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A B S T R A C T   

Titanium nitride (TiN) is an attractive alternative for modern and future photonic applications, as its optical 
properties can be engineered over a wide spectral range. In this study, we have used sequential implantation of 
gold and silver ions with varying ion fluence, as well as subsequent annealing, in order to modify the optical and 
plasmonic properties of TiN thin films and correlated this to their structural properties. Our investigations show 
that the columnar structure of the TiN films is partially destroyed upon implantation, but metallic Au and Ag 
nanoparticles are formed. The irradiation further induces a reduction of the lattice constant as well as changes 
the TiN stoichiometry and grain size. From the optical point of view, the implanted films possess less metallicity 
with increasing Ag fluence and losses several times lower than the as-deposited film, which can be correlated 
with the deficiency of nitrogen and additional defects. Subsequent annealing partially recovered the destroyed 
columnar structure, and the films become more metallic where the optical losses are much smaller in comparison 
to the as-implanted situation, being comparable to those of pure Au and Ag. In this way, by varying the im
plantation fluence of silver ions properly while keeping the gold fluence constant, we were able to optimize 
experimental parameters in such a way to ensure the formation of TiN with desirable optical performances.   

1. Introduction 

Transition metal nitrides possessing an admixture of the properties of 
covalent compounds, ionic crystals, and transition metals, have attrac
ted tremendous research interest over the past decades. Their unique 
electronic structure, high electrical conductivity, high melting point, 
superior mechanical stability, chemical inertness and compatibility with 
a wide number of substrate materials made them technologically very 
important [1–3]. Specifically, one of advantages of transition metal ni
trides is their compatibility with complementary 
metal-oxide-semiconductor (CMOS) technology, enabling besides the 
lower fabrication costs also easy integration and upscaling in main
stream industrial electronic devices without the concern of volume 
expansion and stress at the interface due to diffusion [4,5]. Demon
strating many of these advantages, titanium nitride (TiN) is probably the 
most investigated transition metal nitride readily used by the industry, 
mainly as a protective [6] or decorative coating [7], but also in micro
electronics acting as an efficient anti-diffusion layer [8], adhesion layer 
[9], and top-gate in field-effect transistors [10]. Another field of appli
cation is in plasmonics, where TiN became an attractive alternative for 

modern and future photonic applications due to its high Drude like 
reflectance in the IR spectrum and high absorption in the visible and 
near-IR region, successfully replacing and, in some areas, overcoming 
gold [11–15]. Thus, TiN offers fabrication and integration advantages 
that could be useful in integrating plasmonics with nanoelectronics. 

Up to now, titanium nitride has been studied extensively in terms of 
adjustable properties with varying fabrication methods and parameters 
depending on the application area [16–25]. For example, Patsalas et al. 
[26,27] found that the optical, electrical and transport properties as well 
as hardness and elastic modulus of TiN can be tailored by varying the 
substrate temperature and the energy of bombarding ions during sputter 
deposition, showing that both parameters determine the stoichiometry 
and microstructural features of the nanocrystalline films. Further, Liang 
et al. [28] have shown that by changing the deposition time, the 
roughness, crystallite size, density and resistivity of the TiN films can be 
successfully controlled making titanium-nitride suitable as a metal gate 
and capacitor electrode in microelectronic devices. As for the optical 
performances of TiN, many studies have been reported with the main 
effort to optimize the permittivity and most importantly to reduce the 
optical losses to less than that of noble metals in a broad spectral range 
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[29–35]. Apart from the conventional methods for optimizing the per
formances of the material, an effective way is to change the properties 
by introducing a certain amount of dopants using ion implantation 
[36–43]. Besides the possible formation of nanoparticles, which depends 
on the irradiation conditions, ion implantation is accompanied by defect 
formation when lattice disorder is produced and consequently the op
tical and electrical properties are changed. 

In our earlier studies [44–46], we have shown that introducing a new 
element in TiN thin films by ion implantation strongly affects the crys
talline structure reducing the lattice size and forming smaller crystallites 
and/or clusters as well as different types of crystal imperfections. On the 
other hand, annealing treatments after irradiation reduce the defect 
concentration and enhances sub-grain growth [47], improving the 
crystallinity and recovering damage formed during ion implantation. 
Besides the structural changes, it was found that the optical properties 
are greatly altered after ion irradiation, which is presented through our 
comprehensive study of the optical properties of TiN films implanted 
with silver and gold presented in Refs. [48,49]. Namely, we have found 
that the implanted films possess optical losses several times lower in 
comparison to the initial TiN film and is nearly comparable to pure gold. 
In the present work, we have now investigated in detail the correlation 
between the microstructural changes induced by sequential Au/Ag ion 
implantation and post-irradiation annealing, affecting the stoichiometry 
and microstructure of the TiN films and their optical properties. We 
address the optical properties of the implanted TiN films in terms of their 
complex dielectric function measured by spectroscopic ellipsometry 
while the film’s microstructure including the crystal structure, lattice 
size, crystallite size and stoichiometry were analyzed by X-ray diffrac
tion (XRD) and transmission electron microscopy (TEM). 

