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Abstract: Alternative materials for plasmonic devices have garnered much 
recent interest. A promising candidate material is titanium nitride. Although 
there is a substantial body of work on the formation of this material, its use 
for plasmonic applications requires a more systematic and detailed optical 
analysis than has previously been carried out. This paper describes an initial 
optimization of sputtered TiN thin films for plasmonic performance from 
visible into near-IR wavelengths. The metallic behavior of TiN films 
exhibits a sensitive dependence on the substrate and deposition details. We 
explored reactive and non-reactive sputter deposition of TiN onto various 
substrates at both room temperature and 600°C. Metallic character was 
compared for films grown under different conditions via spectroscopic 
ellipsometry and correlated with compositional and structural measurements 
via x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), and 
scanning transmission electron microscopy (STEM). 
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1. Introduction

Alternative metallic materials for plasmonic devices have been gaining popularity recently 
since they have some distinct advantages compared to the commonly used noble metals silver 
and gold [1–8]. The high hardness, chemical stability, high temperature performance [9], and 
potential CMOS-compatibility of titanium nitride (TiN) are desirable material attributes in the 
formation of robust plasmonic device structures. The optimal choice of material also depends 
on the operating wavelength of interest. TiN has been identified as an excellent candidate 
material for the visible and near-IR wavelength range [10–16] and unlike noble metals, has 
optical properties which are tunable. 

Sputtered thin films of TiN exhibit varied mechanical [17–19], structural [17, 18, 20–22], 
and optical behavior [23–29]. A recent review highlights the optical studies of TiN prior to 
this study showing a wide range of behavior [30]. Understanding how to control the films 
over this wide, tunable range is advantageous in optimizing the plasmonic behavior of TiN. 
Our goal is to sputter what we term more “metallic” TiN, which we define as TiN with the 
negative real component of the permittivity maximized. This is a definition of “metallic” that 
pertains specifically to plasmonic applications, and it is this definition of “metallic” that we 
will employ throughout this paper. Thus “more metallic behavior” implies a greater value of 
the negative real component of the permittivity. This paper describes the critical sputter-
deposition parameters of TiN thin films, and correlates those parameters with the changes in 
negative real permittivity of the films, so that we can predictably control these values from 
visible into IR wavelengths. 

2. Experimental

Reactive and non-reactive sputter deposition was systematically carried out on silicon, 
sapphire, and MgO substrates. Films were deposited under various conditions with the goal of 
maximizing the magnitude of the real part of the permittivity, a descriptor of the metallic 
character of the film. The primary assessment of the metallic character was therefore carried 
out using spectroscopic ellipsometry, though results were also correlated with Hall resistivity, 
XPS, XRD, and STEM measurements to allow us to generate initial ideas as to the underlying 
reason for the ellipsometric differences we measure. TiN thin films displaying a full range of 
behavior from dielectric to metallic were produced. We found that the most important factors 
in achieving metallic TiN films suitable for plasmonics were the deposition temperature and 
applied substrate bias. In addition, the optical properties depended on the substrate and could 
be more finely tuned by adjusting the reactive gas composition. 

Films were DC reactively magnetron sputtered using 2” diameter Ti targets in an AJA 
International ATC 2200-V load-locked turbo pumped sputtering system. To remove any 
residual surface oxide or contaminants from the Ti target, the target was pre-sputtered with 
the shutter closed until the voltage stabilized. A substrate heater controlled the temperature up 
to 600°C. The base pressure was less than 5 x 10−7 Torr after heating the substrate to 600°C 
and was in the 10−8 Torr range at room temperature. The deposition pressure was held 
constant at 4mT. The Ar: N2 gas flow ratio was systematically varied from nitrogen-deficient 
12:4 sccm to nitrogen-dense 8:12 sccm for the reactively sputtered samples, monitored 
through mass flow controllers. For some films, as noted, a substrate bias of 100V was applied. 
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Additional films were non-reactively RF sputtered using a TiN target in a 40sccm Ar 
environment, with no N2 gas flow. The optical properties of these non-reactively formed films 
were directly compared with those of the reactively sputtered films. The substrates included 
(100) MgO, c-plane sapphire, and (100) p-silicon. Before being loaded into the chamber, all 
substrates were sonicated in acetone followed by isopropyl alcohol and N2 dried. Prior to this, 
Si substrates were additionally cleaned in a 49% HF dip with DI H2O rinse and N2 dry. 

