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Abstract: We propose and analyze a scheme for active switching and spectral tuning of mid-
infrared Fano resonances. We consider dielectric resonators made of semiconductor cylinder 
arrays and block pairs, and theoretically investigate their optical response change due to 
carrier generation. Owing to sharp optical resonances in these structures and large dielectric 
constant variations with carrier densities, the significant spectral tuning of Fano resonances is 
achievable. Furthermore, selective optical pumping in coupled semiconductor structures can 
even enable dynamic switching of Fano resonances. This leads to a drastic change in the 
scattering spectra as well as in the near-field intensity. We also observe a stark difference 
between Fano resonances in cylinder arrays and block pairs. To understand this unusual 
behavior, we adopt the two coupled oscillator model, and extract the relevant Fano resonance 
parameters that explain this difference. Our findings and in-depth analyses can be useful for 
molecular sensors and switching devices in the technologically important mid-infrared 
spectral region. 
© 2016 Optical Society of America 
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1. Introduction 
Fano resonances were initially studied in interacting quantum systems [1]. Their physical 
origin can be attributed to the interference of a continuum (or broad) state and a discrete (or 
narrow) state [2, 3]. For example, Fano resonances were observed in the absorption spectra of 
atomic gases due to the interaction of a continuum of propagating modes with a localized, 
discrete state. They are often characterized by asymmetric spectral line profiles, instead of 
typical symmetric line shapes in isolated single resonances. Fano resonances are also 
accompanied by a drastic change in phase around the resonance frequency. 

Optical analogues of Fano resonances have been also studied in various nanostructures 
[4–7]. These optical Fano resonances can occur due to the optical interaction between broad 
and narrow modes with different scattering pathways for the incident wave. For example, 
such Fano resonances were studied in plasmonic nanostructures, consisting of well-designed 
metallic nanoparticles [8]. Optically broad (bright) and narrow (dark) modes existing in a 
metal nanoparticle array can interact together, generating asymmetric line shapes in the 
scattering spectrum. Strong field enhancement in Fano structures can be useful for molecular 
sensors or other type of optical devices [9, 10]. But, the inherent metal losses and broad 
scattering spectra of plasmonic Fano structures can severely limit the ultimate performance of 
optical devices – e.g. the resolution limit for optical sensors. 

Very recently, ultra-sharp Fano resonances were studied in dielectric Mie resonators, 
which do not suffer from metal losses [11–15]. In this case, Mie-type resonances in dielectric 
nanostructures can provide both broad and narrow modes. For example, a broad dipolar 
resonance can interact with a higher-order, narrow Mie resonance to induce a Fano resonance. 
These dielectric Fano structures can exhibit ultra-sharp optical spectra together with strong 
field enhancement and steep spectral dispersion at the resonance frequencies. These features 
are highly desirable for high-performance optical sensors and switching devices. 

In this paper, we propose a novel scheme for actively tunable Fano resonant structures in 
the mid-infrared (mid-IR) region. The mid-IR spectral range is technologically important for 
a number of applications, including chemical sensing and thermal radiation control [16, 17]. 
Here, we adopt two semiconductor structures as dielectric Fano resonators – cylinder arrays 
and block pairs –, and theoretically investigate their dynamic control of optical responses. 
Fano resonances can also occur in dielectric photonic crystal structures [7], but here we focus 
on simpler Mie resonators. 

We show that local carrier generation in coupled semiconductor structures can induce 
active tuning or switching of Fano resonances in the mid-IR region. Such carrier generation 
can be achieved with optical pumping above the semiconductor bandgap energy [18–22]. We 
first show that the carrier density variation in semiconductor cylinder arrays can result in 
large spectral tuning of sharp Fano resonances. Then, we consider symmetric block pairs 
made of semiconductor materials, which do not exhibit Fano resonances normally. But, with 
selective optical pumping of one element only, we can effectively create an asymmetric block 
pair with different dielectric constants, and thus induce very sharp Fano resonances. 
Therefore, we show that dynamic switching of sharp Fano resonances is possible with 
selective optical pumping in coupled semiconductor structures. This active on/off switching 
induces a drastic change in the scattering spectra as well as in the near-field intensity and 
distribution. We find that the maximum electric field intensity can be enhanced more than 
three orders of magnitude with optical pumping. Due to sharp optical resonances and large 
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dielectric constant variations with carrier densities in compound semiconductors, the 
significant control of Fano resonances is achievable. 

