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Abstract

Ti thin films have been deposited on silicon wafers by electron beam evaporation of Ti powder with and without simultaneous
Ž .assistance of argon ion bombardment IBAD technique . We have investigated the influence of the oxygen content on both the

morphological and mechanical properties of the films. We found that the oxygen content in the films is minimum when a Ti
Ž .pre-evaporation treatment is performed just before the deposition process. Moreover, the concentration of oxygen �5 at.%

found in non-assisted films grown with Ti pre-evaporation is very similar to that measured in Ti films deposited with the
assistance of argon ions with different bombardment energies. The influence of the ion-beam acceleration voltage and the
incident angle on the film properties was also investigated. It was found that the film oxygen concentration is critical for

Ž .determining both the material film morphological performance best at lower oxygen contents and the film hardness, which is
maximum with high and low oxygen contents in non-assisted and ion-assisted films, respectively. � 2001 Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

There is much interest in thin films of both pure Ti
and Ti compounds, like TiN, TiC and TiCN, due to
their outstanding properties, such as high hardness,
melting point, mechanical stability and their electrical
conductivity. These features make them very useful,
not only for mechanical applications, but also for the
microelectronics, medical and aerospace industries. On
the other hand, TiN grown by different techniques
Ž Ž .chemical vapour deposition CVD , sputtering, pulsed

Ž .laser deposition PLD and ion beam-assisted deposi-
Ž . � �.tion IBAD 1�4 is one of the most widely investi-
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gated nitrides. The use of IBAD is, however, especially
convenient, due to its flexible controllability and repro-
ducibility of the structural and chemical properties of

� �the resulting films 5�8 . However, in high vacuum
Žsystems like IBAD, not only nitrogen in the case of

.TiN films , but other reactive gases such as mainly
water vapour and oxygen are also present in the reac-
tion chamber. Even when present at low concentration,

Žthey are incorporated into the growing films mainly of
.Ti due, to a large extent, to the extremely high affinity

of titanium towards oxygen. The presence of contami-
nants like oxygen can adversely affect some properties
of the deposited films. For example, oxygen contamina-
tion leads to an increase in the TiN film resistivity,
which decreases the efficiency of the metallic junctions

� �in microelectronic devices 9 .
� �In addition to this, several authors, like Ensinger 10

� �and Manory et al. 11 have reported results indicating
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that irradiation of titanium with ions diminishes the
oxygen content in the films. The results of Manory et

� �al. 11 even suggest significant improvement in tribo-
logical properties, such as adhesion and wear perfor-
mance, of TiN films with a low oxygen content.

The oxygen content in TiN materials deposited by
IBAD is thus a critical parameter for their adequate

� �performance in many technological applications 12,13 .
Although some works have been published on the role
played by oxygen on the properties of the deposited
TiN thin films, some controversy still persists. Some

� �authors, like Koniger et al. 14 , establish direct corre-
lations between the nanohardness of TiN films and
their oxygen content, thus reporting increasing
nanohardness with growing oxygen concentration. The
nanohardness values obtained are, however, very low:
up to a maximum of only 3 GPa with almost 25 at.%

� �oxygen content. Other authors, like Manory et al. 11 ,
do not find a definitive correlation between ion bom-

Ž .bardment leading to low oxygen content and film
� �hardness. Manory et al. 11 also found that, depending
Ž � �.on the implanted ions C or Ar , the nanohardness

might significantly reduce or improve, as a function of
Žthe ion dose, with respect to the unimplanted richer in

.oxygen content TiN samples.
� �On the other hand, Ensinger 10 studied how oxygen

is incorporated into the TiN films deposited by IBAD
and its relationship with the ion beam energy; however,
Ensinger does not analyse the influence of oxygen on
the morphological and tribological properties, for ex-
ample, mean grain size, roughness, and hardness.

Therefore, in order to clarify the influence of the
oxygen content on the morphological and tribological
properties of Ti thin films deposited by IBAD, we have

Ž .designed two series of model experiments: i deposi-
Ž .tion of Ti without argon ion-beam assistance; and ii

deposition of Ti with argon ion-beam assistance. These
two sets of experiments were performed as a function
of the incident angle and the ion acceleration voltage.