After deposition, the optical constants of the TiN films were measured from 300 to 1700 
nm in 5nm steps using a J.A.Woollam WVASE32 spectroscopic ellipsometer. The measured 
permittivity (where ε = ε̍ + i ε̍ ̍) values varied from completely dielectric behavior (ε̍ > 0) over 
the entire range to metallic behavior (ε̍  < 0) for all wavelengths greater than about 500nm. 
We correlated these dramatic changes in optical behavior with methodical changes in the 
deposition conditions and film structure. The optical constants of the films were best modeled 
via Drude-Lorentz models [24, 30–32] consisting of one Drude term representing the free d-
band conduction electrons and two Lorentz terms representing the interband losses similar to 
those exhibited by gold. The ellipsometric measurements were corroborated by Hall DC 
resistivity and XPS measurements. STEM and XRD measurements of metallic films showed a 
range of short range to long range crystalline order. 

3. Results

As a general trend, those TiN films identified by spectroscopic ellipsometry to have a larger 
magnitude of negative real permittivity (i.e. were “more metallic”) also exhibited lower 
values of Hall resistivity, had a lower concentration of oxygen impurities, and exhibited better 
crystallinity. The most metallic films grown at elevated temperature showed textured epitaxial 
growth with strongly preferred orientation while the most metallic films grown at room 
temperature with an additional applied bias were textured with small crystallites. Films 
determined to be ‘dielectric’ through ellipsometric measurements exhibited high oxygen 
impurity concentrations and no discernible long-term crystalline order. 

Fig. 1. (a) The real part of the permitivvity (ε) for various TiN films compared to silver and 
gold. The shaded area is bordered on top by the most dielectric and on bottom, most metallic 
films we have sputtered, demonstrating the wide range over which the optical character of 
reactively sputtered TiN can be tuned. (b) The imaginary part of the permittivity (losses) is 
shown. Data for Au and Ag adapted from Johnson & Christy [33]. 

Figure 1 shows sample traces of both the real and imaginary parts of the permitiviity (ε̍ 
and ε̍ )̍ of a selection of our sputtered TiN films as a function of wavelength. Our TiN films 
are compared to the bulk values from literature for standard plasmonic metals, silver and gold 
[33]. We can controllably tune the optical properties of the sputtered TiN throughout the 
shaded range in the figure to be dielectric or metallic over most of the visible and near-IR 
wavelength range. Since we are interested in metallic TiN specifically for plasmonic 
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applications, this study highlights the conditions necessary to deposit metallic TiN films with 
maximum negative ε̍ . We focus on the real part of the permittivy throughout; in general, as 
the oxygen impurity concentration is lowered and the crystallinity improves, the ε̍ becomes 
more negative and ε̍ ̍ also decreases. This can be seen by comparing the ‘intermediate’ and 
‘metallic’ TiN curves in Fig. 1. 

As discussed below, the substrate temperature, substrate choice, amount of N2 gas flow, 
and any additional applied bias all had significant effects on the optical properties of the final 
films. We found that varying the composition of gases during reactive sputtering of TiN in 
general gave a greater degree of control to the thin film formation as compared to nonreactive 
sputtering; however, by varying the substrate temperature during deposition, a significant 
range of properties can also be achieved via nonreactive sputtering. In addition, by applying a 
bias while sputtering we were able to deposit metallic TiN films at room temperature. 

Since we found that the deposition temperature had the overall greatest influence on the 
metallic nature of high quality TiN, we will begin by discussing this parameter followed by 
the effects of the substrate choice. We will then evaluate the changes due to gas composition 
in reactive sputtering as compared to non-reactive sputtering for a particular substrate, since 
these effects are more interactive. We will finish by examining the metallic films produced at 
room temperature with the addition of a substrate bias. Finally, we will discuss the results 
including correlations of the optical behavior with structure and composition measurements to 
provide initial suggestions as to the underlying structural cause of the variation in optical 
properties. 

