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ABSTRACT

Alternative designs of plasmonic metamaterials for applications in solar energy-

harvesting devices are necessary due to pure noble metal-based nanostructures’

incompatibility with CMOS technology, limited thermal and chemical stability,

and high losses in the visible spectrum. In the present study, we demonstrate

the design of a material based on a multilayer architecture with systematically

varying dielectric interlayer thicknesses that result in a continuous shift of

surface plasmon energy. Plasmon resonance characteristics of metal/semicon-

ductor TiN/(Al,Sc)N multilayer thin films with constant TiN and increasing

(Al,Sc)N interlayer thicknesses were analyzed using aberration-corrected and

monochromated scanning transmission electron microscopy-based electron

energy loss spectroscopy (EELS). EEL spectrum images and line scans were

systematically taken across layer interfaces and compared to spectra from the

centers of the respective adjacent TiN layer. While a constant value for the TiN

bulk plasmon resonance of about 2.50 eV was found, the surface plasmon res-

onance energy was detected to continuously decrease with increasing (Al,Sc)N

interlayer thickness until 2.16 eV is reached. This effect can be understood to be

the result of resonant coupling between the TiN bulk and surface plasmons

across the dielectric interlayers at very low (Al,Sc)N thicknesses. That energy

interval between bulk and decreasing surface plasmon resonances corresponds

to wavelengths in the visible spectrum. This shows the potential of tailoring the

material’s plasmonic response by controlling the (Al,Sc)N interlayer thickness,
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making TiN-based multilayers good prospects for plasmonic metamaterials in

energy devices.

Introduction

Plasmonic resonances are collective, coherent exci-

tations of a metal’s conduction electrons stimulated

by incident electromagnetic waves [1]. Surface

plasmons of metallic nanostructures localize light

below the diffraction limit and can generate intense

electric near fields with well-defined resonances

within the optical window [2, 3]. Applications

exploiting this unique effect include single-molecule

spectroscopy, molecular sensors, photothermal

cancer therapy, photocatalytics, and photovoltaics,

the latter due to the enhancement of efficiency in

hot-electron-based solar energy-harvesting devices

[4–9]. Plasmonic nanostructures comprise hitherto

mostly noble metals like gold and silver, which

unfortunately are not compatible with standard

CMOS (complementary metal-oxide semiconductor)

technology due to their limited chemical and ther-

mal stability and difficulty in depositing them as

smooth continuous thin films. Moreover, noble

metals limit the efficiency in applications due to

characteristic losses from interband transitions in

the optical range [10, 11].

Alternative approaches such as the use of Al and

noble metal alloys have been demonstrated [12, 13].

Suffering from similar losses but being fully com-

patible with commonly used growth technology, as

an alternative to noble metals, the extraordinarily

temperature stable and chemically inert refractory

transition metal nitrides like TiN have been found to

exhibit plasmonic properties similar to gold [14–17].

Designs for plasmon induced hot-electron photo-

voltaics have been most recently demonstrated

[18–20], including theoretical reports that shown that

metal/semiconductor layered structured could

indeed demonstrate higher performances in such

photovoltaic devices in comparison with a bilayer

metal/semiconductor structure [21].

Moreover, it was demonstrated that transition metal

nitrides such as TiN can be grown as a constituent of

single-crystal thin-film epitaxial metal/semiconductor

superlattices with low defect densities exhibiting high

melting points and mechanical hardness for applica-

tions as hard coatings and high-temperature

thermoelectric materials [22–28]. In addition to its high

chemical and thermal stability, a TiN/(Al,Sc)N multi-

layer architecture with metal/dielectric interfaces has

been proven a promising hyperbolic metamaterial in

the visible spectral range and demonstrated large

enhancement of its densities of photon states which

could be useful in various quantum electronic and

optoelectronic applications [29, 30].

While it is known that single TiN thin films show two

discrete plasmon resonances for their bulk and surface

components [17], tailoring the plasmonic response of

TiN is essential for designing high-efficiency hot-elec-

tron photovoltaic, photocatalytic, and other devices.

