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Formation of compounds by high-flux nitrogen
ion implantation in titanium
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Polycrystalline titanium was implanted with nitrogen ions at energies from 30 to 60keV and
with doses from 1 x 10" to 1.6 x 10'"® N*-ionscm ™2 at room temperature. The implanted
titanium layers were investigated by high-volitage electron microscopy and transmission high-
energy electron diffraction. The formation of titanium nitride, titanium carbonitride and
titanium carbide phases were considered in relation to their dependence on nitrogen ion
implantation dose. In the dose range from 1 x 10" up to 1.5 x 10" N* -ionscm™ the cubic
phase 6-TiN, was formed. In the dose range between 1 t0 2.5 x 10" and 1.5 x 10"® N*-jons
cm™? the tetragonal phase ¢-Ti,N was found in addition to the §-TiN, phase. The lattice struc-
ture of these titanium nitride phases is a function of the nitrogen ion implantation dose.
Additionally, the presence of titanium carbonitride TiC, N, and titanium carbide TiC, phases
can be proved. The analysed titanium nitride, titanium carbonitride and titanium carbide
phases are represented in a state diagram as a function of implantation dose.

1. Introduction

In recent years the high-flux implantation of metalloid
lons (nitrogen, carbon, boron) has been applied to
various metallic targets in order to improve their
mechanical properties such as wear, fatigue, hardness
etc. (e.g. [1]). Consequently, basic investigations of ion
implantation metallurgy are essential so as to use this
technique effectively.

Thin-film layers of titanium nitride are of great
interest in a wide range of technological applications.
For example, titanium nitride has interesting mech-
anical (extreme hardness), thermal (high melting
point), chemical (high corrosion resistance) and elec-
trical properties. Therefore titanium nitride has been
used to make hard wear-reducing coatings on tools,
high-temperature structural materials, miniature
resistive and capacitative electronic components, basic
materials for solar energy technology, etc. In general,
titanium nitride is obtained either by chemical vapour
deposition [2] or by reactive physical vapour deposi-
tion [3].

The object of this paper is to analyse the titanium
nitride compounds obtained after high-flux nitrogen
ion implantation into titanium. So far only a few
papers are known which have analysed the phases
after nitrogen ion implantation [4—8]. Bykov et al. [4]
and Belii ez al. [5] found TiN after nitrogen ion
implantation of 1 x 107 and 4 x 10" N*-ionscm 2
into titanium by the use of electron diffraction. With
the help of X-ray diffraction and Rutherford back-
scattering Duckworth and Wilson [7] found titanium
nitride after 600 keV nitrogen ion implantation, and
Chen and Yang [6] could detect the (111) reflection
of the cubic TiN phase after implantation of 3 x
10°N*-ionsecm % or 9 x 10"N*-ionscm? into
titanium.

0022-2461/86 $03.00 + .12 © 71986 Chapman and Hall Ltd.

2. Experimental conditions

Polycrystalline layers of titanium were deposited on
freshly cleaved NaCl or KCl, and on silicon in a high
vacuum of 107*Pa. The thickness of the layers was
varied between 100 nm and 1 um. The titanium films
were implanted at room temperature with nitrogen
ions with energies from 30 to 60 keV in the dose range
of 1 x 10" to 1.5 x 10"®N*-ionscm™2. A lateral
homogencous distribution of nitrogen was obtained
by a wobbled nitrogen ion beam. The typical dose rate

‘was <5SuAcm . The choice of a low dose rate is

important for a low heating of the specimens during
implantation. The temperatures during implantation
were kept below 50°C. Auger electron spectrometry
(AES) measurements were performed to analyse the
implantation profiles and impurity contents {(carbon,
oxygen) of unimplanted and implanted titanium tar-
gets [8, 9]. Measurements with the aid of AES showed
that the accuracy of ion dose was better than 92%.

The crystallographic structure and morphology of
the titanium layers before and after implantation were
investigated by high-voltage electron microscopy
(HVEM) and transmission high-energy electron dif-
fraction (THEED). Studies were made by the use of a
1 MeV electron microscope (JEM — 1000) and the
selected-area diffraction (SAD) technique. A problem
at high voltages (> 300 to 500keV) is knock-on dis-
placement damage. Our experiments show that this
damage is negligible under our operating conditions
(small electron flux, low temperature).