3.1 Substrate temperature effects during non-reactive sputtering 

The substrate temperature during film deposition is known to affect the structure and 
properties of the resulting film [13, 18, 34]. Figure 2(a) provides a summary of the results of 
increased substrate temperature on non-reactively sputtered TiN films. ε̍ of the sputtered TiN 
shows little dependence on the choice of substrate, but there is a pronounced change on all 
substrates as the substrate deposition temperature is increased. TiN films sputtered onto c-
Sapphire, Si, and MgO at room temperature all exhibited ‘minimal metallic character’ 
including: low reflectivity, high resistivity, and ε̍ close to zero. At elevated substrate 
temperatures of 600°C, ε̍ of the films reaches negative values for longer wavelengths. The 
behavior for all substrates tried is similar. We can therefore achieve significant control over 
the properties of non-reactively sputtered TiN solely by depositing at different temperatures. 

3.2 Substrate template effects during reactive sputtering 

Given the more metallic behavior of non-reactively sputtered TiN films deposited at 600°C 
substrate temperature, our next experiments adopted this value of temperature, and in addition 
explored the behavior of the thin films under conditions of reactive sputtering. This 
deposition procedure utilized nitrogen as the reactive gas and argon as the chemically inert 
and heavy, sputtering gas. As for the non-reactively sputtered films, we were interested in the 
quality of films deposited on a variety of substrates, thus we simultaneously deposited TiN 
onto sapphire, silicon, and MgO substrates. Figure 2(b) shows the results of one such 
experiment, carried out at 12:8 sccm Ar:N2 reactive gas flow at 4mTorr and subjected to 
200W DC power. By reactively sputtering rather than non-reactively sputtering, we achieved 
significantly more metallic TiN on MgO. Unlike the situation with non-reactive sputtering, 
the resulting ε̍ versus λ of the reactively sputtered TiN films showed a very distinctive 
dependence on the choice of substrate. X-ray diffraction (XRD) studies confirm the strong 
influence of substrate on the TiN thin film microstructure, as will be seen in Fig. 4. In general, 
we note that films with ‘better crystallinity’ have greater metallic character, though this is not 
the only critical factor. 
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Fig. 2. (a) High substrate temperature is required to non-reactively sputter smooth, metallic 
TiN thin films. The optical properties of films sputtered on different substrates (— MgO, – – 
Si, ··· Saph) at the same temperature vary only slightly. (b) For reactive sputtering of TiN, 
substrate choice strongly affects the optical properties. Deposition conditions: Ti target, 600°C, 
200W DC, 12:8 sccm Ar:N2 reactive gas flow, 4mT 

3.3 Variation of reactive gas composition for a particular substrate 

TiN films reactively sputtered onto MgO substrates at 600°C showed far better metallic 
behavior than films non-reactively sputtered onto the same substrates at the same temperature. 
However, comparing the data of Figs. 2(a) and 2(b), we note that under the stated conditions, 
the reactive sputtering does not produce the same improvement of metallic properties for TiN 
films sputtered onto either sapphire or silicon. We tried to better understand these results for 
deposition on the different substrates by varying the gas composition from non-reactive 
conditions (Ar only) to ratios of Ar: N2 ranging from 12:4 (nitrogen-deficient) to 8:12 
(nitrogen-rich) sccm, with the total pressure held constant at 4mT. Some variation has been 
documented previously [13, 35]; Here, we extend the frequency range into the longer visible 
and near-IR region of interest for TiN plasmonic devices. In addition, we test multiple 
substrates simultaneously. 