We also observe very different Fano resonance behavior in cylinder arrays and block 
pairs. In cylinder arrays, both resonance sharpness and resonance intensity are reduced with 
higher doping densities, due to increased ohmic losses in semiconductor. In stark contrast, 
block pairs exhibit increased resonance intensities while the resonance sharpness still 
decreases. To understand this unusual behavior, we adopt two coupled oscillator model that 
provide analytic expressions for Fano resonance line shapes and related parameters. By fitting 
the reflection spectra obtained from numerical simulations to these analytic equations, we 
extract the important Fano resonance parameters (e.g. modulation damping parameter b) and 
explain the observed behavior. 

Our findings and analyses can find various applications in the technologically important 
mid-IR region, such as molecular sensors and general wave manipulation devices for thermal 
radiation. 

2. Models and methods 
The optical response of materials is determined by their dielectric constants. Figure 1 shows 
the dielectric constant ε of n-doped GaAs and InSb as a function of doping level, which can 
be calculated from the Drude model [23, 24]: 
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Here ε∞ is the high frequency dielectric constant, ω is the angular frequency of incident light, 
ωp is the plasma frequency, N is the electron density, m* is the electron effective mass, and Γ 
is the relaxation frequency. The relevant parameters are obtained from the literature [25–29]. 
In both cases, the real (solid line) and imaginary (dotted line) parts of dielectric constants are 
shown. Following Eq. (1), the real part gradually decreases as the doping level increases, 
while the imaginary part (i.e. optical loss) increases. 

Many compound semiconductors have small effective masses and high electron mobilities 
(therefore low damping rate Γ). Their optical constants in the IR spectral region are very 
sensitive to free charge carrier densities, and their imaginary values are relatively small [30, 
31]. Therefore, they are highly suitable for actively tunable dielectric Fano resonators. 
Furthermore, the large dielectric constants of semiconductors make the resonant structures 
smaller and more compact. The free carrier density N can be modulated optically by pumping 
the semiconductor with visible-frequency radiation that has higher energy than the 
semiconductor bandgap: Eg(GaAs) = 1.4 eV, Eg(InSb) = 0.23 eV at room temperature. 
Electrical injection or depletion is also potentially usable for dynamic tuning and switching 
[32]. But, in that case, we need more elaborate device structures for electrical contacts and 
coupled resonant structures. Therefore, in this work, we have in mind optical pumping for 
dynamic carrier generation. 

InSb has a much smaller electron effective mass (mInSb* = 0.014m0) than that of n-GaAs 
(mGaAs* = 0.067m0), where m0 is the free electron mass. Thus, InSb shows a larger variation of 
dielectric constants with the doping level. So, we can expect that InSb could be a better 
material for active tuning and switching. In both cases, the imaginary parts are small enough 
to observe sharp Fano resonances in the considered spectral region. P-doped GaAs or InSb 
have much larger hole effective masses, so their optical constants are not so sensitive as much 
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as n-doped semiconductors. So, here we consider only n-doped semiconductors. Silicon is 
another common semiconductor material, but it has a much larger electron effective mass 
(mSi* = 0.98m0) and thus we do not consider it here, either. 

 

Fig. 1. The dielectric constants ε of n-doped GaAs and InSb at room temperature as a function 
of doping level at λ = 10 μm, which are calculated from the Drude model. The relevant Drude 
parameters are obtained from the literature. The doping level varies from 1016 cm−3 to 1018 
cm−3. The solid lines are the real parts of the dielectric constants for GaAs (black) and InSb 
(red), while the dotted lines are the imaginary parts. 

In the next section, we will consider two semiconductor Fano structures: (i) cylinder 
arrays and (ii) coupled block pairs. We investigate their dynamic control of optical responses 
with numerical simulations. FDTD (finite difference time domain) and Comsol FEM (finite 
element method) simulations were used to simulate the reflection spectra and near-field 
distributions. In these simulations, we employed the dielectric constants given in Fig. 1 to 
model the optical response for different carrier densities in optically-coupled semiconductor 
structures. We also present the analytic expressions for Fano resonances based on the two 
coupled oscillator model, and explain the different behavior in cylinder arrays and block 
pairs. 

