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ABSTRACT: By combining ﬁrst-principles theoretical calculations
and experimental optical and structural characterization such as
spectroscopic ellipsometry, X-ray spectroscopy, and electron
microscopy, we study the dielectric permittivity and plasmonic
properties of ultrathin TiN ﬁlms at an atomistic level. Our theoretical
results indicate a remarkably persistent metallic character of ultrathin
TiN ﬁlms and a progressive red shift of the plasmon energy as the
thickness of the ﬁlm is reduced, which is consistent with previous
experimental studies. The microscopic origin of this trend is
interpreted in terms of the characteristic two-band electronic
structure of the system. Surface oxidation and substrate strain are
also investigated to explain the deviation of the optical properties
from the ideal case. This paves the way to the realization of ultrathin
TiN ﬁlms with tailorable and tunable plasmonic properties in the
visible range for applications in ultrathin metasurfaces and nonlinear optics.
KEYWORDS: plasmonics, optical properties, DFT, ellipsometry, titanium nitride, ultrathin ﬁlms

R

that can be engineered by precise control of their thickness,
composition, and the electronic and structural properties of the
substrate and superstrate.10,16,17 This unique tailorability,
unachievable with bulk or relatively thick metallic layers,
establishes ultrathin plasmonic ﬁlms as an attractive material
platform for the design of tunable and dynamically switchable
metasurfaces.18 In order to realize these applications, a deeper
insight into plasmonic material properties at the nanoscale is
required.
To investigate the sought after atomically thin plasmonic
regime, there have been several eﬀorts to grow ultrathin (<10
nm) metallic ﬁlms with various plasmonic materials, such as
gold19 and titanium nitride (TiN).11,20 For noble metals, which
are the usual choice of material for plasmonic structures, the
deposition of smooth, continuous ultrathin ﬁlms is very
challenging due to island formation and large defect
concentrations.19,21 In contrast, the epitaxial growth of TiN
on lattice-matched substrates, such as MgO, allows for the
growth of plasmonic thin ﬁlms with thicknesses down to 2
nm.22,23 Due to its high quality growth, chemical stability, and
tailorable optical properties, TiN is the ideal material choice to

ecent developments in nanofabrication techniques have
facilitated a surge of nanoplasmonic devices whose
properties can be engineered by careful structural control of
their metallic building blocks.1 The usage of plasmonic
materials, mostly metals, that support the light-coupled
subwavelength oscillations of free electron clouds has led to
advances in various applications, such as sensing,2−4 photovoltaics,5−7 and optical circuitry,8,9 unachievable with conventional dielectric photonic materials. Along with the control of
the lateral dimensions of plasmonic structures, it is also possible
to tailor the properties by adjusting the thickness of plasmonic
materials, all the way down to a few monolayers.10,11 As the
dimensions shrink down to nanometer range thicknesses,
quantum phenomena emerge as a result of the strong electron
conﬁnement, making ultrathin plasmonic materials ideal
platforms to study light−matter interactions at the nanoscale.12,13 For example, the strong conﬁnement leads to an
enhanced nonlinear optical response in ultrathin ﬁlms in
comparison to their bulk counterparts.14,15 Most importantly,
ultrathin plasmonic ﬁlms are predicted to have a greatly
increased sensitivity to the local dielectric environment, strain,
and external perturbations.10 Consequently, unlike conventional metals with properties that are challenging to tailor,
atomically thin plasmonic materials exhibit optical responses
© 2018 American Chemical Society
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study plasmonic properties at the atomic level. The electronic,
optical, and mechanical properties of TiN single or polycrystalline bulk system and thick ﬁlms (>100 nm) have been largely
studied24−28 using several experimental and theoretical
techniques, including spectroscopic ellipsometry,29,30 X-ray,
UV photoemission and Auger spectroscopy,31,32 electron
energy loss,33,34 Hall electron transport,35 scanning electron
and tunneling microscopies,36,37 and tight-binding and ab initio
simulations.24,38−40
On the contrary, even though a few reports on growth41,42
and electron transport43,44 appeared in the last years, the optical
properties of ultrathin TiN ﬁlms (<10 nm) are still largely
unexplored. In particular, while the retention and manipulation
of optical properties in ultrathin TiN ﬁlms has been recently
demonstrated,11,18 a comprehensive investigation of the
underlying physics aﬀecting the plasmonic properties in
ultrathin metal ﬁlms is still lacking. Hence, to move toward
the realization of practical devices utilizing ultrathin plasmonic
materials, additional studies are needed to understand the
optical behavior of ultrathin ﬁlms and the diﬀerent factors
contributing to their thickness dependent properties. In this
study, we present a joint theoretical−experimental study on the
plasmonic properties of ultrathin TiN ﬁlms. Structural and
compositional characterization of the ﬁlms provide further
insight into the possible avenues to tailor the optical response.
We show that the eﬀects of oxidation and strain on the
optoelectronic and plasmonic properties of the thin ﬁlms
emerge as fundamental parameters to optimize the nanostructure response.

