Controlling the plasmonic properties of titanium nitride thin films by radiofrequency substrate biasing in magnetron sputtering
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Abstract
Titanium nitride (TiN) is a promising plasmonic material alternative to gold and silver thanks to its refractory character, low resistivity (< 100 µΩ cm) and compatibility with microelectronic industry processes. Extensive research is currently focusing on the development of magnetron sputtering as a large-scale technique to produce TiN thin films with low resistivity and optimized plasmonic performance. As such, more knowledge on the correlation between process parameters and the functional properties of TiN is needed. Here we report the effect of radiofrequency (RF) substrate biasing during the sputtering process on the structural, optical and electrical properties of TiN films. We employ spectroscopic ellipsometry as a sensible characterization method and we show that a moderate RF power, despite reducing the grain size, allows to achieve optimal plasmonic quality factors and a low resistivity (< 100 µΩ cm). This is attributed to the introduction of a slight under-stoichiometry in the material (i.e. TiN0.91), as opposite to the films synthesized without bias or under intense bombardment conditions. RF substrate biasing during magnetron sputtering appears thus as a viable tool to prepare TiN thin films at room temperature with desired plasmonic properties.
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1. Introduction
Transition metal nitrides have recently emerged in diverse applications due to their exceptional mechanical properties, refractory character (with melting points as high as 3000 °C), chemical stability, high electrical conductivity, and compatibility with complementary metal oxide semiconductor (CMOS) technology.[1] Titanium nitride (TiN), as a prototypical example, has been indeed applied as current collector for Li-ion batteries,[2] electrode for proton-exchange membrane fuel cells,[3] broadband solar absorber,[4,5] and coating for biomedical applications.[6] In the last years, in particular, TiN has received a great attention as an alternative plasmonic material to coinage metals, i.e., gold and silver, to develop large-scale applications.[1,7] This is related to its plasmonic resonance in the visible range, comparable to traditional metals, combined with its greater durability in corrosive environments and high-temperature conditions.[1,8]
Plasmonic resonances in nanomaterials typically occur either in the form of localized surface plasmons (LSPs), i.e., confined free-electron oscillations within nanoparticles or nanostructures, or surface plasmon polaritons (SPPs), i.e., electromagnetic waves propagating along the interface between a conductive thin-film material and a dielectric and evanescently confined in the perpendicular direction.[9] Both these resonances have been extensively investigated to develop countless applications using plasmonics.[10,11] Regarding TiN nanostructures, the localized surface plasmon resonance (LSPR) has been exploited to inject energetic “hot” electrons to wide-bandgap oxides (i.e., TiO2 or ZnO) or silicon for photocurrent generation[12–14] or for photodetection, respectively,[15] to generate heat at the nanoscale (photothermal generation),[16–18] and for second-harmonic generation under intense laser irradiation.[19] Moreover, thermal and non-thermal (electron injection) effects arising from the LSPR have been synergistically employed for photocatalysis experiments.[20] On the other hand, the excitation of SPPs in TiN thin films on dielectric substrates has been achieved by the grating coupling technique[21,22] and exploited to realize CMOS-compatible plasmonic interconnects working at the telecommunication wavelength of 1.55 µm.[23] 
TiN nanomaterials have been prepared with a variety of techniques. Physical vapor deposition (PVD) methods are frequently employed, especially magnetron sputtering[21,24–32], but also pulsed laser deposition (PLD)[33] and molecular beam epitaxy (MBE).[34] Ultra-thin films (i.e., from monolayers to few tens of nm) can be prepared by atomic layer deposition (ALD).[35,36] On the other hand, TiN in the form of nanorods, nanowires or nanotubes can be realized by nitridation of TiO2 or titanates at high temperature (> 800 °C), thus achieving complex morphologies otherwise hardly obtainable directly from a refractory material.[5,37,38] The optical properties of TiN have been thoroughly investigated because they directly rule the plasmonic performance of the material, typically employing spectroscopic ellipsometry. This technique allows to measure the real and imaginary parts of the permittivity, respectively associated to the metallic or dissipative character of TiN, from the UV to the near-infrared (NIR) range.