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Abstract. This paper investigates the effect of nitrogen ion implantation on tantalum surface structure. In this
experiment, nitrogen ions which had an energy of 30 keV and doses of 1 x 1017 to 10 x 10!7 ions cm~2 were used.
X-ray diffraction analysis (XRD) was applied for both the metallic Ta substrate and the study of new structures
that have been created through the nitrogen ion implantation. Atomic force microscopy (AFM) was also used to
check the roughness variations prior to and also after the implantation phase. The experimental results show the
formation of hexagonal tantalum nitride (TaN 43) in addition to the fact that by increasing the ion dose, the nitrogen
atoms occupy more interstitial spaces in the target crystal. The nitride phase also seen for 3 x 1017 and 5 x 10!7
ions cm~2, while it disappeared for higher dose of 7 x 10! and 1 x 10'8 ions cm™2. The FWHM of the dominant
peak of tantalum nitride suggest the growth of the crystallite’s size, which is in agreement with the AFM results of

the grains.
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1. Introduction

The effect of nitrogen ion implantation on the structural,
mechanical, even biological and tribological properties of
different materials has been studied intensively [1-3]. Tanta-
lum nitride is well known for its applications in microelec-
tronics. It can be used in hybrid integrated circuit technology
and for other special applications. The grade of surface mod-
ification by nitrogen ion implantation depends on the ion
energy, current density, irradiation time and the substrate
temperature. Tantalum and tantalum nitride have a wide
industrial range of applications. For example, tantalum has
obtained plenty of attention as a new metallic biomaterial due
to its excellent corrosion resistance [4,5]. There are various
methods such as molecular beam epitaxy (MBE), RF reac-
tive magnetron sputtering and laser ablation to produce
tantalum nitride [6,7]. Nevertheless, owing to difficulty in
tantalum nitride formation by ion implantation, there have
been few reports concerning nitride formation on Ta using
ion implantation [8—15]. Tantalum nitride can also be used as
an excellent diffusion barrier in complementary metal oxide
semiconductor devices [16] and has a potential application as
a hard-coating material [17]. Ion implantation can be effec-
tively used to form such hard coatings. Several reports have
appeared in the last few years about the preparation and char-
acterization of tantalum nitride thin films [1,18-24]. Tanta-
lum nitride has recently been attracted considerable attention
due to its special properties such as good adhesion to dielec-
trics and high thermal stability [25-27], stable electrical
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resistance [28], chemical inertness and high mechanical
hardness [29,30].

In this study, the results of nitrogen ion implantation into
tantalum samples are discussed. The structural, composi-
tional changes of modified surfaces as a function of ion dose
are studied as well. The aim of this work is to find the
optimum condition for effective improvement of the surface
properties.

2. Materials and experimental techniques

The process of ion bombardment was performed on sam-
ples of tantalum with sizes of 1 cm x 1 cm and 0.58 mm
thickness by the ion implantation facility of Plasma Physics
Research Center (PPRC) at Science and Research Branch.
The ion bombardment procedure was performed by nitrogen
ions (99.999%) with the energy of 30 keV and doses of 1 x
10'7 to 10 x 107 ions ecm~2 at ambient temperature, while
the angle between the implanted ions and surface of samples
was 90°. Prior to ion implantation, the sample surfaces were
polished in a manner that resulted in a glossy finish using
diamond paste. All samples were then ultrasonically cleaned
in alcohol and acetone. The extracted ions (without mass
selection) were accelerated to the maximum energy of 30
keV. Ion beam energy and current densities were kept fixed
for all the samples. The samples were implanted at doses of
1 x 10" to 10 x 10" ions cm~2. It is expected that the ion
beam cross section uniformly covers all the sample area. The
implantation parameters have been listed in table 1. Prior to
beginning of the ion implantation, the samples were at room
temperature. However, this temperatures is altered during the
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Table 1. Ion implantation data.