2. Experiment 

Titanium nitride thin films with thicknesses of about 260 nm were 
prepared on Si substrates by DC reactive sputtering (Balzers Sputtron). A 
pure Ti target (99.9%) was sputtered in a nitrogen-argon ambient with 
partial pressures of 1 × 10− 1 Pa and 3 × 10− 2 Pa of Ar and N2, 
respectively. The base pressure in the chamber was 1 × 10− 4 Pa. The 
silicon substrates were single side polished, 550 μm thick, (100) oriented 
and cleaned by standard procedures; rinsed in dilute HF acid and 
deionized water as well as sputter-cleaned with a 1.5 keV argon ion 
beam prior to TiN deposition. Homogenous and polycrystalline TiN 
films with nearly 1:1 stoichiometry were produced in this way, as 
already reported in our previous studies [46,50]. 

The deposited TiN films were ion implanted sequentially with both 
gold and silver [51]. The first implantation with gold ions was per
formed for all samples using an ion energy of 200 keV and an ion fluence 
of 1 × 1016 ions/cm2. The second implantation with silver ions was done 
with an ion energy of 150 keV but varying ion fluences of 4 × 1016 

ions/cm2, 7 × 1016 ions/cm2 and 13 × 1016 ions/cm2. The values of the 
ion energies were chosen in such a way that the ion distributions of both 
species were overlapping. According to SRIM2010 calculations [52] the 
mean projected range of the incident ions was estimated to be RP = 36 ±
9 nm and RP = 38 ± 14 nm for both 200 keV gold and 150 keV silver. 
The implantation area was homogeneously covered by means of an x–y 
sweeping system; the average beam current was kept around 0.22 
μA/cm2 for Au and 0.67 μA/cm2 for Ag ions. Subsequent to the im
plantation process, the samples were annealed for 1 h at 500 ◦C in a 
furnace, under vacuum in a low 10− 4 Pa region. 

Electron-transparent cross-sectional lamellae were prepared using a 
focused ion beam (FIB) system (FEI Scios 2 Dual Beam), and subsequent 
TEM investigations on those lamellae were done by a FEI Talos F200X 
microscope operating at 200 kV. Besides conventional TEM imaging, 
high-resolution (HRTEM) and selected area electron diffraction (SAED) 
studies were carried out in order to obtain additional insights into the 
nanostructure of the films. In addition, energy dispersive X-ray spec
troscopy measurements (EDS) of the samples were performed and used 

for quantitative analysis characterization. XRD data were collected with 
a Philips PW1050 diffractometer using CuKα1,2 radiation (Ni filter) at 
room temperature in Bragg-Brentano geometry. The measurements 
were done in a 2θ range of 34-45◦ with a scanning step width of 0.05◦

and a counting time of 6 s per step. The microstructural parameters, 
namely the crystallite size (coherently scattering domain) and the micro- 
strain were calculated based on the Fundamental Parameters convolu
tion approach to generate line profile by using XFIT computing program 
[53]. The optical properties of TiN samples were measured by spectro
scopic ellipsometry using a Jobin-Yvon UVISEL spectrometer operated 
in the wavelength region from 260 nm to 2066 nm (energy range 0.6 eV 
to 4.8 eV), with a step of 0.1 eV. The spectra were taken in reflection 
mode, at an angle of incidence of 70◦ and with spot diameter of 1 mm. 
The measured data were analyzed using the DeltaPsi2 software [54]. 

3. Results and discussion 

3.1. Microstructure and composition of the films 

For detailed information on the microstructural evolution of TiN 
films, that involves changes induced by the dual Au/Ag ion implantation 
and subsequent thermal treatment, the samples were analyzed by 
transmission electron microscopy. Respective results of TEM imaging, 
experimental SAED patterning, EDS measurements, and HRTEM anal
ysis are summarized in Figs. 1 and 2. Low-magnification TEM bright- 
field images of the as-deposited TiN layer and the Au/Ag implanted 
samples (Fig. 1) reveals the general microstructure of the layers before 
and after implantation. Based on the image contrast one can easily 
identify ~260 nm thick TiN films between the Si substrates and Pt 
overlayers, which were deposited as protective layer during FIB prepa
ration of the TEM lamellae. The deposited TiN film has a columnar 
structure, where the columns diameter of around 10 nm are homoge
nously distributed across the sample and propagates along the layer. 
Corresponding electron diffraction pattern, given in the respective insets 
of Fig. 1, were taken from the selected area of the sample, thus avoiding 
the presence of highly oriented spots from the crystalline Si substrate. 
For the as-grown TiN sample in Fig. 1(a), one clearly observes well- 
defined diffraction rings typical for a fine-grained structure consisting 
of very small crystals randomly distributed with no preferred orienta
tion. From the radii of the rings, we have calculated d-spacings and 
determined a value of 0.244 nm for the most inner ring, whereas two 
outer ones correspond to 0.211 nm and 0.149 nm. The calculated d- 
spacings exactly match the distances of (111), (200) and (220) planes of 
face-centered cubic (fcc) TiN lattice, thus confirming that pure TiN was 
formed during the deposition process. 

