ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Applied Surface Science 253 (2007) 5196-5202

applied
surface science

www.elsevier.com/locate/apsusc

Surface analysis of the nanostructured W-Ti thin film deposited on silicon

S. Petrovi¢ ®*, N. Bundaleski ?, D. Perusko?, M. Radovi¢?, J. Kovac ®,
M. Mitri¢ ?, B. Gakovi¢?, Z. Rakocevi¢?

d Institute of Nuclear Sciences — Vinca, P.O. Box 522, 11001 Belgrade, Serbia
® “Jozef Stefan” Institute, Jamova 39, 1000 Ljubljana, Slovenia

Received 24 February 2006; received in revised form 30 October 2006; accepted 30 October 2006
Available online 17 December 2006

Abstract

The W-Ti thin films are deposited by the dc Ar* sputtering of W(70%)-Ti(30%) a.t. target on silicon substrates. The surface composition and
structure of the thin film, previously exposed to air, was carried out. The surface structure was undertaken using grazing incidence X-ray diffraction
(GIXRD), and compared to that of the thin film interior. The surface morphology was determined by the Scanning Tunneling Microscopy (STM).
The surface composition and chemical bonding of elements on the Ti—W film were analyzed by X-ray photoelectron spectroscopy (XPS) and Low
Energy Ion Scattering (LEIS). The measurements show that the overlayer of metallic oxides TiO, and WOj; is formed. The first atomic layer is
occupied by TiO, only, and its thickness is estimated to about 3.2 4+ 0.4 nm. The strong surface segregation of Ti is triggered by the surface

oxidation, which is confirmed by the thermodynamical considerations.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that W-Ti thin films suppress the
interdiffusion between metal contact structures on silicon
[1]. The most frequently used stoichiometry is 70:30 W:Ti a. t.,
where tungsten serves as the diffusion barrier (atomic
diffusivities of most metals in tungsten is low) and titanium
prevents grain boundary diffusion. The addition of titanium to
tungsten also improves the corrosion resistance and the
adhesive strength of the barrier [1,2]. Hence, their additional
properties, such as thermomechanical stability, low electro-
migration and high corrosion resistance, make these films
convenient as interdiffusion barriers for metallic contacts of
semiconductor devices, especially in the case of high current
densities and at increased temperatures [3].

The most probable diffusion mechanism through the barrier
layers is the grain boundary diffusion, which is higher than the
volume diffusion by orders of magnitude. For this reason,
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special attention has been given to the microstructure and to the
concentration of impurities in the diffusion barrier layers,
which govern grain boundary diffusion [4]. The addition of
nitrogen and/or oxygen to the argon sputtering gas during the
magnetron deposition of W-Ti thin film lowers the diffusion
coefficient of a contact metal. The possible explanation of this
effect is that the introduced gas atoms are collected at defect
sites and grain boundaries, which contributes to blocking the
open diffusion paths [1].

Different multilayered metal structures obtained by ion
sputtering with W-Ti as a diffusion barrier layer has been
investigated in [4]. The improvement of the diffusion barrier
properties was achieved by exposing samples to air deliberately
after the W-Ti deposition in order to contaminate them with
oxygen [5]. According to the Auger Electron Spectroscopy
(AES) depth profiling of the multilayered metal structures
previously exposed to air, the concentration increase of O and
Ti and decrease of W concentration took place. While the
increase of the oxygen concentration on the mentioned
interface is expected, the change of the Ti and W interface
concentrations with respect to the thin film interior cannot be
explained straightforwardly. Moreover, several questions arise
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about the structure, composition and topography of the W-Ti
surface formed in this way, since it becomes a substrate for the
deposition of metallic contacts.

Surface structure and composition of W-Ti thin film
deposited by dc sputtering is analyzed in this work. The
samples were exposed to the air after the deposition, i.e. before
the analyses. This contributed, as it will be shown, to significant
changes of the surface composition and provided important
information concerning the oxygen interaction with W-Ti thin
film at room temperature. The crystal structure of W-Ti thin
films was analyzed by X-ray diffraction (XRD) using both, the
standard geometry and grazing incidence in order to resolve the
structure of the surface region from those of the thin film
interior and the sample substrate. The surface morphology and
the size of the surface agglomerates were determined using the
Scanning Tunneling Microscopy (STM). The surface composi-
tion has been determined using X-ray photoelectron spectro-
scopy (XPS), as well as Low Energy Ion Scattering (LEIS).
LEIS and XPS are complementary techniques for the surface
analysis: XPS provides both the surface composition analysis
and the chemical information, while the LEIS information
depth is restricted to the first few atomic layers (which makes
this technique particularly suitable for investigating the surface
segregation phenomena). The composition of the thin film
interior has been also determined, using XPS together with the
Ar" ion sputtering.