[39] The permittivity data can then be related to the plasmonic performance of the material through the so-called plasmonic quality factors for SPPs (QSPP) and LSPRs (QLSPR)[40] and to the electrical resistivity by the Drude theory,[26] which fairly approximates the one directly measured by the four-point probe technique.[36] For example, epitaxial TiN films usually exhibit very high plasmonic quality factors (QSPP ~ 200)[29,32] and very low resistivity (ρ ~ 10 µΩ cm).[41] However, their strict growth conditions, i.e., deposition at T > 700 °C and use of single-crystalline substrates with low lattice mismatch with TiN, limit their applications to specific fields such as nano-optics and metamaterials.[31] More industrially-scalable approaches, such as magnetron sputtering or PLD, lead to nanocrystalline TiN films usually associated to higher optical losses[1], lower plasmonic quality factors (QSPP ~ 50–100)[33] and higher resistivity (ρ ~ 50–150 µΩ cm).[26,35,36] In the case of TiN deposition by magnetron sputtering, previous studies have discussed the effect of the energy of incoming species to the substrate, leading to changes in the preferential growth (i.e., texturing) on the structural, mechanical and optical properties.[42,43] Moreover, an increase in the energy of incoming species could also lead to a decrease of resistivity down to ~ 45 µΩ cm.[26] However, to the best of our knowledge, a comprehensive study discussing the same effect on the plasmonic quality factors and their relationship with the material resistivity and structural properties has not been addressed yet.
In this work, we explored the influence of radiofrequency (RF) substrate biasing during direct current (DC) magnetron sputtering deposition on the structural, optical, electrical, and thus plasmonic response of TiN thin films. The additional self-bias generated by the RF produced an ion bombardment toward the substrate during the film growth. In particular, a moderate RF power altered the preferential growth of the films along the [111] direction and reduced the grain size, but, at the same time, led to a better metallic character and, thus, better plasmonic properties, attributed to a slight under-stoichiometry. Spectroscopic ellipsometry allowed retrieving the Drude parameters characterizing the metallic character of TiN and allowing us to evaluate the electrical resistivity. The latter was also directly measured with the four-point probe method, finding a good agreement between the two methods. A correlation between RF substrate biasing power, Drude parameters and resistivity was thus found, highlighting a viable strategy to synthesize TiN films of reasonable plasmonic quality on inexpensive substrates without the need of high-temperature deposition or annealing processes.
2. Experimental methods
2.1. Synthesis of TiN thin films
TiN thin films were deposited from a 4” Ti target (99.99 % wt. purity) on soda-lime glass and Si(111) substrates (ultrasonically cleaned subsequently in acetone, ethanol, and deionized water for 5 min each and dried under N2 flow) mounted on a rotating sample holder. The plasma reactor was pumped down to the base pressure of 1·10–5 Pa by means of a turbomolecular pump in combination with a rotary pump. A RF plasma cleaning of the substrates was carried out at a pressure of 15 Pa by adjusting the gate valve of the system in an Ar plasma (100 sccm) at –120 V self-bias by applying 13.56 MHz at a RF power 50–70 W. Afterwards, keeping the same total pressure and RF conditions, an adhesion-promoting treatment was performed in the presence of forming gas (10% H2 and 90% N2, 10 sccm) and Ar (10 sccm). Sample deposition was then performed at the working pressure of 0.1 Pa in Ar/N2 background atmosphere (15 sccm/4 sccm respectively) by pulsed DC power supply at the frequency of 50 kHz with duty cycle 50%, power ~ 700 W, discharge current ~ 1010 mA and discharge voltage ~ 625 V for 10 min without substrate heating. In order to study the effect of RF substrate biasing, a 13.56 MHz RF power supply was connected to the substrate holder and various sets of TiN samples were prepared without (0 W) and with applied RF power of 50, 100, 150, and 200 W, which generated a substrate biasing voltage of 0, –200, –400, –600, and –800 V, respectively. Such a negative voltage attracted the ions in the plasma toward the substrate, providing additional ion bombardment during the film growth. Multiple batches of films in the thickness range 130–200 nm were deposited to assess the reproducibility of results. The TiN thin films were thus labelled according to the RF power, as follows: TiN-0 W, TiN-50 W, TiN-100 W, TiN-150 W, and TiN-200 W.
2.2. Morphological, structural, and optical characterization
