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Abstract 
 
      Nitrogen ions of 10 keV with different fluxes ranging from 5 × 1017 to 2 × 1018 ions/cm2 were implanted in Ti 
thin films of 61.5 nm thickness deposited on glass substrate, by means of electron beam evaporation. X-ray diffrac-
tion (XRD) and atomic force microscope (AFM) were used to obtain the crystallographic characteristics and the 
surface morphology of the samples, respectively. Rutherford Back Scattering (RBS) technique was employed, in 
order to obtain film thickness and also investigate the N+ ions distribution in Ti thin films. Average electrical resis-
tance of the samples was measured by four point probe method. The results showed that, ς-Ti4N3-x phase of Tita-
nium nitride is formed with N+ ion implantation, and intensity of this peak increased with N+ ion flux. Furthermore, 
grain size, surface roughness and average resistance of samples were also increased with N+ flux. RBS spectra of the 
samples showed that both film thickness and the film density increased with N+ ion flux. An explanation on the ion 
implanation process is given for this observation. 
 

PACS: 68.55.-a; 68.55.J-; 68.60.Wm; 61.46.Hk 
Keywords: Titanium; N+ ion implantation; XRD; AFM; RBS 

 
1. Introduction 
 
      Titanium is as hard as stainless steel, while its cor-
rosion resistance is similar to platinum and twice as 
aluminum [1]. When titanium surface is oxidized or 
nitrated its mechanical surface and corrosion resis-
tance properties improve to a great deal [2-3].  
Titanium nitride coatings have successfully been used 
in a number of applications. Its high hardness and cor-
rosion resistance has made it particularly useful for 
increasing the wear resistance of high speed steel cut-
ting tools [4], while its high conductivity and diffusion 
barrier properties have led to its employment in semi-
conductor metallization schemes [5]. In addition, TiN 
films have been used for cosmetic faux gold surfaces 
[6] (such as watch bezels, watch bands, and pen bar-
rels [7]), wavelength selective transparent optical 
films [8], thin film resistors, tool bit coatings, and, due 
to its strong infrared reaction, energy-saving coatings 
for windows. Since TiN is a nonpoisonous compound, 
it is also widely used in the medical applications [9].  
The ion implantation has been applied to manufactur-
ing processes of semiconductors, and has been used 
for improvement of engineering materials [10]. In 
particular, it has been reported that the ion implanta-
tion of nitrogen enhances the expected life span of 
machining tools [11,12]. 

In recent years there has been an increasing interest in 
elucidating the mechanisms which lead to thin film 
property modification caused by the so-called substoi-
chiometric condition [13-15]. Vaz et al. [16] studied 
structural, physical and mechanical properties of subs-
toichiometric TiNx thin films. Since the design and 
manufacture of materials with improved surfaces are 
needed in different applications, the detailed informa-
tion about the processes involved in ion implantation 
is of fundamental importance. In particular, when a 
highly reactive material, such as titanium is of interest, 
one should also consider the gettering property of tita-
nium.  
The aim of this work is to investigate the nature of 
substoichiometric nitride formation (TiNx) during 
nitrogen ion implantation, as a function of nitrogen ion 
flux, using X-ray Diffraction (XRD), Atomic Force 
Microscopy (AFM), Rutherford Back Scattering 
(RBS) and Four Point Probe measurement.  
 