3. Results and discussion 

3.1 Cylinder arrays 

We first consider mid-IR Fano resonances in a semiconductor cylinder array. Figure 2(a) 
shows a schematic of the cylinder array that we are studying here. For simplicity, we consider 
the cylinder array in free space, which is infinite in the z direction. Incident light propagates 
along the x-axis and is polarized along the cylinder axis (i.e. in the z direction). Similar Fano 
resonances can also occur in an array of semiconductor rectangular beams. Although the 
fabrication of free-standing rectangular beams is more feasible with lithographic pattering and 
undercut etching, we limit our studies here to cylinder arrays for simplicity. The coupled 
quadrupolar Mie resonance mode forms a dark mode. The interference of this narrowband 
mode with a broad Fabry-Perot resonance results in very sharp Fano resonances in the 
dielectric cylinder array [12, 13]. Figure 2(b) shows the Ez field distribution for the Fano 
resonance in the InSb cylinder array (cylinder diameter: 2.96 μm, array period: 4 μm), which 
has the resonance around 10 μm in wavelength. This field profile shows coupled quadrupoles 
in the cylinder array. 

The reflection spectra for InSb cylinder arrays with various periods (P: 3.2 μm ~4 μm) are 
plotted in Fig. 2(c). These spectra clearly show asymmetric line shapes which are 
characteristic of Fano resonances. The dips in the reflection spectra correspond to dark mode 
frequencies [6]. We notice that the sharpness of the resonance strongly depends on the array 
period, which are related to the radiative loss in the dielectric cylinder. In Fig. 2(c), as the 
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period increases, the initially broad resonance peak and dip get rapidly sharper. It is 
interesting to note that the peak of the resonance is almost pinned and only the dip is blue-
shifted when the period increases, leading to very sharp resonances. As the array period 
increases further (P > 4.3 μm), the sharp Fano resonance becomes broader again (not shown 
here). The accurate Q factors of Fano resonances can be obtained through fitting with Fano 
lineshapes. But it involves more fitting parameters than Lorentzian lineshapes, and can result 
in numerical errors. To avoid this issue, we introduce a simpler definition of the resonance 

sharpness: Q  = f/Δf (f: the middle of peak and dip frequencies, Δf: the difference between 

peak and dip frequencies), which gives good estimation for the resonance sharpness [13, 14, 

33]. These are illustrated in Fig. 2(d) as a function of the period. The highest Q  of the Fano 

resonance occurs at a specific period value (P ~4.2 μm), and it drops quickly away from this 

optimal value. In this cylinder array structure, ultra-sharp Fano resonances (Q  > 104) occur at 

reasonably large gap sizes (> 1 μm). This makes actual fabrication readily feasible with 
standard lithographic techniques. The drastic change in the resonance sharpness is related to 
the strong suppression of the radiative loss near the optimal period [34]. This effect has been 
also called ‘spectral collapse’ [35], and attributed to the coherent nature of the Fano 
resonance over the whole cylinder array. 

 

Fig. 2. Fano resonance in a semiconductor cylinder array. (a) Schematic illustration of an 
infinite cylinder array. (b) The Ez field profile in the InSb cylinder array (diameter: 2.96 μm, 

period: 4 μm). (c) Reflection spectra for various periods. (d) Resonance sharpness ( Q ), 

resonance intensity, and FoM as a function of the array period P, showing the maximum Q  

larger than Q  ~104 around P = 4.2 μm. 

In fact, near the optimal period (P ~4.2 μm), we find that the intensity of the Fano 
resonance decreases rapidly, where we define the resonance intensity as the difference 
between reflection intensities at the peak and dip positions of the asymmetric Fano line (Fig. 

2(d)). That is, the resonance intensity shows a rather minimum value when Q  becomes the 

maximum. We can define the figure of merit (FoM) as the product of the resonance sharpness 

( Q ) and the resonance intensity [36]. We note that the FoM has maxima a little away from 
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the optimal period (P ~4.2 μm), because the resonance intensity has the minimum at those 
points. 