Figure 1. (a) Side view of 1−10, 15, and 20 layer thick TiN(100) slabs
used in the simulations. (b) Free electron charge density ne, and (c)
volume-plasmon Ep and screened-plasmon E0 energies for 1−20 layer
ﬁlms (0−4 nm). Orange shaded area estimate the error band
associated with the choice of m*.

permittivity of vacuum, and m* the electron eﬀective mass.
ℏωk,n,n′ = Ek,n′ − Ek,n are the vertical band-to-band transition
energies between occupied and empty Bloch states, labeled by
the quantum numbers (k, n) and (k, n′), respectively. f n,n
k and
′
f n,n
are
the
oscillator
strengths
for
the
Drude
and
Lorentz
parts
k
and are related to the dipole matrix elements between Bloch
states. η and γ are the Drude-like and Lorentz-like relaxation
terms, which account for the ﬁnite lifetime of the electronic
excitations and implicitly include the eﬀects of the dissipative
scattering. The capability of the present approach in simulating
the optical properties of plasmonic materials has been
extensively proved in refs 40, 49, and 50. As a further accuracy
test, we report in the Supporting Information (SI) the
comparison between the dielectric function of TiN bulk (B1
phase) calculated with Drude-Lorentz approach and with the
one based on Time-Dependent Density Functional Perturbation Theory, adopted in ref 40 and compared with experiments.
The free carrier density ne is obtained inverting the Drudelike expression for the plasma frequency, ne = ωp2ε0m*e−2.
Rigorously, since TiN has a nonspherical Fermi surface with
three bands crossing the Fermi energy, m* is direction and
band dependent. On the other hand, it is an experimental
custom to assume a single parabolic model and extract an
average m* (usually deriving from optical measurements) to
combine it with resistivity measurements in order to estimate
the experimental carrier density. For bulk systems the estimated
m* is very close to the free electron mass m0 (m* = 1.1m0).35
For ﬁlms thicker than 2 nm, the average eﬀective mass is about
1.3m0 and it is expected to decrease for thinner ﬁlms.11 Direct
evaluation from our DFT band structure calculation around Γ
point gives m* = 0.99m0 for bulk and m* = 0.9m0 for 4L ﬁlm,
respectively, in good agreement with experimental estimates. In
the following, for the calculation of ne, we assumed m* = m0 for
each system, with an error band (orange shaded area, Figure 1)
among the extrema m* = 0.9−1.3m0.
Experiments. Ultrathin TiN ﬁlms with thicknesses of 2, 4,
6, 8, 10, and 30 nm were grown on MgO using DC reactive
magnetron sputtering. The TiN deposition was completed by
sputter deposition of a titanium target in a 60% nitrogen and
40% argon environment at 5 mT with 200 W of DC power

■

METHOD
Theory. First-principles density functional (DFT) calculations are carried out with semilocal (PBE45) exchangecorrelation functional, using plane wave basis set (with a cutoﬀ
energy of 200 Ry) and norm-converging pseudopotentials,46 as
implemented in Quantum Espresso47 codes. A uniform (28 ×
28) k-point grid is used for summations over the 2D Brillouin
zone.
Extended TiN ﬁlms are simulated using periodically repeated
supercells. Each unit cell (4.24 × 4.24 × 55.00) Å3 has a (√2 x
√2) 2D lateral periodicity and contains 1−10, 15, and 20
layers of TiN(001), as shown in Figure 1a. The lattice
parameter of TiN surface (4.24 Å) is obtained from the
optimization of the corresponding bulk crystal.40 When
considering the eﬀect of oxidation, O adatoms are symmetrically adsorbed on each surface to avoid a spurious dipolar ﬁeld
across the cell. To avoid interaction between adjacent slab
replicas, these are separated by at least 15.0 Å of vacuum. Each
structure is fully relaxed until forces on all atoms become lower
than 0.03 eV/Å.
The complex dielectric function ε̂ = ε′ + iε″ is evaluated
using the code epsilon.x, also included in the Quantum
ESPRESSO suite. This code implements an independent
particle formulation of the frequency-dependent (ω) Drude−
Lorentz model for solids:48,49
ε(̂ ω) = ε′ + iε″
=1−

∑ f kn,n
k ,n

ωp2
2

ω + iηω

+

∑
k ,n≠n′

f kn , n ′

ωp2
ωk2, n , n ′

− ω2 − iγω

(1)

where ωp = e 2ne /ε0m* is the bulk plasma frequency, e is the
electron charge, ne the electron density, ε0 is the dielectric
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Figure 2. Real part of the dielectric function as a function of the number of layers NL. Inset shows the comparison between theoretical (thick straight
lines) and experimental (thin dashed lines) for 2 (blue) and 4 nm (red) ﬁlms, respectively.