Identification of phases after implantation took
place on the basis of electron scattering diffraction
diagrams. The electron scattering curves were obtained
by calibrated selected-area diffraction patterns. Cali-
bration of SAD patterns is generally straightforward,
but can be facilitated by using an internal standard (an
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unimplanted region) since the camera constant in the
electron microscope is sensitive to change in specimen
position.

Diffraction patterns were taken with high-ecnergy

clectrons. The exposure time was varied stepwise.

Exposed plates were developed in order to obtain a
wide proportional range of the electron diffraction
intensity and the plate darkness. Microphotometer
traces of the diffraction patterns were taken with a
microphotometer of an automatic balance type. Peak-
height intensity was determined in the proportional
range of the electron intensity and plate darkness. The
distance of Debye—Scherrer rings from the centre of
the pattern was also measured with the micro-
photometer. Using the Bragg equation, the inter-
planar spacing can be approximated by

2AL 3D

D (1 * 32L2> O
where D is the ring diameter [10]. In our case the
camera constant AL was calibrated by comparison
with the unimplanted region of an implanted titanium
specimen. The accuracy of AL by this procedure is very
good.

Computer programs were used to calculate the inter-
planar spacings, intensities and synthetic electron
diffraction spectra. The theoretical values of the inter-
planar spacings d;t%° may be estimated using the Bragg
equation, where the wavelength of electrons is cor-
rected with a relativistic term (4, = 0.872 x 107>nm
at 1 MeV).

The experimentally determined electron diffraction
intensities were compared with theoretically cal-
culated intensities on the basis of the relative inten-
sities, i.. the intensities normalized by setting that of
the most intense reflection to 100. In general, the

electron diffraction intensity at temperature 7 is given
by

exp
dyg =

I (1) = Cl®l* it
x p exp[— B(sin 0/4.)"1/(4) @

where C is the scale factor, ®},, is the relativistic
structure factor with ®},, = (m/my)®,.,, (m/im, =
2.957 at 1 MeV), m, is the electron rest mass, m the
moving pass, p is the multiplicity, B is the temperature
factor [11], 8 is the Bragg angle and f(A) is the primary
extinction coefficient [10, 11]. The multiplicity factors
for each reflection Ak are from tables [12, 13]. The
calculation of structure factors @, is for all reflec-
tions allowed by the space group [12]. Atomic form
factors are obtainable from tables [13, 14]. The extinc-
tion conditions are permanently stored in the com-
puter, as tabulated by Herrmann [15). The agreement
of the calculated interplanar spacing with the observed
interplanar spacing of the reflections is determined by

theo _ expy2 112
g (%) = 100 [M] (3)

theo 2
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It is known that implantation of metalloid ions lead
to the formation of many different phases [16]. Electron
diffraction reflections from these phases are partially
overlapping. Therefore it is a great problem to deter-
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mine the positions and intensities of these pekas. The
method of Morrey [17] can be used to calculate the
positions and intensities of separate electron diffrac-
tion reflections. This technique involves the fitting of
equidistantly spaced data to a quartic equation and
the determination of different derivations of the elec-
tron diffraction spectrum. The electron diffraction
spectrum is converted into digital data with an
analogue-to-digital converter and divided into seg-
ments. These segments are fitted with a quartic
equation y = f(z), where z is a position relative to a
position spanned by the segment. Conditions for the
existence of a peak position are y” < 0, ¥y = 0 and

V24

y" > 0, and the peak position is calculated from
V(z0) = 2C, + 6Cyz + 12C;22 < 0 (4)

where coefficients C, can be determined from a set of
linear equations derived from a least-squares analysis
of the quartic equation (for details and discussion see
[17, 18]. A determination of the width and height of
each peak can be obtained after the proper roots for y””’
and y”” have been found by analysis of the polynomial.