The aim of this study is to (a) demonstrate the design of

a material based on a superlattice architecture with

systematically varying dielectric interlayer thicknesses

that result in a continuous shift of the TiN surface

plasmon energy and (b) to understand the effects of the

dielectric spacer layer thickness on the plasmonic

properties of TiN. Changes in the plasmonic resonance

energies of TiN with respect to Al0.72Sc0.28N dielectric

spacer layer thickness in a lattice-matched epitaxial

low-defect metal/dielectric heterostructure will

broaden the spectral range of its operation and is

expected to enhance the efficiency of the devices. It

must also be remembered that such analysis and

engineering of the plasmon resonance would unlikely

be achieved with noble metals since it is hard to

develop a noble metal-based epitaxial metal/dielectric

heterostructure with low defect densities.

The plasmonic responses were mapped by state-of-

the-art scanning transmission electron microscopy

(STEM)-based electron energy loss spectroscopy

(EELS). EELS is widely used as a standard technique

for characterization of plasmonic materials, due to its

combined high-spectral and sub-Ångström spatial

resolution, which is required for nanometer-sized

material structures.

Experimental

Film growth and treatment

Epitaxial, nominally monocrystalline TiN/(Al,Sc)N

metal/dielectric multilayers with rock salt crystal
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structure were deposited on (001)-oriented MgO

substrates at 750 �C in a 10 mTorr Ar/N2 (4 sccm Ar/

6 sccm N2) ambient via reactive dc-magnetron sput-

tering (PVD Products, Inc.) from scandium (99.998%

purity), aluminum (99.99%), and titanium (99.99%)

targets in a top-down confocal arrangement. The

growth chamber was equipped with four targets and

three DC power supplies, and the base pressure

was\ 7 9 10-6 Pa (5 9 10-8 Torr) prior to deposi-

tion. The magnetron sputtering was performed in

constant power mode (with Al = 200 W;

Sc = 180 W; Ti = 200 W) with a target to substrate

distance of 9 cm and a substrate rotation speed of

5 rpm. While the thickness of all TiN layers was

aimed to a constant 20 nm, the lowermost (Al,Sc)N

layer thickness was 2 nm and from there increased in

steps of 2 nm with each additional layer until the

(Al,Sc)N thickness reached 20 nm, so that the

resulting stack features a sequence of: MgO sub-

strate/20 nm TiN/2 nm (Al,Sc)N/20 nm TiN/4 nm

(Al,Sc)N/20 nm TiN/6 nm (Al,Sc)N/20 nm TiN/

8 nm (Al,Sc)N, and so forth, as is shown in the cross-

sectional STEM micrograph in Fig. 1.

In order to assure epitaxial growth of the multi-

layers, lattice match was achieved by yielding a

dielectric layer stoichiometry of Al0.72Sc0.28N and

TiNx with x = 1, which was confirmed by energy-

dispersive X-ray spectroscopy (EDS) measurements

in the TEM with an error of about 2%. The epitaxial

growth is confirmed by the selected area electron

diffraction pattern (SAED) shown in the inset of

Fig. 1.

Electron microscopy methods and EEL
spectra acquisition and analysis

All STEM and EELS experiments were conducted

with the Linköping image- and probe-corrected and

monochromated FEI Titan3 60-300 microscope

equipped with a Gatan ERS Quantum GIF, high-

brightness XFEG source, and dual-EELS fast-shutter

system, operated at 300 kV. Using the probe correc-

tor, the spatial resolution achieved was better than

1 Å. By exciting the monochromator and setting the

finest available spectrometer dispersion of 0.01 eV/

channel, the energy resolution was kept at about

0.2 eV as measured by full-width at half-maximum of

the zero-loss peak (ZLP) at 1 s exposure.

The probe current during EELS spectrum acquisi-

tion was about 150 pA, and analysis of the low-loss

region was done by background removal via fitting a

power law decay function to the ZLP tails. After

background subtraction, Gauss plots were fitted to

the individual peaks for determination of TiN surface

plasmon energy Ep. All data analysis was done using

Gatan Digital Micrograph.

In order to account for sample drift, the fast-scan

direction is chosen to be parallel to the interfaces, and

several pixels were binned together in the same

direction. The spectra are normalized to take current

changes into account. No other algorithms have been

applied to further smoothen the line spectra.