[bookmark: _Hlk55551256]The morphological properties of the films grown on Si substrates were evaluated with a Scios 2 DualBeam Microscope (Ultra-high resolution SEM/FIB, ThermoFisher Scientific) with an accelerating voltage of 5 kV. Cross section cutting was made by ion optics with liquid Gallium ion emitter with an accelerating voltage of 30 kV. The structural properties of the films were investigated by X-ray diffraction (XRD) measurements performed with an X’Pert pro (Malvern Panalytical) or, alternatively, Empyrean (Malvern Panalytical) diffractometer using the Co-Kα line emission (λ = 0.1789 nm), equipped with programmable divergence and diffracted anti-scattered slits. The measurement range used was 2ϑ = 22–100° in Bragg-Brentano geometry with a step size of 0.033°. The identification of crystalline phases was performed with the High Score Plus software (Malvern Panalytical) in conjunction with PDF-4+ database. The average crystallite sizes were estimated by the Scherrer formula.[44] Diffraction patterns were acquired on samples grown on glass substrates to avoid the contribution of Si peaks after checking that the same results were achieved for samples grown on Si substrates. The optical properties of the TiN thin films grown on Si and glass substrates were investigated by spectroscopic ellipsometry with a J. A. Woollam NIR–UV variable-angle spectroscopic ellipsometer (V-VASE) in the range 0.6–6.5 eV with the energy interval of 0.1 eV at two angles of incidence (65° and 75°). The analysis and modelling of the ellipsometric spectra were performed by the WVASE32 (J. A. Woollam Co.) software. The electrical properties were investigated with a four-point probe (Van der Pauw) method with a Keithley K2400 source/measure unit as a current generator (with 10 and 20 mA), an Agilent 34970A voltage meter, a Microworld SPCB-1 sample mounting board, and a Keysight 34972A LXI data acquisition unit. Notes S1 and S2 report additional information on the characterization of TiN thin films and the data treatment to evaluate the experimental errors.
3. Results and Discussion
TiN thin films were deposited by magnetron sputtering by varying the applied RF power to the substrate holder in the range 0–200 W on both Si and soda-lime glass substrates. Figure 1 shows the morphological and structural analysis performed by SEM/FIB imaging (Figure 1a) and XRD (Figures 1b–1d), respectively. Figure 1a reports a representative cross-sectional SEM/FIB image of a 200 nm-thick TiN film grown on Si substrate. The film exhibited a vertically oriented growth, characterized by columnar structures with a straight appearance along the growth direction and without evident deviations or “branches” along lateral directions. The same features were observed for all the TiN thin films in the thickness range 130–200 nm irrespectively of the applied RF power. The films also exhibited a smooth surface, i.e., the root-mean-square roughness was in the order of ~ 0.65–2.4 nm for all the investigated films (Figure S1). Similar characteristics were observed for other TiN materials grown by magnetron sputtering,[43,45–47] while the shape of the columnar structures (V-shaped or straight) usually depends on the growth conditions (substrate temperature, energy of sputtered species, etc.).[1,48] Figure 1b reports the XRD patterns collected in Bragg-Brentano geometry on the TiN films grown on glass substrate. All the films exhibited the cubic crystalline phase of TiN (Fm-3m space group) without any need of substrate heating or post-annealing process: only a moderate temperature increase was observed, up to ~50 °C at the highest applied RF power due to heavy ion bombardment. Interestingly, the application of the RF bias induced a change in texturing of the films: while the films deposited at 0 and 50 W exhibited the (111), (200) and (220) reflections, with the (111) being the most intense one, the films deposited at RF bias of 100 W or higher did not exhibit the (111) reflection (see the discussion below). In addition, the average grain size was evaluated through the broadening of the diffraction peaks using the Scherrer formula (Table S1). For the TiN-0 W film values of ~ 35 nm for the (111) reflection and ~ 16 nm for the (200) and (220) reflections were found; for the TiN-50 W film, the value of ~ 13 nm was found for the (111) reflection and of ~ 7 nm for the (200) and (220) ones. All the other films exhibited similar values (4–6 nm) for the (200) and (220) reflections. This result suggests that all the investigated films were composed by nanocrystals and that the application of RF biasing induced a reduction in the crystal size. Further information from the diffractograms in Figure 1b was retrieved by evaluating the experimental lattice constant (aexp) with the Bragg’s law for cubic crystal systems as follows,