 

Fig. 3. Spectral tuning of dielectric Fano resonances. The reflection spectra of (a) InSb and (b) 
GaAs cylinder arrays for different doping levels. We obtain larger spectral tuning for the InSb 
array due to a larger dielectric constant change, as shown in Fig. 1. (c) Fano resonance peak 
shift as a function of carrier density of the InSb cylinder array. (d) Carrier density change 
(ΔNd) required to tune the resonance by the unit line width, as a function of Nd. 

Now we consider the effect of carrier densities on Fano resonances in InSb and GaAs 
cylinder arrays. Figures 3(a) and 3(b) show the reflection spectra for InSb (diameter: 2.96 μm, 
period: 4 μm) and GaAs (diameter: 3.5 μm, period: 5 μm) cylinder arrays for several different 
carrier densities Nd. The cylinder geometry was chosen to be resonant around 10 μm in both 
cases. GaAs has a smaller refractive index than InSb, so we adopted slightly larger cylinders 
to have resonances in the same spectral region. As the carrier density Nd increases, the real 
part of dielectric constants decrease for both InSb and GaAs (Fig. 1). Therefore, when Nd 
increases from 1 × 1016 cm−3 to 5 × 1017 cm−3, the Fano resonance blue-shifts for both InSb 
and GaAs array, as shown in Figs. 3(a) and 3(b). As expected in Fig. 1, we find that larger 
spectral tuning can be obtained in the InSb structure (up to 0.5 μm) due to a larger dielectric 
constant change. In other words, weaker optical pumping is adequate for InSb to achieve the 
same amount of spectral tuning. We also investigated similar spectral tuning for different 

cylinder periods (that have different Q  values), but the amount of spectral tuning remained 

similar. 
As shown in Fig. 3(c), the Fano resonance peak in the InSb array blueshifts gradually as 

the carrier density Nd increases. We also estimated a carrier density change (ΔNd) required for 
the unit line width shift of the Fano resonance (Fig. 3(d)). For example, at Nd = 1016 cm−3, the 
resonance line width is only 0.016 μm, and ΔNd = 7.21 × 1015 cm−3 is required to tune the 
resonance peak by the unit line width. At Nd = 1017 cm−3, the line width of the Fano resonance 
becomes broader (0.029 μm), but the required carrier density change still remains very small 
(Δ Nd = 1.974 × 1016 cm−3). 
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As Nd increases, both the resonance sharpness and resonance intensity are reduced due to 
the increased optical loss (i.e. the imaginary part of dielectric constants, e.g. see the dotted 
line in Fig. 1), and consequently the FoM decreases. Figure 4(a) shows the three factors that 
describe the characteristics of Fano resonances. 

 

Fig. 4. (a) Resonance sharpness ( Q ), resonance intensity, and FoM (defined as the product of 

the resonance sharpness and the resonance intensity). Inset is Fano resonance peak shift as a 
function of Nd. (b) Asymmetric paramater, q, and damping parameter, b, as a function of 
doping level for InSb cylinder array. All the values in (a) and (b) are extracted from Fig. 3(a). 

We also present analytic equations based on the two coupled oscillator model [37]. From 
this model, we can also obtain the analytic expressions for parameters relevant to Fano 
resonances that are very useful for understanding Fano resonance behavior. Each oscillator 
models a bright mode with the resonance frequency ωb (having high damping γb) and a dark 
mode with the resonance frequency ωd (having low damping γd). And the two oscillators have 
a coupling strength g. If they are driven by a harmonic external field, the equation of motion 
can be described as 

 
2

2

.

0

iwt
b b b b b d

d d d d d b

x x x gx fe

x x x gx

γ ω
γ ω

+ + + =

+ + + =

 

 
 (2) 

where xb and xd are the displacements of the oscillators. The amplitude of the highly damped 
oscillator is given by 
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where 
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=  is the amplitude of the forced oscillator if there is no coupling. Since ωb is 

close to ωd (i.e. the bright mode’s resonance strength near ωd follows a symmetric pseudo-
Lorentzian line shape), we can add the following term [38], 
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where a is the maximum amplitude of the resonance, 
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width of the bright mode. A measurable quantity σt is then represented by the product of two 
resonances, 

 ( ) ( ) ( ).t d bσ ω σ ω σ ω=  (6) 

The analytic function σt is used to fit the simulated reflection spectra for the InSb cylinder 
in Fig. 3(a), and subsequently q and b are extracted as shown in Fig. 4(b) for various Nd’s. As 
Nd increases, the asymmetry parameter q decreases (i.e. the Fano line shape becomes less 
asymmetric), while the modulation damping parameter b increases (i.e. the Fano resonance 
intensity is reduced). In this case, the ohmic losses due to increased free carriers are 
dominant, and both the resonance sharpness and intensity are reduced. However, we will see 
quite different behavior for the following block pair array. 

