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Abstract: Titanium nitride (TiN) is a complementary metal-oxide-semiconductor (CMOS)
compatible material with large potential for the fabrication of plasmonic structures suited for
device integration. However, the comparatively large optical losses can be detrimental for
application. This work reports a CMOS compatible TiN nanohole array (NHA) on top of a
multilayer stack for potential use in integrated refractive index sensing with high sensitivities at
wavelengths between 800 and 1500 nm. The stack, consisting of the TiN NHA on a silicon dioxide
(SiO2) layer with Si as substrate (TiN NHA/SiO2/Si), is prepared using an industrial CMOS
compatible process. The TiN NHA/SiO2/Si shows Fano resonances in reflectance spectra under
oblique excitation, which are well reproduced by simulation using both finite difference time
domain (FDTD) and rigorous coupled-wave analysis (RCWA) methods. The sensitivities derived
from spectroscopic characterizations increase with the increasing incident angle and match well
with the simulated sensitivities. Our systematic simulation-based investigation of the sensitivity
of the TiN NHA/SiO2/Si stack under varied conditions reveals that very large sensitivities up
to 2305 nm per refractive index unit (nm RIU−1) are predicted when the refractive index of
superstrate is similar to that of the SiO2 layer. We analyze in detail how the interplay between
plasmonic and photonic resonances such as surface plasmon polaritons (SPPs), localized surface
plasmon resonances (LSPRs), Rayleigh Anomalies (RAs), and photonic microcavity modes
(Fabry-Pérot resonances) contributes to this result. This work not only reveals the tunability of
TiN nanostructures for plasmonic applications but also paves the way to explore efficient devices
for sensing in broad conditions.
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1. Introduction

Technological evolution drives an ever increasing demand for low-cost sensing devices. To that
end, plasmonic sensors that allow label free, rapid detection of biochemical substances in real
time have been widely investigated and applied in biological sensing and imaging, chemical
industry, food safety monitoring and environmental sensing among other application areas [1,2].
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Plasmonic sensing is based either on the excitation of collective electron oscillations (surface
plasmons) along the interface of metal/dielectric that resonantly interact with incident light, which
typically occurs in the form of propagating surface plasmon polaritons (SPPs), or non-propagating
localized surface plasmon resonances (LSPRs) [3,4]. The wavelengths of resonances are highly
sensitive to the change in refractive index of the surrounding dielectric [5]. This effect can be
used for refractive index (RI) sensing, i.e. monitoring RI changes adjacent to the metal/dielectric
interface by quantifying the ratio of resonance wavelength shift ∆λR to RI shift ∆n. When the
metal surface is functionalized with molecules that selectively bind to analytes, these binding
events lead to a modification of the RI close to the sensor surface – this effect is utilized for
label-free biosensing of the analytes. The detection of bulk refractive index changes has relevance
e.g. for monitoring the properties of liquids.

In this context, surface plasmon mediated extraordinary optical transmission (EOT) through
arrays of subwavelength holes in a metal film, as first reported by Ebbesen in 1998 [6], has
been explored for detecting RI changes [7,8]. The optical properties of such nanohole arrays
(NHAs) result from the complex interplay of interference, diffraction and plasmonic resonances.
Transmission peaks in NHAs in particular have been argued to involve SPPs at the interface
between the metal film and the adjacent dielectric as well as so-called Rayleigh anomalies (RAs)
originating from the diffraction of light parallel to the NHA surface [9,10]. The interference
between these excitations and a spectrally broad continuum e.g. provided by direct hole
transmission results in narrow [9,11], asymmetric peak shapes in the form of Fano resonances
[12].

So far, most of the investigated plasmonic nanostructures are fabricated from noble metals.
While those exhibit excellent optical properties [13–16], they can be unstable at high temperatures
or in corrosive environments, have low mechanical durability and, most importantly, are
incompatible with complementary metal-oxide-semiconductor (CMOS) fabrication processes
[17]. Using CMOS compatible metals instead not only makes advanced industrial methods
available for large-scale high precision fabrication of nanostructures, it also opens up a path
towards on-chip integration of plasmonic structures with optoelectronic devices for integrated
sensors that no longer rely on expensive and bulky instrumentation for read-out [18–20].

A large number of alternative CMOS-compatible materials have been explored for use in
plasmonic applications, such as aluminum [19], tungsten [21], and metal nitrides [22]. Here, TiN
is a promising candidate for plasmonic applications because of its high chemical and thermal
robustness and biocompatibility. TiN nanostructures have been investigated for broadband
absorption [23], efficient local heating transducers [24], and hyperbolic metamaterials [25,26].
Recently, the integration of plasmonic TiN-based nano-hole-arrays on Ge photodetectors in
a 200 mm wafer CMOS compatible silicon technology has been successfully shown, which
paves the way for the large-scale fabrication of refractive index sensors based on such structures
[27]. However, ohmic losses are considerably higher in TiN compared to e.g. Au. These
impact resonance widths and lead to fast plasmon decay, which can be potentially limiting for
applications, especially for refractive index sensing [24].

In this work, after having shown that TiN nanohole arrays can be fabricated using industrial
fabrication processes [27], we investigated TiN nanohole arrays with square configurations
of nanoholes on an SiO2/Si layer stack both theoretically and experimentally specifically for
potential use in integrated RI sensing. This is motivated by our aim to utilize TiN nanohole
arrays in conjunction with Ge photodetectors for integrated refractive index sensors. Depositing
the TiN NHA onto a multi-layered substrate is, on the one hand, necessary for any kind of device
integration, on the other hand it provides additional parameters for improving sensor performance.
Morphological details and optical properties were investigated by atomic force microscopy
(AFM), scanning electron microscopy (SEM) and spectroscopic ellipsometry. Reflectance
spectra obtained by spectroscopic characterization were reproduced with high accuracy by
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numerical simulation via both finite difference time domain (FDTD) and rigorous coupled-wave
analysis (RCWA) methods. Extracted sensitivities from experimental reflectance spectra increase
with increasing incident angle while these values are matched well with the simulated results.

