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Abstract: All-Aluminum metal-insulator-metal resonator structures with
multiple metal-insulator stacks showing resonances in the mid-infrared
(MIR) are fabricated. Ultrathin native Al,O; is used as the insulator layers
enabling simple fabrication of the resonator structures. The structures with
two oxide layers exhibit two distinct resonances in the MIR. Simulation of
these structures shows confinement of magnetic field to the thicker bottom
oxide at the shorter wavelength resonance and to the thinner top oxide at the
other resonance. Simulations of higher order hierarchical structures with 3
and 4 oxide layers show multispectral response with precise control of the
oxide thicknesses. The studied structures show great potential for IR
applications that require durability and multispectral characteristics.
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1. Introduction

Metal-Insulator-Metal (MIM) structures with sub-wavelength dimensions can be engineered
to exhibit tailored optical properties. Owing to advances in bottom-up and top-down
fabrication techniques, such resonator structures continue to attract attention of fundamental
and applied research [1-5]. Commonly, MIMs are realized by patterning multiple metal-
insulator stacks over a substrate. The structures are typically fabricated using electron beam
(e-beam), focus-ion beam and optical lithography which exhibit resonances in the visible and
infrared wavelengths [6-9]. Although, typically top down methods are used for fabrication of
MIM surfaces, large area surfaces can be achieved using nanoparticles as the top metal layer
[2,10,11]. Surfaces that consist of periodic plasmonic structures can be used to tailor
absorption of light for photovoltaic [12—-14], sensing [15-17], spectroscopy [18-20], color
printing [4, 21-23] and waveguide [24,25] applications. Multispectral characteristic of a
plasmonic surface is generally accompanied by high field enhancements at the resonance
wavelengths that enable the simultaneous use of these surfaces for various applications such
as surface enhanced Raman (SERS) [26,27] and surface enhanced infrared absorption
(SEIRA) [28,29] spectroscopies. Likewise, MIM based plasmonic structures exhibit
multispectral responses that have resonances ranging from the ultraviolet (UV) to mid-
Infrared (MIR) wavelengths where the resonance frequency of a mode is simply an integer

multiple of the fundamental (1*) mode (@, = na@,) [30-32]. Although noble metals, such as

Au and Ag are most common metals used in fabrication of plasmonic surfaces, there is a
growing interest for better performing materials for plasmonic and metamaterial applications
in the NIR and MIR wavelengths [33,34]. Transparent conducting oxides and doped
semiconductors are widely studied in the IR regime to overcome the challenges that
plasmonic metals face [35-38]. Aluminum emerges as the best plasmonic material for
applications in the UV, however it is typically not preferred for applications in the near IR
due to its interband transition around 800nm and high losses in the IR [39-42]. On the other
hand, CMOS compatibility makes Al a good candidate for detector, waveguide, optical
interconnects and integrated photonic applications in the IR wavelengths. Aluminum is one of
the cheapest and most abundant metals in the world, hence can be used for large scale or
disposable nanophotonics applications. Moreover, thin native aluminum oxide (Al,Os) layer
protects Al from degradation and makes it favorable for applications such as color printing,
which requires durability [22,43]. Recently the effect of the native Al,O; layer on the optical
properties of Al plasmonic structures has been investigated [39,41,42,44,45]. Here, we study
all-aluminum broadband hierarchical (multi-layer) plasmonic surfaces consisting of multiple
Al and native Al,O; layers. The hierarchical plasmonic surfaces are simply fabricated by
sequential deposition and oxidation of Al films through breaking the vacuum of the physical
vapor deposition system to expose the Al films to air. The fabricated hierarchical structures
show either multi-spectral or strong single resonance response depending upon the number
and thicknesses of native oxide layers as shown by FTIR measurements and FDTD
simulations. The implemented method possesses the simplicity of fabrication process for
surfaces using native Al,O; with improved optical response. These structures have potential
for applications that require durability, multispectral characteristics such as surface enhanced
spectroscopies, optical waveguides, color printing and thermal emitters.
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2. Results and discussion