3.2 Coupled block pairs 

 

Fig. 5. Dielectric Fano resonance in an asymmetric block pair. (a) Schematic illustration of the 
geometrically asymmetric InSb block pair array (not scaled properly). (b) Reflection spectra 
showing the Fano resonance for the asymmetric block pair (Lx: 1.16 μm, Ly: 1.16 μm, period in 
y: 7.6 μm, period in z: 6 μm, separation: 1.9 μm), with a size difference of 5% in the z 
direction. (c) Ez and Ey field profiles of the block pair at the dip of the Fano resonance (left and 
middle panel, respectively) exhibit an antiparallel induced displacement current. Right panel 
shows the Hx field, representing the magnetic field normal to the plane. 

Now we consider another dielectric structure, which can be used for active switching of Fano 
resonances. Recently, an asymmetric dielectric particle pair was used to induce very sharp 
Fano resonances [14, 15, 33, 39]. We first think of a semiconductor block pair, consisting of 
two closely spaced, parallel bars with slightly different sizes. Specifically, we consider a Fano 
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resonance in the geometrically asymmetric InSb block pair located on the yz plane. Figure 5 
shows the Fano resonance spectrum and field distribution in such asymmetric structure. An 
incident plane wave is propagating along the x axis, as before. The incident light is polarized 
parallel to the longer side of the block (i.e. z axis). The dimension of the block pair was 
numerically determined to have a resonance around 10 μm. In this structure, symmetry 
breaking plays an important role. Because phase changes rapidly around the resonance 
frequency, we can create an anti-parallel displacement current D in this coupled asymmetric 
structure. This mode interacts with the incident field very weakly. This dark (narrow) mode 
interferes with the original broad dipolar resonance in dielectric bars, resulting in a very sharp 
Fano resonance [14, 15]. For simplicity in numerical simulations, we studied the optical 
response of such block pair array instead of a single block pair. This allows us to use the 
periodic boundary condition and simplifies the simulations. The Fano resonance essentially 
originates from an individual block pair within the unit cell, so we should still obtain similar 
switching behavior from these array simulations. Again, sharp Fano resonances occur in a 
purely dielectric structure, which is free of metal losses. 

 

Fig. 6. Active switching of a dielectric Fano resonance. (a) Schematic illustration of the 
symmetric InSb block pair array. (b) Reflection spectra exhibiting a very sharp Fano resonance 
with selective optical pumping of one block only, compared to that without pumping. 
Although the physical size is still the same for two blocks, we now have different dielectric 
constants for them (i.e. they become effectively asymmetric). Ez, Ey, and Hx field profiles of the 
block pair at the dip of the Fano resonance (left, middle, and right panel, respectively) for (c) 
without and (d) with selective pumping. Optical pumping induces the strong antiparallel 
electric field in (d), in contrast to (c) which shows weak, identical electric fields for both 
blocks. The maximum electric field increases greatly with optical pumping (more than 1000 
times enhancement in the field intensity). The black arrows in the right panal in (c) and (d) 
represent the in-plane electric field direction. The length of the arrows is proportional to the 
electric field intensity. 
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Symmetric structures cannot have such dark mode, so they cannot exhibit Fano 
resonances. Figure 6 illustrates this idea. Here, we show that, with selective optical pumping 
and carrier generation, we can switch on and off Fano resonances. We start with a symmetric 
InSb block pair that does not show a Fano resonance. The size of the block pair was slightly 
modified from the asymmetric one to keep the resonance wavelength around 10 μm. We 
assume that only the left side block is optically pumped to create more free carriers, and 
consequently its dielectric constants would be changed. Although the physical size is still the 
same for two blocks, we now have different dielectric constants for them. So, they have 
resonances at slightly different wavelengths, and we can again induce the Fano resonance. 
This idea is manifested clearly in the reflection spectra shown in Fig. 6(b). We assumed that 
the carrier densities Nd in two InSb blocks are 1 × 1017 cm−3 (pumped block) and 1 × 1016 
cm−3 (original block). Without optical pumping, the reflection spectrum has a smooth curve 
without a special resonant feature. But, when we selectively pump a single element only, we 
have a sharp Fano resonance as we had for the geometrically asymmetric block pair. The 
Fano resonance is ‘switched on’ when only one of two blocks is optically pumped. This 
means that selective optical pumping can induce a unique type of symmetry breaking that can 
be used for active switching. 