Sample Energy Ioncurrent Dose (ions Time Temperature
#) (keV) (HAcm™2)  cm™?) (s) °C)

1 30 40 1 x 107 360 100

2 30 40 3x 1017 470 100

3 30 40 5x 1017 700 100

4 30 40 7 x 1017 1120 100

5 30 40 10 x 107 1600 100

implantation due to the heat transfer which is from the ion
bombardment to the samples as shown in table 1.

Structural characteristics and composition of samples
were analysed using various methods. The microstructure
of the samples before and after ion implantation was char-
acterized by X-ray diffraction (XRD) analysis using the
STOE model STADI MP system with Cuko radiation (wave-
length = 1.5405 10\), tungsten filament at 40 kV, 40 mA and
step size of 0.04°. The implantation-induced modification of
surface roughness was studied employing an atomic force
microscopy (AFM). The facility was an AFM (SPM Auto
Probe CP, Park Scientific Instruments, USA) in contact mode
with a low stress tantalum nitride tip of less than 200 A radii.
AFM analysis in contact mode, as well as the scanning area
of 1 um? was used to study surface topography and rough-
ness. Scanning electron microscopy (SEM), LEO 4401 sys-
tem is utilized to study the surface texture and modification
of samples after ion implantation.

3. Results and discussion

3.1 Crystallographic structure

According to SRIM simulation, at 30 keV, the maximum pen-
etration depth of nitrogen ions in tantalum is about 523 A
[16]. Moreover, at 30 keV, the electronic stopping power
(26.7 eV A~') is higher than nuclear stopping (14.2 eV
A~1) by a factor close to 2. This means that the stopping of
the nitrogen ions in tantalum substrate is dominantly due to
the interaction with the tantalum electrons rather than tan-
talum atoms. Figure 1 shows the result of an XRD analysis
of unplanted sample. XRD results are listed in table 2 for
unimplanted sample, four lines of «-Ta as Ta(110), Ta(200),
Ta(211) and Ta(220) are seen, respectively (PDF card #4-
0788). XRD results with phase identification are listed in
tables 3 and 4 for samples 2 and 3. Although at the implan-
tation dose of 1 x 10'7 ions cm~2 new crystalline phases
cannot be observed, significant shifts of Ta lines towards
lower 26 angles are seen. This shift is also observed at higher
implantation doses. In addition, an increase in this shift is
observed as the implantation dose is further increased. By
increasing the ion dose in the range of (3 to 5) x 10'7 ions
cm~2, formation of hexagonal TaNj 43 is confirmed by XRD
analysis (PDF cards #71-0265). Figure 2 shows the results of
XRD analysis of ion-implanted samples. At higher doses
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Figure 1. X-ray diffraction spectrum of unimplanted tantalum.
Table 2. Identification of XRD peaks in figure 1 (unimplanted
sample).
26 Intensity

Peak (degree) d (observed) d (standard) hkl (%) Phase
A 38.66 2.239 2.326 110 10 bee Ta
B 55.76 1.648 1.646 200 100  bec Ta
C 69.82 1.347 1.345 211 525 becTa
D 82.50 1.168 1.168 200 043  becTa

of (3-5) x 10'7 ions cm™2, many additional peaks were
observed. Four intense peaks of bce Tantalum and G, L and
O for dose of 3 x 10'7 ions cm™2 and peaks Q and S for
dose of 5 x 10'7 jons cm~2 are due to fcc TaNp .43 and TazNs
phases, as identified in tables 3 and 4. The above results are
compared with the results of previous reports which observed
the formation of fcc and hep Ta-N [30-33].