The 3D schematics and top-down scanning electron microscopy (SEM) images of the
fabricated hierarchical structures are shown in Fig. 1. The top layer of these structures is
designed to have arrays of squares with widths around 300 nm and a period of 500 nm along
both x- and y-axis. The thickness of each top Al layer is chosen as 50 nm. Typically the
fabrication of such structures requires deposition of multiple dielectric and metal layers.
Using Al eliminates the deposition of dielectric layers through the formation the native Al,Os.
The thickness of the oxide layer depends on the exposure time of the Al surface to air. Since
the native AL,Oj; is ultrathin, even small changes in its thickness result in large shifts in the
resonance wavelengths of the fabricated structures.
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Fig. 1. (a) 3D and (b) side view of the hierarchical aluminum surfaces. Top Al layer
thicknesses (ty1 and t,) are 50 nm. The thicknesses of the bottom and top oxide layers are
denoted as toy and t,y, respectively. (¢) Top-down SEM image of the fabricated structures. (d)
Fabrication of hierarchical Al structures. (i) Deposition of 80 nm thick Al. (ii) Formation of
native AL,O; after exposure of the Al films to air. (iii) PMMA coating. (iv) Pattering PMMA
with e-beam lithography. (v) Deposition of the 1* 50 nm thick Al. (vi) Formation of the 2™
native AL,Os layer after vacuum break. (vii) Deposition of the 2nd 50 nm thick Al layer. (viii)
Lift-off process.

The hierarchical Al surfaces are fabricated using e-beam lithography and multiple Al
deposition steps. The fabrication steps are shown in Fig. 1c and summarized here. First,
silicon substrates are coated with 80 nm thick Al using thermal evaporation following
deposition of a thin layer of germanium (5 nm) adhesion layer. The Ge layer also helps
achieving smoother Al films as confirmed by AFM measurements. The depositions are
performed at 2x10™ Torr with a rate of 2-3 A/s. The rms roughness of the resulting film is
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measured as 3 nm. The first Al layer grows a thin AL,O; layer when exposed to air. Then the
samples are spin-coated with 250 nm PMMA for e-beam lithography. Once the PMMA is
patterned, 50 nm thick Al is deposited. This first Al layer is exposed to air to form the second
native oxide layer by breaking vacuum of the deposition chamber. Then the final Al layer is
deposited and the final structures are formed using lift-off process. The area of the fabricated
surfaces is 50 pum x 50 um. The thicknesses of the top and bottom oxide layers are expected to
be different. A Thermo K-Alpha monochromated high-performance X-ray photoelectron
spectroscopy (XPS) system is used to characterize the thickness of the native Al,O; layers.

(@) [—onm (b) T—onm
——1nm ——1nm
1—2nm 1—2mm
——3nm ——3nm
~ J{—4nm ~ J{—4nm
3 |——>5nm 3 |——5nm
% ——6nm % ——6nm
'g 1— Z7;nm .g. 1 gnm
——8nm ——snm
8 4—9nm 8 4——9nm
——10nm ——10nm
80 78 76 74 72 70 80 78 76 74 72 70
Binding Energy (eV) Binding Energy (eV)

Fig. 2. Depth dependent XPS characterization of Al surfaces with thin native Al,O5 on top. (a)
Just after the deposition of Al films. (b) After the fabrication of hierarchical Al structures.