									(1)
where λ is the X-ray wavelength, h, k and l are the Miller indices, and ϑ is the diffraction angle. Correspondingly, the macro-strain, which gives indication on the intrinsic stress in the films,[43] was evaluated as

 								(2)
where aref = 4.2380 Å is the reference value for bulk TiN. The quantities aexp and εmacro as a function of the applied RF bias are shown in Figures 1c and 1d, respectively, which were evaluated for the (111) reflection (TiN-0 W and TiN-50 W) and for the (220) one (all the films, see also Table S1). For the TiN-0 W film the diffraction peaks were very close to the reference ones (~ 0.3–0.7° of difference in the peak positions, Figure 1b), resulting in a lattice constant almost identical to the reference one (Figure 1c) and, thus, in a substantially unstrained lattice (εmacro ~ 0.001, Figure 1d). All the other films, conversely, exhibited larger lattice constants than the reference value (from ~ 4.30 to ~ 4.33 Å, Figure 1c and Table S1) and a macro-strain of ~ 0.014–0.022 (Figure 1d and Table S1). In particular, the largest lattice constant and macro-strain were found for the TiN-100 W film.
In general, a macro-strain in TiN thin films is typically observed due to the lattice mismatch between TiN and the substrate material[45,49] and it has been associated to a compressive stress (in-plane compression)[43] as well as to variation in film stoichiometry.[26] In this case, the specific structural differences among the TiN films can be, at least qualitatively, explained based on the energy of ionized species induced by RF substrate biasing.[48] On the one hand, no or low bombardment conditions favor the growth of larger grains with smaller stress and the orientation along the [111] direction[43,48,50] and of smaller grains along the [220] direction, as observed here for the TiN-0 W and TiN-50 W films (see also Table S1). On the other hand, more intense bombardment conditions can promote the formation of defects by highly energetic particles, which affect the crystal growth, thus leading to smaller grain size, larger lattice parameter, and larger compressive stress.[43,47,51,52] Moreover, such conditions can also favor a growth along other crystalline directions than the (111) orientation,[43,48,50] as shown here for the TiN-100 W, TiN-150 W, and TiN-200 W films.	Comment by Luca Mascaretti: mention also re-sputtering process? I am not expert on this
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Figure 1. (a) Cross-sectional SEM/FIB image of a TiN thin film on Si substrate. (b) XRD patterns of the TiN thin films grown on glass substrates (vertical dashed lines: reference TiN). (c) Lattice constant and (d) macro-strain for the TiN thin films evaluated for the (111) and (220) XRD reflections (filled and empty symbols, respectively). The horizontal dashed line in (c) corresponds to the lattice constant for bulk TiN (aref = 4.2380 Å). Reference data for TiN in (b) and (c) taken from PDF database card no. 01-087-0633.

