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Abstract
The combination of nanohole arrays with photodetectors can be a strategy for the large-scale fabrication of miniaturized and 
cost-effective refractive index sensors on the Si platform. However, complementary metal–oxide–semiconductor (CMOS) 
fabrication processes place restrictions in particular on the material that can be used for the fabrication of the structures. 
Here, we focus on using the CMOS compatible transition metal nitride Titanium Nitride (TiN) for the fabrication of nano-
hole arrays (NHAs). We investigate the optical properties of TiN NHAs with different TiN thicknesses (50 nm, 100 nm, and 
150 nm) fabricated using high-precision industrial processes for possible applications in integrated, plasmonic refractive 
index sensors. Reflectance measurements show pronounced Fano-shaped resonances, with resonance wavelengths between 
950 and 1200 nm, that can be attributed to extraordinary optical transmission (EOT) through the NHAs. Using the meas-
ured material permittivity as an input, the measured spectra are reproduced by simulations with a large degree of accuracy: 
Simulated and measured resonance wavelengths deviate by less than 10 nm, with an average deviation of 4 nm observed 
at incidence angles of 30° and 40°. Our experimental results demonstrate that an increase in the thickness of the TiN layer 
from 50 to 150 nm leads to a sensitivity increase from 614.5 nm/RIU to 765.4 nm/RIU, which we attribute to a stronger 
coupling between individual LSPRs at the hole edges with spatially extended SPPs. Our results can be used to increase the 
performance of TiN NHAs for applications in on-chip plasmonic refractive index sensors.
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Introduction

Application areas for miniaturized, cost-efficient biochemi-
cal sensors that enable real-time substance monitoring range 
from diagnostics in food industry to personalized healthcare 
solutions [1–4]. Optical sensors are capable of achieving 
high sensitivities; they can be fabricated cost-efficiently and 

with a high degree of miniaturization. Furthermore, these 
sensors have the potential to allow label-free and rapid 
detection in applications. Optical sensors based on plas-
monic effects, i.e., the resonant excitation of free electrons 
in metallic structures by incident light, have been commer-
cialized [5]. Such sensors are based either on propagating 
surface plasmon polaritons (SPP) at a metallic/dielectric 
interface or localized surface plasmon resonances (LSPR), 
i.e., nonpropagating electron oscillations in metallic nan-
oparticles. In both cases, changes in the resonance wave-
length as a result of changes in the refractive index (RI) in 
the surrounding dielectric can be used for sensing. How-
ever, external instruments such as microscopes and spec-
trometers are typically required for readout. In recent years, 
progress has been made towards further miniaturization by 
combining plasmonic nanostructures with optoelectronic 
devices [6–9]. Here, one strategy consists of combining 
plasmonic structures with commercially available CMOS 
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sensors [9]—in this case, the fabrication processes for the 
plasmonic structures and the CMOS sensor are separated. In 
even more compact approaches, plasmonic structures such 
as gratings [6, 7] or nanodisks [8] are positioned directly 
on top of a Si metal–oxide–semiconductor (MOS) structure 
[7] or a Si photodiode [6, 8] in the same fabrication process, 
with potential for an even higher degree of miniaturization 
and the integration with signal-conditioning circuits on-chip. 
The integration of plasmonic nanohole arrays (NHAs), i.e., 
thin metallic layers perforated with arrays of subwavelength-
sized holes, with Ge photodetectors in particular led to an 
integrated device that was highly sensitive to permittivity 
changes in the vicinity of the device [10]. In plasmonic 
NHAs, extraordinary optical transmission (EOT) of light 
can be observed as narrow, Fano-shaped resonances in trans-
mission spectra [11]. The asymmetric Fano shape results 
from the coupling of an excitation with a narrow line shape, 
such as SPPs and Rayleigh anomalies (RA), originating from 
the diffraction of light parallel to the NHA surface, with a 
broad background. The optical properties of the resonance 
are highly sensitive to changes in the dielectric environ-
ment, and changes in the RI of the surrounding dielectric 
can be detected via a shift of the resonance peak. When the 
NHA is combined with a photodetector, this peak shift is 
directly converted to a change in photocurrent under illumi-
nation with monochromatic incident light. This can be used 
to detect changes in the RI of the surrounding dielectric in 
an on-chip RI sensor, which also enables a straightforward 
cointegration with electronic read-out circuits.