ŽIn both cases, Ti pre-evaporation was performed see
.details below .

2. Experimental procedure

2.1. Preparation of the Ti thin films

The deposition of Ti films was carried out by elec-
Ž .tron beam evaporation APT&T EVM-5 of titanium

with and without simultaneous argon ion bombardment
Ž .see Fig. 1 . The ion source was of the Kaufman type
Ž .IBS-250 with a beam diameter of 3 in. Depositions
without ion assistance were carried out with a 2-h
evacuation time, while the non-assisted films were de-
posited at evacuation times ranging from 0 to 24 h. In
order to elucidate the role played by oxygen, both sets

Ž .of experiments with and without ion assistance in-

Fig. 1. Experimental set-up.

cluded a sample for which a Ti pre-evaporation treat-
ment was performed. The Ti films were deposited with

Žan acceleration voltage ranging between 0 experiments
.without ion beam assistance and 450 V and an ion

current of 15 mA. During the deposition, the pressure
�6 Žin the chamber was kept constant at 10 mbar without

. �4 Ž .ion assistance and 3�10 mbar with ion assistance .
The direction of the argon ion beam was 54�, 68� and
89� off the normal, and the angle of the evaporated

Ž .atoms using an electron beam was 10� to the normal
of the substrate surface. Moreover, the distance
between the ion and electron beam sources and the
substrate surface was 20 and 15 cm, respectively. In our

Ž .experiments, Ti films were deposited on 100 -oriented
silicon substrates carefully cleaned, before the deposi-
tion process took place, in an acetone followed by an
ethanol bath. In addition to this, and prior to film
deposition, all substrates were subjected to a 5-min
sputter-cleaning treatment with Ar� ions. The experi-
mental conditions used in the present study are listed
in Tables 1 and 2 for experiments performed with and
without ion beam assistance, respectively.

2.2. Structural analysis and mechanical characterisation

The Ti thin film composition was determined through
Ž .Auger electron spectroscopy AES measurements per-

formed in an ultra-high vacuum chamber with a base
pressure of 5�10�10 mbar and using a JEOL-JAMP-
10S spectrometer with a cylindrical mirror analyser
Ž .CMA . The AES data were acquired in the differential
mode. The kinetic energy of the incident electron beam
was 5 keV, with a total current of 90 nA. Moreover,

Ž .X-ray diffraction XRD was also used in order to
corroborate the analysis of the film composition previ-
ously performed with AES techniques.
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Table 1
Experimental conditions with Ar ion beam assistance with an incident angle of 54�

Conditions

Ž .Evacuation time h 2 2 2 2
aŽ .Ion beam acceleration energy keV 0.225 0.300 0.375 0.450

Ž .Ion beam intensity mA 15 15 15 15
Ž .e-beam acceleration energy keV 7 7 7 7

Ž .e-beam intensity mA 140 140 140 140
�6 �6 �6 �6Ž .Background pressure mbar 10 10 10 10
�4 �4 �4 �4Ž .Operating pressure mbar 10 10 10 10

Ž .Deposition time min 10 10 10 10

a For this ion energy, the material properties have been studied at two additional impact angles: 68 and 89�.

The film morphology and nanostructure were
Ž .observed by atomic force microscopy AFM under

ambient conditions with a homemade microscope, as
� �described by Kolbe et al. 15 . Surface images were

taken in the contact mode using sharpened silicon
Žnitride cantilevers Park Scientific Instruments and

. Ž .Olympus . The root mean square rms roughness val-
ues, together with mean grain size, were obtained from
analysis of the different AFM images. Different areas
of each sample were examined to check the uniformity
of the films.

The hardness of the Ti films was measured using
nanoindentation techniques. For the measurements

Žpresented here, we used a Nano-Indenter� II Nano
.Instruments Inc. with a Berkovich pyramid diamond

indenter. We have used the a.c. indentation technique,
� �which was first introduced by Oliver et al. 16 . This

technique allows the continuous measurement of the
hardness of the sample as a function of the indentation
depth. The measurements were carried out at the maxi-
mum possible load in order to determine the effect of
the substrate on the mechanical properties of the film.
Finally, the thickness of the deposited coatings on the
silicon substrates was measured using a surface profil-
ing system, Dektak 3030.