The significance of small shifts of Ta lines towards lower 26
angles observed, indicates that the nitrogen atoms are intro-
duced into spaces between the lattice positions and increase
the distance between atomic layers. At higher doses of 7 x
10" and 1 x 10'® ions cm™2, the peaks of tantalum nitride
disappear and only the substrate peaks can be seen. At ion
doses, when the depth profile is sputter-limited, nitrogen
ions are bombarded on a previously-formed tantalum nitride.
When the dose is increased, a large number of interstitial
nitrogen atoms will produce strain in the lattice itself, which
causes the increased lattice spacing and synthesis of tanta-
lum nitride (TaNg43). It can be concluded that by the ion
dose growth, the lattice spaces are increased and more inter-
stitial spaces in the target crystal are occupied by nitrogen
atoms. In addition, tantalum nitride is formed at moderate
doses (3to 5 x 10'7 ions cm™2). It means that the stopping of
the nitrogen ions in tantalum is mostly due to the electron ion
interaction. Therefore, during ion implantation, nitrogen loss
from the previously-formed nitride is expected. The nitrogen
loss may be responsible for the well-defined composition
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Table 3. Identification of XRD peaks in sample 2 (dose 3 x 107 ions cm™2).

Peak 26 (degree) d (observed) d (standard) hkl Intensity (%) Phase

I 16.10 5.540 5.545 002 3 —

G 24.77 3.593 3.590 110 0.4 TaNp 43
K 38.39 2.344 2.342 210 86.16 bee Ta
L 44.02 2.056 2.054 043 3.8 TazNs
M 55.52 1.655 1.653 300 100 bee Ta
N 69.61 1.350 1.245 211 54.8 bee Ta
o 77.59 1.230 1.451 311 1.38 TaNp 43
P 82.34 1.170 1.170 202 4.2 bee Ta

Table 4. Identification of XRD peaks in sample 3 (dose 5 x 107 jons cm~2).

Peak 26 (degree) d (observed) d (standard) hkl Intensity (%) Phase

Q 24.66 3.606 3.606 110 0.3 Ta3N5
R 38.30 2.349 2.347 112 23 bee Ta
S 43.87 2.063 2.061 202 0.7 TaNp.43
T 55.43 1.657 1.652 200 100 bee Ta
8] 68.47 1.352 1.352 211 10.8 bee Ta
w 82.33 1.170 1.170 220 1.8 bee Ta
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Figure 2. X-ray diffractograms of implanted tantalum with different doses (a) 3 x 107, (b) 5 x 10'7, (¢) 7 x 10'7 and (d) 10 x 107

ions cm ™2,
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change and can form phases with lower stoichiometry. It can
be concluded that the peak intensity of samples improves
after nitrogen ion implantation and extension of improve-
ment increases with dose. The maximum peak intensity
appears at a nitrogen dose of 3 x 10'7 ions cm™2. At higher
dose, the peak intensity decreases (see figure 3). This may
have been caused by defects due to the excess ion irradiation.
The increasing or reducing in the intensity of peaks can be
explained, based on the deposition of nitrogen on tantalum
substrate and formation of Ta—N. In comparing XRD anal-
yses in all the samples, the presence of Ta—N peaks in the
dose of 3to 5 x 10'7 ions cm~? in implanted samples is indi-
cated, which simply results in the formation of crystal struc-
ture on the surface of the substrate and the peaks are shifted
and decreased at higher doses.

The above results can be understood as follows. Nitro-
gen is known to occupy interstitial positions in the bcc tan-
talum matrix because of large inter lattice spacings. Thus,
for low-dose ion implantations, it is expected that nitro-
gen will go interstitially. At higher doses, when the depth
profile is sputter-limited, nitrogen ions are bombarded on a
previously-formed tantalum nitride. The FWHM is related
to the defects, grain size and residual strain. XRD pat-
tern reveals the increasing intensity of the (200) direction
in implanted samples compared to unplanted sample which
also indicate the reduction in the value of full-width at half-
maximum (FWHM). In other words, by increasing ion dose
of nitrogen, a reduction is observed in the FWHM of implan-
ted samples which leads to the grain size growth. The apparent
grain size can be estimated from the FWHM of the XRD peaks.