[bookmark: _Hlk55551082][bookmark: _Hlk55551159]The optical properties of TiN thin films grown on glass and Si substrates were investigated by spectroscopic ellipsometry (Figure 2). No substantial differences in the ellipsometric spectra of Ψ and Δ according to the substrate material were found (see Figures S2a and S2b), since the thickness of the films (> 100 nm) prevents light from reaching the substrate (i.e., the films exhibit a golden luster). As a consequence, the ellipsometric analysis was performed on spectra recorded at the angle of incidence φ = 65° on samples grown on Si substrates. The so-called pseudo-dielectric function (or pseudo-permittivity) was retrieved by direct inversion of the ellipsometric quantities as

 							(3)

where , and ς = Rp/Rs = tanΨ exp(iΔ) is the ratio between the parallel (p) and perpendicular (s) Fresnel reflection coefficients for the system under investigation (see also Figures S2c and S2d).[39]








[bookmark: _Hlk63946829]The real part of the pseudo-permittivity (, Figure 2a) for all the films shows a typical behavior for TiN materials, i.e., it changes from positive to negative values in the visible region as a consequence of free-carrier (intraband) absorption.[26,27,29,53,54] The value at which  (inset of Figure 2a) is called crossover frequency/wavelength (ωps or λps), or screened plasma energy, the latter given by Eps = hc/λps, where h is the Planck constant and c is the speed of light. This quantity will be discussed in the following due to its relationship with the film stoichiometry. The curves of  almost superimpose to each other in the range 200–600 nm, i.e., from the near-UV to orange wavelengths of the electromagnetic spectrum. However, starting from ~ 600 nm, the curves move away one from another, and from ~ 900 nm (in the NIR region) a clear trend appears: the TiN-50 W exhibits the lowest , followed by the TiN-100 W, TiN-150 W, TiN-0 W, and TiN-200 W films (the last two overlapping). In other words, the TiN-50 W film exhibits the most metallic behavior. For example, at the telecommunication wavelength of 1550 nm, the values of  range from –42.65 for TiN-50 W to –26.62 for TiN-200 W. The imaginary part of the pseudo-dielectric permittivity (, Figure 2b), on the other hand, increases monotonically with the wavelength after showing a minimum at 400–420 nm and clear differences between the curves appear in the NIR region (as for ). In this case, the TiN-50 W film shows the highest values of , followed by the TiN-100 W, TiN-150 W, TiN-200 W, and TiN-0 W samples. Interestingly, the TiN-50 W film exhibited at the same time the best metallic behavior and the highest degree of optical losses as well, in contrast with the TiN-0 W film.
The real and imaginary parts of the pseudo-dielectric permittivity can be directly employed to assess the plasmonic properties of the TiN thin films by means of the quality factors for SPPs and LSPRs. For the former, the quality factor can be expressed as[40]

 									(4)
while for the LSPR, assuming spherical nanoparticles under the quasi-static regime, the quality factor reads[40]

 									(5)
Accordingly, Figures 2c and 2d show the quality factors for SPPs and LSPRs, respectively, for the TiN thin films under study. Considering QSPP (Figure 2c), the best results were exhibited by the TiN-50 W film, followed by the TiN-100 W film and then all the others. At the communication wavelength of 1550 nm, the values of QSPP range from ~ 44.3 for the TiN-50 W to ~ 20.5 for the TiN-200 W film. This trend is primarily related to the real part of the permittivity (Figure 2a), while the imaginary part has a secondary role. The same trend occurred also considering QLSPR (Figure 2d); in this case, for the TiN-50 W the maximum QLSPR ~ 1.3 fell at ~ 954 nm, while for the TiN-200 W the maximum value of QLSPR was ~ 0.9. Overall, the values for the quality factors in Figure 2 were lower than those reported for epitaxial TiN thin films deposited at high substrate temperature on sapphire (QSPP ~ 184.3 at 1550 nm and QLSPR ~ 3.4 at 1100 nm)[29] and on MgO (QSPP ~ 213.0 at 1550 nm and QLSPR ~ 3.4 at ~1200 nm),[32] but comparable to those achieved with samples deposited by PLD at room temperature (QSPP ~ 113.1 at 1550 nm and QLSPR ~ 1.9 at ~ 855 nm)[33] and plasma-assisted ALD (QSPP ~ 54.9 at 1550 nm and QLSPR ~ 1.4 at ~1020 nm),[35] as also illustrated in the Supporting Information (Figure S3).
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Figure 2. (a and b) Real (a) and (b) imaginary parts of the pseudo-dielectric function of TiN thin films obtained by direct inversion of the ellipsometric measurements at 65°. The inset in (a) shows the variation of the crossover wavelength (λps). (c and d) Quality factors for surface plasmon polaritons (c) and localized surface plasmons (d) for the TiN thin films.