cm−3, in agreement with the experimental results11 (Figure S2,
SI). Nonetheless, with decreasing thickness, the ﬁlms become
less metallic. The electron density ne decays almost linearly with
the number of layers NL (Figure 1b) and the real part of the
dielectric function (Figure 2) decreases in magnitude as a
function of NL (the imaginary part also decreases, not shown).
The latter is an indication of the progressive reduction of the
electronic screening in ultrathin layers. Additionally, the
crossover wavelength λ0 red shifts as the thickness decreases.
This trend is in qualitative agreement with the experimental
results summarized in Figure S2 of SI, where the optical
properties of epitaxial ultrathin TiN ﬁlms with thicknesses of 2,
4, 6, 8, and 10 nm grown on MgO were measured using
variable angle spectroscopic ellipsometry.11 It is important to
note that, although the theoretical results cover a smaller range
of thicknesses (0−4 nm) and directly compare only with the
two thinnest experimental samples (2−4 nm), they are still well
representative of the trends showed by the experimental results.
This is conﬁrmed also by the 1/NL ﬁt of E0 displayed in Figure
S3 (SI), which shows that, except for 1L−3L systems, all the
other results present a linear behavior as the number of layers
(1/NL) increases (decreases), and the trends can thus be used
to compare with experimental data for thicker ﬁlms.
At the crossover wavelength λ0, the imaginary part of the
dielectric function ε″ also has a minimum. The condition ε(λ0)
≈ 0 corresponds to the possibility of exciting a plasmon-like
resonance in the visible range.40,51,52 The diﬀerence between Ep
and E0 for each thickness value (Figure 1c) indicates that the
plasmon excitations in the optical range (E0) do not involve the
overall charge density of the system, as for the high energy
volume plasmon (Ep), but only a reduced “screened” fraction
(ne ≈ 1021 cm−3). This is the result of a complex interplay
between interband and intraband transitions that eﬀectively
screen the amount of free charge that can be collectively excited
in the optical range.40 Ep and E0 have two evident functional
trends as a function of the thickness: Ep varies in the range 3.1−
12.7 eV (1L−20L) with an almost ideal square root behavior
(i.e., ne varies linearly with thickness), while E0 is limited to a
much smaller variation range 1.2−2.9 eV for 1−20 layers,

with the substrate heated to 800 °C, resulting in high quality
epitaxial ﬁlms with low roughness.11
The Kratos X-ray photoelectron spectrometer was used for
the surface analysis of a 30 nm TiN ﬁlm. A monochromatic Al
Kα (1486.6 eV) X-ray source was used as the incident
radiation. The wide scan for the overall spectra is performed
with a scanning step of 1000 meV, while the narrow scans for
the elemental peaks are performed with a scanning steps of 50
meV. The narrow scans were peak ﬁtted using the CasaXPS
software. The spectral energy scale was calibrated with the
binding energy of C 1s set to 284.5 eV.
The linear optical properties of the 2, 4, 6, 8, and 10 nm ﬁlms
were measured using variable angle spectroscopic ellipsometry
at angles of 50° and 70° for wavelengths from 400 to 2000 nm.
A Drude-Lorentz model consisting of one Drude oscillator and
one Lorentz oscillator was used to ﬁt the measurements.11 The
charge densities in the TiN ﬁlms were determined via standard
Hall measurements. Using photolithography and dry etching
processes, Greek crosses were fabricated from the TiN ﬁlms,
and gold contact pads were applied. The Hall resistance was
determined by measuring the voltage across two arms of the
cross while a current (10 mA) passing through the other two
arms generates an out-of-plane magnetic ﬁeld, from which the
charge density can be calculated.11

