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Abstract:  Doping-tunable mid-infrared extraordinary transmission is
demonstrated from a periodic metal hole array patterned on n-InSb. The
polarization-dependent transmission was measured at room temperature and
77 K. In addition, the extraordinary transmission was measured for incident
angles from 0° to 35° in 5° steps. A fundamental resonance shift of ~ 123
cm’ (1.4 pm) is observed by varying the doping from 1 x 10" to 2 x 10"®
cm™. The calculated transmission resonances were in good agreement with
the experimental results. This suggests that InSb semiconductor-based
plasmonic structures may be suitable for a variety of tunable mid-infrared
device applications.
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1. Introduction

Light incident on arrays of subwavelength holes in metal films has been shown to exhibit
transmission exceeding unity when normalized to the unmetallized surface area [1 - 4]. This
phenomenon, referred to as extraordinary optical transmission (EOT) is attributed to the
excitation of two types of surface waves (SWs) that propagate at the front and rear metallic
interfaces, surface plasmon polaritons, and an additional field with quasi-cylindrical behavior
[5]. The EOT phenomenon is an easily observable, macroscopic effect, making perforated
metal hole arrays an ideal platform for the investigation of tuning mechanisms in plasmonic
structures. Other interesting properties and applications that have been investigated include
sub-diffraction limit imaging [6], superlensing [7,8], near field scanning optical microscopy
[9], high surface electric fields [10,11] for enhanced Raman spectroscopy [12,13] and
biological sensors [14].
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In the past decade, there have been many advancements in mid-infrared (MIR) based
photonic devices. Consequently, the development of EOT in the MIR (3 — 30 um) regime has
become increasingly important. Although much of the work in the field of EOT has focused
on the visible, near-infrared and terahertz regimes, EOT in the MIR range has been shown to
have similar characteristics [15-18].

The intensity and EOT resonance peak position is sensitive to the type of metal that the
hole array is patterned from [17], the dielectric material adjacent to the metal [19] and the
lattice spacing of the holes on the metal array [20]. If the transmission peak resonance can be
controlled, EOT based devices can be integrated into infrared photodetectors for enhanced
absorption [21] and detection wavelength tunability. Previously, the EOT resonance was
tuned 0.147 pm by varying the doping of the underlying GaAs layer [22]. However, our
results indicate that a shift of 1.396 um is possible using an InSb based system. This tunability
has the potential to enable a variety of applications including plasmonic spectrometers,
tunable filter elements, and beam steering devices.

Due to its low effective mass and high mobility, the plasma frequency of InSb can be
pushed into the MIR at lower carrier concentrations compared to other semiconductors such
as GaAs. The dielectric function of InSb for different carrier concentrations is displayed in
Fig. 1 and was calculated using the Drude approximation, which includes scattering,
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where @, is the plasma frequency, N is the carrier concentration, &, is the high frequency

dielectric constant of the semiconductor, m” is the effective mass in the semiconductor and
7 is the scattering time [23,24]. The scattering time, or damping term, is used to account for
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Fig. 1. The dielectric function of InSb for different carrier concentrations. This model includes
damping from the scattering time of free electrons.

dissipation of the motion of electrons. As shown in Fig. 1, the difference between the
dielectric function between undoped and doped InSb becomes more evident at longer
wavelengths for the various carrier concentrations. The shaded region in the plot shows the
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wavelength range of the EOT resonant peaks that will be discussed in this study. The normal
incident EOT peaks can be roughly defined by the following relation [25],

Vit +j2a= a sl ao\/;for |5m| >> |5X| 2)
\/ &+ &,

where A is the free space wavelength, q is the lattice constant, i and j are integers related to

the reciprocal lattice vectors 2m/ay x and 2n/a, y, respectively, &, is the real part of the

s
dielectric function of the semiconductor and ¢,, is the real part of the dielectric function of

the metal. From the simpler form, one can see that the EOT resonance can be tuned by
changing the dielectric function of the semiconductor. Since the dielectric function of the
semiconductor is dependent on the plasma frequency (and thus the material doping), the
dielectric function can be altered by control of the semiconductor doping density [3]. While
this tuning technique is passive, use of voltage control of the carrier concentration could allow
for actively tunable plasmonic devices.