Table 5 shows the average grain size (AGS) of the dif-
ferent implanted samples which are obtained from the AFM
images, using JMicroVision software. This table clearly indi-
cates that AGS is increased by nitrogen ion implantation pro-
cess up to the dose of 7 x 10'7 ions cm~2, which is followed
by a reduction at the highest implantation dose (i.e., 1 x 10'®
ions cm™2). This result is in agreement with FWHM of the
XRD analysis.
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Figure 3. Intensity peak vs. different nitrogen ion doses.
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For different samples, the intensity of tantalum-nitride
peak is decreased and its FWHM is increased with increas-
ing the dose of the nitrogen ions. It can be explained by
the fact that for the implanted samples, the high dose of
nitrogen ion beam is responsible for causing defects into the
surface. In the case of last three samples, this is indicated
by the crystallinity of the tantalum nitride films formed at
higher doses are poorer by excess N ions. The crystallite
size D (coherently diffracting domains) is obtained using the
Scherer formula [34]:

KA |
~ Bcosf’ M
where A is the wavelength of X-ray, 6 the Bragg angle and
k a dimensionless constant which is related to the shape and
distribution of crystallites [35] (usually taken as unity). For
obtaining the value for B, we used the usual procedure of
FWHM measurement technique [36], therefore:

B = (0} — w?), 2)

where ] is the FWHM of the sample and »? the FWHM of
stress free sample (annealed powder sample or Si single crys-
tal). The crystallite size D (coherently diffracting domains)
variation with increase in dose obtained from XRD peak for
Ta are given in table 5. The results shown the increase in
crystallite size with increase in dose.

Based on the analysis of the XRD data, the distance between
the two planes (d) is calculated using Bragg equation nA =
2d sin 6 for three different 6 values. Using these d values, the
lattices parameter a is calculated by the following relation:

1 4 (> +hk+k> 12
(s

&3 ®

a? s
The changes in crystal plane spacing can lead to various lat-
tice constants a due to adjustment of d-spacing, when the
lattice constant is increased from 3.310 A in unimplanted sam-
ple to 3.334 A and 3.252 A in the implanted samples at doses
of 1 x 10" and 5 x 10! ion cm~2, respectively. Finally,
the average value of lattice parameter a is determined and the
values of lattice parameter a are obtained for different doses.

3.2 Surface physical morphology

AFM is a microscope that scans sample surface with a micro
tip (cantilever) to enable high-magnification observations of

Table 5. Average grain size, crystal size and FWHM after ion
nitrogen implantation.

Dose

(ionscm™2) 1 x 10'7 3 x 107 5% 10'7 7 x 10'7 10 x 107

Average grain 51 57 69 106 72
size (nm)

Crystallite 32.3 33.1 39.7 41.0 37.3
size (nm)
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Figure 4. The two- and three-dimensional AFM images of the implanted and unimplanted tantalum with 30 keV
nitrogen ions in a different dose (1 x 10'7 t0 10 x 107 jons cm™2).

three-dimensional forms. AFM analysis provided the surface
roughness as a function of the lateral length scale and an esti-
mation of the columnar grain size. AFM is also suitable for
quantitative study of surface roughness and scaling parame-
ters [36]. By increasing the ion dose, a significant growth in
the surface roughness is seen.

Table 5 shows the average grain size of the different
implanted samples. This can be identified in the sample
as a columnar structure and the grains grew in the form
of pyramids with wide peaks which are mostly condensed.
For the final dose, this result is in agreement with XRD
analysis.

Figure 4 shows the AFM images of a 1000 x 1000 nm
scan area of the unimplanted sample and implanted with
nitrogen ion doses of 1 x 10! to 10 x 10'7 ions cm™2.
There is no significant change in roughness, grain size and
distribution for the unimplanted and the lowest implantation
dose (1 x 10" ions cm~2). In contrast to this, the average

Table 6. Surface roughness of tantalum and samples implanted
with N ions.

Sample # Unimplanted 1 2 3 4 5

RMS roughness (A) 14.4
Average roughness (A) 42

224 189 599 24 40.6
62.2 50.32 17.3 763 11.2

grain size (AGS) and roughness are changed for higher
doses.