3. Results and discussion

3.1. Film composition and phase analysis

Tables 3 and 4 show the elemental composition,

obtained by AES, of our Ti films deposited with and
without argon ion beam assistance with different bom-
bardment energies, respectively. In the case of non-as-
sisted films, it is evident that the oxygen content of
such films is clearly dependent, not only on the evacua-
tion time, but also on whether a Ti pre-evaporation
treatment is performed or not before deposition takes
place. The sample deposited with a previous Ti pre-

Ž .evaporation sample 7 presents the least oxygen con-
tent, due to the very high affinity of titanium towards
oxygen, thus eliminating much of the oxygen remaining
in the reaction chamber. Also, the amount of oxygen in
the Ti films decreases with increasing evacuation time,
since, obviously, more oxygen is eliminated from the

Žreaction chamber see the cases of 24 and 2 h evacua-
.tion time in Table 4 .

Analysis by XRD of the non-assisted films allows a
better understanding of the role played by oxygen on
these films. Results from XRD indicate that only one

Ž Ž .phase Ti O , growing in the 203 preferential direc-2 3
.tion is detected in films with a high oxygen content

Ž .�30 at.% . As the amount of oxygen in the films
Ž .decreases �23 at.% , XRD analysis confirms the ap-

pearance of a second growing phase, specifically Ti in
Ž .the 101 preferential orientation, while the Ti O2 3

Žphase peak decreases. Therefore, two main phases Ti
. Žand Ti O co-exist in the films for moderate �232 3

. Žat.% oxygen content. For a lower oxygen content �5

. Ž Ž . .at.% , only one phase that of Ti in the 101 direction
remains.

Table 2
Experimental conditions without ion beam assistance

Conditions

aŽ .Evacuation time h 0 2 24 0
Ž .e-beam acceleration energy keV 7 7 7 7

Ž .e-beam intensity mA 140 140 140 140
�6 �6 �6 �6Ž .Background pressure mbar 10 10 10 10
�6 �6 �6 �6Ž .Operating pressure mbar 10 10 10 10

Ž .Deposition time min 10 10 10 10

a Immediate deposition but prior evaporation of Ti for two cycles of 2 min each. The shutter was kept closed during these two prior Ti
evaporations, so that no deposit was formed.
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Table 3
Film composition, thickness, roughness and mean grain size for the
experimental conditions of Table 1

Material property Sample 1 Sample 2 Sample 3

Ž .Evacuation time h 2 2 2
Ž .Deposition time min 10 10 10

aŽ .Ion beam energy keV 0.225 0.300 0.375
Ž .Ti at.% 93.8 90.0 94.0
Ž .O at.% 6.2 10.0 6.0
Ž .C at.% 0.0 0.0 0.0

Ž .Thickness nm 520.0 400.0 195.0
Ž .Roughness nm 65.0 56.5 46.5

Ž .Hardness GPa 6.65�1.1 5.23�1.0 8.65�0.5
Ž .Grain size nm 7.4 13.0 6.0

a For this ion energy, the film roughness and grain size have been
studied at two additional incident angles: 68� and 89�.

On the other hand, the oxygen content of the Ti
films grown with argon ion assistance is much lower
Ž .see Table 3 than that found in non-assisted Ti films

Ž .grown under the same conditions 2 h evacuation time ;
this result is in agreement with that previously reported

� �by Manory et al. 11 on TiN films grown with ion
assistance. Moreover, it is evident in Table 3 that, while
the oxygen concentration at 0.225 and 0.375 keV
is practically the same, there is a transition energy
Ž .�0.300 keV at which argon ions stop allowing the
maximum incorporation of oxygen and begin to etch
oxygen from the growing Ti film, thus lowering its

Ž .oxygen content at higher ion energies see Fig. 2a,b . A
clear variation in the roughness and mean grain size as
a function of the ion bombardment energy can be
observed in Fig. 2a, and in the AFM images shown in
Fig. 3c,b,d, respectively.