The values of ε̍ versus λ, plotted for Si, Sapphire and MgO respectively, are shown in 
Figs. 3(a)–3(c), documenting a very different role of reactive sputtering for TiN deposited on 
the differing substrates. First we focus only on these experiments which compare reactive and 
non-reactive sputtering of TiN specifically at elevated temperature. The reactively sputtered 
TiN films on MgO clearly show the best metallic performance of all films formed in these 
experiments. Note the difference in magnitude of ε̍ on MgO versus the other substrates. The 
behavior of the most metallic films is clearly distinctive and superior to films that were either 
non-reactively sputtered, or reactively sputtered with different gas compositions. As a test of 
reproducibility, several conditions were re-tested and exhibited similar results. One example 
is shown in Fig. 3(c) which includes a second 12:8 sccm Ar:N2 film. Though the film is not 
quite as metallic, which could be due to slight chamber variations, the general trend does 
hold. For both the Si and Sapphire substrates, non-reactive sputtering produced more metallic 
TiN under all conditions tested in this set of experiments as compared to reactive sputtering. 
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Fig. 3. Finer control during reactive sputtering is achieved by varying the reactive gas 
concentration. TiN films are deposited at 600°C (a–c) or 20°C plus an additional 100V bias (d–
f), with varying amounts of Ar:N2 gas (sccm) Substrates are (a,d) silicon (b,e) sapphire (c,f) 
MgO. Reactive sputtering onto MgO substrates can produce highly metallic, epitaxial films. 
Non-reactive sputtering produced the most metallic films on Si and Sapphire. 

3.4 Additional substrate bias for metallic films sputtered at room temperature 

Low temperature deposition of metallic TiN is crucial for CMOS compatibility. The 
discussion so far has assumed that high temperature was necessary to sputter metallic TiN; 
however, films with large magnitudes of negative real epsilon can also be sputtered by 
applying an additional substrate bias. As shown in Figs. 3(e)–3(f), drastic improvements in 
metallic character of TiN films sputtered onto sapphire substrates, even at room temperature, 
can be achieved with the addition of a 100V bias. In addition, highly metallic TiN films are 
also sputtered onto MgO at room temperature whereas previously, elevated temperature was 
required. The drawback to this method is that films sputtered with the additional bias tend to 
be slightly rougher and have more defects than films sputtered at elevated temperatures. 
These initial results suggest, however, that CVD or ALD deposition of metallic TiN films, for 
example, is also likely possible at low temperature with proper optimization and additionally, 
allow for plasmonic-quality TiN deposition on a larger variety of substrates. 

4. Discussion

Structure zone diagrams (SZD) help us to qualitatively organize the expected microstructures 
of deposited films from porous to columnar to granular. They also offer suggestions for 
process adjustments when we deposit films which have undesired properties. One of the most 
commonly used diagrams by Thornton [36], which refers specifically to sputtered films, 
includes two main axes affecting the film microstructure outcome: the deposition pressure and 
the fraction T/Tm of the deposition temperature, T, over the melting temperature, Tm of the 
deposited film. His diagram posits that as T/Tm increases, films tend to have lower porosity 
and larger grain sizes. Thornton acknowledges that at the temperatures that we work with in 
this study, there are several parameters influencing the surface morphology. Our TiN films 
deposited at 600°C have small crystallites (< 50nm), high reflectivity, and low oxygen 
incorporation. These results are also supported by additional experiments from the literature 
[13, 18]. On the other hand, TiN films deposited at low temperature have low reflectivity, 
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high resisitivity and high oxygen incorporation, potentially due to a film porosity which 
encourages oxidation upon removal from vacuum to ambient. Our low temperature films are 
always non-metallic unless additional energy is added during the deposition, such as a 
substrate bias. 

A more recent structure zone diagram proposes that the Thornton axes be replaced by 
generalized temperature T* and normalized energy E* axes [37]. Anders’ model suggests that 
the new E* axis include all parameters which contribute to the kinetic energy of ions arriving 
at the substrate, for example: deposition pressure, applied plasma voltage, and substrate bias. 
Our metallic TiN films deposited at room temperature with a substrate bias fit well into this 
model. Due to the added bias, the adatoms have enough energy upon arrival at the substrate to 
rearrange on the surface. In addition, an applied bias may re-sputter some of the already 
deposited TiN film. Our films with applied bias exhibit lower oxygen content, perhaps due to 
preferential sputtering of the oxygen from the surface, or from adatom rearrangement upon re-
sputtering. 