In Fig. 1 this technique is demonstrated with an
example of titanium implanted with 2 x 10" N*-
jonscm % The portion Y of the microphotometer
curve (Fig. 1a) is divided in different segments after
separation of the scattering background (Fig. 1b).
The resultant electron diffraction spectrum shows
about twelve peaks with a partially asymmetrical
form. By applying the method of Morrey [17] it is
possible to compute a synthetic spectrum. It is sup-
posed that the distribution of an electron diffraction
reflection can be described by a Gaussian distribution
function. Mathematically the synthetic spectrum can
be represented by a sum of Gaussian distribution
functions (Fig. 1c). According to Will et al. [19], the
goodness-of-fit of the computed to the observed profile
is described with a parameter g, similar to the par-
ameter &, of Equation 3. Only if & < 5% may the
fitted synthetic spectrum be used.

3. Results and discussion

Measurements by the use of Auger clectron spec-
troscopy show that the implantation of nitrogen ions
into titanium leads to very high nitrogen concen-
trations (for measurements and discussion see [8, 9].
For example, the maximal nitrogen concentration is
6.5 x 10®N*-ionscm™® at 30keV and 5 x
102N*-ionsem~> at 60keV. Extremely super-
saturated titanium targets were used to analyse
titanium compounds. Identification of titanium
nitride phases was carried out by diffraction contrast
(morphology), SAD (lattice structure) and com-
parison of the measured intensities with calculated
intensitites of the diffraction reflections.

Fig. 2 shows SAD, with the bright field (BF) and
dark field (DF) images of titanium implanted with
5 x 10"N*-ionscm~2 In order to identify the
phases of the implanted layer, the approach was used
which is demonstrated in Fig. 1. The lattice par-
ameters used for identification of the THEED pat-
terns are compiled in Table I [20-23]. Beside these
phases other titanium modifications and compounds



{a) Portion ¥ of the electron
scattering curve on the
right side

{b) Portion ¥ after separation
of scattering background

(¢) Deterrnined distribution
functions {below) and
synthetic Gaussian
spectrum

Scattering angle parameter {nm

Figure 1 A typical example used to determine the elec-
tron scattering peak positions and synthetic Gaussian
spectrum. On the right side the dependence of the
electron scattering intensity on the scattering angle
parameter is shown for titanium implanted with nitro-
gen ions to a flux of 2 x 10" N -ionscm ™2 at 50keV
and room temperature (25°C). For this example the
portion Y of the scattering curve (a) was investigated
after subtraction of scattering background (b). Below
(c) are the determined distribution functions and the
reconstruction of the synthetic Gaussian spectrum. The
different titanium compounds found are indicated.

)
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were checked. The allotropic modification of titanium,
the high-temperature form pB-Ti (bcc) and high-
pressure form w-Ti (hex), and various titanium oxides,
the triclinic structure Ti,0,,_, (Ti,0,;, TizOy;,
Ti,O,,), anatase (tetrag.) and brookite (orthorhomb.)
could not be identified.

Debye—Scherrer rings from «-Ti could be identified
in all analysed THEED patterns. The dark precipitates
of Fig. 2 (BF) could be identified as the cubic face-
centred titanium nitride phase §-TiN, . This phase can
be identified in the dose range from 1 x 10' to
1.5 x 10®¥N"*-ionscm 2 The dark-field mode is
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especially useful in determining the size, distribution
and morphology of precipitates. The grain size for the
o-titanium nitride phase is about 40 nm for films near
to a stoichiometry of TilN, ;s 4. For layers with a higher
nitrogen content (with higher implantation dose) the
grains are larger. At an implantation dose of 5 x
10" N*-ionscm 2 a grain size of about 150 nm was
measured. The grain size is also affected by the implan-
tation dose. Chen and Yang [6] and Duckworth and
Wilson [7] also found a cubic titanium nitride phase at
similar implantation doses. With other techniques
o-TiN is obtained either by reactive evaporation [24]
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TABLE I Crystallographic data for the analysed crystal phases
and their lattice parameters

Phase Bravais Short Lattice Space
lattice =~ Herrmann-Maugin parameters group
symbol, Schoenflies (nm)
symbol
a-Ti hep P6,/mmc, D§, a = 029511 194
¢ = 0.46843
6-TiN, fce Fm3m, O}, a=10421t0 225
0.424F
&Ti,N tetrag.  P4,/mnm, D}} a = 049428 136
¢ = 0.30357
TiC, fce Fm3m, O}, a = 0.430 to 225
0.433%
TiC,N, fcc Fm3m, O}, a = 04238t0 225
0.431 71
TiO, tetrag.  P4,/mnm, D} a = 02960 136
¢ = 0.4590