Depth dependent x-ray photoelectron energy spectra of the fabricated Al surfaces are
shown in Fig. 2. The depth dependent binding energy spectrum is obtained by etching the
surfaces with ion gun and measuring the energy of the emitted photoelectrons from the etched
surface. To characterize the thickness of the top oxide layer, the depth dependent binding
energy spectrum for a thick Al film (80 nm) on a silicon substrate is measured just in an hour
after the deposition of the film (Fig. 2(a)). The high energy peak corresponds to the
aluminum-oxygen binding which indicates the formation of the native Al,O; film. After 2 nm
of etch depth, the high energy peak reduces to 20% of its original intensity value. For 3nm of
etch depth, the high energy peak almost disappears. Hence, the thickness of the native Al,O;
on a freshly deposited Al film is deduced to be 2-3 nm. Figure 2(b) shows the depth
dependent XPS energy spectra for the Al surfaces outside the patterned area after the
fabrication of hierarchical Al structures. The high energy peak is stronger compared to the
freshly deposited Al films. After 5 nm of etching, the high energy peak reduces more than
80% and it only slightly changes for further etching. Hence, it is concluded that the thickness
of the native Al,O; on the Al films experienced the fabrication steps is about 5 nm or more.
The thicker native oxide on the bottom Al films is expected to be due to longer exposure to
air and the chemical processes during the fabrication. The use of acetone, isopropanol alcohol
and water might also affect the final thickness of the films.

The reflection spectra of the hierarchical Al structures are characterized using Fourier
transform infrared spectrometer (FTIR) equipped with a 15x Cassegrain objective in the MIR
regime. Since the area of the fabricated hierarchical Al surfaces is 50 pm x 50 um a knife
edge aperture is used to collect light reflected from the patterned area. As the reference
sample, an 80 nm thick Al coated silicon substrate is used. Owing to two different oxide
thicknesses, two distinct MIR resonances are observed (Fig. 3(a)). These resonances red-shift
with increasing widths as expected. The structures are simulated using 2.5nm and 5nm
thicknesses for the top and bottom oxide layers, respectively, using a commercial FDTD
program (from Lumerical) as shown in Fig. 3(b). In the simulations, the mesh sizes are 5 nm
x 5 nm x 0.25 nm around the oxide layer and 5 nm x 5 nm x 2.5 nm for the rest of the

#256510 Received 29 Dec 2015; revised 4 Feb 2016; accepted 4 Feb 2016; published 16 Feb 2016
©2016 OSA 1 Mar 2016 | Vol. 6, No. 3 | DOI:10.1364/OME.6.000823 | OPTICAL MATERIALS EXPRESS 827



geometry. Material parameters are from the program's material database. CRC and Palik
dielectric functions are used for Al and Al,Os, respectively. The simulated spectral responses
are similar to the experimental results, however the depths of the experimental resonances are
weaker. This discrepancy might be partially due to surface roughness of the Al films which is
not accounted for in the simulations. The simulated electric and magnetic field distributions
are shown in Fig. 3(c) corresponding to the resonances denoted with (i) and (ii) in Fig. 3(b).
Since magnetic field is confined to the Al,O5 layers, the resonances are magnetic plasmon
modes by its nature. Magnetic fields are confined to the bottom (5 nm) and top (2.5 nm)
native Al,O; layers for short and long wavelength resonances, respectively. The confinement
of longer wavelengths to the thinner oxide layer can be intuitively explained by increased
effective refractive index with decreasing oxide thickness, accompanied by a red-shift in the
resonance wavelength [46] (A, = 2n.;W). Here, n, can be calculated using the following

kdz "y =0, where kom = (Bspr® — amko?)"? and neg: = Bspp/ko. In Fig.

4, the measured resonance wavelengths on top of the MIM model are shown where the
thickness of the oxide layer changes from 1 to 6 nm by 0.5 nm steps in the model. The top
and bottom oxide thicknesses are estimated to be 1.5-3 nm and 4.5-5 nm, respectively.

equation k&, +k,&, tanh(

(a) 1 (b) 1
0.8 0.8
— W=290nm — W=290nm
§06 — W=300nm 5§06 — W=300nm
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Fig. 3. (a) Measured and (b) simulated reflectance spectra for W = 290 nm, 300 nm, 320 nm
and 340 nm (Period = 500 nm). (c) Magnetic field intensities for the resonances shown in (b).