Using our experimental data for the calibration of simulation, we systematically investigated
how sensor performance can be tuned by adjusting the angle of light incidence as well as the
geometry of the layer stack below the TiN NHA. We observe an increase in sensitivity by
almost a factor of two when increasing the angle of incidence from 20° to 70° in experiment.
Compared to previous investigations, which report an increase in sensitivity with increasing
angle of incidence [28], this magnitude of the effect is striking. Furthermore, using simulations,
we predict sensitivities well above 2000nm RIU−1 in our structures under certain conditions
and explore how the coupling between plasmonic and photonic resonant modes contribute to
this result. Our investigation shows that a careful tuning of few parameters can boost sensor
performance to the point where TiN NHAs can become competitive for use in integrated, CMOS
compatible plasmonic sensors.

2. Devices and methods

2.1. Device fabrication and optical characterizations

The TiN NHA/SiO2/Si stack was obtained by a well-developed industrial fabrication process
conducted in IHP GmbH - Leibniz Institute for High Performance Microelectronics [27]. A
layer of SiO2 was deposited on a clean p-type 8” Si wafer by plasma enhanced chemical vapour
deposition (PECVD) with tetraethoxysilane (TEOS) as the carrier gas. A TiN film with a
thickness of 100 nm was deposited onto the SiO2 surface by a reactive magnetron sputtering
process using titanium as target material with pure Ar/N2 (Ar: 98 sccm, N2: 2 sccm) as carrier
gases. A mask with square arrays of nanoholes with sizes of 3 × 3 mm2 including parameters of
periodicity/diameter: 700 nm/540 nm (P700D540) and 500 nm/360 nm (P500D360) was used to
pattern the photoresist coated TiN film, afterwards a reactive ion etching (RIE) system was used
to etch the exposed area to perforate the TiN film for the generation of nanoholes. Removal of
photoresist was carried out by dipping into acetone solvent after etching. The TiN NHA/SiO2/Si
samples were rinsed with deionized water and dried with compressed nitrogen flow for further
use.

A morphological AFM image of the sputtered TiN films was obtained in tapping mode, and the
corresponding surface roughness was analyzed by the built-in algorithm. The structured samples
were characterized in a SEM Zeiss MERLIN Gemini 2 by using a secondary electron detector of
In-Lens mode with the primary beam set to a voltage of 1.50 kV. The average diameter of the
nanoholes was evaluated by the ImageJ software. To check the detailed edge of the nanoholes, a
cross-sectional SEM image in secondary electron mode with an incident angle of 54° was also
obtained, where a decoration layer consisting of 15 nm oxide and 50 nm nitride was deposited to
enhance image contrast (Figure S4 (b)).

To obtain the dielectric permittivity of TiN film, ellipsometry measurements were conducted
with a variable angle spectroscopic ellipsometer (Sentech SE 850) from the ultraviolet to near-
infrared wavelength range (200 to 2200 nm). Reflectance spectroscopic measurements on TiN
NHA/SiO2/Si devices were carried out in a LAMBDA 1050 UV/Vis/NIR Spectrophotometer
(PerkinElmer, Inc.) with a Total Absolute Measurement System (TAMS), a snap-in integrating
sphere and a Si/InGaAs detector. In this setup, spectra under varied excitation angles were
obtained using a spot size with a diameter of approx. 2 mm. Under illumination with a
p-polarized light source with varied incident angle (10°, 20°, 30°, 40°, 50°, 60° and 70°), the
reflectance spectra of sample P700D540 and P500D360 in air were obtained in a spectral range
of 800–1600 nm with an interval of 5 nm. We note that transmittance spectra for the samples
could not be reliably obtained as a result of free carrier absorption in the Si wafer as well as an
unpolished backside, which led to strong signal suppression.
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For the measurements in water and acetone under p-polarized excitation with varied incident
angle, a regular cylindrical beaker was employed to hold the liquid in the middle of the sample
stage. The sample was fixed in the middle the beaker to keep the incidence light and reflected
light perpendicular to the beaker’s surface to avoid refraction dissipation, as shown in Fig. S1.
The baseline was measured in transmission.

2.2. Optical simulation methods

Two different methods (using the commercial finite-difference time-domain (FDTD) solutions
software package by Ansys Lumerical and the rigorous coupled-wave analysis (RCWA) method)
were employed for simulations [29,30]. The use of the two simulation methods allows us to make
use of their specific advantages (such as lower simulation times for RCWA and the possibility
to extract electric field distributions for the full wavelength range for FDTD simulations) while
also having independent verification of our main simulation results. The dielectric constant of
the TiN layer was obtained from the spectroscopic ellipsometry (SE) (Figs. 1(b) and 1(c)), the
permittivity data of SiO2 and Si were taken from literature [31,32].

Fig. 1. AFM topographical image (a) of the sputtered TiN film, real (b) and imaginary
(c) parts of the permittivity of sputtered TiN film obtained by spectroscopic ellipsometry
compared with Ref. [33].

For FDTD simulations, a plane wave light source with a wide wavelength range in UV-vis-NIR
was set in the surrounding superstrate above the TiN NHA (Fig. 2(a)). A frequency-domain field
and power monitor situated at the interface of TiN NHA/SiO2 was set to collect the transmission
and another frequency-domain field and power monitor was placed in the plane at z= 300 nm for
reflectance spectra. Periodic boundary conditions, and perfectly matched layers were applied in y,
and z direction, respectively. The mesh size along x, y and z direction is 3 nm× 3 nm× 3 nm. For
oblique incidence, the light source was set to a plane wave type of broadband fixed angle source
technique (BFAST) mode to keep incidence constant with varied excitation angles. Electric field
distributions were obtained by setting a frequency domain power monitor to collect electric fields
on top surface of TiN NHA, at the interface of TiN NHA and SiO2, and of the cross-section
profiles of TiN NHA/SiO2/Si.

