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Crystalline texture, microstructure and resistivity of ion irradiated 12—41nm Ti films are investigated. Ion
bombardment was carried out in Ar plasma by applying negative bias 20—30V to the films. It is found that this
treatment leads to the formation of [100] texture in films having initially mixed [100] + [001] texture. The less
the film thickness and the higher the bias the less treatment time is required for the [100] texture formation. Ion
irradiation of 12 and 22 nm films using bias 30V leads to the increase of interplanar distances in surface normal
direction by 3% and the decrease of film resistivity by 14—20%.
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Introduction

Thin textured Ti films are used as an adhesive layer
when deposited on various substrates of TiN [1,2] coatings,
Al [3,4] films, AIN [5-7], Pt [8.,9], ferromagnetic films [10].
As a rule, a film o-Ti with a fiber texture [001] is used,
the arrangement of atoms and interatomic distances in the
Ti (001) planes are similar to those for the (111) Al, Pt
and (001) AIN planes. In all of the above cases, the
strengthening of the texture of the Ti layer leads to texture
strengthening, and consequently, the operational properties
of films and multilayer systems deposited on it.

The desired type and sharpness of the texture of Ti
films are obtained by adjusting the parameters of deposition
processes, in particular, bombardment of the growing film
with Ti ions or inert gases is used [1-3,11-17]. Such bom-
bardment occurs when a constant or radio-frequency (RF)
bias is applied to the substrate, or when an ion source is
used [1,3,17]. Accelerating voltages in the first case usually
do not exceed hundreds of volts, in the second case the
accelerating voltage is units-tens of kilovolts. At the same
time, the impact of low-energy bombardment with inert gas
ions carried out after deposition on the texture of Ti and
other metals films has been poorly studied. Meanwhile,
such a procedure carried out in argon plasma can be applied,
for example, to prepare adhesive layers Ti [18], stress
changes in metal films [19], their phase composition [20]
and resistivity [20,21].

The aim of this work was to determine the effect of
low-energy bombardment with Ar ions on the texture of
Ti films with a thickness of 12—41nm. Ion bombardment
was carried out in an argon plasma of an RF inductive
discharge, the accelerating voltage was changed due to the

supply of RF bias of various power to the studied samples.
The results of studies of the texture of Ti films processed
at a bias on a substrate of 30 V were published in [22], this
paper presents the results of studies of texture and resistivity
for films processed at displacements of 20—30 V.

1. Experiment

Ti films with a thickness of h =12, 22, 32 and 41 nm
were deposited on a wafer Si(100) coated with thermal SiO;
thickness 1 um by magnetron sputtering. The deposition
was carried out in magnetron sputterer Alcatel SCR 651
»letra® setup at room temperature with floating potential on
the substrate. The pressure Ar during deposition was 0.2 Pa,
RF power on the target was 300 W, the distance between
the target and the substrate was 100 mm.

After deposition, the films were subjected to a series of
ion-plasma treatments (IPT), which were carried out in an
RF inductive discharge reactor in argon plasma, described in
detail in [23]. During the IPT, the Ar pressure in the reactor
was 0.08 Pa, RF power supplied to the inductor was 800 W.
The ion current density was 7.4mA/cm?. The films were
subjected to a series of four IPT with a duration of 30 min
each, at different values of RF bias on the substrate, which
led to the appearance of a constant negative potential
relative to the housing of 20, 25 and 30V. According
to [24] the following relation is valid between the average
energy of argon ions Ej,, and bias U for the conditions
of ion bombardment carried out in our study: Ej,, = —eU.
Thus, it can be argued that the ion energies of Ar were
20—30¢eV. The samples were glued with vacuum grease
to an aluminum substrate holder, which was located with
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Figure 1. a — energy-dispersive spectra of samples with as-deposited films Ti: / — spectrum for the as-deposited film thickness 12 nm,
2—22,3—32,4—41nm; b — peak Ti K, at Eynot ~ 4.51keV on spectra for as-deposited films Ti; ¢ — dependence of peak intensity
Ti Kq Iphot on thickness of the as-deposited film Ti, normalized by the peak intensity Ti K, of the film Ti thickness 32 nm |pp (32 nm)
and used as a calibration curve to determine the thickness of the treated films Ti.

a 0.Ilmm gap above the water-cooled electrode. Helium gas
was supplied to the gap at pressure 10° Pa, due to the
thermal conductivity of which the substrate holder with the
sample is cooled, so during the IPT their temperature did
not exceed 40°C.