EDS maps were recorded with a Super-X EDS

detector system for ultra-high count rates in STEM

mode, and EDS maps with total counts well above

1.000.000 have been recorded for quantification to

confirm both the TiN and Al0.72Sc0.28N layer compo-

sition. Each of these spectra can be quantified indi-

vidually or by combining any number of spectra in,

e.g., a line or box, as shown in the supplementary

information Figure S1. Hence, for quantification

about 250 9 250 = 62500 full spectra for each map

could be used to become integrated in any possible

way and analyzed. Binning thousands of those (ZAF-

corrected) spectra together and applying the k-factor

method yield a precision better than 2% to confirm

TiNx with x = 1. That precision is even higher for the

Al0.72Sc0.28N composition since Al and Sc differ less

in atomic number and have no peak overlaps.
Figure 1 Low-magnification overview STEM micrograph with

SAED of the TiN/(Al,Sc)N multilayer stack in the inset,

confirming the epitaxial growth.
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TEM sample preparation

A cross-sectional TEM lamella was prepared by

focused ion beam (FIB) using a FEI Strata 400S system

equipped with an OmniProbe 200 micromanipulator

for in situ lift-out, where the lamella is transferred to

copper TEM grids. The preparation was initially

performed at 30 kV with an ion beam current of

21 nA. The lamella was thinned to about 100 nm

thickness using ion beam currents from 0.44 nA

down to 26 pA. The final thinning step was per-

formed at 5 kV with 15 pA ion beam current. To

improve the surface quality and to reduce the thick-

ness further, the lamella was polished with a focused

argon ion beam using a NanoMill system (Model

1040, Fischione Instruments). Ion energies from

900 eV down to 600 eV were used for 50 min in total

to remove both the implanted Ga ions and the

amorphous regions that formed during FIB prepara-

tion to prevent such effects influencing the EEL

spectra [31].

Optical measurements

Dielectric permittivities of individual TiN (20 nm

thickness) and Al0.72Sc0.28N layers (thicknesses of 5

and 30 nm) were measured by spectroscopic ellip-

sometry (J. A. Woollam Co.). The w and d plots were

obtained for three different incidence angles, 30�, 50�,
and 70�, respectively, in the spectral range of

320–2000 nm with an interval of 10 nm. The ellip-

sometry data were fitted with a Drude model for TiN

and a Drude–Lorentz model for the (Al,Sc)N layers

(see supplementary information Figure S2). No vari-

ation in permittivity was found between the 5 and

30 nm film thicknesses.

Results and discussion

Structurally, plasmonic metamaterials are character-

ized by a metal/dielectric interface with accompa-

nying abrupt negative to positive transition of the

real part of dielectric permittivity. Figure 2 shows the

real and imaginary part of the dielectric permittivities

of the TiN and Al0.72Sc0.28N films, respectively,

demonstrating that TiN becomes plasmonic with

negative real permittivities (e0) above 500 nm spectral

range. Due to its lower carrier concentration and

mobilities with respect to the noble metals such as Au

and Ag (the carrier concentration of sputter depos-

ited TiN thin film is about 3.3 9 1022 cm-3, while

traditional plasmonic materials like Au and Ag have

carrier concentrations in the 5.9 9 1022–8 9 1022

cm-3 ranges), the e0 of TiN decreases rather slowly

[29].

The imaginary part of the dielectric permittivity is

dominated by interband transitions in the visible

spectral range, while free electron Drude absorption

dominates the e00 at longer wavelengths. Al0.72Sc0.28N

thin films on the other hand show dielectric behavior

in the visible to near IR spectral range and very low

optical losses above 550 nm spectral ranges.

Figure 3a shows a high-angle annular dark-field

(HAADF) STEM micrograph of the base part of the

multilayer stack in cross-sectional view. The TiN

layers appear bright with respect to the (Al,Sc)N due

to the Z-contrast (contrast proportional to the atomic

number of elements) produced with this technique.

The layers appear mostly (but not perfectly) flat with

sharp interfaces in the field of view, although further

away from the substrate the structure can be seen to

start becoming distorted (upper edge). The intended

individual layer thicknesses were 20 nm for all TiN

and 2 nm (increased in steps of 2 nm with each

additional layer) for (Al,Sc)N. This is well repro-

duced for at least the first 10 periods of layer growth,

which includes the entire region investigated by

EELS.