ŽAs revealed by the X-ray diffraction analysis not
.shown here , the deposited Ti films assisted with argon

ions exhibit the presence of different phases as a
function of the ion impact energy: at 0.375 keV no
oxide phase is detected although we found three pref-

Ž . Ž .erential growing directions for Ti: 100 , 002 and
Ž .101 . The same preferred orientations of Ti were found
at 0.300 keV, but in this case a small peak also appears,
indicating the presence of the oxide phase TiO growing2

Ž .in the preferential direction 513 . At 0.225 keV, only
Ž . Ž .Ti 002 and the oxide phase Ti O in the 023 growth2 3

preferential direction were found. When no ion assis-
Ž . Ž .tance 0 keV was supplied, only Ti O 023 was2 3

found.

3.2. Microstructure and mechanical properties

The AFM images of the film surfaces taken at in-
Žcreasing deposition times see Table 2 for non-assisted

.films reveal that the films grow homogeneously with
the deposition time. The influence of the oxygen con-
tent in the morphology of the film is evaluated by
measuring the mean grain size and the root mean

Ž .square rms roughness of the samples. Table 4 shows
the mean grain size and surface roughness values ob-

Ž .tained from AFM images see Fig. 4 of the non-
assisted Ti films. Our results indicate that the higher
the oxygen content, the higher the film roughness and
the lower the mean grain size, although the latter is
hardly visible in high oxygen content films, since the
films are hardly textured. Moreover, as is evident in
Fig. 5b, both the roughness and hardness of non-as-
sisted films increase with growing oxygen content. This
suggests that, with high oxygen contents, the dominant
growing phase is Ti O . Since Ti O has ionic�cova-2 3 2 3

� � Ž .lent bonds 17 much more ionic than covalent , which
� �are stronger than the metallic titanium bonds 18 , its

presence would explain the observed film hardness
increase with increasing oxygen concentrations in the
non-assisted films.

On the other hand, analysis of the argon ion-assisted
Ti films at different ion energies shows that the film

Ž .thickness clearly decreases see Fig. 2b with increasing
ion energy while, as is observed in Fig. 2a, the surface
roughness decreases up to 0.375 keV, but then in-

Žcreases for increasing ion energies 0.450 keV and
.above due to the effect of sputtering. This film

smoothing effect with increasing ion bombardment en-
ergy can be better seen in the sequence of AFM
images shown in Fig. 3.

Table 4
Film composition, thickness, roughness and mean grain size for the experimental conditions of Table 2

Material property Sample 4 Sample 5 Sample 6 Sample 7

aŽ .Evacuation time h 2 24 0 0
Ž .Deposition time min 10 10 10 10

Ž .Ti at.% 65.8 69.2 77.0 95.0
Ž .O at.% 30.0 23.0 23.0 5.0
Ž .C at.% 0.0 6.0 0.0 0.0

Ž .Thickness nm 200.0 350.0 420.0 300.0
Ž .Roughness nm 24.1 17.4 16.0 9.6

Ž .Hardness GPa 13.0�0.1 7.5�0.5 7�1 6.0�1.2
Ž .Grain size nm 25.0 75.0 72.0 80.0

a Immediate deposition but prior evaporation of Ti for two cycles of 2 min each. The shutter was kept closed during these two prior Ti
evaporations, so that no deposit was formed.
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Ž . Ž . Ž . Ž .Fig. 2. a Surface roughness � and grain sizes � ; and b film
Ž . Ž .thickness � and oxygen content � as a function of the ion energy.

All depositions were made at 10�4 mbar and 3 sccm of Ar flow.

It is also worth mentioning that the observed trend
in Fig. 2a for the mean grain size with increasing ion
energy follows very closely that of the film oxygen
content.

It is evident in Fig. 5a, together with Table 3, that
the hardness of the assisted films increases with de-
creasing oxygen content; however, in this case the film
oxygen content is not a key parameter controlling the

Žhardness of the assisted films, since other effects re-
.lated with the ion bombardment must be considered:

the creation of defects, and the variation of both the
mean grain size and the preferential growing directions
related to the ion bombardment of the films. The
opposite trend is found in Fig. 5b, where it is evident
that the non-assisted film hardness increases with in-
creasing oxygen concentration in the films.