The ellipsometric data (Figure 2) were analyzed in depth to gain more insights on the physical properties of the TiN thin films and to find a relationship with the structural properties (Figure 1). In particular, the experimental  and  data were fitted by the Drude-Lorentz model,[55,56] as typically reported for TiN, with one Drude term and two Lorentz oscillators (see also Figures S2e and S2f):[1]

					(6)
In Equation 6, the term ε∞ is a constant greater than unity that takes into account higher-energy transitions above the experimental range. The Drude term dominates at lower energies, in the region of intraband absorption by free electrons, thus accounting for the metallic behavior of the films. It is described by the unscreened plasma energy/frequency Epu = ℏωpu (where ℏ is the reduced Planck constant) and the damping factor γ = ΓD/ℏ = 1/τD, where ΓD is the relaxation rate (expressed in eV) and τD is the relaxation time (expressed in fs). The unscreened plasma frequency is defined as 

								(7)
where N is the conduction electron density, e is the electron charge, ε0 is the vacuum permittivity, and m* is the electron effective mass.[55,56] The Lorentz oscillators, on the other hand, account for interband absorption at higher energies and they physically represent the E01 and E02 transitions from the p orbitals of N atoms to d orbitals of Ti atoms.[57,58] Each of the Lorentz oscillators is described by the energy position ℏω0,j, the strength fj and the damping/broadening factor ϒj. All the fitting parameters for the TiN films considered in this study are reported in Table S2, including the associated standard deviations.
In the following, we mainly consider the Drude parameters because they account for the metallic character of the TiN films and, thus, they are relevant to describe their electric and plasmonic properties. The unscreened plasma energy Epu is directly linked to the conduction electron density N (Equation 7), while the relaxation time τD describes the time interval an electron travels between two consecutive collisions;[55] as a consequence, the higher Epu and τD, the better the conductivity of the metal. On the other hand, the screened plasma energy Eps describes the transition from a metallic behavior of the material (ε1 < 0 for E < Eps or λ > λps), where light is reflected by conduction electrons, to a dielectric behavior (ε1 > 0 for E > Eps or λ < λps), where light attenuation occurs due to interband absorption. As a consequence, the higher Eps (the lower λps), the higher is the wavelength interval of the solar spectrum where the material exhibits a metallic behavior, which is beneficial for plasmonic applications. For TiN, it was also found that Eps indicates the spectral position of SPPs and of the LSPR[1] and that it correlates with the film stoichiometry: the value of λps = 468 nm (Eps = 2.64–2.65 eV) was reported for perfectly stoichiometric TiN, while higher λps (i.e., lower Eps) was shown for over-stoichiometric films (i.e. TiNx with x > 1), and vice-versa for under-stoichiometric films (x < 1).[24,53] 
Figure 3 reports the values of the unscreened plasma energy (Figure 3a), relaxation time (Figure 3b) and screened plasma energy (Figure 3c) as a function of the RF applied power. A clear trend for all these quantities was found: the maximum values among all the investigated films were achieved by the TiN-50 W sample (Epu = 7.47 eV, τD = 0.95 fs and Eps = 2.73 eV). In other words, the TiN-50 W film exhibited the most metallic behavior. These findings are in agreement with the results of Figure 2, which also showed the best plasmonic behavior for the TiN-50 W sample. In addition, the values of the three quantities in Figure 3 for the TiN-50 W film are similar to those reported in the literature (for example,  Epu = 6.93 eV, τD = 1.12 fs and Eps = 2.65 eV in ref. [26] and Epu = 7.29 eV, τD = 1.08 fs and Eps = 2.65 eV in ref. [35], see Table S3).