■

RESULTS AND DISCUSSION
The optical properties of ultrathin TiN with thicknesses
ranging from one to 20 monolayers (0−4 nm) calculated
using DFT are summarized in Figures 1 and 2. Figure 1b
reports the thickness variation of the free electron density ne.
Figure 1c displays the thickness variation of the volume−
plasmon energy Ep = E(ωp) and of the screened-plasmon
energy E0 = E(ω0), where ω0 = 2πc/λ0, and λ0 corresponds to
the wavelength where the real part (ε′) of the dielectric
function changes sign [ε′(λ0) = 0]. Figure 2 shows the plots of
the ε′ function as resulting from the solution of Drude-Lorentz
model of eq 1.
All systems exhibit a metallic character and, except for the
single layer (1L), have a high carrier density of the order of 1022
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lower binding energies), which results in a decrease of ΔE (i.e.,
E0 red-shifts). Thus, despite the same formal electron density,
the reduction of thickness increases the surface contribution
and the electron localization, giving an eﬀective reduction of the
free electron charges.
This qualitatively explains the modiﬁcations of the optical
properties observed in the experiments varying the ﬁlm
thickness (Figure S2).11 In order to have a more quantitative
comparison, we superimpose the experimental ε′ spectrum
(inset of Figure 2) for the 2 and 4 nm ﬁlms. Albeit in qualitative
agreement, the theoretical values of λ0 are systematically blueshifted with respect to the experimental ones, that is, the
crossover wavelength of 2 and 4 nm TiN ﬁlms are reached at a
larger thickness in the experimental studies compared to the
theoretical results. In particular, the theoretical value of for the
10L system (i.e., 2 nm), λ0 = 489 nm (blue straight line), is
blue-shifted by 96 nm with respect to the experimental value, λ0
= 585 nm (blue dashed line). For the 20L system (i.e., 4 nm),
λ0 = 430 nm (red straight line), is blue-shifted by 105 nm with
respect to the experimental value, λ0 = 535 nm (red dashed
line).
Two diﬀerent factors that may originate the λ0 diﬀerence
between experiment and theory are considered: (i) surface
oxidation and (ii) interface strain.
Typically, a layer of TiNxOy of approximately 1−2 nm is
formed on the ﬁlm surface,53 which would reduce the eﬀective
thickness of the ﬁlms. X-ray photoelectron spectroscopy was
conducted on a 30 nm TiN ﬁlm grown on MgO to study the
oxidation mechanisms on the ﬁlm surface (Figure 4). The N1s,
O1s, and Ti2p peaks are decomposed as shown in Figure 4b, c,
and d, respectively. Three peaks can be used to ﬁt the N1s
spectrum, where the dominant peak at 396.8 eV is attributed to
Ti−N bonds. The peak at 397.7 eV is due to the formation of
an oxynitride compound, resulting in Ti−O−N bonds.54,55 An
additional weak peak in the ﬁtting is observed at a lower energy
395.8, which may be the result of other impurities or nitrogen
chemically bonded on the surface.55,56 While evidence of
TiNxOy is also present in the O1s spectrum (531.2 eV), the
main peak at 529.9 eV is indicative of the existence of Ti−O
bonds in the ﬁlms.57 These results are also corroborated by the
decomposition of the Ti2p peak using three pairs of doublets
(2p 1/2 and 2p 3/2) for Ti−N, Ti−N−O, and Ti−O,57,58
implying that the ﬁlms are systems consisting of TiN, TiNxOy,
and TiO2. The binding energies and shapes of the peaks in
Figure 4 are consistent with those reported in literature.54,55,57,58
To determine how the diﬀerent oxidation phases possibly
modify the optical properties, nine diﬀerent conﬁgurations of
an oxide capping layer on a 2 nm thick ﬁlm are considered.
These include oxygen atoms in N substitutional sites (ON),
single oxygen (Os) and O2 molecules adsorbed on the surface
(Figure 5a), and their combination. The corresponding ε′ plots
are collected in panels (b) and (c). The dielectric function of
ideal 2 nm thick layer (i.e., 10L, black thick line) and the
corresponding experimental results (black dashed line) are
included for comparison.
Since the metallic bands at the Fermi level are mainly due to
Ti-derived states, the coordination of Ti atoms is crucial in the
resulting optoelectronic properties of the system. If a single or a
few O atoms substitute surface nitrogens, this does not
substantially change the Ti coordination leaving the electronic
structure almost unchanged (Figure 5b). Rather, ON is an
aliovalent impurity that acts as an n-type dopant, which

respectively, due to the interband-transition screening that is
active even in ultrathin ﬁlms (see below). We further note that
the value of volume-plasmon for TiN bulk is Epbulk = 25.4
eV,33,40 larger than the values resulting in the present case:
Despite their metallic character, these ﬁlms have not yet
reached the bulk (or thick ﬁlm) density limit, remaining well
within the ultrathin regime.
The red shift of the crossover wavelength along with the
reduction of the real and imaginary parts of the dielectric
function when the thickness is reduced perfectly ﬁts with a
recent electromagnetic model explicitly developed to describe
the conﬁnement eﬀects on the optical properties of ultrathin
plasmonic ﬁlms.17 Here, taking advantages of ﬁrst-principles
results, we can discuss the eﬀect of quantum conﬁnement in
terms of the electronic structure of the ultrathin ﬁlms. The
electron density of states (DOS) of each TiN ﬁlm close to the
Fermi energy (EF) is characterized by two contiguous groups of
bands, labeled 1 and 2 in Figure 3, which shows the DOS

Figure 3. Simulated DOS plots for 1L (red) and 10L (black) systems.
Dashed lines remark energy position with respect to the Fermi level
(EF) and the energy width of the two main groups of bands (1, 2)
responsible for crossover wavelength in the visible range (λ0).