For plasmonic applications, the noble metals Au and 
Ag are most widely used since they exhibit comparatively 
low losses at visible and NIR wavelengths [12]. How-
ever, those metals are incompatible with complementary 
metal–oxide–semiconductor (CMOS) technology, which is 
a prerequisite for the cost-effective on-chip fabrication of 
plasmonic structures combined with optoelectronic devices. 
Among the CMOS-compatible metals that can be used, the 
transition metal nitride Titanium Nitride (TiN) is highly 
interesting [13]. TiN has been investigated previously for 
plasmonic applications [14–16]; it is biocompatible as well 
as chemically stable and, in contrast to Au and Ag, associ-
ated with low fabrication cost as well as high thermal stabil-
ity. Moreover, TiN is a well-established material and com-
patible to CMOS technology. However, since the imaginary 
part of the permittivity of TiN is large, the large optical 
losses compared to e.g. Au and Ag at visible and NIR wave-
lengths can be expected to have a negative impact on optical 
properties and it is important to identify parameters that can 
be utilized to tune the performance of plasmonic structures 
made from TiN for sensing.

In the present work, TiN NHAs with square array config-
urations and different thicknesses of the TiN were fabricated 
in an industrial processing line [17]. We present results of 

structural and optical characterization and discuss those in 
the context of TiN layer thickness. We compare measured 
reflectance spectra to finite-difference time-domain (FDTD) 
simulation results based on the measured permittivities of 
the fabricated TiN films in both air and acetone. Our results 
show that the thickness of the TiN layer not only affects the 
spectral shape of EOT in our NHAs but also has an impact 
on the resonance shifts observed as a result of changes in 
the superstrate RI, which becomes more pronounced as the 
TiN layer thickness increases. This work, therefore, provides 
valuable insights for the use of TiN as NHA material for on-
chip RI sensors fabricated using CMOS technology.

Methods

Sample fabrication was carried out in an industrial 8″ pro-
cessing line [17]. For all samples, p-doped (100) Silicon 
(Si) wafers with dopant concentrations  NA =  1015   cm−3 
served as substrates. A  SiO2 layer with a target thickness of 
200 nm was deposited using a plasma-enhanced chemical 
vapor deposition (PECVD) process with tetraethyl ortho-
silicate (TEOS) as a precursor on top of the Si substrate. 
As a next step, thin TiN films were deposited by sputtering 
with thicknesses of 50 nm (sample A), 100 nm (sample B), 
and 150 nm (sample C). The NHAs with sizes of 3 × 3  mm2 
in the TiN layer were structured via deep ultraviolet (DUV) 
photolithography and reactive ion etching (RIE). Figure 1a 
shows a schematic drawing of the TiN NHA on  SiO2 and 
Si substrate.

The analysis of the crystalline orientation and the 
thickness of the sputtered TiN films was carried out via 
grazing incidence (GI) and specular X-ray diffraction 
(XRD) as well as X-ray reflectivity (XRR), respectively.  
XRR measurements are simulated by RCRefSimW software 

Fig. 1  Schematic drawing of a fabricated TiN NHA on a layered sub-
strate consisting of  SiO2 and Si
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exploiting dynamical theory of X-ray reflection using the 
matrix approach. The material permittivity was measured 
by spectroscopic ellipsometry for wavelengths between 
250 and 1600 nm. Atomic force microscopy (AFM) was 
used for the characterization of the surface roughness. 
The geometries of the fabricated NHAs were investigated 
using both SEM and transmission electron microscopy 
(TEM). Optical characterization of the NHA was carried 
out by measuring reflectance spectra with a spectrometer 
(PerkinElmer LAMBDA 1050 + UV/Vis/NIR with total 
absolute measurement system (TAMS) module) at different 
incident angles for wavelengths between 800 and 1600 nm 
at room temperature.

