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1 Department of Laser Technologies, Center for Physical Sciences and Technology, 02300 Vilnius, Lithuania;
mantas.drazdys@ftmc.lt (M.D.); ernesta.verteliene@ftmc.lt (E.B.-V.); darija.astrauskyte@ftmc.lt (D.A.)

2 Faculty of Electronics, Vilnius Gediminas Technical University, 10223 Vilnius, Lithuania
* Correspondence: zigmas.balevicius@ftmc.lt

Abstract: In this study, we demonstrate the potential capability to control Tamm plasmon-polaritons
(TPP) by applying atomic layer deposition (ALD) as a highly precise technique for plasmonic ap-
plications. Applications in plasmonics usually require tens of nanometers or less thick layers; thus,
ALD is a very suitable technique with monolayer-by-monolayer growth of angstrom resolution.
Spectroscopic ellipsometry and polarized reflection intensity identified the TPP resonances in the
photonic band gap (PBG) formed by periodically alternating silicon oxide and tantalum oxide layers.
The sub-nanometer control of the Al2O3 layer by ALD allows precise tailoring of TPP resonances
within a few nanometers of spectral shift. The employing of the ALD method for the fabrication of
thin layers with sub-nanometer thickness accuracy in more complex structures proves to be a versatile
platform for practical applications where tunable plasmonic resonances of high quality are required.

Keywords: atomic layer deposition; Tamm plasmon polaritons; plasmonic-nanophotonic structures

1. Introduction

During the last decade, much attention has been given to photonic crystal (PC) struc-
tures covered with a thin metal layer on top of PC [1,2]. A type of surface mode can be
generated in PC-metal structures, the so-called TPP, appearing at the boundary between
the PC and the metal layer [3,4]. TPPs are optical states, which are similar to the electron
states proposed by I. Tamm [5] and can occur in the energy band gap at a crystal surface.
These energy band gap regions are the stop band of the PCs due to the Bragg reflections
in the periodic structure. In contrast to the surface plasmon-polariton (SPP)-propagated
surface electromagnetic waves (SEW), the TPPs are non-propagating states and can be
excited in both p- and s-polarizations, like the Bloch surface waves. In fact, the TPP is a
standing wave, which is an interference phenomenon of two SEWs propagating in opposite
directions [3,6]. TPPs have an in-plane wave vector that is less than the wave vector of light
in a vacuum, which allows for their direct optical excitation, while for the SPPs to achieve a
total internal reflection condition, the incident light must reach an in-plane wave vector
equal to the surface plasmon resonance [4].

The distinct optical dispersion properties of TPPs, compared with SPP, lead to more
simple optical configurations without additional couplers (prisms or gratings). This opens
new possibilities for various applications such as optical biosensors [7–10], bandgap fil-
ters [11,12], nanolasing [13,14], and others [15–22]. For further technological progress in
these applications, precise tuning of the optical properties of the TPP-based nanostructures
as well as the plasmonic resonance position in the spectra is necessary. For this purpose, a
thin film deposition technique with high resolution is needed. For structures with Bragg
mirrors in the visible wavelength range, usually the ion beam sputtering (IBS) deposition
technique is used as well as thermal evaporation or magnetron sputtering for the fabrica-
tion of thin metal layers. These methods work rather well; however, in order to control
deposited layer thickness in the angstrom range, other techniques should be used. In this
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case, ALD is a type of chemical vapor deposition (CVD) technique with monolayer-by-
monolayer growth of angstrom resolution [23–25]. This deposition technique is widely
used in the microelectronics industry [26–28]. Also, ALD is used for the modification of
various surfaces and for the protection and encapsulation of nanostructures [29–31]. In
ALD, the desired thickness can be controlled by depositing a required number of cycles, re-
sulting in atomically thick layers. It should be noted that the film thickness can be precisely
controlled by the large area due to self-saturating and self-limiting growth mechanisms.
It is important to maintain efficient purge times and temperatures to ensure energy and
cost-efficient deposition on the surface. During the deposition process, precursors do not
mix with each other, so chemical reactions occur only on the surface. The separate injection
of precursors allows for the use of highly reactive precursors, which is difficult to achieve
in other CVD-based methods, and reactions occur at relatively low temperatures (about
50–250 ◦C); however, the ALD deposition rate is slow compared with other methods, espe-
cially when dealing with hundreds of nanometer-thick layers, making it ideal for ultra-thin
layers in complex nanostructures. Fortunately, applications in plasmonics usually require
tens of nanometer-thick layers, so the fabrication time is significantly reduced compared to
thick structures.

In this study, we demonstrate the potential capability to control TPP by applying ALD
as a highly precise technique for plasmonic applications. The TPP resonance dependence
on Al2O3 layer thickness was evaluated, where 3 nm of Al2O3 layer thickness difference
corresponded to ≈3 nm shift of TPP minima, showing precise control capabilities when the
ALD method is used.