TLatice parameter is a function of nitrogen and/or carbon content.

or by reactive sputtering [25]. In Table II the inter-
planar spacings and intensities of the most frequent
lattice indices of 6-TiN, are compiled and compared
with theoretical values for two different implantation
doses. It can be shown that the experimental inter-
planar spacings determined from THEED patterns
are in good agreement with those obtained by
calculations (g; < 1.4%) in dependence on the
implantation dose and nitrogen content respectively.
Starting from the relationship between the lattice para-
meter ¢ and nitrogen content in the §-TiN, [26] it is
possible to derive the nitrogen content with the help of
experimentally determined lattice parameters. The lat-
tice parameter for the 4-TiN, phase, calculated from
the interplaner spacings, is shown in Fig. 3 as a func-
tion of nitrogen content. The 4-TiN, exists between
x =~ 0.45 and x =~ 1.0 (x is the stoichiometric factor
or the ratio of nitrogen to titanium). As can be seen,

SAD

the nitrogen content increases as the implantation
dose increases in the sub-stoichiometric range. At
implantation doses above 2to 4 x 10" N* -ionscm 2
a saturation of the nitrogen content starts to appear.
This is in accordance with what has been measured for
other films prepared by reactive techniques [25] and
bulk materials [26]. The nitrogen atoms occupy the
interstitial octahedral sites in the o-Ti lattice and thus
cause an expansion of this lattice. It is possible that
up to the implanation of 5 x 10" N*-ionscm 2
hyperstoichiometric compositions (TiN, with x > 1)
are formed. Sometimes the high-flux implanted
titanium layers have a dark colour due to a stoichio-
metric excess of nitrogen.

It should be noted that the 8-TiN, precipitates pro-
duced by high-flux nitrogen ion implantation (=5 x
10" N*-ionscm~?) have a preferential orientation.
With the aid of special goniometer equipment in the
HVEM, it was possible to determine microscopical
mmhomogeneities of texture. A fibrous arrangement of
these nitrides was found. Exact calculations were
prepared on the basis of incomplete pole figures [28].

In order to estimate the change of interplanar
spacing of 0-TiN,, it is necessary to determine the
change of the lattice parameter of «-Ti. In Table
IIT the measured interplanar spacings and relative
intensities of the most intense electron diffraction
reflections are compiled as a function of the implan-
tation dose. From this table, it can be seen that the
intensity and interplanar spacing increase with
increasing implantation dose. In Fig. 4 the measured
interplanar spacings of some reflections of «-Ti are
plotted against the implantation dose of nitrogen. For
implantation doses below 5 x 10 to 1 x 10" N*-
ionscm 7 the lattice spacing increases as the implan-
tation dose increases. Sundgren et al. [25] have also
found that the interplanar spacing of titanium increases

Figure 2 Transmission electron diffraction pattern (SAD), bright field (BF) and dark field (DF) micrographs of titanium implanted with
50keV nitrogen ions to a flux of § x 10N -jonscm™~? at room temperature.
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COMPOSITION OF TiCyNy {at % C)

Figure 3 Lattice parameters of TiN,,, TiC,N, and TiC,
layers as a function of composition. The solid lines (1)

TiN 2,0 j,o ",9 5,0 6,0 7[0 8,0 910 1?0 Tic and (3) represent bulk results from Ehrlich [26] and the
0434 L solid line (2) represents bulk results from Neshpor et al.
_ [27]. Points demonstrate experimental lattice par-
E 0432L l ' ameters of these titaninm compounds formed by nitro-
-~ gen ion implantation at 50 keV into titanium at different
&5 04304 { doses: (B) 5.0 x 10', (07) 1.0 x 107, (&) 2.5 x 10",
g / (0) 5.0 x 107, (@) 1.0 x 10" N*-ionscm ™2
< 0428 +
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with nitrogen content during reactive sputtering. The  ionscm™% reflections from the tetragonal &Ti,N

reason for this behaviour is not yet clear and further
work is needed. It could possibly be due to (i) intrinsic
stresses in the implanted films, and (ii) incorporation
of oxygen during preparation of titanium films and/or
carbon during implantation. However, no effect was
noticed during AES measurements [9] in the dose
range of 1 t0 2.5 x 10'*NT"-ionscm 2