Simulated reflectance spectra were obtained using the 
commercial FDTD solver Lumerical [18]. While other numer-
ical approaches can be used (such as e.g. the Finite-Element-
Method (FEM) [19], the Finite-Difference-Frequency-Method 
(FDFD) [20], or the Method-of-Moments (MoM) [21]), 
FDTD simulations have the advantage that the approach is 
particularly well adapted to solving Maxwell’s equations [22] 
and, thus, generally robust [23]. As a result, FDTD approaches 
are widely applied to the simulation of plasmonic structures 
[19]. For the simulation of our structures, we chose the fol-
lowing settings: nonperpendicular incidence of light was real-
ized by setting the plane wave source to type broadband fixed 
angle source technique (BFAST) [24]. The perfectly matched 
layers (PML) as boundary conditions in the z-direction were 
realized using the profile steep angle with 16 layers. The Yee-
Cells had a maximum mesh step of 6 nm in every direction.

Results and Discussion

Material and Structural Characterization

While the optical properties of TiN NHAs are primarily 
determined by the material permittivity, the morphology 
of the NHAs, in particular the roughness of the plasmonic 
layer, can also have an impact on optical properties and lead 
to, e.g., broadening of resonances [25, 26]. Deposition by 
sputtering can e.g. lead to higher surface roughness than 
alternative deposition methods. Therefore, we also present 
and discuss characterization results pertaining to the crystal-
linity and surface roughness of our TiN films obtained from 
GIXRD, XRD, XRR, and AFM measurements.

In the GIXRD spectrum obtained from sample B, three 
representative peaks at 36.6°, 42.6°, and 61.7° can be attrib-
uted to the (111), (200), and (220) orientations of the fcc 
TiN phase (JCPDS 00–038-1420), indicating polycrystal-
line quality of the TiN film (Fig. 2a). The peak at 55.6° is 
related to the Si substrate. Specular XRD in Fig. 2b reveals 
that the planes parallel to the surface are dominated by three 

characteristic peaks at 33.0°, 36.6°, and 69.2° pertaining 
to Si (002) (due to “Umweganregung”), TiN (111), and Si 
(004) orientation. This confirms that the (111) orientation 
dominates in TiN growth, as also illustrated by GIXRD 
spectrum where the strongest peak originates from the 
(111) plane, which is caused by the lowest strain energy 
of the prepared TiN film [27]. The XRR pattern (red line) 
accompanied by the fitting curve (green line) in Fig. 2c 
gives further insights into the properties of TiN film. Fitted 
parameters (inset table) reflect the estimated film thickness 
of ~ 102.1 nm and 208.5 nm for TiN and  SiO2. These are in 
good agreement with the thicknesses targeted in sample B 
fabrication. The average surface roughness is ~ 2.13 nm for 
TiN and ~ 0.58 nm for the TiN/SiO2 interface, which indi-
cates a relatively smooth surface of the TiN film and that 
the deposited  SiO2 layer remains intact during sputtering.

The surface roughness is an important parameter to deter-
mine the quality of the NHAs. The AFM images in Fig. 3 
show the morphology of TiN surfaces for samples A (a), B 
(b), and C (c). The AFM measurements were taken at the 
center of the wafer at a 10 × 10 µm2 area. Table 1 shows 
the root mean square (rms) surface roughness for these TiN 
films. The surface roughness of the TiN layers increases 
with increasing thickness. However, the maximum measured 
roughness shows an rms value of 1.277 nm, which indi-
cates a low surface roughness of all fabricated films. Our 
simulations show no difference in the optical properties of 
the NHA fabricated from ideally smooth films compared to 
films with the measured roughness. Compared to the XRR 
measured roughness, the AFM measured roughness for sam-
ple B is significantly lower. This difference can be explained 
by the larger area that is covered by X-ray beam compared 
the AFM measurements [28].