2. Materials and Methods

The structure of the investigated samples consisted of a Bragg reflector, an Al2O3 layer,
and a gold layer (Figure 1), all deposited on fused silica (FS) glass substrates. The Bragg
reflector (1D PC) consisted of 12 alternating high (Ta2O5) (marked as H in Figure 1) and
low (SiO2) (marked as L in Figure 1) refractive index materials, where Ta2O5 thickness was
50 nm and SiO2 thickness was 100 nm. Three samples with varying Al2O3 layer thicknesses
(60 nm, 63 nm, and 66 nm) were investigated.
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First, the structure of PC/Al2O3/Au was modeled using TFCalc v3.5.15 software with
different Al2O3 layers (60 nm, 63 nm, and 66 nm). The refractive indexes and extinction
coefficients of Ta2O5, Al2O3, and SiO2 for the model were experimentally obtained and can
be seen in Figure 2a. Gold data was obtained from the literature (Figure 2b) [32].
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Figure 2. Refractive indexes (solid curves) and extinction coefficients (dotted curves) of materials
used in the structure model: (a) Al2O3 (black curve), SiO2 (red curve), Ta2O5 (blue curve), and (b) Au.

The Bragg reflector consisted of 6 bilayers of ≈50 nm Ta2O5/≈100 nm SiO2 and was
deposited using ion beam sputtering (IBS) technology (Navigator, Cutting Edge Coatings,
Hanover, Germany). Ta2O5 and SiO2 were deposited by sputtering Ta and Si targets,
respectively, using a radio-frequency argon ion source. During the process, oxygen gas was
fed near the substrates to ensure complete oxidation of the coating. The sputtering process
was performed at a temperature of ≈50 ◦C. The thickness of each layer was controlled by
broadband optical monitoring (BBOM).

The Al2O3 layer was deposited using ALD technology (Savannah S200, Veeco, Plain-
view, NY, USA). The layer was grown using trimethylaluminium (TMA) as an Al precursor
and water as an oxygen source. During the deposition, the reactor temperature was kept at
150 ◦C, and a 30 sccm flow of nitrogen gas was used as purging and carrier gas. Deposition
cycles consisted of four steps: a 0.02 s TMA pulse, a 6 s purge, a 0.02 s water pulse, and a 6 s
purge. To achieve Al2O3 layers of varying thickness, three samples with a Bragg reflector
were placed into the reactor, and 600 cycles of Al2O3 were deposited, resulting in a 60 nm
thickness. After removing one sample from the reactor, an additional 30 cycles of Al2O3
were deposited, resulting in a final Al2O3 layer thickness of 63 nm. After removing one
more sample and depositing 30 more cycles, the thickness of the final sample with the
Al2O3 layer was 66 nm.

The 36 nm gold layer was deposited using magnetron sputtering (MS) technology
(Q150T ES, Quorum, Nottingham, UK). The gold film was sputtered from the gold target
using argon gas at room temperature. Due to the small dimensions of the chamber, samples
were placed in the chamber and coated one by one.

The surface morphology of the Bragg reflector deposited by IBS and the complete
structure fabricated using ALD and magnetron sputtering were characterized by atomic
force microscopy (AFM) (Figure 3). Five different 500 nm × 500 nm areas of a sample were
scanned, and the root mean square (RMS) roughness of the samples was determined using
NanoScope Analysis 1.40 software. Averaged RMS values and calculated relative errors
are presented in Figure 3. The surface morphology results have shown that the surface
roughness of the Bragg mirror’s last layer was 0.81 ± 0.08 nm. After deposition of the
Al2O3 layer by ALD, the surface roughness slightly decreased to 0.74 ± 0.07 nm but stayed
within the error limit, and further sputtering of the thin gold layer also decreased the RMS
to 0.55 ± 0.09 nm. As mentioned above, TPP optical states form at the inner interface
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between gold and aluminum oxide; thus, the main influence on such surface resonances
would be from the roughness of the ALD-fabricated layer.
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Figure 3. The surface of structures (a) Bragg reflector on FS, (b) Bragg reflector on FS + Al2O3, and
(c) Bragg reflector on FS + Al2O3 + Au is characterized by AFM.

Variable angle spectroscopic ellipsometry (VASE) measurements were conducted
using a dual rotating compensator ellipsometer RC2 (J. A. Woollam Co., Lincoln, NE, USA)
in a 210–1700 nm spectral range and at an angle of incidence (AOI) range of 20–70 deg.

Additionally, the reflection spectra of the Bragg reflector, the Bragg reflector with
an Al2O3 layer, and the final structure (Bragg reflector/Al2O3/Au) were measured with
the PhotonRT spectrometer (Essent Optics, Liasny, Belarus). Spectra were measured at a
small AOI of 8 deg., which is not accessible with ellipsometry, and in a spectral range of
λ = 350–900 nm.