By increase in ion implantation dose, samples’ rough-
ness had a significant increase from 5 x 107 up to 1 x
10" ions cm~2 (see table 6). Moreover, the surface diffu-
sion mechanism due to ion bombardment could be responsi-
ble for the roughness enhancement. However, the decrease in
roughness could be caused by higher sputtering rate during
ion bombardment.
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Figure 5. Variation of the RMS roughness as a function of
implantation dose.
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Figure 5 shows the root mean square (RMS) roughness of
unimplanted and some of the implanted samples. The AFM
images show that there is an increase in the rms roughness of
the samples. Surface roughness increases with the nitrogen
ion dose up to 3 x 10'7 c¢m?, after which roughness values
decreases with a dose of 7 x 107 ions cm~2. The increase in
rms roughness value is due to implantation-induced sputter
cones and to disorder in the tantalum surface. The reduction
in the roughness at a dose of 7 x 10'7 ions cm™2 might be
due to deformation on the surface.

As previously confirmed by XRD analysis, the crystal-
lite size gradually increases with increasing nitrogen ion
dose. The reason can be related to the fact that the ion
dose enhancement promotes the mobility of ad atoms and
results in the increase of grain size. By further increase in the
ion dose, the ion density becomes large enough for crystal
growth; thus, the grain size increases slightly with an increas-
ing dose. The surface diffusion mechanism due to higher

(b)

(d)
Figure 6. SEM images micrograph of nitrogen implanted for (a) unimplanted, (b) 3 x 10'7,(¢) 5 x 10'7 and (d) 10 x 10'7 jons cm~2 doses.
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number of ions in the implantation process is responsible for
this change.

3.3 Scanning electron microscope

Surface morphology of the ion implantation was observed
using a field emission SEM. SEM micrographs are shown
in figure 6. It can be clearly seen that when the implanta-
tion dose increases, the surface morphology and texture can
change dramatically. The SEM study of the surface structure
of unimplanted sample has shown that the surface structures
are smooth. Some defects that were observed on the sur-
face of the samples (figure 6a) are related to some mechan-
ical micro-damages produced during sample preparation.
Figure 6b is the SEM image of implanted sample with a dose
of 3 x 10'7 jons cm™2. At a larger magnification; the gran-
ular structure characteristic was observed with the average
dimension of clusters of about 57 nm.

SEM investigations of the implanted sample have shown
(figure 6b, c) that the surface structure is changed after the
ion implantation. For higher implantation dose of 5 x 107
jons cm~2 is shown in figure 6¢, the surface is modified and
granular structure is less pronounced. This can be the onset
point for nitrogen saturation on the surface and modification
caused by the energetic incoming ions. Further implantation
of nitrogen ions onto the surface (10 x 10'7 ions cm™?) is
shown in figure 6d. The SEM image shows a smoother sur-
face with no blister-like texture. This is in agreement with
AFM result where a smaller grain size and average roughness
are observed.

4. Conclusion

We can see from the above analysis that there is a struc-
tural correlation between different tantalum nitrides. The
results demonstrate that direct ion implantation is a powerful
technique to form metal nitrides in the near-surface region.
XRD analysis confirms the successful formation of tantalum
nitride phase which is promoted by increasing ion implanta-
tion dose. Also, AFM results show that the implanted sample
at the dose of 5 x 10'7 jons cm™2 has and almost uniform
surface with homogenous distribution particles. Nitrogen ion
implantations of the samples with different fluxes lead to
change in the structure crystallographic. The shift and broad-
ening of the peak are associated with, and produced by nitro-
gen super saturation and associated stress caused by the
nitrogen remaining in solid solution in the lattice. For ion-
implanted sample at 1 x 10'” ions cm~2 new phases are not
observed. At a higher dose of 3 to 5 x 10'7 ions cm~2, many
additional peaks are observed which are due to fcc TaN 43,
tantalum phases, respectively. In various samples, the intensity
of tantalum-nitride peak is increased and its FWHM is
increased by increasing the dose of the nitrogen ions. Other
factors such as the thermodynamic factor, temperature and
sputtering should also be taken into consideration. The
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exact mechanism of phase transformation in ion implantation
needs to be further investigated.
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