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Abstract—In this work, we report on observation of Dyakonov plasmons at an interface with a hyperbolic
metamaterial in the mid-IR. The hyperbolic metamaterial is implemented as a CMOS-compatible high
aspect ratio grating structure with aluminium-doped ZnO (AZO) ridges grown by atomic layer deposition in
deep trench silicon matrix. The dispersion of Dyakonov plasmons is characterized by the attenuated total
reflection method in the Otto configuration. We demonstrate that Dyakonov plasmons propagate in a broad
range of directions (a few tens of degrees) in contrast to the classical Dyakonov surface waves (about one tenth
of degree). The obtained results provide useful guidelines for practical implementations of structures support-

ing Dyakonov plasmons in the mid-IR.

DOI: 10.1134/S1063782618040279

1. INTRODUCTION

Research on surface waves (SWs) has intensified in
the last decade [1—3] due to their promising applica-
tions in nanophotonics, sensing [4], light-trapping of
nanoparticles [5], and near-field imaging [6]. The
most studied SWs are surface plasmon-polaritons
(SPPs) supported at an interfaces between metals and
dielectrics [7, 8]. They were firstly observed in 1902 by
R. Wood [9]. Today, a large number of studies on SPPs
formed a new branch of optics—Plasmonics [7, 10,
11]. One of the main advantages of SPPs is their strong
localization, providing high sensitivity to very thin lay-
ers of analytes, and making possible to squeeze optical
devices up to nanoscale. The disadvantage of SPP is
related to unavoidable losses that prevent SPPs propa-
gation over long distances.

Another, relatively new, class of surface waves are
Dyakonov waves (DWs) theoretically predicted in
[12]. This type of surface waves can propagate along
an interface of a uniaxial dielectric with permittivity
tensor
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and an isotropic medium with permittivity €. Here ¢,
and ¢, stand for ordinary and extraordinary permittiv-
ities, respectively. DWs have almost no losses but they
exist in a very small angular domain of directions,
which is about 0.1° for natural anisotropic materials
[13]. Moreover, the necessary condition for existence
of Dyakonov waves

g, <e<eg,, (2)

brings additional difficulties for their experimental
observation and limits possible applications. Indeed,
the time gap between theoretical prediction of DWs
and their experimental observations is over 20 years
[14, 15]. Using of artificial media facilitates the
achievement of strong anisotropy and, therefore, sub-
stantially increases the range of allowed propagation
directions for DWs [16]. In particular, it was shown in
[17] that for hyperbolic metamaterials (HMMs) of the
second type, condition (2) is fulfilled almost always
since for them €, < 0 and €, > 0. In this case, the angu-
lar domain of the allowed propagation directions
becomes very broad. Due to negative €,, the Dyakonov
waves partially possess properties of SPPs. It is why
DWs at interfaces of HMMs are also called Dyakonov
plasmons (DPs).

Combining a SPP and DW brings new features by
taking over traits from both types of surface waves.
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Fig. 1. Schematic of AZO trench fabrication and corresponding SEM cross section image. (First column) Realization of silicon
template using deep reactive ion etching (DRIE, Bosch process). (Second column) AZO coating layer deposited by ALD on sil-
icon template. (Third column) Removal of the top part of the AZO layer using physical Art ion sputtering. (Fourth column)
Selective silicon etch (template removal) to fabricate free standing AZO trenches.

This is just the case when metamaterials can play
essential roles since optical parameters not occurring
in nature are often required. In spite of the fact that
various types of optical HMMs have been fabricated
and characterized, including multilayers [18—22],
shallow metallic gratings [23, 24], and pillar structures
[25—27], the DPs have been analyzed mostly theoret-
ically.

Here, we report on the successful development of a
CMOS-compatible material platform suitable for
observation and operating with DPs in the mid-IR.
The platform is based on conducting oxide—Al-doped
ZnO (AZO) high aspect ratio trench structures, pro-
viding flexible engineering and tuning of directivity
and dispersion of Dyakonov plasmons.

2. SAMPLE FABRICATION

Conducting oxides are widely used in the visible
range because they are transparent and conduct elec-
trical current [28, 29]. However, the conducting
oxides are also very prospective for mid-IR applica-
tions, since they demonstrate pronounced plasmonic
properties in this range [30]. In contrast to metals, the
plasma frequency of conducting oxides can be effi-
ciently tuned by changing the doping level [31].