Reactive sputtering involves many complex reactions and it is quite difficult to fully 
understand the details of these processes; however, beyond studying the microstructure, 
additional understanding may be gained through compositional and structural measurements 
on a selection of our sputtered TiN films. We have used X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS) and scanning transmission electron microscopy (STEM) in 
an attempt to formulate initial suggestions as to the underlying factors in sputtering metallic 
TiN. We hypothesize that the two main factors influencing the optical behavior of sputtered 
TiN films are the crystallinity, as well as the composition of the film, which includes both the 
stoichiometry and the oxygen impurity concentration. 

Beyond the influences of elevated temperature or applied bias on the film quality, our data 
suggest the importance of the substrate as a template for the TiN in determining its structure 
and stoichiometry. This is evidenced in the dramatic improvement of TiN films specifically 
on MgO via reactive as compared to nonreactive sputtering shown in Fig. 3, as well as the 
distinctive differences in ε versus λ for the different substrates. Since many of our ‘most 
metallic’ films were sputtered onto MgO, we focus on TiN films on this substrate to 
investigate structural and composition changes. With proper optimization of the chamber 
conditions, highly textured and even epitaxial growth of TiN on MgO can occur since MgO 
and stoichiometric TiN are closely lattice matched cubic crystals with lattice constants of 
4.212 and 4.240 Å respectively [16–18]. It has been shown that crystalline TiN films exhibit 
metallic behavior whereas amorphous films do not [16, 38] and in fact, as we have noted, 
better crystallinity is, in general, correlated with the more metallic behavior we observe. 

Anders’ generalized zone structure diagram suggests a small deposition parameter space 
where “low-temperature low-energy ion-assisted epitaxial growth” is possible [37]. By 
applying an additional substrate bias, we have shown that we can deposit metallic TiN at 
room temperature and we have also studied these films at the microstructural level. Figure 4 
shows the previously studied high deposition temperature film (blue) as compared to a film 
deposited at room temperature with applied bias (red). Both films are textured, exhibiting 
XRD signatures only in the (200) direction. The film deposited at high temperature exhibits 
slightly better ordering, seen in the STEM images of those same films (see Figs. 5(b) and 
5(c); colors are consistent in identifying films in Figs. 4 and 5). 
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Fig. 4. (a) XRD 2-Theta scans of textured TiN films sputtered onto MgO at high temperature 
vs. low temperature with additional applied bias. Both films have preferred orientation in the 
(200) direction (b) Inset of the TiN and MgO (200) peaks shows extended shoulders near 42.0° 
and 43.3° in the film deposited with additional bias 

It is interesting to note, that the TiN film on MgO, deposited at 20°C with a bias displays 
less crystalline order than the film deposited at 600°C, yet has ‘better’ optical properties via 
ellipsometry with both a more negative ε̍ and lower losses (smaller ε̍ ̍). Thus crystalline order 
alone does not fully explain the variation in metallic behavior of our sputtered films. As will 
be discussed in the rest of this section, this difference in optical properties is likely due to the 
number of oxygen defects present in the films as well as the way in which they are bonded. 
Therefore, in the following section we show that not only the crystalline character of TiN 
films, but also the impurities present in the film play a large role in determining the overall 
optical response. 

Fig. 5. STEM images of (a) reactively sputtered TiN thin film on a MgO substrate displaying 
textured epitaxial growth of a smooth, metallic thin film under these deposition conditions. (b) 
Detailed view of TiN film from (a) showing textured epitaxial growth at 600°C, 12:8 Ar:N2 on 
MgO (c) Detailed view of a different TiN film grown at 20°C with a 100V bias and 12:4 sccm 
Ar:N2 on MgO showing polycrystallinity. (d) Real and imaginary permittivity data for the films 
shown in (b) and (c) 