The complex permittivities of the sputtered TiN films 
(Fig. 4a, b) were determined by spectroscopic ellipsome-
try. Previous investigations have shown that the deposition 
method as well as deposition parameters can have a large 
influence on the optical properties of TiN films [29]. Indeed, 
a slight variation in the wavelength dependence of the per-
mittivity can even be observed for the TiN films of different 
thicknesses. For the TiN films with a thickness of 50 nm 
(black line), the real part of the permittivity (��

TiN
) becomes 

negative for wavelengths > 613  nm. For a thickness of 
100 nm (red line) and 150 nm (blue line), this crossover 
point shifts to slightly larger wavelengths (626 nm and 
649 nm, respectively). For larger wavelengths, the material 
becomes metallic and can e.g. support SPPs. The imaginary 
part of the permittivity (���

TiN
) is related to material damping. 

For the sputtered TiN films, a higher thickness is associated 
with a smaller (���

TiN
) (Fig. 4b).

The complex permittivities for all three thicknesses can 
be represented by a Lorentz-Drude model [31]
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Fig. 2  Grazing incidence X-ray diffraction (GIXRD) spectrum (a), specular X-ray diffraction (XRD) pattern (b), and X-ray reflectivity (XRR) 
curve (c) obtained from sample B

Fig. 3  AFM images showing surface morphologies of sample A (a), sample B (b), and sample C (c)
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where �∞ is the high-frequency dielectric constant, Epl is 
the plasma energy, ΓD is the damping factor in the Drude 
model, fi is the oscillator strength in the Lorentz model, Ej 
is the energy, and Γj is the damping factor of the j-th Lorentz 

(1)�(E) = �∞ +
E2

pl

−E2 − iEΓD

+
∑

j

fiE
2

pl

E2

j
− E2 − iEΓj

,

oscillator and i is the imaginary unit. All permittivities can 
be fit using one Drude component and three Lorentz oscil-
lators (see Fig. 4c for an example fit), and the fit parameters 
for the different thicknesses are reported in Table 2.

Even though the TiN sputtering process used here was not 
specifically tuned for optimum optical properties, the optical 
properties of our films compare well to other results, where 
TiN was deposited using atomic layer deposition (ALD) 
[30] (dashed green lines in Fig. 4a and b. The ALD depos-
ited layer has a larger (���

TiN
) between 250 nm and around 

470 nm. For wavelengths > 470 nm, the damping of the sput-
tered TiN is slightly higher. This changes again for larger 
wavelengths > 1050 nm. After that point, the damping for the 
sputtered TiN films is lower than that for the ALD material. 
Our characterization results indicate that the sputtered TiN 
films exhibit optical properties that are comparable to results 

Table 1  rms surface roughness 
of deposited TiN films in 
different thicknesses

Sample rms surface 
roughness 
(nm)

A (50 nm TiN) 0.985
B (100 nm TiN) 1.255
C (150 nm TiN) 1.277

Fig. 4  Real part (a) and imaginary part (b) of the permittivities of 
sputtered TiN films with different thickness (solid lines) compared to 
ALD-grown TiN (dashed lines) [30]. Comparison of measured real 

part of the permittivity with the Lorentz-Drude-model-based fit for 
sample A (50 nm TiN) (c)



836 Plasmonics (2023) 18:831–843

1 3

obtained from ALD-grown films. For a RI sensor with a Ge 
photodiode the behavior of the NHA in the wavelength range 
of 1200–1600 nm is the most interesting. In this range, the 
sputtered TiN films show lower damping than the ALD-
grown films. Sputter processes are much faster and cheaper 
than ALD growth. The fabrication speed and costs are very 
relevant factors for the envisaged use as an integrated part 
of a RI sensor.