[image: ]
Figure 3. Physical parameters retrieved from the ellipsometric data describing the metallic behavior of the TiN thin films: (a) unscreened plasma energy, (b) relaxation time and (c) screened plasma energy. The colored interval in (c) represent the values of Eps delimited by Eps,max and Eps,min (see Note S2).

The parameters shown in Figure 3 were further analyzed to gain more insights on the physical properties of the TiN films. First, an estimate of the film stoichiometry TiNx was retrieved from Eps by fitting the data in ref. [24] with a fourth-order polynomial (for more details, see Note S2). Second, the Drude parameters were employed to calculate the mean free path (MFP) of conduction electrons,[26]

								(8)
the maximum value of the quality factor for SPPs,[59]

										(9)
and the electrical resistivity,[26]

										(10)


In Equation 8, the electron effective mass (m* = 1.15 me, where me is the electron mass) was approximated from stoichiometric TiN[26] in absence of more systematic data, while the subscript “opt” in Equation 10 has the meaning to discern the electrical resistivity values calculated with the Drude parameters from ellipsometry measurements from those directly measured by the Van der Pauw technique (see below). Figure 4, accordingly, shows the film stoichiometry x (Figure 4a), the MFP of conduction electrons (Figure 4b),  (Figure 4c), and ρopt (Figure 4d) as a function of the applied RF power for all the investigated films. A clear trend was found, in agreement with the results presented in Figure 3: the TiN-50 W film exhibited the best properties among all the investigated films, i.e., the highest electron MFP of ~ 6.7 nm, the highest , and the lowest ρopt ~ 92.6 µΩ cm. In particular, only this sample was characterized by a slight sub-stoichiometry (TiN0.85) compared to all the other films (ranging between TiN1.07 and TiN1.15, Figure 4a). This result is a further indication of the stronger metallic character of the TiN-50 W, which is attributed to the greater amount of Ti 3d states close to the Fermi level compared to over-stoichiometric TiNx.[1] On the other hand, it is possible to note that the MFP for conduction electrons for all the films is in the range 4.8–6.7 nm (Figure 4b), which is of the same order of magnitude as the average grain size retrieved from the XRD analysis for the films deposited under non-zero RF power (Table S1). As a consequence, scattering sites such as grain boundaries and point defects (i.e., Ti vacancies) may play a substantial role in determining the plasmonic performance of the TiN thin films.[26] On the other hand, the average crystal size for the TiN-0 W film is between 3 and 6 times bigger than the electron MFP, suggesting that in this case the scattering centers may be dispersed within the grains.




Additionally, Figure 4 highlights that the Drude parameters can be conveniently employed to retrieve useful material parameters in terms of the plasmonic (, Figure 4c) and electrical (ρopt, Figure 4d) performance of TiN, which are closely related to each other (see Equations 9 and 10). The values exhibited by the TiN-50 W film ( and ρopt ~ 92.6 µΩ cm), in particular, were comparable to previous results on TiN thin films deposited by magnetron sputtering or other techniques (typical values for  are in the range of 36–77 and for ρopt in the range 85–140 µΩ cm, Table S3),[26,27,35,60] while a better performance can be observed with epitaxial TiN films on sapphire ( and ρopt ~ 35 µΩ cm, Table S3).[29]
 
[image: ]
Figure 4. Parameters derived from the Drude term in the fitting of ellipsometric data of TiN thin films: (a) film stoichiometry (TiNx), (b) mean free path of electrons, (c) maximum value of the quality factor for SPPs, and (d) electrical resistivity. The colored interval in (a) represent the values of x delimited by xmax and xmin (see Note S2).