spectra for the cases 1L (red) and 10L (black). Bands forming
the multiplet 1 have a predominant N(2p) character with a
minor contribution from Ti(eg) orbitals, while bands of group 2
mostly derive from Ti(t2g) orbitals slightly hybridized with
N(2p) states. The plasmonic behavior of TiN originates from
intraband transitions of group-2 bands that cross the Fermi
level, giving rise to a Drude-like tail in the real part of the
dielectric function and to the high-energy volume plasmon. The
excitation of interband 1 → 2 transitions at lower energies gives
a positive contribution to the (negative) Drude component of
ε′ that becomes globally positive at the crossover frequency λ0.
Thus, in a ﬁrst approximation, the energy position of band 1
with respect to the Fermi level (ΔE in Figure 3) deﬁnes the
energy of the screened plasmon (E0). The eﬀect of conﬁnement
actually changes the energy width and the energy position of
bands 1 and 2 with respect to EF. Despite the two sets of bands
are clearly present in both systems, their characteristics are
quite diﬀerent: with decreasing thickness the surface-to-bulk
ratio increases along with the number of under-coordinated
surface atoms. The presence of frustrated bonds imparts a
shrinking of the bandwidth of bands 1 and 2 (i.e., higher spatial
electron localization), and an upshift of occupied bands (i.e.,
2819
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Figure 4. (a) XPS spectrum of a partially oxidized 30 nm TiN ﬁlm grown on MgO by DC magnetron sputtering. The (b) N1s, (c) O1s, and (d) Ti2p
peaks are ﬁtted to determine the local chemical environment. CPS are the counts per second collected at each energy. The black curve represents the
actual XPS data collected, while the blue dashed curve is the generated envelope curve from peak ﬁtting.

the original bands 1 - 2 and the system maintains a metallic
character, but the presence of oxygen (shaded area) includes
new localized states across the Fermi level. This has a 2-fold
eﬀect: ﬁrst, it reduces the eﬀective thickness of TiN; second, it
introduces further O-derived states that contribute to interband
transitions, further shifting the crossover wavelength toward
red. The oxide layer, however, is not suﬃciently thick to exhibit
the characteristic dielectric features of TiO2. Although the exact
microscopic reconstruction of the surface strictly depends on
the growth process, this example is suﬃcient to give optical
properties in quantitative agreement with experimental ﬁndings
(Figure 5b).
Since experimental TiN samples are not free-standing but
grown on MgO substrate, the eﬀect of a substrate induced
strain is included in the simulations and compared to
experiments. The lattice mismatch would introduce a strain
in the ﬁlm, changing the in-plane lattice parameter of TiN. In
order to investigate this eﬀect without including other structural
modiﬁcations derived by the explicit description of the
substrate, we simulated a set of free-standing 10-layer-thick
TiN ﬁlms with varying in-plane lattice constants, which span
the range [−3% to +6%] with respect to the equilibrium lattice
parameter (a0TiN = 4.24 Å), as shown in Figure 7. As the lattice
parameter is reduced (compressive strain), the crossover
wavelength blue shifts; the opposite happens when the lattice
parameter is increased (tensile strain). To reach the
experimental value for the crossover wavelength, a tensile
strain of ∼6% is required. Although ultrathin ﬁlms may sustain
large amounts of strain due to interface mismatch, the latter

increases the electron density. Consequently, a blue shift in the
crossover wavelength is observed, contrary to experimental
results. Conversely, single oxygen atoms on the surface have
little eﬀect on the optical properties (Figure 5b). On the
contrary, O2 molecules do cause a red shift of the crossover
wavelength, tending toward the experimental value (Figure 5c).
The O2 molecules change the coordination of the Ti atoms on
the surface to resemble the conﬁguration for TiO2. As the
amount of oxygen is increased, surface Ti easily coordinates
with oxygen forming Ti−O bonds at the surface, reducing the
overall thickness of pure TiN and leading to the slower blue
shift of the crossover wavelengths observed experimentally. To
prove this statement we consider, as key example, the case
where 3ON and 2O2 are included in the system (labeled 3ON +
2O2, Figure 6). After atomic relaxation, the surface layer
displays a remarkable structural rearrangement, where the Ti
atoms may have three diﬀerent kinds of coordination: (i) a
partially detached oxide layer forms on the surface, where Ti is
bonded to O atoms only. This is in agreement with the Ti−O
feature revealed in the XPS data (Figure 4c). (ii) In the central
region of the slab, Ti is 6-fold coordinated with N and forms
the TiN core of the ﬁlm (see also the main peak in Figure 4b).
(iii) In the intermediate region N and O coexist and Ti atoms
are coordinated with both species, giving rise to mixed Ti−N−
O phases. This is coherent with the appearance of Ti−N−O
features in N1s and O1s spectra.
The eﬀects on the electronic structure are evident in Figure
6b, where the comparison with the DOS of ideal 10L system is
presented. The total DOS of 3ON+2O2 system is reminiscent of
2820
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Figure 7. (a) In-plane strain model. (b) Simulated real part of the
dielectric function for 10L TiN ﬁlms, with varying amount of applied
lateral strain. Theoretical ideal unstrained model (10L) and
corresponding experimental spectra are reported in panel (b) for
direct comparison.