As the first step, we deposit a 200 nm layer of AZO
on a glass substrate and measure the reflectance spec-
trum. From this data we roughly estimate the concen-
tration of free electrons as 7 X 102 — 8 x 1022 cm—3 that
corresponds to the plasma frequency around 260—
280 THz. Therefore, we expect plasmonic behavior of
AZO at wavelengths of several microns and higher.

Then we fabricated a CMOS-compatible AZO
high aspect ratio trench structures combining atomic
layer deposition (ALD) and dry etch techniques [32,
33]. The use of ALD in combination with a sacrificial
Si template is a novel way to create high aspect ratio
structures of metal oxides. The process starts with fab-
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rication of a silicon trench template using deep reac-
tive ion etching (DRIE), and the template is confor-
mal-coated with an AZO film using ALD. The thick-
ness of the coating should be at least half of the
maximum distance between the Si trenches to fill the
spacing between them. The top part of the AZO coat-
ings can be removed by dry etching using Ar* ion sput-
tering. Then, the silicon layers can be etched away
selectively by a conventional SF based isotropic Si dry
etch process. Figure 1 shows a scheme of the described
fabrication stages and the SEM images of the resulting
structure at each of the steps. This approach enables us
to fabricate high-quality high aspect ratio optical
metamaterials on 2 X 2 cm? or even larger areas.

To determine the effective ordinary and extraordi-
nary dielectric permittivities of the fabricated struc-
ture in the mid-IR we measured the reflectance spec-
tra for different polarizations of the incident wave. The
effective dielectric permittivities are plotted in Fig. 2
by the solid lines. One can see that the hyperbolic
regime is observed at the wavelength A > 2.5 um. We
also fit experimental data by the well-known formula
for effective parameters of a multilayer structure [34]:

Loz =5
8Azo((’))

The blue and red circle markers in Fig. 2 resulted
from fitting with Eq. (3). The fitting parameters are
following: £ = 0.65, ,=270 THz, y= 50 THz, £.. = 4.1.
One can see that the effective medium theory is appli-
cable for our structure in a broad spectral range.

g, =&+ (1 -8, z0(0);

3. EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in
Fig. 3. The setup is based on an FTIR spectrometer
(VERTEX 70, Bruker) equipped by a hemispherical
Ge prism with the diameter 20 mm. The prism is
placed on the sample with an air gap providing the
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Fig. 2. Dependence of ordinary and extraordinary compo-
nents of the dielectric function of the AZO/Air trench
structure. Solid lines are obtained by fitting of the experi-
mental data using the Drude-Lorentz model with multiple
oscillators. The blue and red circle markers are obtained by
fitting of the experimental data using the effective medium
approach [see Eq. (3)].

Otto configuration of SW excitation. Measurements
were conducted at wavelengths A = 2—16 um. Input
light was linearly-polarized (TM polarization, mag-
netic field lies in the xy plane, see Fig. 1) and focused
on the surface of the structure through the Ge prism.
The angle of incidence is 6 and the angle between the
plane of incidence and the optical axis of the trench
structure is @. Angle 0 is manually controlled in the
range 0 = 20°—74° with a precision about 3° using a
goniometer. The divergence angle of the input beam
was £1.7°. The sample orientation with respect to the
incident plane (angle @) is controlled in the range 0°—
90° with the step 3°. We measured a series of reflec-
tance spectra at wavelengths A = 4, 6, 8, 14 um varying
angles 0 and @. The thickness of the air gap between
the prism and trench structure was about 0.5 pum.
It was estimated by the best matching between the
simulated and measured reflectance spectra.

4. RESULTS AND DISCUSSION

The top row of Fig. 4 shows the experimental
TM-polarized reflectance maps for the AZO/Air
trench structure at A = 4, 6, 8, 14 um plotted in the
Fourier plane (k,—k,). The axes for each map are nor-
malized to the wavenumber in vacuum (k). Thus, dips
in reflection beyond the unit circle (light circle) corre-
spond to the excitation of surface or bulk modes of the
structure. Excitation of SWs is evident for the wave-
lengths A = 6, 8, 14 um in agreement with the DPs
existence condition: |g,| > 1 (see Fig. 2) [35]. One can
see that DPs exist in a broadband spectral range.