To better understand why a TiN film with strong preferred orientation such as shown in 
Fig. 5(b) would exhibit slightly less metallic behavior than a film with weaker preferential 
orientation such as shown in Fig. 5(c), we next studied the film composition via XPS. Ti2p, 
N1s, O1s and C1s data was taken using a Thermo Scientific K-Alpha system with 400 µm 
spot size and a 50eV pass energy. We observed that the overall Ti:N:O ratio roughly 
correlated with the optical behavior in a broad sense; for example, films with > ~25 atomic 
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percent oxygen overall behaved more like dielectrics and films with < 10 at% oxygen in 
general showed metallic behavior. In short, oxygen incorporation critically affected the films’ 
resulting properties. In the middle regime however, when films contained near 15-20 at% 
oxygen, the optical behavior correlated more closely with how these oxygen impurities were 
bonded in the film, as discussed in the next section, rather than the overall impurity 
concentration. 

To see how the oxygen impurities are bonded, we also use XPS to examine the local 
chemical environment of the titanium, nitrogen, and oxygen present in the films. By looking 
at the XPS data for the Ti2p peak, we discern that a thin surface oxide forms on TiN thin 
films upon exposure to atmosphere regardless of whether the films overall behave more as 
dielectric or metal. The reaction is favorable thermodynamically and is also confirmed in 
prior studies [2, 21, 39–41]. If exposed to atmosphere at room temperature, this surface oxide 
remains extremely thin and seems to be self-limiting over time. Studies up to 600K have 
shown stability of the optical properties of the film without any capping layer [32]; however if 
the film will subsequently be exposed to higher temperatures, a capping layer or surface 
treatment is required to prevent further oxidation. This is particularly important for 
polycrystalline films and amorphous films which do not fare as well as epitaxial TiN films 
[42]. 

We additionally use XPS to examine the local chemical environment of nitrogen (N1s), 
and those data are shown in Figs. 6(a)–6(d) for one of the least metallic (8:12 Ar:N2) and the 
most metallic (12:8 Ar:N2) TiN films sputtered at 600°C onto MgO substrates. These two 
films were chosen to more clearly delineate the results, though the trend holds for films with 
closer optical properties. Their optical properties are plotted in Fig. 3(c). In addition, Fig. 
6(e)–6(f) shows the XPS bonding for a film deposited at room temperature with an additional 
applied bias. The red and blue colors again correspond to the same films studied in Figs. 4 and 
5. We see in the N1s XPS data in Figs. 6(a), 6(c), and 6(e) the influence of a surface oxide
layer: a low energy N1s peak at 396.0 eV appears only on the unthinned, as-grown films. 
Thus, we attribute the 396 eV peak as nitrogen bound to the titanium surface oxide layer, or 
perhaps to surface carbon. 

Fig. 6. Comparison of XPS N1s data for our most and least metallic films sputtered at 600°C 
without bias, and 20°C with bias, on MgO substrates (a–b) Nitrogen-rich deposition (8:12 
Ar:N2 sccm) leads to a film with higher oxynitride composition as compared to the deposition 
under the lower nitrogen flow (c–d). Adding a substrate bias while sputtering reduces 
oxynitride content, even at room temperature (e–f). The films shown in Fig. 6(c)–6(f) 
correspond to those shown in Figs. 4 and 5 and are colored accordingly. 

#246076 Received 16 Jul 2015; revised 29 Oct 2015; accepted 2 Nov 2015; published 9 Nov 2015 
© 2015 OSA 1 Dec 2015 | Vol. 5, No. 12 | DOI:10.1364/OME.5.002786 | OPTICAL MATERIALS EXPRESS 2795 



Table 1. Atomic % N1s bonding in nitride and oxynitride 

As sputtered (at surface) After surface oxide removal 

Peak Energy 
(eV) 

8:12a 12:8 12:4 + bias 8:12 
(intermediate) 

12:8
(‘textured 
epitaxial’) 

12:4 + bias 
(‘textured’) 

N – Ti 397.4  5.7 % 24.6 % 34.2% 14.5 % 39.2 % 46.8% 

N – Ti – O    396.8  45.0 % 31.3% 25.7% 58.0 % 35.1 % 24.7% 

N – Ti – O  396.0  23.6 % 14.3 % 9.2% - - - 
aAr:N2 gas flow ratio in sccm 

We can also carry out an XPS depth profile of our films using a 1000eV ion beam to 
sputter-thin the material. After the surface layer is removed, it is easy to see the distinct 
difference in the ratio of N bonded to Ti versus in oxynitride form between the films of 
different metallic character (Figs. 6(b), 6(d), and 6(f)). The relative ratios remained constant 
as we etched deeper through each film we examined, thus our films seem to be homogeneous. 
The peak shapes and binding energies agree with those found in the literature for oxynitride 
films [24, 40, 41, 43]. 