Figure 5. (a) Conﬁgurations for single oxygen atom in a nitrogen
substitutional site (ON), single oxygen atom on the surface (Os) or
diatomic oxygen molecule on the ﬁlm surface (O2). Real part of the
dielectric function of oxidized TiN ﬁlm including (b) single atoms ON
and Os and (c) O2 molecule. Diﬀerent combinations of these three
main conﬁgurations are modeled to determine the eﬀect of oxygen in
the ﬁlms. Theoretical ideal model (10L) and the corresponding
experimental spectra are reported in panels (b) and (c) for direct
comparison.

most important cause of the diﬀerences between the ideal TiN
model and measured sample with the same formal thickness.
To support these results, the substrate-induced strain is
experimentally determined by high-angle annular dark ﬁeld
imaging scanning transmission electron microscopy (HAADF
STEM) of a 2 nm TiN ﬁlm grown on MgO, as shown in Figure
8. The observed contrast at the TiN/MgO interface signiﬁes

Figure 8. HAADF STEM image of a 2 nm TiN ﬁlm on an MgO
substrate. The contrast at the ﬁlm/substrate interface is due to misﬁt
dislocations, causing the ﬁlm to relax.

the formation of misﬁt dislocations, indicating that the ﬁlm has
relaxed and has no substrate induced strain which may have
inﬂuenced the optical properties. The strain relaxation
mechanism is typically dependent on the growth process of
the material. If the ﬁrst few monolayers of TiN grown on MgO
formed epitaxial islands having the same crystal orientation, the
coalescence of the islands would create dislocations contributing to strain relaxation. Once the islands merge, a smooth,
continuous, epitaxial ﬁlm continues to grow.59,60 This is
consistent with the theoretical ﬁndings that the oxidation
plays the main role in the diﬀerence between the simulations

Figure 6. (a) Relaxed geometry of 3ON + 2O2 conﬁguration. (b) Total
(blue line) and O-projected (shaded area) density of states of 3ON +
2O2 conﬁguration compared to the ideal unoxidized 10L case (black
line). Zero energy reference is set to the Fermi level of the two
systems.

condition (+6%) does not ﬁt the experimental situation as the
actual mismatch between TiN and MgO would result in a
compressive strain of only ∼0.7% (a0MgO = 4.21 Å). Thus, even
though in principle strain may aﬀect the optical properties of
ultrathin ﬁlms, in the present case oxidation seems to be the
2821
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structural and compositional parameters, such as thickness,
strain, and oxidation during growth. The observed plasmonic
properties, in combination with the conﬁnement eﬀects, make
TiN ultrathin ﬁlms a promising material for the realization of
plasmonic metasurfaces with enhanced nonlinearities and
electrical tunability. Thus, ultrathin plasmonic TiN ﬁlms can
be proﬁtably exploited in ﬂexible (nonlinear) optoelectronics,
for example, smart wearable or biomedical implantable devices.

for pure TiN and experimental work. However, as the thickness
decreases, the ﬁlms may remain strained and exhibit a stronger
eﬀect on the changes in the optical properties.
Although MgO substrate does not to aﬀect the position of λ0,
it acts as a dielectric environment that may change the optical
response of TiN ﬁlms at lower wavelengths (λ < 400 nm), that
is, where ε′ is positive and TiN acts as a dielectric medium.
This is expected to be the cause of the enhancement of ε′
experimental values compared to the theoretical ones (inset of
Figure 2). This argument is in agreement with the results for
TiN grown on c-sapphire (see SI for further details) as well as
with the simpliﬁed theoretical model of the thin TiN/MgO
interface, proposed in SI: The presence of the substrate
increases the interband transitions in the UV range between
substrate and ﬁlm, which are responsible for the increase of the
dielectric function. At odd, MgO does not alter the crossover
wavelength of the ﬁlm, which results strictly dependent on TiN
thickness (see SI for further details).
The structural stability, the retention of the metallicity, and
the tunability of the optical properties make ultrathin TiN ﬁlms
very promising candidates for nonlinear optics applications.
Indeed, it has been demonstrated that, in ultrathin metallic
ﬁlms, the third order nonlinear susceptibility χ(3) is greatly
enhanced15 due to contribution of transitions between
electronic subbands, which derive from quantum conﬁnement
eﬀect. The third order nonlinear susceptibility can be deﬁned
as61 χ (3) =

4
ne(μmn
)