2.Experiment

The samples used in this study were grown by molecular beam epitaxy on lightly doped
(~10" em™) (111) InSb substrates. The respective carrier concentrations and doped layer
thicknesses for the six samples are displayed in Table 1. The carrier concentrations were
determined by Hall effect measurements using the Van der Pauw geometry at room
temperature.

Table 1. The carrier concentration and doped layer thickness for samples A — F

Sample Thickness of doped layer | Carrier Con_%entration
(nm) (cm™)

A NA 0

B 150 2x 10"
C 150 5x10"7
D 750 8x 10"
E 750 2x10"
F 2250 8 x 10"

The meshes were patterned using standard processing techniques consisting of
photolithography, metal deposition and liftoff. The meshes, consisting of a 60 nm Au film,
were designed to have a square lattice of circular holes with a center to center spacing of 2.8
pm and a diameter of 1.4 pm. In order to reduce scattering, the backside of all samples was
polished using a chemical mechanical polisher.

The MIR transmission was measured using a Bruker IFS 125HR Fourier-transform
infrared spectrometer at room temperature and 77 K. Data was collected with a spectral
resolution of 2 cm™ and averaged over 200 scans. In addition, the angle- and polarization-
dependent transmission was recorded from 6 = 0°, in increments of 5°, up to 35° for both
horizontally and vertically polarized incident light, where ‘“horizontal” and “vertical”
polarizations refer to incident light polarized orthogonal and parallel to the axis of rotation,
respectively.
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3. Results

The normal incident transmission spectra at room temperature and 77 K are shown in Fig. 2
for sample A. Here, the (£1,0) mode can be seen at 906 cm’. When the sample was cooled,
the peak transmission not only increased but the transmission range increased as well due to
the InSb bandgap shifting to higher energy which resulted in the observation of the (1,1) and
(2,0) modes.
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Fig. 2. The normal incident (6=0°) transmission spectra for Sample A at room temperature and
77 K. The inset shows the scanning electron micrograph of the Au EOT mesh.

The transmission enhancement is primarily due to the reduction of losses at lower
temperatures. InSb, due to its narrow bandgap, can have significant thermal generation of
carriers at room temperature. While these additional carriers will slightly shift the EOT peak,
their dominant effect is from free-carrier absorption in the InSb substrate. A separate study
was performed which consisted of measuring the transmission of InSb without a mesh at 77
and 300 K. The transmission at 77 K was more than two times the transmission at room
temperature. The 77 K EOT spectra is thus a good indication of the transmission which would
be achievable if the substrate were to be removed from the doped epi-grown InSb layer.

The transmission spectra for Sample A (Np = 1 x 10'® cm™) at room temperature, using
horizontal polarization, as a function of incident angle is displayed in Fig. 3. When 6 = 0°, the
light is incident normal to the substrate. A polarization-dependent splitting of the EOT
resonance is apparent as the incident angle is varied which is due to the angle-dependent in-
plane photon wavevector, (27[/ l)sin 6 [1]. The angle-dependent (-1,0) and (+1,0) EOT

modes are indentified by the red and blue dashed lines, respectively. The general angular and
polarization dependence of EOT modes for GaAs [22] and quartz [1] substrates have been
previously shown to have similar behavior.

In addition to the splitting of the primary transmission peaks, a third peak (green dashed
line) is seen in the angular-dependent transmission data. This peak shows weak dispersion,
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Fig. 3. (a) The transmission spectra for Sample A (Np = 1 x 10'® cm™) at room temperature as a
function of the incident angle for angles from 0° to 35° in increments of 5°. The dashed lines
were drawn to help distinguish between the peak splitting for the different rotation angles. The
higher doped samples have similar characteristics but are shifted to higher wavenumbers. (b)A
schematic depicting the light polarized horizontally to the axis of rotation.

shifting only slightly as a function of incidence angle. This phenomenon has been observed in
previous studies of the angular dependence of EOT transmission [1, 26, 27]. For mesh
thicknesses greater than half the mode wavelength, these angle independent resonances were
explained in terms of waveguide resonances that form in the cavity of the mesh [28].
However, in this study the 50 nm mesh thickness is much less than the resonant wavelength.
The coupling between SWs in orthogonal directions along a perforated metallic film with
rectangular holes was investigated [29]. In that work, it was shown that if light is linearly
polarized where k, = 0, the (0,£1) SWs can be stimulated giving rise to the linear splitting and
the weak hyperbolic dispersion shown in Fig. 3. It is worth noting that this effect seems to be
significantly stronger in our samples when compared to other work [1, 26, 27].