3. Results and Discussion

It has been shown before that the thickness of the last layer in the 1D PC can easily
be used for tuning the TPP dip in the photonic stop band during the fabrication process.
However, precise control of the thickness during the fabrication is crucial for the spectral
position of the plasmonic dip, as it is very sensitive to the inner interface between metal and
the dielectric layer. In order to fabricate the plasmonic-photonic nanostructures with TPP
dip at a few nanometers tuning position, the spectra modeling of such nanostructures was
performed to evaluate the optimized optical parameters (thickness and optical dispersions)
of the structure. The simulations reveal that in order to reliably control the TPP dip in the
spectra with nanometer resolution, the thickness control during the fabrication process
for the 1D PC should be less than 1 nm. Such resolution is available for the ALD method
compared with the usually used IBS method for such dielectric structures, where thickness
control is between 3 and 8 nm [24,33]. The three samples were simulated with only one
difference in the thickness of the Bragg reflector’s last layers. The aluminum oxide varied
by 3 nm for each sample: 60 nm, 63 nm, and 66 nm, respectively. Such a difference in
simulation gave a 3 nm red shift of the TPP dip in the reflectance spectra. However,
the fabrication time for ALD is much longer for the deposition of tens or hundreds of
nanometers, which are necessary for such photonic structures.

For optimization of the process, it is reasonable to combine both IBS and ALD meth-
ods: the main “bulk” Bragg reflector part consisting of 6 bilayers of HL refractive index
dielectrics was produced by using IBS; meanwhile, the last aluminum oxide layer, for
which sub-nanometer thickness control is essential, was deposited by the ALD method; and
further, magnetron sputtering was used for gold layer deposition. As the IBS deposition
method is based on high-energy ions hitting the material target and part of the material
being sputtered and later condensed on the substrate, this method has been proven to be a
reliable tool for the fabrication of hundreds of nanometer-thick multilayer structures with
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good quality for optical purposes [34,35]. However, the fast deposition rate, compared with
the ALD method, does not allow sub-nanometer thickness control of the layers. Meanwhile,
the ALD method, characterized by self-limiting surface reactions, gives the possibility
of controlling the thickness of the layer by the number of atomically thick cycles [23,24].
This property is particularly suitable for plasmonic-based nanostructures, where often less
than 10 nm dielectric spacers are used and precise control of the single layer thickness is
necessary [24].

This study was focused on demonstrating the application of ALD for fine-tuning the
wavelength of TPP modes. In order to generate the TPP, a structure consisting of PC and
a metallic layer is needed. In this case, the PC consisted of a Bragg reflector with a single
Al2O3 layer on top. The spectrum of an IBS-deposited Bragg reflector without an Al2O3
layer is depicted in Figure 4a (black dots). To ensure high precision of thicknesses of Al2O3
layers, they were deposited using ALD (Figure 4a (red, blue, and green dots for 60 nm,
63 nm, and 66 nm Al2O3 thickness, respectively)). After deposition of the Al2O3 layer,
the PBG reduces from 162 nm (Bragg reflector) to 147 nm at full width at half maximum
(FWHM), while the reflection increases from 93% to 97%. The exact thickness values
of deposited Al2O3 were predicted by the number of cycles in the ALD process, which
allows us to presume the deposited thickness of Al2O3. Moreover, after the deposition
of the metallic layer, which in this case was a gold layer, on PCs with different Al2O3
thicknesses, structures generating TPP mode at different wavelengths were achieved
(Figure 4b reflection spectra at 8 deg. AOI), which increased the thickness accuracy of
Al2O3 layers. Structures with Al2O3 thicknesses of 60 nm, 63 nm, and 66 nm led to TPP
mode being generated at λ = 558 nm, λ = 561 nm, and λ = 564 nm, respectively, which
fits well with modeling results. The modeling of plasmonic-photonic nanostructure was
performed using TFCalcTM v3.5.15 software by slide-tuning the thickness of the layers,
resulting in the thickness of 6 Ta2O5 and SiO2 bilayers at 50.6 nm and 101.3 nm, respectively,
and 61.3 nm/63.3 nm/66.3 nm Al2O3 with 36.0 nm Au on top. The good agreement between
experimental and modeled results demonstrates how precisely the ALD method allows for
the control of thickness. The wavelength shift of TPP resonance was equal to 3 nm ± 1 nm
and 4 nm ± 1 nm for the Al2O3 thickness difference of 2 nm (61.3 nm–63.3 nm) and 3 nm
(63.3 nm–66.3 nm), respectively. The modeling and experimental results demonstrate linear
TPP resonant wavelength dependence on Al2O3 layer thickness, thus showing how the
ALD method allows for easy estimation of the parameters required to achieve precise
TPP frequency.
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Figure 4. Experimentally measured (circles) and simulated (solid line) reflectance at 8 deg.
AOI: (a) IBS-deposited Bragg reflector coating (black), with different thicknesses of atomic-layer-
deposited Al2O3: 60 nm (red), 63 nm (blue), and 66 nm (green). (b) MS-deposited Au film on
Bragg reflector + Al2O3 stacks with different Al2O3 thicknesses: 60 nm (red), 63 nm (blue), and
66 nm (green).
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Variable-angle spectroscopic ellipsometry (VASE) was used for full optical response
characterization of the three samples. The VASE method allows to measure ellipsometric
parameters Ψ(λ) and ∆(λ) in a wide-angle range. Based on these measurements of the p- and
s-polarized reflectance intensity (Figure 5), the behavior of TPP mode in both polarization
components can be evaluated. At small AOI, the TPP p- and s-polarization components are
close in the spectrum, gradually becoming more spectrally separated with increasing angle.
At 20 deg AOI, the TPP of both p- and s-component minima is at 553 nm, while at 70 deg
AOI, the TPP resonance shifts to 472 nm and 499 nm for p- and s-polarizations, respectively.
This feature can be useful in various applications as both p- and s-components of the TPP
can be used as probes (e.g., two separate probes (wavelengths) for optical sensors).
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Figure 5. Experimental spectra of (a) p-intensity and (b) s-intensity dependence on the AOI for Bragg
reflector + 63 nm Al2O3 + Au stack.