2. Experimental details 

 
Titanium films with 61.5 nm thickness were deposited 
on glass substrates (18 × 18 × 1 mm) cut from micro-
scope slides, using electron beam evaporation at room 
temperature. The purity of titanium was 99.98%. An 
Edwards (Edwards E19 A3) coating plant with a base 
pressure of 3 x 10-6 mbar was used. 
Prior to deposition, all substrates were ultrasonically 
cleaned in heated acetone then ethanol. The substrate 
holder was a disk of 17 cm in diameter with 8 circular 
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holes of 2.5 cm diameter for the insertion/fixation of 
substrates, which their centres were at a distance of 
6.5 cm from the centre of the disk. The distance be-
tween the centre of the evaporation boat and the sub-
strate holder disk was 26.5 cm, therefore the substrates 
normal to the direction of incidence of the evaporant 
beam was at 14º. Since a small boat is used in this 
experiment (7 mm in diameter) and considering the 
distance between this boat and the substrate holder 
(26.5 cm) it can be considered as a point source and 
can be assumed that it should provide similar evapora-
tion condition (flux) to all eight substrates and eight 
films of the same thickness can be obtained in each 
run, which can be used for different analysis.  
The nitrogen ion implantation of the samples was per-
formed at room temperature with 10 keV N+ ion ener-
gy of different fluxes ranging from 5 × 1017 to 2 × 1018 
N+cm-2. The initial base pressure of 3 × 10-6 mbar was 
decreased to 1 × 10-6 during the ion implantation. This 
can be due to the gettering property of Ti atoms/ions. 
The ion implantation parameters are summarized in 
Table 1.  
The crystallographic structure of these films was ob-
tained using a Bruker D8 Advance Diffractometer 
(CuKα  radiation) with a step size of 0.02º and count 
time of 1.5 s per step, while the surface physical mor-
phology/nanostructure and roughness was obtained by 
means of AFM (Auto probe PC, Park Scientific In-
strument, USA; in contact mode, with low stress sili-
con nitride tip of less than 200 Å radius and tip open-
ing of 18°) analysis. Rutherford Back Scattering 

(RBS) was used to obtain both film thickness and 
structural modification of the film after N+ ion implan-
tation. RBS was performed, using He+ ion beam of 
10μm  in diameter and 2.0 MeV energy. The average 
resistance was measured using a four point probe in-
strument. 
 
     Table 1. Ion implantation data 
 

Sample Fluxes 
(ion/cm2) 

Energy   
(keV) 

Ion Current 
(mA) 

Time 
(s) 

1 Unimplanted - - - 
2 5×1017 10 4 4000 
3 7×1017 10 4 5600 
4 1×1018 10 4 8000 
5 2×1018 10 4 9600 

 
 

3. Result 
3.1. Structural properties 
 
XRD patterns of the unimplanted and implanted sam-
ples are shown in Fig. 1. The XRD result of the unim-
planted sample shows a weak peak (due to the thin-
ness of the film (61.5 nm) which can be attributed to 
Ti(002) crystallographic orientation (with respect to 
JCPDS Card No: 05-0682, 2θ = 38.402). N+ ion implantation 
of the samples with different fluxes caused a change in 
the crystallographic structure by the development of  
ς-Ti4N3-x (0012), ς-Ti4N3-x (015) and ς-Ti4N3-x (018) 
crystallographic orientations (with respect to JCPDS 
Card No: 39-1015 and 2θ=37.248, 2θ=38.167 and 2θ=43.037). 
Initially, these peaks are weak, however, by increasing 
the ion flux to 7 × 1017 ion cm-2, they become stronger 
and further increase of N+ ion flux reduces the intensi-

  
Fig. 1. XRD patterns of unimplanted and N+ ion im-
planted Ti films. 

  
Fig. 2. 2D AFM images of  unimplanted and N+ ion 
implanted Ti films; a) unimplanted, b) N+ ion flux: 
5× 1017, c) N+ ion flux: 7× 1017, d) N+ ion flux: 1× 1018, 
e) N+ ion flux: 2× 1018. 
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ty of ς-Ti4N3-x (0012) and ς-Ti4N3-x (018) peaks 
while the intensity of ς-Ti4N3-x (015) increases and at 
highest flux of  2 × 1018 only a sharp ς-Ti4N3-x (015) 
peak is  developed. The position of X-ray Diffraction 
peaks is summarized in Table 2.  
Figs. 2(a-e) and 3(a-e) show 2D and 3D AFM images 
of the samples examined in this work, respectively, 
while Fig. 4 and Table 2 (Colum 2) show the average 
and rms surface roughness of the samples. The grain 
sizes obtained from 2D AFM images, using JMicrovi-
sion Code is given in Table 2. The result show that the 
grain size and surface roughness increases with N+ ion 
flux.  
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Fig. 4. Average and rms surface roughness of unim-
planted and N+ ion implanted Ti films. 