For RCWA calculation, the unit cell was set as the parameters obtained from the fabricated
devices with a transverse magnetic (TM) or transverse electric polarized plane wave as light
source A 10th diffraction order and periodic boundary conditions in enhanced transmission
matrix method were used to calculate the reflectance and transmittance spectra.
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Fig. 2. Schematic diagram (a) and morphological SEM image of the fabricated TiN
NHA/SiO2/Si device P700D540.

3. Results

3.1. Material and structural characterization

A root mean square (RMS) roughness of ∼ 1.0 nm obtained from AFM measurements (Fig. 1(a))
indicates that a relatively smooth TiN film was successfully prepared.

The real and imaginary part of the relative permittivity εr = ε1 + iε2 of the unstructured TiN
film (Figs. 1(b) and 1(c)) was obtained from spectroscopic ellipsometry measurements based on
fitting with a harmonic oscillator model and compared with previously reported data. The ε1
spectrum (red square in Fig. 1(b)) shows a crossover wavelength λ0 of 581 nm. As discussed e.g.
by Patsalas et al. [34], both the real and the imaginary part of the permittivity of TiN films can
show large variations depending on the deposition method as well as the deposition parameters.
Comparing with the ε1 spectrum of TiN film obtained from DC reactive sputtering reported by
Naik et al. in Fig. 1(b) [33], our measured ε1 curve (red square) overlaps with the real part of
Naik et al. TiN (black square) from 200 nm to 700 nm while being slightly lower in the range of
700–1600 nm. The imaginary part of the permittivity is related to the degree of optical loss in
the film. The magnitude of the ε2 spectrum (red squares in Fig. 1(c)) shows a minimum value
around the screened plasmon wavelength (581 nm) and is lower than the imaginary part of TiN
(black square in Fig. 1(c)) prepared by Naik et al. from 500 nm to 1600 nm [33], which indicates
slightly lower losses in our sputtered TiN film. Furthermore, plasmonic properties of our TiN
film were assessed by determining a quality factor for LSPRs (−ε1/ε2) based on assumption of
spherical nanoparticles under the quasi-static regime (Fig. S3(a)) and a quality factor for SPPs
(ε12/ε2) (Fig. S3(b)) in the Supplement 1 [17].

The structured sample containing a NHA in the TiN film is shown schematically in Fig. 2(a).
The SEM image in Fig. 2(b) indicates that highly ordered square arrays of nanoholes were
obtained. The lattice pitch (p) and hole diameter (d) on average are 700 nm and 540 nm and
referred to as sample P700D540, respectively, as determined by software Image J [35]. This is
in perfect agreement with the geometrical parameters of the mask. Moreover, the structuring
process has been found to leave the surface roughness of the TiN NHA unaffected.

3.2. Optical characterization and simulation of reflectance spectra

Reflectance spectra of TiN NHA/SiO2/Si stack P700D540 under illumination with a p-polarized
light source at incident angles (θ) of 10°, 20°, 30° and 40° to the vertical axis, respectively, are
shown in Fig. 3(a). A resonant dip in the reflectance spectrum (black curve) can be seen at around
985 nm under an excitation angle of 10°. When tuning the incident angle to 20°, 30° and 40°, the
corresponding dip wavelength red-shifts to 1025 nm, 1105 nm and 1192 nm, respectively. At

https://doi.org/10.6084/m9.figshare.22191787
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incident angles above 20°, the resonances exhibit asymmetric Fano profiles corresponding to a
sharp local maximum followed by an adjacent minimum [12].

Fig. 3. Reflectance spectra of TiN NHA/SiO2/Si stack P700D540 under p-polarized
excitation with varied angles of 10°, 20°, 30° and 40° in air by experimentally spectroscopic
characterization (a), by FDTD simulation (b) and by RCWA method (c). Comparison of
measured reflectance and simulated spectra via FDTD and RCWA of TiN NHA/SiO2/Si
P700D540 under p-polarized excitation with an angle of 30° (d). Reflectance spectra of
P700D540 under p-polarized excitation at angles of 15° (e) and 20° (f) in acetone and in air,
compared with the corresponding simulated spectra.

The spectra obtained using FDTD (Fig. 3(b)) and RCWA simulations (Fig. 3(c)) exhibit the
same trends as those demonstrated in experiment (Fig. 3(a)). The resonance wavelengths show
obvious redshifts at increasing angle of incidence and are positioned at 985 nm, 1029 nm, 1103 nm
and 1192 nm in the spectra obtained by FDTD simulations, compared with 982 nm, 1025 nm,
1099 nm and 1190 nm by RCWA method, respectively. For comparison, Fig. 3(d) displays
the reflectance spectra of TiN NHA/SiO2/Si under an incident angle of 30° by spectroscopic
characterization (black curve), by FDTD (red dashed line) and by RCWA (blue dashed line). We
find excellent agreement between the simulated and measured spectra in terms of the resonance
dip wavelengths. Remaining discrepancies from 1050 nm to 1300 nm in simulated and measured
reflectance spectra can be attributed to the subtle imperfections of the fabricated TiN NHAs, such



Research Article Vol. 31, No. 11 / 22 May 2023 / Optics Express 17395

as surface and edge roughnesses. Given the fact that optical data is collected over several square
mm of the fabricated structures as the photo of the fabricated chip in Fig. S2 shows, our results
nonetheless attest to their excellent homogeneity.