Diffractograms were taken using a DRON-3M diffrac-
tometer in the Bragg—Brentano geometry using copper
anode tube, Cu Kz line was eliminated by a pyrographite
crystal monochromator, Cu K, line was eliminated using
the modified Rachinger method [25]. The resistivity p was
measured using a four-probe method using a DC source
P321 and a voltmeter B7-21 at current values 0.2—2mA,
while the voltage on the samples was 7—10mV. It was
found that p of the original films, as well as those subjected
to IPT, did not change in the intervals between IPT, which
were up to several days. Thus, the effect on p of the
oxidation of Ti films as a result of their exposure to air can
be neglected. The chemical composition of the films was
studied using energy dispersive X-ray spectroscopy (EDX)
and Auger electron spectroscopy (AES). The AES spectra
of the thin near-surface region of the film were taken at the
PHI-660 installation at an electron probe energy of 10keV
in residual vacuum 5.3 - 107 Pa.
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The thickness of the films before and after the IPT
was measured using EDX spectra according to the method
proposed in [26]. EDX spectra of the as-deposited films
with h=12—41nm, as well as a calibration sample —
32 nm thick Ti film, deposited under the same conditions as
the studied films were recorded using INCAx-act detector
(Oxford Instruments) of Supra-40 SEM (Carl Zeiss) at an
accelerating voltage of 7kV. The variation of the electron
beam current values in each series of measurements with
a calibration sample did not exceed 1%. The size of
the scan area was the same in all measurements. The
energy dispersion spectra for the as-deposited samples are
shown in Fig. 1,a4,b. The intensities of the K,-line Ti
(~ 4.51keV), I pnot(h) and Ippot (32nm) were measured for
the as-deposited samples with h thick Ti films and the
calibration sample, respectively, while the background was
not subtracted from the spectra. The thicknesses of the
as-deposited films were measured using SEM images of
the cleavage of the corresponding samples. Next, the
calibration curve — dependence of Iynoc(h)/l phot (32 nm)
on h was constructed, which was approximated by a
piecewise linear function (Fig. 1,¢). The EDX spectra of
the studied (with film of unknown thickness X, [nm]) and
calibration samples were recorded under the same condi-
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Figure 2. SEM images of cleavage of the as-deposited samples with Ti films 12 (a) and 22nm (b).

tions as for the as-deposited samples. The film thickness
was determined using a calibration curve in magnitude
[ phot (Xnm)/lphot (32n1m).  SEM images of cleavage for
the as-deposited samples with films with a thickness of
12 and 22nm are shown in Fig. 2. It can be seen that in
both cases the films are dense, with a roughness negligible
in comparison with the thickness of the film.

The morphology of the surface of the films was studied
using the Supra-40 SEM, the images were obtained in the
secondary electron mode at the angle of incidence of the
electron beam on the surface of the film equal to 70°.

2. Results and discussion

2.1. EDX and AES studies

7kV accelerating voltage was used for EDX spectra
recording, such a value was chosen to register Ti K-lines
located on the spectrum in the region 4.5—5keV. Ti L-lines
located on 400—460 ¢V, overlap with O K,-line, therefore
cannot be used for analysis. A weak K, line C at 277 eV,
and also intense lines Si, O, Ti are presented on EDX spectra
of all samples. There are no lines Ar (Kg; at 2958 eV, Ky
at 2956 eV, doublet Kg; 3 at 3191 eV). The source of the Si
and O lines is SiO, of the substrate. The observation of
intense peaks of the substrate material indicates that when
recording the spectrum, the excitation depth exceeded the
thickness of the film; thus, the recording conditions of the
spectra allow measuring h.

The thicknesses of Ti films were measured before and
after each series of IPT using EDX spectra. It was found
that a near-surface layer with a thickness of 4—5nm was
removed in the first batch, as a result of a series of four
30V IPT, a series of 25V IPT resulted in thinning of the Ti
film by 1-2nm, there was no Ti thinning after a series of
20V IPT.