After Au/Ag implantations the columnar structure was found to be 
damaged within approximately 100 nm thick top layer at the sample 
surface, as shown in Fig. 1(b–d) with increasing Ag fluence. The 
observed change in the microstructure is a result of ion-induced damage 
that happens during the implantation [46,55], and corresponds to the 
depth distributions of Au and Ag ions [56]. By careful analysis of the 
TEM micrographs, one observes dark-contrast areas predominantly 
present in the damaged region, where the degree of structural modifi
cation of the layers as well as the number of dark regions is increasing 
with increasing fluence of Ag ions. The observed image contrast origi
nates from a high atomic mass and, consequently, reflects the presence 
of agglomerates/clusters of Au and Ag atoms [45]. This is supported by 
corresponding SAED patterns, which shows extra isolated spots with 
interplanar spacings of 0.236 nm, which fit well to the (111) crystal 
planes of Au and Ag [45], thus confirming the existence of metallic 
nanocrystals. 

Next, we observed that the thermal treatment of the implanted 
samples resulted in the changes of the TiN lattice and partial recovering 
of the columnar films structure. Fig. 2 (a) displays high-magnification 
TEM image of the as-deposited TiN, whereas (b) and (c) show the 
layer implanted with Au and Ag ions to the fluence of 1 × 1016 ions/cm2 

M. Popović et al.                                                                                                                                                                                                                                



Optical Materials 138 (2023) 113684

3

and 7 × 1016 ions/cm2, before and after annealing, respectively. By 
comparing the images, it is clearly observable that the structure affected 
by ion implantation was recovered after thermal treatment. In fact, this 
is expected since different diffusion mechanisms are promoted inside the 
layer during the annealing process, which lead to grain growth, anni
hilation of defects and overall to the formation of energetically more 
favorable structure [46]. Closer analysis of the microstructure was 
analyzed by HRTEM imaging, where the distances between two adjacent 
planes were measured. Based on the image of as-deposited layer, pre
sented in Fig. 2 (d), it was found that the measured interplanar spacing 
of 0.244 nm correspond to (111) planes of TiN. Respective HRTEM 
micrographs of typical grains of implanted TiN, recorded before and 
after annealing, are displayed in Fig. 2 (e,f). As for the inter-spacing 
distance of (111) crystal planes for as-implanted sample we have 
measured the value of 0.243 nm, which is lower in comparison to the 
value of as-deposited film, thus indicating that the lattice is contracted 
after ion implantation. The change of the lattice parameter is even more 
pronounced after annealing, where the d-value was found to be 0.242 
nm. 

In addition to the TEM imaging, energy dispersive X-ray spectros
copy measurements of the samples were performed and an exemplary 
EDS spectrum of the TiN film implanted with 1 × 1016 ions/cm2 of Au 
and 7 × 1016 ions/cm2 of Ag is presented in Fig. 2 (g). The spectrum is 
characterized by Ti and N lines, but also exhibit peaks of Au and Ag, 
confirming the existence of the implanted metals. The presence of weak 
lines of oxygen and carbon in the spectra likely originate from O and C 
incorporation during the film growth, but also could be due to the 
exposure of TiN samples to atmospheric air. Besides, the EDS spectra 
were used for quantitative analysis characterization and the calculated 
composition of TiN samples is presented in Fig. 2 (h). It was found that 
the composition changes from almost stoichiometric TiN for the as- 

deposited film to TiN0.96 for the sample implanted with Au and Ag 
ions to the highest ion fluence. Hence, the films become under
stoichiometric after implantation with deficient nitrogen content. A 
similar behavior was observed after annealing, although the effect was 
much pronounced in comparison to implanted samples, i.e. the 
composition deviates even more from the stoichiometric value. 