The VASE measurements allow for the analysis of the optical dispersion maps of
the TPP in p- and s-polarized reflectance (Figure 6). It can be seen that TPP excitation
has parabolic dispersion, with the p-polarized component shifting more towards shorter
wavelengths as AOI increases compared with the s-polarization TPP component. In these
maps, the dispersion line of the TPP can be clearly seen shifting from 550 nm at 20 deg.
AOI for both p- and s-polarized components to 470 nm (p-polarization) and 500 nm (s-
polarization) at 70 degrees (Figure 6a,b). The width of the PBG for the p-component of TPP
decreased with increasing AOI by ≈40 nm, while the s-polarization PBG width narrowed
by less than 10 nm. The width of TPP dispersion lines broadened less for s-polarization,
as this component weakly depends on the AOI (the vector is in the plane of the sample
surface). By comparing the quality factor Q for both TPP components, it was determined
that the Q for 20 deg. AOI was equal to 21.19 for both p- and s-components, while at 70 deg.
AOI, the Q was 9.25 and 11.86 for the p- and s-polarization components, respectively. This
shows that better TPP resonance quality at large AOI can be achieved in s-polarization.
However, the miniscule differences between the samples with various aluminum oxide
last layers were better seen in the spectra with separate AOIs (Figure 4). As could be seen
from Figure 4, the dips of TPP were shifted in the spectra by ≈3 nm for each sample with a
thicker aluminum oxide layer. It is reasonable to assume that all three samples had an equal
thickness change of 3 nm because Tamm plasmon resonances were placed for an equal shift
in the wavelength spectra. Moreover, it is well known that plasmonic resonances have a
linear dependence on the optical thickness of dielectric material. The increasing thickness
of Al2O3 from 60 nm to 66 nm resulted in decreased FWHM from 26.3 nm to 24.6 nm,
respectively, and the quality factor Q increased with larger Al2O3 thickness: Q60 = 21.1,
Q63 = 21.6, and Q66 = 22.36.
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Figure 6. Experimentally measured p-intensity (a,c,e) and s-intensity (b,d,f) dispersion relations in
air of Tamm plasmon mode (TP) generated in the photonic structure of six bilayers (Ta2O5/SiO2

(50 nm/100 nm))/Al2O3 (60 nm (a,b), 63 nm (c,d), 66 nm (e,f))/Au (36 nm). Red dashed lines
represent TPP for p- and s-polarizations; black dashed lines represent PBG.

4. Conclusions

In this study, we demonstrate that the ALD method allows for the precise tailoring
of Tamm plasmonic resonances with high accuracy on a few nanometer-thickness scales.
Moreover, the ALD method exhibits the capability to finely tune layers to sub-nanometer
thickness. Spectroscopic ellipsometry and polarized reflection intensity at small AOI
identified the TPP resonances in the PBG formed by periodically alternating silicon oxide
and tantalum oxide layers. The modeling of the optical response of such plasmonic-
photonic structures has shown that they fit reasonably well with experimentally measured
polarized reflectance spectra. The employing of the ALD method for the fabrication of thin
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layers with sub-nanometer thickness accuracy in more complex structures proves to be a
versatile platform for practical applications where tunable plasmonic resonances of high
quality are required.
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