A few defects can be found running diagonally

from the substrate/film interface upward. The inset

shows an atomically resolved STEM micrograph of a

region across two interfaces marked by a rectangle,

demonstrating the high quality of epitaxial growth

for the second TiN/(Al,Sc)N interface, while further

Figure 2 Real (e0) and imaginary (e0 0) parts of the dielectric

permittivity as a function of wavelength for the TiN (a) and

(Al,Sc)N (b) films examined in this work as measured by variable

angle spectroscopic ellipsometry. While e0 of TiN is negative

above wavelengths of * 500 nm, e0 of (Al,Sc)N stays positive

over the whole frequency range.
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away from the substrate with increase in (Al,Sc)N

thickness, more edge dislocations stemming from the

slight lattice mismatch are to be found.

High-resolution low-loss EELS spectra have been

taken in the bulk regions of individual TiN and

(Al,Sc)N layers as well as in the substrate away from

the interface for comparison (Fig. 3b). Care was taken

that all EELS line scans were recorded far away from

the diagonal defects, to rule out any effect that those

might have on the plasmon resonances. Their

potential influence will be investigated in a future

study. A sharp edge associated with the TiN bulk

plasmon energy can be seen in the spectral region

between 2 and 3 eV. In order to map continuous

changes in the plasmon resonance, spatially resolved

EELS maps were recorded by scanning the beam

across the interfaces of adjacent layers, and Fig. 3c, d

shows such integrated scans taken along the red lines

marked in (a). The scan in (c) extends from the central

(bulk) region of the third TiN layer over the interface

to the upper (Al,Sc)N layer. The plasmon resonance

can be seen to become reduced from a bulk value of

about * 2.5 eV toward the interface where the sur-

face plasmon is located. Similarly, a slight change in

plasmon energy is observed in the scan across the

interface from the MgO substrate toward the first TiN

layer (d).

High-resolution interface scans showing the plas-

mon resonances in the energy region corresponding

to the spectral range of visible light (ca. 1.7–3.0 eV)

are shown in Fig. 4.

The scan in Fig. 4a shows an increase in plasmon

energy across the MgO/TiN interface in the direction

Figure 3 Overview STEM micrograph of the multilayer stack

with constant TiN and systematically increasing Al0.72Sc0.28N

layer thicknesses. The inset shows the interface region marked by

a rectangle at atomic resolution, demonstrating the high epitaxial

growth quality (a). High-resolution EELS spectra from bulk

regions of TiN, Al0.72Sc0.28N, and MgO are shown in (b). EELS

line scans across the interfaces [marked by red lines in (a)] of TiN

and (Al,Sc)N (c), and MgO and the first TiN layer (d) show the

associated spectral changes in the low-loss regions after subtrac-

tion of the zero-loss peak (ZLP).

Figure 4 Integrated EELS scans across several multilayers

interfaces show the changes from TiN bulk to surface plasmon

resonance for different thicknesses of the (Al,Sc)N interlayer.

Across the substrate/TiN layer interface, the plasmon resonance is

observed to continuously shift to higher energy values toward the

bulk (a). Similarly, the TiN surface plasmon energy is slightly

lower at the TiN/(Al,Sc)N interface as compared to the TiN bulk

resonance (b). With increasing (Al,Sc)N interlayer thickness

(c, d), the differences between TiN bulk and surface plasmon

resonances increase significantly. Layers are enumerated as grown

from the substrate upward.
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away from the substrate. Directly at the interface, the

intensity maximum can be found at about 2.2 eV,

which corresponds well with other studies where a

value of 2.15 eV has been reported for the MgO/TiN

interface [17]. The interface scans across the second

TiN/(Al,Sc)N (4 nm (Al,Sc)N) sequence (b) show a

slight decrease in energy from the TiN bulk plasmon

at * 2.5 eV toward the surface plasmon. Noticeably,

the surface plasmon resonance is shifting gradually

toward lower values for the fifth (c) and tenth

(d) layer period of the stack. There, the (Al,Sc)N

interlayer thicknesses are 10 nm (c) and 20 nm (d),

the latter being equal to that of the TiN.

To verify the trend apparent in the line scans, ZLP

subtracted single spectra that have been taken in the

center of the TiN layers and close to the upper TiN/

(Al,Sc)N interface are plotted in Fig. 5. The positions

where the spectra have been taken are marked by

dots in the overview HAADF-STEM micrograph (a).

