, compared with those in Fig. 9(a), the Q-factors in Fig. 9(b) decrease to
some extent. This is because the resonant electromagnetic fields in the Si;N4 layer are distributed
closer to gold strips, and the loss becomes higher. Therefore, the refractive index of the waveguide
layer has a distinct effect on the Q-factors.

Finally, these ultra-high resolving power filters are typically used in applications such as laser
filtering and atomic/molecular line operating, so their operating wavelengths and lineshapes
are crucial. We have investigated the use of two gold strips with different heights to introduce
asymmetry in each unit cell, which can produce two resonances. Alternatively, the use of two
unequal-width gold strips in each unit cell is also effective. From fabrication point of view, no matter
which method of introducing asymmetry is used, the performance of such filters is inevitably very
sensitive to fabrication errors due to their ultra-high Q-factors. Because it is difficult to overcome
random errors in fabrication processes, remanufacturing could be time-consuming, costly, and even
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ineffective. Perhaps post-processing is an essential and effective step to achieve desired operating
wavelengths and lineshapes. In the case of using two unequal-width gold strips in each unit cell,
the operating lineshapes are determined by the center-to-center distance between the two gold
strips (not shown). We will not be able to adjust the operating lineshapes of such a filter through
post-processing. However, in the case of the present configuration, both the operating wavelengths
and lineshapes of a fabricated filter can be flexibly adjusted through post-processing (for example,
milling the gold strips from the top using a focused ion beam).

4. Conclusion

In summary, we have designed a mid-IR dual-band filter, which consists of an Al,O3 layer between a
subwavelength periodic gold grating and a CaF substrate. Each unit cell of the grating is composed
of two gold strips with different heights. The transmission spectrum of the filter shows only two
ultra-narrow dips over a broad spectral region. One is at a wavelength of ~3.8392 um with a
FWHM of ~0.8 nm, and the other is at a wavelength of 3.8435 um with a FWHM of ~1.8 nm.
Thus, the filter has an ultra-high resolving power. FDTD simulations reveal that the two dips result
from the (+1) and (—1) waveguide modes, respectively. It is found that an interaction between the
(+1) and (—1) modes exists. The interaction affects the FWHMs and lineshapes of the two bands,
and can be controlled by adjusting the grating parameters. Therefore, we can design the FWHMs
and lineshapes of the two bands flexibly. Moreover, from fabrication point of view, some typical
cases have been investigated. The results indicate that the designed structure is also effective in
the presence of fabrication errors and has a good expansibility. This work offers an approach to the
design of high resolving-power dual-band filters for multi-spectral control of mid-IR signals.
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