The evolution of the crystal structure of the as-deposited, Au/Ag 
implanted and post-annealed TiN samples has also been studied by XRD 
and the measured diffraction patterns obtained for all samples are pre
sented in Fig. 3. It can be seen that diffractogram of the as-deposited TiN 
film (Fig. 3a) exhibits two peaks at 36.19◦ and 42.13◦, which could be 
assigned to the (111) and (200) planes (JCPDS #38–1420) of the face 
centered cubic TiN, respectively. After both ion implantation (b-d) and 
post-annealing (e-h) the diffractograms are not significantly changed in 
comparison to the as-deposited TiN. The crystallographic cubic structure 
is preserved; the primary phase of the films includes TiN (111) and TiN 
(200) reflections without the traces of any other phase, which clearly 
demonstrates that fcc TiN has a very high level of radiation hardness. 
However, the following observation can be made regarding the X-ray 
diffractograms of the treated samples: i) the shift of the diffraction 
maxima; ii) the reduction in the peak intensity, and iii) the broadening 
of the peaks. Firstly, it was found that for 4 × 1016 ions/cm2 fluence of 
Ag ions the position of the (111) peak is significantly shifted toward 
higher 2θ angle from 36.19◦ to 36.54◦, graph 3(d), indicating a decrease 
in the corresponding d-spacing and the reduction of TiN lattice. The 
lattice constant of the as-deposited TiN sample was determined by using 
the Le Bail’s whole profile unit cell refinement [57] within FullProf 
program and found to be 0.4295 nm, which is in a good agreement with 
the values reported previously [24,58,59]. After implantation the lattice 
constant decreases to 0.4260 nm, which represents almost 1% contrac
tion of unit cell size. With increasing silver ion fluence, the lattice 

Fig. 1. Low magnification cross-sectional TEM 
bright-field micrograph of an as-deposited TiN thin 
film with a thickness of ~260 nm (a) and TiN films 
sequentially implanted with 1 × 1016 ions/cm2 Au 
ions and 7 × 1016 ions/cm2, 1 × 1017 ions/cm2 and 
13 × 1016 ions/cm2 Ag ions (b, c and d, respectively), 
also presenting the Si substrates and Pt protective 
layers at the top of the samples (color lines represent 
depths of TiN layers where the most of the metal ions 
are stopped). Corresponding electron diffraction pat
terns taken from the selected area of the films are 
given in the insets.   
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constant decreases, as summarized in Fig. 4(a). The observed changes 
could be interpreted in the frame of stress-related effects and consider
able damage induced by the presence of foreign ions in the films thus 
provoking additional stress in the lattice. Also, the decrease in lattice 
parameter could be related to the deficiency of nitrogen in agreement 
with literature [60]. The positions of both peaks are located at higher 
angles after the annealing treatment, as shown in graphs 3(e-h), in 
comparison with the as-implanted samples, meaning that the tempera
ture additionally reduced the lattice parameter. 

Besides, based on the changes in XRD diffraction patterns, i.e. from 
the broadening of the characteristic (111) and (200) reflections, we have 
calculated the grain size of the crystallites and also the induced micro- 
strain in the TiN films. The variation of crystallite size with increasing 
silver ion fluence is presented in Fig. 4(b). The Au/Ag sequential irra
diation leads to a decrease in crystallite size from ~15 nm to ~10 nm, 
depending on the silver ion fluence which is in agreement with our 
previous studies related to modification of TiN using both metal and 
inert ion species [47,56]. The formation of smaller crystallites reflects a 
relatively high destabilizing effect of defects to the total free energy in 
crystals [46,61]. This could be combined with another mechanism who 
is also responsible for the formation of the small crystallites and coming 
from the short-range diffusion to grain boundaries [47,62]. The role of 
the temperature on the crystallite size was also investigated, where the 
crystallites become larger after annealing, with values between ~22 nm 
and ~15 nm depending on the Ag content, as also shown in Fig. 4(b). 
This trend is expected because the thermal treatment provides addi
tional energy to the system allowing grains to merge together, which 
finally leads to the formation of the larger crystallites. 

The variation of the micro-strain with increasing Ag ion fluence for 

the as-implanted and annealed TiN films is shown in Fig. 4(c). A micro- 
strain of 0.242% is observed for the as-deposited sample, which in
creases significantly after implantation reaching a value of 0.725% for 
the highest silver ion fluence. Since the micro-strain is related to the 
distortions of the structure, its increase could be assigned to the high 
concentration of irradiation induced defects and dislocations. This is in 
line with TEM characterization, which found that the metal ions irra
diation strongly affects the structure of the film forming a high damage 
region in the zone where most of the ions are stopped [58]. 
Post-annealed samples show lower micro-strain compared to 
as-implanted ones, below 0.6%, due to the relaxation of the strain [59, 
60] and possible thermal activation of surface diffusion which starts at 
500 ◦C. Finally, from XRD analysis it should be also mentioned that the 
observed intensity reduction of the (111) and (200) reflections is a result 
of the disruption of the TiN crystal structure, which happens during Au 
and Ag irradiation. 