Finally, SEM and TEM images were used to character-
ize the quality of the NHA geometries after fabrication. 
Figure 5a shows the top view of the fabricated NHA with 
a pitch of Λ = 800 nm and a hole diameter of D = 600 nm. 
The dimensional lines drawn into the image show that the 
geometry of the NHA has been fabricated with a very high 
accuracy. It can also be seen that the holes are well defined 
and of very uniform dimensions. This homogeneity extends 
over the whole 3 × 3  mm2 area, showing the advantage of 

Table 2  Parameter values describing the complex permittivities �(E) 
for samples A, B, and C at wavelengths ranging from 250 to 1600 nm

Sample A (50 nm) Sample B 
(100 nm)

Sample C 
(150 nm)

�∞ (eV) 2.7179 0.7839 0.1902
Epl (eV) 6.3656 6.0808 5.9560
ΓD (eV) 0.9896 0.9426 0.9309
E1 (eV) 2.8378 2.9655 2.9107
f1 (eV) 0.1312 0.0469 0.0319
Γ1 (eV) 1.0486 0.9934 0.8013
E2 (eV) 3.9394 4.0000 3.9031
f2 (eV) 0.5738 0.4458 0.4406
Γ2 (eV) 1.6528 2.0000 2.0000
E3 (eV) 5.4556 6.6355 6.5508
f3 (eV) 1.8662 6.0000 6.0000
Γ3 (eV) 1.9726 5.1801 4.5697

Fig. 5  a SEM image of a sputtered TiN NHA with a pitch of Λ = 800 nm and a hole diameter of D = 600 nm. b Wafer with 3 × 3 mm NHAs with 
different pitches and hole diameters. Cross-sectional TEM images of c sample A and d sample B
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using industrial lithography processes for the fabrication 
of these plasmonic structures. The cross-section in Fig. 5c, 
d indicates clear and sharp delimitations of the individual 
material layers. The edges of the etched TiN layer incline 
slightly inwards but are still steep. The  SiO2 layer was 
etched ~ 30 nm deep by RIE during the structuring process. 
The TiN layer thickness of sample A in Fig. 5c is ~ 3 nm 
thinner than the target thickness. A photographic image of 
a chip of TiN NHAs in Fig. 5b shows color transitions that 
result from the different NHA geometries of each square 
on the sample.

Optical Characterization of Plasmonic  
Nanohole Arrays

The enhanced transmission through a NHA for a certain 
resonance wavelength has been explained by the excitation 
of SPP by light on the incident surface, transmission through 
the hole to the opposite site of the metallic film, and reemis-
sion of photons [32]. In a 2D square array (Fig. 1a), the exci-
tation of SPP by incident light can only occur if the momen-
tum matching condition �SPP = �0 sin � ± n�x ± m�y is 
fulfilled [24, 25]; this condition can be used to derive the 
corresponding excitation wavelength �SPP . Here, �SPP is the 
wave vector of the SPP.

where �0 is the wave vector of incident light with inci-
dence angle θ (Fig. 1a), (n,m) are integers denoting the 
respective SPP modes, and �x,�y = 2�∕Λ are the recipro-
cal lattice constants of the grating with pitch Λ . Further-
more, � is the angular frequency, c is the speed of light 
in vacuum, and �TiN , �D are the permittivities of the TiN 
and the dielectric, respectively. In addition to SPPs at the 
TiN-dielectric interfaces and LSPRs excited at the holes, 
Rayleigh anomalies (RA) resulting from light diffraction 
parallel to the grating surface have also been shown to 
play a role in influencing the optical properties of NHAs 
[34]. Their wave vector �RA fulfills a similar momentum 
matching condition as �SPP , with

In contrast to SPPs, RAs do not depend on the material 
properties of the grating but only on its geometry and the 
permittivity of the dielectric environment.

While an application of the fabricated NHAs to on-chip sens-
ing mostly relies on the transmittance properties of the NHA, we 
focus on measurements of the reflectance spectra here instead. 
The relationship between transmittance (T) and reflectance 

(2)||�SPP|| ≡ kSPP = Re

(
�

c

√
�TiN + �D

�TiN�D

)

,

(3)���RA�� =
�

c

√
�D

(R) and losses ( L ) resulting from absorption and scattering is 
R = 1 − T − L . Compared to the transmittance, the measure-
ment of the reflectance has the advantage that the absorption in 
the Si substrate does not have to be considered for the evaluation 
and, thus, contributes no additional source of error.