The effect of the top and bottom oxide thicknesses on the reflection spectra are further
studied by varying these thicknesses in simulations (Fig. 5). The resonance wavelengths shift
drastically with sub-nm changes in the ultrathin oxide layers (2-5 nm) as shown in Fig. 4 for
W =300 nm. When both oxide layers are neglected in the simulations, no resonances in the
MIR are observed as expected (Fig. 5(a)). If the thinner top oxide is neglected, only the short
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wavelength resonance is excited where it is confined to the bottom oxide layer. If the thicker
bottom oxide is neglected, only the longer wavelength resonance is excited where the
magnetic field is confined to top oxide layer. The effect of the native oxide layer on the
longer wavelength resonance is investigated by varying the thickness of the top oxide layer in
between 0.5 nm and 3.5 nm for 5 nm thick bottom oxide layer (Fig. 5(b)). As the top oxide
thickness decreases, the longer wavelength resonance red-shifts. As this thickness approaches
the bottom oxide’s value (5 nm) the resonances start overlapping. As a result, the top and
bottom oxide thicknesses have to be different to observe a multispectral response. If the oxide
thicknesses are the same, only one mode is excited with stronger confinement of light into
both oxide layers.

8000~ : o
Increasing oxide thickness

+ Measurement
— Model
= 6000

4000(

Wavelength(nm

250 300 350 400
W(nm)

Fig. 4. The measured and calculated resonance wavelengths using the MIM model. Oxide
thickness changes from 1 to 6 nm with 0.5 nm steps in the model.
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Fig. 5. Simulated reflection spectra for (a) varying t,.; and t..o, (b) varying te., with
tox.1 = 3 nm. W =300 nm, P = 500 nm for all cases.

The use of the native oxide as the spacer layer offers an easy fabrication route to re alize
higher order hierarchical resonator structures (Fig. 6(a)). The optical response and field
distribution of such structures with 3 and 4 oxide layers are studied using simulations. Since
the resonance wavelength of an MIM resonator strongly depends on the thickness of the oxide
layer, it is possible to excite as many modes as the number of oxide layers. Hence 3 distinct
resonances are observed when 3 oxide layers with different thicknesses are used (Fig. 6(b)).
Similar to the previous simulation results with two oxide layers, when top two oxide
thicknesses are chosen to be the same, only two resonances are observed. The study is
repeated for 4 oxide layers and 3 different thickness combinations: 1) all the thicknesses are
different, 2) two of the thicknesses are the same, 3) three of the thicknesses are the same
resulting in 4, 3 and 2 distinct resonances, respectively (Fig. 6(c) and 6(d)). As the number of
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layers with the same thickness increases, the bandwidth decreases, while light couples into
the MIM mode determined by the common oxide thickness more strongly.
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Fig. 6. (a) 3D schematics of higher order hierarchical aluminum surfaces with multiple MIM
resonators. Simulated reflectance spectra for structures with (b) 3, (c) 4 oxide layers. (d)
Corresponding magnetic field profiles for the resonances shown in (c). The thickness of the top
Al layers is 50 nm, W = 300 nm and P = 500 nm for both geometries.

3. Conclusion

In conclusion, we have demonstrated the utilization of Al and its native oxide for the
realization of plasmonics surfaces with multiple resonances in the MIR regime. The use of
native oxide eliminates the need for depositing a spacer layer enabling simple fabrication of
the hierarchical MIM structures. The structures with two oxide layers exhibit two distinct
resonances owing to different thicknesses of the top and bottom oxide layers. The simulations
of these structures show confinement of magnetic field into the oxide layers. Simulations of
higher order hierarchical structures with 3 and 4 oxide layers show multispectral response
when oxide thicknesses are different, and stronger coupling of light when 2 or more oxide
layers have the same thickness. These results pave the way for simple fabrication of durable,
wide-band plasmonic absorbers for IR applications by precisely controlling the native oxide
thicknesses.
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