The spectra of AES films with an initial thickness of
12 and 22nm were recorded before and after the series
of 30V IPT. The chemical composition of the near-surface
region of Ti films with a thickness of 1—-2nm was analyzed.

It was found that C and O are present on the surface before
and after the IPT, in addition to Ti. Si signal appears
after IPT. The composition of the near-surface areas of
films of different thicknesses is approximately the same
before IPT: the proportion of Ti is equal to 16—18at.%,
C — 35-39at%, O — 45—47at.%. The composition
for different films is also the same after IPT, but the O
fraction becomes smaller, and C fraction becomes larger.
Ti-fraction is 12—13 at.%, C fraction is 50at.%, O fraction
is 28—29at.%, Si fraction is 9at.%. The Si signal appears
only after the IPT, which can be explained by the formation
of pores in the film as a result of ion sputtering. The
presence of O is associated with the presence of Ti oxide on
the surface and decreases as a result of IPT, which can be
explained by the removal of the oxide film during sputtering.

2.2. XRD studies

Fig. 3 shows the diffractograms of Ti films with h =12
and 22nm, initial and subjected IPT in different modes.
Only the peak of Si 200 substrate at 20 ~ 33°, and also
the maxima at 20 ~ 35 and 38°, related to Ti are present
in diffractograms in 20 = 20—68° angle range. The peak
at 20 ~ 35° is the maximum 100 of phase «@-Ti with a
hexagonal densely packed lattice. The peak at 26 ~ 38° can
be both a maximum 002 of a-Ti and a maximum 110 of the
high-temperature phase 5-Ti having a volume-centered cubic
lattice. Data on the presence of the S-phase in Ti thin films
deposited by magnetron sputtering at a temperature below
the phase transition point are available in the literature [28].
A maximum 200 of phases B-Ti should be recorded if
the film contains B-Ti grains with planes (110) parallel to
the surface, then when the sample is tilted by an angle
1 ~ 45° and the detector position 20 ~ 55.5°. However,
on diffractograms and pole figures taken in the vicinity of
the angles ¥ = 45° and 20 = 55.5°, this peak is absent. At
the same time, for ¥ ~ 61° and 260 ~ 40°, a peak of 101
corresponding to grains of @-Ti with planes parallel to the
substrate (001) is recorded. Consequently, the presence of

Technical Physics, 2023, Vol. 68, No. 10
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Diffractograms of Ti films of initial thickness 12 (a—) and 22nm (d-f) before and after IPT with an bias on the

substrate 20 (a,d), 25 (be) and 30V (¢ f). I — the as-deposited film, 2 — after the first IPT, 3 — after the second IPT, 4 —
after the third IPT, 5 — after the fourth IPT. The duration of each IPT is — 30 min. The substrate peak is Si 200 at 20 ~ 33°, peak Ti 100
at 20 ~ 34—35°, peak Ti 002 at ~ 38°. Vertical lines indicate the positions of peaks 100 and 002 for the bulk a-Ti [27].

B-Ti in the films is not confirmed, and the peak at 20 ~ 38°
is the diffraction maximum of 002 phase «-Ti.

Thus, only a-phase Ti with mixed texture is present in all
as-deposited films [100] + [001]. Fig. 3 shows that 30 V IPT
lead to significant texture changes: the 002 peak disappears,
while the maximum of 100 increases. 100 peak is at
20 ~ 34° in 12nm film subjected to 30V IPT, and also
in 22nm film subjected to a series of four 30V IPT. No
data on Ti phases with such diffraction maximum were
found in the literature. Also, this peak cannot be attributed
to the phases of any Ti compounds, since it is absent on
the diffractograms of 22—41 films nm after the first IPT,
while, according to the AES, the content of impurities in
the near-surface region of the films does not depend on their
initial thickness. The interplanar distance measured in the
normal direction to the substrate is digp in 12 nm film after