To compare these two situations further, we show the electric and magnetic field 
distributions at the dip of the Fano resonance for the switch-on condition in Fig. 6(d). Figure 
6(c) depicts the off condition of the resonance. The Ez field around both blocks in Fig. 6(c) 
has the same sign and is very weak. Also, the Ey fields for two blocks are identical. On the 
contrary, Fig. 6(d), corresponding to the switch-on case, exhibits the strong Ez field at the end 
of the two blocks – more than 40 times stronger in the field magnitude than that without 
pumping (therefore, more than three orders of magnitude enhancement in the field intensity). 
The Ez field at the two ends of each block has the same sign, but two blocks show the 
opposite Ez field, like the asymmetric block pair in Fig. 5(c). It is expected that the induced 
(displacement) current flow in both blocks are anti-parallel along each bar at the resonant 
condition [40, 41]. Although selective optical pumping induces differences in the dielectric 
function of the two blocks, we can see that the magnitude of the electric field around two 
blocks is still similar to each other. This asymmetric optical pumping can be exploited to 
achieve ultra-sharp resonances by inducing dark modes with low radiative losses. 

 

Fig. 7. Active switching of Fano resonances in GaAs and InSb block pairs. Reflection spectra 
of the block pair for the different doping levels: (a) InSb and (b) GaAs. Free carriers generated 
by optical pumping can induce a sharp Fano resonance. With increased optical pumping (i.e. 
increased doping levels), resonance intensities increase in both InSb and GaAs block pairs, 

while Q  decreases. 

We further study the effect of carrier densities in InSb and GaAs block pairs. Figure 7 
shows the reflection spectra for (a) InSb (size: 1.6 × 1.6 × 3.68 μm3) and (b) GaAs (size: 1.21 
× 1.21 × 5.26 μm3) block pair arrays of several different Nd’s, which tells the degree of 
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asymmetry in our structure. (In all cases, the doping levels of the unpumped blocks are kept as 
1 × 1016 cm−3) All geometric sizes are chosen to obtain the sharpest resonance peaks around 
10 μm. When the one of two blocks is optically pumped, the Fano resonance is switched on, 
and sharp peaks appear as shown in Fig. 7. Note that, even for a small difference in Nd (e.g. 5 
× 1016 cm−3), the resonance is switched on (although the resonance intensity is rather small as 
shown in Fig. 7). Similar to the cylinder array in Fig. 3(a) and (b), when Nd increases, the 
Fano resonance tend to shift toward shorter wavelengths for larger Nd’s, for both InSb and 
GaAs block pair, due to the reduction in the real part of the dielectric constants as shown in 
Fig. 1. However, the amount of spectral shift is smaller than that shown in Fig. 3 for both 
InSb and GaAs block pairs (less than 0.1 μm), when Nd increases from 5 × 1016 cm−3 to 5 × 
1017 cm−3. 

Intriguingly as Nd increases in the considered doping range, the resonance intensity for 

both InSb and GaAs structures increases, while the resonance slightly gets broader (i.e. Q  

decreases). This is in stark contrast to Fig. 3(a) and (b), where both resonance intensity and 
sharpness decrease. Figure 8(a) describes this trend more quantitatively; as Nd increases, the 

Q  decreases but the resonance intensity gradually increases in the considered range of doping 

densities. Therefore, the FoM for the block pair could have a maximum value at a certain Nd 

(or at some degree of asymmetry). In fact, we observed a similar trend in Fig. 2(d); Q  has the 

maximum around P ~4.2 μm, while the resonance intensity becomes a minimum at that point. 
So, the maximum FoM appears somewhat away from the optimal period value (P ~4.2 μm) 
[36, 42]. 