Since the wavelength of the plasmonic resonance is extremely sensitive to the dielectric
properties of metal layer and the interfaced medium, changes of the RI ∆n of the surrounding
medium result in a wavelength shift ∆λR. A commonly used quantity to evaluate sensor
performance in this context is the sensitivity S defined as S = ∆λR/∆n. Fig. S5(a) displays the
reflectance spectra of TiN NHA/SiO2/Si stack P700D540 under p-polarized excitation with varied
angles of 10°, 15°, 20°, 30° and 40° in acetone (n= 1.3586). Because of the strong absorption of
acetone at wavelength ranges of 1150-1200 nm and 1370-1500 nm [36], resonance dips in those
wavelength ranges cannot be observed in experiment. Nonetheless, the resonance wavelengths at
1252 nm (Fig. 3(e) blue solid curve) and 1321 nm (Fig. 3(b) red solid curve) of TiN NHA/SiO2/Si
stack P700D540 at incidence angle of 15° and 20° can be used to determine the sensitivities
when comparing with the corresponding reflectance spectra obtained in air. The sensitivity
(675.2 nm/RIU) extracted from the measured reflectance spectra in air and in acetone at incidence
angle of 15° is slightly higher than the calculated sensitivity (667.3 nm/RIU, Fig. 3(e)), while the
measured sensitivity (807.2 nm/RIU) at 20° is slightly lower the simulated value (813.7 nm/RIU)
in Fig. 3(f). A clear increase in sensitivity is realized by increasing the angle of incidence.

To facilitate the measurement of sensitivities at higher incidence angles, a TiN NHA/SiO2/Si
stack with a lower lattice pitch (500 nm) and hole diameter (360 nm) was also investigated (see
Fig. S7 for an SEM image). This sample is referred to as P500D360. The reflectance spectra of
P500D360 in air are obtained by spectroscopy characterization (Fig. 4(a)). Again, the resonance
dips can be seen to red-shift with increasing incident angle, however, the agreement between
experimental results and simulated spectra (Fig. S8) is not as good as for sample P700D540. We
attribute this to the larger fabrication challenges associated with the smaller structure sizes, which
can lead to larger inhomogeneities on the scales probed in measurement. Our spectra show that
the resonance width decreases with the increasing incident angle, as evidenced by the reduction
in full width at half maximum (FWHM) of the resonance dip extracted from the simulated
spectra (see inserted image of Fig. 4(b)). This is particularly important for our samples, for
which resonances in the reflectance spectra exhibit large linewidths at small angles of incidence
as a result of large ohmic losses in the TiN. The increase of incident angle can, on the one hand,
enhance the interaction of different resonant modes, but can also boost the collection of scattered
optical energy from one hole by the neighboring holes to decrease radiative losses [28,37,38].
Both effects can lead to a narrowing of the linewidth, which boosts refractive index sensing
performance by facilitating the extraction of shifts in resonance wavelengths [39].

We then evaluated the bulk sensitivity of TiN NHA/SiO2/Si stack P500D360 from the
reflectance spectra measured in air and in liquid. Figure 4(c) displays the measured reflectance
spectra of P500D360 in acetone (n= 1.3586) under p-polarized light source with varied incident
angle. We note that features in the measured spectra at around 1180 nm and 1385 nm (marked
in yellow in the Figure) are strongly influenced by absorption in acetone [36], which almost
completely suppresses the signal in those wavelength ranges. The corresponding simulation
results in Fig. 4(d) reveal resonance wavelengths that are in good agreement with those of the
measured spectra. Most importantly, values for the sensitivity extracted from the NHA spectra in
air and in liquid show a considerable increase by almost a factor of 2 as the incident angle is
increased, with excellent agreement between simulation and experiment (Fig. 4(f), see also Figs.
S8(a), S8(b), S8(c) and S8(f)). We note that other liquids such as water or ethanol, which are
also commonly used to evaluate bulk sensitivities, all exhibit strong absorption in the wavelength
range investigated here. This makes their use for experimental characterization challenging –
some results on characterizing our structures in water are nonetheless shown in Fig. S8.
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Fig. 4. Reflectance spectra of TiN NHA/SiO2/Si stack P500D360 under p-polarized
excitation with varied angles obtained experimentally from spectroscopic characterization in
air (a) and in acetone (c), and obtained by simulation (RCWA) for air (b) and for acetone
(d). The full width at half maximum (FWHM) of the resonance dips in Fig. 4(b) at varied
incident angles is shown by the inserted image. A comparison of measured reflectance
spectra of sample P500D360 in air and in acetone at incident angle of 50° and 60° illustrates
the resonance shifts (e). Sensitivities of P500D360 at incident angle of 20°, 30°, 40°, 50°,
60° and 70° are derived from both the measured and simulated reflectance spectra in air and
in acetone (f).
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Tuning the angle of incidence in order to boost sensitivity is a strategy that has been investigated
previously [28,40]. However, our measured sensitivities increase by a factor of almost two when
increasing the angle of incidence from 20° to 70° is striking compared to previous results, where
e.g. switching the angle of incidence from 30° to 70° only resulted in a sensitivity increase
by slightly more than 20% [28]. We, therefore, use our experimental results as a basis for a
simulation-based investigation of sensor performance in various media in the following section.

4. Simulation-based optimization

Anticipating the use of TiN NHAs in combination with photodetectors for integrated, CMOS-
compatible sensors, we predominantly focus on the transmission characteristics in the following
discussion. Furthermore, we based our investigation on sample P700D540, whose reflectance
spectra show better agreement with simulation results. Since previous investigations have shown
the sensitivity to be not only influenced by the angle of incidence but also by the superstrate
refractive index [40,41], we focus on the influence of both parameters on sensitivities in section
4.1. We then discuss in more detail the influence of the layered substrate in the Section 4.2 based
on simulation.

4.1. Role of the angle of incidence and the superstrate refractive index

Transmittance spectra of TiN NHA/SiO2/Si stack P700D540 under illumination with a p-polarized
plane wave excitation with varied incident angle from 0 to 80° in air as modeled in Fig. 2(a) were
simulated by RCWA as shown in Fig. 5(a). An obvious Fano-like resonance can be found in each
curve, where the peak position of the resonances red-shifts with increasing incident angle while
the corresponding peak intensity follows a downward trend.