2. Experimental

Thin films of W-Ti were deposited by dc sputtering (in
Balzers Sputtron II system) of W:Ti 70:30 a. t. % target. The used
substrates were (100) n-Si wafers, cleaned in an HF solution and
in de-ionized water before mounting in the chamber. Before
deposition, the sputtering chamber was evacuated by a
turbomolecular pump, down to a final pressure 1 x 10 Pa.
The substrate surfaces were cleaned by bias sputtering. The
cleaning procedure included Ar* bombardment of substrates
during 2min at /=50mA and V=1kV. The sputtering
deposition was performed at room temperature and the partial
pressure of argon 1 x 10~'Pa. Under such conditions, the
deposition rate was approximately 0.095 nm s~ '. The thickness
of deposited WTi thin films is 105 nm, measured by Talystep.
After the deposition, the samples have been exposed to air at
room temperature and relative humidity of about 50% for 10
days. We assume that equilibrium state at the sample surface was
achieved during this period. The samples were then analyzed by
different techniques.

The phase composition and crystalline structure of W-Ti
thin films was recorded by grazing incidence X-ray diffraction.
Cu Ko X-ray diffraction patterns were collected by a Bruker D8
Advance Diffractometer with parallel beam optics. The beam
optics was adjusted by a parabolic Gobel mirror (push plug Ni/
C) with horizontal grazing incidence soller slit of 0.120 and LiF
monochromator. Angle 26 in the range 30°-80° were scanned
by a step of 0.02 degree in time sequence of 1 s.

The surface morphology of deposited W-Ti layer was
analyzed by the STM NANOSCOPE III at room temperature

and under atmospheric pressure. The STM image was obtained
in constant current mode using a Pt(10%)Ir tunneling tip.
Agglomerate size and mean surface roughness of the deposited
W-Ti thin film were measured using the section analysis
program in STM.

The W-Ti thin film was analyzed by XPS in the PHI XPS-
TFA spectrometer. Monochromatized Al Ka X-ray beam was
used for analysis of as-received surface and during the XPS
depth profiling. The survey spectra and narrow scan spectra of
Ti 2p, W 4f and O 1s were taken at resolutions of about 2.0 and
0.9 eV, respectively. The depth profile of the W-Ti film was
obtained by ion bombardment of sample surface with 3 keV Ar*
ions. A take-off angle of photoelectrons was 45° with respect to
the sample surface. Concentrations of elements were calculated
from peak areas using sensitivity factors provided by the
instrument manufacturer.

LEIS experiments were carried out using the setup described
in detail elsewhere [6]. He*, Ne* and Ar" ions generated in a
discharge-type ion source were accelerated to the desired
energy in the range from 500 to 2000 eV, mass analyzed and
focused onto the target inside the UHV sample chamber. The
energy spread of the primary ion beam does not exceed few eV.
Typical ion current density during the measurements was about
1 wA/cm?®. The scattered ions were energy analyzed using a
127° cylindrical electrostatic energy analyzer of 120 mm radius
and a resolving power of about 140 FWHM. The incoming
angle v and scattering angle 6 can be continuously changed in
the range from 0° to 90°. In all LEIS experiments specular
geometry (6 = 21/) was employed. The analyzed ions were post-
accelerated in order to avoid the detection sensitivity
dependence on the energy of detected ions. The sample has
been cleaned by grazing incidence sputtering with He* ions
with the current density of about 3 A/cm? until the steady state
was obtained. This way of surface cleaning was chosen in order
to suppress the problem with the surface composition change
during the standard cleaning procedure (which consists of
heavy ion sputtering and sample heating cycles). During the
experiment, the pressure in the chamber was lower then
5% 1077 Pa.