Figure 6a–c shows the measured reflectance spectra of 
fabricated NHAs for samples A (50 nm TiN), B (100 nm 
TiN), and C (150 nm TiN) for different incidence angles 
of light using p-polarized light. EOT can be clearly recog-
nized as the first-order Fano resonances in the spectra with 
characteristic asymmetric resonance shapes. With increas-
ing incidence angles � (Fig. 1a), the reflectance dips, which 
are associated with transmission peaks, exhibit red shifts 
(see Eq. (2)) and reduced peak widths. Compared to the 
simulated spectra (dashed lines), the measured reflectance 
spectra show lower intensities especially for higher angles 
of incidence, possibly related to some signal intensity loss 
in the measurement setup as a result of surface roughness 
or sample alignment. The positions of the dips match very 
well between simulation and experiment, which validates the 
simulation approach and attests to the large-scale homogene-
ity of the NHAs. The calculated (+ 1, 0) SPP and (+ 1, 0) 
RA excitation wavelengths are inserted as vertical dashed 
and dotted lines in the spectra. We note that these lines can 
be seen to align with the peaks situated at slightly lower 
wavelengths than the Fano dips [35]. The linewidth of the 
Fano-shapes is broad for small incident angles of light 
and becomes narrower for higher angles of incidence. An 
increased incidence angle can both enhance the interaction 
of different resonant modes [36] and improve the collection 
of scattered optical energy from one hole by its neighboring 
holes [37], leading to a decrease in radiative losses. Both 
effects contribute to a narrowing of the linewidth.

The Fano resonances become more pronounced with 
increasing TiN thickness. This can be clearly seen in Table 3, 
which shows the EOT visibility (defined as the difference 
between maximum and minimum reflectance divided by the 
average one [38]) of the simulated and measured spectra for 
an incidence angle of 40° for p-polarized light.

It can clearly be seen that the EOT visibility for sample 
A is significantly lower compared to that for sample B and 
C. Indeed, the SPP penetration depth in TiN (approx. 50 nm 
for incident light with a wavelength of 1200 nm) is slightly 
larger than the TiN thickness for sample A, leading to a 
reduced EOT visibility for the NHA in the optically thin 
film of sample A.

Figure 6d–f shows the reflectance spectra for s-polarized 
light for samples A, B, and C. Owing to the relative orien-
tation of the E-field vector and high symmetry directions 
of the lattice, the influence of the angle of incidence on 
the wavelength-dependence on the reflectance is strongly 
reduced compared to p-polarized light [33].
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Finally, we investigate the influence of the TiN layer 
thickness on sensing performance. A commonly used 
parameter to quantify the resonance shift due to a change 
in the RI is the sensitivity S defined as S =

Δ�Res

Δn
 , where 

Δ�Res corresponds to resonance shift and Δn is the change 
of the RI of the surrounding dielectric. The measurement 

of the bulk sensitivity was carried out by measuring reflec-
tance spectra in air and in acetone. For measurements in 
liquid, the samples were submerged in a cylindrical beaker 
filled with acetone, which was placed in the middle of 
the sample chamber. The baseline was measured in trans-
mission. The strong absorption in acetone at wavelengths 

Fig. 6  Measured and simulated reflectance spectra of samples A, B, 
and C under different angles of incidence and with a–c p-polarized 
as well as d–f s-polarized light. Dashed spectral lines show simulated 

spectra. Vertical lines indicate analytical results for the positions of 
the SPP resonances (dashed lines) and the RAs (dotted lines)
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between 1130 and 1210 nm as well as 1335 and 1500 nm 
(Fig. 7c) limits the angle of incidence, which has to be 
chosen in such a way that the reflectance dips are not posi-
tioned within these wavelength ranges. Figure 7a, b show 
the measured (solid lines) and simulated (dashed lines) 
spectra for an incidence angle of 15° and p-polarized light. 
Wavelength ranges, where absorption in acetone is large, 
are shaded in gray. Simulated and measured reflectance 
dips show good agreement. Table 4 shows the simulated 
and measured sensitivities.