3.2. Optical properties of the films 

In order to obtain detailed information on the optical properties of 
the implanted TiN films, the samples were analyzed using spectroscopic 
ellipsometry measurements. Fig. 5(a) shows the real part (εr) of the 
complex dielectric function of the as-deposited TiN thin film and films 
subsequently implanted with Au and varying Ag ion fluences. The 
ellipsometry data show that the as-deposited TiN film exhibits an optical 
transition at around 509.2 nm from dielectric to metallic behavior 
characterized by a positive to negative change in εr. The negative values 
originate from the interaction of light with the conduction electrons of 
TiN due to intraband (free-carrier) absorption representing the metallic 

Fig. 2. High-magnification TEM micrographs (a,b,c) 
and respective HRTEM images (d,e,f) of the as- 
deposited TiN film and the layers sequentially 
implanted with 1 × 1016 ions/cm2 Au ions and 7 ×
1016 ions/cm2 Ag ions, before and after annealing, 
respectively, with measured crystal plane spacings. 
An exemplary EDS spectrum taken from TiN film 
implanted with 1 × 1016 ions/cm2 Au ions and 7 ×
1016 ions/cm2 Ag ions is shown in (g). The graph in 
(h) presents the variation of the composition of TiN 
films with silver ion fluence, as determined from EDS 
analysis (the values were estimated with an error of 
about 1 at.%).   

M. Popović et al.                                                                                                                                                                                                                                



Optical Materials 138 (2023) 113684

5

nature of TiN, while the presence of interband (bound-carrier) transi
tions makes εr slightly positive in the low wavelength range. The real 
part decreases monotonically with increasing wavelength due to the 
high electron concentration (around 1020-1021 cm− 3) and exhibits a low 
value of about − 50 at 2066 nm, which is well in agreement with the 
references [23,35,63]. Such a large negative εr value makes TiN useful in 
the area of plasmonics, thus being a good alternative material besides Au 
or Ag. 

The real part of the dielectric function shows significant deviations 
after implantation, which are particularly evident in the near-IR spectral 
range (λ > 900 nm), where interband transitions are expected to be less 
important. The implanted films exhibit a lower negative εr, which is in 

contrast to the expectation that adding more noble metal atoms (Au and 
Ag) into a metal-like TiN matrix should lead to an even more metallic 
response. The decrease in metallicity could be attributed to the forma
tion of implantation damage, such as the formation of point or extended 
defects but also surface sputtering, heavily affecting the surface 
morphology and the microstructure (e.g., changes in lattice constant, 
grain size as well as induced stress/strain as found by XRD). Nonethe
less, changes in stoichiometry could also be responsible for the variation 
in optical response of TiN, in a way that the as-deposited sample, which 
is nearly stoichiometric, is characterized by the most negative value of 
εr. On the other hand, the less negative value of εr belongs to the TiN 
sample implanted with an Ag ion fluence of 13 × 1016 ions/cm2, which 
is the most understoichiometric sample, but stays well below zero 
demonstrating that the implanted TiN thin films still exhibit a metallic 
response in the visible and near-IR range. Similar correlation between 
stoichiometry and magnitude of the real part of the dielectric function of 
TiN was found in the study of Judek et al. in Ref. [64], who investigated 
the plasmonic properties of nanocrystalline TiN films by changing its 
thicknesses and stoichiometry. In this sense, the variation in εr magni
tude could be considered as a characteristic of the structural and 
chemical quality of TiN films [65]. The influence of annealing at 500 ◦C 
on the real part of the dielectric function is presented in Fig. 5(b). 
Although being more understoichiometric, the samples exhibit slightly 

Fig. 3. XRD diffractograms of all samples. Red color represents spectra of as- 
deposited TiN (a) and the films sequentially implanted with Au ions to the 
fluence of 1 × 1016 ions/cm2 and with silver ions to the different fluences of 4 
× 1016 ions/cm2, 7 × 1016 ions/cm2 and 13 × 1016 ions/cm2 (b,c and d, 
respectively). Blue color represents spectra of the samples taken after annealing 
at 500 ◦C (e–h). 

Fig. 4. Evolution of the lattice constant (a), grain size (b) and micro-strain (c) 
with increasing ion fluence of silver for as-implanted (closed symbols) and post- 
annealed (open symbols) TiN thin films at 500 ◦C. Rwp of the Le Bail’s re
finements ranged between 7.1% and 7.4%. 
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larger εr values in comparison to the as-implanted situation. The more 
metallic behavior after annealing probably arises from recovering of the 
damaged structure after the high-temperature treatment, as already 
observed by TEM and presented in the text above. 