3. Results
3.1. XRD analysis

X-ray diffraction was used to reveal phase composition and
crystal structure of the samples. Fig. 1(a) represents XRD
spectrum of the 105 nm thick W-Ti film. In the presented
spectrum two wide peaks can be observed: the first at about
26 = 40° of relatively low intensity and the second positioned at
26 =70°, which is more intense. Tungsten has a body centered
cubic structure with a lattice parameter a = 3.1648 A. The low
intensity peak is attributed to W (1 10) plane situated at
20 = 40.264° (JCPDS card 04-0806). On the other hand, the
lattice parameter calculated from the exact position of the
mentioned peak amounts a = 3.2237 A. The discrepancy
between the measured lattice parameter and the value obtained
in the referent measurements is due to the formation of the
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Fig. 1. XRD diffractograms of W-Ti films deposited on silicon: (a) standard
geometry and (b) incident angle of 3° (GIXRD).

titanium solid solution in a tungsten matrix—the presence of
titanium in the tungsten lattice contributes to its expansion
[7,8]. The mean grain size of W-Ti thin film was estimated to
about 7.1 nm by the analysis of the tungsten peak width. The
second peak in the XRD spectrum is attributed to the Si phase
with (4 0 0) orientation at the position 26 = 69.704° (JCPDS
card 35-241). The intensity of this peak decreases with the film
thickness and disappears for 400 nm thick thin films due to the
limited information depth of XRD [9].

Grazing incidence X-ray diffraction (GIXRD) is an effective
technique to characterize a near surface region. The XRD
spectrum of the W-Ti deposit measured for the 3° incident
angle is shown in Fig. 1(b). The great qualitative difference
between this spectrum and the previous one is obvious,
indicating different phase composition of the thin film as
compared to its near surface region. The peak corresponding to
the Si substrate is not present in diffractogram due to the
decreased information depth of GIXRD as compared to XRD.
On the other hand, the peak corresponding to W (11 0)

2.000 nm

Fig. 2. STM image of the 105 nm thick W-Ti thin film surface.

becomes dominant and another peak at about 20 =56° is
observed. The additional peak can be attributed to the TiO,
(22 1) plane situated at position 26 = 55.854° (JCPDS card 21-
1236).

3.2. STM

The surface morphology of W-Ti thin film deposited on Si
substrate can be seen from the STM microphotographs,
presented in Fig. 2. The lateral dimension of the grains at
the W-Ti thin film surface was estimated to about 32 nm. The
deposited material covers the Si substrate approximately
uniformly. The initial surface roughness of Si substrate is about
0.5 nm, while the mean surface roughness of deposited W-Ti
film is about 0.57 nm. The difference between the initial surface
roughness of Si substrate and that of the W-Ti film does not
exceed the experimental error, meaning that the formed thin
film follows the morphology of the substrate.

3.3. XPS results

The XPS survey spectrum of the W-Ti thin film surface is
presented in Fig. 3. The peaks corresponding to Ti 2p, W (4p,
4d, 4f) and O 1s core levels are present in the spectrum, as well
as two peaks of impurities (C 1s and N 1s) adsorbed at the
surface. The surface atomic concentrations of W, Ti, O, N and C
at the surface are 13%, 8%, 37%, 1% and 41%, respectively
(homogeneous in-depth composition in subsurface region is
assumed). We should note that the surface sensitivity of the
XPS method, i.e. the depth from which photoelectrons
contribute to XPS signals is between 1 and 3 nm for our
geometry. The Ti 2p and W 4f spectra are presented in Fig. 4.
By the analysis of the chemical shifts, the chemical bonds were
determined: titanium is present at the surface as TiO, (at the
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Fig. 3. XPS survey spectrum of the surface of the W-Ti film exposed to air.

binding energy Ey, = 459.2 eV, Fig. 4a), while both, the metallic
tungsten (E, = 31.5 eV) and the oxidized tungsten phase WO;
(Ep=36.1eV) can be observed in Fig. 4b [10]. The W 4f
spectra versus the sputtering time are presented in Fig. 5. While
the WOj3; phase dominates in the surface region, the W inside
the thin film is in the metallic phase only. Hence, we conclude
that the W-Ti film is covered by the mix of TiO, and WOj;.
The composition of the thin film interior significantly differs
from that of the surface, and the steady state was obtained at the
depth of about 7 nm. The relative concentrations of W, Ti and O
inside the thin film were 77%, 8% and 15%, respectively, while
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Fig. 4. XPS narrow scan spectra of (a) Ti 2p and (b) W 4f regions obtained on

the surface of the W-Ti film after air exposure. The curve fitted components in
the XPS spectra present different Ti and W chemical species.
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Fig. 5. XPS spectra of W 4f as a function of sputtered depth obtained during
XPS depth profiling of the W-Ti film.

the presence of nitrogen and carbon was not detected.
Consequently, the Ti concentration is approximately the same
at the surface and inside the film, while W is depleted in the
surface region. The thickness d of the TiO, layer over the W-Ti
film can be estimated by attenuation of the W 4f metallic peak
measured at the surface (Iw.mer,s) With respect to that from the
film interior (Jyw_metr), Using the expression [10]:

IW-mel,S _ GXP( N d ) (1)
Iw-metF AW TiO, sin(é))

where Aw Ti0, is the attenuation length of W 4f photoelectrons
in the TiO, layer and 6 is the take-off angle of photoelectrons
with respect to the sample surface. Using a value of 2.2 nm for

Awio, [11], the estimated thickness of the TiO, layer is
3.2 £+£0.4 nm.