At implantation doses above 1 to 2.5 x 10" N*-

phase start to appear beside the 6-TiN,. Fig. 5
shows SAD with bright field (BF) and dark field
(DF) micrographs of titanium implanted with 5 x
10" N*-ionscm 2 In Table I the values of
the relevant parameters of the &-Ti, N phase are listed.
This phase is present only in a narrow composition
range around 33at%. The ¢Ti,N phase could be
found after nitrogen ion implantation into «-Ti at
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of the interplanar spacing for «-Ti
and Ti,N are shown (arrows).
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TABLE II Summary of most frequent lattice indices and intensities of &TiN,, with interplanar spacings used in calculation of &,

Miller Theoretical interplanar spacing intensity Experimental interplanar spacing, intensity and deviation factor
indi - .
22 klcl:;:s TiNy TiN,, 5 x 10'"*N*-jonsem™2 1 x 10"¥N*-jonsem ™2
Ay L o I g Bt &4 (%) o L3y & (%)
(nm) (nm) (nm) (nm)
111 0.2438 27.7 0.2449 299 0.243 24 0.11 0.245 32 0.05
200 0.2111 985 0.2121 100.0 0.211 85 0.05 0.212 100 0.05
220 0.1493 62.1 0.1500 65.4 0.148 38 0.87 0.150 65 0
311 0.1273 10.0 0.1279 11.1 0.127 5 0.24 0.129 9 0.86
222 0.1219 18.7 0.1225 209 0.122 18 0.08 0.122 23 0.41
400 0.1056 9.6 0.1060 9.6 0.105 8 0.57 0.106 12 0
331 0.0969 4.7 0.0974 4.6 0.097 5 0.10 0.098 5 0.62
420 0.0944 24.1 0.0948 234 0.094 20 0.42 0.094 21 0.84
422 0.0862 17.2 0.0866 16.2 0.085 13 1.39 0.086 17 0.69

room temperature in the dose range between 1 x 10"
to 2.5 x 107 and 1.5 x 10®¥N*-ionscm 2 Table IV
shows the interplanar spacings and intensities of the
most frequent reflections of &-Ti,N for two implan-
tation doses. The experimental values are compared
with theoretical data. From Table IV it can be seen
that the measured intensities and interplanar spacings
of the observed reflections decrease when the implan-
tation dose increases. The dependence of the exper-
imentally determined average interplanar spacings of
the ‘most intense electron diffraction reflections on
implantation dose is shown in Fig. 4 (right). It con-
firms a tendency of the interplanar spacing to decrease
with increasing implanted nitrogen dose. In the case of
e-Ti,N produced by reactive sputtering, Sundgren
et al. [25] discussed whether high compressive stresses
occur when nitrogen is incorporated. The tetragonal
structure of &Ti,N has a low symmetry and it is
therefore difficult to develop a non-stressed dense
structure.

The average diameter of the implantation-induced
titanium nitride grains depends on the implantation
dose. A comparison of the dark fields of Figs. 2 and 5
demonstrates that the average diameter of precipitates
after 5 x 10N -ions cm~?implantation is increased
to about 150 nm after implantation with 5 x 10" N* -
ionscm 2. A further increase of diameter of precipi-
tation with higher doses could not be found without
thermal treatment [8).

At high implantation doses (>2.5t0 5 x 10" N"-

ionscm™?) analysis showed not only titanium nitrides
but also titanium carbonitrides and titanium carbides.
Also different THEED reflections (10 1), (200), (120)
and (22 0), of rutile TiO, (tetrag.) could be detected in
some cases. A dependence of the formation of rutile
on implantation dose, temperature and vacuum con-
ditions was not found. Because of carbon adsorption
during the implantation process and recoil implan-
tation by nitrogen ion bombardment the titanium
layer is additionally doped with carbon. Measurements
with the help of AES show that carbon is transported
to a depth of 50 to 80nm at doses >1 x 10" N*-
ionscm™ [8, 9]. It is known that carbon can occupy
the lattice sites of nitrogen in metal carbonitride
phases. For example, the implantation of nitrogen
jons into iron leads to the formation of iron nitride
phases [29, 30] and iron carbonitride phases [31].