To quantitatively explore the influence of the Au/Ag ion implanta
tion and subsequent annealing on the dielectric function, we have 
analyzed the evolution of the screened plasma frequency (ωps), which is 
generally defined as the frequency at which the real part of the dielectric 
function crosses zero, signaling the onset of metallic behavior. It has 
been reported that the screened plasma frequency depends strongly on 
the composition of TiN, which can be used to monitor the stoichiometry 
of the films [65,66]. The value of 2.44 eV (wavelength 509.2 nm) ob
tained for the as-deposited sample is lower than the value of 2.6 eV for 
TiNx (x = 1) reported by Adachi et al. in Ref. [67]. Nonetheless, this 
value is comparable to the results of Dimitriadis et al. [19], who 
determined that the ωps for TiN films falls between 2.36 eV and 2.68 eV 
for 1.04≤x ≤ 0.99. Our results show that the screened plasma frequency 
changes after implantation, as presented in Fig. 6, exhibiting a contin
uous increase with increasing silver ion fluence. We found that ωps in
creases from 2.44 eV (509.2 nm) to 3.03 eV (408.8 nm) for the highest 
silver ion fluence. The obtained shifting of the cross-section to higher 
energies (lower wavelengths) means that the ion implantation modifies 
the sample’s composition. According to findings of Logothetidis pre
sented in Ref. [68], the increase in plasma energy could be correlated 
with the nitrogen content in the implanted films, where the higher ωps 
values correspond to understiochiometric films with lower nitrogen 

concentration. Indeed, this fits to our TEM-EDS analysis presented 
above. This effect is more pronounced for the post-annealed samples and 
the values of the screened plasma frequency are higher in comparison to 
those obtained for the as-implanted situation. The correlation between 
the TiN composition and the screened plasma frequency is plotted in 
Fig. 7. It can be observed that ωps follows a linear relation with the ni
trogen content in the film. Formally, the relation is: x (composition) =
0.0007 ⋅ ωps (nm) + 0.6648 for as-implanted films, Fig. 7(a). Similarly, 
the relation is: x (composition) = 0.0006 ⋅ ωps (nm) + 0.7092 for 
post-annealed samples, Fig. 7(b). These results fit well with the trends 
already reported in the literature [64,69,70]. 

To understand the changes in the optical properties of TiN film, it is 
necessary to get knowledge on the parameters that determine its 
dielectric function. The experimentally obtained spectroscopic ellips
ometry data (Ψ, Δ) were analyzed using the optical model described in 
detail in our previous studies [44,47]. Briefly, considering that TiN 
shows a typical free electron-like behavior, its dielectric function was 
described by using a Drude-Lorentz dispersion formula [35,71,72]: 

ε= ε∞ −
ω2

pu

ω2 − iГD ω +
∑2

j=1

fj ω2
0,j

ω2
0,j − ω2 + iγjω

(1)  

Here, two Lorenz oscillators used in fitting the ellipsometric spectra 
showed best match between experimentally data and fitted spectra, in 
agreement with literature [26,73]. The background constant ε∞ is larger 
than unity, due to high-energy contributions referring to transitions, 
which are not taken into account by the Lorentz terms. The second term 
in equation (1) is characterized by the unscreened plasma frequency 
(ωpu) and Drude damping parameter (ΓD). The unscreened plasma fre
quency is defined via the free electron density N and the effective mass 
of electrons m* through the relation: ωpu =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πe2N/m∗

√
[74]. The pa

rameters fj, ω0,j and γj present the strength, resonance frequency (energy 
position) and damping (broadening) of each Lorenz oscillator, 
respectively. 

Summarized fitted parameters of all TiN samples are presented in 
Table 1. The observed dependence of εr given by the ion implantation 
and subsequent annealing procedure can be understood by the Drude 

Fig. 5. The real part of the dielectric functions of as-deposited TiN thin film and 
after Au/Ag implantation (a) and post-annealing processing (b). In all samples 
the Au ion fluence was kept constant at 1 × 1016 ions/cm2 while the silver ion 
fluence was varied (4 × 1016 ions/cm2, 7 × 1016 ions/cm2 and 13 × 1016 ions/ 
cm2); various colors correspond to different silver ion fluencies, as indicated in 
the legend. 

Fig. 6. The variation of screened plasma frequency as a function of the silver 
ion fluence of Au/Ag implanted (closed symbols) and post-annealed at 500 ◦C 
(open symbols) TiN thin films. The samples were implanted with Au ions to the 
fluence of 1 × 1016 ions/cm2 and subsequently with silver ions to the different 
fluences of 4 × 1016 ions/cm2, 7 × 1016 ions/cm2 and 13 × 1016 ions/cm2. The 
values of screened plasma frequency, which are taken from Fig. 5, are estimated 
with 1% of uncertainty. 
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term in equation (1), i.e. by the parameters ωpu and ΓD. In Fig. 8 we 
present the variation of ωpu (a) and ΓD (b) with silver ion fluence, for as- 
implanted TiN samples as well as after annealing at 500 ◦C. Considering 
the parameters of the fits, we found that ωpu changes after implantation, 
showing an increase of plasma energy from 5.35 eV for as-deposited 
sample to 12.20 eV for TiN film implanted to 1 × 1016 ions/cm2 of Au 
and 13 × 1016 ions/cm2 of Ag. In the case of the as-implanted samples, 
an increase in ωpu is attributed to an increase of the carriers density due 
to the presence of Au and Ag atoms, which should lead to an enhance
ment of the metallic character of TiN. Such behavior is in contradiction 
with the decreasing trend of εr after implantation, which shows that the 
films become less metallic. This practically means that the decrease in 
the magnitude of εr is obviously not determined by the unscreened 
plasma frequency in this case, but is influenced by some other factors, as 
will be discussed below. The plasma frequency exhibits lower values 
after annealing in comparison to as-implanted films, probably due to 
reduction of the free electron density at higher temperature. Another 