We, then evaluated the bulk sensitivity of TiN NHA/SiO2/Si illuminated by a p-polarized light
source with varied incident angle using both RCWA and FDTD (Fig. 5(b)). A discussion of the
optical properties under illumination with s-polarized light can be found in the Supplement 1 (Fig.
S11). The sensitivity changes with increasing incident angle were obtained by comparing the
transmittance spectra in superstrates with refractive indices of n= 1.0 and n= 1.02. The results
calculated by RCWA under the same simulation parameters in Fig. 5(b) (black square) show very
good agreement with the FDTD results. The sensitivity exhibits a local peak at an excitation
angle of 0 ∼ 15°, whose origin will be discussed in more detail in the following, and a continuous
increase at incident angles between ∼ 15° and ∼ 75° to its peak value of ∼ 1500 nm/RIU.

Because of the computational cost involved as well as the divergence of FDTD solutions
when setting a high excitation angle, a systematic study of the shift of resonant wavelength
for sensitivity under varied incident angle with respect to varied surrounding medium with RI
changes including 1.15 to 1.16, 1.31 to 1.32, 1.44 to 1.45, and 1.61 to 1.62 was limited to RCWA
calculations (Fig. 5(c)). The largest value of 2305 nm RIU−1 for the sensitivity is obtained
under an excitation angle of 20° when the RI of surrounding medium is around 1.44-1.45. We
note that at these values, RI matching between the superstrate (1.44-1.45) and the spacer layer
(nSiO2 = 1.45) occurs. Index matching conditions have previously been shown to lead to strongly
enhanced transmission through nanohole arrays [10,42].

Furthermore, to our knowledge the sensitivity of 2305 nm RIU−1 is the highest sensitivity
predicted so far for TiN as metallization layer [43,44], and is competitive to or higher than some
reported devices using noble metals (such as: gold and silver). For instance, Lesuffleur et al.
reported a double-hole array sensor composed of two overlapping circular holes (200 nm diameter,
190 nm center spacing) in a Au film that produces two apexes in between with periodicity of 600-
800 nm delivering a detection sensitivity of ∼ 600 nm RIU−1 from transmission measurements
in air, in water, and in acetone at SP (0, 1) mode [45]. Large-area deep-silver-nanowell arrays
manufactured by colloidal lithography and metal deposition reported by Yang et al. show a
sensitivity of 933 nm RIU−1 [46] as the superstrate changes from water to ethanol. Chen et al.

https://doi.org/10.6084/m9.figshare.22191787
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Fig. 5. Transmittance spectra (a) of TiN NHA/SiO2/Si device P700D540 under illumination
of p-polarized light source with incident angle of 0°, 5°, 11°, 20°, 30°, 40°, 50°, 60°, 70°,
and 80° in air. Sensitivity of TiN NHA/SiO2/Si with respect to RI change from 1.00 to 1.02
under excitation angle varied from 0° – 60° (b) by FDTD solutions (red dots) and by RCWA
method (black dots), and with respect to RI changes including 1.15 to 1.16, 1.31 to 1.32,
1.44 to 1.45, and 1.61 to 1.62 under varied excitation angles by RCWA (c). The insert image
in (b) shows the magnified curves for sensitivity in the angle range of 4° to 18°.
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predicted a high sensitivity of 1580 nm RIU−1 for a superstrate refractive index change from 1.02
to 1.05 based on a tapered nanohole arrays structure stacked by multiple cylindrical holes with
the same depth but different radii [47].

The optical properties in our samples can be expected to be strongly influenced by SPPs at
the interface between the TiN film and the adjacent dielectric as well as RAs resulting from the
diffraction of light parallel to the NHA surface. The optical properties can also be influenced by
LSPRs excited in the nanohole as well as by Fabry-Pérot resonances in the SiO2 layer below the
NHA that, in conjunction with the Si wafer, can act as a cavity. Here, we focus on elucidating the
role those effects play in the optical properties of the investigated structures.

Analytical estimates of the SPP excitation wavelength can be obtained from the Bragg coupling
condition for a 2D square array of nanoholes with periodicity p [10]

|k0 sin θ + iGx + jGy | = Re

(︄
ω

c

√︄
εm(λ)εd
εm(λ) + εd

)︄
, (1)

where k0, ω and c are the wavevector, angular frequency and speed of incident light, respectively,
Gx and Gy are the reciprocal lattice vectors of the 2D square NHA with |Gx | = |Gy | =

2π
p , εm(λ)

is the wavelength dependent permittivity of the metallization layer, εd is the permittivity of
the adjacent dielectric, θ is the incident angle (Fig. 2(a)), and (i, j) are the integer index pairs
that denote the SPP grating modes. A similar condition holds for the RAs originating from the
diffracted light propagating tangentially to the surface with a more spatially extended feature than
that of SPP modes. The corresponding excitation wavelengths satisfy the following equation:

|k0 sin θ + iGx + jGy | =
ω

c
√
εd. (2)

Here, we first compare the positions of the Fano resonances in the transmittance spectra of
TiN NHAs as a function of wavelength and incident angle obtained from RCWA simulations
with the analytical predictions according to Eqs. (1) and (2) (Fig. 6). For a more detailed
investigation of the interplay of possible resonances, transmittance diagrams are shown not
only for a TiN NHA/SiO2/Si layer stack P700D540 submerged in air (n= 1.0, Fig. 6(a)), water
(n= 1.33, Fig. 6(b)) and SiO2 (n= 1.45, Fig. 6(c)), but also for TiN NHA/SiO2 (without Si
substrate, Figs. 6(d)–6(f)) and for the TiN NHA (Figs. 6(g)–6(i)). This allows us to also probe
the influence of thin-film interference effects originating from the TiN/SiO2 bilayer on top of the
Si substrate. The scale bar represents the transmittance. We normalized all transmittance spectra
with respect to the highest transmittance of TiN NHA/SiO2 in air with an incident angle of 0°
at wavelength of 858 nm (Fig. S12). While predictions for both SPP (±1, 0) and RA (±1, 0)
resonance wavelengths according to Eqs. (1) and (2) are plotted in Fig. 6 as marked by different
colors for the TiN NHA-superstrate interface, only the SPP (±1, 0) modes are shown specifically
for the TiN NHA-substrate interface in Figs. 6(a), 6(b), and 6(d) and 6(e) to avoid cluttering up
the Figure.