Investigations of carbonitride phases are very dif-
ficult because the lattice parameters of these phases
diverge only a little from the parameters of nitride
phases and the electron diffraction intensities show
only small differences; also the atomic scattering fac-
tors of nitrogen and carbon atoms are very similar.
Fig. 6 shows SAD, bright field (BF) and dark field
(DF) micrographs of titanium implanted with 1 x
10" N*-ionscm~% According to Morrey [17] it is
possible to identify and separate overlapped and
densely packed peaks. Fig. 1 demonstrates this identi-
fication; some titanium carbonitride reflections could
be found.

TABLE 111 Summary of most frequent lattice indices and intensities of o-Ti after implantation at room temperature,

Miller—Bravais Theoretical inter-

Experimental interplanar spacing and intensity at different

Deviation factor
for 1 x 10N+

indices planar spacing implantation doses (N*-ionscm™2)
(hkil) and intensity | % 16" | % 107 1 % 10'* 180?;(;111—2,
digm) LY - " - -
;i (nm) I8 dp(nm) L dy (nm) s
1070 0.2556 77.7 0.256 62 0.258 63 0.258 65 0.94
1071 0.2244 100.0 0.224 95 0.226 96 0.226 100 0.71
1072 0.1727 14.4 0.173 12 0.175 18 0.175 25 1.33
1120 0.1476 17.1 0.147 15 0.149 23 0.150 32 1.63
1013 0.1332 17.7 0.134 17 0.136 25 0.136 27 2.10
2021 0.1233 13.6 0.122 14 0.124 13 0.123 15 0.24
0004 01171 8.0 - - 0.120 6 0.120 8 2.48
2033 0.0989 6.0 - - 0.101 10 0.100 11 1.11
1231 0.0946 4.9 - - 0.095 6 0.097 7 2.54
3030 0.0852 4.5 - - 0.086 5 0.086 2 0.94
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Figure 5 Transmission electron diffraction pattern (SAD), bright field (BF) and dark field (DF) micrographs of titanium implanted with
50keV nitrogen jons to a flux of 5 x 10N -ionscm ™2 at room temperature.

Nitrogen ion implantation of titanium with high
doses leads to the formation of cubic TiC,N, and
TiC,. The structure of the titanium carbonitride phase
is isomorphous with the TiN, phase. Nitrogen and
carbon proportions in the octahedral (interstitial)
positions of the face-centred cubic TiC, N, phase are
dependent on the implantation dose. It is not possible
to distinguish the habit of §-TiN, and TiC, N, precipi-
tates in the bright or dark field of Fig. 6. Table V shows
a comparison of the measured interplanar spacing of
the most intense electron diffraction reflection of
titanium implanted with different nitrogen ion doses
with theoretical values of interplanar spacing for
different compositions. The carbon content is found
to increase with increasing implantation dose. On the
basis of this comparison it is possible to estimate the
concentration of carbon in the titanium carbonitride

precipitates. For example, the carbon concentration is
about 30 at % after the implantation of 1 x 10 N*-
ionscm ™ into the carbonitride phases. AES analysis
shows that the carbon concentration in the implanted
layer is very much smaller than in the titanium car-
bonitride precipitates. Fig. 3 shows the variation of
the lattice parameter of TiC N, with carbon and
nitrogen concentration (points) together with data
from Neshpor et al. [27] (solid line). The tendency
described above is confirmed. It is probable that the
high value of the lattice parameter is due to the incor-
poration of carbon into the lattice. The titanium car-
bonitride phase could be found after implantation of
nitrogen ions with doses between 1 to 2.5 x 10" and
1.5 x 10¥N*-ionscm 2

A pure titanium carbide phase could be detected
after implantation of nitrogen ions with a dose > 5 x

TABLE IV Summary of most frequent lattice indices and intensities of &-Ti,N.