From the interface spectra shown in the waterfall

plot of Fig. 5b, the shift of TiN surface plasmon

energy toward lower values with increasing (Al,Sc)N

thicknesses becomes apparent (energy difference

marked by two dotted lines), while the bulk plasmon

energies taken at the center of the TiN layers do not

show systematic variation (c). For quantification,

Gauss profiles were fit to each individual surface

plasmon edge of Fig. 5b, and their maximum values

(with a standard deviation of about 5 meV) are listed

in Table 1. The supplementary information Fig-

ures S3 and S4 show the background subtraction

from the raw data and the Gauss fitting on all inter-

face spectra.

As can be seen, the TiN surface plasmon resonance

decreases continuously with increasing interlayer

thicknesses and converges at a value of 2.16 eV for

interlayer thicknesses above 16 nm. One possibility

for the bulk-like values of the surface plasmon for

interlayer thicknesses in the range of a few nanome-

ters is suggested in the literature [32]: Here, the

authors describe the resonant coupling of surface and

bulk plasmons that occurs at the interface of a metal

and a dielectric, affecting the propagation of the

surface plasmon polaritons. It is shown that a large

part of the energy guided by the surface plasmon

polaritons is transmitted through the resonance to the

bulk plasmons, leading to a damping of the surface

plasmon polaritons. How exactly the increase in

(Al,Sc)N thickness weakens the coupling and

strengthens the damping effect on the surface plas-

mon polaritons remains to be examined in another

study, but we point out that similar damping on the

surface plasmon polaritons at metal/dielectric inter-

faces has been demonstrated previously already [30].

Since the wavelength of light that is needed to excite

plasmons in the energy range of 2.5–2.15 eV is

between 500 and 575 nm, these resonances can be

stimulated by light of the visible spectrum.

Similarly, the bulk plasmon edges were fit with

Gaussians and found to have a mean average of

2.50 eV with a standard deviation of 0.05 eV. This

value is independent of the (Al,Sc)N interlayer

thickness. Others have recently reported the TiN bulk

plasmon at an energy of 2.74 eV using STEM-EELS

and an almost identical experimental setup and

energy resolution as used in the present study [17].

Those values were, however, obtained from single

TiN films with a thickness above 100 nm, while the

TiN films in our study are only 20 nm thick. It can be

Figure 5 Waterfall plots of single EELS spectra taken from the

region of interest shown in the STEM micrograph in (a): surface

(b) and bulk (c) TiN inelastic scattering profiles after background

subtraction showing a systematic reduction in surface plasmon

resonance energy with increasing (Al,Sc)N interlayer thickness

(b), while the TiN bulk plasmon resonances show no systematic

changes (c).

Table 1 TiN surface plasmon

energy Ep as function of

(Al,Sc)N interlayer thickness t

t (nm) 2 4 6 8 10 12 14 16 18 20

Ep (eV) 2.56 2.55 2.43 2.34 2.30 2.26 2.19 2.17 2.16 2.16
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assumed, that at such thickness, the plasmon

observed in the center of the film has not fully

reached a bulk-like character, but still couples with

the surface plasmons of lower energy. Another

explanation for the small discrepancy could be slight

differences in stoichiometry; however, as described in

the ‘‘Experimental’’ section, we have determined the

composition to be TiNx with x = 1 (with an error of

slightly below 2%) by EDS measurements.

Conclusions

The influence of semiconductor interlayer thicknesses

on the bulk and surface plasmons of TiN in thin-film

multilayers with systematically increasing (Al,Sc)N

interlayer thicknesses has been investigated. While

the TiN bulk plasmon keeps a constant value of about

2.50 eV, the surface resonance continuously decrea-

ses with increasing interlayer thickness until con-

verging at about 2.16 eV once the interlayer reaches a

thickness comparable to the one of TiN. This effect

can be understood to be the result of resonant cou-

pling between the TiN bulk and surface plasmons

across the dielectric interlayers at very low (Al,Sc)N

thicknesses. The detected plasmon resonance ener-

gies correspond to wavelengths between 500 and

575 nm, i.e., in the visible light range of the electro-

magnetic spectrum. Our results show that by care-

fully controlling the (Al,Sc)N interlayer thickness in

the multilayer stack, TiN surface plasmon energies

can be tailored, potentially enhancing the efficiency

of solar energy-harvesting devices.

Supplementary information

A supplementary information file is provided online

(see Electronic supplementary material) containing

(1) raw data and details on the EDS mapping and

analysis procedure, (2) ellipsometry raw data and

fitting, and (3) EEL spectra background subtraction

and Gauss fitting of all individual interface peaks to

determine the position of Ep.
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