In Fig. 6(a), the SPPTiN−sup(+1, 0) (black line) and the RAsup(+1, 0) (green line) resonance
wavelengths at the interface of TiN NHA and the superstrate (air) almost coincide for all
incident angles. A similar behavior can be observed for the SPPTiN−sup(–1, 0) (red line) and
RAsup(–1, 0) (yellow line). Furthermore, at a superstrate RI of 1.0, the analytical estimates
of the resonance position show good agreement with the dips in transmittance obtained from
the full wave simulation results. We also note that the incident angle θ = 10◦ at which a first
peak in sensitivity is predicted (the insert image in Fig. 5(b)) is close to the incident angle
at which the SPPTiN−sup(+1, 0) and the SPPTiN−SiO2(–1, 0) modes intersect: We attribute the
enhanced sensitivity at this incident angle to an interaction of these modes. Finally, no sign of
the SPPTiN−SiO2(+1, 0) mode can be found in the transmittance spectra obtained from full-wave
simulation at any incident angle (Fig. 6(a)). This is in contrast to the calculated spectra for a TiN
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Fig. 6. Transmittance diagrams as a function of wavelength and incident angle of TiN
NHA/SiO2/Si P700D540 (schematic at left up), TiN NHA/SiO2 (schematic at left middle),
and TiN NHA perforated layer (schematic at left down) under p-polarized light source with
excitation angle from 0° to 80° in superstrate of air (a, d, g), of water (b, e, h), and of SiO2
(c, f, i) by RCWA method, together with the calculated wavelengths of SPPs and RAs at
correspondingly specific interfaces. Higher order SPP and RA modes are not shown here.

NHA/SiO2 layer stack (Fig. 6(d)), where two clear dips corresponding to the SPPTiN−sup(+1, 0)
and SPPTiN−SiO2(+1, 0) modes appear, showing that the SPPTiN−SiO2(+1, 0) mode is suppressed
by the high-index Si substrate. Again, the analytical predictions are in very good agreement with
the positions of the dips obtained from a full-wave simulation, this is also true for the TiN NHA
entirely embedded in air (Fig. 6(g)).

For TiN NHA/SiO2/Si stack P700D540 with water (Fig. 6(b)) or SiO2 (Fig. 6(c)) as superstrate,
the positions of the dips obtained from full-wave simulations and under non-vertical incidence
show a red shift compared to analytical estimates. This red shift becomes more pronounced with
increasing angle of incidence and with increasing superstrate RI as expected from calculated
sensitivities (Fig. 5(c)). Similar trends can also be observed for the TiN NHA/SiO2 stack
(Figs. 6(e) and 6(f)) as well as the suspended TiN NHA layer (Figs. 6(h) and 6(i)). This as well
as the strong dependence of the sensitivities on the angle of incidence strongly indicates that the
optical properties of our samples are influenced not only by the presence of SPPs and RAs at the
NHA/superstrate interface. Indeed, in Au NHAs, increased sensitivities at oblique incidence
have been attributed to the interplay of LSPRs and SPPs, whose interaction can be tuned both by
the angle of incidence and the refractive index of the dielectric environment [40]. According to
our simulations for the TiN NHA/SiO2/Si layer stack this leads to particularly large sensitivities
when the RI of the substrate and the superstrate match (Fig. 5(c)), indicating that the coupling
between LSPRs and SPPs is also particularly strong. This condition has previously been argued
to lead to a coupling of the SPPs excited at the TiN-superstrate and TiN substrate interface via
the nanoholes and, as a consequence, to strongly enhanced transmission [10].
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To further investigate the interplay of resonances in our sample, we calculated electric field
distributions in the near-field of TiN NHA/SiO2/Si under illumination with p-polarized light at
an angle of 30° (Fig. 2(a)) by FDTD. We extracted the z-component of electric field (Ez) at the
TiN NHA/superstrate interface, at a cross-section (xz-plane, y= 0 nm), and at the TiN NHA/SiO2
interface of a TiN NHA/SiO2/Si stack both at the transmittance peak (1135 nm) and dip 1053 nm
as shown in Figs. 7(a)–7(f). For comparison, the corresponding Ez distributions under vertical
incidence were also extracted at the transmittance peak 892 nm and dip 702 nm as shown in
Figs. 7(g)–7(l). To clearly discern the differences among these maps, we appropriately adjusted
the scale bar for all electric field images.

Fig. 7. Ez distributions on top surface of TiN NHA, at the interface of TiN NHA and SiO2,
and at the cross-section of the TiN NHA/SiO2/Si stack P700D540 at wavelength 1053 nm (a,
c, e) and at1135 nm (b, d, f) under illumination with p-polarized excitation at an angle of 30°
to the propagating z-direction in air, and at wavelength 702 nm (g, I, k) and at 892 nm (h,
j, l) under vertical p-polarized excitation. Transmittance of P700D540 under p-polarized
excitation with an angle of 30° (left up image) and of 0° (left down image).