Miller Theoretical interplanar Experimental interplanar spacing, intensity and deviation factor
‘(‘;‘2‘;;’5 spacing and mtensity 2.5 x 107 N*-ionsem™ I x 10 N*-ionscm=

dtheo nm [1heo

i (o) 4 (am) I, /(%) g am) 5 (%)

101 0.2587 100.0 0.259 100 0.12 0.257 95 0.66
200 0.2471 7.9 0.248 15 0.16 0.248 8 0.36
111 0.2292 74.0 0.229 86 0.09 0.228 78 0.52
210 0.2210 25.6 0.221 33 0 0.219 26 0.91
211 0.1787 87.6 0.179 72 0.17 0.177 68 0.95
220 0.1748 68.0 0.175 65 0.11 0.173 58 0.10
221 0.1515 2.7 0.150 1 0.99 - - -
301 0.1448 58.1 0.145 42 0.14 0.144 40 0.55
112 0.1392 30.2 0.14 0.86
311 0.1390 13.9 } 0.139 36 0 0.138 37 0.72
330 0.1165 34.9 2.18 2.15
222 0.1146 31.7 0.114 57 0.52 0.114 51 0.52
401 0.1145 19.4 0.44 0.52
312 0.1089 11.4 0.02 2.66
331 0.1088 0.9 } 0.109 ? 0.18 } 0.106 ’ 2.57
412 0.0924 7.3 0.094 5 1.03 - - -
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SAD

Figure 6 Transmission electron diffraction pattern (SAD), bright field (BF) and dark field (DF) micrographs of titanium implanted with
50 keV nitrogen ions to a flux of 1 x 10" N*-jonscm™ at room temperature.

10" N*-ionscm 2. Table VI shows the measured
interplanar spacings and most intense electron diffrac-
tion reflections of titanium carbide formed by nitrogen
ion implantation with doses of 5 x 10" and 1 x
10" N*-ionscm~2 These values are compared with
theoretical data for TiC, ;5 and TiC, 5. The phase TiC,
is present for concentrations higher than 30at % in
the titanium carbide precipitates. If the concentration
of carbon is lower then the carbon is dissolved into
o-Ti and/or it occupies the interstitial octahedral
nitrogen sites in the «-Ti. The lattice parameter for the
TiC, phase, calculated from the measured interplanar
spacings, is shown in Fig. 3. The lattice parameter
varied between about 0.427 and 0.431 nm in the dose
range between 5 x 10" and 1 x 10N~ -ionscm 2
The variation of the lattice parameter corresponds to
a variation of composition from TiC, ;5 to TiC,;.
Titanium carbide and titanium carbonitride phases
can be formed during nitrogen ion implantation if the
concentration of carbon is sufficiently high. A high
carbon concentration can be caused by high-flux
implantation and high times of implantation respect-
ively. This fact is demonstrated in Fig. 7. This figure
shows small portions of electron scattering curves of

titanium implanted with different nitrogen doses.
From Fig. 7 it can be seen that -TiN, is formed only
after implantation of 5 x 10"N¥-ionscm~2% A
second phase (s-Ti,N) appears after implantation of
2.5 x 10" N*-ionscm ™2 A comparison of these two
electron scattering curves shows the shift of reflection
peaks (200)-TiN,, (111)-Ti,N and (210)-Ti,N as a
function of the implantation dose. At higher nitrogen
lon implantation doses the reflection peaks (200)-
TiC)N, (after implanatation of 5 x 10'"N*-ions
cm?) and (200)-TiC, (after implantation of 1 x
10" N* -jonsem?) can be found. In this figure it is
also shown that the observed electron reflection peaks
of the titanium carbonitride phase and titanium
carbide phase are shifted in their dependence on
implantation dose.

On the basis of these invesitgations a “state dia-
gram” or a diagram of existence range can be drawn.
In Fig. 8 this diagram is represented. As opposed to
the equilibrium phase diagram at room temperature it
includes metastable phases and partially violates the
Gibbs phase rule. Such state diagrams are known
from the systems boron/iron [16] and nitrogen/iron
{16, 30]. The cause of this behaviour must be sought in

TABLE V Comparison of calculated interplanar spacings for four different TiC N, compounds with experimentally measured values

Miiler Theoretical interplanar spacing dyx? (nm) for different TiC,N Experimental interplanar spacing di3f (nm)
indices ) . - B at different implantation doses
(k1) TiCo0sNogr TiCo.14No 7 TiCo.41 Nos TiCos Nt (N*-ionsem™=?)