TAKAYAMA et al.
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Fig. 3. Scheme of the FTIR experiment setup. The setup
provides measurements of the attenuated total reflectance
spectra for different incident angles of incident 6 and azi-
muthal angles ¢ with the use of a Ge prism in the Otto con-
figuration.

The bottom row of Fig. 4 shows the simulated
reflectance maps of the AZO/Air trench structure at
A=4,6,8, 14 um. One can see that the experimental
and simulated maps are in good agreement. The sim-
ulations are carried out using the transfer matrix
method [36, 37], where the real AZO/Air trench
structure is substituted by the effective anisotropic
medium with ¢, and €, (see Fig. 2) extracted from the
experimental reflectance spectra. It is clearly seen
from Fig. 4 that as the wavelength increases, the size of
the dip corresponding to excitation of DP increases. It
is explained by increase of the exponential tails pene-
trating into the air gap between the prism and sample
leading to larger radiative losses. The experimental
and simulated reflectance maps also show a secondary
mode, most visible at A = 6, 8 um. This mode corre-
sponds to the bulk plasmon polariton (BPP) [38, 39].
BPPs are also known as Langmuir modes [40—43].

AZO has large intrinsic losses making the dips in
the reflectance maps broad. To provide more detailed
theoretical analysis of the mode structure in air/AZO
trenches we reduced the losses by 100 times. The
resulting reflectance maps for the TM- and TE-polar-
ized incident waves are shown in Fig. 5. At A = 4 um,
the main mode is predominantly TM-polarized and it
propagates in a narrow angular domain close to k.
Thus, we can consider this mode being almost a pure
SPP. At A = 6 um the mode becomes hybrid, appear-
ing in both TM- and TE-polarizations. It is a charac-
teristic feature of DPs caused by the anisotropy inher-
ent to HMM [17, 44]. Because of this shape, the DPs
exist in a large range of propagation angles in contrary
to conventional DWs. The isofrequency contours for
DPs become flatter with increase of the wavelength
and, as a result, the angular domain of allowed propa-
gation directions becomes broader. The same trend
can also be seen in the experimental reflectance maps
in Fig. 4. The simulated reflectance maps also show a
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Fig. 4. (top row) Experimental and (bottom row) simulated reflectance maps from AZO/Air trench structure for TM-polarized
light: (1st column) 4 pm, (2nd column) 6 um, (3rd column) 8 um, (4th column) 14 um.

Simulated reflection maps from trench structure with reduced lossess
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Fig. 5. (top row) Simulated TM- and (bottom row) TE-polarized reflectance maps from AZO/Air trench structure with losses
reduced by 100 times: (1st column) 4 um; (2nd column) 6 wm; (3rd column) 8 wm; (4th column) 14 um. Blue dot lines are dis-
persion of eigenmodes calculated in Comsol Multiphysics software. The insets show the distribution of E, component for Dya-

konov plasmon and bulk plasmon polaritons.

number of nearly pure TM-polarized modes, which
correspond to BPPs. With increasing wavelength, the
number of supported BPP modes decreases. There-
fore, the density of optical states in the system under
consideration strongly depends on the wavelength and
it is maximal at A = 4 um (see Fig. 2). To confirm the
simultaneous presence of DP and BPPs in the spec-
trum we modelled eigenmodes and their field distribu-
tions with the Comsol Multiphysics. The dispersion of
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the eigenmodes are shown with blue dot lines in Fig. 5.
The field mapping of the E, component shown in the
insets of Fig. 5 confirms excitation of DP and BPPs.

5. CONCLUSIONS

In conclusion, we experimentally confirmed exci-
tation of Dyakonov plasmons in a wide wavelength
range in mid-IR. Necessary anisotropy was provided
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by the structure consisting of vertical alternating layers
of AZO and air. All steps in fabrication are supported
by large-scale CMOS compatible highly reproducible
technological processes. Flexibility of the optical
properties of the analyzed structures makes them very
prospective for a plethora applications in nanophotonics
and biosensing. The obtained results provide useful
guidelines for practical implementations of structures
supporting Dyakonov plasmons in the mid-IR.
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