Technical Physics, 2023, Vol. 68, No. 10

the first 30 V IPT is greater than that in the original film
by 3%. This result is similar to those presented in [29,30],
where it was found that the interplanar distance increased
by 6.7% in Nb film with a decrease of grain size from 10
to 5nm reached. This result was explained by the stresses
acting in the film in [29]. The sizes of coherently diffracting
domains (CDD) were estimated in this paper using the
Scherrer formula for peaks Ti 002 and 100 without taking
into account the hardware function and microdeformations,
the results for 30V IPT are presented in Fig. 4. It was
found that the CDD of the as-deposited samples of Ti 002
and Ti 100 peaks increased by about 50% with an increase
of film thickness from 12 to 41 nm. The size of CDD also
decreases during IPT. The interplanar distances djoo and doo;
in the direction normal to the surface were measured from
the positions of the diffraction peaks (Fig. 5). These values
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Figure 4. The dependence of the size of the CDD on the time of the IPT in the mode 30V. The value Digo (@) is calculated using the
profile Ti 100, the value Dgo; (b) is calculated using the profile Ti 002. / — film of initial thickness 12nm, 2 — 22, 3 — 32, 4 — 41 nm.

are d%, = 2.56 A and d,, = 4.68 Afor bulk Ti [5,7,14,15].
The values of digp and dyo; obtained in this work for the
as-deposited and processed films exceed the values for the
bulk material, which indicates compressive stress in the
film plane. djgp and dgo; increase with a decrease of
the thickness of the as-deposited film, which indicates an
increase of compressive stress and is consistent with the
results of [29,30]. djgo and dg; increase as a result of
the IPT in 20 and 25V modes for films with a thickness
of 12nm, they slightly change in 22—41nm thick films ,
digo and dgo; increase of films 12 and 22nm as a result of
IPT in 30 V mode. The stresses in the films, estimated using
the formula o = E/2u(doo1—d3y,)/dSy; [31], where E —
Young’s modulus, ¢ — Poisson’s ratio, give values for
the original films from ~ 1.0 GPa for the film 41nm
to ~ 1.7GPa for film 12nm. The stress calculation using
the formula o = E/2u(d190—0d%,)/ddy, gives an abnormally
large stress value of ~6GPa in 12 and 22nm films
subjected to a series of IPT in the 30V mode. Thus, it
can be argued that the maximum at 20 ~ 34° is the peak
of 100 «-Ti. This change in the interplanar distance cannot
be explained by the implantation of argon into the film,
since Ar was not found in the films as a result of EDX
and AES measurements, in addition, 20 ~ 34° peak does
not appear on the diffractograms of 32 and 41 nm films. The
intensity of the Ti 100 peak increases with an increase of
the total IPT time as a result of the IPT 20V only for 12nm
film, the diffractogram of 22 nm film does not change. The
result of the IPT series 25V is similar to the result of 20V
IPT, however, Ti 100 peak intensity relative to the peak
intensity Ti 002 increases faster with an increase of the total
IPT time in 12nm film.

Thus, the ion bombardment of the Ti film leads to changes
in the crystal texture. As a quantitative characteristic of

the texture, it is convenient to use the relative integral
intensity of |100/(| 100 + |002) peak [11,15]. Fig. 6,a—c
shows the dependencies of the parameter |109/ (1100 + | 002)
on the time of the IPT t for different modes. It can
be seen that grains with planes (001) oriented parallel to
the substrate dominate in 12nm thick as-deposited film,
the proportion of [100] oriented grains increases with an
increase of the thickness of the as-deposited film. It is
known that grains with planes (001) oriented parallel to
the substrate have a minimum surface energy [32-34|, the
elastic strain energy [11,32,34] is minimal in grains with
planes (100) parallel to the substrate. Thus, an increase
of the proportion of [100] oriented grains with an increase
of the film thickness is probably attributable to an increase
of stresses (Fig. 5) and the elastic strain energy caused by
them. It was found that [001] oriented grains disappear and
a texture is formed [100] in the 30 V mode, after the first
IPT in the 12nm film. The same effect in 22nm film is
achieved as a result of three consecutive IPT, the texture
[100] becomes dominant after four IPT in 32,nm film. At
the same time, the series of IPT with a total duration of
120 min slightly increases the parameter 100/ (1100 + |002)
in 41nm film. 20 and 25V IPT slightly change the
proportion of [100] oriented grains in22—41nm films, but
this proportion increases in 12nm film, and this increase is
the greater the greater is the bias on the substrate.