ŽThe influence of varying the ion incident angle at a
.constant ion energy of 0.300 keV on the roughness

and mean grain size of the film surface has also been
investigated. We found that both the surface roughness
and mean grain size decrease with growing incident

Fig. 3. AFM images of argon ion-assisted Ti films deposited at 10�4

Ž . Ž .mbar with 3 sccm of Ar, and different ion energies: a 0; b 0.225;
Ž . Ž . Ž .c 0.300; d 0.375; and e 0.450 keV.

angles ranging from 50� to 70�; however, at higher
Ž .angles up to 90� , the magnitude of both starts to

Fig. 4. AFM images of non-assisted Ti films deposited at 10�6 mbar
Ž . Ž . Ž .with an oxygen content of: a 30; b 23; and c 6 at.%.
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increase, though the roughness growth is faster than
Ž .that of the mean grain size see Fig. 2a . The granular

structure of the ion-assisted films at 0.300 keV is shown
in Fig. 6 for different ion impact angles. It can be
clearly seen that the smoothest and most homogeneous
film is that corresponding to an ion impact angle of 68�
Ž .Fig. 6b . It is worth mentioning that at 0.375 keV, the
lowest roughness and mean grain size are achieved at

Ž .54� see Fig. 2a . However, it is highly probable that
even lower roughness and grain size values could be

Žobtained at 68� working at 0.375 keV though this
.experiment was not actually performed in this work .

ŽTherefore, in terms of morphological quality of great
.interest for applications in microelectronics , the opti-

Žmum processing angle would be 68� at 0.375 keV at
0.375 keV, the amount of oxygen in the films is mini-

.mum .
Nanoindentation studies demonstrated that, keeping

the ion energy constant at 0.300 keV, the Ti film
hardness increases slightly by increasing the impact ion

Ž . Ž . Žangle from 54� 5.23 GPa , to 68� 4.7 GPa and 89� 5.6
.GPa .

Ž .Fig. 5. Film hardness and surface roughness as a function of: a the
Ž .ion energy for ion beam-assisted films; and b oxygen in non-assisted

films.

Fig. 6. AFM images of 0.300-keV argon ion-assisted Ti films de-
Ž . Ž . Ž .posited at three different ion incident angles: a 54�; b 68�; and c

89�.

According to the previous results, an ion energy of
0.375 keV and an ion impact angle of 68� should be
used where ion-assisted films with optimum morpholog-

Ž .ical features related to minimum oxygen content are
desired. In the case of non-assisted films, the best
morphological characteristics are achieved for the 0-h

Ž .evacuation time sample see Table 4 , for which a Ti
pre-evaporation treatment is performed before deposi-
tion.

If, on the other hand, optimisation of the film hard-
ness is desired, the film oxygen content should be
increased with adequate deposition conditions: this is

Ž .the case of sample 4 in Table 4 non-assisted films and
Ž .sample 3 in Table 3 ion-assisted films . In the latter

case, the ion energy determines the film hardness
Ž .higher bombarding energies lead to harder films ,
while, for non-assisted films, the oxygen content is the
main parameter controlling the hardness of the films
Ž .higher oxygen levels lead to harder films .

4. Conclusions

Titanium films have been deposited by evaporation
of titanium with and without simultaneous bombard-
ment with argon ions. It was found that, in general, the
ion-assisted films exhibit lower oxygen content than
those films grown by simply using Ti evaporation. How-
ever, it was observed that a Ti pre-evaporation treat-
ment before deposition produces a remarkable
reduction of the film oxygen concentration. A clear
connection is found between oxygen content and the
non-assisted Ti film hardness: high oxygen concentra-
tion leads to harder films. It was found that, in general,
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the non-assisted grown films were harder than the
ion-assisted ones.

On the other hand, optimum morphological features,
such as film roughness and mean grain size, are con-
nected with a low oxygen concentration in the films.
Moreover, the influence of different ion impact angles
on the morphological and mechanical properties of the
films has also been studied. It was found that the
lowest film roughness and main grain size were ob-
tained by using an impact angle of 68� and an ion
bombardment energy of 0.375 keV. However, at a
constant bombardment energy of 0.300 keV, the hard-
est films are deposited when working with argon ions
impacting the substrate with angles ranging between 68
and 89�.
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