(ωmn − ω − iγmn)
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CONCLUSIONS
We have conducted a detailed theoretical and experimental
study on the plasmonic behavior of ultrathin (down to a few
atomic layers) TiN ﬁlms to determine the role of thickness,
surface oxidation and interface strain on TiN optical properties.
As the thickness is reduced, the metallic character is also
decreased as a result of quantum conﬁnement eﬀects, which
increase the contribution from under-coordinated surface
atoms leading to an increased electron localization. The
atomistic analysis of the experimentally grown TiN thin ﬁlms
indicates a non-negligible deviation from the ideal TiN
structure on the surface. We show that the fabricated ﬁlms’
composition can be described as a combination of three
diﬀerent phases: titanium nitride, titanium oxynitride, and
titanium dioxide. The surface oxidation of the ﬁlms, particularly
aﬀecting the Ti coordination, has a signiﬁcant inﬂuence on the
optical properties of the TiN ﬁlms, which red shifts the
crossover wavelength with respect to the ideal case with the
same formal thickness. Additionally, although there is no strain
observed in the current ﬁlms studied, thinner ﬁlms may exhibit
a change in the lattice parameter, which would further aﬀect the
optical properties.
The investigated ultrathin ﬁlms remain highly metallic and
are characterized by plasmonic excitations in the visible
wavelength range. More importantly, the fabricated ultrathin
ﬁlms’ optical response can be adjusted by controlling their
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(31) Höchst, H.; Bringans, R. D.; Steiner, P.; Wolf, Th. Photoemission Study of the Electronic Structure of Stoichiometric and
Substoichiometric TiN and ZrN. Phys. Rev. B: Condens. Matter Mater.
Phys. 1982, 25, 7183−7191.
(32) Walker, C. G. H.; Anderson, C. A.; McKinley, A.; Brown, N. M.
D.; Joyce, A. M. A Combined AES, Resonant Photoemission and
EELS Study of in-Situ Grown Titanium Nitride. Surf. Sci. 1997, 383,
254−260.
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S1. TiN Bulk
Figure S1 shows the complex dielectric function of TiN bulk in the rocksalt B1 phase, calculated
with the independent particle (IP) approach based on the Drude-Lorentz model used in this work
(Eq. 1, main text) and with Time-Dependent Density Functional Perturbation Theory (TD-DFPT)
[S1] implemented for the evaluation of q-dependent EELS spectra in the limit for transferred
momentum qà0. The two spectra are identical, within the numerical errors. See Ref [S2] for
further details and comparison with experiments and previous theoretical data.

Figure S1. Complex dielectric function of TiN bulk, calculated with IP and TD-DFPT
approaches.

S1

S2. TiN films – experimental characterization
The complete experimental characterization of ultrathin TiN films is reported elsewhere [S3]. Here
we summarize (Figure S2) the most relevant experimental data, discussed in the main text. Panel
(a) reports the carrier charge density as retrieved from Hall measurements and panel (b) the real
part of the dielectric function of resulting from ellipsometry measurements. Spectra for thick films
(100 nm) from present work and from Patsalas et al. [S4] are included in panel (b) for comparison.
The permittivity reported by Patsalas et al. (dashed line) matches well with present experimental
results. The discrepancies may be attributed to variations in the crystallinity and film quality as a
result of different growth processes and substrate. The films fabricated by Patsalas et al. are grown
on silicon at room temperature with a voltage bias resulting in polycrystalline films, while our
films are grown on MgO at 800 °C resulting in epitaxial films.

(b)

(a)

*

Figure S2. Charge density obtained from Hall measurements and (b) real part of the dielectric
function from ellipsometry measurements for increasing TiN film thicknesses.
* Experimental set adapted from Ref. [S4].

S2

S3. E0 vs number of layers
In order to extrapolate the limit for films of increasing thickness, we plot (Figure S3) the screened
plasmon energy E0 as a function of 1/NL, where NL is the number of layers in the simulated system.
Two distinct regimes are clearly evident: one dominated by quantum confinement effect for very
thin films (1-3 layers, open red circle), one (filled circles) for thicker films. This indicates that
trends from theoretical results are meaningful for comparison with experimental data even for
thicker films.

Figure S3. Screened plasmon energy E0 as a function of the number of TiN(100) layers (NL).

S3. Ellipsometry Measurements
In spectroscopic ellipsometry, a linearly polarized light is incident on a substrate at an
oblique angle. The relative changes in the amplitude, Ψ, and the phase difference, Δ, of the light
reflected off the substrate are measured and related to the Fresnel reflection coefficients as,

where Rp and Rs are the Fresnel reflection coefficients for p-polarized and s-polarized light
respectively. Figure S4 shows the measured Ψ and Δ values for angles of 50° and 70°.
The optical constants are determined by fitting the measured data using a Drude – Lorentz
model:

S3

where An is the amplitude, En is the center energy of the Lorentz oscillator and Bn is the broadening
of each oscillator. The dielectric function of the substrate obtained from ellipsometry that is used
in the fittings is shown in Figure S5. Since the dielectric functions of the ultra-thin TiN films are
heavily dependent on the thickness in this regime, the thickness is kept fixed to the target thickness
for the ellipsometry fittings. Table S1 provides the fit parameters for the films studied.
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Figure S4. Ellipsometry measurements, Ψ and Δ, of the ultrathin films. (a) and (c) are Ψ
and Δ for 50°, while (b) and (d) are Ψ and Δ for 70°.
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Figure S5. The refractive index of an MgO substrate as retrieved from ellipsometry.