The increase of the proportion of [100] oriented grains as
a result of IPT cannot be explained only by the preferential
sputtering of [001] oriented grains. In this case, the intensity
of the peak 002 as a result of the IPT would decrease,
which does not correspond to the results obtained. This
can be confirmed by analyzing the change in the absolute
values of the integral intensity of peaks on diffractograms.
Fig. 6,d shows a change of | oo depending on the thickness

Technical Physics, 2023, Vol. 68, No. 10
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Figure 5. Dependence of interplanar distances digo (@, ¢, ¢) and doo1 (b, d,f) in the direction normals to the substrate from the IPT time
for modes 20 (a, b), 25 (¢, d), 30V (e f). I — film of initial thickness 12nm, 2 — 22, 3 — 32, 4 — 41 nm.

of the original film for the series of 30V IPT. The integral
intensity of 100 |99 peak at first sharply increases in this
series in 12 nm films, and then the intensity weakens, which
is explained by a decrease of the thickness of the film as
a result of sputtering. |1o9 increases throughout the series
in 22nm film. Since all films are thinned during the IPT
process, the increase of ljpp in 12 and 22nm films can
only be explained by the transformation of [001] oriented
grains into [100] oriented ones. The rate of increase of the
number of [100] oriented grains in 22nm film as a result
of such transformation exceeds the rate of decrease of their
number as a result of thinning. |;¢¢ attenuation occurs in
32 and 41 nm films, which is explained by thinning of the
films.

—1 Technical Physics, 2023, Vol. 68, No. 10

The film thinning does not exceed 1—2nm in series of
20 and 25V IPT, while |99 in 32 and 41 nm films does
not change in the series of IPT, |99 increases by 5—6 times
in 12nm films, |99 does not change in 22 nm film in 20V
mode and it increases by 1.5 times in 25V mode. As in the
case of 30 V IPT, in this case, the growth of | 199 is explained
by the restructuring of the grains, leading to an increase of
the proportion of [100] oriented grains.

It was mentioned above that the texture of [100] in a-
Ti films is attributable to stress. The following qualitative
explanation for the reorientation of grains as a result of IPT
can be proposed based on this fact. Earlier, [19,35] showed
that IPT leads to an increase of compressive stress in Cr
films, which was explained by the diffusion of atoms from
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mode (c). Ti 100 l190 peak intensity depending on IPT time in 30 mode,V (d). I — Ti film with an initial thickness of 12nm, 2 — 22,

3—32,4—41nm.

the surface into the grain boundaries within the framework
of the model of compressive stress generation proposed
in [36]. Ton-induced compressive stress in this system can
be the driving force that changes the texture of Ti film.
An increase of djgo and dgo1, and consequently, increase of
stress in the film plane, with an increase of the IPT time
indicates an increase of compressive stress in the film plane.
Fig. 5 shows that 20—30V IPT leads to an increase of dgo;
in 12nm films, IPT 30V increase the stresses in 22 nm film,
the same stresses change weakly in 32 and 41 nm films.
This result generally correlates with the increase of the
fraction of [100]-oriented grains. The formation of a (100)
texture in Ti films was observed in [11,12] as a result of
ion bombardment, carried out, however, during deposition;
this result was also explained by strong compressive stress
in [11].

It should be noted that a similar effect was observed
in [32] when the addition of deuterium to the atmosphere
during Ti deposition led to the formation of [100] texture,
but no increase of stress was observed. The formation of
the [100] texture was explained in [32] by a decrease of
the mobility of adatoms on the (100) and (001) planes due
to deuterium adsorption, which made the growth of [100]
oriented grains preferable due to the lower packing density
of atoms in the (100) planes. In our case, the analysis
of the chemical composition of the near-surface areas of
the film indicates the removal of oxygen as a result of
ion bombardment, as well as the absence of argon after
it, therefore, the effect of adsorption of impurities on the
restructuring of grains is not confirmed.

The increase of the rate of texture change with an increase
of bias on the substrate, as well as with a decrease of the