 

Fig. 8. (a) Resonance sharpness ( Q ), resonance intensity, and FoM (defined as the product of 

the resonance sharpness and the resonance intensity), (b) Asymmetric parameter q, and 
damping parameter b, as a function of the doping level in InSb block pairs. All the values are 
extracted from Fig. 7(a). With higher optical pumping, the modulation damping parameter b 
decreases, and the resonance intensity increases. 

To understand this behavior more clearly, we again obtained the asymmetry parameter q 
and the modulation damping parameter b from the simulated spectra. Figure 8(b) shows these 
parameters, obtained from the reflection spectra of InSb block pairs for various Nd’s. (Note 
that, for the block pair, q has a minus sign, which means that a bright mode is on the left of a 
dark mode) As Nd increases, |q| increases but b decreases. Note that we had observed the 
opposite trend for cylinder arrays (Fig. 4(b)). In both cases, optical losses increase as the 

doping level increases, and Q  decreases. However, the modulation damping parameter b is 

affected by both optical losses and the coupling strength g. (b is related to the ratio of the heat 
energy lost by ohmic losses to the energy that is transferred from a bright mode to a dark 
mode). In case of coupled block pairs, the effect by the increased coupling strength is more 
dominant. So, b decreases despite the increased ohmic losses, and the resonance intensity 
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increases. Consequently, we observed the increased resonance intensity and the decreased Q  

value with higher optical pumping. 
The mid-IR spectral region corresponds to 3 ~30 μm in wavelength and is technologically 

important for a number of applications [16, 17]. Many molecules that are important for 
industrial, environmental, and medical sensing applications have fundamental vibration 
absorption resonances in the mid-IR region. Different functional groups in molecules have 
absorption resonances at different wavelengths. Therefore, the absorption spectra can reveal a 
plenty of chemical information about the molecules and constitute spectral fingerprints for 
target molecules. Strong field enhancement in resonant Fano structures can increase this 
vibrational absorption by several orders of magnitude. Furthermore, dielectric Fano structures 
can exhibit very sharp scattering spectra, together with the strong field enhancement. 
Therefore, it suits very well for molecular sensing applications. Relatively large gap sizes in 
the Fano structures that we have studied here make them feasible for reproducible and reliable 
fabrication. We also expect that dynamic carrier generation could be useful for active beam 
steering [43–47]. The mid-IR spectral region is also important for thermal imaging and 
thermal radiation control. Actively tunable and switchable devices in the mid-IR will be very 
useful for the general manipulation of mid-IR waves, and thus can find useful applications in 
thermal imaging and thermal radiation control devices. 

4. Conclusion 
In conclusion, we have proposed a novel scheme for active switching and tuning of optical 
Fano resonances in the technologically important mid-infrared spectral region. We analyzed 
dielectric Fano structures (semiconductor cylinder arrays and block pairs), and studied their 
optical response change due to carrier generation. Owing to sharp optical resonances in these 
structures and large dielectric constant variations with carrier densities in compound 
semiconductors, significant spectral tuning of Fano resonances is obtainable by optical 
pumping above the semiconductor bandgap. Furthermore, selective optical pumping and 
carrier generation in a coupled block pair can even enable dynamic switching of Fano 
resonances, and thus induce a drastic change in the scattering spectra as well as in the near-
field intensity distribution. We find that the maximum electric field intensity can be enhanced 
more than three orders of magnitude with optical pumping. We also compare Fano resonances 
in cylinder arrays and block pairs, and find that they exhibit highly different behavior with 
optical pumping power. With higher optical pumping, cylinder arrays show both reduced 
resonance sharpness and resonance intensity due to increased optical losses. In contrast, block 
pairs exhibit increased resonance intensities due to the enhanced coupling between bright and 
dark modes. We present analytic expressions based on the two coupled oscillator model, and 
extract the relevant Fano resonance parameters that explain this behavior. These findings and 
analyses can be very useful for a number of mid-infrared applications, such as molecular 
sensing and thermal radiation control. 
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