The areas under the fitted XPS peaks are summarized by percent in Table 1. The most 
metallic films have the smallest oxynitride components. Even in films with similar overall 
Ti:N:O atomic percent ratios, we have seen differing TiN:TiOxNy ratios in the N1s data. Thus, 
we hypothesize that in films which have a highly negative ε̍ but which still have a high 
oxygen content, more oxygen is bound as TiO rather than in oxynitride form, allowing for a 
more conductive film overall. Vasile et al. have also suggested TiO bonding to explain 
oxygen content that is undetectable in the Ti2p spectra [43]. Further studies are needed to 
confirm this hypothesis. 

The literature suggests that applying a bias during TiN sputtering can reduce oxygen 
impurities [44]. Therefore, although the TiN film in Fig. 5(c), deposited at 20°C, is less 
ordered then the film shown in Fig. 5(b), the additional substrate bias used at the lower 
temperature deposition resulted in a lower concentration of oxygen impurities as analyzed by 
XPS. In particular, there is a significantly decreased oxynitride signature in the N1s XPS data, 
as shown in Fig. 6(e–f). We hypothesize that this compositional change signifies more oxygen 
bound as TiO rather than TiOxNy leading to the more metallic behavior that we have 
measured. 

Therefore, to deposit TiN films with the largest negative ε̍ which are best suited for 
plasmonic applications, care should be taken to reduce oxygen contamination as well as 
increase film crystallinity. Previous studies of TiN formation have suggested addition of a 
substrate bias [37, 44], a closer target-substrate distance during sputtering [45], a lower 
deposition pressure [45], faster deposition rate [38], low energy ion bombardment [46] and 
higher substrate temperature [18, 38] during sputtering as potential methods of reducing the 
oxygen contamination and increasing the crystallinity and we have shown that several of these 
factors are critical to sputter metallic TiN film for plasmonic applications. Additionally, the 
target should always be pre-sputtered before deposition to remove surface oxides and the base 
chamber pressure should be as low as possible. 

5. Conclusions

We have carried out an initial optimization of the sputtering deposition conditions of titanium 
nitride (TiN) thin films on MgO, Si, and Sapphire substrates to maximize the negative part of 
the real component of the permittivity ε̍. We have demonstrated highly textured epitaxial 
growth of metallic TiN thin films suitable for plasmonic applications on (100) MgO substrates 
via reactive sputtering at 600°C. In addition, we have sputtered metallic TiN films onto both 
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MgO and Sapphire substrates at room temperature by applying an additional 100V substrate 
bias. While epitaxial growth of TiN on Si has been predicted via domain matching epitaxy 
[34], we have not seen this in our experiments and have produced TiN films of only moderate 
metallic character on Si substrates. The films with the most metallic character and lowest 
relative losses have been reactively sputtered on MgO substrates producing TiN films with 
strong preferential orientation which are suitable for applications requiring a visibly 
transparent substrate. Reactive sputtering of TiN does not seem to have an advantage over 
non-reactive sputtering on silicon or sapphire substrates for the conditions tested. In addition, 
previous studies have shown TiN with very low resistivity grown at even higher temperatures, 
in agreement with many structure zone models for sputtered films [18, 36, 37]. Therefore, 
further studies could include exploring deposition temperatures above 600°C to determine the 
limits of metallic character achievable via this method. Even more interesting would be 
deposition studies at elevated temperature with a small applied substrate bias to improve 
crystallinity as well as reduce oxygen impurities. 
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