To give more consistency to the electrical characterization of the TiN thin films, the resistivity of the samples grown on glass substrate was measured by the four-point probe (or Van der Pauw) method.[61] Figure 5 shows the values of the measured resistivity ρ as a function of the applied RF power and it shows a similar trend to that observed in Figure 4d, i.e., the TiN-50 W exhibited the lowest resistivity (ρ ~ 78 µΩ cm). In addition, ρopt systematically overestimated the directly measured resistivity without major deviation for all the films (ρ/ρopt = 0.8–0.85) apart from the TiN-0 W sample (ρ/ρopt = 0.64). Previous studies suggested that an order of magnitude or higher difference in the resistivity values obtained by the two methods occurred only in ultrathin films (few nm) and it could be ascribed to electron scattering effects at grain boundaries and interfaces to which aspect ellipsometry is hardly sensitive.[36] In the present case, ρopt appears as a good estimate of ρ, thus validating the use of spectroscopic ellipsometry as a technique to investigate the electrical properties of TiN films when direct resistivity measurements are not available.
[image: ]
Figure 5. Electrical resistivity of TiN thin films measured by the four-point probe method.

Considering, overall, the knowledge gained from the structural, optical and electrical analysis on the TiN thin films, we can note the critical influence of RF substrate biasing on the performance of the material in terms of plasmonic applications. Interestingly, despite the TiN-0 W film, i.e., grown in absence of bias, exhibited bigger crystals and negligible strain (Figure 1c), it also showed a moderate estimated over-stoichiometry (TiN1.14, Figure 4a), the latter being associated to non-optimal plasmonic properties (Figure 3). On the other hand, the films grown under high RF substrate biasing showed smaller nanocrystals with a higher degree of strain (Figure 2c) and over-stoichiometry as well (1.07 < x < 1.15, Figure 4a). On the contrary, only the TiN-50 W film, i.e., grown under the application of a moderate RF substrate biasing, exhibited a preferential growth along the [111] direction (Figure 2b), intermediate grain size and strain among all the investigated films (Figure 2c), and a slight under-stoichiometry (TiN0.85, Figure 4a). All these features correlated to its best plasmonic properties (Figures 3 and 4) and lowest resistivity (Figures 4d and 5). We can thus hypothesize that a moderate RF substrate biasing could be critical to produce TiN thin films with optimal stoichiometry leading to better plasmonic and electrical properties, despite slightly reducing the grain size. This effect may be related to an optimized flux of Ti and N species reaching the substrate achieved by the moderate RF biasing, while intense bombardment conditions could lead to small grain size and high compressive stress induced by an excessive amount of defects (such as Ti vacancies).[43,47,51,52]




4. Conclusions
TiN thin films were deposited by pulsed DC magnetron sputtering on Si and glass substrates investigating the effect of RF substrate biasing on the structural, optical and electrical properties of the films. The film prepared under zero bias exhibited a preferential growth along the [111] direction and larger grains and smaller strain compared to all the films deposited with substrate biasing, the latter characterized by small nanocrystals (few nm) and growth along the [200] and [220] directions. Nevertheless, the ellipsometric analysis revealed that the metallicity of the samples (features in the real part of the permittivity) could be improved by applying a moderate RF biasing. Indeed, the sample prepared with 50 W of RF power exhibited the best plasmonic properties, evaluated through the plasmonic quality factors for SPPs and LSPRs from the permittivity data. In addition, this film also exhibited the lowest resistivity, which was not only extracted from the Drude parameters after fitting the ellipsometric data, but also directly measured by the four-point probe method. This film, notably, was the only one exhibiting a slight under-stoichiometry (evaluated from the crossover frequency) among all the investigated films, which instead were over-stoichiometric. As a consequence, our investigation highlighted the possibility of applying a moderate RF substrate biasing during magnetron sputtering to produce TiN films with optimized structural and optical properties, and thus stoichiometry, conductivity and plasmonic performance, without any post-annealing treatment. The present results are of general interest for the production of TiN thin films grown under non-epitaxial conditions on different substrates for large-scale plasmonic applications in electronics, telecommunication, and solar energy conversion.
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