2.5 x 10V 5 x 107 I x 10%
111 0.2447 0.2454 0.2469 0.2481 0.245 0.245 0.247
200 0.2119 0.2125 0.2138 0.2148 0.212 0.212 0.214
220 0.1498 0.1503 0.1512 0.1519 0.150 0.151 0.151
311 0.1278 0.1283 0.1289 0.1296 - 0.128 0.129
222 0.1223 0.1227 0.1235 0.1240 0.122 0.123 0.123
400 0.1059 0.1063 0.1069 0.1074 - 0.106 0.107
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the themodynamical non-equilibrium process of ion
implantation (for discussion see [29—33]. The results
of nitrogen ion implantation-induced titanium nitride
formation agree well with the few published results
[4-7].

At present the process of implantation-induced
phase formation is not clear. In this work, it was
demonstrated that nitrogen ion implantation into
titanium at room temperature leads to the formation
of different titanium nitride and titanium carbide
phases. Under conventional conditions very high tem-
peratures are necessary for the formation of these

phases; for example, the melting point of §-TiN is
about 3000°C. The explanations that have been
proposed for formation of compounds by ion implan-
tation include cascade effects [29, 30, 34, 35], radiation
damage [36], and themodynamical and chemical forces
{37, 28].

4. Conclusions

It was shown in this work that high-flux nitrogen ion
implantation into titanium at room temperature leads
to the formation of different titanium nitride, titanium
carbonitride, titanium carbide and titanium oxide

TABLE VI Summary of most frequent lattice indices and intensities of TiC,, with interplanar spacings used in calculation of g,

Miller Theoretical interplanar spacing and intensity Experimental interplanar spacing, intensity and deviation factor
zz‘}:‘;s TiCy s TiCy 5 5 x 10" N* -ionscm ™2 1 x 10¥N*-ionscm™>
dji? (nm) L A7 (nm) L ;3 (nm) L &,(%) i (nm) Iy 84{%)

111 0.2486 316 0.2498 33.6 0.246 29 1.05 0.249 35 0.30
200 0.2152 98.0 0.2163 100.0 0.213 94 1.02 0.216 100 0.14
220 0.1522 773 0.1530 78.9 0.151 73 0.79 0.153 76 0
311 0.1298 12.7 0.1305 14.0 0.129 10 0.62 0.132 12 1.15
222 0.1243 16.1 0.1249 17.9 0.123 21 1.04 0.124 19 0.72
400 0.1076 6.6 0.1082 7.4 0.107 8 0.56 0.109 7 0.74
331 0.0988 42 0.0993 4.5 0.098 5 0.81 0.101 5 1.71
420 0.0963 19.1 0.0967 20.9 0.095 18 1.34 0.096 22 0.72
422 0.0879 13.6 0.0883 15.5 0.087 11 1.02 0.088 19 0.33
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Figure 8 Titanium nitride, titanium carbide and titanium car-
bonitride phases as a function of implantation doses (state diagram)
for 30 to 60 keV N* jons. Arrows indicate the implanation dose at
which electron diffraction measurements were made.

phases. The formation of these phases is a function of
implantation dose. §-TiN, is found in the dose range
from 1 x 10" up to 1.5 x 10" N*-ionscm~2 The
stoichiometrical factor x varies between about 0.45
and 1.0, depending on implantation dose. A hyper-
stoichiometrical composition (x > 1) is also possible.
e-Ti, N is observed in the dose range between 1 to
2.5 x 107 and 1.5 x 10®¥N*-ionscm~? in addition
to 6-TiN,. The measured interplanar spacings of this
phase decrease when the implantation dose increases.
The titanium target is additinally doped with carbon,
because carbon adsorption and recoil implantation
during the implantation process occurs by nitrogen
ion bombardment. Therefore at high implantation
doses (>2.5t0 5 x 10" N*-ionscm ~?) there was evi-
dence for titanium carbonitride TiC,N, and titanium
carbide TiC,. The structure of these carbonitride and
carbide phases are dependent on implantation dose,
i.e. on the ratio of nitrogen to carbon.The existence
ranges of the titanium phases can be expressed in a
state diagram.
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