Table S1. Fitted parameters using a Drude-Lorentz model. MSE is the mean square error of the
fittings.

εb
A0 (eV)2
B0 (eV)
E0 (eV)
A2 (eV)2
B2 (eV)
E2 (eV)
A3 (eV)2
B3 (eV)
E3 (eV)
MSE

2
0.92
34.98
0.282
0
0.28
0.35
2.15
113.9
2.38
4.44
1.7

Thickness (nm)
4
6
8
2.66
2.95
3.11
44.97
48.2
50.2
0.247
0.236
0.232
0
0
0
0.58
0.7
0.68
0.45
0.5
0.49
2.16
2.18
2.19
105.2
100.1
99.6
2.48
2.47
2.54
4.65
4.7
4.78
2.08
3.3
4.5

10
3.28
51.66
0.229
0
0.72
0.53
2.16
96.7
2.53
4.79
5.6
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S.4 Resistivity Measurements
The resistivity measured from the optical and electrical characterizations are compared. The
optical resistivity of the films is extracted from the Drude damping factor obtained from the
ellipsometry measurements, as

where Γ is the Drude damping and ωp is the plasma frequency. The electrical resistivity is measured
using the four-point probe method on the ultra-thin films.
For both the electrical and optical measurements, the resistivity increases in thinner films.
Differences in the measured data may be attributed to how the scattering effects contribute to the
resistivity calculations in each technique. In ellipsometry, the scattering originates from the
electrons’ interaction with light. On the other hand, electrical measurements depend on the
scattering during the electron’s path from one electrode to another.

Figure S6. Optical and electrical resistivity retrieved from ellipsometry and four point
probe measurements respectively

S6

S5. Effect of MgO substrate
In the experimental spectra of Figure S2b (ellipsometry measurements), we detect a local
maximum at ~400nm, which is characteristic only of the 2nm and 4nm films. In the thicker films,
the local maximum appears at a lower wavelength (~320nm). This is consistent with other
experimental and theoretical reports for bulk TiN. At smaller thicknesses, the substrate has a more
pronounced effect on the permittivity of the films [S5], which is most probably due to a dielectric
effect from the substrate. The same maximum is also present in films grown on c-sapphire, which
has a comparable refractive index to MgO (Figure S7).

Figure S7. Real part of the dielectric function from ellipsometry measurements for ultrathin TiN
films grown on MgO and c-sapphire substrate.

In order to give a qualitative characterization of the screening effect of MgO substrate on TiN
dielectric properties, we calculated the optical properties of a thin TiN/MgO interface. Since TiN
and MgO are almost lattice matched, we fixed the lateral periodicity to TiN lattice parameter. The
simulation cell, (4.24 x 4.24 x 55.00) Å3, includes 5 layers (1nm) of TiN(100) and 10 layers (2nm)
of MgO(100), as shown in Figure S8a. In order to correct the well-known bandgap underestimation
of standard DFT, we adopted a recent pseudohybrid Hubbard implementation of DFT+U (namely
ACBN0 approach [S6]) that profitably corrects the energy bandgap, and the dielectric and
vibrational properties of semiconductors [S6]. The U values for Mg and O resulting from ACBN0
cycle and used for the calculations are: U3s(Mg)= 0.52 eV and U2p(O)=8.30 eV, respectively. The
resulting band gap for MgO bulk is Eg=7.46 eV (Egexp=7.8eV) and the dielectric constant e¥=1.8
(e¥exp=2.9).
Optical properties of TiN/MgO interface are summarized in Figure S8b, which shows the real part
of the dielectric function (black line), where we superimposed the results for free standing 1nmTiN (5L, turquoise line) and 3nm-TiN (15L, orange line), for comparison.
S7

Albeit 2nm-thickness is certainly too small to fully reproduce the overall dielectric properties of
the MgO substrate, Figure S8 underlines interesting issues: (1) the inclusion of the substrate
increases the dielectric response of the system in the UV region of the spectrum, which is due to
an enhancement of the joint density of states (not-shown) deriving from TiN à MgO interband
transitions (see DOS superposition in panel c). (2) MgO does not affect the position of the
crossover wavelength, which recovers the same value of free standing 1nm-TiN. (3) The blue shift
of crossover frequency as the thickness is increased is mainly associated to the thickness of TiN
films and not to the overall interface (i.e. to the substrate). (4) The present model reproduces a
perfect interface between perfectly matched surfaces. In this case Ti atoms at the interface maintain
their original coordination and do not exhibit the red-shift behavior due to oxynitride compounds,
addressed in the main text.

Figure S8. Simulated TiN/MgO interface: a) atomic structure (side view); b) real part of the
dielectric function; c) total (black area) and TiN- (cyan area) and MgO-projected (red line)
density of state. Vertical dashed line marks the Fermi Level (EF) of the interface.
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