3.4. LEIS measurements

The spectrum of He* ions scattered from the W-Ti thin film
surface is presented in Fig. 6. The primary ion energy was
2 keV and the scattering angle was 90°. Obviously, the three
peaks present in the spectrum can be contributed to the He* ions
singly scattered from oxygen, titanium and tungsten. Both,
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Fig. 6. LEIS spectrum of 2 keV He" ions scattered to 90° from the W-Ti thin
film surface.
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tungsten and titanium peaks have intense low energy tails due to
the reionization effects often present in the case of He*
scattering from transition metals [12]. The reionization effects
are further increased due to the presence of oxygen [13], which
significantly hardens the quantitative analysis: single scattering
peaks lie on the baseline which represents a superposition of the
titanium and tungsten low energy tails. In spite of the
difficulties concerning the determination of the peak intensities,
it can be said that the titanium peak intensity is the greatest
while that of oxygen has the lowest intensity. Peak intensity in
LEIS spectra Ig is proportional to the surface concentration of
atomic species ng, scattering cross-section during the binary
collision og and the ion surviving probability during the single
elastic collision P*: Is ~ ngosP*. The scattering cross-sections
for 2 keV He* projectiles scattered from oxygen, titanium and
tungsten (6 =90°) are calculated using the ZBL interaction
potential [14]. The ratio is the following: ow:oTi:00 = 12:3.2:1.
Although getting reliable information concerning the ion
surviving probability is difficult, a rough estimation can be
made. In the case of He* projectiles a correlation was found
between P* and the electronic structure of target atoms: the ion
surviving probability decreases with increasing the number of
filled d-states [15]. According to this, the He* ion surviving
probability should be lower for titanium than for tungsten. As
the scattering cross-section and the ion surviving probability of
tungsten are both greater as compared to those of titanium, we
conclude that the tungsten surface concentration is lower as
compared to that of the titanium.

The surface specificity of the LEIS technique can be
increased by increasing the projectile atomic number and by
decreasing the primary energy: both parameters increase
scattering cross-sections. The decrease of the primary energy
also decreases the ion survival probability, which contributes to
the more efficient neutralization of the projectiles scattered
from deeper atomic layers and further increases the surface
sensitivity. Hence, LEIS experiments has been performed using
Ne™ and Ar* projectiles as well, in order to get a better insight
into the composition of the first atomic layer. Since the data
available for the ion surviving probabilities in the case of Ne*
and especially of Ar* are poor, the quantitative estimations of
the following spectra are even harder. The spectra of Ne* and
Ar* scattered to greater angles (9 =90° for instance) did not
give any new information because the single scattering peaks
were overlapped by the very intense secondary ion spectrum.
The intense secondary ion emission yield can be explained by
the presence of oxygen at the surface (this well known effect is
employed in commercial SIMS systems for increasing the yield
of positive secondary ions). Consequently, the spectra were
measured for smaller scattering and outgoing angles in order to
suppress the problem with secondary ions. This geometry
enabled to see direct recoiled peaks (DR), as well [16].
Moreover, the decrease of the scattering angle further increased
the scattering cross-section and consequently, increases the
surface sensitivity. As the obtained spectra were not influenced
by the ion fluence, it can be concluded that the preferential
sputtering effects did not take place in these measurements. The
energy spectra of Ne* ions scattered from the W—Ti thin film are
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Fig. 7. LEIS spectra of 1 and 2 keV Ne* ions scattered to 40° from the W-Ti
thin film surface.

presented in Fig. 7. The spectra are normalized to the same
intensity. In the case of 1 keV ion scattering, a DR oxygen peak
is obtained. The broad maximum obtained in experiment with
2 keV ions is most likely a superposition of LEIS and DR
oxygen peaks. Tungsten peak is clearly visible only for primary
ion energy of 2 keV, while it becomes very small in the 1 keV
Ne* spectrum. This fact confirms the surface segregation of
titanium.