Figure 4 shows the normalized transmission at room temperature for the InSb samples
with different carrier concentrations and thicknesses. The transmission spectra were taken
normal to the samples without polarization selection. As expected, the transmission blue shifts
as the carrier concentration increases due to the free electron contribution to the dielectric
constant. By using this mechanism, the transmission in InSb-based EOT structures with the
geometries used in this work can be tuned from 9.9 — 11.3 pm.

One drawback to this tuning approach is that for higher doping levels, an increase in
linewidth and a decrease in peak intensity were observed due to an increase in losses. The
peak transmission at room temperature referenced to free space for sample A was ~ 20 %
whereas the peak transmission for sample E was ~ 3 %. Thus, large tuning by free carriers
comes at the cost of high losses. Radiation damping and other loss mechanisms that contribute
to the linewidth are discussed in another study [30]. Figure 4(b) shows that by increasing the
thickness of the doped layer and decreasing the carrier concentration, the linewidth of the
EOT resonance is reduced. The peak transmission for sample F is ~ 7 %. Thus, the EOT peak
resonance increases for thicker samples with lower doping as well. The comparable EOT
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Fig. 4. The normalized transmission at room temperature for samples (a) A — E and (b) E and
F. The transmission spectra were taken normal incident to the samples without polarization. A
blue shift is observed as the carrier concentration is increased.

peak position shift for sample F is possible due to the larger fraction of the evanescent electric
field of the SWs coupling to the thick doped layer.

The EOT resonance for the various doped samples was calculated using Eq. (2) and
compared to the experimental results for the (+1,0) EOT resonance. The comparison is
displayed in Fig. 5. A high frequency dielectric constant of 15.7 for InSb was used [31]. In
addition, the doping-dependent effective mass and scattering time were taken into account
[32, 33]. The average difference between the experimental and theoretical (1, 0) mode was
0.559 pm. While there is a slight offset between theory and experiment, the trends are well
matched. Similarly, previous work has shown that the EOT peak resonance calculations are
offset at higher energies compared to experiment [24, 34].
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Fig. 5. A comparison between the theoretical and experimental extraordinary optical transmission peak resonances for
the (1,0) mode. A high frequency dielectric constant of 15.7 for InSb was used [29].
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It is important to note that the thickness of the doped layers was not taken into
consideration when calculating the EOT resonance frequencies. It was assumed that all of the
electric field was confined to the doped layer. However, this is not the case as the SW fields
fringe roughly 4/2 from the surface [35]. If the thickness of the doped layer increased, one
would presume that the EOT resonance would be closer to the calculated values. To verify
this, the EOT resonance of sample F was compared to the theoretical results. As shown in Fig.
5, the measured EOT resonance of the thick doped sample is very close to the theoretical
results. Since more than the full expected shift is observed for 2.25 pm, it is reasonable to
assume that the majority of the field is coupled to the doped material. With the difference
between experiment and theory for sample F being relatively small, the error can be attributed
to the nominal value of the carrier concentration of the grown structure. From Fig. 5, if the
doping of Sample F was ~ 1 x 10" cm™, the theoretical and experimental data would be in
good agreement. Nevertheless, this gives a sufficient measure of the depth to which the mesh
fields fringe and demonstrates that the EOT peak resonance can be tuned by not only varying
the doping but also the thickness of the doped layer.

4. Conclusion

Doping-tunable MIR EOT was demonstrated through a subwavelength metal hole array on
InSb. A dramatic spectral shift in the primary transmission peak was observed by varying the
carrier concentration of the InSb epilayer. The dielectric tuning technique demonstrated here
can be applied to a variety of materials and subwavelength grating designs, in addition to the
EOT meshes discussed in this paper. The calculated EOT resonances and experimental results
showed similar trends suggesting that the EOT can be determined for future designs.
Furthermore, if the EOT peak resonance can be actively controlled, plasmonic based devices
can be integrated into beam steering devices, on chip optical routers or switches for MIR
sensing applications.
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