factor in the Drude expression is the damping ΓD, which is defined ac
cording to the free-electron theory as inverse of the electron relaxation 
time and it is directly correlated with the existence of grain boundaries, 
defects, phonons and electron-electron interactions [75]. After implan
tation, we found that Drude broadening becomes significantly larger, as 
shown in Fig. 8(b), approximately by one order of magnitude in the case 
of the highest Ag ion fluence, which we have expected due to large 
structural damage occurring upon ion irradiation. Indeed, according to 
the relation for the real part of dielectric function: εr = − ω2

pu/ω2 + Г2
D 

[30], it is evident that the observed decrease in the magnitude of εr 
found for as-implanted samples is mainly given by the increase in ΓD, 
while the contribution from ωpu is marginal. The values of the Drude 
broadening are still significantly high after annealing, but overall lower 
in comparison with non-annealed samples due to the annihilation of 
defects at higher temperatures. 

The parameters of the Lorentz oscillators (third term in eq. (1)) in 
TiN films also vary with the Ag ion fluence and post-annealing 

Fig. 7. Relation between the composition of the TiN samples (as measured from EDS analysis) and the screened plasma frequency (taken from Fig. 6 where εr 
equals zero). 

Table 1 
Fitted parameters of the Drude-Lorentz model of TiN films implanted with different Au/Ag fluences before and after annealing at 500 ◦C.  

Sample treatment Drude term Lorentz term oscillator 1 Lorentz term oscillator 2 

ε∞ ωpu (eV) ΓD (eV) f1 γ1 (eV) ω01 (eV) f2 γ2 (eV) ω02 (eV) 

As deposited 1.06 5.35 0.53 2.05 13.01 5.02 3.60 7.43 6.41 

1 × 1016 Au/cm2 4 × 1016 Ag/cm2 2.93 7.04 2.55 9.94 28.30 6.22 3.22 5.57 5.95 
1 × 1016 Au/cm2 7 × 1016 Ag/cm2 2.55 10.42 4.60 28.35 48.50 6.90 3.06 3.88 5.73 
1 × 1016 Au/cm2 13 × 1016 Ag/cm2 2.37 12.20 5.99 41.05 55.28 7.20 2.83 2.92 5.55 
Annealed 1h at 500 ◦C 1.29 5.12 0.39 0.37 0.98 3.52 7.12 8.90 7.45 
1 × 1016 Au/cm2 4 × 1016 Ag/cm2+500 ◦C 0.80 6.41 1.89 3.89 9.50 6.39 4.84 6.63 6.12 
1 × 1016 Au/cm2 7 × 1016 Ag/cm2+500 ◦C 1.09 9.01 3.74 8.35 29.35 8.01 3.32 5.50 5.58 
1 × 1016 Au/cm2 13 × 1016 Ag/cm2+500 ◦C 2.17 10.97 4.77 10.85 39.85 8.99 2.05 4.90 5.01  

Fig. 8. The variation of unscreened plasma frequency (a) and Drude broadening (b) with silver ion fluence for TiN thin films sequentially implanted with 1 × 1016 

ions/cm2 of Au and different Ag ions fluences, before and after annealing at 500 ◦C. 
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treatment, as shown in Fig. 9. It can be seen that the increase in silver 
content shifts the ω01 oscillator frequency to higher energies from 5.02 
eV to 7.20 eV, while ω02 decreases to lower energies from 6.41 eV to 
5.55 eV. Further, after annealing at 500 ◦C the Lorentz frequency ω01 
also increases from 3.52 eV to 8.99 eV and ω02 decreases from 7.45 eV to 
5.01 eV. Here, it should be noted that this first Lorentz parameter mainly 
depends on the electronic structure of TiN and less to other factors, and 
any such modification should be due to stoichiometry and consequently 
to lattice parameter size [26]. The other two Lorentz parameters, 
broadening (γ1) and strength (f1), show a similar opposite trend for all 
processed samples, both implanted and post-annealed. The broadening 
and strength of the first oscillator increases while γ2 and f2 decrease with 
silver ion fluence. The origin of this behavior is difficult to explain due to 
complexity of these two Lorentz parameters especially the broadening 
that may be affected by the defects and crystallite size in addition to film 
stoichiometry [26]. 