Technical Physics, 2023, Vol. 68, No. 10
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Figure 7. Dependence of p Ti films on the IPT time in 20 (a), 25 (b), 30V modes (c). I — film of initial thickness 12nm, 2 — 22,
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thickness of the film, can be qualitatively explained within
the framework of the theory proposed in [36], according to
which, mobile adatoms on the surface diffuse into the grain
boundaries during the deposition of the film which results
in the generation of compressive stress. Ion bombardment
of the surface of the Ti film leads to the sputtering of
atoms from the near-surface layers, while some of the atoms
do not leave the surface. As a result, the concentration
of adatoms on the surface increases. An increase of the
average energy of Ar ions contributes to an increase of the
mobility of adatoms, which, in turn, increases their diffusion
length in the case of surface and grain-boundary diffusion.
For the same value of the diffusion length of adatoms, the
restructuring of a thinner film occurs faster. The migration
of adatoms to grain boundaries will accelerate with an
increase of the total area of these boundaries. Figure 4
shows that the CDD size decreases with a decrease of the
thickness of the as-deposited film. Smaller CDD sizes in the

—1" Technical Physics, 2023, Vol. 68, No. 10

case of the thinner film mean the larger total area of grain
boundaries, which in turn means the increase of the atomic
flux density during grain boundary diffusion.

Thus, a significant (by 3%) increase of the interplanar
distance digp in 12 and 22 nm films after the series of 30 V
IPT can be explained by the cumulative effect of a decrease
of the size of the CDD (Fig. 4) as a result of IPT [29,30]
and an increase of compressive stress.

2.3. Measurement of the resistivity of Ti films

Figure 7 shows the dependence of p Ti films on the
total IPT time t. It can be seen that the smaller the film
thickness is the greater is the increase of p in 20 and 25V
modes. There is no noticeable thinning of the film in these
modes, the size of the CDD also does not change, so
the increase of p can be explained by the introduction
of radiation defects into the near-surface layer. p varies
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Figure 8. SEM images of 12 (a4, b) and 22nm Ti films (¢ d), the as-deposited films (a4, c) and films subjected to a series of 30V

IPT (b, d).

slightly in 30V mode in 32 and 41 nm films, while there
are the decreasing areas on the dependence of p on t in
12 and 22nm films that coincide in time of the IPT with
the shift of the position of Ti 100 peak to the position
20 ~ 34°. The value of p itself significantly exceeds that
for bulk material, increasing with the decrease of the film
thickness, which is typical for thin films and is attributable
to the scattering of charge carriers at grain boundaries and
on the surface. p exceeds the resistivity of the bulk Ti
by 1.8 times in 41 nm as-deposited film and by 3.6 times
in 12nm as-deposited film. The decrease of p in 12nm
film after the first two 30V IPT is 14%, a further increase
of p is associated with its thinning during sputtering. The
reduction of p in 22nm film as a result of the fourth IPT
in 30V series is 28%; thus, p in this film is 20% less than p
in the same film before the treatments. The reduction of p
by 14 and 20% in 12 and 22nm films are reproduced in
repeated experiments with Ti films deposited and treated
under similar conditions.

It is known that monocrystalline Ti is characterized by
anisotropy p, which, however, does not exceed 7% [37].
Thus, the observed decrease of p can not be explained only
by a change of texture. The removal of the oxide film
as a result of IPT also cannot explain the reduction of p,
since such a reduction, firstly, does not occur as a result of
IPT for other film thicknesses, and secondly, the removal
of oxide occurs during each IPT, and reduction of p is

observed only after certain IPT. As a result of 30 V IPT, both
the CDD (Fig. 4) and the film thickness decrease, which
gives contributions to an increase of p at corresponding sites
depending on duration of IPT.

Figure 8 shows the SEM images for the film with an
initial thickness of 12 and 22 nm before and after the series
of 30V IPT. It can be seen that the roughness of 12nm
film decreases as a result of IPT, and the lateral dimensions
of the objects that make up the surface also decrease. In
the case of 22 nm film, the lateral dimensions of the objects
that make up the surface increase, and the roughness does
not change noticeably. The result obtained for 22nm film
is consistent with the results obtained for Pt film subjected
to IPT in modes similar to those used in this study [38].
A reduction of the roughness of the film as a result of
IPT may be responsible for a decrease of p, however,
it seems that the change in surface morphology during
IPT is monotonous, while p decreases within a relatively
short period of IPT duration. Since the decrease of p
in case of 12 and 22nm films coincides in time with a
strong shift of the peak position 100, which also occurs
abruptly, it can be assumed that it is attributable to a
change of the electronic structure of the material due to
changes of interatomic distances. The decrease observed
in [39] and measured along the direction [001] p for a Gd
crystal also having a hexagonal densely packed lattice was
explained by a change of the parameters of the crystal
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