Rutherford Back Scattering spectra for unimplanted 
and implanted samples are given in Fig. 5. It can be 
observed that the film thickness increases in both front 
and rear side of the spectrum by increasing the N+ ion 
flux. In addition it can also be seen that in the RBS 
spectra of the implanted sample a step is developed at 
the high energy side of the spectra. These observations 
may be explained in the following way by comparing 
the annealing process with that of ion implantation: In 
the annealing process the impurity ions are usually 
distributed on the surface and near surface layers (see 
Fig. 6-a), while in the ion implantation process the 
implanted ions penetrate inside the sample and affect 
the deeper layers (majority of them become stopped in 
deeper layer, forming a thickness with high concentra-
tion of implanted ions), while some of them are 
stopped before and after this concentrated region (see 
Fig. 6-b) [17]. As the width of the RBS spectrum 
represents the thickness and its height gives informa-
tion about the density, the increase in the film thick-
ness at the higher energy of the RBS spectra is due to 
the N+ ions stopped before the concentrated region 
(explained above) and the increase in the film thick-
ness at the lower energy of the RBS spectra can be 

  
Fig. 3. 3D AFM images of  unimplanted and N+ ion implanted Ti films; a) unimplanted, b) N+ ion flux: 5× 1017, c) N+ 
ion flux: 7× 1017, d) N+ ion flux: 1× 1018, e) N+ ion flux: 2× 1018. 
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attributed to those ions stopped behind the concen-
trated region. This effect is due to the fact that N+ ions 
have occupied sites in the film structure while their 
atomic size is greater than Ti atoms. On the other hand 
the appearance of the step in the RBS spectra together 
with increase of its intensity (height) with increasing 
the N+ ion flux can also be attributed to the higher 
density of TiN (5.4 gr/cm3) compared to that of Ti 
(4.54 gr/cm3). As the N+ ion flux increases the TiN 
concentration region increases and a more prominent 
step is formed. The RBS spectra of the N+ ion im-
planted (Fig. 5) clearly show the three regions of low, 
high and low concentrations of TiN formed in the 
samples examined in this work, while the observed 
and explained results in this section are consistent 
with the XRD results.  
 

 
Fig. 6. Distribution of impurity in target for, a) annealing 
and b) implantation  processes. 

 
3.2. Electrical properties 
 
Fig. 7 shows the I-V curves obtained for unimplanted 
and implanted samples. It can be observed that linear 
I-V curves are obtained, independent of the scan direc-
tion, and no indication of hystersis effect in any of the 
curves is observed. In order to investigate the anisot-
ropy effect in these samples, the I-V curves measure-
ments were also carried out in four different directions 
on the samples, namely, two vertical (along the sam-
ple length and normal to the length) and two diagonal 
directions and no indication of anisotropy effect in any 
of samples was observed. The values of average resis-
tance for all samples are given in Table 2 (last col-
umn). The results show that, average resistance in-

creases with N+ ion flux. This can be attributed to 
transition of metal phase to semimetal phase by N+ ion 
implantation process and increasing of N+ ion flux. 
 
Table 2. Structural and electrical data 
 

Sample Surface 
Roughness 

rms  [Å]  Rav

Grain 
diameter  

[nm] 

Position of peaks 
2θ (deg.) 

Rav 
[Ω] 

1 25.5       20.0 21.06 38.40 0.11
2 41.7       32.4 23.40 37.38/38.08/43.10 0.42
3 44.5       34.7 34.09 38.07/43.08 0.53
4 48.3       36.5 38.94 38.06 0.68
5 64.1       49.9 42.09 37.99 0.80

 
4. Conclusion 
 
    Titanium nitride thin films produced by nitrogen ion 
implantation in titanium thin film with different fluxes 
ranging from 5 × 1017 to 2 × 1018 ions/cm2 were inves-
tigated. X-ray diffraction (XRD) was used to obtain 
the structural characteristics, while the atomic force 
microscope (AFM) was employed to obtain the mor-
phology of the surfaces of the samples. The result 
show that, ς-Ti4N3-x phase of Titanium nitride formed 
with N+ ion implantation, and intensity of this peak 
increases with N+ flux. Further more increasing of N+ 

flux increased the grain size, surface roughness and 
average resistance of samples. The latter is due to 
transformation of metallic Ti films to semimetal TiN 
films. Investigation of Rutherford Back Scattering 
(RBS) spectra of the samples showed the variation of 
N+ ions distribution in Ti thin films, which both film 
thickness and film density increased with N+ ion flux. 
An explanation on the ion implantation process is giv-
en for this observation. 

 
Fig. 7. Variation of voltage as a function of current for 
unimplanted and N+ ion implanted Ti films. 
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Fig. 5. RBS spectra of unimplanted and N+ ion im-
planted Ti films. 
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