Comparing with the symmetric Ez distribution under vertical incidence in Figs. 7(g) and 7(h),
the Ez distributions at the surface of the TiN NHA under oblique incidence exhibit an obvious
asymmetry (Figs. 7(a) and 7(b)). The standing wave field pattern in x-direction is most obvious
at vertical incidence (Figs. 7(g) and 7(h)). When looking at the cross-sectional plot of the Ez
at vertical incidence, a spatially extended RA feature at the top TiN NHA/superstrate interface
can be identified at the wavelength corresponding to the dip in the transmittance (Fig. 7(k)).
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At a slightly higher wavelength corresponding to the peak in transmittance, the shorter decay
length visible in the Ez at the top TiN NHA/superstrate interface points towards the presence of
SPP excitations (Fig. 7(l)). Field enhancements at the rim of the nanoholes are indicative of the
presence of LSPRs in Figs. 7(i), 7(h), and 7(j). Furthermore, the sign of the Ez field on the top
and bottom part of the nanohole’s sidewall at vertical incidence with a wavelength of 892 nm
(Fig. 7(l)) shows an anti-symmetric pattern that has been previously explained by interactions of
SPP excitations with LSPR excitations [48].

When comparing with the case of vertical incidence, the Ez distributions under oblique
incidence also resembles a standing wave pattern at the TiN NHA/air interface at 1053 nm
(Fig. 7(a)). This pattern appears strongly distorted by the nanohole otherwise (Figs. 7(b) – 7(d)),
especially at an excitation wavelength of 1135 nm corresponding to the transmittance peak and at
the TiN NHA/SiO2 interface (Fig. 7(d)). Furthermore, the maximum Ez amplitude directly at the
rim of the nanohole is increased under oblique incidence. We attribute this to the fact that, while
indications of the presence of LSPRs can be seen both for vertical and for oblique incidence,
their coupling in particular to SPPs is enhanced at oblique incidence.

We briefly note here that while our investigation focuses on the effect of bulk refractive index
changes on optical properties of our samples, for applications in biosensing and the detection of
near-surface refractive index changes, i.e. in a thin surface layer on top of the NHA, is usually
more relevant. In this case, the ratio of the thickness d of the surface layer to the decay length
ldecay, i.e. the distance in z-direction over which the intensity of the evanescent field above the
NHA/superstrate interface drops to 1/e of the initial intensity, plays a role: the larger the ratio
ldecay/d, the smaller the sensitivity with respect to the near-surface refractive index changes.
This decay length increases with increasing angle of incidence [49], this can also be seen from
comparing the Ez distributions shown in Fig. 7 (f) and Fig. 7 (l). As a result, there could be an
optimum angle of incidence for the measurement of refractive index changes in a surface layer of
a given thickness.

4.2. Influence of Fabry-Pérot cavity modes on sensor performance

So far, we have argued that non-vertical light incidence leads both to a narrowing of the resonances
by decreasing radiative losses and an increase in sensitivity as a result of increased interactions
between LSPRs and SPPs. Interestingly, enhanced amplitudes of the Ez can be found in the SiO2
layer under oblique incidence at 1053 nm (Fig. 7(e)) and 1135 nm (Fig. 7(f)), indicative of the
fact that light is partially trapped within the SiO2 layer. Therefore, we now investigate based on
simulations how the sensing performance of the TiN NHAs can also be influenced by modifying
the parameters of the layered substrate. As previous investigations have shown, the interplay
of interface reflections with plasmonic excitations can have a significant influence on the peak
shape for NHAs on layered substrates [19]. Indeed, as the diagrams in Fig. 6 show, the additional
SiO2/Si interface in the TiN NHA/SiO2/Si layer stack compared to the TiN NHA/SiO2 layer
stack leads to a suppression of the peaks related to the SPPTiN−SiO2(+1, 0) modes. As evidenced
by the simulated distributions of the electromagnetic fields (Figs. 7(e) and 7(f)), the introduction
of a thin SiO2 layer between the TiN NHA and the Si substrate can also lead to the appearance of
Fabry-Pérot cavity modes. The interplay of such cavity modes with plasmonic resonances has
been shown previously to tune optical properties: Hybrid photonic-plasmonic cavity modes have
been investigated for plasmonic particles placed on top of Fabry-Pérot cavities or waveguides
formed by layered substrates, in single particle [50], dimer [51] or array [52] configuration.
Furthermore, the combination of Fabry-Pérot cavities with Al NHAs has been analyzed under
vertical incidence and at IR wavelengths [53]. Here, we focus on how a careful adjustment of the
layer structure below the TiN NHA can be used to further boost sensor performance.

Since properties of Fabry-Pérot resonant modes will be strongly influenced by the thickness of
the SiO2 spacer layer (Figs. 7(e) and 7(f)), we performed FDTD simulations to systematically
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evaluate the sensitivity (with a superstrate RI change from water (n= 1.33) to ethanol (n= 1.36))
as a function of SiO2 thickness while keeping the thickness of TiN NHA constant. As shown in
Fig. 8(a), the sensitivity peaks at a certain SiO2 thickness under excitation with p-polarized light
at a fixed angle of incidence. The SiO2 thickness corresponding to the peak position increases
with increasing incident angle as indicated by the dotted line, indicating that this trend originates
from coupling to Fabry-Pérot cavity modes. The prerequisite for a resonance of an arbitrary
cavity is that the accumulated phase shift of the wave during one complete round-trip as shown
schematically for vertical incidence in Fig. 8(b) must be an integer multiple to 2π. The total
phase shift is the sum of phase shifts of propagation (∆ϕProp) through the cavity (SiO2 layer)
(∆ϕProp = 2t cos θ ·2π/

(︁
λ

nSiO2
)︁
, where t is the thickness of SiO2 layer, θ is the incident angle, nSiO2

is the refractive index of SiO2, the phase shifts upon reflection (∆ϕRefl) at the SiO2/Si interface
(∆ϕRefl ≈ π), and the phase shifts upon reflection at the TiN NHA/SiO2 interface (∆ϕNHA), which
is a priori unknown. These accumulated phase shifts satisfy the following equation:

2t cos ·
2π
λpeak

· nSiO2 + π + ∆ϕNHA = 2πm. m ∈ Z (3)

This allows us to compare ∆ϕNHA corresponding to the peak sensitivities as a function of
incident angle and SiO2 thickness (Table 1), with the corresponding peak wavelengths λpeak
taken from simulated transmittance spectra (Fig. S14). The calculated ∆ϕNHA shows only a
weak increase with increasing incident angle, giving further confirmation of the involvement of
Fabry-Pérot resonant modes in the optical properties of our TiN NHA/SiO2/Si sample.