Table 3  Measured and simulated EOT visibility as a function of TiN 
thickness for an incidence angle of 40° and p-polarized light

Sample Simulated EOT visibility Measured 
EOT  
visibility

A (50 nm TiN) 0.47 0.25
B (100 nm TiN) 0.75 0.55
C (150 nm TiN) 0.9 0.71

Fig. 7  Reflectance measurements in air (a) and acetone (b) for the calculation of sensitivities with an incidence angle of 15° and using p-polarized  
light. The transmittance baseline of the measurements in acetone (c) shows strong absorption in two wavelength ranges highlighted in gray
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The measurement results confirm the trend of the simu-
lation, which shows an increasing sensitivity with increas-
ing TiN thickness. Figure 8 shows the simulated Ez distribu-
tion of the NHA in a x–z plane cross-section for p-polarized 
light with an incidence angle of 40° and a wavelength of 
� = 1200nm , which corresponds to the Fano-resonance 
wavelength (Fig.  6a–c). We observe strong near field 
enhancement at the edges of the TiN film. Importantly, an 

increase both in spatial extent of the region with enhanced 
field amplitude and in peak amplitude of the E-field can be 
observed for thicker TiN layers when comparing samples A, 
B and C (Fig. 8a–c). We attribute this to a stronger coupling 
between individual LSPRs at the hole edges with spatially 
extended SPPs, which can be an explanation for the increase 
in sensitivity of the NHA with increasing film thickness.

Finally, a comparison of our measured sensitivities with 
simulated sensitivities for different realizations of TiN-based 
refractive index sensors is reported in Table 5. While higher 
sensitivities are predicted for some approaches and, indeed, 
other approaches using the metals Ag and Au for plasmonic 
refractive index sensing [39–42], compared to our approach; 
our TiN NHAs have the advantage of being fabricated with 
relative ease and straightforward integration with device fab-
rication [10]. Nonetheless, the comparison also shows the 
potential for utilizing structures other than nanohole arrays 
for refractive index sensing.

Table 4  Simulated and measured sensitivities of NHAs with different 
thicknesses of TiN layers

Sample Simulated sensitivity 
(nm/RIU)

Measured 
sensitivity  
(nm/RIU)

A (50 nm TiN) 665.5 614.5
B (100 nm TiN) 715.1 720.7
C (150 nm TiN) 804.5 765.4

Fig. 8  Cross-sectional plots of simulation results for the  Ez distribution of samples A (a), B (b), and C (c) obtained under illumination with 
p-polarized light at a wavelength of 1200 nm and at 40° incidence angle
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Conclusion

TiN is a CMOS compatible and biocompatible transition 
metal nitride with large thermal stability, which could 
make it interesting for applications in on-chip sensing. The 
large optical losses in TiN with their potentially negative 
impact on sensing performance motivate our investiga-
tion of parameters that can be used to boost properties for 
sensing applications. Here, we investigated the influence 
of metallic layer thickness on the optical properties of TiN 
NHAs. To this end, thin, sputtered TiN films with three dif-
ferent thicknesses 50, 100, and 150 nm were fabricated in 
an industrial production line. Our material and structural 
characterization results show that films with good crystal-
linity and low surface roughness were fabricated, whose 
material permittivities are comparable to literature results 
for films deposited by ALD. Furthermore, the fabrication 
process based on DUV lithography and dry etching yielded 
excellent homogeneity over the full 3 × 3  mm2 area of the 
NHAs. Our optical characterization of the fabricated struc-
tures based on reflectance spectra shows the appearance of 
Fano resonances at specific wavelengths related to the array 
geometry as well as the superstrate RI. The Fano resonances 
become more pronounced at increasing angle of incidence 
as well as increasing TiN layer thickness. Most importantly, 
both measurements in air and acetone as well as simulations 
show that increasing the TiN layer thickness significantly 
boosts sensitivities with respect to superstrate RI changes.

Our results show that the TiN layer thickness is a param-
eter that has a strong positive impact on the performance 
of TiN NHAs for sensing applications. Our investigation, 
thus, provides valuable insights for the use of TiN NHAs in 
CMOS compatible, on-chip RI sensors, where improved per-
formance can be achieved using TiN thicknesses of 150 nm.
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