According to the XPS results, the concentration of oxygen
at the surface is significantly greater than inside the thin film. In
order to determine the origin of oxygen at the surface, the Ne*
ion scattering experiments has been performed before
(spectrum A) and after (spectrum B) the additional pumping
by the titanium sublimation pump (TSP) for 1 min. The
primary ion energy was 1 keV, and scattering angle was 40°.
These two subsequent spectra are presented in Fig. 8.
Obviously, the spectrum did not change quantitatively. The
peak heights corresponding to oxygen and titanium increased
for about 6%, while that corresponding to tungsten increased
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Fig. 8. LEIS spectra of 1 keV Ne* ions scattered to 40° from the W-Ti thin film
surface; the spectra were measured before and after the system was pumped out
by TSP.
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for 1% after the use of TSP. Consequently, the oxygen present
at the surface is not adsorbed at the surface as an impurity from
the residual gas.

The spectrum of Ar* ions scattered from the W-Ti thin film
surface is presented in Fig. 9. The primary ion energy was
500 eV, and the scattering angle was 40°. One very intense peak
can be seen at the position between those corresponding to
directly recoiled oxygen and Ar* scattered from titanium. Most
likely, this peak is a superposition of Opg and Tip grs peaks.
Oy s peak does not exist because the single scattering of Ar*
from oxygen is not possible for this scattering angle. The most
important fact concerning this spectrum is absence of the
tungsten LEIS peak. Knowing that the information depth in this
experiment has been lower than in the other presented LEIS
results (the lowest primary ion energy, the greatest atomic
number of the projectile), most probably, only titanium and
oxygen are present in the first atomic layer.

4. Discussion

The small grain size of the W-Ti thin film is obtained, which
is typical for the dc sputtering technique. The possible reason
for the increased concentration of tungsten inside the thin film
with respect to the target composition according to the XPS
measurements could be the preferential sputtering of Ti (which
is the lighter component) during the depth profiling in XPS
measurements.

The obtained XRD results clearly show significant
discrepancy of the W-Ti thin film surface structure and
composition as compared to its interior. The observation of
TiO, crystal phase at the surface by the grazing incidence XRD
is directly confirmed by the Ti 2p level shift in XPS spectra. The
lateral grain size measured with STM usually agree quite well
with the vertical grain size measured with XRD [17,18], which
is in contrast to the presented results. This strong discrepancy
becomes clear from the XPS results: the metallic thin film is
covered by the mix of oxides—TiO, and WO;5. LEIS results
show however, that oxide overlayer is not homogeneous—the

first atomic layer consists of TiO, only. WOs5 is not observed in
XRD as expected, because this phase is amorphous (i.e. with
extremely small grains) unless the sample annealing up to
800 K is performed [19].

Both, LEIS and XPS results show high relative
concentration of oxygen in the first few atomic layers of
the thin film. The oxygen inside the sample is incorporated as
the residual gas during the deposition. The increased
concentration of oxygen in the surface layers is most
probably due to the sample exposure to the atmosphere after
the deposition. The significant increase of the titanium
concentration relative to that of tungsten with respect to the
thin film interior was observed, just as in AES depth profiles
of multilayered metal structures when the surface of the W-
Ti film was exposed to air [5]. Moreover, tungsten is not even
present in the first atomic layer. On the other hand, surface
segregation of the titanium impurity in the tungsten matrix
(dilute substitutional solution) is not expected according to
the recent theoretical study [20]. The change of the surface
composition, as compared to that of the thin film interior,
was not observed in the AES depth profiling analysis of the
W,Ti;_, a.t. (x=0.5-0.7) thin films either [8]. Hence, the
observed surface segregation of titanium is most probably
due to the presence of oxygen in the surface layers:
from thermodynamics considerations, formation of TiO,
(AHorm = —944 kJ/mol) is energetically favored over the
formation of WO; phase (AH{o, = —841.3 kJ/mol) [21]. The
fact that titanium reacted with oxygen (no metallic titanium
is found) while tungsten is depleted at the surface confirms
this assumption.

5. Conclusion

Concluding the paper, we can say that W-Ti thin films
obtained by dc sputtering have significantly different structure
and composition of the surface as compared to those of its
interior. The major reason is the presence of oxygen in the
surface layers due to the sample exposure to the atmosphere
after the deposition. Ti concentration increased at the surface
and TiO, crystalline phase is formed at the surface. On the other
hand, the tungsten concentration is significantly decreased and
it is even missing in the first atomic layer. The thickness of the
TiO, layer was estimated to be 3.2 + 0.4 nm. The obtained
results point out that the increased concentration of oxygen is
exclusively responsible for the W-Ti composition changes at
the W-Ti-metal interface [5].
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