Fig. 8. Sensitivity of TiN NHA/SiO2/Si stack P700D540 with respect to RI change from
1.33 to 1.36 under excitation angle from 0° – 50° by FDTD when varying SiO2 thickness
from 50 nm – 400 nm (a). Schematic of phase shifts of electromagnetic wave propagating in
TiN NHA/SiO2/Si during one roundtrip (b).

Table 1. Determined thickness of SiO2 layer (t) and the resonant peak (λpeak) under oblique
incidence, and the calculated phase shift of NHA (∆φNHA).

θ(deg) θ(rad) t (nm) λpeak(nm) ∆φNHA (rad) ∆φNHA/π m

0 0 110 1094 1.309475548 0.416819013 1

10 0.1745329 118 1217 1.401706811 0.446177135 1

20 0.3490659 130 1362 1.507299628 0.479788373 1

30 0.5235987 156 1501 1.501560344 0.477961502 1

40 0.6981317 173 1624 1.654657904 0.526693969 1

50 0.8726646 215 1732 1.687687971 0.537207766 1
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In addition to the bulk sensitivity, the quantity FOM* can also be employed to evaluate the
performance of plasmonic sensors [54], and is defined as the amplitude shift ∆A of the measured
amplitude of the optical signal (such as reflectance or transmittance) upon a change of refractive
index (∆n) of the surrounding medium normalized by the signal amplitude (A) at wavelength
λmeas, according to the following equation:

FOM∗(λ) =

(︄
∆A
∆n
A

)︄
λmeas

. (4)

This quantity is particularly important for refractive index sensing at a fixed wavelength of the
incident light. Here, we used RCWA to evaluate FOM* based on the reflectance spectra of a TiN
NHA/SiO2/Si stack P700D540 with a fixed TiN layer thickness of 100 nm and a SiO2 spacer
layer with varied thickness 25–400 nm under p-polarized excitation with varied incident angle
and for superstrate refractive indices n= 1.33 and n= 1.36 (Fig. 9). The wavelength at which
FOM* is evaluated changes as a function of angle of incidence. Here, the maximum FOM*
extracted for each spectrum is shown. Again, FOM* is influenced not only by the incident angle
but also by the thickness of the SiO2 spacer layer and a peak value of 25.2 RIU−1 is predicted for
an angle of 70°, comparable to the performance of optimized Au nanorods for biosensing [54].

5. Conclusions

Realizing RI sensors based on plasmonic nanostructures as fully integrated, CMOS compatible
devices requires, in particular, the use of CMOS compatible metals. The material TiN is an
interesting candidate, however, large optical losses can limit its performance in plasmonic
applications. Here, we investigated a TiN NHA on top of a layered substrate (TiN NHA/SiO2/Si)
that was fabricated using a CMOS compatible process. The TiN NHA/SiO2/Si layer stacks
exhibit Fano-type resonances in the reflectance spectra under p-polarized excitation with various
angles of incidence in air. The angle of incidence strongly affects the optical properties of the TiN
NHAs: Both experimental and simulated reflectance spectra show that the resonance linewidth
is reduced at higher excitation angles – this is particularly important for materials such as TiN,
in which strong ohmic losses negatively affect linewidths. Most importantly, the sensitivities
determined from the reflectance spectra in air, in acetone and in water strongly increase with
increasing incident angle of the light source. An extremely high sensitivity of 2305 nm RIU−1 is
predicted by simulation for a TiN NHA/SiO2/Si layer stack under p-polarized oblique excitation.

Our simulation results indicate that the interplay of plasmonic and photonic resonances,
notably SPPs, LSPRs, RAs and Fabry-Pérot resonant modes, is at the origin of this behavior. We
attribute the high sensitivities to a coupling between the LSPRs excited in the holes and the SPPs
excited at the surface of the NHAs. The coupling to Fabry-Pérot resonant modes that form in the
multilayer substrate can be used to further boost performance for refractive index sensing. This
is particularly relevant since integrating plasmonic structures into optoelectronic devices usually
requires those structures to be placed on top of a multilayer device stack – our simulation results
show that this can be actively used to improve device performance and obtain a FOM* as high as
25.2 RIU−1.

Our results confirm the potential for TiN as material for plasmonic applications, particularly
when the use of CMOS compatible materials is required. By a careful variation specifically of
the incident angle and the thickness of the SiO2 spacer layer in our TiN NHA/SiO2/Si stacks,
it is possible to strongly enhance their performance for refractive index sensing. Particularly
high sensitivities can be attained when the material acting as a spacer layer between the TiN
NHA and the Si substrate has a similar refractive index to that of the detected medium. The
strong dependence of optical properties on the angle of incidence can also open up the possibility
for utilizing the structures for angle-scanning refractometric sensors [55]. However, this also
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Fig. 9. Figure of merit star (FOM*) of TiN NHA/SiO2/Si stack P700D540 with varied
SiO2 thickness obtained from reflectance spectra by RCWA when illuminated by p-polarized
light source with incident angle of 0°, 5°, 11°, 15°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° in
superstrate of water and of ethanol.

means that the angle of incidence has to be carefully controlled in measurements, placing strict
requirements on the light source.

Further performance improvements can also be expected from optimizing the deposition of the
TiN layers: It was found previously that adjusting sputtering parameters can strongly improve the
optical properties of the material [34,56,57]. It would also be interesting to investigate extended
analytical models that can reproduce the position of Fano dips and peaks more faithfully, to
facilitate further optimization. Nonetheless, our approach already shows great promise as a
strategy to devise plasmonic sensors based on stacks containment of TiN as metallization for
application in integrated, CMOS-compatible on-chip sensors.
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