Parallel to the real part of the dielectric function, ion implantation of 
silver and gold ions into TiN films as well as subsequent annealing also 
affects the imaginary part (εi), as shown in Fig. 10 (a,b). For comparison, 
referent εi values of the pure Ag and Au taken from Ref. [76] are also 
included in the figure. Characteristic feature of the spectra is a presence 
of a weak absorption band in the visible range, below 500 nm (see the 
inset in the figure) which originates from the surface plasmon resonance 
absorption of metal nanoparticles formed in the TiN film during the 
implantation processes [45,77]. After thermal annealing the SPR peak is 
more intense which comes from the formation of a larger number of 
nanoparticles and their subsequent growth. However, the most impor
tant information that can be obtained from the imaginary part of 
dielectric function is regarded to the optical losses of the material. Due 
to the interband transitions in the visible spectral range and due to the 
intraband transitions arising from free carrier contributions in the 
near-IR range, the optical losses of as-deposited TiN thin films are higher 

in comparison to pure Au and Ag. This restricts the use of TiN for 
practical applications in the area of plasmonics. However, after Au/Ag 
implantation the imaginary part significantly decreases indicating less 
absorptive films. The imaginary part at long wavelengths (λ > 900 nm) 
for the sample with the highest silver ion fluence becomes almost four 
times smaller in comparison to as-deposited TiN. From the stoichiometry 
point of view, it looks that the least lossy sample is the most under
stoichiometric film, which is the sample implanted to the highest Ag ion 
fluence. This practically means that the samples with the highest ni
trogen deficiency possess lower losses than the stoichiometric 
as-deposited sample. The observed behavior in εi can be understood, 
similarly as in the case of εr, by noting that the increase in implanted 
metal ions increases the damage in the films making the Drude broad
ening larger. If we now have a closer look to the imaginary part of the 
dielectric function: εi = ω2

pu ГD /ω(ω2 +Г2
D) [30], we can see that the 

magnitude of the imaginary part of ε is also determined by two pa
rameters, ωpu and ΓD. In fact, one notices that the quadratic dependence 
of the denominator on ΓD dominates and leads to a final decrease. After 
annealing at 500 ◦C, we observe that the magnitude of εi continues to 
decrease and becomes even lower than for Au and comparable to Ag. 
The possible reason for such behavior is when the annealing tempera
ture is increased, the point defects were annealed out, the grain 
boundaries start to move and grains merge together forming larger 
crystals, which leads to an increase in the mean free path of the electrons 
and, hence, reduces εi. From the fitting results in Table 1, we can also see 
that both factors ΓD and ωpu are smaller after annealing, which means 
that the decreasing trend in ωpu is obviously the dominant factor 
resulting into smaller values of εi. 

4. Conclusions 

In this work, we have investigated the effects of sequential Au/Ag ion 

Fig. 9. The variation of the strength parameter, dumping factor (broadening parameter) and energy position of the Lorentz oscillators as a function of the Ag ion 
fluence for TiN thin films sequentially implanted with Au and Ag ions and after annealing at 500 ◦C. The films were firstly implanted with Au ions to the fluence of 1 
× 1016 ions/cm2 and then with different fluences of silver ions. Red and blue colors indicate the first and the second Lorentz oscillator, respectively. 
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irradiation and subsequent annealing on the structural and optical 
properties of TiN thin films deposited by DC reactive sputtering on Si 
substrates. Our findings showed that the ion implantation destroyed the 
columnar structure of the films, forming Au and Ag metal nanoparticles 
in the near surface zone that also affects the TiN stoichiometry, lattice 
parameter and grain size. The implanted films become less stoichio
metric with reduced lattice parameter and exhibit smaller TiN crystal
lites in comparison to the as-deposited layer. After annealing the 
damaged structure is partially recovered, the TiN crystallites become 
larger while the lattice size continues to decrease. In line with the 
modification of the structure of the films, the optical properties change, 
as seen by the variation of both the real and imaginary parts of the 
dielectric function. The implanted films exhibited overall less metallic 
character and the optical losses are significantly reduced in comparison 
to the initial TiN layer. After subsequent thermal treatment the films are 

better metals, but exhibit losses even lower than those of the as- 
implanted samples, being comparable to Au and Ag. The observed op
tical response of such treated TiN samples primarily comes from the 
variation in stoichiometry and different microstructural changes. This is 
visible through the variation of unscreened plasma frequency and Drude 
broadening. These findings showed that the optical quality of TiN films 
can be well controlled and improved by varying the metal ion fluences 
and post-processing annealing which could be especially useful in the 
area of plasmonics. 
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